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107 m3 (=10 BergemB)BELADOOND, TDE ZWFOHEIL 0.1 0T (=171 72
Oy ARE), Yo b rBFoREBRP O BEFOLIANT Ty~ 1035 OIZGA LT
WLIEDPTFREEING, COBFAFCMBR2HEIL S URELTH L AFOZRINVF T XK
POT Y IHEBRIITTROGNDE I LT D, 12720, EBICIh 2 XETRIBET 5701213,
ERU— 73 ERSBLOD, TALF— 75y 7 ZZLTI0 %15 Wm~2 (= 10-12 ~ —13
erg s~ cm™?) I EOWETREFT LM L 21T X% & 2 V> (Harris & Grindrey 1979) & ('
BEDLBVBRELES (7h] BEOBBICL> TL IR RAEOBRAMNR L 257

222 [»7THh] ICL3BEO-—TH50XBNOKRE

FEH ST Fornax A (NGC 1316) BSRADH > T+ X BOBREB L o7z, FAX, Z0
REOBHEO—T00. BV oBXHBEREL. TOXRELARI MDL, Y rrutary
BEFICXACMBOZEI Y7+ X Th5HZ & 2 TH L7 (Kaneda et al. 1995), = Ni2idi2
FIRFA IS 12383k E 17z Feigelson 5124 5 ROSAT HEDBMER L BT 2dbDTH -7,

L2 L 1994 £ 08, POEM%E [HT 5] GIS ORFHRIIBWI/0, 0— 7 ToM
BWZBREMEVBRIIZ > T, £ITEA IR, 1997 £ ICHOU - TORBEBNLIRE, £
TL. BVS/NTOARY MV BIPHEELEBZEZHES Z LICEII L7z (K 2.1),

194 FOBPFRE 1997 EFD 2[MICH7 2R, EbET U TPOBEBR T EVIEREICI W
BEIDARS PNVEBLOT, BEU- 720D XBOBEXBERSAEL LI LITE T,

BRI PKS 1343—601 (Centaurus B) i3, ZL#EL 12 7AIILDE RO -7 bD, bhb
NREZOBUENRE L TIOREERATL,

CORKIPLEOFEHENIE (. XBTHAT 2 L PUEEL LD AGN RGP EBELTL
Vo TN X MEESHEICHRT 5 PLED O OBELRT D, O— 7TEEEEVBBILIZCCL
TLEIHe F2ICHLIE, PLENLDXBARY MU E 15 5HDOECEBTIMEL., Zh %
LI ANVF—FRILICXBRHEFELBNEBEORELZ Y I2b - AGND2LOTFHEEAR
AEBEER L. ChEERBIBRISNEHEZEILEZLFIKZEIZEoT, FUOEEFEID
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22. BROU—T7»56DX#K 13

Wiv))

....... e et e, =310

03h24m 03n22m 03h20m

[ 2.1: Fornax A D X § L BHICLZWEE, [HTH] 12X5 X (1.7- 7 keV) ERZIRIRT, 1.5GHz
HOBETHRICIAEELEEHTRL TV S, XHEBZIE, XROBNWEZAZRIKIALTEY,
7. BOEFORTIIE,SBEIANT VS, X 84T Kaneda et al. 1995 X ), BEHOERIL. Ekers et
al. 1983 12X %, 19944 & 1997 £ [HTH ] X 2BRDHEHF L, 1997 FDRBTANRY bV 2HS
LS 2R ZFRATRELTH S, 9D [x] 12 ROSATHEIZE > Thho T2 HBEONEZRY
(Tashiro et al. 2001 X 9),

Bz, SOLIICLTHONT-EEYR 222K,

)

0N 3/KEY

E | H = E
N

X
4202 410°

1 10

ENERGY v
02 0o 02 04 [cipix) [xEVv]

22 [HTH|GISicsoTELN [ 23: GIS THOLNZHFLEDL 5 FHLUND XBARS M,
1.5-3.0keV X BOHEE X BETTELe Ny 27539 FERFRELFIVTH S, FLBRTEHERT, 0—
BOHNEZHLEXBTHLIVEZAT THSZP AT, ELICETVEKNEEEER. 75 %+
»5, FLERD McAdam(1991) 12 & FTRL T2, PLUERTIE, 1.5 0AUAPLHELNLANRS T
A EHRTHE (843 MHz) DEE%%EH A THICHEL. S CTREEETFT VL LTEAL T 5 (Tashiro
#T&K L7z (Tashiro et al. 1998 X D), et al. 1998 X 1),

O— 78465 &, BLEPS 5 FALED AN FVER23FIIRL, HEPOREKLE

FHVERTNY 275 FARY ML ERESL, ThETF—06ELE5WTH 5, 1.55HL

13



14 g8 HIREATEOHRE

HTEED - - IEES (AR PVEHHO—E#HE) 22 TiE, 2ROARI FLVERT S
LITET, JORFIPLETH -7, TORFIE. BEENCTROD o720 — 7L TR
ol BatEL1LbNA, FDANRY UL, power-law RIOBEKTEHTE, £OXREEZV V7
OrOYEEDDDE—FK LT, Thit. BEU— 7THOHNBRNETFICLZ2HEI TP XK
THbHILEFRT. (F4id Tashiro et al. 1998 2 BH), WHEOFMHIZ OV, BOKMAEL
EHTHELITRT,

SEHOBREBI L 2o 72DH, NGC 612(z = 0.0290; Spinrad et al. 1985) TH 5, ZDKMAEIL
B TS (~ 11 Jy at 843 MHz) HBEIAE & 27—l (500 kpe x 130 kpe) DT —TZ $D
(Jones & McAdam 1992), 4 ix, [T 2] 12 X 28% 1996 F 7 A ilfTo720 WX RIZHK
LC#k X BERIZFESHHRILIFYZRLTWS, ZOERSYOMALYT—7HHEE Fh L EE
BHENTCEHET 2 & BEAMICIRSELFBELRZVEN) LrRLWZVA, 0—-TF
MO — T DA — VICRELEF I BB EHFHL I kol FI2IDEAMD X, 200
kpc 12 & 5E LHL ORI 5 77 X2 LTRBLAIKET E D,

FA I ESIEDN oI DARY VBTV, Y7 o BREEFELRZVREE D
D power-law BID AR Y MV ERT T L3 HRA L, FABEXKTHOLRIZ, FFICH LR
BRI % 5 7 power-law BID A RZ PV THREN, THRIFELAVF-BTREIA TR
BNRATWALEZLNS,

2.2.3 AXAF/ Chandra\= & 3 B0 — 7 b 5O X DR

(B3] GIS TRZMI/MTELVIIL, LMo —T72FOEHBTIINL T,
05 BAL VI PO TLVEVAESREELRHD Chandre HEERD ACIS RINFIHEN TS
Bo LHL. [HT2] ICHRTHERIVNE VWD DIZ, Nv 7 7797 FERLIRF2 X &
ORI ARME 2 TREFD D, T T, RARBEBR A LEEPTLREL., 4 DH
BICRE B R AL L CEES 3C 452 % EIR L. Chandra %2 T 80 ksec IZ b7z 5B AT
otzl,

1XMM/ Newton T#% Centaurus B DBEB#I % TV, RE, BITHPTH 5,

14



22. BRU—7THPLDX#K 15

= |

ot 8] | J[ J[

o . + 3 ++«MMW#W&|-%M
oS Energy M 5

B 2.4: Chandra ACIS IC &> THB 6 M- BHET X 2.5: Chandra ACIS (& %, 3C 452 @ i
3C 452 D03~ 7keV O X A 5 — 1 2= o 1B Dole X BBEDANRYT Mo Bl AR bV
DOIC, 1L4GHz DEHED 1 X - V2 FHRTER D7 49 MIBWZETVE/RT (Isobe Ph. D.
T# % (Isobe Ph. D. thesis & 9 ), thesis & 9 ),

mmmmub-

~ "”P R 2" A : ?
ol "V SXTVUSIPSIRRRIS ......_.-.J:*é?—i
[ ] [ :OCwmiswwsB : HE.
‘Omces 4 :
2 t it : : D
© -t} : _+._ :
‘—_1' mg_.s .............. 5‘...*........ : .............. s .._g
> S0 S LS PO et
g : : -1 :
3 [ : l: )
L] u___‘w** ....... Y TR i
T 2 S +~ ............. .
] [ : :
d . NPT | anal
1! 1wt

eF w
L, [10%erg s™]
2.6: O—FIZBID up & uy PBR, Fornax

A (Kaneda et al. 1995) & Centaurus B (Tashiro
et al. 1998) b FBRIIR L7z, KFD T L — DI,
ucmB TR L TV 5 (Isobe Ph. D. thesis & D)

B 2.7 o—-7 BT AR LEFOELANF—,
uV & ugV, 2 RLBO XLV I ) 71 Lx I
% L CE7R L7 (Isobe Ph. D. thesis & D)o

Chandra TIEONIRERO—FIE L T 3C 452 DR LR T, X2.41% Chandra ACIS T
EN723C452 DX A A =T Th b, 3C 452 DHLEE EL VL OPOBEL W X ERIFEICZ
T, O—T%BORL T IR o BV XBPFRESATWED bR 5, £2 T, HiE%T
ELLBYBOTROLED > ETD XBARZ PVER25ICRT, T41x, FSILE
FNVTARY VDT 49 T4 T &24T7hholzt s, 5keV ULEEFTOUSBN— FEES (KHD
W) LBME TSI XL B YT MRS (R0 7L —— R 8i#R) OfMT, Bljsh/izAx2
NEBSHBTEDLZENbDoT, BIZ, N FBRGDARY P VBB SREED AR MV
BEEFEFCEL—HLTVwBEIENL, ZON—FPICXKHTHS ERim L7

15



16 $o8 BIRENEOEE

2.24 EBHRABROEBEE Vv b-O-TROIFNF X

CIFTATEIO—TII0onWT, Yz b st (SR)BHLHET 7 (IC) X RO
EORED S ue & un FEHE L7, ZOKRER2.61F Lz, BOLHPIL, TAMF—HFEIR
F ot BT LTELY. L DO —TTue lfup D IOFEULILEZ2oTV D, THIFHERDE
BB # BV FETIR, ue 2% L S EEIGEBIFEL TB Y, XB LAV 2ITTEL
WL ANF TR ARV EETFRRE LTS, 372 BLALTRTOU~TCuy S ucMs
LhoTsh), U—THOBEFRFLICHATIANT —ZRBLTVE I e DR S,

O— 7 HETAEFRRBIEIOL LD E Yy Mo THLEBb OGS NI EZON D,
Z2rCRAE, BLBOXBVI ) VT ALy EO—TD ue, uy DEHEEREL 20 te, um BH
B Lx 3o %) LAHMERSZVWH DD, - T7&EDKREV TR LILET LEROZT
FNF— uV, unV & Ly & EROHBLTWA Z L BR LI, ThERLADOFRH 2.7 TH
Do O, uV 13 Ly (CIZIZHBIT A L ML TV 2525, upV BIBIEZ—ETHZ, IO
35, uV DHEJVICOVTIR, ROL I ICEBBTLIEDNTED, $TRBNZLHIC, T—
IHOEFIRECICHETIALF— 2R LET TS, LA o T, ICHELS X % 5 Hk
%% Tic 35 Lin ~uV(l+k)/Tic CREND LI LNT =D T2y I RLE—TIH
RS SN TWRTE LBV, ZIT, i3V xy PROBGFHY 2y F ORGHERERTHES
IERALF—RBFOBLIFINFEF—THBILANSTIASTHY, BER =1, EILNT
B, BAREFNEFNOT— 7O L TEBIC Ly 2RO72ETAH, 29D )12k ol 2F
D Lin ~ 10224 erg s 1 TH Y, Lygy 13 Lx K ENWICHAIL T2, ZOWBIBRIE, HL
BAEEREI L > THEVTWR EEZ T, Yoy POZRAF—BELRLENDEERETH
BIEERLEEECBHSEETHLLEILND,

O—7OBFOLINTE—DOHEELT Ln & EBCT 2y FIRLHRLTWEEEILH
BT — Lig LB 2 L1, FRCEETHD, BRAME Y <y POEELLEM L& )
BEBTHDEELLRTVA T L—HF—id, ZOEMICHEECARLRETH L, TV —H—D
BEEEIIEEICRRVI Ehs, KB Y 2y FOREICGEVEBRSBRH STV DLER
BB, BT, BED X2 v BOBHITICEHDARY FAIFLRTHE TV —HF—Il20
Tit, SREEOART MV EDKBD S, L  RES 22 LNTE D, A, B (1999) 12X
BREREOLILTV—H— O Lig ¥ BEL72E T5, ) Lie ~ 107 (14 1) ergs™ THo7
ZIT. pBREFOEROHREERT /NI AITHY, Y=y FIFBTEEATVRIE 7 ~ 2000,
H3RFNEN~0THD, bL.n=20002F 2L, Lig ¥ Lin &£ 0. Z2DICKES LB
%oTLEIN, =0THNT Ljg, & Ln RIIZ—BKT 5, TOZ &R, - THPBREFAL
FL—H—, 2F ) Vv FEFOBBEATPLLCHBICRONZLOTHNIE, Vv PR
HINE(OBFFEINLVEBFE LY, LV EERELTVIEEI LN,

16



29. BHEU—ThLDXH 17

2.2.5 WBEEEFOEADTOIKE

O—7HCHFOI AN F— a2, $ b Ty MERT, HFAFY 2y b
PEELC. SRS AERLTWAILERET S, $4bL, RIEE T, H4D
O— 7T L7 ue & up Z b EICHERR L TELA ue & un D EHGAEZRETLIEHVER
o Do uomp WZEEMICED T—HTH L0, -T2 L0 IC XKROEMIH»LEFDZE
Akt ks ENTED, $7-SREWKL IC X ROFTAOLD O BHDERMIH Z KD 5
TENTED,

EPI2Fk 4 it Centaurus B D [HTH] 12Xk 2Bl HESHHE — T O Do THAHII
B¢ o TV A S & &R L7 (Tashiro et al. 1998), $%bH T, FoliiCMHA - THH L LA
SN, BFEEHESNTWCILERBELTWS, Jhit, BHRERBTHLINICEEL LIS
FRRTHY . LEOWHEETREL TVD, PICEETIHHMERN VY — B post-shock HHIK
. BB LEFOLANF—FEOLIMANAT IS T01-2 b BIEL TV ERBEEAT
v»5 (Kennel & Coroniti 1984)

%7 Fornax A DTHE — 7 X BHBESA L. BRBELRAEOBVEEN TR THS I L4
#2572 (Tashiro et al. 2001), BEAHVHABIIT - T7ORZIITHL TR LDIZCHX, X )
OHVERIZI YRy McE L ToTBY, BED Lo L SEVEEIE, BRObOLTATY
2o XBHMENL - L b2 XV RO, XBLBEROLERESAE L o7 bDH 28T
$2, XBIxPLERRLOIEWLT, BEPYZVROFGHEERLTWDE I L L DD S,
IhhL b, RBOBEFICHT AIANVF —HELI T - 7ORKIC AP THMLTWDH I L
BTSN TV S, -

X512 Chandra BHEEEN S, bo L b EDRWVWICXBOT— MR oNz3C 45200 —7
IZoWT, ZOMICH-> - ETFLRBOFHORERTo72. ZORKR, BF 30U -7 HENY
BB LTVwADI LTREER T — 7OFBICA,r o TRE>TVBE I D bh ol &
NEFPY 2T GRLZODE2.10 TH b o T — TORLHETIE ue > um THEDIIH LT,
O—T7DRDEL Tl ue ~ up THEZ LHbho7, REINX I BVWhITEFLRBEOEA
FIDBEL O, SHROBETDH S,

(BT #SUCBRHFOBRIIOVTIE, F4BIRL-BBOBLRILICFHEL,

17



18 F2E WMAEATDHE
0.3 f
025
0'2 ; .............
0.15 N !
0.1 ENRNR SO Y I I
| e
0.05 SR SRS £ LY TS
0 NI EURE I SRS S S :
0 20 40 60 80 100 120
ID=1129,N=13

—_—

t—

L

0 PRV NS NSTTRN S0 WO TN TN SR [N T TR O S TH0Y VN VAN S S ST ST SN NN

0 2 4 6 8 10 1z 14 16 18 20
ID=3018,N=8367
Radial Distribution (Radio)

2.8: Fornax A U — 7D X # (L) LB (T) 0¥ EEESH. XL, [HT5] GISICE>TRH
N7z 1994 £ & 1997 FOBERKRZEHL72d D, BEDFEMESH L Ekers et al. (1978) (2 & 5 T
Howv7ED EMER L7 ERIZETFVEZRT, XBTREESAIF=ZRTERIIG L TREBOTH%
BOBE, QYA MNP S U RBGLAbELLEDEFVT 49 OB, BT, ZonF
BOMICZETERFELIBEESTLIEALADD S [FHiE] TEFAMT7 4y PLEAERLTVS, ZODEOHE
2. XBYEGISOEZ 2L, BEVFALDOLDLL, MEDRAr—LiZEdbETH 5,

Kinetic Power of Jets o
t X fornax ia aE
T by sprs sl ok (T} ok
; .: +dc 7308 T ‘_5; Sz
30 5 rotar 4 T /@ :
= N "+_ ook
T T 100k
r = s *F
= = ®0
j 100 \. 10
3 = st
sof Pl Y b PN PRRIraar M "
e 100 600 1000 6000 10000
Ly [10“ erg s 1] LS ] ) s
Angle from the Nucleus [arcmin)
29 Vxv bAO—TIIBBTBINT — Ly B ot 2 o s
N 3 3, = ! 2.10: Eﬁﬁﬂ?ﬁf 3C 452 @U‘—jo)ﬁb\?ﬁ’) L’Hﬁ%
t[ilzic;)i( i;*;;n/ I/ 71 Lx L DB, (Isobe Ph. D. B & ue/um 057, (Isobe Ph. D. thesis & D)

(B f8)
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2.3. SMH» S DOIEEM X EOEH 19

2.3 RARD 5 DIEHEI X IFDOERA

SHIE, ENHOCHLAFHTROKELRTH D, HVEHOHIZEK 100-2 1000 DA
PHEI->TVE, FWHIZIFAZT T, FTHLZLAAL L1078 K bOBERT A H
FELTBY, ZOEERHETAOEENOHMEIN BRIV LVTHD, ZOFBBTXIIXEHETH
2 foTBN. XRICILZ2BHATHBTVAOHEEZFHL(ARL LN TE S, flzIE, BiR
HADREDEBESHDO, BERTAETHLADIZIDILELENEE*FETELDT,
BEWEOMEZT R ILNTEL, $7-. FAAZAVT., FHEEERRLFHN T A%
HIRE D AR, MRV RAICEINIETELFARDLIEILL- T, ETEX R LA
Bbh a4 DEAOENIZOVWTOFEDIThbh TS,

ST, FEALUAICOBRTA LV ESSRAREML#HALLTwA I Ermsh Ty
BH, IS RN LEBREZOFEDEZIONS, I, BRI X< 3BEF—HBIHE
ELTVWTHEBY LRV, BRARLD S EHICHIRVY — OIERAH T DL b S
hz, /o, FAFAOFLCERBEABLUEE Y zv MTLIFLIZFEELTE Y., BBPE T
WE—RFHHDLIEIZTHLRL, 4R, BROXBRXHE [H3H»] 12&kh, XHIck
LA OBE L E L <. SAHEME TR ERNNTOREE TR o 120

2.3.1 SRAMPLBOFESR & RARBRSE

SR oOPLEIZ. SR ADOFEEN 108 m=3(102cm™3) L b H Y| BEIHHBEH I FEH
FiL ) bEVHE LITLIITH S, Einstein HEICL 2K X BOBRA 5. A LTt
X BBEOHAEPIPALN, ENRERTAPFRFKETLHEET VIO FRINDIEESH %
BALTW, THIIHL, BAOBETNANBEGEHL THLICE» > TELRAATWS, L
V29 cooling flow B2 X H 1 (review Fabian 1994), 10 ERDNFF L Ak B oTWwiz, ID
REXFTIRRVIEGLHBEIIVZ, CORICIIFELRALETABEL I D0l nI)KERM
BLXELATVSE, ZFLAURIEILZVLDOTHI00M,(KEEE)/yr b2 b, FHEH CTRE
THEI0ZM A —F—2b %), 100ORAICEFHTIERICE>TLI I, BRELEDOE
WWTEDL ) RBE VT AR TVR W,

ZDXH REOH, [H34] 2L o THRAFFLBICOWTH LBl RSB ON, £
nid, 1) ROEICLITLIZEABENEE L ) EVIERED 10K { bV OESFPHFEET 225, 20
HEIZ101%M, 2ELd L, Lad, BEESIBEESEAFLTVI LIRS (2)®
DETIRLIILIETAPDETET N T ABEMLTBY, 2OZEHAr —Viddh.LOEK
BHEFOB B L -T2, Q) KRXBTRONLETHAPLTO X BEPIEXHTLIRS
NB7:0, RLERLEGAE S DENRT Vv VOBERBRLAELDTHS, LWHI=20
BERLH R TH S (Fukazawa et al. 1994; Ikebe 1995; Ikebe et al. 1996; Ikebe et al. 1997; Xu

19



20 #28 HEATOBRE

et al. 1997; Xu et al 1998), ZH b6 DBHKIZ. (1) EWREFEZ. 71—V FOBAKAICA LS
NO—oE#EE LT, RTHPLOEABARTETICHEET 20—, (2) ETE@EBIIEKE
Mot shizb o, 3) L TEPLAENRT ¥ ¥ v vz, EXHBARKAOES]RT ¥
SAMDRATWD, LTAIETHBTE, SGAEP LB TIRETROBBRS L EXHEMR
A OB FREEL T AR T O THEL T DL &) FARE S 1 (Makishima
1995). cooling flow BiIZx LR - 7-RFER L7, BBV A2 LADSI1Z13. B x10-1nT(X
pGauss) B LETH 505, ZOME 3% XRAAMORS CEBT 570, bLFELT
WBETLEZORELLLED THEEICHEREV, 613, bLINHEFELWVWETHE. K
HEHEHGITS L) LRBESLEL L), BRSOV IR a vy REDBIAVF-HRR
FERLTWE LD Lk,

2.3.2 $RAIRD 5> DIEHEIBE

S, EHHCHALA-FETROKELZRTHLOT, BEBICERR AV F -0 MK
ah7-rBbn, DEidoERNICEIANF—MTR LI X 5 EAED O OIEBB B T §
SNTW, FAMECER:L) 2ETEIET VI O2Ho2bD, FE T TEHEORLAN
Ldot, S, BRKED RV 10keV AT TRERTADRBAVEBRL TWEHI L L,
10keV ML E CEED BVIRIHBENS T T o2 IlL B LAL, REKZ->TWRAWVLR
BRSO, BIANF—HTFOFENREBNICR->TE,

EUVE &£ 0 5 D DR EEHIT. 0.1-0.4keV TOMEIHEE AT T 4 V¥ — [ O iR 7 A DE
BESREE L7728 X X ) bEEFIZKE v soft excess AR 2D 72, (e.g. Bowyer and Berghofer
1998; Mittaz et al. 1997), Sarazin and Lieu (1998) ix. ZOBHFHBEFOT-L Y HFIZLT
N~ 300 DVDBIINF-—EFICLECMBO#I Y T+ Y BETH B & THTERTH %
POBHTEASL, LEBLTVD, JOBE, BIINVE-BFOIRANF-FEREERTAD
10% 12 ¥127% B, KIZ. BeppoSAX HENDE X HEHBPDS ICL ), W22 OHAHDLE
10keV LA ET. BiBRSOBBIBET L D #8538 L7 hard tail 258 & 17z (Fusco-Femiano et al.
1999),

2.3.3 SBAMISOBEXED [HTh]) (CL3EH

[H45] 2HEVCEHN2To7- 18OEAHOL L FEE2 LB X HEBARTERE L1, 2
NoDORM LA Y N—RAHOFEHRTRLBEEEE RS EOLE, L OBS. HL5VIETER
X BHRHOWS XL LTREFHTEL Y, $/-HCG 62 2EHLTHV L OPDHFAFHIZBNT
3. COBXBAFEIEN>TWD 2L, FDILEAY 1T intra-group medium DEEESTA D 70
TP ANEBPTRBDENENoTWDE I EDbhol, BXBEFDARY iz, HTFHEE

20



2.3. SiE» 5 DIEHM X HOBEH 21

~QDRERERT, SNIIBMLEEEZ L OELTOFELLVY, EDHFANRS PVPLE
KENDBEIZKT ~10keV IIET B, L LEXBRSVPHELHEE. LVEVEREL 25,

BASNBEX BRI, BB LIEL DTV, bo L bEELZRIBFITIR. 20Kk
BEIZ1— 18 x 1034h72 W, &3\ 2 IGM O 10~20%BE TH b, b o & bFUHETIE, IGM
D~ 5 GRENERE Lo, 72 FELZBXBBBOD - -HHTIZ, BXHLE L IGM
DORERD, TTEHRESR TV 3I2DHFMHICBIT2BEXKBED S DIZEMUL T/,

BXEEBOREEEE LT, EROFEHRSE, 7 -0 BEFRETELLOFERENL
Eibhd, #3307 HETHET L 20I121E, FEEICHEVESS (~ 0.01 nT) "BRE NS
DT, F—BEBEIUNEIIRSL, 72, SR EDBVLEOPOFMEL T XTOHFMHIZOW
Tid. ENFEHELMRETIRY BNBE 2 RFEL TAHIZFEETE 2V, SHICHGICL 2
LoD ERTH-DICIE ~ 20T DORBPLEII LS,

BROBEEE R, 13, IED 2V IIMBAEHE IOV TTREIRE2T bz, L L%DT5,
Frid, HELEXEBE% LOTHRABDOIZLALIZDOWT, FRLDOHFREFIZW{OHDH
BV EGATWSI LR RV Lz, RABEARO 77 A2 B8 5 A X N—Gm), £
DEE T ANF— 2 BX BB L TATRNEND 2, TRLORTHD [HTH] 12X
HBHERIE, PEOBIRTCTLEDOOLNTNS (F4ESH)

2.3.4 HCG57/HCG16 D7 — 2 &

1% SR AT K ERRY 72 HCG57/HCG16 D ASCA D7 — ¥ % f##T L 7o HCGST 5 i3 v 2 4°
LELBEATADESEN— FERADPRE &R0 N— FERFOZEMFAIILD > TnE L) 1K
BTE Lo, Pl Ed 1 2OHFETREFATEL YV, HCGL6 2513, 4 DDOMERAH
LIEFEE AGN 250N — FXHEERB L, 209 £ 323 BNI TV, Ko7z —
FXBOREIZIRON Do,

2.3.5 Chandra - & 2 &8l

ASCA T/h— F X 08 E IR S h7-8iT8 HCG62/RGHS80 # Chandra TE#EIL. N—F
L EBERRSER HENT Ty AR TRTELADE T, ASCA THRIEEhAn—-FX
BEBHTLILIITELD o7, Lo T ASCA DN — FEGRENEYF 726D TH AT
BHUIET o7, 2007 =) ¥ 7 70 —4RiH 2A0335/A2199 OFLLERE FEAICIRERE L A
7R, lkeV UTOEBRSPEBARMIRONT, BENFTITIET o TS I EdFbho7,
SNBSS HASM S OB THH SN TVWA I LA RETEH5. €01 D0OWEEHE L TH
AR OTEIEZLOLN L,
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22 g28& MEABTOBRE

2.3.6 $RARMO X HREA

ZLC. FA2D [HTHh] EAVTED L7 % BRI L7z (320 14 10keV LT IS L ok
EXRLVDT, %i@wﬁﬂﬁjﬂi%iﬁﬁzwﬁiﬁL#Ei&wiﬁ\ BEORVEIE L HRY
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| l X-RAY MEASUREMENTS OF THE FIELD AND PARTICLE ENERGY DISTRIBUTIONS
| IN THE WEST LOBE OF THE RADIO GALAXY NGC 1316 (FORNAX A)
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ABSTRACT

A follow-up X-ray study was made of the west lobe of the radio galaxy Fornax A (NGC 1316) that was based
‘ on new ASCA observations made in 1997 for 98 ks and that incorporated the previous observation in 1994 for
‘i * 39 ks. The 0.7-10 keV spectrum of the emission can be described by a power law with an energy index of
| 0.74 + 0.10, which agrees with the synchrotron radio index of 0.9 + 0.2. Therefore, the X-rays are reconfirmed
il to arise via the inverse Compton scattering of the cosmic microwave photons, as Kaneda et al. and Feigelson et
i 1 al. concluded. The surface brightness of the inverse Compton X-rays exhibits a relatively flat distribution over
‘ the west lobe, indicative of an approximately spherical emissivity distribution with a radius of ~11' (75 kpc).
In contrast, the 1.4 GHz radio image by Ekers et al. exhibits a rim-brightened surface brightness, consistent with
| a shell-like emissivity distribution whose inner and outer boundaries are 4’ and 11’, respectively. These mor-
RN phological differences between radio and X-rays suggest that the relativistic electrons are distributed homoge-
‘ neously over the lobe volume, whereas the magnetic field is amplified toward the lobe rim region.

Subject headings: galaxies: individual (NGC 1316) — magnetic fields — radiation mechanisms: nonthermal —

radio continuum: galaxies — X-rays: galaxies

1. INTRODUCTION

The jet terminal lobes of radio galaxies are gigantic inter-
galactic structures consisting of magnetic fields and relativistic
particles, both of which are supposed to be supplied by the
active galactic nuclei (AGNs) through the jets. Nevertheless,
we do not yet know the relative importance of the magnetic
fields and the relativistic particles in the mechanism of jet for-
mation. To find this out, we need to measure the spatial dis-
tributions of the field and particle energy densities along various
locations of the AGN-jet-lobe system. .

The relativistic electrons in the radio lobes interact with the
magnetic fields and soft photons to produce synchrotron ra-
diation and inverse Compton (IC) emission, respectively. Fei-
gelson et al. (1995, hereafter F95) and Kaneda et al. (1995,
hereafter K95) discovered the IC X-ray emission with ROSAT
(Triimper 1982) and ASCA (Tanaka, Inoue, & Holt 1994), re-
spectively, from the lobes of the radio galaxy Fornax A (NGC
1316, redshift z = 0.00587; Longhetti et al. 1998), followed
by authors reporting the lobe IC X-rays from Centaurus B (PKS
1343—601; Tashiro et al. 1998), 3C 219 (Brunetti et al. 1999)
and NGC 612 (Tashiro, Makishima, & Kaneda 2000). These
authors estimated the energy density of soft photons and suc-
ceeded in determining the magnetic field intensity and the en-
ergy densities of electrons in the lobes. Among these pioneering
results, Tashiro et al. (1998) and Brunetti et al. (1999), re-
spectively, show that the lobes of Centaurus B and 3C 219
exhibit a clear dominance of particle energy in their inner
regions. Notably, Tashiro et al. (1998) found relative enhance-
ments of the magnetic fields toward the periphery in the Cen-
taurus B lobes.

Our next task is to resolve spatial distributions of the IC X-
ray emission in order to trace the dynamics of the jet-lobe
system. The lobes of Centaurus B, however, are not in fact the
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best target for this investigation with ASCA because of the
bright nucleus and the relatively small angular separation of
its lobes. In this Letter, we present results from ASCA follow-
up observations of the west lobe of Fornax A. This prototypical
IC source is ideal for our purpose because of its nearly dormant
nucleus (Iyomoto et al. 1998), the large (~10’ in radius) angular
size of its lobes, and the high integrated IC flux.

2. OBSERVATION

In the first ASCA observation of Fornax A carried out on
1994 January 11, K95 placed the nucleus at the center of the
field of view (FOV). This was less efficient for observing the
lobes because of the vignetting effect of the X-Ray Telescope
(XRT; Serlemitsos et al. 1993), and, furthermore, some portion
of the lobes fell outside the FOV. Aiming at a detailed study
of the lobe, we conducted follow-up observations of Fornax
A by placing the west lobe, which is less contaminated by point
sources (F95; K95; see also Kim, Fabbiano, & Mackie 1998)
than the other lobe, in the center of the Gas Imaging Spec-
trometer (GIS; Ohashi et al. 1996; Makishima et al. 1996) FOV.
We concentrate on the GIS data because a fair amount of the
lobe emission remained outside the 22’ x 11' FOV of the Solid-
State Imaging Spectrometer (SIS; Burke et al. 1991; Yamashita
et al. 1997) at the 2-CCD mode. The observations were carried
out on 1997 August 17-18 and December 26-27. The good
time exposure after standard data screening is 35 and 62 ks for
the August and December observations, respectively. Including
the observation in 1994, the total exposure time amounts to
137 ks, which is more than 4 times as long as that obtained
by K95.

3. RESULTS
3.1. Imaging Analysis

In Figure 1, we show 0.7-10 keV GIS images obtained in
the two observations in 1997. We smoothed the raw images
with a two-dimensional Gaussian function of o = 0’5 but left
the cosmic and intrinsic backgrounds in these images (Fig. 1).
Both images show the diffuse IC emission over the west lobe
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FiG. 1.—Background-inclusive GIS images obtained on 1997 August 15-16 (lefr) and December 26-27 (right), excluding the rim region beyond 20' from the
center of the FOV. The images are smoothed with a two-dimensional Gaussian function of ¢ = 0’5 but are not corrected for exposure or vignetting. Ten linear
contour levels, including backgrounds, are in the ranges of (1.7-11) x 10~* and (1.7-8.9) x 10~* counts s' for the August and December data, respectively.

region, as first revealed by F95 and K95. The brightest and
second brightest discrete sources are, respectively, the host gal-
axy NGC 1316 and the SB galaxy NGC 1310. Besides a new
transient source that appeared on the second occasion to the
southwest of the lobe, we see no significant variation of the
sources in the FOV. We therefore co-add the GIS (GIS2 +
GIS3) data from the present observations with those from the

10 20 30
integrated photon flux intensity (count/pixel)

Fi6. 2.—Gray scale showing Fornax A in a synthesized image (0.7-10 keV)
obtained by co-adding GIS2 and GIS3 data from the three pointings, nor-
malized to the exposure and corrected for vignetting after subtracting the
intrinsic background. The FOVs of individual pointings (see § 2) are indicated
with circles. The 1.4 GHz radio image from Ekers et al. (1983) is overlaid
with contours. The dash-lined circle within the west lobe indicates the region
that is used to accumulate the GIS spectrum (see § 3.2 and Fig. 3). The white
circles represent discrete sources detected in the west lobe with ROSAT, whose
extrapolated 210 keV fluxes exceed 2 x 1077 W m™ (§ 3.1).
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first one made in 1994 in order to study the IC X-ray emission
with the best signal-to-noise ratio. For that purpose, we sub-
tracted the intrinsic non—X-ray background (NXB) utilizing
nighttime Earth exposures close in time to each observation,
corrected the image (containing the cosmic X-ray background
[CXB] and the sources) for the exposure and vignetting effect,
and smoothed it with a two-dimensional Gaussian function of
o = 04.

The synthesized X-ray map is shown in Figure 2 with gray
scales, where the 1.4 GHz radio contours by Ekers et al. (1983)
are overlaid. We detected four additional pointlike source can-
didates (labeled 1-4) with a threshold of 4 ¢ deviation above
the average flux over the lobe region. Apart from these small-
scale features, we see the diffuse IC emission exhibiting a good
coincidence with the radio lobe. We analyzed the ROSAT-PSPC
(Pfeffermann & Bruel 1986) archival data of these regions and
found that all the sources but the transient source were identified
with the ROSAT data as point sources. The extrapolated
2-10 keV flux is higher than 2 x 107" W m™2 from their spec-
trum fitting results, and the derived energy indices range from
1.5 to 3.2. These soft X-ray spectra imply that the discrete sources
do not originate from the possible local enhancements of the
diffuse IC emission. We examined ASCA data for NGC 1310
and sources 1-4 and confirmed that their intensities stayed con-
stant within the errors found in these observations with ASCA
and ROSAT. Although sources 1 and 2 are included in the region
employed by K95 for their spectral analysis, the sum flux of
these sources is not more than 1/10 of the flux reported by K95.
These sources do not affect their conclusion very much; in fact,
we assume that these sources are fairly stable.

3.2. Spectrum of the Diffuse Emission

We accumulate the GIS events over a circular region (the
dash-lined circle in Fig. 2) around the X-ray brightness peak
(marked with a cross in Fig. 2). We limited the area within
7:25 to avoid source contamination from the host galaxy NGC
1310 and source 2, although source 1 is inevitably contained
in the integration region. Since there is essentially no source-
free region in the on-source FOV, we estimated the background
(NXB + CXB) utilizing archival blank-sky observations ac-
cumulated for 1653 ks. Furthermore, we decomposed the back-
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FI1G. 3.—ASCA-GIS spectrum (0.7-10 keV) accumulated from the integra-
tion region shown in Fig. 1. Three spectra from the three pointings were co-
added. The cosmic and intrinsic backgrounds were subtracted from each spec-
trum, taking into account the secular change of the NXB (see text). The best-fit
model and its constituent components are shown, and the best-fit parameters
are given in Table 1.

ground spectrum into the NXB and CXB components by re-
ferring to the nighttime Earth data, and we rescaled the NXB
normalization to take into account the secular change in the
NXB by comparing the nighttime Earth spectrum between the
epoch of the on-source observation (in 1994 or 1997) and that
of the blank-sky archival data (mostly obtained in 1993). We
thus generated an appropriate background spectrum (CXB +
rescaled NXB) for each on-source observation and subtracted
it from the raw spectrum of each GIS instrument. Then we
summed the GIS spectra from the observations into a single
spectrum.

In Figure 3, we show the obtained background-subtracted
GIS2 + GIS3 spectrum of the west lobe region. It is relatively
hard and significantly detected up to ~8 keV, implying a con-
siderable improvement over the results in K95. We fitted the
spectrum with a model consisting of three components: (1) a
power law with a free energy index and free normalization,
representing the IC emission; (2) a thin thermal emission (Ray-
mond & Smith 1977) with free temperature and free normal-
ization, but with the metallicity fixed at 0.4 solar abundance,
which represents the soft thermal emission surrounding the
radio galaxy as detected by K95; and (3) the contaminating
source 1. We analyzed the ROSAT-PSPC spectrum of source
1 and found that it can be described with a power law with an
energy index of 3.2 + 0.7 and a flux density of 0.008 +
0.001 wly [=(8 = 1) x 107 W m™ Hz '] at 1 keV, absorbed
by a column density of (8.0 + 0.2) x 10** H atoms m~2 with
x*/degree of freedom (dof) = 12.1/17. In the fit to the GIS
data, we constrained the third component to take these best-fit
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TABLE 1

RESULTS OF THE MODEL FIT TO THE 0.7-10 keV GIS SPECTRUM
FROM THE LOBE REGION®

kT
Component Ny Energy Index (keV) Fi
Source 1 ... 8.0° 3.2¢ 0.008*
IC emission ........... 206° 074 = 0.26 0.10 = 0.01
Ambient thermal ...... 2.06° 0.85 + 0.15 0.11 + 0.05

* The % fit is 94.7 for 103 dof. All the errors refer to single-parameter 90%
confidence limits.

* Photoelectric absorption column density in units of 10** H atoms m™.

< Flux density at 1 keV in units of 1 pfy = 1 x 107? W m™ Hz™".

4 Fixed at the best-fit values of the ROSAT-PSPC data.

* Fixed at the Galactic line-of-sight value.

ROSAT parameters. We calculated the ASCA response function
for the three observations individually, and then we took their
weighted average. With this three-component model, we have
successfully described the spectrum with x2fdof = 94.7/103.
The best-fit parameters are shown in Table 1. The 2-10 keV
flux obtained from the lobe regionis 4.8 x 107'* W m™, which
is consistent with that evaluated by K95. The derived energy
index of the IC component (0.74 * 0.26) agrees with that ob-
tained by K95 (1.4 £ 0.7), and the accuracy is much improved.
A similar good fit was obtained by replacing the power-law
component with a second thin thermal plasma emission model
of temperature kT = 8.417, keV, with an emission measure of
[n.nydv = (6.6 + 1.2) x 10% m™ and an abundance fixed
at 0.4 solar.

3.3. X-Ray Brightness Distribution

We saw in Figure 2 that the IC X-ray emission is relatively
concentrated on the center of the lobe. To quantify the surface
brightness distributions, we masked the contaminant discrete
sources (§ 3.1) and made a 1.0-10 keV radial brightness profile
around the X-ray brightness peak (the cross in Fig. 2). The X-
ray surface brightness distribution is so flat within a few arc-
minutes that the radial profile is less sensitive to the position
of the center (Fig. 2). To compare this with the X-ray radial
profile around the same center, we made a radial brightness
profile in radio utilizing the 1.4 GHz image by Ekers et al.
(1983); we show these profiles in Figure 4. Thus, the two
profiles resemble each other but differ in two points: the rim-
brightened feature seen in the radio profile is absent in X-rays,
and the X-ray distribution appears to have a larger radius than
the radio distribution.

To examine possible instrumental artifacts, we simulated an
expected X-ray image with the XRT and GIS response simu-
lator to fit the observed radial brightness profile. The position
resolution and vignetting effect were calculated based on cal-
ibration data from Cygnus X-1 (Ikebe 1995; Takahashi et al.
1995). We assume an isotropic distribution of the emissivity
through the simulation. This analysis revealed that a homo-
geneously filled spherical emissivity model with an outer
boundary of 12’ = 1’ reproduces the observed X-ray radial
profile very well (Fig. 4, solid line).

On the other hand, a shell-shaped emissivity model repro-
duced the rim-brightened radio profile very well, as represented
by the dashed line in Figure 4. The outer boundary of the shell
is constrained to be 11° + 0!5, while the inner boundary is
4’ + 0'S. The shell-shaped model, however, could not describe
the obtained X-ray profile with a finite inner boundary. There-
fore, unlike the case of X-ray emissivity, the radio profile re-
quires a reduced emissivity at the lobe center, although we see
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FiG. 4.—Radial X-ray (0.7-10 keV) and radio surface brightness distribu-
tions measured from the west radio lobe of Fornax A. The abscissa is the
projected distance from the X-ray peak in units of arcminutes, while the or-
dinate is the relative brightness in an arbitrary unit. The X-ray data (crosses)
are obtained from the ASCA observations of 1994 and 1997 after subtracting
the background, while the radio distribution (dotred histogram) is compiled
from the map presented by Ekers et al. (1983). The fitted model distributions
are also indicated. The filled-sphere model (solid line) and the shell model
(dashed line) are fitted to the X-ray profile and the radio profile, respectively
(see text).

no significant discrepancy between the derived outer bounda-
ries of the X-ray and radio profiles. Since the radio data pro-
vided better accuracy, we regard the value of ~11’ derived
from radio data as the common outer boundary of radio and
X-rays (see § 4).

4. DISCUSSION

We measured the diffuse X-rays of the Fornax A west lobe
with an improved accuracy employing the ASCA follow-up ob-
servations. The diffuse emission spatially coincides with the ra-
dio synchrotron lobe on a large scale. The derived 0.7-10 keV
spectrum of the lobe X-rays is well described with a power-law
model whose energy index of 0.74 + 0.26 agrees with the syn-
chrotron radio emission energy index of 0.9 + 0.2 derived from
published radio fluxes observed at 408 MHz, 1.4 GHz, and
2.7 GHz (see Cameron 1971, Ekers et al. 1983, and Shimmins
1971, respectively). Although the spectrum that we obtained
formally includes a thin thermal plasma model, the spectrum’s
high temperature (kT = 8.475, keV) precludes us from using
either the gravitational confinement or the cooling flow to explain
the emission. The derived emission measure requires a thermal
pressure of ~3 x 107'* J m™3. If we assume a magnetic field of
~1 nT to confine the possible thermal plasma, that field will
reduce the synchrotron cooling time down to ~10° yr (Iyomoto
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et al. 1998). This is too short for the relativistic electrons to
diffuse in all of the lobes, considering the estimated growth
speeds of the lobes (Scheuer 1995). Therefore, we reconfirm,
with a higher accuracy, that the diffuse X-ray emission is pro-
duced via the IC process in which the cosmic microwave back-
ground photons are boosted by the synchrotron electrons, as F95
and K95 concluded.

With the follow-up observations pointing at the west lobe, we
examined the brightness distribution of the IC X-ray emission
and revealed that it indicates a center-filled emissivity distribution
in contrast to the rim-brightening radio shape. This indicates that
the relativistic electrons are homogeneous in the sphere of radius
~75 k5L kpe (=11"), where h,, is the Hubble constant normalized
to 75 km s™' Mpc™'. We therefore regard the rim-brightened
radio emission as a direct indicator of the magnetic pressure
distribution, represented by a shell of inner and outer boundaries
of ~27 k) kpc (=4") and ~75 h3} kpc (=11"), respectively.
On the basis of the spectral and spatial analysis, we evaluate the
energy densities of the magnetic field (u;) and the electrons
(u,) according to Harris & Grindlay (1979). Since u, is deter-
mined by the ratio of the synchrotron radio flux to the IC X-ray
flux emitted from the same volume, u, is in inverse proportion
to the volume ratio of the shell to the electron-filled sphere,
which is ~0.95. We estimate that the 1.4 GHz flux falling inside
the X-ray integration region is 50 Jy (=5 x 107* Ws™' m™),
based on the radio map by Ekers et al. (1983). We then calculate
u, after Harris & Grindlay (1979), considering the filling factor
(P to the shell region and assuming that the magnetic fields have
random directions to the line of sight. The result is u; =
(4.6 £ 0.4)f' x 107 * Im™.

The derived u, corresponds to a magnetic field strength of
0.34 + 0.02 nT at f = 1. Note here that we adopted an IC
scattering electron density, at a Lorentz factor of vy ~ 1000,
estimated using an extrapolation from the observed synchrotron
spectrum at y ~ 5000-13,000. Utilizing equation (10) of Harris
& Grindlay (1979), we also derive u, in the sphere. We assume
that the electron Lorentz factor ranges from vy = 10° to 10° in
the calculation below, as K95 adopted. Thus, we obtained u,
from the estimated IC X-ray flux (Table 1) as 4, = (2.0 *
0.5)(7,,/11)™ h,s x 107" T m™>. Although the derived u; is
nominally larger than the «, by a factor of 2.3 in the shell, we
cannot immediately reject an electron—magnetic field equipar-
tition (u; = u,) there without first determining the electron
energy spectrum below vy ~ 5000. If the spectrum is turned
down just below y = 5000, the estimated u,/u, = 8.3. On the
contrary, assuming that the spectrum extends down to vy~
350 (~2 MHz in synchrotron emission), the integrated u, be-
comes equivalent to u, in the shell region.

The results obtained here suggest a picture in which the lobe
interior is dominated by the particle pressure, whereas the mag-
netic field pressure becomes significant in the shell region de-
fined by the lobe boundary. Interestingly, we see a similar
situation in the lobes of Centaurus B (PKS 1343-601), as
Tashiro et al. (1998) show. The similarity is thought to reflect
the energetics and evolutions of radio lobes (e.g., Blundell &
Rawlings 2000) and the intergalactic environments of particle
and magnetic fields. Further investigations with the recent ad-
vanced X-ray observatories are expected.
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DETECTION OF EXCESS HARD X-RAY EMISSION FROM THE GROUP OF GALAXIES HCG 62
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ABSTRACT

We detected an excess of hard X-ray emission at energies above ~4 keV from the group of galaxies HCG 62
using data from the ASCA satellite. The excess emission is spatially extended up to ~10’ from the group center
and somewhat enhanced toward the north. Its spectrum can be represented by either a power law of photon index
0.8-2.7 or a bremsstrahlung of temperature greater than 6.3 keV. In the 2-10 keV range, the observed hard
X-ray flux, (1.0 * 0.3) x 1072 ergs cm~* s™', implies a luminosity of (8.0 * 2.0) x 10*' ergs s™' for a Hubble
constant of 50 km s~' Mpc™'. The emission is thus too luminous to be attributed to X-ray binaries in the member
galaxies. We discuss possible origins of the hard X-ray emission.

Subject headings: galaxies: clusters: individual (HCG 62) — galaxies: evolution — X-rays: galaxies

1. INTRODUCTION

Clusters of galaxies are thought to have released a large
amount of dynamical energy in their initial collapse phase.
During their subsequent evolution, starburst-driven winds, clus-
ter mergers, radio galaxies, and random galaxy motions may
have supplied additional heating energy to the intracluster
space. Presumably, these processes have generated energetic
particles (e.g., Kang, Ryu, & Jones 1996; Takizawa 2000), as
evidenced by diffuse synchrotron radio emission from some
clusters.

Such energetic particles are expected to produce nonthermal
X-rays as well, by Compton-boosting cosmic microwave back-
ground (CMB) photons. Long searches for such effects among
galaxy clusters have recently revealed two candidates: the ex-
cess soft X-ray emission detected with the Extreme Ultraviolet
Explorer (Lieu et al. 1996; Mittaz, Lieu, & Lockman 1998;
Bowyer & Berghofer 1998) and the spectral hard X-ray tail
observed with BeppoSAX (Fusco-Femiano et al. 1999; Kaastra
et al. 1999). However, the exact nature of these emission com-
ponents remains unclear.

Groups of galaxies are the poorest class of galaxy clusters.
Their thermal emission is limited to energies below ~5 keV,
because the temperature of their hot intragroup medium is about
1 keV (e.g., Mulchaey et al. 1996; Fukazawa et al. 1996).
Therefore, they allow us to search for nonthermal X-ray emis-
sion, even with instruments operating below an energy of
~10 keV. Here we report the detection of excess hard X-ray
emission from the group of galaxies HCG 62 with the ASCA
Gas Imaging Spectrometer (GIS; Ohashi et al. 1996; Maki-
shima et al. 1996). We employ 90% confidence limits through-
out this Letter and use the Hubble constant of 50 km s™' Mpc™".
Solar abundances refer to Anders & Grevesse (1989).
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2. OBSERVATIONS AND DATA REDUCTION

With a redshift of 0.0137 (Hickson, Kindl, & Huchra 1988),
HCG 62 is one of the nearest Hickson compact galaxy groups.
It was observed twice with ASCA: on 1994 January 14-15 in
a single pointing and on 1998 January 13-17 in four pointings
to cover the whole group region. The GIS was operated in PH
mode, and the Solid-State Imaging Spectrometer (SIS) in
2-CCD FAINT mode in 1994. We do not use the SIS data taken
in 1998 because of the insufficient field of view of 1-CCD
mode employed at that time. After an appropriate gain correc-
tion, we co-added all the available data from different sensors,
chips, and pointings, separately for the GIS and the SIS. The
live time is ~30 ks for the 1994 observation and ~20 ks for
each of the four pointings of the 1998 observation. The total
GIS live time thus amounts to 110 ks.

For our purpose, it is important to accurately subtract the
GIS background, which consists of cosmic X-ray background
(CXB) and intrinsic detector background (IDB). We first
summed data of the ASCA Large Sky Survey (Ueda et al. 1999),
conducted in 1993 December and 1994 June over blank sky
fields, with a total exposure time of 233 ks. Then, after Ikebe
(1995), we excluded regions in the GIS images where the count
rate exceeds those from surrounding regions by >2.5 ¢. This
eliminates faint sources with 2-10 keV flux greater than
8 x 107 ergs s™' cm™2.

We next corrected the IDB level of each pointing individually
for its gradual increase by 2%-3% yr~' and for its random
day-by-day fluctuation by 6%—8% (Ishisaki et al. 1997). For
this purpose, we derived three GIS spectra, denoted S(E),
B(E), and N(E), from the on-source data, the blank sky data
prepared as above, and night Earth data, respectively. They
were accumulated over an annulus of radius 13'-25’ from the
GIS field center and in the 6-10 keV energy range, to ensure
that S(E) is free from the HCG 62 emission and that the CXB
is relatively minor compared to the IDB in S(E) and B(E).
Then, assuming that the IDB spectrum and its radial profile
are both constant, we fitted S(E) with a linear combination
B(E) + fN(E); here f is a free parameter and fN(E) represents
the secular IDB change between the two epochs when S(E)
and B(E) were acquired. We have obtained f = 0.00 and
f = 0.08-0.12 for the 1994 and 1998 data, respectively, in
agreement with the IDB long-term increase (Ishisaki et al.
1997). By analyzing various ASCA data, we also confirmed
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Fic. 1.—Background-subtracted GIS image of HCG 62 in 4.5-8 keV (gray
scale) and 1.0-2.4 keV (contours). Both images have been smoothed with a
Gaussian filter of o0 = I, and their scales are logarithmic. The four squares
are positions of the ROSAT point sources that would also be detected with the
GIS.

that this method can reproduce, to within 5%, the GIS back-
ground spectra and its radial profiles acquired at any epoch
over 1993-1999.

The SIS has a lower efficiency in the hard X-ray band, a
shorter exposure time, and a smaller field of view than the GIS.
We therefore utilize the SIS spectrum only to determine the
soft thermal emission from the intragroup medium. We subtract
the SIS background in a conventional way, utilizing the archival
SIS background set.

3. RESULTS

To avoid the diffuse thermal emission with a typical plasma
temperature of kT ~ 1.0 keV (Ponman et al. 1993; Fukazawa
et al. 1998; Davis, Mulchaey, & Mushotzky 1999), we pro-
duced the GIS image of HCG 62 in the hard 4.5-8 keV band,
as shown in Figure 1. There we overlaid the 1.0-2.4 keV image
as a measure of the thermal emission, of which the brightness
peak coincides in position with the group center to within 1.
The image reveals a hard X-ray emission, which apparently
extends up to ~10' from the group center.

Figure 2 shows the radial GIS count rate profile in the energy
band of 4.5-8 keV, centered on the soft X-ray brightness peak.
Also shown are the instrumental point-spread function (PSF)
and the profile of the estimated background. Thus, the back-
ground level is well reproduced at larger radii within 5%, and
the hard X-ray emission is more extended than the PSE de-
tectable up to 10’ from the group center. As shown in the inset
to Figure 2, the hard X-ray surface brightness is higher in the
north region than in the south region. Such a feature cannot
be explained as a spillover from the 1 keV thermal emission.
The hard X-ray brightness is not correlated with the galaxy
distribution, either, including emission-line galaxies (de Car-
valho et al. 1997).

The observed hard X-ray emission, although apparently ex-
tended, could simply be a result of several hard point sources,
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FIG. 2.—GIS radial count rate profile of HCG 62 (crossed circles) centered
on the soft X-ray peak position, including the background. The dashed crosses
represent the estimated background, and the solid line shows the ASCA
X-Ray Telescope + GIS PSF plus the estimated background. The inset shows
the background-subtracted azimuthal count rate profile in 4.5-8 keV (crossed
circles) and 1.0-2.4 keV (dotted histogram). The angle is defined counter-
clockwise, with east being the origin.

such as active galaxies, either related or unrelated to HCG 62.
To answer this issue, we examined the archival ROSAT image
of HCG 62 and found four point sources with 0.1-2 keV fluxes
of (4-8) x 107** ergs s™' cm™? (Fig. 1, open squares) at the
locations where the hard-band GIS image actually exhibits
possible enhancements with the implied 2-10 keV fluxes of
~107** ergs s' cm™2 The flux ratio between ASCA and ROSAT
indicates that the source spectra have a power-law shape of pho-
ton index ~1.5. We have accordingly excluded photons falling
within 2!5 of these four sources. In addition, in order to remove
possible pointlike sources at the central region of HCG 62,
we excluded photons within 3’ of the group center. Then, the
4.5-8 keV GIS2 + GIS3 flux from the on-source data has be-
come 3772 + 61 photons over the radius of 3'-15’, compared
to 3351 *+ 20 expected from the background count rate. The
excess, 421 + 65 counts, well exceeds the ~60 counts expected
for the 1 keV thermal emission. Thus, the presence of the
extended excess hard X-ray emission is significant from the
GIS imagery even after excluding possible point-source
contamination.

In order to examine the excess hard X-ray emission through
spectroscopy, we have produced spectra over the radius of
3'—15’ by utilizing all the available data from the GIS and only
the first pointing data from the SIS. The regions within 2.5 of
the four pointlike sources were again excluded. We discarded
the SIS data above 4 keV for the reason described before. The
obtained spectra are presented in Figure 3. We fitted them
simultaneously by a single-temperature plasma emission model
(Raymond & Smith 1977; R-S model) with solar abundance
ratios (Fukazawa et al. 1996, 1998), modified by photoelectric
absorption. As shown in Table 1 and Figure 3, the model suc-
cessfully reproduced the data in lower energies, and the derived
temperature and metallicity are consistent with those of Fu-



No. 2, 2001
o | M}ﬂ._; """ T T
oot M% 4
Exo'” - i ++—++“ R
: L Tty
5,0~: - ; T o |
eb 4 L oo gt T et
0 _.‘_f f - :*'_ A o { _________________
of s iﬁ_l'iﬁ%ftﬁﬁﬁw fu’f;! it ]

2 5
Energy (keV)

FiG. 3.—GIS + SIS simultaneous spectral fiting of HCG 62 with the single-
temperature R-S model. The crosses and solid lines represent the data and
model, respectively. The SIS data above 4 keV are discarded.

kazawa et al. (1998). However, the model is not acceptable due
to significant residuals seen in the GIS fit over energies of
greater than 3 keV. When we limit the energy band to less than
2.4 keV, the fit becomes acceptable with a reduced x* of 1.29
and the best-fit temperature of 0.95 + 0.05 keV. In contrast,
when we use only the hard energy band above 2 keV, the best-
fit temperature increases to 2.1 £ 0.3 keV; this is inconsistent
with that indicated by the soft-band data and is much higher
than the prediction from the galaxy velocity dispersion of
~300 km s~' (Mulchaey et al. 1996). These results reconfirm
the presence of excess hard X-ray emission above the prediction
of the thermal emission of temperature ~1 keV. The results of
Finoguenov & Ponman (1999), who reported a high temper-
ature of greater than 1.5 keV around 5’ of the group center,
are also consistent with ours. ,

We refitted the whole-band spectra by adding a bremsstrah-
lung or a power-law component to represent the excess hard
X-ray emission. As summarized in Table 1, either modeling
has given an acceptable joint fit to the ASCA spectra. The
bremsstrahlung temperature has been constrained as greater
than 6.3 keV, while the power-law photon index o, was found
at 1.5*12. Although o, can be as high as 2.7, such a steep
power law forces the R-S component to have an extremely high
metallicity. When we fix the metallicity of the R-S component
at 0.30 solar, which is typically found from clusters of galaxies,
the upper limit on o, becomes 2.2. Below, we utilize this limit
instead of the original one. The normalization of the hard com-
ponent does not change by more than 20% if we use plasma
emission codes other than the R-S code.

The upper limit on narrow Fe K line features at ~6.6 keV
is uninteresting, several keV in equivalent width. The absorp-
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tion column density cannot be constrained in any case and is
consistent with the Galactic value of 2.9 x 102° cm™? (Stark
et al. 1992). The 2-10 keV X-ray flux and luminosity of the
hard X-ray component are (1.0 = 0.3) x 107" ergs cm ™2 s~
and (8.0 + 2.0) x 10* ergs s™', respectively, regardless of the
choice between the two modelings. This amounts to about 20%
of the 0.5-10 keV thermal component luminosity of 49 x
10* ergs s~* (Fukazawa 1997).

Although we have carefully estimated the background, it is
still important to examine to what extent our results are affected
by possible background uncertainties. To see this, we inten-
tionally increased the IDB background level by 5% and found
that the 210 keV flux and luminosity of the hard component
become (5.5-8.4) x 107" ergs s™' cm~? and (4.3-6.5) x
10* ergs s~', respectively. Thus, the hard emission remains
statistically significant.

4. DISCUSSION

From the galaxy group HCG 62, we have detected the excess
X-ray emission with a very hard spectrum, which extends up
to more than 10’ from the group center and is somewhat en-
hanced at the north region. Although its surface brightness is
only ~20% of that of the GIS background, we have confirmed
its reality through careful analysis. Below, we discuss the origin
and nature of this phenomenon.

An immediate possibility is a collection of binary X-ray
sources in the member galaxies of HCG 62. However, based
on the total optical luminosity of HCG 62 (~1 x 10" Lg; de
Carvalho et al. 1997) and the optical versus X-ray luminosity
correlation among elliptical galaxies (Matsushita 1997), this
contribution is estimated to be at most4 x 10%° ergs s™', which
is an order of magnitude short of the observed luminosity. A
second possibility is an assembly of faint active galactic nuclei
(AGNs) in HCG 62. However, the optical evidence for AGNs
in HCG 62 is moderate (de Carvalho et al. 1997), and we have
already subtracted such candidates based on the ROSAT image.
Any remaining AGNs are estimated to contribute no more than
30%-40% of the total hard X-ray emission. Yet another pos-
sibility is the fluctuation of background faint sources. Utilizing
the log N-log S relation in the 2-10 keV band (Ueda et al.
1999), this contribution is estimated to be at most ~2 X
10" ergs cm~2 s™' over the radius of 3'-15’, which is again
too low to explain the data. From these considerations, we
conclude that the excess hard X-ray emission cannot be ex-
plained by the assembly of discrete hard X-ray sources, what-
ever their nature be.

Considering the loose constraint on the Fe K line, the excess
emission might be of thermal origin from very hot plasmas.
Actually, Buote (2000) described the ASCA spectra of HCG
62, integrated over a radius of 0'-3’, by a two-temperature

TABLE 1
RESULTS OF JOINT FITTING OF THE GIS AND SIS SPECTRA OF HCG 62 WITH VARIOUS MODELS
Ny k" Normalization” Normalization of Hard
Model x*/Degrees of Freedom  (x 10™ cm™?) (keV) Solar Abundance® (% 107 cm™) Component®
R-S cririienieeiiinnaanaenaes 224 <3.7 1.02 + 0.03 0.15 = 0.02 72 £ 06
R-S + bremsstrahlung® ...... 0.99 <35 095 + 0.05 0.18  0.05 59 1.0 1.213] x 107
R-S + power law* ........... 0.99 <34 096255 >0.14 5633 17155 % 107

* Column density of photoelectric absorption.
* Parameters of R-S model.

< Normalization of bremsstrahlung model or power-law model in units of cm™* or counts s~' cm™? keV ™', respectively.

¢ Temperature of bremsstrahlung model kT, > 6.3.
< Power-law photon index oy, = 1.5%43.
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plasma model of kT = 0.7 and kT = 1.5 keV. We have in-
de tly reconfirmed their results. However, our spec-
tra (Fig. 3) that are accumulated over the 3'-15’ range re-
quire a temperature of greater than 6.3 keV; the original two-
temperature model found by Buote (2000) gives a very poor
fit (x*/v = 1.66). Thus, thermal emission with an “ordinary”
temperature cannot explain the data. Insignificant detection of
excess hard X-rays over a radius of 0’3’ might be due to poor

oton statistics and complex spectra of thermal components
(Fukazawa et al. 1998) at the center region, spectral change of
hard components, and so on. There might still be plasmas much
hotter than the escape temperature, as is actually found in star-
burst galaxies (e.g., Ptak et al. 1997). However, within 15’ of
HCG 62, there are no bright JRAS sources with the 60 um flux
exceeding 2 Jy (SkyView at the High Energy Astrophysics
Science Archive Research Center). We therefore conclude that
the thermal interpretation of the excess hard X-ray emission is
unrealistic.

Given the difficulties with the discrete source and thermal
interpretations of the diffuse hard X-ray emission, we regard
the nonthermal interpretation as the most promising. One pop-
ular scenario of nonthermal X-ray production is inverse Comp-
ton scattering of the CMB photons by relativistic electrons with
Lorentz factor y ~ 10°~10*, as has been invoked to explain the
excess hard X-ray emission from rich clusters (e.g., Fusco-
Femiano et al. 1999). However, we cannot constrain the intra-
group magnetic field in HCG 62 because of a lack of infor-
mation on the diffuse radio flux. If we assume a representative
magnetic field intensity of 1 4G, we would observe synchrotron
radio emission with a flux density of ~0.3 Jy. Since such a
strong radio emission is not seen from HCG 62 (SkyView;
NRAO Very Large Array Sky Survey image), the inverse
Compton interpretation holds for HCG 62 only if its magnetic
field is much weaker than 1 uG. The reality of such a weak
magnetic field is an open question and in an apparent contra-
diction to the generally accepted intergalactic field strengths of
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~1 uG (Kronberg 1994), even though such a condition is sug-
gested by the BeppoSAX and RXTE observations of some rich
clusters of galaxies (Valinia et al. 1999; Fusco-Femiano et al.
1999).

An alternative interpretation is nonthermal bremsstrahlung
between the thermal gas and subrelativistic particles, as pro-
posed for the hard X-ray emission from Abell 2199, of which
diffuse radio flux is quite weak (Kempner & Sarazin 2000), as
in the case of HCG 62. Let us assume for simplicity that the
nonthermal electrons have typical energies of 10-100 keV and
their spatial density distribution is similar to that of the thermal
intragroup gas. Then, the nonthermal to_thermal luminosity
ratio in the 0.5-10 keV band becomes V10a, where « is the
density ratio of the nonthermal electrons to the thermal ones.
The observed luminosity ratio of ~0.2 implies a ~ 0.06, in-
dicating that the energy density of nonthermal electrons is 0.6-6
times as high as that of thermal electrons (depending on the
spectrum). If this is the case, the mechanism of such particle
acceleration becomes an important issue. In addition, the non-
thermal pressure associated with such a particle population
would considerably increase the total mass of HCG 62, and
hence its dark matter content, estimated from the X-ray data.

The diffuse hard X-ray emission has been observed with
ASCA from some other galaxy groups as well (Fukazawa 1999).
However, its prominence relative to the thermal X-ray emission
appears to scatter from object to object, similar to that seen in
rich clusters (Molendi et al. 1999), with HCG 62 being one of
the strongest cases. Although what makes such variety is yet
to be studied, the hard X-ray emission might be related with
transient phenomena such as mergers.
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Chapter 1
Introduction

Astrophysical jets are a pair of highly collimated plasma flows which are ejected from a
central source with relativistic velocities in the opposite directions to each other. The jet
phenomena are found all over the universe on various scales, such as in active galactic
nuclei, Galactic binaries involving collapsed stars, young stellar objects, and so forth.

However, the mechanism of jets formation is still one of the unsolved important issues

in astrophysics. In particular, many pieces of evidence indicate that the jet phenomena
generally involve magnetic fields, but it is still unclear how essential they are in the
formation of astrophysical jets. In order to better understand the jet phenomena, it is
vitally needed to quantitatively measure the relative dominance of particle energy and
magnetic-field energy, associated with the jets.

Lobes of radio galaxies provide one of the ideal laboratories to investigate the issue,
because their radio emission is of no doubt produced via synchrotron process, i.e., an
interplay between the relativistic particles and magnetic fields. The former carries over
the bulk kinetic energy of the jets, presumably randomized by jet-terminal shocks, while
the latter is also thought to be supplied by the jets. However, what can be measured by
the radio observations is only the product ueun,, where u, and u,, are energy densities
of relativistic particles and magnetic field, respectively. In order to individually evalu-
ate them, it is conventional to assume an equipartition between particle and magnetic
energies, or a minimum energy condition.

Relativistic particles in radio lobes can produce X-rays or y-rays by inverse-Compton
(IC) scattering off some soft seed photons. The IC X-ray observations yield the product
Uelsor, Where ugop is the energy denmsity of the soft seed photons. Therefore, if ugy is
already known, a comparison of the synchrotron radio flux and the IC X-ray flux aliows
us to independently determine u, and wu,, without invoking the minimum energy or
equipartition assumptions. Especially, soft photons in the lobes of radio galaxies are

1
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usually dominated by the cosmic microwave background (CMB), of which the energy
density ucmp= 4.1 x 10713(1 + 2)* erg cm™2 (where z is the cosmological redshift of the
objects) is accurately known. Therefore in such cases, the determination of u. and uy, is
possible with a high precision, as has long been anticipated (Haris and Grindlay 1979).

The IC X-ray emission had received increasing attention from astrophysicists in 1960s.
The CMB-boosted X-rays were once thought to be a possible origin of extended hard X-
rays from a number of clusters of galaxies detected by Uhuru survey (Gursky et al., 1972),
which are now recognized as thermal emission from hot cluster gas (Serlemitsos et al.,
1977). Fetlen & Morrison (1966) attempted to explain the cosmic X-ray background
radiation (CXB) as IC X-rays of electrons in the Galactic halo scattering off the CMB or
the starlight in the Galaxy, although the predicted X-ray flux was more than an order of
magnitude lower than the observed CXB flux. Because ucwmg is proportional to (1 + 2)*,
and hence the IC. X-rays from lobes of distant radio galaxies or quasars may partially
contribute to the observed CXB.

Although the search for the IC X-rays from the lobes of radio galaxies has long been
unsuccessful due to their faintness, at least Feigelson et al. (1995) and Kaneda et al.
(1995) have independently succeeded in detecting the diffuse IC X-rays from the lobes of
the radio galaxy Fornax A (NGC 1316), using ROSAT and ASCA respectively. This has
motivated us to observe other radio lobes, and to achieve subsequent detections of the
IC X-rays from Centaurus B (Tashiro et al. 1998) and NGC 612 (Tashiro et al. 1999).
In lobes of Fornax A of which the nucleus has already become inactive (Iyomoto et al.
1997), an equipartition between electrons and magnetic field is almost realized (Kaneda
et al. 1995, Tashiro et al. 2001). On the other hand, a particle dominance is found in
Centaurus B hosting an active nucleus. These results suggest that u, tend to dominate

u;, paticulaly when the nucleus is active.

Recently, using the Chandra X-ray Observatory which has an unprecedented angular
resolution, non-thermal X-rays has been detected from hot spots which is though to be a
shock front at the jet terminal, in a number of radio galaxies. These X-rays are interpreted
to arise via synchrotron-self-Compton (SSC) process, where synchrotron radio emission
itself provides seed soft photons. In 3C 295 (Harris et al. 2000), 3C 123 (Hardcastle et
al. 2001), and Cygnus A (Wilson et al. 2000), an equipartition betweern ue' and uy, is
almost achieved, while in Pictor A (Wilson et al. 2001) the magnetic filed strength is
by an order-of-magnitude lower than the equipartition field. However, these results is
thought to be subject to uncertainties in ugyg associated with unresolved structures of the
hot spots, especially their volumes.

In this thesis, we intend to develop our knowledge on the jet/lobe energetics, by
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studying the IC X-rays from a number of radio lobes. We put a particular emphasis on
the relations between the activity of the nucleus and u. or um, in the radio lobes. The IC
X-rays from radio lobes are intrinsically diffuse and faint emission, and can be identified by
its spatial association with the radio lobes, and by a featureless hard power-law spectrum
with the same slope as the synchrotron radio spectrum. The Gas Imaging Spectrometer
(GIS) onboard ASCA is one of the ideal instruments for lobes with the size larger than ~ 5
arcmin, because it can perform an imaging spectroscopy with a high-sensitivity, utilizing
its low and stable background level, a reasonable field of view, and a reasonable angular
resolution (~ 3 arcmin) over a wide energy band. However, the angular resolution of
the GIS is not high enough to resolve smaller and hence more distant lobes, from their
nucleus. The Chandra X-ray Observatory, with an angular resolution of ~ 0.5 arcsec, is
the best instrument to detect the IC X-rays from such compact lobes.

In Chapter 2, we briefly review the X-ray emission mechanism in radio lobes and pre-
vious observations of them. The instruments onboard ASCA and Chandra are described
in Chapter 3. The log of observations is presented in Chapter 4. The results of ASCA
and Chandre data analysis are shown in Chapter 5 and 6, respectively. We summarize
and discuss the obtained results in Chapter 7, using multi frequency spectral information,
and conclude in Chapter 8.

Throughout this thesis, we assume the Hubble constant and the deceleration parameter

to be Hy = 75 km 5! Mpc™! and gy = 0.5, respectively.
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Chapter 2

Review

2.1 Astrophysical Jets

2.1.1 What is the nature of the astrophysical jets ?

From gravitational centers of various kinds of celestial objects, highly collimated twin-

flows of plasma, which are thought to consist of relativistic particles and magnetic fields,
are often ejected in the opposite directions with relativistic velocities. This phenomenon
is usually called ”astrophysical jets”. The astrophysical jets are observed all over the
universe on a variety of scales, such as in active galactic nuclei (AGN) which are thought
to be super massive black holes locate in the centers of external galaxies, in Galactic
black hole, neutron star or white dwarf binaries, and in young stellar objects. We show
the characteristic parameters of various astrophysical jets in Table 2.1.

The concept of astrophysical jets has originally been developed through observations
of active galaxies, including in particular radio galaxies and quasars. For the first time in

Table 2.1: Parameters of astrophysical jets on various scales {Fukue 1993).

AGN jets Galactic jets
Size pc - Mpc 100 AU - 100 pc 0.1-1pc
Velocity <c 0.26c - 0.92 ¢ ~5000 km s=! 10 - 150 km s~!
Age ~ 10° year ~ 10% year ~ 10* year
Collimation ~1° ~1° ~ 10°
Central Source | super massive  black holes white dwarfs  young stellar objects
black holes  neutron stars
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Figure 2.1: The radio images of astrophysical jets. The left panel shows the radio structure
of the jets of NGC 6251 on various scales (Bridle and Perler 1984). At a redshift z = 0.025
of NGC 6251, 1 arcmin corresponds to ~ 28 kpc. The total length of the jet exceeds 200
kpc. The right panel shows the 22 GHz radio image of the jet of 3C 345 (Zensus et al.
1995) on a scale very close to the nucleus. In this panel, 1 milliarcsec correspond to 5 pe
(~ 1.5 x 10'® cm). The transverse motion of the blob C4 is “superluminal”, or 3 ~ 10
times the light speed.

1918, Curtis (1918) optically discovered the jet structure emanating from the nucleus of
M 87. In the 1950s, the advent of radio interferometers has allowed detections of largely
extended radio structure, called "lobes”, from a number of external galaxies. These galax-
ies have hence been named "radio galaxies”. In the late 1970s, with the development of
large scale interferometers such as the Very Large Array (VLA), narrow bridgle structures
(i.e. radio jets) have been discovered between the radio lobes and the nuclei of the host
galaxies.

As an example, we show in the left panel of Figure 2.1 the jet in a radio galaxy
NGC 6251 observed with radio interferometers with various angular resolutions. Appar-

ently, the jet is still highly collimated and almost keeps its initial direction after traveling
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over ~ 200 kpc. In 1980s, “superluminal motion”, in which the transverse speed of the jet
blobs apparently exceeds the speed of light, has successively been detected with the Very
Long Base Line Interferometry (VLBI). We show one such example in the right panel of
Figure 2.1. The superluminal motion can be explained by a model in which the jet blob
move toward the line of sight with a relativistic velocity (Blandford and Kognil 1979).

2.1.2 Issues on the astrophysical jets

It is generally agreed that a considerable fraction of astrophysical jets are produced by
mass accretion onto the central source. However, there are yet no clear answers to the
question about how to effectively convert the released gravitational energies into the bulk
kinetic energies of the jets, and how to highly collimate them over the long distance.
Actually, various kinds of models are proposed where the jets are assumed to be driven
by gas pressure (e.g. Begelman et al. 1983; Takahara et al. 1989), by radiation pressure
(e.g. Icke 1980) or by magnetohydrodynamical forces (e.g. Blandford 1976; Uchida and
Shibata 1985; Kudoh et al 1998), but no general consensus has been achieved among

them.

We may naturally imagine that the jets are produced, collimated and guided by the '

magnetic filed lines. However, recently some X-ray observations suggest that the energy
density of the relativistic electrons, u,, dominates that of the magnetic field, ur, (e.g.,
Inoue and Takahara 1996; Tashiro et al. 1998). Therefore, in order to shed light on the
jet formation mechanism, it is of vital importance to measure the relative dominance of
ue and u,y, in various parts along the jets.

Independently, whether the jets are composed of electron-proton plasma or electron-
positron plasma is another important unsolved issue on the jets. The energy required
to drive electron-proton jets into a relativistic velocity is more than three order of mag-
nitude larger than to produce electron-positron jets. In order to investig:ite the plasma
composition of the jets, it is vitally important to probe into energetics associated with

them.
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2.2 Radio Galaxies

2.2.1 Classification of the active galactic nuclei

Radio Galaxies are a class of AGNs, characterized by their strong radio emission. Then,
we make a brief classification of AGNs. The unified picture of AGNs, which are visualized
in Figure 2.2, are discussed by Antonucci and Miller (1985), or Antonucci (1993).

The AGNs are usually divided into ”radio loud” and "radio quiet” objects, from the
point of view of their radio luminosities. About one tenth of the AGNs, including radio
galaxies, radio loud quasars and blazars, are radio loud. The radio loud AGNs frequently
exhibit the active jet structures emanating from their nuclei. The radio quiet AGNs
consist of Seyfert galaxies and radio quiet quasars.

Independently, the AGNs are frequently classified into type I and type IT AGNs by
their viewing angle from our line of sight. The nuclei of the type I AGNs (i.e. super
massive black holes) are observable almost directly from us, although those of the type II
objects are usually obscured by the molecular torus from our line of sight.

Accretion Disk Black Hole

Radio Loud AGN | Radio Quiet AGN

]
Blazars !
Broud Line ‘ :
Radio Galaxi 1
ﬁ , Seyfert 1
]
Radio Galaxies ' s
o ' o Seyfert 2
00 o0 -«
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Figure 2.2: The unified picture of the AGNs.

2.2.2 Properties of the radio galaxies

As shown in Figure 2.2, radio galaxies are thought to be observed at a rather large
angle relative to their jet axes. Therefore, they are thought to provide one of the best
laboratories for studying the jet phenomena.
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Figure 2.3: A schematic drawing which shows the typical radio structure of radio galaxies.

We show in Figure 2.3 the simplified structure of radio galaxies, observed in the radio

frequency. From a nucleus which locates near the center of the radio structure and of which
the position coincide with the center of the optical galaxy, a pair of jets are ejected toward
opposite directions. The emission from the jets themselves is not necessarily observed,
because they move with relativistic velocities, and hence their emissions are strongly
beamed toward their direction. Near the end point or on the way of the jets, there exist
fairy compact regions of high radio brightness which are called “hot spots”. The hot spots
are thought to be working surfaces of the jet-terminal shocks (e.g. Meisenheimer, et al.
1989). Through these shock fronts, the bulk kinetic energy of the jets is randomized, and
redistributed among particles which are scattered into radio lobes. The radio lobes are
diffuse and low surface brightness radio structure extending in sparse intergalactic space,
which is thought to contain time-integrated information of the jet activities.

We show in Figure 2.4 the representative of radio spectra of the radio galaxies. Figure
2.5 represents the map of the total and polarized intensities of the typical radio galaxy.
Because of a nonthermal power-law spectral shape and a strong linear polarization, the
radio emission from radio galaxies is thought to be of no doubt produced via synchrotron
radiation, in which relativistic electrons interact with a magnetic field. Assuming that an
equipartition condition is established between electrons and magnetic field in radio lobes,
we can estimate that there exist a magnetic field of B = a few ~ 104G and relativistic
electrons with Lorentz factors of at least ., = 1035, These relativistic electrons inevitably

produce X-ray or y-ray photons via inverse Compton (IC) scattering off soft seed photons.
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Figure 2.4: The radio spectrum of the radio galaxy 3C 452. The data are from Laing and
Peacock (1980), Kuhr et al. (1979), and Jagers (1987).

We discuss these radiation process and the parameters determined by observing them in
the next section.

The radio galaxies are usually divided into two sub-classes form the relative positions
of hot spots and radio lobes to the central AGN; so-called FR I and FR 1I (Fanaroff and
Riley, 1974) classes. The FR I class is defined as those of which the ratio of the distance
between the hot spots (originally the brightest region) on opposite sides to the total extent
is lower than 0.5, and the FR II class is defined as the reverse. We show the archetypes
of each class in Figure 2.6. As a whole in radio observations, the FR II sources are more
lobe dominant and more luminous than the FR I radio galaxies (Fanaroff and Riley 1974;
Urry and Pdovani 1995). In the X-ray band, the nuclei of the FR II is more active than
the FR I nuclei (Hardcastle and Worrall 1999, Matusmoto et al. 2001).

As shown in Figure 2.2, when the jet direction is close to our line of sight, an AGN is
observed as blazars. Because of the relativistic beaming effect, electromagnetic radiation
from blazars is dominated by nonthermal emission from relativistic electrons in the jet.
Their intensities are rapidly and highly variable in every observable frequencies, and then,
the radiation sites of blazars are thought to be located relatively near the base of the jets
(~ 10'7-'® cm from their nuclei; e.g. Kataoka 2000). In the unified picture of blazars,
their multi-frequency spectra exhibit two pronounced components; the low frequency

synchrotron radiation and the high frequency inverse Compton component.
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Figure 2.5: The 10.6 GHz VLA image of the radio galaxy 4C 73.08 (Klein et al. 1994).
(left) The total intensity map. The vectors represent the orientation of magnetic fields,
and their length are proportional to the polarized intensity. (right) The linearly polarized
intensity map. The vectors again represent the orientation of magnetic fields, but their

length are proportional to the fractional polarization.

Figure 2.6: The archetype of FR I and FR II subclasses. The left and right panel shows
the 5 GHz radio images obtained with the VLA of the FR I radio galaxy Hydra A (3C 218,
Taylor et al. 1990) and the FR 1I radio galaxy Cygnus A (3C 405, Perlay et al. 1984),

respectively.
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2.3 Radiation from Radio Lobes and Hot Spots

In this section, we discuss two important emission mechanisms from relativistic particles;
the synchrotron radiation and the inverse Compton scattering. The detection of both
emissions from radio lobes or hot spots provide important tools for probing into the
energetics there. Basic properties of each radiation mechanism are discussed in detail,
e.g. by Blumenthal and Gould (1970) and by Rybicki and Lightman (1974). We first
follow their results. Next, we discuss practical methods to evaluate the energetics in radio

galaxies. In the following, we consider the emission only from relativistic electrons.

2.3.1 Synchrotron radiation

Relativistic electrons gyrating in a magnetic field B will radiate. This radiation, forming
a continuum spectrum, is known as synchrotron rudiation (SR). The SR power per unit
frequency radiated from a single electron with a Lorenz factor of v is given as

V3e3B2 B sin ¢F(£—)

me2 Ve (1)

Psg(v,7) =

where ¢ is the speed of light, 3 is the speed of the electron normalized by c, 7 and e are
the mass and charge of an electron, respectively, and ¢ is the angle between the magnetic
field and electron velocity (pitch angle). The dimensionless function F(z), which is shown
in Figure 2.7, is defined as

o0
Fo)=z [ Kylede 2)
T
where K g(E) is the modified Bessel function of % order, and v, is given as
2 1
= 3reBsing o < 10°y2Bsin g (2.3)
4dmme

is the critical frequency. Since the peak of F(z) is around z = 0.29, the SR spectrum
peaks at

vp = 0.29 v, = 120 (1%3)2(1ﬁG

By integrating equation (2.1) over all frequencies, we obtain the total SR power from

)sing MHz . O (24)

one electron as

Psp =207 ¢ v? B2sin’ ¢ u,, : (2.5)
where or = 8me*/3m?c* is the Thomson cross section, and u,, = B*/8 is the energy
density of the magnetic field. For an isotropically distributed electrons with v, it is
necessary to average equation (2.5) over the pitch angle. Using the relation < sin® ¢ >=
+ [sin® ¢ d2 = %, we obtain the averaged SR power as

4 Y
Pog=zorc VB U (2.6)
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Figure 2.7: The dimensionless function F(z), describing the synchrotron power spectrum.

Thus, Psg is proportional to u,,. The electron looses half of its energy by the SR emission
in a characteristic time scale as

Ime

Tsp = ——
SR 401_“"1’7

(2.7)

Practically, we want to obtain the SR spectrum from a population of relativistic elec-
trons which have a power-law energy distribution in v > 1. We describe the number
density of electrons with Lorentz factors between v and y + dvy as

N(y)dy = Nov~Pdvy , (28)

where N is a normalization, and p id a positive constant called spectral index. Usually,
this spectrum is valid only in a limited energy range, v, < ¥ < 7. Using equations (2.1)
and (2.8), we can obtain the SR power spectrum per unit volume Psg(v) as

Y2
PSR(V) = PSR(Vy’Y)N(’Y)d’Y
m
V3e2BNysing [ 4ame \~*7 /’1 s
- 2mc? (3eB sin ¢V) - F(r)z™7 dx , (2.9)

where we change the variable of integration to z = v/v,, with =, and z, corresponding
to 71 and 7., respectively. We here approximate 8 ~ 1 because v > 1. Assuming
the electron power-law spectrum is valid over a sufficiently wide energy band, we can
approximate z; ~ 0 and z; ~ oc, and obtain

/3¢ BNy sin 6 (2 19) (2 1)( 2mme )‘% (2.10)

Per(v) = mc(p+ 1) 1712/ \41712) \3eBsmo”

it 12
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where we use the formula

/umz’ F(z)dz:% r(§+g) r(%+§) . (2.11)

Thus, we find that the SR spectrum from power-law electrons also has a power-law shape,

and its spectral energy index agsg is related to the electron index as

-1
asp = 32— . (2.12)

2.3.2 Inverse Compton scattering

Free electrons at rest can scatter off incoming photons. This is known as Compton scat-
tering. Using the conservation of energy and momentum, we can relate the energy of the
incident photon, ¢, to that of the scatter photon, ¢, as

€
T 1+ 45(1— cosf)

e

€ (2.13)

where 6 is the angle between the directions of the incident and scattered photons. For low
energy photons, e < mc?, the scattering becomes approximately elastic (¢ ~ ¢;). This
is known as Thomson scattering. In the Thomson limit, the differential and total cross

sections are written as

dUT _ 1 2 9
o = 5%(1 + cos” 6)
or = 8%7‘3 (2.14)

where ry = e?/mc? is the classical electron radius. For high energy photons, ¢ > mc?,
because of a quantum effect, the scattering becomes less efficient and the scattering cross
section is described by the Klein-Nishina formula,

%=Z2§ z—z (E—El-+%—siu29) . ‘ (2.15)
In the limit of €, & ¢, equation (2.15) reduces to the Thomson cross section.

When the electron moves with a sufficient kinetic energy compared to that of the
photon, net energy may be transferred from the electron to the photon in contrast to
equation (2.13). This process is usually called inverse Compton (IC) scatterixig. We show
in Figure 2.8 a scattering event seen from the observer’s frame K and from the electron
rest frame K’'. Quantities observed in the K’ frame are denoted with prime ('}, and those
in the K frame are without prime. In the following, we show basic properties of the IC
process, assuming € < mc? in the K’ frame (i.e y¢ < mc? in the K frame), and hence

that the scattering takes place in the Thomson limit. This assumption is almost valid
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Figure 2.8: The geometry of scattering in the observer’s frame K and in the electron rest
frame K'. The electron moves toward z axis in the K frame, which corresponds to z’ axis
in the K’ frame.

in various kinds of astrophysical phenomena. From the Lorentz transformation (or the
Doppler shift), we obtain

€ = ey(l1 - Pcosh)
6 = €v(1+ Bcosh) (2.16)

where 6 and @] are the angle between the direction of motion of the electron and that
of the photon before and after scattering, respectively. Equation (2.13) holds in the K'
frame, and we obtain

€I
! o~ ! — —— p—
6 = € [1 — (1—cos 9)]
cos©® = cosf|cost + sin 6 sind cos(¢’' — ¢}) (2.17)

where ¢' and ¢} are the azimuthal angles of the incident and scattered photon, respectively
in the K’ frame. For relativistic electrons with v* 3> e/mc?, we can approximate

ere e, =1:7:9 (2.18)
since 6 and 6] become typically order of /2. Thus, the energy of incident soft photon is
boosted by a factor of 42 in the IC scattering.

We next want to derive average IC power from an isotropic distribution of relativistic
electrons (v > 1) scattering off isotropically distributed incident seed photons. We let
n(e) and n'(¢') be the number densities of seed photons per unit photon energy in the K
and K’ frame, respectively. The scattered power per electron in the K’ frame is given by

dE'
r =L‘UT/6',n'(e')de' . (2.19)

16 CHAPTER 2. REVIEW

We need to note that nde/e and dE/dt are both Lorentz invariant. Using equation (2.16)
and neglecting the energy change in the K’ frame (i.e. € =~ ¢|) we obtain the total
scattered power in the K frame as

dE
7 = a«r[e’ln’(f')de’
= cor? /(1 — Bcosf)en(e)de . (2.20)
Averaging this over the scattering angle, we obtain
dE 1
— =cor Y1+ 532) Usoft, (2.21)
in which
Ugofy = /en(e)de (2.22)

is the energy density of the incident seed photons. Thus, the net power transferred from
electrons into photons in the IC scattering is calculated as

dE 4
Pc = & CoT W =go0rcC v? B ugon, (2.23)

where corugn is the power of incident photon. The individual electron looses half of its
energy by the IC radiation in a characteristic time scale as

3mce -1

e = ———
4 07 Ugont

(2.24)
Comparing equation (2.23) with equation (2.6), we have a general relation of basic im-

portance,
Psr _ um
-PIC Usoft
Equation (2.23) also means that the representative energy ;c of an IC photon scattered

(2.25)

by a relativistic electron of Lorentz factor vy is given as
4 .
€ic = 5726 ) : (2.26)

where we approximate 8 =~ 1.
We want also to derive the IC spectrum. We again assume that electrons and photons

have isotropic distributions and that the Thomson limit holds in the K’ frame. Let N be

the number density of electrons moving with +, and Fy be the incident photon number of

energy € per unit area, per unit solid angle, per unit time. In this case, we can write the

emission function of IC scattering as

3NorFy

) @) (2.27)

Jicler) =
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=
2= (2.28)
where f(z) is approximately described, for relativistic electrons of v > 1, as
fz)=2zInz+z+1-25% . (2.29)

We can finally calculate the IC power spectrum from a power-law distribution of
electrons [equation (2.8)] scattering off an arbitrary initial photon spectrum. This can be
done by expressing Fy with the number density n(e) of incident photons and replacing
N with the electron distribution N(-y)dy. Integrating over the incident photon spectrum
and over the electron energy in the same way for the SR spectrum, we obtain the IC

spectrum,
Pcle) = 4dmeyjic(er)
3 € L—
= —corNp | de—=n(e) dyy P  f(x)
4 € m
- =1 - Z1 -
= 3corNo2P % ¢, = /dcn(e)c%"/ dzx"ﬂ'}'f(x) (2.30)
z2 .
and the IC spectral index, .
e = ’1'2‘— . (2.31)

Thus, the IC index is identical to the SR index described in equation (2.12).

2.3.3 Parameters determined from observations

As easily recognized from equation (2.10), what can be measured from observing the
synchrotron radio spectrum alone is asg and the product NoB'*°sR. In order to evaluate
the magnetic field strength B, it has therefore been traditional to assume a minimum
energy condition in which the product ueumis minimized, or an equipartition between
ue and u,, where u, is the energy deunsity of the electrons given as

™
ue = e’ AN(y)dy . (2.32)
m

For example, in the minimum energy condition, we can estimate B from observed quan-
tities as (Miley et al. 1980),

k
Buvg =569 x 1078 [1% (14 2)3t«

where z is a redshift of the object, 6, and 6, are angular diameters in orthogonal directions

—asp+3 —osp+3 2
1 SSR Vy 2 — 141 2] 7

a 2.33
0,8y ssint  VER" —osr + 3 (2.33)

in arcsec, f is a filling factor, k is a ratio of energy of heavily particles to those of electrons,
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s is a path length through the object in kpc, 1 and v, are the lower and upper limits of
the observed frequency in GHz, Ssr is a flux density at vsg (GHz) in Jy (= 1072 erg s~!
em~2 Hz™'), and ¢ is an angle between the averaged magnetic field and the line of sight.

It is apparent from equation (2.25) that, if we can observe both the SR radio emission
and IC X-ray emission from a single object, we can separately determine B and u,, on
condition that we can evaluate uyn accurately. In lobes or hot spots of radio galaxies,
several different sources may provide some radiation fields are possible to furnish the seed
photons; the cosmic microwave background (CMB) radiation, the SR radio emissions
themselves, and infra-red (IR) radiation from the nucleus of the radio galaxy. In the
following, we discuss each of these possibilities. As shown in equations (2.12) and (2.31),
the indices of the IC X-ray and the radio spectra from the same population of electrons
are identical, and hence we simply describe both indices as .

IC scattering of the cosmic microwave background (CMB)

In radio lobes which are extended on sufficiently large scales, the soft seed photons are
usually dominated by the CMB photons of which the energy density is precisely known
as

ucmp = 4.1 x 1073(1 + 2)* ergs™' . (2.34)

The basic calculation of this process is discussed in Harris & Romanishin (1974), and the
redshift dependence of ucmp is properly introduced first by Harris & Grindlay (1979).
The characteristic frequency of the CMB is vcmp = 1.6 x 10''(1 + 2) Hz. Then, using
equation (2.26), the characteristic frequency ¢ and energy e of the CMB-boosted IC
X-ray photon are written as

_ A

e = 2.11x10 (—103) Hz (2.35)
_ 7\

ac = 8.73x 10 (—103) keV . (2.36)

Thus, IC X-ray photons of 1 keV (= 2.42 x 10'" Hz) are typically scattered from electrons
of 5 ~ 1000.
The electron spectrum can be related to the SR radio spectrum as
4nD*mCla)(1 +2)t  Ser
v (verB)%

where V' is the volume of the lobe, D is the luminosity distance at a redshift z, Ssg is

Niasn) = (237

the flux density in Jy observed at vgg which are typically radiated from electrons with
~sr- We must relate ysg to vsr, by introducing the effect of the cosmological redshift

into equation (2.3). Although C(c) is a function of spectral index «, we can approximate
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Figure 2.9: The function G(a).

C(a) ~ 1.15% 103 in 0.5 < & < 2.0 with an error of at most 17%. The electron spectrum
is also determined by the IC X-ray spectrum as

4amD’me? Sic
N(mc) = 2.25 x 10 VAP I

U
where Sjc is the IC flux density in Jy at an observed frequency vc which correspond to
electrons with yc by equation (2.36), and G(a) is a function of & as shown in Figure 2.9.

Comparing equations (2.37) and (2.38) and using equation (2.8), we can directly de-
termine the magnetic field B from only observed quantities as

5.05 x 10Y)C(a)G(a)(1 + 2)**3 Ssrv&

Bu+1 = (
1.00 x 1047 S]cl/ﬁ:

(2.39)
Using equation (2.38), we can also calculate u, as

me? /72 YN (v)dy
m

4w D*(1.07 x 10%)%+! 1 é1c ‘2 12
G@V+2? 1-2a°° (1 keV) ("2 n )
ergs™! . (2.40)

Ue

3.06 x 10°

IC scattering of infra-red (IR) photons from AGN

As discussed in detail in Brunetti et al. (1997) and Brunetti (2000), radiation from the
nucleus may serve as a dominant source of the seed photouns, in radio lobes of a small scale,

or in an innermost region of radio lobes. The typical quasar spectrum, which is thought

(2.38) -
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Energy densities [erg s™']

Distance from the Nucleus [kpc]

Figure 2.10: A comparison between uir and ucyp. The IR luminosity of the nucleus and
the redshift are assumed to be Lig = 10% erg 5~ and z ~ 0, respectively.

to apply also to the spectrum of the nucleus of radio galaxies, peaks around the infra-red
(IR) band (~ 10" Hz; Sanders et al. 1989), and hence, these IC X-rays are thought to
be boosted by mildly energetic electrons with v ~ 100. The synchrotron radiation from
these electrons typically falls in a kHz range. Because the observations in this frequency
band are very difficult or impossible, measurements of these IC X-rays may be the unique
tools to study the energy distribution of low energy electron populations with v < 1000.

Figure 2.10 compares ucyp with the energy density of the IR radiation from the
nucleus, uir, as a function of the radius from the nucleus. Assuming the typical spectrum
of quasars (Sanders et al. 1989), the IR luminosity of the nucleus is ~ 10 times higher than
the X-ray luminosity. Hence, we here adopt an IR luminosity of the nucleus Lir = 10%6 erg
57!, corresponding to the X-ray luminosity of Lx ~ 10*%erg s~'which is near the highest
end of those of radio galaxies (Sambruna et al. 1999). Since the energy density of the
nuclear photons decreases as =2 where 7 is the distance from the nucleus, ur increases
toward the inner regions of the lobes. Thus the nuclear IR photons become dominant for

r < 100 kpc.

When this mechanism works, we expect the far-side lobe to appear more luminous than
the near-side one, if the radio galaxy is inclined to the sky plane; Brunetti (2000) called
this effect anisotropic inverse Compton (AIC) scattering. This is qualitatively recognized
as follows. While the IR photons have a bulk momentum from the nucleus toward the lobe,
the electrons in radio lobes are thought to be isotropically distributed. This means that

there will be many more scattering events when the electrons move toward the nucleus.
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As shown in the previous section, a relativistic electron with y? 3> 1 will scatter off the
incoming photon toward a narrow coue about its instantaneous direction. As a result,
the IC emission is enhanced toward the nucleus. There is yet another effect enhancing
the far-side/near-side anisotropy. In order to produce an IC X-ray photon of an given
energy, an electron of a given Lorentz factor -y requires higher-energy seed photons when
the electron is moving in the same direction as the incoming photon (i.e, situation in the
near-side lobe) than when they make a head-on collision (i.e., situation in the far-side
lobe).

Calculation of the AIC X-ray flux, however, is very much subject to uncertainties in
evaluating Lir and the geometry of its radiation pattern. In this thesis, we therefore select
radio galaxies of which the lobe size is sufficiently large (= 100 kpc), so that the seed
photons are dominated by the CMB and hence the AIC contribution can be neglected.

Synchrotron-self-Compton process

In fairly compact emission regions with a high brightness, such as hot spots of radio
galaxies or blazars, the synchrotron photons themselves can be effectively scattered by
the same electron population that produces the synchrotron radiation. This process is
known as synchrotron-self-Compton (SSC) radiation, and is discussed in detail, e.g., by
Band & Grindlay (1985).

Practically, we use in this thesis a numerical code kindly provided by Dr. Kataoka
(Kataoka et al. 1999). In this code, the relativistic electrons and the magnetic fields
are homogeneously distributed in one-zone sphere of radius R. Then, the SR and SSC
spectra can be calculated for any given energy distribution of electron. Thus, this code
has six input parameters; R, B, Ny, p, 71, and 2. The scattering is treated in the exact
Klien-Nishina limit in this code.

In Figure 2.11, we show typical SSC spectra calculated by the Kataoka's code. In this
figure, panel (a) shows dependences on B (i.e., un) of the SSC X-ray spectrum together
with the SR radio spectrum. As is obvious from equation (2.10), the SR flux Fyg is
proportional to B? (i.e., « u,,). Because the SR photons serve as the seed photons, the
SSC flux Fgsc is expected to vary as B2. The maximum and minimum frequencies of the
SR spectrum increase as o B, as is expected from equation (2.3). We also show their
dependence on Ny (i.e., u.) in Figure 2.11 (b). Because Fgg is proportional to Ny, Fgse
is proportional to N2 (i.e., u2).

Figure 2.11 (c) shows the dependences of Fssc and Fgr on the radius of the emission
region R. It is clear from this figure that they scale as ~ R? (i.e. volume V). This means

that an evaluation of the volume can introduce a large uncertainty when we attempt to
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determine u, and u, from the observed Fsp and Fisc. In order to avoid this problem, we
must carefully examine radio images obtained with a sufficient angular resolution.
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Figure 2.11: SR and SSC spectra in various parameters calculated from the SSC code
provided by Dr. Kataoka (Kataoka et al. 1999). The solid lines in each panel show the
SR and SSC spectra, with B = 100 pG, Ny = 0.1, v, = 10%, v, = 10%, p = 2.5, and
R = 10% cm. The panels (a), (b), and (c) show their dependences on B, Np, and R,
respectively.
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2.4 Previous and Recent X-ray Observations

2.4.1 The CMB boosted X-rays from radio lobes

The search for IC X-rays from lobes of radio galaxies have been conducted, but unsuccess-
ful for a long time. This is because the intensities of IC X-rays were under the sensitivities
of previous X-ray instrument. Pioneering results were obtained in 1995, independently
by Fiegelson et al. and Kaneda et al. They have detected non-thermal X-rays associated
with the lobes of a bright southern radio galaxy Fornax A, using ROSAT and ASCA,
respectively. The X-ray image obtained with ASCA is shown in Figure 2.12.

In the follow-up ASCA observations pointing to the west lobe of Fornax A, which
was conducted in 1997, we have confirmed this X-ray emission with a better statistics
(Tashiro et al. 2001; N. Isobe being a co-author). We show the X-ray spectrum of
the west lobe accumulated from these observations in Figure 2.13. It is well described
with a model which consists of three components; a hard power law component, a soft

- thermal component, and a power low component representing a contaminating faint point

source. The derived energy index of the hard component, ax = 0.74 £ 0.26, is consistent

with that of the synchrotron radio emission, ag = 0.9 £ 0.2, which is determined radio’

from published radio fluxes over a frequency range of 408 MHz to 2.7 GHz (Cameron
1971; Ekers et al. 1983; Shimmins et al. 1971). Therefore, we have concluded that the
hard X-rays are the CMB-boosted IC emission by the synchrotron electrons in the lobes.
Comparing the flux of the hard X-ray component and the radio flux, we have obtained
spatially averaged values of u, = 2.0 + 0.5 erg cm™® and w, = 4.3 £ 0.4 erg cm™3,
the latter yielding a magnetic field strength of B ~ 3 uG. Thus, the equipartition (or a
slightly magnetic dominant) condition is almost achieved.

In order to roughly investigate the spatial distributions of ue and u., we have extracted
the X-ray and radio radial brightness profiles centered on the X-ray brightness peak in
the west lobe of Fornax A. As shown in Figure 2.14, the X-rays show a center-filled
morphology, while a rim-brightened feature is seen in the radio profile. The X-ray profile
indicates that the relativistic electrons in the lobe are nearly homogeneously distributed
in a sphere-like region of a radius ~ 75 kpc (corresponding to 11 arcmin). Therefore,
we regard the radio profile as the direct indicator of the distribution of un,, which has
an inner radius of ~ 27 kpc (corresponding to 4 arcmin) and an outer radius of 75 kpc.
Thus, we find a condition of u, > u,, in the lobe interior, whereas u, < uy, in the lobe
periphery.

Iyomoto et al. (1997) have examined the X-ray spectrum of NGC 1316, the host
galaxy of Fornax A. The spectrum is well described by a sum of a soft thermal emission

L

24 CHAPTER 2. REVIEW

x: ROSAT p.oint sources

p-37d20m

1994 FOV

-37d40m
3h24m 3h22m 3h20m

Figure 2.12: The 0.7-10 keV X-ray image of Fornax A obtained with the ASCA GIS
(color; Kaneda et al. 1995). The X-rays from the host galaxy NGC 1316 are masked.
The larger circles indicate the GIS field of view of individual observations, and the smaller
circle indicates the integration region of the X-ray spectra. The 1.4 GHz radio contours
from Ekers et al. (1983) are overlaid.
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Figure 2.13: The X-ray spectrum of the west lobe of Fornax A, integrated over a circular
region with a radius of 7.25 arcmin centered on the X-ray brightness peak shown in Figure

2.12 (Tashiro et al. 2001). The intrinsic and cosmic backgrounds were subtracted.
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Figure 2.14: Radial X-ray (0.7-10 keV) and radio (1.4 GHz) surface brightness distribu-

tions around the X-ray centroid in the west lobe of Fornax A (Tashiro et al. 2001). The -

larger radius of X-ray profile in thought to be instrumental, and the radius of the radio
profile is regarded as the lobe radius.

with k7" ~ 0.8 keV from the hot interstellar medium, and a hard continuum interpreted
as integrated hard X-rays from neutron star binaries in the galaxy; contribution from
its AGN is undetectable. This means that the AGN of Fornax A has become already
inactive, and its powerful synchrotron lobes are a relic of the past AGN activity. The
life time of the synchrotron electrons in the lobes is estimated to be ~ 10° year using the
magnetic field B~ 3 uG. The AGN is thought to have been fading off over this time scale.

Tashiro et al. (1998) have made a subsequent detection of non-thermal diffuse X-rays
from the lobes of Centaurus B (PKS 1343-601). We show in Figure 2.15 the X-ray image
of Centaurus B obtained with the ASCA GIS. The X-ray spectrum integrated over the
lobes is well described with power law of ax = 0.88 & 0.19, which is consistent with the
radio slope ag = 0.78 (Christensen et al. 1997; McAdam 1991). Thus, this became the
second case in which the CMB-boosted IC X-ray from radio lobes are detected. From
a comparison between the synchrotron flux and the IC flux, Tashiro et al. (1998) have

obtained u, = 3.8+1.8 erg cm™® and u,, = 24+ 9 ergcm3

, and found that u, dominates
U (Ue/Um = 6.3+3.8.) in the lobes of Centaurus B. Its nucleus is active, of which the 2 -
10 keV X-ray luminosity is Lx = 2.1 x 10* erg s!. In the right panel of Figure 2.15, we

show the map of the ratio of the radio brightness to the squared X-ray brightness, which
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Figure 2.15: (left) The 1.5-3.0 keV IC X-ray image of lobes of Centaurus B (color). The
contribution from its nucleus is subtracted. The 843 MHz radio contour from McAdam
et al. (1991) is overlaid. (right) The map uy/u. in the lobes of Centaurus B. The dotted

region is masked in analysis due to low statistics. From Tashiro et al. (1998)

characterizes the map of uym/ue. Thus, like the west lobe of Fornax A, the radio lobes of
Centaurus B also show the tendency of outward increase in the u,,/u, ratio.

These results suggest two important features which are thought to be realized in
radio lobes. One is that when spatially averaged over radio lobes, the equipartition
between particles and magnetic field are not always achieved, and u. tend to dominate
Uy, particularly in lobes with an active nucleus. The other is that the u,,/u. ratio
increases from the lobe interior toward the lobe exterior; in other word, that magnetic

field is thought to be compressed by particles toward the edge of the lobes.

2.4.2 The AIC X-rays from radio lobes

Through detailed analysis of the X-ray image obtained with the ROSAT HRI and the X-
ray spectra obtained with the ASCA GIS and the ROSAT PSPC, Brunetti et al. (1999),
have detected diffuse hard X-ray emissions associated with the inner lobes of 3C 219. Its
nucleus is very active with the measured 2-10 keV X-ray luminosity is Lx = 2 x 10%erg
57! and the expected 6-100 um IR luminosity of Lir ~ 5 x 10*%erg s~!. They argue that
the X-ray morphology and the X-ray spectrum are well reproduced by the AIC process
where the IR photon from the nucleus provides seed soft photons. They claim that this

is the first direct observational evidence of electrons with v, ~ 100 in radio lobes. They
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Figure 2.16: The 0.1-2 keV X-ray image of 3C 295 obtained with the Chandra ACIS
in which the AGN component is negligible (Brunetti et al. 2001). Contribution from a
cluster of galaxies surrounding 3C 295 is subtracted, although the X-rays from the hot

spot are included. The 8.4 GHz VLA map is overlaid with contours. At the redshift of -

z = 0.461 for 3C 295, the plate scale is ~ 4.6 kpc/arcsec.

also found that the magnetic field strength is B ~ 3 uG and u, is two order of magnitude
higher than u,,. However, the obtained u,, and u, may be local values specific to the
innermost region, rather than representing overall properties of the lobes of 3C 219.
Recently using Chandra , Brunetti et al. (2001) have also detected a strong evidence
of extended X-rays from the lobes of 3C 295. The X-ray image of 3C 295 obtained
with Chandra is shown in Figure 2.16. The X-ray morphology is very asymmetrical in
which the northern lobe is brighter than the southern one, whereas the radio fluxes of
the two lobes are similar. From 3C 295, they also detected a strongly absorbed X-ray
nucleus with the 0.1-10 keV' luminosity of Lx ~ 6 x 10%erg 5!, from which the IR
luminosity is estimated to be Lir ~ 10%%erg s~*, assuming the typical spectrum of radio
loud quasar (Sanders et al. 1989). They argue that this X-ray lobe asymmetry can be
best accounted for by the AIC scattering of a photons from its hidden nucleus. Indeed,
using Lig ~ 10%erg 57!, the energy density of the nuclear photons is almost an order of
magnitude higher than that of the CMB in its lobes (see Figure 2.10), because the size of
3C 295 is very small (~ 30 kpc). They have evaluated that the magnetic field in the lobes
is B = 35 ~ 100 uG, which is slightly lower than the equipartition value of By =120 4G.
They also found that the power law electron spectrum defined by the radio spectrum
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can be extrapolated down to v, < 100 (The radio frequency 8.4GHz correspond to the
electrons with -y, ~ 4000, assuming Beq = 120 4G). However, the derived magnetic field
strength is obviously quite subject to the uncertainties in the modeling of Lip and the
radiation pattern of the nucleus.

2.4.3 Hot spots

X-ray emission from radio hot spots of radio galaxies is first detected by Harris et al.(1994),
using the ROSAT HRI. As shown in the left panel of Figure 2.17, they have detected
diffuse X-rays from the two bright radio hot spots in the powerful radio galaxy Cygnus A,
together with its nucleus and a diffuse component surrounding them; the latter apparently
contaminates to hot spots. The obtained X-ray fluxes of individual hot spots are both
almost consistent with those predicted by the SSC model with minimum energy magnetic
fields, B, ~ 250uG, determined from the radio spectra. Harris et al. (1998) have also
detected X-rays associated with a northern radio/optical hot spot of the radio galaxy
3C 390.3, also using the ROSAT HRI. Its X-ray flux can be almost explained by an
extrapolation from the radio-to-optical synchrotron spectrum. Assuming By, ~ 44 uG of
the hot spot, these X-rays are thought to be radiated from relativistic electrons of v~ 108,
However, no spectral capability and an insufficient spatial resolution of the ROSAT HRI
have left the true features of these hot spot uncertain.

Figure 2.17: X-ray images of Cygnus A. The left panel shows X-ray contours obtained
with the ROSAT HRI, overlaid on the 327 MHz VLA color image (Harris et al. 1994). The
right panel shows the gray-scale X-ray image obtained with the Chandra ACIS (Wilson
et al. 2000).




€9

2.4. PREVIOUS AND RECENT X-RAY OBSERVATIONS 29

Recently, one of these results is confirmed with the advent of the Chandra X-ray
Observatory which is characterized by an excellent angular resolution and a good spectral
resolution. The X-ray image of Cyguus A obtained by Wilson et al. (2000) using the
Chandra ACIS is shown in the right panel of Figure 2.17. Two radio hot spots are clearly
resolved from the nucleus and the diffuse emission. Their X-ray spectra are well described
by a single power-law model with the spectral index of ax = 0.8 £ 0.2, modified by an
absorption with our Galaxy. Moreover, their overall multi-frequency spectra are well
reproduced by the SSC model. The derived magnetic fields, B ~ 150 uG, are slightly
lower than Bipe.

Using the Chandra ACIS, X-ray emission from hot spots of a number of radio galaxies
have successively detected; these include 3C 295 (Harris et al. 1999), 3C 123 (Hardcastle
et al. 2000) and Pictor A (Wilson et al. 2001). The X-ray spectra of 3C 295 and 3C 123
are well described by the SSC model together with the radio synchrotron spectra. The
derived magnetic field B of these hot spots are slightly lower than B, On the other
hand, the observed X-ray spectrum of the west hot spot of Pictor A, of which the index

ax ~ 1.1 is slightly different from the radio one agr ~ 0.74, can not be explained solely -

by SR emission nor by SSC component.

2.4.4 Jets

The left panel of Figure 2.18 shows the X-ray image of a kpc-scale jet in a powerful quasar
3C 273 obtained with the Chandra, together with its radio and optical ones (Marshall et
al. 2001). The overall shape of the jet is similar in the optical and X-ray bands, and some
optically bright regions called “knots” are clearly detected in X-ray image. However, as
shown in the right panel of Figure 2.18, the X-ray emission seems to fade out along the
jet, while the optical knots.hove similar brightness. The X-ray spectra of these knots can
be naturally explained by a simple SR emission. Especially for the brightest X-ray knot
(Al in 2.18), the radio-to-optical SR power-low spectrum can be extrapolated up to the
Chandra bandpass, without no break over nearly nine orders of magnitude in frequency.
Assuming B, = 80 uG, the electron spectrum extends up to at least v ~ 4 x 107.
Recently, Chandru has successively uncover the X-ray features of kpc-scale jets, in a
number of radio galaxies and quasars; such as Centaurus A (Kraft et al. 2000), PKS 0637-
752 (e.g., Schwartz et al. 2000, Chartas et al. 2000), Pictor A (Wilson et al. 2001), 3C
371 (Pesce et al. 2001), M 87 (Marshall et al. 2001), and 3C 66B (Hardcastle et al. 2001).
The X-ray spectra of these jets, except for PKS 0637-752, can be as a whole explained
by the SR emission. Thus, electrons are thought to be accelerated typically to y ~ 107 in
these jets. However, their true magnetic fields can not be determined from these X-ray

CHAPTER 2. REVIEW

Figure 2.18: The multi frequency features of the jet in 3C 273 (Marshall et al. 2001).
(left) The first panel shows a 1.647 GHz radio image, the second one shows a optical image
obtained with Hubble Space Telescope, and the third one shows the Chandra X-ray image.
The optical contours are overlaid on the X-ray image. The nucleus of 3C 273 locates ~ 12
arcsec toward the upper direction in this figure. (right) The optical and X-ray brightness
profiles projected onto the axis of 3C 273 jet. At a redshift z = 0.158 of 3C 273, 1 arcsec
corresponds to 2.4 kpc.

observations.

The X-ray spectrum of the brightest knot in the 100 kpc-scale jet of PKS 0637-752
is difficult to explain by the SR emission from the same electron population which is
responsible for the radio-to-optical continuum. Although it may be reproduced by the
SSC model, the required magnetic field becomes B ~ 6 uG which is about 50 times
lower than By, ~ 320 uG (Schwartz et al. 2000). Tavecchio et al. (2000) have proposed
that if the knot moves with a relativistic velocity, these X-rays are produced through IC
scattering off the CMB photons. Because of relativistic beaming, ucys seen is enhanced
by a factor of I'2 in the co-moving frame of the knot, where " is a bulk Lorents factor of
the knot (e.g. Dermer & Schlickeiser 1994). In this model, the X-ray spectrum can be
almost explained, assuming By, and T' ~ 10. k

2.4.5 Blazars

As already mentioned, the overall spectra of blazars are dominated by nonthermal radi-
ations from electrons which exist in the inner parts of relativistic jet pointing close to

our line of sight. This makes blazars one of ideal targets for the the jet study. Various
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kinds of observations in every observable frequency, including X-rays and v-rays have so
far been conducted. Among them, we review here two results which are closely related to
energetics in the blazar jet.

Inoue & Takahara (1996) have theoretically calculated the SR and IC spectra of
blazars, in a simple SSC framework. They also considered various kinds of seed pho-
tons for IC scattering, such as internal SR radiations and thermal radiation external to
the jet. By fitting the model to the observed spectra of two y-ray blazars, 3C 279 and
Mkn 421, they have determined the physical parameters such as B and the maximum
Lorentz factors of electrons in the jets of these blazars. Figure 2.19 shows one of their
results, the multi frequency spectra of Mkn 421. Their results strongly indicates particle-
dominant condition in these blazars (ue/um ~ 3 for 3C 279 and ~ 14 for Mkn 421, 5 in
Figure 2.19).

Kubo et al. (1998) have analyzed in detail the multi frequency spectra of 18 blazars
which were observed by ASCA . Comparing the ASCA spectra with v-ray spectra, they
have precisely evaluated the SSC components, and successfully determined physical pa-
rameters in these blazars. Figure 2.20 plots the magnetic field and the maximum Lorentz
factor, v, of relativistic electrons, against the observed peak frequency of the SR compo-

nent. They found that the derived magnetic fields, B = 0.1 ~ 1 G, are relatively constant

among all kinds of blazars, although maximum electron Lorentz factors increase with the

observed peak frequencies of their SR components.
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Takahara 1996). The solid lines represent fields and Lorentz factors of electrons in
blazars, plotted against the peak frequen-
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the model predictions. The best fit param-
eters are also shown.
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Chapter 3

Instruments

3.1 The ASCA Satellite

ASCA {Advanced Satellite for Cosmology and Astrophysics), which was developed under.

a collaboration between Japan and the USA, is the fourth Japanese X-ray astronomical
satellite (Tanaka et al. 1994), following Hakucho, Tenma, and Ginga. It was successfully
launched by the M-3SI1-7 rocket from Kagoshima Space Center of the Institute of Space
and Astronautical Science (ISAS) on February 20, 1993. It has achieved a near-circular
orbit with a perigee of 520 km, an apogee of 620 km, and an inclination angle of 31°.1.
Its orbital period is approximately 96 minute. It weights about 420 kg, and its length
amounts to 4.7 m after its extensible optical bench (EOB) has been fully extended. We
show the in-orbit configuration of ASCA in Figure 3.1

ASCA carries four identical X-ray telescopes (XRT) at the top of the EOB, with their
optical axes all aligned with the z-axis of the satellite. Two kinds of imaging spectrometers
are used at the focal lane of the XRTs; one is two X-ray CCD cameras (Solid-state Imaging
Spectrometer, or SIS), and the other is two gas scintillation proportional counters (Gas
Imaging Spectrometer, or GIS). The configuration of these instruments are illustrated in
Figure. 3.2. These enable X-ray imaging spectroscopy over a wide energy band from
~ 0.6 keV up to 10 keV.

Unfortunately, ASCA lost its attitude control during a geomagnetic storm induced by
a strong solar flare on July 14, 2000, after which no scientific observation was conducted.
It has reentered the Earth’s atmosphere on March 3, 2001, after spending 8 years in orbit

as one of the most successful missions of X-ray astrophysics.

33
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satellite coordinate

Figure 3.1: Schematic drawing of the ASCA satellite.

Focal Length 3500mm
OSun ""_—"’"— <N
'I;"ﬁ.e_‘___) ) ‘___%”
0/ , Nl

520'mm

Figure 3.2: Configuration of the XRT and focal-plane instruments onboard ASCA .



99

3.1. THE ASCA SATELLITE A 35
3.1.1 X-ray Telescope (XRT)

The ASCA XRT was jointly developed by NASA Goddard Space Flight Center (GSFC),
Nagoya University, and ISAS. It is designed to achieve a large effective area and a moderate
angular resolution in a wide energy band (Serlemitsos et al. 1995; Tsusaka et al. 1995).
It has for the first time enabled hard X-ray imaging studies up to 10 keV.

Soft X-rays are totally reflected by a smooth surface, only when their incident angle
is smaller than a certain critical value. This is known as grazing-incidence reflection.
The critical angle, typically ~ 1°, is inverse proportional to the X-ray energy and rapidly
increases with increasing number density of free electrons in reflecting material. X-ray
telescope mirrors use this mechanism generally in so-called Wolter type I configuration,
which is shown in Figure 3.3. These optics employ paraboloid and hyperboloid surfaces as
the primary and secondary mirrors, respectively, 80 as to remove the first-order aberration.
The effective area is usually increased by nesting multiple mirrors with a common focus.
In order to obtain a large effective area up to 10 keV, it is essential to make the grazing
angle as small as possible, and to increase the number of nested mirrors by making each
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Figure 3.3: configuration of the Walter type I optics.

The mirrors of ASCA XRT are all made of thin (127 pm) aluminum foil. These foils
are coated with ~ 10um thick acrylic lacquer to improve its surface smoothness, over
which 50 nm of gold is vacuum-deposited for increasing the reflectivity for harder X-rays.
They are bent into a conical surface to approximate paraboloid or hyperboloid, and 120
of them are nested together. Thus, the aperture of the ASCA XRT has inner and outer
diameters of 120 mm and 345 mm, respectively, and its focal length is 3.5 m. We briefly
summarize the design parameters and basic performance of the ASCA XRT in Table 3.1.
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Table 3.1: Design parameters of the ASCA XRT

Mirror substrate 127 pm aluminum foil

Mirror surface 10 pm acrylic lacquer + 50 nm Au
Mirror length 100 mm

Number of nested foils 120 foils

Inner and outer diameter 120 mm and 345 mm

Focal length 3500 mm

Incident angle 0°.24 - 0°.70

Total weight of four XRTs ~ 40 kg

Geometrical area of one XRT unit 558 cm?

Energy range < 10 keV

Field of View (FWHM) ~ 24’ at 1 keV and ~ 16’ at 7 keV

Half power diameter ~3

We shown in the left panel of Figure 3.4 the effective area of the ASCA XRT as a
function of X-ray energy. It reached ~ 1300 cm? below ~ 2 keV, which is almost a factor
of 6 and 2 larger than those of Einstein and ROSAT , respectively. Moreover, it retains
a very large effective area even towards higher energies, with the energy upper limit as
high as ~ 10 keV. Its effective area is also dependent on the incident angle of X-rays.
The effective area gradually decreases as the off-axis angle of the incident X-ray increases.
This phenomenon is called vignetting. As shown in the right panel of Figure 3.4, the
vignetting effect of the ASCA XRT is more prominent in higher energies.

The ASCA XRT has moderate angular resolution. The X-ray image of Cygnus X-1
obtained with the GIS, which characterizes the point spread function (PSF) of the ASCA
XRT, is shown in Figure 3.5. The half power diameter of the PSF, within which half the
X-ray flux from a point source is contained, is about 3 arcmin on axis. If statistics allow,
the ASCA XRT can resolve two point source as close as 30 arcsec. The shape of the PSF
has only a slight dependence on the X-ray energy, although it is strongly dependent on
the incident angle of X-rays.
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Figure 3.4: The effective area of the ASCA XRT (four units summed up). The left panel
shows the energy dependence of the XRT effective area, compared with those of Einstein
and ROSAT . The right panel show its dependence on the incident angle.
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Figure 3.5: The XRT + GIS image of a representative X-ray point source, Cygnus X-1.
Contours are drawn to logarithmic scales with levels shown at the top of this figure. The
circle indicate the field of view of the GIS.
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3.1.2 Solid-State Imaging Spectrometer (SIS)

The Solid-State Imaging Spectrometer (SIS) was developed by the Massachusetts Institute
of Technology (MIT), the Pennsylvania State University, ISAS and the Osaka University.
The SIS is equipped with X-ray CCD cameras which is used for the first time in a photon
counting mode in a space environment. It is characterized by a high energy resolution
over a wide energy band (0.4 ~ 10 keV). Detailed design and in-orbit performances are
described in Burke et al. (1991) and Yamashita et al. (1997).

The SIS consists of two identical sensors, called SISO and SIS1. We show the configu-
ration of each SIS sensor in Figure 3.6, summarize their design parameters in Table 3.2.
Each sensor has four CCD chips which are aligned in a 2 x 2 square format with narrow
gaps between them. Each CCD chip has a size of 11 mm square, made up of 420 x 422
pixels, and covers a 11 arcmin square region in the sky. The thickness of depletion layers
reaches 40um under the operating vias condition, which enables detection of hard X-rays
up to 10 keV. These CCDs are cooled down to -62°C by thermo-electric cooler (TEC),
in order to reduce thermal noises. In front of the CCD chips, an optical blocking filter is
placed for preventing optical lights from coming into them.
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Figure 3.6: The cross section of one SIS sensor.
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Table 3.2: Design parameters and performance of the SIS.

Irradiation Method Front irradiation
Charge Transfer Method Frame Transfer

Clock 3-phase drive
Number of Pixels in each chip 420 pixels x 422 lines
Pixel Size 27 ym

Area of one chip 11 x 11 mm?

Field of View of one chip 11" x 11

Thickness if Depletion Layer ~ 40 ym

Drive Temperature ~ —62 °C

Eunergy Band 0.4 - 12 keV
Quantum Efficiency ~ 80% at 5.9 keV
Energy Resolution 2% (FWHM) at 5.9 keV

In order to observe various objects with different X-ray intensities and angular sizes,

the SIS has three different clocking modes; i.e. 1CCD, 2CCD and 4CCD modes. In the -

nCCD mode, data from n chips in each SIS are read out. The observable field of view is
the largest in the 4CCD mode (22 x 22 arcmin? in the sky), although the time resolution

is the slowest and the effect of event pile-ups may become severe.

The SIS has three different telemetry data formats. The faint mode is used for faint
objects, the bright for bright objects, and the fust mode for timing analysis. In the faint
mode, pulse-heights of 3 x 3 pixels centered on a pixel with an event detection are recorded
and transfered to ground, together with its position and its time. This pulse-hight pattern
is called “event grade”, and its definition is shown in Figure 3.7. An X-ray event dose
not extend no more than four pixels, because the pixel size is larger than a typical size
of an electron cloud (~ 5pm) produced by an X-ray photon. Therefore, examining the
event grade on ground, abnormal events, such as those due to charged particles, can be
rejected. Normally, events with grade 0,2,3,4 are selected for analysis. In the bright mode,
the event grade are judged on board, and the summed pulse-height with specified grades
are recorded, together with its position and time. In the fast mode, events are recorded
with the high time resolution, although without imaging informations.

There are several properties with the SIS as stated below, which make it unsuitable for

the present thesis. Its field of view is relatively narrower and its efficiency for hard X-ray
is lower than those of the GIS. The optical light leakages are found in two chips of SISO.
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So called "hot” and "flickering” pixels, which occasionally report false event detection, are
found, and its number is increasing with time due to accumulation of radiation damages.
The radiation damage has also degraded the charge transfer efficiency of the CCDs, and
this significantly affects energy response of the SIS. Moreover, the SIS background varies
in a complicated way. These features of the SIS make it difficult to study diffuse and faint
X-ray emission with a hard spectrum, such as inverse Compton X-rays from the lobes of
radio galaxies. Therefore, we do not analyze data from the SIS extensively in this thesis.

! A maximum level pixel larger than an event threshold

A pixel larger than a split threshold which is included for the pulse height computation

A pixel larger than a split threshold which is not included for the pulse height computation

Figure 3.7: The definition and examples of event grade.
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3.1.3 Gas Imaging Spectrometer (GIS)

The Gas Imaging Spectrometer (GIS) was mainly developed by the University of Tokyo,
the Tokyo Metropolitan University, the ISAS, Meisei Electric Co. Ltd., and Japan Ra-
dio Corporation Co. Ltd. The GIS is two set of gas scintillation imaging proportional
counters. Its design is based on the GSPC experiment on board Tenma (Koyama et al.
1984). 1t is characterized by a wide field of view (~ 50’ in diameter), a low and stable
detector background level, a moderate energy and spatial resolution over a wide energy
band, and a high detection efficiency for hard X-rays. The key parameters of the GIS are
summarized in Table 3.3. Details about its design and in-flight performance are described
in Ohashi et al. (1996) and Makishima et al. (1996), respectively.

Structure

The GIS has two sensor assemblies, named GIS2 and GIS3, and one main electronics
package called GIS-E. GIS2 and GIS3 are almost identical except that a Radiation Belt
Monitor (RBM), a small PIN-diode detector to monitor a radiation environment, is at-

tached only at the bottom of GIS2. We show the structure of GIS2 in Figure 3.8. It

consists of a gas cell, an imaging photo-multiplier tube (IPMT), front end electronics,
and a high voltage supply unit.

The gas cell is made of a ceramic cylinder, with a 10 um thick beryllium entrance
window at the top and a quart exit window at the bottom. It is filled with a mixture
of 96 % xenon and 4 % helium to a pressure of 1.2 atm at 0°C. The gas cell is divided
into two regions by a mesh electrode; a drift region in the top 10 mm and a scintillation
region in the bottom 15 mm. The electric potentials of the entrance window and the mesh
electrode are held at -6 kV and -5.3 kV, respectively. X-rays are absorbed in the drift

Table 3.3: Design parameters and performance of the GIS.

Energy Band 0.7 - 15 keV
Energy Resolution 8% (FWHM) at 5.9 keV
Effective Diameter 50 mm
Entrance Window 10 pm beryllium
Absorption Material Xe (96%) + He (4%), 10 mm depth, 1.2 atom at 0°C
Position Resolution 0.5 mm (FWHM)
Time Resolution ~ 61lusec (highest value in PH Mode)
1.95 msec (highest value in MPC Mode )
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region, and generate primary electrons through photo-ionization and subsequent impact
ionization, at the rate of one electron per 21.5 eV. These electrons slowly drifts to the
mesh electrode, and then accelerated in the scintillation region due to a strong electric
field (~ 5 V). The xenon gas is excited by the accelerated electrons and creates a large
numbers of ultra-violet (UV) photons. Through the quarts window these UV photons are
collected by the IMPT, and their distribution and intensity are measured. We illustrate
the overall detection principles in Figure 3.9.
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Figure 3.8: A cross sectional view of the GIS seunsor.

HV Supply

Signal Processing

Signals from the GIS are first processed by the front-end electronics, and then handled
in detail by GIS-E. Those from the last dynode of each GIS sensor go through a charge
sensitive amplifier in the front-end electronics, of which the outputs are transfered to GIS-
E. Then, signals go through lower and upper discriminatory (LD and UD, respectively),
and then to pulse-height and rise-time analogue-to-digital converters (ADCs). The pulse-
height ADC converts the pulse hight of each event into a 12 bit value, denoted PH and
the rise time ADC converts the rise-time of each signal into an 8 bit value, denoted RT.
The lower and upper rise-time discriminatory (RTLD and RTUD, respectively) operate
on this RT. Signals from 32 anode wires (16 of which are for x-axis and the reminder for y-
axis) are multiplexed in the front-end electronics into four channels, and then transfered to
4 flash ADCs in GIS-E, which convert them into 32 8-bit values of X0-Xfand Y0-Yf. The
arrival time of the event is measured by a clock, and converted into 10 bit value, denoted
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Figure 3.9: A schematic view showing the X-ray detection principle of the GIS.

TIM. Only when the event satisfies the condition of LD < PH < UD and RTLD <
RT < RTUD, all the values (PH, RT, X0-Xf, Y0- Yfand TIM) are transferred to the
onboard CPU.

Using X0-Xf, Y0-Yf, the onboard CPU calculates two dimensional positions of an
X-ray event (RAWX, RAWY), with an algorithm which employs a linearized fitting to
one-dimensional Lorentzian distribution. The CPU also calculates a spread (SP) of the
distribution. The quantities (RAWX, RA WY) and SP are used for background rejection.

Raw GIS images are somewhat distorted toward the edge of the detector, due to non-
linearity of the position response. Therefore, for imaging analyses of celestial objects,
RAWX and RAWY should be linearized into DETX and DETY in ground analyses.
The relation between (RAWX, RAWY) aud (DETX, DETY) was precisely established in
pre-flight calibration, and confirmed in orbit.

In spectral analyses, the PH value of each event is usually converted into a PJ (Pulse
Invariant) value, which is directly proportional to the energy of the incident X-ray photons.
PI is approximately proportional to PH, and the overall conversion factor form PH to
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Figure 3.10: Integrated spectrum of night-earth observations which characterize the NXB
of the GIS, together with those of cosmic X-ray background and of the day-earth observa-
tions. The Ar-K line is due to atmospheric fluorescence, Cu-K line is instrumental, while
O-, Ne-, Mg-, and Si-K lines originate in solar coronae.

Plis called "gain”. In addition, the PH to PI conversion function has structures across M-
and L-edges of Xe, as has been calibrated through extensive ground tests incorporating
available information from atomic physics. The gain of the GIS depends on the detected
position of the events, and the temperature of the GIS. The position dependence of the
GIS gain is mainly caused by non-uniformity of the IPMT. This is corrected using “gain
map” files which summarize relative gains as a function of the event position. The GIS
gain and its dependence on the temperature are continuously monitored in orbit, using
the 5Fe isotopes, which is mounted near the rim of each GIS and emits fluorescent X-rays
with the energy of 5.898 keV. These are summarized as “gain history” files and distributed
world wide, by which the observers can determine absolute gain of particular observations
they wish to analyze.

Background Properties

One of the major design goals of the GIS is to achieve a low and stable non-X-ray back-
ground (NXB) level. This provides an important advantage to the analysis of diffuse
emission such as the IC X-rays from radio lobes (i.e. the theme of this thesis). This
is achieved with both hard-wired and software-based background rejection techniques.
The hard-wired rejections are the already mentioned PH and RT discriminations. The
PH of most of charged particles are larger than those of normal X-ray events because
they deposit large energy in the gas cell. Therefore, the PH discrimination can effectively
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exclude particle events. Unlike X-rays, a charged particle produces a long ionization track
ub the gas cell. Therefore, the RT of charged particles are longer than those of normal
X-ray events which has a narrow distribution around 3usec, and hence the RT discrim-
ination can very efficiently reduce NXB. One of the software-based rejections is a more
strict “RT mask”, which takes into account of broadening of the RT distribution toward
lower energies because of the worse signal to noise ratio, and position dependence of the
RT distribution. However, the RT selection does not work effectively for particles of
which trajectories are perpendicular to the electric field in the gas cell, i.e. parallel to the
window plane. Because these events have much larger SP than normal X-ray events, they
can be effectively rejected by the SP discrimination (SPD).

We show the in-orbit NXB spectrum of the GIS which is thus achieved in Figure 3.10.
The NXB level is about 1 x 102 cts sec™! cm~2 keV~! below 1 keV, and (4—7) x 10~* cts
sec™! cm~2 keV~! above 1.5 keV, which is about twice as low as that of ROSAT PSPC.
The variation of the NXB level is within ~ 5% in each observation, after removing secular
changes in orbit. The properties of the GIS background are described in detail by Ishisaki
(1997).
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3.2 Chandra X-ray Observatory

The Chandra X-ray Observatory (CXO), previously known as the Advanced X-ray Astro-
nomical Facility (AXAF), is one of the four “Great Observatories” of NASA, together with
the Hubble Space Telescope (HST), the Compton Gamma-Ray Observatory (CGRO) and
the forth-coming Space Infra-Red Telescope Facility. It is named after Chandrasekahr, a
great Indian-American astrophysicist who had demonstrated that there is an upper limit
(now called the Chandrasekahr limit) to the mass of white dwarfs. It is designed to pro-
vide an unprecedented angular resolution of ~ 0.5 arcsec, an excellent energy resolving
power of E/AE ~ 500, and a wide energy coverage from 0.1 to 10 keV.

Chandra was successfully launched by the Space Shuttle Columbia on July 23, 1999.
It has achieved a highly elliptical orbit with an apogee of ~ 138,800 km, a perigee of ~
10,100 km and a period of 63.5 hours. Because a large portion of its orbit is well above the
radiation belts, and free from Earth occultation, Chandra has achieved a high observing
efficiency; hence long continuous observations are made possible.

We show the in-orbit configuration of Chandra in Figure 3.11. It is equipped with
one X-ray telescope called the High Resolution Mirror Assembly (HRMA). It carries two
kinds of focal plane instruments; the Advanced CCD Imaging Spectrometer (ACIS) which
consists of two CCD arrays, and the High Resolution Camera (HRC) which is comprised
of two microchannel plate imaging detectors. One of these instruments is selected in every
observation. For high resolution spectroscopy, it carries two kinds of grating systems; the
High-Energy Transmission Grating (HETG) and the Low-Energy transmission Grating
(LETG). One (or none) of these gratings can selectively operate with the HRMA, and
disperses the spectrum of a nearly point source on one of the focal plane instruments.

In the subsequent sections, properties of the HRMA and the ACIS, which are mainly
used in this thesis, are briefly summarized.
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Figure 3.11: A schematic drawing of the Chandra X-ray Observatory. The grating systems -
inside the optical bench are also shown.
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3.2.1 High Resolution Mirror Assembly (HRMA)

The Chandra HRMA mainly consists of four pairs of Wolter type I mirrors (Figure 3.3).
The mirrors were made of Zerodure glass by Scott Glasswerke, polished by Hughes Dan-
bury Optical Systems, coated with Iridium by Optical Coating Laboratory. Their align-
ment and mounting were completed by Eastman-Kodak Co. Ltd.

We show in Figure 3.12, the configuration of the HRMA. The outermost mirror pair
is number 1, processing inwards 3, 4 and 6, and their diameters range from 1.23 m to
0.65 m. The HRMA is originally designed to contain six mirror pairs, but numbers 2
and 5 were eliminated. Basic parameters of the HRMA are summarized in Table 3.4. Its
focal length and unobscured geometric area are 10.066 m and 1145 cm?, respectively. It
weights 1484 kg, which is about 40 times heavier than the ASCA XRT.

Table 3.4: Characteristics of the Chandra HRMA

Mirror substrate polished glass
Mirror surface 33 nm Iridium
Mirror length 84 cm
Total length 276 cm
Mirror diameter (shell 1, 3, 4, 6) 1.23, 0.99,0.87, 0.65 m
Focal length 10.066+ 0.002 m
Total weight 1484 kg
Unobscured aperture 1145 cm?
Angular resolution (FWHM) 0.5 arcsec
- Ghost free field of view 30 arcmin diameter

The left panel of Figure 3.13 shows the effective area of the HRMA as a function of
incident X-ray energy. As is clear from this figure, the outer shell is efficient for hard
X-rays, and the inner one for soft X-rays. The total effective area of the HRMA is about
2 times smaller than that of the ASCA XRT below 4 keV, and decreases rapidly toward
harder energies. The right panel of Figure 3.13 visualizes the vignetting effect of the
HRMA. Below ~ 4 keV, its effective area has only slight dependence on the off-axis angle;
it retains about 90% of the on-axis value at ~ 8 arcmin (corresponding to the size of 1
CCD chip, see next section). However, its angular dependence becomes more prominent
in higher energies.

The Chandra HRMA has an unprecedented angular resolution. We show in Figure
3.14 the simulated X-ray images of an on-axis point source in some representative ener-
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Figure 3.12: Schematic drawing which shows the structure of the Chandra HRMA.
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Figure 3.13: The effective area of Chandra HRMA. (left) The energy dependence of the
effective area of the HRMA, compared with that of the ASCA XRT. The contributions of
individual shells are also shown. (right) The angular dependence of the HRMA effective
area, in 1.49, 4.51, 6.40 and 8.63 keV. Effective areas are normalized to the on-axis values
for each energy.
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gies, which characterize the point spread function (PSF) of the HRMA. The half power
diameter of the PSF is ~ 0.3 arcsec over the 0.3 — 6 keV range. However, as is clearly
seen in 3.14, the core of the PSF is off-center by 0.2 arcsec above ~ 8 keV, because the
shell 6 is slightly misaligned with respect to the other shells. The effect is not important
compared with uncertainties in the aspect solution of the spacecraft.
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Figure 3.14: The simulated HRMA plus HRC images of a point source in representative
energies. Contours are logarithmically spaced and the innermost one in each panel is at

90 % of the peak brightness.
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3.2.2 Advanced CCD Imaging Spectrometer (ACIS)

The ACIS is designed to simultaneously offer a high-spatial-resolution X-ray image and
a moderate-energy-resolution X-ray spectrum, over a sufficiently wide energy band (0.3 -
10 keV). It can be also used as a readout for the HETG, in order to obtain unprecedent-
edly high spectral resolution. The ACIS was developed by a collaboration between the
Pennsylvania State University, the MIT Center for Space Research and the Jet Propul-
sion Laboratory. The CCDs of the ACIS were developed by the Lincoln Laboratory of
the MIT.

We shows the configuration of the ACIS in Figure 3.15, and summarize its basic
parameters in Table 3.5 . The ACIS mainly consists of 10 planer CCD chips; two of
them are back-side illuminated (BI) whereas others are all front-side illuminated (FI).
The CCDs have an ”active” region which is exposed to the incident radiation and in
which the X-ray absorption takes places, and a shielded frame store region, where the
obtained data are passed to a local processor. The active region of individual CCDs has a
size of ~ 24 mm square which is almost twice as large as those of the ASCA SIS, is made
up of 1024 x 1024 pixels, and covers a 8.3 arcmin square region in the sky. Each active
region is also divided into 4 parallel signal channels called "nodes”. These CCDs can be
operated in —90 ~ —120°C. Just over the CCDs, optical blocking filters composed of a
polyimide sandwiched between two thin aluminum layers, are placed.

Figure 3.16 illustrates the focal-plane configuration of the ACIS as seen from the
HRMA. Four CCDs (the chip number = 0 — 3) are arranged in a 2 x 2 square array
(ACIS-I; 10 - 13) which is used for imaging spectroscopy, and six (the chip number = 4
- 9) are in a 1 x 6 linear array (ACIS-S; SO - S5) used either for imaging spectroscopy
or as a grating readout. The CCDs in each array are tilted to approximate the relevant
focal plane. Two BI CCD chips are both in the ACIS-S array. Any combination of up to
6 CCDs may be used simultaneously. There are narrow gaps between the CCDs in each
array; the spacecraft is dithered in a Lissajous pattern, spanning 16 arcsec peak to peak,
in order to provide some exposure to sky regions corresponding to the gaps. The dither
also effectively smoothes out pixel-to-pixel variations in the energy response. Although
the ACIS assembly can be moved on the focal plane, there are two nomingl positions
called "aimpoints”. In one of them, the optical axis of the HRMA falls on the corner of
13 of ACIS-I, and in the other case, it falls near the boundary between the node 0 and
node 1 on S3 of ACIS-S. In ACIS-S observations, it has now been standard to place the
target (point) source 20 arcsec offset toward S4 (AY = —20 arcsec in Figure 3.16) from
the original aim point, in order to assure that the dithered flux is placed entirely on the
node 1 of S3.
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Figure 3.15: A picture which shows the structure of the ACIS.

Table 3.5: Characteristics of the ACIS.

Illumination Method

Charge Transfer Method
Number of pixels in each chip
Pixel Size

Frame transfer time

Frame time

Operating temperature
Quantum Efficiency FI chip

2 CCDs are back-side illumination (BI)

8 CCDs are front-side illumination (FI)
Frame Transfer

1024 by 1024 pixels

24 pm (corresponding to 0.49210.0001 arcsec)
41 usec

0.2 to 10.0 sec (nominally 3.2 sec)

-90 to -120 °C (nominally -120°C)

2 80% (3.0 - 5.0 keV)

2 30% (0.8 — 8.0 keV)

(
BI chip 2 80% (0.8 - 6.5 keV)
2 30% (0.3 - 8.0 keV)
Arrays ACIS-I 4 CCDs in a square configuration
ACIS-S 6 CCDs in a linear configuration
Field of view ACIS-I  16.9 by 16.9 arcmin?
ACIS-S 8.3 by 50.3 arcmin?
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Figure 3.16: Schematic drawing of the ACIS focal plane which is seen from the HRMA.
Definitions of the terminology and the coordinate systems are shown in the bottom. The
nominal aimponts on 13 and S3 are denoted with 'x’ and ’+’, respectively. Various ways
to refer to a particular CCD are indicated; array plus number, chip serial number, and
ACIS chip number.
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3.2.3 The ACIS performance

In Figure 3.17, we show the dependence of the ACIS energy resolution on the row number.
Before launch, the energy resolution of the FI CCDs originally approached the theoret-
ical limit at almost all energies, while the BI chips exhibited a little poorer resolution.
However, because of in-orbit radiation damage, the energy resolution of the FI CCDs has
been substantially degraded, and has become a function of the row number of the CCD;
the energy resolution is near the pre-launch value close to the frame store region, while
it becomes gradually worse toward the farthest row. The damage was mainly caused by
low energy protons, encountered during the spacecraft passage through the radiation belt
early in the mission life. Since the protons are thought to be "reflected” by the HRMA
and "focused” on the CCDs, it soon became practice to displace the ACIS from the focal
position, during the radiation belt; by introducing this operation, the CCD degradation
has stopped. Because the position dependent energy resolution of the FI CCDs depends
strongly on the ACIS temperature, it is now set at -120°C, the lowest temperature safely

achievable. The two BI CCDs were not affected and their energy resolution have remained

at the pre-launch values.
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Figure 3.18: The encircled power of the
HRMA plus ACIS at 1 keV, as a func-
tion of a radius. These data were obtained

Figure 3.17: The energy resolution of
ACIS S2 (FI chip) and S3 (BI chip) as a

function of row number for particular en-
in the ACIS observation of a point source

ergies. These data are taken in orbit at an
PG 1643-706, during in-flight calibrations.

operating temperature of -120°C.

The spatial resolution of the ACIS for an on-axis point source is limited by the physical
size of the CCD pixel, rather than by the HRMA. Figure 3.18 shows the encircled fractional
energy for an on-axis point source as a function of radius. Approximately 90% of the X-
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ray flux from a point source is contained within a diameter of ~ 2 arcsec at 1.49 keV and
~ 2.5 arcsec at 6.4 keV.

In Figure 3.19, we show the quantum efficiency of the ACIS CCDs and the convolved
HRMA/ACIS effective area. These data include the transmission efficiency of the optical
blocking filters. The BI CCSs are more efficient than the FI ones in the soft energy band
below ~ 1 keV, although the FI CCDs are more efficient in the hard baund above ~ 5 keV.
The quantum efficiency of the FI CCDs depends on the row number, and decreases by
5 ~ 15% farthest from the frame store region above 4 keV.
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Figure 3.19: (leff) The quantum efficiency of the ACIS, convolved with the transmission
of the optical blocking filter. (right) The ACIS/HRMA effective area . The dashed or
dotted lines are for the BI CCDs, and the solid lines for the FI CCDs. The data for the

FI CCDs are taken from the rows nearest the frame store region.

3.2.4 The ACIS data
Operating modes

The ACIS has two operating modes; the Timed Exposure (TE) mode and the Continuous
Clocking (CC) mode. The mode selection applies simultaneously to all the seleg:ted CCDs.
In the TE mode, each CCD collects data for a preselected amount of time (nominally 3.2
sec), called the frame time. Once this interval has passed, the charges of all pixels in
the active region are quickly transferred to the frame store region with a frame transfer
time of 41 psec, and subsequently read out through 1024 serial registers. The CC mode
allows us to obtain 3 msec timing information at the expense of one dimensional spatial

resolution. Details as to the spatial distribution in the column are lost.
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The frame time in the TE mode is selectable within a range from 0.2 to 10 sec. The
nominal and optimal frame time is 3.2 sec, if the data from the entire region in the
each CCD are utilized. A shorter frame time decreases the probability of event pileups,
although it will introduce a time during which no data are acquired. This is because it
takes 3.2 sec to read out the data regardless of the frame time.

It is also possible to restrict the region on the CCD in which the data are taken.
This region is called "subarray”. The standard subarrays are shown in Figure 3.20. The
optimal frame time T for individual subarrays is determined by

T = 41xm+284xn+52+0040x m x g msec

where m is the total number of the CCDs which are turned on, and » and g are shown in
Figure 3.20. The optimal frame times for the standard subarrys are summarized in Table
3.6.

L Y,
=T
- - T ] L]
172 1 1”8

ACISd Table 3.6: The nominal (optimal)
=512 Ll frame time in second for standard sub-

i i ¥ arrys of ACIS-S.
5 _ - T T
2 '} J ! : Subarray 1 1/2 1/4 1/8
12 14 1”

1 Chip 30 15 08 04
6 Chips 32 18 11 0.7

ACIS-S
Default Subamray Locations

Figure 3.20: Examples of various ACIS subarrays.
Only the data in the shaded regions are read out.
The cross ('+’) in each panel indicates the nominal

aimpoint.
Telemetry format

The ACIS has three different telemetry formats; Faint, Graded and Very Faint format.
In the Faint format, which corresponds to the fuint format in the ASCA SIS, the telemetry
data for each event consist of its event position on the CCDs, its arrival time, the pulse-
height, and the contents of 3 x 3 pixels centered on the pixel where it is detected; the last
information characterizes the event grade. In the Graded format, which corresponds to

e e e e o oo
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the bright format in the ASCA SIS, the telemetry sends out the event position, together
with the time and pulse-height of the specified grade. The Very Faint format are almost
same as the Faint mode except that this mode provides the contents of the 5 x 5 pixels
centered on the pixel of event detection.

The Faint and Graded formats are available for both the TE and CC modes, although
Very Faint is only for the TE mode. Thus, every events are assigned a specific grade
even in the CC mode.

Event grade

Each event detected with the ACIS is assigned a grade on the basis of the patterns of
the 3 x 3 pixels centered on the local charge maximum, regardless of the operating mode.
Although the grading method is quite similar to that adopted in the ASCA SIS, the grade
definition which is illustrated in Figure 3.21 is more complex. The relationship between
the ACIS grade and the ASCA grade is briefly summarized in Table 3.7. Depending on
the grade, the data are transfered to the telemetry. Certain grades are suppressed onboard
in order to limit the telemetry bandwidth devoted to the background events.

In spite of the complicated definition of the event grade, most of the calibration of
the ACIS are based on a specific set of the grade, equivalent to the ASCA grade of 0, 2,
3, 4 and 6. In the absence of the event pileup, this particular grade selection appears to
optimize the signal-to-background ratio.

Table 3.7 The comparison between the ACIS
32 64 128 grade and the SIS grade. See Figures 3.7 and 3.21.
ACIS ASCA Comments
8 0 1 6 0 0 Single pixel event
64 65 68 69 2 Vertical split up
1 2 4 234 130 162 2 Vertical split down
16 17 48 49 4/3  Horizontal split right
8 12 136 140 3/4  Horizontal split left

Figure 3.21: The schematic drawing 72 76 104 108

6
for the definition of the event grade. 1011 138 139 6
18 22 50 54 6

6

80 81 208 209
24 66 107 214 255 7 Discarded onboard
others 1/5/7

The grade is determined by the sum
of the numbers for pixels above the
threshold. A single pixel event is
grade 0
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Trailed image and pileup

It takes 41 usec to transfer the charge from one pixel to another. As a consequence, each
pixel is exposed not only to the region in the sky at which the pixel is pointing during
the frame time, but also to every other region in the sky along the column for 41 psec
each. Thus, any single pixel always coutains the data corresponding to other pixels in the
column, which may produce a ”trailed” image for a bright X-ray source. An example of
trailed images is shown in Figure 3.22.

When two or more X-ray photons are absorbed in one pixel during a single frame time,
pileup results. Because almost all of the flux from a point source falls within only a few
pixels (see Figure 3.18), the ACIS is affected by the pileup much more easily than the
ASCA SIS. The fundamental impact of the pileup is that the obtained energy spectrum
becomes harder than the true one because multiple events add together in pulse height,
and that the photon flux is underestimated because two or more photons are counted as
one event. Figure 3.23 visualizes the effect of pileup. The pileup introduce a change of
grades, called ”grade mitigation”, because the charge clouds from two or more photons

merge. Thus, some of the events may be no more included in the standard grade set, and -

be rejected because of bad grade. The core of the image in Figure 3.22 is faint due to the
grade mitigation. The pileup also introduce a pulse saturation and distort the shape of
the PSF.

Unfortunately, there are no clear methods yet to remove all or some of the effect
of pileup from the obtained ACIS data. Thus, for observations of bright point sources,
observers should employ some strategy to avoid pileups, such as a shorter frame time or
an offset pointing. In general, the pileup should not be a severe problem in observations
of diffuse objects, such as the IC X-rays associated with lobes of radio galaxies.
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Figure 3.22: The trailed image for a bright X-ray source.
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Figure 3.23: The effect of pileup for the 1.49 KeV Al-Ka line as a function of a source
intensity. These spectra are taken during the pre-flight HRMA/ACIS calibration, and
shown as a function of pulse-height. Single-photon events corresponding to the Al-Ka
line are concentrated near a pulse height of ~ 380 channel, and events with 2 photons

have a pulse height twice that of the single-photon events.



Chapter 4

Observations

4.1 ASCA Observations

Our objective is to detect IC X-rays with the ASCA GIS from the lobes of radio galaxies
other than Fornax A and Centaurus B. However, this is very difficult, since these IC
X-rays are intrinsically very faint and diffuse emission. Moreover, they are thought to
be severely contaminated by the X-rays from the nuclei, which can potentially be much

8L

for good candidates, under the following criteria.

1. Radio morphology and radio spectrum should be well known.

2. In order to resolve the lobes from the nucleus with the angular resolution of the
ASCA GIS, the lobes should be larger than ~ 5 arcmin in angular size.

3. The lobes should have a high integrated radio flux density Sgr, e.g. a few Jy
at 1.4 GHz, in order to secure the detection of the IC X-rays. By assuming the
equipartition condition and simply scaling the ASCA results on Fornax A, Ssp=5
Jy at 1.4 GHz corresponds to the 2 - 10 keV IC X-ray flux of Fic > 1x 10713(1 4-2)*
erg cm™2 57!,

4. The lobes should have a relatively uniform radio surface brightness distribution,
without being dominated by radio hot spots or jets. This ensures the soft seed
photons to be dominated by the CMB.

5. The object should have a lobe-dominant morphology, and the nucleus should be rela-
tively inactive or rather obscured, like narrow line radio galaxies, in order to prevent
the lobes from being severely contaminated by strong X-rays from the nucleus.

6. The object should not be in a rich cluster environment, for avoiding the contami-
nation from cluster thermal emission.

59

brighter in X-rays. Therefore, we have searched the public ASCA data on radio galaxies .
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Table 4.1: Radio galaxies observed with ASCA.

Target 2z Ssp 1 Size * Comiments

3C 109 0.3056 4.0 2"x 2

3C 111 0.0485 13.5 1'"x 3

3C 120 0.0330 10.2 core-dominated

3C 129 0.0208 53 2’ wide-angle tailed source
3C 215 0.4121 14 I"’x P  inacluster

3C 218 (Hydra A) 0.0538 43.5 10” x I’ in a cluster

3C 219 0.1744 8.5 30" x 3

3C 220.1 0.6100 23 20" x 30" possibly in a cluster
3C 223 0.1368 3.6 I'x 5 in a group of galaxies
3C 234 0.1848 5.6 30" x 2°  hot spot

3C 249.1 0.3115 23 10" x 30”

3C 254 0.7340 3.1

3C 270 (NGC 4261) 0.007465 18.6 2 x 5 in a group of galaxies
3C 275 0.4800 3.8 2" x 5

3C 293 0.0450 4.6 1'x3’ core-dorninated

3C 295 0.4599 22.8 2" x5” in a cluster

3C 303 1.570 2.7 20” x40”

3C 313 0.4610 36 4

3C 321 0.0961 3.6 1'x 6 hot spot dominated
3C 330 0.5500 7.1 30" x 2'  possibly in a cluster
3C 346 0.1620 38 10" x 20" bright hot spot

3C 351 0.3721 3.1 20” x1’  hot spot

3C 353 0.0304 56.5 r

3C 368 1.1310 1.1 10”

3C 382 0.05787 5.8 2’ x 3  hot spot

3C 390.3 0.0561 11.3 I'x 3 hot spot

3C 405 (Cygnus A)  0.056075 1500 1"x 2 in a cluster

3C 411 0.467 3.5 1 core-dominated

3C 433 0.1016 12 I'x1 tailed source

3C 445 0.0562 5.5 2’ x 10’  hot spot

4C 55.16 0.2420 8.53

4C 73.08 0.0581 2.47 5'x 15’

4C 06.41 1.270 14

4C 73.18 0.3021 39

4C 74.26 0.1040 1.6

Centaurus A 0.001825 1330 5°x10°  significantly larger than the GIS F.0.V
Pictor A 0035058 66 2 x4  hot spot '
Hercules A 0.154 45 core-dominated
NGC 612 0.023016 10.9 5'x 15’

NGC 6251 0.023016 2.6 x hot spot

IC 4296 0.012465 8 5 x 10' in a group of galaxy

t flux density at 1.4 GHz.

only the radio galaxies, with Ssp > 1 Jy, are listed.

* total angular size in arcmin.
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Figure 4.1: The radio images of our targets for ASCA observations. The left panel shows
the 843 MHz VLA coutours of NGC 612 (Jones and McAdam 1992). The right panel
shows the 608 MHz VLA color image of 4C 73.08 (Leahy, Bridle, and Strom 1996). The
'x’ and star in each panel represent the positions of their host galaxies.

Table 4.2: Parameters of the radio lobes selected from the ASCA public data.

Target (000, 52000y z 1arcmin Ssp ! asr(dy) Bme! Size*

NGC 612 (01:33:57.7, +36:29:36) 0.0298 329kpc 10.9 0.6 1.3 ~T
4C 73.08 (09:49:45.9, +73:14:23) 0.0581 61.2kpc 2.47 0.85 0.5 ~ 6

f evaluated at 1.4 GHz
{ minimum energy magnetic field in pJy

The radio data of NGC 612 are from Ekers et al. (1978).
The radio data of 4C 73.08 are from Mayer (1979).

* diameter of the single lobe

Table 4.1 summarizes the radio properties of radio galaxies observed with ASCA.
Among them, only two objects, NGC 612 and 4C 73.08, satisfy all of our selection criteria.
Because of a little poor angular resolution of ASCA, the angular sizes of the lobes which
are thought to be resolved with ASCA are exceptionally large among radio galaxies.
Consequently, our sample is still very small in number, and limited to relatively nearby
radio galaxies at redshifts of z < 0.06.

The ASCA observations of NGC 612 and 4C 73.08 were originally proposed by Kaneda
et al., in order to search the IC X-rays from their lobes. The result on NGC 612 have
been already reported briefly by Tashiro et al. (1999; N. Isobe being a co-author), and
that on 4C 73.08 by Isobe et al. (2001). In the present thesis, we re-analyze these data in

62 CHAPTER 4. OBSERVATIONS

detail. Prior to ASCA, no X-ary observations of these radio galaxies have been reported.

We show in detail the radio properties of NGC 612 and 4C73.08 in Table 4.2, and
show their radio images obtained with VLA in Figure 4.1. The lobes in both radio
galaxies are sufficiently large (> 5 arcmin) in size, and show relatively uniform brightness
distributions, while their nuclei are both faint in the radio images. They have moderately
high radio flux densities, which predict sufficient IC X-ray fluxes.

The log of ASCA observations of NGC 612 and 4C 73.08 is shown in Table 4.3. In
these observations, the SIS was operated in 1-CCD mode, and most of these lobes are
outside the field of view of the SIS. Thus, we use mainly the GIS data.

Table 4.3: The ASCA observation log of radio galaxies for our analysis.

Target Observation Date  Exposure [s] SIS mode

SIS GIS  clock telemetry
NGC 612 1996.07.12 70944 79584 1CCD faint
4C 73.08 1998.10.23 40000 44416 1CCD faint

4.2 Chandra Observations

4.2.1 Radio lobes

For smaller and hence more distant lobes which cannot be resolved with ASCA, the
Chandra ACIS, which features an unprecedented angular resolution of ~ 0.5, is apparently
one of the ideal instruments. Therefore, we have searched the VLA results on 3CR radio
galaxies (e.g., Jones and McAdam 1992; Leahy and Perley 1991; Black et al. 1992; Leahy
et al. 1997; Neff et al. 1995) for new targets suited to Chandra observations, under
the same criteria for ASCA, but excluding the second one. The fifth criterion is not
necessary, considering the angular resolution of the ACIS, but is still important to avoid
event pile-ups of the ACIS. Then, we have picked up three lobe-dominant radio galaxies,
and proposed them for the Chandru Cycle-2 observations. Two of them, 3C 452 and
3C 427.1, have been actually approved.

We summarize the radio parameters of 3C 452 and 3C 427.1 in Table 4.6, and show
their radio images in Figure 4.2. Each target shows relatively symmetrical double-lobe
morphology with rather uniform brightness distributions. The radio nuclei of the both
radio galaxies are not so bright. The total angular extent of 3C 452 is ~ 1 x 4 arcmin?, or
~ 82 x 330 arcmin®. From its lobes, weak X-ray emission (~ 5 x 1013 erg cm~2s57') had
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Figure 4.2: The radio images of the targets for our Chandra observations. (left) The 1.4
GHz VLA image of 3C 452 (Leahy, Bridle, and Strom 1996). (right) The 1.4 GHz VLA
contours of 3C 427.1 (Neff et al. 1995).

already been detected with Einstein (Fabbiano et al. 1984), but its X-ray structure and

spectrum is not yet well understood. The size of individual lobes of 3C 427.1 is ~ 5 x 10
arcsec?, which is the smallest in our sample, but is still larger compared with the angular
resolution of Chandra. Moreover, it locates at a relatively high redshift of z = 0.572, so
that a high Syc/Ssg ratio is expected, because ucump is proportional to (1 + z)*. Any
X-ray observation of 3C 427.1 with previous instrument is not reported.

In order to further enlarge the sample of X-ray lobes, we have checked the public
archival data of Chandra observations on radio galaxies, under the same criteria but now
excluding the fifth one. We have limited ourselves to the data obtained by the ACIS-S
with no grating system, because the energy response of the ACIS-I is not well understood
and the grating system may distort the quality of obtained images. For a practical reason,
we have also limited to the archival data which became already public as of August 31,
2001.

The only one radio galaxy, Pictor A, has satisfied the criteria among the Chandru
archival targets. The radio parameters of Pictor A are shown also in Table 4.6. As
shown in Figure 4.3, it has symmetrical double lobes with nearly circular morphologies.
The individual lobes have large radio flux densities, which ensure the sufficient IC X-ray
fluxes. The total angular extent of Pictor A is ~ 4 x 8 arcmin?, which is comparable to
the size of the one ACIS chip. Although it has two bright hot spots near the end of its
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each lobe, they do not severely contaminate the lobes, because the lobes is much larger
than the angular resolution of the ACIS.,

81+
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Figure 4.3: The 1.4 GHz VLA image of Pictor A (Perley et al. 1997).

Table 4.4: Parameters of the radio lobes observed with Chandra.

Target (000 §52000) z larcmin Ssp ! asg  Bue! Size*

3C 452 (22:45:48.8, +39:41:16) 0.0811 82.3 kpc 109 078 27 x4
3C 427.1 (21:04:06.4, +76:33:12) 0.5720 299 kpc 40 1.08 24 6" x 30"
Pictor A (05:19:49.7, —45:46:44) 0.0350 38.3 kpe 329° 0728 3.0 4 x8

T evaluated at 1.4 GHz in the unit of Jy
} evaluated for the west lobe.

* diameter of the whole target
{ minimum energy magnetic field in uG
The radio data of 3C 452 are taken from Black et al. (1992), those of 3C 427.1 are from
Black et al. (1992) and Herbig and Readhead (1992), and those of Pictor A are from
Perley et al. (1997).

4.2.2 Hot spots

In order to probe into the energetics also in hot spots of radio galaxies, we have selected
three radio galaxies which have bright radio hot spots, Pictor A, Cygnus A, and 3C 123
from the public data of Chandra. These hot spots are already detected by some observers,
using the Chandre ACIS (Wilson et al. 2000, Wilson et al. 2001, and Hardcastle et al.
2001). We systematically re-analyze their ACIS data in the present thesis. We show
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Figure 4.4: The VLA images of radio galaxies which we have selected for the analysis of
hot spots. The right panel shows the 4.5 GHz image of Cygnus A (Perley et al. 1984)
and the left panel shows the 1.4 GHz image of 3C 123 (Leahy, Bridle, and Strom 1996).

the radio parameters of these targets in Table 4.5. Figure 4.4 shows their radio images,
excluding that of Pictor A which is already shown in 4.3.

Pictor A has two bright radio spot spots in the periphery of each lobe. Especially, the
western hot spot is optically detected, and its radio SR spectrum is smoothly extrapolated
to the optical band (Meisenheimer et al. 1997). Wilson et al. (2001) have already reported
the detection of X-rays from this hot spot, although its X-ray spectrum is difficult to be
explained by a simple SR or a SSC model.

The powerful radio galaxy Cygnus A contains two bright radio hot spots. The west-
ern and eastern hot spots are usually called hot spot A and B, respectively. These are
the brightest among all radio hot spots which have so far been detected. The detailed
knowledge on radio structures and spectra of these hot spots (e.g Carilli et al. 1991)
make them ideal targets for our study. Actually, X-rays from these hot spots have been
already detected with the ROSAT HRI (Harris et al. 1994). Recently, using the Chandra
ACIS, Wilson et al. (2000) have confirmed this result (see §2.4.3). Although the radio
fluxes of individual lobes of Cygnus A are sufficiently high, Cygnus lies in a dense cluster
environment. We therefore analyze only the X-rays from the hot spots.

3C 123 exhibits an unusual radio structure, which may be induced by a precession of
the jet axis (Cox et al. 1991), with two compact hot spots well aligned across the nucleus.
Although the western hot spot is relatively weak, the eastern one is the second brightest
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hot spot known after Cygnus A. The spectrum and structure of the western hot spot is
well known (e.g. Hardcastle et al. 1997; Meisenheimer et al. 1997). The X-ray emission of
from the western hot spot has been already detected with the Chandra ACIS (Hardcastle
et al. 2001). 3C 123 is located in a cluster environment (Spinrad et al. 1985), and then,
we do not analyze the X-rays from its lobes.

Beside these hot spots, Harris et al. (2000) have reported the X-ray detection of the
northern hot spot of radio galaxy 3C 295. However, the structure of this hot spot is
thought to be still unresolved well in radio images. Actually, Harris et al. (2000) have
assumed some possible geometry in determining the physical parameters in this hot spot.

Therefore, we exclude the northern hot spot of 3C 295 from our sample.

Table 4.5: Parameters of radio hot spots.

Target (?000 52000) 1 2% larcmin Hot Spot Ssa' ogr®

Pictor A (05:19:49.7, —45:46:44) 0.0350 38.3 kpc West 399 0.74

Cygnus A (19:59:28.3, +40:44:02) 0.0560 59.2kpc West (A) 93  0.88

East (D) 104 0.79

3C 123 (04:37:04.6, +29:40:15) 0.2177 179 kpc East 158 0.75

West  0.867 0.74

i for host galaxies  { evaluated at 1.4 GHz in Jy f evaluated in GHz band
The radio data of Pictor A, Cygnus A, and 3C 123 are taken from Meisenheimer et al.

(1997), Carilli et al. (1991), and Looney & Hardcastle (2000), respectively.

4.2.3 Log of Chandra observations

Table 4.6 shows the log of Chandra observations of all the radio galaxies which we have
selected for the analysis of the X-rays from their lobes and hot spots. These include both
the targets which we have proposed and have approved, and the archival ones.

We have planned to observe 3C 452 with 2 arcmin offset toward ACIS-8 from the
aimpont of ACIS-S (AY = —2 arcmin in Figure 3.16), in order to observe the whole lobes
in the ACIS-7. We have also planned to observe 3C 427.1 with A = —30 arcsec, in order
to observe the whole lobes in the single node of ACIS-7. The estimated X-ray fluxes of
their nuclei should not cause notable event pile-ups of the ACIS. Then, we have decided
to observe both targets with a nominal frame time (3.2 sec) of the ACIS (not employing
any subarrays), because the narrower field of view in the shorter frame time is not suitable

for the detection of diffuse X-rays associated with their lobes. Although the observation

whgs
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of 3C 427.1 was originally scheduled to be performed at October 15, 2001, it has been
postponed three times, and has not yet been performed.

The targets, which we have picked up from the Chandra archival data, are observed in
various observing modes. Among them, the observations of Pictor A are performed twice
with a nominal frame time (i.e. a nominal field of view), once with a short frame time (0.4
sec). We use the data obtained with a nominal frame time (ID = 346) for the analysis of
its lobes, and those obtained with a sorter frame time (ID = 443) for its nucleus, in order
to avoid the effect of sever event pile-ups. Similarly, the observations of Cygnus A are
conducted once with a nominal frame time, twice with a short frame time. We analyze
data obtained in the observation of ID = 360, for examining the X-rays from its hot spots.
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Table 4.6: Observational log of our Chandra targets.

Comments

1D Date Expt. Chip* (AY,AZ)! Frame® Subarray
2195 2001.08.21 80947 235678
2194 2001.12.05 40000 235678

PI
Isobe

Target

3.2

(_2110)
(~30",0)

3C 452

not yet observed

3.2
3.2
32
0.4
3.2
0.4

3.2

Isobe

3C 427.1

not analyzed

(—20”,0)
(—11’0)
(-5',3.5)

23678
346 2000.01.18 28595 23678

1999.11.02 3910

345

Wilson

Pictor A

pile up for the nucleus,

Wilson

analysis for the nucleus

1/8

7

829 2000.03.21 47254 235678

443  2000.06.20 5577
359 2000.03.08 2350

Wilson
Hadcastle

Cygnus A Wilson

(—20",0)

3C 123

1/8

(—20",0)

7
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pile up for nucleus, not analyzed

(—20",0)
(-20",0)

360 2000.05.21 35168 235678

Wilson

not analyzed

1/8

0.4

7

1707 2000.05.26 10174

Wilson

t the total exposures in the unit of s.

* the ACIS chip number which is turned on.

t the offset angle from the aimpoint. (—20",0) is the default value. (Figure 3.16)

- o the frame time of the ACIS.
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Chapter 5

Analysis and Results of ASCA

Observations

5.1 Data Reduction

As already mentioned in §4.1, we mainly analyze the GIS data. We reduce the data, using -

the analysis software package, HAESOFT version 5.0, which is provided and supported
by the ASCA Guest Observer Facility at the NASA GSFC and the ISAS. According to the
standard manner, we screen the data as follows. We employ the criteria for a geomagnetic
cut-off rigidity (COR) at > 4 GV and for an elevation angle from the Earth’s limb at > 5°.
The data obtained during the spacecraft passage through the South Atlantic Anomaly
(SAA) are rejected. We selected the data obtained when the an attitude jittering of the
spacecraft from the mean pointing directions is smaller than 0.6 arcmin. Thus, we obtain

good exposures for individual targets as shown in Table 5.1.

Table 5.1: Good exposures remained after the standard screening.

NGC 612 4C 73.08
GIS Exposure (ks) 62.3 41.1
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5.2 NGC 612

5.2.1 The X-ray image

We show the 0.7 ~ 10 keV raw GIS image of NGC 612 in Figure 5.1. We have combined
the data obtained with the two GIS sensors (GIS2+3), but have not subtracted the
background events from this image. X-ray emission from NGC 612 is clearly detected,
with no other confusing bright point sources in the field.

01136 01134 01i32

Figure 5.1: The 0.7 - 10 keV raw X-ray image of NGC 612, shown to the entire field
of view of the GIS. The smaller circle indicates the region in which the spectrum of the
lobes (including the nucleus) is accumulated, and the larger one indicates the background
integration region.

Figure 5.2 shows the X-ray images around NGC 612 smoothed with a two dimensional
Gaussian function of o = 1 arcmin, in the soft (0.7 - 3 keV) and the hard (3 - 10 keV)
energy bands. The backgrounds are not subtracted either. The 843 MHz VLA contour
image is overlaid (Jones and McAdam 1992). The X-ray peak is rather clear; especially
in the hard band image, and coincides in position with the optical galaxy within the
positional uncertainty of the GIS, although the radio nucleus of NGC 612 is very faint.
The soft band image reveals apparently diffuse emission, which extends up to ~ 5 arcmin
(~ 160 kpc) from the host galaxy. This size well exceeds typical spatial extent of the diffuse

X-ray emission associated with nearby elliptical galaxies (Matsushita 1997). Moreover,
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this diffuse emission appears anisotropically distributed around the host galaxy, elongated
in the direction toward the radio lobes, On the contrary, the hard band image is roughly
point-like, suggesting the dominance of the host galaxy or its nucleus.

In order to more clearly visualize these extended X-ray features, we have projected the
unsmoothed images in the hard and soft energy bands, onto the two directions; one parallel
and the other orthogonal to the radio lobe structure. The projection regions have a width
of 3 arcmin, corresponding to the core of the PSF of the XRT plus the GIS, and shown
in the right panel of Figure 5.2 with 'X’ and "Y’. We have subtracted the background
events using the point-source removed black sky observations (Tkebe 1995; Ishizaki 1997).
Figure 5.3 shows these profiles in comparison with the PSF. As the appropriate PSF, we
here use the GIS image of Cygnus X-1 observed at a similar detector position (see Figure
3.5). As is clear from these profiles, the angular extent of the X-ray peak in the hard
energy band, is almost consistent with that of a point source. On the other hand, the soft
band profiles are significantly extended beyond the PSF, particularly along the lobe axis
nearly up to the periphery of the radio lobes. Thus, we think that the GIS images reveal
a diffuse X-ray source associated with the radio lobes of NGC 612.

] l I
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: - °'3.=£‘=3° 0 JmL 01:33:30

Figure 5.2: The X-ray images around NGC 612in 0.7 - 3 keV (left) and 3 - 10 keV (right),
smoothed with a Gaussian kernel of ¢ = 1 arcmin. The 843 MHz radio contours (Jones
and McAdam 1992) are overlaid on both images. The red crosses represent the optical
position of the host galaxy of NGC 612. The regions, where the linear surface brightness
profiles were extracted, are indicated ag X and Y.
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Figure 5.3: The background subtracted linear profiles around the X-ray peak in 0.7 - 3
keV (upper) and 3 - 10 keV (lower). (left) The profiles accumulated along a band parallel
to the lobe axis (i.e. the X direction), with the left corresponding to east in the sky
(toward left in Figure 5.2). (right) The profiles perpendicular to the lobe axis (i.e. the
Y direction), with the left in these two panels corresponding to south in the sky (toward
bottom in Figure 5.2). The histograms in individual panels represent the projected PSF
of the XRT plus the GIS. The observed profiles and the PSF are normalized to each other
by their peak counts.
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5.2.2 The X-ray spectrum of the host galaxy

Our objective is to determine the spectral parameters of the possible excess diffuse emis-
sion associated with the lobes of NGC 612. However, the X-rays from the lobes are
apparently contaminated by the emission from the host galaxy or its nucleus, because the
separation between the lobes and the host galaxy is near the angular resolution of the GIS
(Figure 5.3). Then, we have to precisely evaluate the nuclear X-ray spectrum. Moreover,
we relate the nuclear luminosity to the lobe properties, later in Chapter 7. Therefore, we
first analyze the X-ray spectrum of the host galaxy.

In order to study the X-ray emission from the host galaxy including its nucleus, we
have extracted the GIS spectrum within a circular region of a radius 1.5 arcmin (~ 50
kpc), centered on NGC 612. This radius corresponds to the core of the GIS PSF, so that
this spectrum is thought to be dominated by the X-ray emission from the host galaxy of
NGC 612. The background spectrum was accumulated over a neighboring source free-
region with a radius of ~ 7.5 arcmin, which is indicated by the larger circle in Figure
5.1. The left panel of Figure 5.4 shows the background subtracted GIS (GIS2+GIS3)

spectrum thus obtained, without removing the instrumental response. Errors of this

spectrum represent photon statistics. The signal X-rays have been clearly detected over
the 0.7 - 10 keV range.

NGC 812
Wac s12 r < 1.8 arcmin

100
&
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Figure 5.4: (left) The background subtracted GIS spectrum of the host galaxy of NGC 612.
The histogram shows the best-fit RS (green) plus PL (red) model. (right) The confidence

contours of the absorption column density and the spectral index for the hard component
determined by the RS plus PL (red) model. Contours represent 68% (black), 90% (red),
and 99% (green) confidence levels.

The spectrum has too complex a shape to be reproduced by any single component
models modified by absorption; it requires at least two (hard and soft) spectral compo-
nents. Moreover, the hard component seems to be heavily absorbed. Spectra of this shape
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Table 5.2: The best-fit spectral parameters of the host galaxy of NGC 612, determined
from the double-component models.

Soft Component Hard Component x?/d.o.f
Ny (em™2) o/ kT (keV)  Ng(ecm™?) a
Double PL 1.86 x 102t 16+05 55533 x 102 0114 21.1/29
RS + PL 1.86 x 102 L7yl 4839 x 102 0.0113 22.2/29
Fx (erg cm™2 g7 1)} (1.7+0.3) x 10713+ 5.1323 x 10712
Lx (ergs™') ¥ (3.1 0.5) x 10 8.739 x 10%°
t fixed at the Galactic value. *in 0.5 - 10 keV oin 2 - 10 keV

t absorption-corrected value, assuming the hard component index is o = 0.7

have been observed frequently from a so-called type II AGNs (e.g, Makishima et al. 1994;
Iwasawa et al. 1997).

We accordingly tried to fit the spectrum with double-component models, which consist
of a soft and a hard one. For the soft component, we have adopted either a power low (PL)
model or a Raymond-Smith (RS) thin thermal model, and fixed the absorption column
density to the Galactic value, Ny = 1.86 x 10%° cm~2 (Stark et al. 1992). We also fixed the
abundance of heavy elements in the RS model at 0.4 solar abundance, a typical value for
elliptical galaxies (Awaki et al. 1994; Matsushita et al. 2000). For the hard component,
we adopted a PL model modified by a free absorption. Regardiess of the soft component,
the double-component models have successfully described the observed spectrum, with
the parameters of the hard component unchanged. The derived spectral parameters are
shown in Table 5.4. Thus, the implied column density for the hard component is very
high, Ny ~ 5 x 102 cm~2. In the following, we use the RS model for the soft component.

Since the spectral index o and the column density Ny for the hard component are often
coupled strongly with each other, we show the confidence contours of these two parameters
in the right panel of Figure 5.4. Thus, the derived index, though with large errors, is
consistent with a typical index of active galactic nuclei, @ = 0.7 ~ 0.9. Assuming the index
to be a = 0.7, the absorption-corrected 2-10 keV X-ray flux becomes Fx ~ 5 x 107'2 erg
em~2 57!, The corresponding intrinsic 2-10 keV X-ray luminosity becomes Lx ~ 9 x 1042

ergs™!

, which is near the lowest end of the nucleus luminosity of radio galaxies (Sambruna
et al. 1999). Thus, the hard component is naturally interpreted as an emission from the
active nucleus of NGC 612, which is thought to be highly obscured by the molecular torus
from our line of sight (see Figure 2.2).

The best-fit temperature and 0.5-10 keV luminosity of the soft component are kT ~
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1.7 keV and Lx ~ 3 x 10" ergs™!, respectively. These values are almost consistent with
those of thermal emission from the interstellar medium (ISM) of nearby normal elliptical
galaxies (Matsushita et al. 2000). We, therefore, ascribe the soft component to be the
thermal emission from the soft component of the host galaxy of NGC 612.

5.2.3 The X-ray spectrum of the lobes

In order to examine X-ray spectrum of the possible excess diffuse component associated
with the lobes of NGC 612 (see Figure 5.3), we have derived another GIS spectrum
within a radius of 5 arcmin (~ 160 kpc) centered on NGC 612. The integration region is
shown with the smaller circle in Figure 5.1. Although there is a possible contaminating
source to the south of NGC 612 in Figure 5.2, it is outside the integration region and
its contamination is negligible. We employed the same background spectrum as used for
examining the spectrum of the host galaxy.

Figure 5.5 shows the background subtracted GIS spectrum thus obtained from the
larger integration region. This spectrum is thought to include both the emission from
the host galaxy and the diffuse component. The histogram in the left panel of Figure

5.5 represents the X-ray spectrum of the host galaxy, which is reproduced by the best-fit

RS plus PL model determined from the spectrum with the smaller integration region in
the previous section. Here, we precisely took into account the difference in the integra-
tion region for the spectrum. As is clear from this figure, the observed spectrum can
not be explained by the emission from the host galaxy alone (the reduced chi-square of
x*/d.o.f. = 3.05); the data leaves significant residuals in lower energies, although the two
spectra agree with each other above 4 keV. This is quite reasonable from the results of
imaging analysis, shown in Figure 5.3, where the excess diffuse emission is prominent only
below 3 keV, and the hard X-ray image above 3 keV is point like. The excess photons
can be identified with the diffuse emission seen in Figure 5.3.

Table 5.3: The best-fit spectral parameters for the excess diffuse component.

aorkT 8¢ x*/do.f

PL 1.0+£05 37% 33.7/32
06! 28+6 355/33
Bremss  3.913% 34.3/32

t absorption corrected value at 1 keV in nly
1 fixed at the radio SR index
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Figure 5.5: The background subtracted GIS spectrum, derived from a circular region
with a radius of 5 arcmin, centered on NGC 612. The histograms in the left panel
represent the the best-fit RS (green) plus PL (red) model for the host galaxy of NGC 612.
The histograms in the right panel represent the best-fit spectrum, after introducing an
additional power law component (blue).

In order to evaluate the excess diffuse component, we have introduced an additional
PL component absorbed by the Galactic column density of Ny = 1.86 x 102 ¢m~2
with all the spectral parameters describing the host galaxy fixed. The resulting best-fit
spectrum (x?/d.o.f = 1.05) is shown in the right panel of Figure 5.5 with the histograms,
and derived spectral parameters of the excess component are summarized in Table 5.3.
The estimated absorption-corrected 2 — 10 keV flux of the excess component is Fyx =
1.5+ 0.7 x 107'3 erg cm™2 s™'. The obtained spectral index, o = 1.0 & 0.5, is consistent
with the SR radio index asg = 0.6 observed from the lobes of NGC 619. Then, we also
fitted the spectrum with the spectral index fixed at 0.6, and obtained parameters are
shown in in Table 5.3.

For examining the possibility of the thermal origin of the excess emission, we replaced
the PL with a thermal bremsstrahlung (hereafter Bremss) model. This model is statisti-
cally satisfactory with x?/d.o.f = 1.07. However, the derived temperature, kT = 3.913Y
keV, is too high compared with the virial temperature of the host galaxy, ~ 1 keV.
Moreover, the corresponding thermal pressure becomes p, ~ 3 x 10~'2 dyne cm~2. To
confine such thermal plasma, a magnetic field at least B ~ 10 uG is required, which is
significantly larger than B, ~ 1.3 uG. We consider that this situation is unrealistic.

Thus, we conclude that the diffuse X-rays are produced by the IC scattering from the
SR electrons in the lobes. In Chapter 7, we further discuss the physical parameters in the
lobe determined utilizing the multi frequency spectra.
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5.3 4C 73.08

5.3.1 The X-ray image

We show the 0.7 - 10 keV raw GIS (GIS2+3) image of 4C 73.08 in Figure 5.6. We have
not subtracted the background events from this image. X-ray emission from 4C 73.08
is clearly detected and seems somewhat elongated toward the northeast direction in this
image. No other confusing bright point sources are detected in the GIS field of view.

Figure 5.7 shows the X-ray images around 4C 73.08 smoothed with a two dimensional
Gaussian function of o = 1 arcmin, in the soft (0.7 - 3 keV) and the hard (4 - 10 keV)
energy bands. The backgrounds are not subtracted either. The 608 MHz VLA contours
are superposed (Leahy, Bridle, and Strom 1996). In the hard band image, the X-ray peak
is rather clear, appears point like, and coincides in position with the optical host galaxy,
although the radio nucleus is very faint. The soft band image reveals apparently diffuse
emission associated with its lobes, especially its east one.

09585, 09150

Figure 5.6: The 0.7 — 10 keV X-ray image of 4C 73.08, shown to the entire GIS field of
view. The circles indicated as N, L, and B are the regions over which the spectra of the
host galaxy, the east lobe, and the background are integrated, respectively.
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In order to more clearly visualize these X-ray features, we have projected unsmoothed
image in the soft and hard energy band, onto to the direction parallel to the radio lobe
axis. The projection region, which is shown in the right panel of Figure 5.7 with "E — W”,
has a width of ~ 6 arcmin, and hence it contains almost the whole radio lobes. We have
subtracted the background events using the point-source removed black sky observations
{Ikebe 1995; Ishizaki 1997). We show these profiles in Figure 5.8, together with the 608
MHz radio profile. We also shows the appropriate PSF (i.e. the profile for Cygnus X-1)
in the hard band profile. As is clear from these profiles, the angular extent of the X-ray
peak in the hard energy band is almost consistent with that of a point source. We have
also found some excess counts associated with the east lobe in the hard band profile. On
the other hand, the soft band profile is quite different from that of a point source, and
is dominated by the diffuse emission extending over the radio lobes. Moreover, the east
lobe is brighter in the soft X-ray band, although the radio profile reveals the opposite
tendency. The X-ray brightness in each lobe seems relatively uniform. Thus, we think
that the GIS image clearly reveals the diffuse X-ray source associated with the lobes of
4C73.08.

Figure 5.7: The X-ray images around 4C 73.08 in (left) 0.7 - 3 keV and (11"yht) 4-10
keV, smoothed with a Gaussian of 0 = 1 arcmin. The 608 MHz VLA contours (Joues
and McAdam 1992) are overlaid on both images. The star represents the position of the
host galaxy of 4C 73.08.
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4C 73.08
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Figure 5.8: The linear profiles around 4C 73.08 in (a) 608 MHz, (b) 0.7 - 3 keV, and (c)
4 - 10 keV, with the right and left corresponding to the direction indicated as "E” and
"W in Figure 5.7, respectively. The histogram in the panel (c) represents the projected
PSF of the GIS in 4 - 10 keV. The observed profile and the PSF are normalized to each
other by their peak counts.
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5.3.2 The X-ray spectrum of the east lobe

For examining the emission mechanism of the diffuse X-ray sources associated with the
lobes of 4C 73.08, we have extracted the X-ray spectrum of its east lobe within a circular
region of a radius 4 arcmin (~ 250 kpc). This region is indicated as "L” both in Figures
5.6 and 5.7. The background spectrum was accumulated over a neibouring source free
region with a radius of 6 arcmin, which is indicated as "B” in Figures 5.6 and 5.7. The
left panel of Figure 5.9 shows the background subtracted GIS (GIS2+3) spectrum of the
east lobe of 4C 73.08, thus obtained. The signal X-rays have been clearly detected over
the 0.8 - 10 keV range.

The spectrum seems relatively featureless. We fitted the spectrum, and have success-
fully described the observed spectrum with a single PL model modified by an absorption
with the column density left free. The best-fit model prediction is shown by the his-
tograms in Figure 5.9, and the obtained parameters are summarized in Table 5.4. The
data leaves some residuals around ~ 1.6 keV, which may look like an emission line. We
introduced an Gaussian in order to evaluate this feature, but we could not reproduce it
with any meaningful parameters. Therefore, we do not think that the feature is real.

The right panel of Figure 5.9 shows the confidence contours between the spectral index
a and the column density Ny. The derived index a ~ 0.65, though with a large errors,
is consistent with the SR radio index asp = 0.85 observed from the lobes of 4C 73.08
(Ekers et al. 1978). Then, we fitted the spectrum with o fixed at 0.85 and obtained the
parameters as shown in Table 5.4. The derived column density, N ~ 4 x 102! cm~2, is
slightly higher, but consistent with the Galactic value, Ny = 2.52 x 102 cm~2, at the 3
sigma level (see the right panel of Figure 5.4).

Table 5.4: The best-fit spectral parameters of the east lobe of 4C 73.08.

N aor kT(keV) Sf  x%/do.f.

PL 2.3(57.2) 0.65+5:31 5515 20.5/30

3.8121 0.85° 70+12  21.0/31

Bremss 0.82 (< 4.3) 13.8* 20.9/30
tin 10% cm™2 t evaluated at 1 keV in nJy

* fixed at the radio SR index

In order to examine the possibility of the thermal origin for the diffuse emission, we also
fitted the spectrum with a Bremss model. Although this model is statistically acceptable,
an exceptionally high temperature, kT > 6 keV, is obtained. Moreover, the corresponding
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Figure 5.9: (left) The background subtracted GIS spectrum of the east lobe of 4C 73.08.
The histogram shows the best-fit PL model modified with a free absorption. (right) The
confidence contours of the absorption column density and the spectral index.

thermal pressure becomes pe ~ 7 x 107'2 dyne cm~2. To confine such thermal plasma, a
magnetic field at least B 2 10 uG is required, which is more than an order of magnitude
higher than By, ~ 0.5 uG. We consider that this situation is unrealistic, like in the lobes
of NGC 612.

Thus, we conclude that the diffuse X-ray emission arise via the IC scattering from the
SR electrons in the lobe. In Chapter 7, we further discuss the physical parameters in the
lobe determined utilizing the multi frequency spectra.

5.3.3 The X-ray spectrum around the host galaxy

In order to study the X-ray emission from the host galaxy including its nucleus, we have
extracted another spectrum with a region of a radius 3 arcmin centered on 4C 73.08.
The integration region is shown with the smallest circles indicated as "N” in Figures 5.6
and 5.7, and dose not intersect with the region "L”. We employed the same background
spectrum as for the east lobe. Figure 5.10 shows the background subtracted X-ray spec-
trum around 4C 73.08. Like in the case of NGC 612, the spectrum has a complex shape
and requires at least two spectral components, soft and hard ones. Moreover, the hard
components seems to be heavily absorbed.

We first tried to fit the spectrum by a double PL model both modified by an free
absorption. The best-fit model spectrum is shown with the histograms in the left panel of
Figure 5.10, and its parameters are shown in Table 5.5 (Double PL 1). Although a good
fit was obtained with this model, the soft component becomes unusually hard (@ ~ —0.4),
even increasing toward higher energies. Since X-ray emission with such a reversed power

law spectrum has never been observed from any celestial object, we considered the fit
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Figure 5.10: The background subtracted GIS spectrum accumulated around the host
galaxy of 4C 73.08. The histograms in the left panel shows the best-fit double PL model
determined with all the spectral parameters left free. The histograms in the right panel
shows the best-fit RS (green) plus PL (red) model, with the parameters for the hard
component fixed at the values determined above 4 keV.

unphysical.

In order to avoid the above problem, we may first evaluate the hard component that
is dominant above ~ 4 keV, supposing it originates from the obscured nucleus. We have
fitted the X-ray spectrum above 4 keV with a single PL model modified by an absorption.
The best-fit spectrum is shown in the left panel of Figure 5.11, and its parameters are
shown in Table 5.5 (PL). We show the confidence contours of Ny and the spectral index
a in the right panel of Figure 5.11. The fit is successful, and the obtained index a ~ 0.8
and the absorption-corrected 2 - 10 keV X-ray luminosity, Lx ~ 4 x 10*® erg s~!, are
both reasonable as those of active galactic nuclei, in particular those of radio galaxies
(Sambruna et al. 1999). Thus, the hard band spectrum is naturally interpreted as an
emission from the active nucleus of 4C 73.08 which is thought to be heavily obscured by
the molecular torus from our line of sight, like in the case of NGC 612.

We, next, evaluated the soft component, by introducing another PL model or an RS
model with 0.4 solar abundance for heavy elements, with the hard-component parameters
fixed. We also fixed the column density of the additional soft component at the Galactic
value, considering the poor statistics in the soft energy band. Both models are almost ac-
ceptable and derived parameters are summarized in Table 5.5 (Double PL 2 and RS+PL).
The best-fit RS+PL model is shown in the right panel of Figure 5.10 with histograms.

In the case of the RS plus PL model, the best-fit temperature becomes again very
high, kT ~ 8 keV. Moreover, the absorption-corrected 0.5 ~ 10 luminosity of the soft

component, Lx ~ 2 x 10" erg s, is nearly an order of magnitude higher than those of
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Figure 5.11: (left) The X-ray spectrum around the host galaxy of 4C 73.08 above 4 keV.
The histogram shows the best-fit heavily absorbed PL model. (right) The confidence

contours for the absorption column density and the spectral index.

the ISM in nearby elliptical galaxies (Matsushita et al. 2000). Therefore, we think that
the thermal emission from the ISM of the host galaxy of 4C 73.08 dose not dominates
the soft component. On the other hand, in the double PL model, the index o ~ 0.6 is
consistent within its error with the SR radio index asg = 0.85. Then, we ascribe the

soft component as the contamination from the IC emission from the lobes, which is also

reasonable from Figure 5.8.

Table 5.5: The best-fit parameters for the spectrum around the host galaxy of 4C 73.08

Soft Component Hard Component x2/d.o.f
Ny (em™)  aorkT(keV) Ny(cm™?)

PL* - - 378 x 102 0.774L)  24.6/24
Double PL 1 0(<1.3x10%2)  -04%)%  59%59 x 102 50.1/46
Double PL 2 2.52 x 102t 0.6+0.4 3.7x 102t 60.4/50
RS+PL 2.52 x 1020 t 7.91%, 37x 1081 59.8/50
Fx (erg cm=2 71)t 3.3 4 x 10718+ 57759 x 10712 °
Lx (erg s71) 217509 x 10% + 37X 108

* determined by the fit above 4 keV.

t fixed at the Galactic value.

1 fixed at the values determined above 4 keV. ¢ absorption-corrected values.

* evaluated in 0.5 — 10 keV by the best-fit RS+PL model.
o evaluated in 2 — 10 keV by the PL model above 4 keV.
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Chapter 6

Analysis and Results of Chandra

Observations

6.1 Data Reduction

6.1.1 Data reduction

The standard processing of the Chandra data is performed by the Chandra X-ray Obser-
vatory Center (CXC) at the Harvard-Smithsonian Center for Astrophysics. In the present
analysis, we mainly use the fully processed science products (usually called " level-2" event
files), which are provided by the CXC. The level-2 event file contains only the date which
are obtained during good time intervals (GTI), when the ACIS normally operates. The
gain and bias correction of individual CCD pixels are already applied to all the events
in these event files. Events which are detected in pixels flagged as "bad”, such as hot
pixels and the pixels which is located at the node boundary, are rejected. Only the events
corresponding to the ASCA grade of 0, 2, 3, 4 and 6 are recorded.

We further reduce the ACIS data, using the software package CIAO (the Chandra
Interactive Analysis of Observation) of version 2.1, which is provided and maintained by
the Chandra X-ray Center (CXC). We take the calibration informations of the ACIS from
the CALDB version of 2.3, which is released to public by the CXC at March 06, 2000.

6.1.2 Background rejection

The count rate of the non-X-ray background of the ACIS occasionally increases by a
factor of up to ~ 100. This phenomenon, which is not anticipated prior to launch, is
called background ”flare”. The flares have been observed anywhere in the orbit. They

are more prominent in the BI CCDs than in the FI ones. The nature of the flares is under
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investigation.

Because the IC X-rays associated with the lobes are diffuse and very faint, the de-
tection of them is severely subject to the background flares. Therefore, according to the
calibration team (Markevich 2001), we extracted the background light curves of individ-
ual observations, by removing any possible X-ray sources. We rejected the data obtained
during the time when the background count rate is more than 20 % higher than the
quiescent level.

6.2 3C 452

6.2.1 The X-ray image

We show the 0.3 — 7 keV raw Chandra ACIS image in Figure 6.1, binned by 4 x 4
ACIS pixels. The background events are not subtracted. The nucleus of 3C 452 is clearly
detected, together with some contaminating bright point sources. Moreover, a faint diffuse

X-ray emission surrounding the nucleus of 3C 452 is visible in the east-west direction.

L 3946

1400 F. o

1200 b

AP
14

1000 P«

3P4
-IF 47

+3B...

226" 22'45"40°
400 1 1 1 aa L A
200 400 600 800 1000 1200
3C 452 (0.3 - 7keV)

Figure 6.1: The raw 0.3 - 7 keV ACIS image of 3C 452. Ouly the data obtained with
ACIS-S3 are displayed. The image is binned into 4 x 4 pixels, and hence the angular
resolution of the image is 2 arcsec. The rectangular region is expanded to Figure 6.2.
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Figure 6.2: The 0.3 - 7 keV image around 3C 452, smoothed with a two dimensional
Gaussian kernel of ¢ = 4 arcsec (8 ACIS pixels). The 1.4 GHz VLA contours are overlaid
(Leahy, Bridle, and Strom 1996). The red cross represents the optical position of the host

galaxy of 3C 452. The linear surface brightness profiles are extracted between the two

solid lines for the directions parallel to the radio structure and between the two dashed
lines for the perpendicular direction.

Figure 6.2 shows the ACIS image around 3C 452 in the same energy band, heavily
smoothed with a 2-dimensional Gaussian function of o = 4 arcsec. The 1.4 GHz VLA
contours are superposed (Leahy, Bridle, and Strom 1996). The brightest X-ray peak
coincides with the optical host galaxy of 3C 452, and also with the relatively faint radio
nucleus, within the angular resolution of the ACIS. Furthermore, this image more clearly
reveals the diffuse X-ray emission which extends up to ~ 2 arcmin (~ 160 kpc) from
the nucleus. Some apparent and possible X-ray point sources, none of which have so far
been reported in X-rays, are found inside the radio lobes. The diffuse component appears
to fill the entire radio lobes with a relatively uniform surface brightness, in a very good
positional coincidence. Therefore, its association with the lobes is secure. Because of
the superior angular resolution of Chandra, it is almost of no doubt that the extended
emission is truly of diffuse nature, rather than composed of discrete point sources.

In order to study the spatial distribution of the diffuse X-ray emission in more detail,
we have projected the unsmoothed ACIS images in the soft (0.3 - 1.5 keV) and the hard
(1.5 - 7 keV) bands, and the radio one, onto two directions; one parallel and the other

perpendicular to the the major axis of the radio structure. In order for almost whole the
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Figure 6.3: The linear profiles of the ACIS background in 0.3 - 7 keV, which are extracted
from the point source removed black sky data base (Markevitch 2001). The data shown
by black points are integrated over the same detector area as for the profile along the
radio axis. The total exposure of this background data is ~ 136 ksec.

lobes to be included, the projection region for the former direction, which is indicated by
the two solid lines in Figure 6.2, has an width of 2 arcmin and that for the latter direction,
which is indicated by the two dashed lines, has an width of 5 arcmin.

The spatial distribution of the ACIS background is reported to be nonuniform, es-
pecially above 5 keV (Markevitch 2001). Then, we extracted the background profiles
within some regions near the center of the ACIS-7, which have a width of 2 arcmin, using
the point-source removed black sky data base (Markevitch 2001). We show the obtained
background profiles in Figure 6.3. We thus confirmed that the spatial variation of the
ACIS background in 0.3 - 7 keV is ~ 7%.

The Galactic absorption column density toward 3C 452, Ny = 1.2 x 102! cm™?, is
significantly higher than those for all observations included iu the background data base,
Ny = (1 -5) x 10% cm™2. We cannot directly utilize the background profiles shown in
Figure 6.3 for 3C 452, because they make us to overestimate the CXB level, and hence to
underestimate the signal counts, especially below ~ 1 keV. Then, we assumed that the
background is uniform around the lobes of 3C 452, and estimated the background using
events in a neighboring source free region. This assumption is almost justified by Figure
6.3.

Figures 6.4 and 6.5 show the background subtracted linear surface brightness profiles
around 3C 452. Indeed, the total angular extent of the diffuse X-ray component is quite

similar to that of the radio structure, although the detailed structures along the radio
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major axis are somewhat different between the X-ray and the radio profiles. Especially,
along the major axis, the X-ray profiles reveals a center-filled morphology, while a rim-
brightening feature is seen in the radio profile. These properties are also exhibited by the
lobes of Fornax A (Tashiro et al. 2001) and Centaurus B (Tashiro et al. 1998), from both
of which the CMB-boosted IC X-rays have already been detected. Along the lobe minor
axis, the radio and X-ray profiles exhibit a closer resemblance.

Utilizing Figures 6.4 or 6.5, we also calculated the hardness ratio, by dividing the hard
band profiles by the soft band ones. Figure 6.6 shows the hardness ratio profiles in the
two directions, thus obtained. The harduess ratio remains rather constant (0.5 ~ 0.7)
along the both direction. This means that the spectrum of the diffuse X-ray emission is
relatively uniform over the lobes of 3C 452, except for the lobe periphery where there is
some hint of spectral softening.
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Figure 6.4: The linear profile along the major radio axis of 3C 452, in (a) 1.4 GHz , (b)
0.3 - 1.5 keV, and (c) 1.5 - 7.0 keV. The projected positions of some apparent X-ray
point sources are indicated as blue arrows in panel (b). The data points for the nucleus

at position 0 are too high to be included in this figure.
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Figure 6.5: The linear profile in the direction perpendicular to the major radio axis of
3C 452, in (a) 1.4 GHz , (b) 0.3 - 1.5 keV, and (c) 1.5 - 7.0 keV. The projected positions
of some apparent X-ray point sources are indicated as blue arrows in panel (b).
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Figure 6.6: The linear profiles of the hardness ratio parallel (left) and perpendicular (right)
to the radio structure. Arrows are written in the same way as in Figures 6.4 and 6.5.
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6.2.2 The X-ray spectrum of the lobes

In order to examine the mechanism of the diffuse X-ray emission, we extracted the ACIS
spectrum of the lobes of 3C 452. Because the hardness ratio of the diffuse X-ray sources
appears approximately constant in the lobes, in order to cover the whole lobes, the data
spectrum is accumulated over a region which is shown with the red ellipse in Figure
6.7, excluding a circular region with a 6 arcsec radius centered on the host galaxy. The
background spectrum is integrated over a surrounding source free region, which is enclosed
by the black lines in Figure 6.7. There are some contaminating X-ray point source in both
regions. Then, if we found a pixel which contains more than 10 events per one binned
pixel of Figure 6.1, we rejected a circular region of a radius 3 arcsec centered on the pixel.
These rejected regions are indicated as some small circles in Figure 6.7.
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Figure 6.7: The integration region for the Figure 6.8: A comparison between the raw

data (red) and the background (black) spec- (red) and the background (black) spectra,
tra. normalized to their integration areas.

Table 6.1: A summary of the data and the background in representative energy bands.

Band Data (cts) BGD (cts)! Excess (cts) Ratiot

0.3-14keV 26673 +163 22474+82 4199+182 1.19

03-10keV 13356 +116 9298 £53 4058+128 1.44

0.5 - 5 keV 6675+82 3274+31 340188 2.04 Used for fitting
10 - 14 keV 13207+ 115 13058+63 1494+ 131 1.01 Dominated by NXB

1 normalized by the integration area. t Data/BGD.
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Figure 6.9: The background subtracted ACIS spectrum of the lobes of 3C 452. The
histogram in the left panel shows the single PL model and those in the left panel represents
the best-fit PL (blue) plus RS (green) model.

Figure 6.8 compares the data and the background ACIS spectra, and Table 6.1 sum-
marize the total counts of the data and the background in representative energy bands.
The backgrounds are normalized to the data by the integration area. The data and the
background is fairly consistent above 10 keV, where the HRMA in no more efficient and
hence the spectrum should be dominated by the NXB. This confirms that we have accu-
rately evaluated the background spectrum. As is clear from the figure, the excess signal
X-rays are highly significant, over wide energy range between 0.4 and 7 keV. Below we
restrict our spectral analysis to the 0.5 — 5 keV range, where the excess signal is most
significant (almost 40c; Table 6.1).

In Figure 6.9, we show the background subtracted 0.5 -~ 5 keV ACIS spectrum of the
lobes of 3C 452, without removing the response of the ACIS. The spectrum appears rela-
tively featureless. We tried to reproduce the spectrum with a single PL model, modified
by an absorption. However, as is shown in the left panel of Figure 6.9, the data leaves
significant residuals (x2/d.o.f = 1.35), especially an excess around 1 keV.

In order to describe the excess, we introduced an RS model modified by common
absorption as the PL component. A similar soft component is also detected from the
lobes of Fornax A (Tashiro et al. 2001). By leaving all the model parameters free the
fit has become acceptable. The best-fit model spectrum is shown in the right panel of
Figure 6.9 by the histograms, and the obtained spectral parameters are summarized in
Table 6.2. The best-fit temperature of the RS model becomes kT ~ 1.3 keV, which is
roughly the same as those of the soft component of Fornax A.

For the PL plus RS model, the confidence contours of the spectral index « of the PL
component and the absorption column density Ny are shown in Figure 6.10. The derived
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Figure 6.10: The confidence contours of the absorption column density Ny and the spec-
tral index a for the PL plus RS model.

Table 6.2: The best-fit spectral parameters of the lobes of 3C 452,

Hard Component Soft Component

N} aor kT (keV) Sk kT (keV) x2/d.o.f

PL 21+£05 1.02 333 66 - 72.8/54

PL + RS 1.6 135 0.68+028 411 1.36 1347 62.0/52

1.75 £ 0.15 0.78* 46 ¥5 1.33 348 62.4/53

Bremss + RS 1.4 ¥33 6.0 113 - 1.28 122 63.7/52
f in 10?'cm™? i evaluated at 1 keV in nJy

* fixed at the radio SR index

Ny is consistent with the Galactic value, Ny = 1.2x10?' cm~2. The best-fit spectral index
becomes very hard, o = 0.68 £ 0.28, and consistent with the SR radio index, asg = 0.78,
observed from the lobes of 3C 452, within a statistical error.

We also tried to describe the observed spectrum, replacing the PL model with a
thermal Bremss model. The model is statistically acceptable with the parameters for the
RS component almost unchanged. However, the obtained temperature, kT ~ 6 keV, and
the corresponding thermal pressure, p, ~ 1 x 107!! dyne cm~2, are both too high. We
consider this situation unrealistic, like in the case of the NGC 612 and 4C 73.08.

Based on the clear spatial association and the agreement in the spectral shapes, we
conclude that the diffuse X-rays observed with ACIS from the lobes of 3C 452 are of the
IC origin. In Chapter 7, we estimate the physical parameters in the lobes, utilizing the

multi frequency spectra.
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6.2.3 The X-ray spectrum of the nucleus

We have extracted the ACIS spectrum within a circular region of a radius 5 arcsec,
centered on the host galaxy of 3C 452. The background spectrum was accumulated over
a concentric annulus with an inner and outer radii of 6 arcsec and 9 arcsec, respectively.
Figure 6.11 shows the background subtracted ACIS spectrum of the host galaxy of 3C 452
in the 0.5 — 10 keV energy range. The spectrum resembles those of so-called type II
AGNs, like the cases of NGC 612 and 4C 73.08. This is quite natural, because 3C 452 is
usually classified into narrow line radio galaxies. In the following, we evaluate only the
hard component that is dominating above 4 keV, supposing that it originates from the
obscured nucleus of 3C 452.

We first tried to describe the spectrum above 4 keV with a single PL model modified by
an absorption. However, as shown in the left panel of Figure 6.12, the fit is unacceptable;
the data leaves significant residuals around 6 keV, which look like an Fe Ka emission line.
The Fe Ko lines are often observed from AGNS, including radio galaxies (Samburuna et
al. 1999). Then, we introduce a Gaussian in order to evaluate this feature. The fit is
successful and the best-fit spectral parameters are summarized in Table 6.3. The obtained
redshift-corrected center energy for the additional Gaussian coincides well with that of
neutral Fe Ka lines, and the width, o < 0.2 keV, and the equivalent width, 0.15 keV,
both agree with those from typical radio galaxies.
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Figure 6.11: The background subtracted ACIS spectrum of the nucleus of 3C 452 in 0.5
- 10 keV energy range.
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Figure 6.13 shows the confidence contours of the column density Ny and the spectral
index a. The obtained spectral index, a ~ 0.8, and the absorption corrected 2 — 10 keV
continuum luminosity, Lx ~ 8 x 10%%erg s, are both quite reasonable for those of the
nucleus of radio galaxies (Samburuna et al. 1999). Thus, the hard component is naturally
interpreted as an emission from the active nucleus of 3C 452, like in the cage of NGC 612
and 4C 73.08.
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Figure 6.12: The background subtracted ACIS spectrum of the nucleus of 3C 452, above

4 keV. The histogram in the left panle shows a prediction by the single PL model, and
that in the right panel a prediction by the best-fit PL plus Gaussian model .

Table 6.3: The best-fit spectral parameters of the nucleus of 3C 452, determined by the
spectrum above 4 keV.

Continuum Line
Nyt a E? o° EW* x?/do.f
PL 52+1.0 1.05 3% - - 62.2/45
PL+Gaussian 4.5 1)1 077 %08 §4+01 0.11 o8 015 48.6/42
Fx!? 6.3 33 x 10712 - -
Ly * 8.1 142 x 10 - -
tin 10 ¢m~2. k redshift corrected center energy in keV.
o line width in keV. * line equivalent width in keV.

1 absorption corrected 2-10 keV continuum flux in erg em=2 s~
* absorption corrected 2-10 keV continuum luminosity in erg s~!.
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Figure 6.13: The confidence contours of the absorption column density and the spectral
index a.

6.3 Pictor A

6.3.1 The X-ray image

We show the 0.3 - 7 keV raw ACIS image of Pictor A in Figure 6.14, binned by 4 x 4
ACIS pixels. The data are accumulated only from the observation of ID = 346 (see Table
4.6). The nucleus of Pictor A is clearly detected, although its trailed image is also visible
because its flux is very high. The west jet emanating from the nucleus toward nearly due
west is also detected, ending at the bright X-ray hot spot, while the east Jjet and hot spot
are both xvery faint in X-rays. Moreover, a diffuse faint X-ray emission surrounding the
nucleus of Pictor A is clearly visible, extending toward the east-west direction, in both
ACIS 6 and ACIS 7. Using the same data, Willson et al. (2001) have already reported
the X-ray detections of its nucleus, its west jet, and its west hot spot, but they have not
yet become aware of this diffuse X-ray source.

Figure 6.15 shows the ACIS image around Pictor A, heavily smoothed with a 2-
dimensional Gaussian of o0 = 4 arcsec. As shown in this image, the X-ray positions of
the nucleus and the east hot spot clearly coincide with respective radio counterparts.
Furthermore, this image more clearly reveals the faint diffuse emission, which extends up
to ~ 4 arcmin (~ 150 kpc). Like in the case of 3C 452, the diffuse emission a‘ppears to
be relatively uniformly distributed over the whole radio lobes, in a fairly good positional
coincidence, although the west lobe is intersected by the CCD gaps across which the
energy responses are different.



©
~

6.3. PICTOR A 97

2000 =

uf‘l e llflffl/
1000 1200 1400 1600 1800

Picior A (0.3 T heV)

Figure 6.14: The 0.3 — 7 keV raw ACIS image of Pictor A. Only the data obtained with
ACIS 6 and 7 in the observation of ID = 346 are displayed. The image is binned into
4 x 4 pixels, and hence the angular resolution of the image is 2 arcsec. The straight line

running from north-east to south-west is the trailed image of the nucleus.
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Figure 6.15: The 0.3 - 7 keV ACIS image around Pictor A, smoothed with a 2-dimensional
Gaussian function of 0 = 4 arcsec. (left) The X-ray color image. (right) The X-ray
contours overlaid on the VLA 1.465 GHz gray scale image (Perlay et al, 1997).
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6.3.2 The X-ray spectrum of the west lobe

We examine the X-ray spectrum of the east lobe of Pictor A, which is observed over the
entire field of view of ACIS 7. The data spectrum is accumulated over a radius of 2
arcmin, (the red circle in Figure 6.16). We rejected the data within a circle of a radius
20 arcsec centered on the nucleus, within another circle of a radius 15 arcsec centered on
the hot spot, and within two elongated rectangles covering the jet and the trailed image.
We also excluded some possible point sources by the same criterion adopted for 3C 452.
All of the rejected regions are shown with the black dashed lines in Figure 6.16.

As is clear from the X-ray image, a considerable fraction of the ACIS 7 field of view is
occupied by various sources, and the remaining source-free regions of ACIS 7 are located
mostly at a far side from the aimpoint, where the HRMA effective area decreases even
in the soft X-ray energies (< 90% of that of the aimpoint; see Figure 3.13). Therefore,
instead of using the source-free regions for the background subtraction, we integrated the
background spectrum from the point-source removed blank sky data base (Markevitch,
2001), over the same CCD area as for the data one.

As shown in Figure 6.17 and Table 6.4, the excess signal X-rays are highly significant
over a wide energy range between 0.3 and almost 6 keV, while the data and the background
well agree with each other above ~ 10 keV. This confirms accuracy of the background
estimation. In the following, we restrict our spectral analysis to the 0.3 — 5 keV range,
where the excess signal is most significant (almost 30c; Table 6.4).
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Figure 6.16: The integration region for
Figure 6.17: A comparison between the raw

(red) and the background (black) spectra,
normalized to their exposure.

the spectrum (red circle). The data inside

black boxes or circles are rejected.
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Table 6.4: A summary of the data and background in representative energy bands.

Band Signal (cts) BGD (cts) ! Excess (cts) Ratio?

0.3-12keV 7464 + 86 5526 + 33 1938 + 92 1.35
0.3 - 5 keV 3186 £ 56 1243 + 16 1943 £ 58 2.56 Used for fitting
10-12keV 2324148 2288 + 21 36 £ 52 1.01  Dominated by NXB

t normalized by the exposure 1 Signal/BGD.
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Figure 6.18: The background subtracted ACIS spectrum of the west lobe of Pictor A. The
histograms in the left panel show the best-fit PL plus RS model. The right panel shows

the confidence contours of the absorption column density Ny and the spectral index o.

Table 6.5: The best-fit spectral parameters of the west lobe of Pictor A.

Hard Component Soft Component

Model NY  aorkT (keV) S} kT (keV) x*/d.o.f

PL + RS 7040, 0642 5611 0.76 132 65.6/57

8.0 19 0.72* 59 5 0.66 *513 65.8/58

Bremss + RS 3.6 123 9.5 13! - 0.80 *5:97 66.6/57
t in 10%cm~2, * fixed at the SR index.

1 evaluated at 1 keV in the unit of nJy.
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The left panel of Figure 6.18 shows the background subtracted ACIS spectrum of the
west lobe of Pictor A, obtained in this way. We fitted the spectrum with a PL plus RS
model modified by a common absorption, like in the case of 3C 452. As shown by the
histogram in Figure 6.18, the fit is almost acceptable, and yields the parameters shown
in Table 6.5. The temperature of the soft component, kT ~ 0.8 keV, becomes nearly
the same as those of 3C 452 and Fornax A (Tashiro et al. 2001). As shown in the
right panel of Figure 6.18, the derived column deusity is consistent with the Galactic
value, Ny = 4.2 x 102 em~2. Moreover, the spectral index turns out to be very hard,
o = 0.6413%%, and agrees with the SR radio index asg = 0.72, within a statistical error.

We also tried to fit the spectrum replacing the PL model with a Bremss model. Al-
though the fit is statistically acceptable with the parameter for the RS component un-
changed, the derived temperature for the Bremss component again becomes unusually
high, kT ~ 10 keV. Thus, we consider this situation unrealistic, as in the other lobes.

Based on the spatial association and the agreement in the spectral shapes with the
radio lobes, we conclude that the diffuse X-rays observed with ACIS from the lobes of
Pictor A are of the IC origin, like in the case of the other lobes. This is the second detection
of the lobe IC X-rays with the Chandra ACIS, subsequent to the lobes of 3C 452. In
Chapter 7, we estimate the physical parameters in the lobes, utilizing the multi frequency
spectra.

6.3.3 The X-ray spectrum of the nucleus

We also examine the X-ray activity of the nucleus of Pictor A. However, the sufficiently
high X-ray flux of the nucleus is thought to cause sever event pileups in the observation
of ID = 346. We, therefore, use the data obtained in the observation of ID = 443, which
was performed with a shorter frame time of 0.4 sec, employing a 1/8 subarray (i.e. a
narrow field of view). We accumulated the spectrum over a circular region with a radius
12 arcsec, centered on the nucleus, and the background within a concentric annulus with
an inner and outer radii of 14 and 24 arcsec, respectively.

Figure 6.19 shows the background subtracted ACIS spectrum of the nucleus of Pictor
A. The spectrum is quite featureless and well reproduced by a PL model modified by an
absorption, as shown by the histograms in Figure 6.19. The derived parameters are shown
in Table 6.6. The best-fit index,  ~ 0.8, is slightly harder than a ~ 0.8, obtained from
the ASCA observation performed in 1996, and the obtained absorption-corrected 2 — 10
keV luminosity becomes Lx ~ 1 x 10 erg s~', which is almost one third that measured
with the ASCA (Eracleous and Halpern 1998; Sambruna et al. 1999).
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Figure 6.19: (left) The background subtracted ACIS spectrum of the nucleus of Pictor A.
The histogram shows the best-fit PL model. (right) The confidence contours of the ab-
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Table 6.6: The best-fit spectral parameters of the nucleus of Pictor A.

NH 1 [0 Fx } Lx * xz/d.o.f
PL 7.9+12 060t 5334 1009 110.3/114

tin 10%%cm—2.

t absorption corrected 2 — 10 keV flux in 1072 erg cm™? 5

* absorption corrected 2 - 10 keV luminosity in 10* erg s™*.
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6.4 Hot Spots

Radio hot spots of radio galaxies are thought to be a shock front at the jet terminal. In
order to understand the jet phenomena, we think that it is important to examine the
energetics in the hot spots. Here, we analyze the X-ray spectra of four bright radio hot
spots detected with the ACIS.

6.4.1 The west hot spot of Pictor A

We have extracted the ACIS spectra of the west hot spot of Pictor A, within circular
regions of a radius 6 arcsec centered on the hot spot. We accumulated the background
spectra over a concentric annulus with an inner and outer radii of 7.5 arcsec and 12 arcsec,
respectively.

Figure 6.20 shows the background subtracted ACIS spectrum of the west hot spot.
The spectrum is rather featureless and well reproduced by a PL model or a Bremss model.
Table 6.7 summarizes the best-fit spectral parameters, which are consistent with those of
Wilson et al. (2001).

The derived temperature for the Bremss model becomes a moderately high, kT ~ 3
keV. Then, we think that a non-thermal process is more favorable as the origin of the
X-rays from the hot spot. However, the obtained spectral index, o ~ 1, is slightly softer
than the SR radio index, asg = 0.74 (Meisenheimer et al. 1997).

() West Hot Spot of Plotor A

0.1
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Figure 6.20: The background subtracted ACIS spectrum of the west hot spot of Pictor
A. The histogram shows the best-fit PL model.

6.4.2 Cygnus A

We show the raw 0.3 - 7 keV ACIS image of Cygnus A in Figure 6.21. As already reported
by Wilson et al. (2000), the nucleus of Cygnus A and two bright radio Lot spots, usually
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called A and D, are clearly detected in this image, together with a diffuse cluster emission
surrounding them. The X-ray position of the nucleus coincides with that of the optical
galaxy, and the X-ray positions of the two hot spots are both coincident with those of the
radio counterparts, within the angular resolution of the ACIS.

We have extracted the ACIS spectra of the hot spots A and D, within circular regions
of a radius 2.5 arcsec centered on them, and background spectra over concentric annuli
with an inner and outer radii of 3 arcsec and 5 arcsec, respectively. Figure 6.22 shows the
background subtracted ACIS spectra of these two hot spots.

The derived spectra are quite featureless. We have successfully described them, with a
single PL model or a Bremss model. The best-fit spectral parameters are shown in Table
6.7. These parameters are almost consistent with the results of Wilson et al. (2000).

The obtained absorption column densities for individual hot spots are consistent with
the Galactic value, Ny = 3.6 x 10?' cm~2, in both models. The best-fit temperatures of
the Bremss model become kT 2 5 keV for hot spot A and kT 2 3 keV for the hot spot D.
We consider these high temperatures unrealistic. On the other hand, the derived spectral
indices, o ~ 0.7 and ~ 0.8 for hot spots A and D, respectively, almost agree with the SR
indices asp = 0.87 and 0.80 for hot spots A and D, respectively. We therefore ascribe the

X-rays from these two hot spots to be IC origin, as already concluded by Wilson et al. -

(2000).
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Figure 6.21: The 0.3 - 7 keV raw ACIS image of Cygnus A, binned by 2 x 2 ACIS pixels.
Only the data obtained in the observation of ID = 360 are displayed.
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Figure 6.22: The background subtracted ACIS spectra of the hot spots A (left) and D

(right). The histograms in both paunels show the best-fit PL model to the individual
spectra.

6.4.3 3C 123

We show the raw 0.3 ~ 7 keV ACIS image of 3C 123 in Figure 6.23. As already reported
by Hardcastle et al. (2001), the nucleus and the east radio bright hot spot are clearly
detected, together with a diffuse cluster emission surrounding them, while the west one
which is faint in radio is also faint in X-rays. The X-ray position of the nucleus coincides
with that of the optical galaxy, and the X-ray positions of the east hot spot with the radio
position, within the angular resolution of the ACIS.

(c) Eost Hot Spot of 3C 123

%Tg- ‘l"*"f""]qLT.’. + «
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ot a)m:‘i;"";'.‘a“ﬁ%w - Figure 6.24: The background subtracted

ACIS spectrum of the east hot spot of
Figure 6.23: The 0.3 - 7 keV raw ACIS 3C 123. The histogram shows the best-fit
image of 3C 123. PL model.
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We have extracted the ACIS spectrum of the east hot spot of 3C 123, in the same way
as for the two hot spots of Cygnus A. Figure 6.24 shows the background subtracted ACIS
spectrum of the hot spot. We have reproduced the spectrum with a single PL model
or a Bremss model. The spectrum is rather hard and the obtained temperature for the
Bremss model becomes unrealistically high, kT >> 10 keV. On the other hand, as show
in Table 6.7, the best-fit spectral index, a = —0.6 ~ 0.8, is consistent with the SR index
asp ~ 0.76, though with large errors. We therefore think that the X-rays from the hot
spot of 3C 123 arise via the IC scattering by the SR electrons in the hot spot as already

concluded by Hardcastle et al. (2001).

Table 6.7: A summary of the spectral parameters of the hot spots.

Hot Spot Model N} cor kT (keV) Sk x*/do.f
Pictor A West PL 7.2+14 1.04%%3,  90+6 86.6/102
Bremss  2.5%33 3.4 - 96.9/102

Cygnus A A PL 2512 0.66+32 18] 25.0/26
Bremss  1.9%}) 8.6115, - 925.06/26

D PL 3.6+09 0.7710% 332 39.1/39

Bremss 2.9+06 6.5%3% - 39.4/39

3C123  East PL 18 (<7.1) 038 2.5:3%  10.8/12

tin 10% cm™2. 1 evaluated at 1 keV in nJy.
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Chapter 7

Discussion

7.1 Energetics in Radio Lobes

7.1.1 Multi frequency spectra

Through the analyses presented in Chapter 5 and Chapter 6, using the ASCA GIS and
the Chandra ACIS, we have detected the diffuse faint X-ray sources associated with the
lobes of four radio galaxies, NGC 612, 4C 73.08, 3C 452, and Pictor A. The spectrum of

the diffuse X-ray emission from each radio lobe is well described by a hard PL model, and

the derived spectral index is consistent with the SR radio index, asp. The latter property
is visualized in Figure 7.1, which gives the multi-frequency spectra of these radio lobes.
Because of this agreement in the spectral shapes with the SR spectrum, and their spatial
association to the radio lobes, we conclude that these diffuse X-rays arise via the IC
scattering of some seed photons by the SR electrons in radio lobes. Table 7.1 summarizes
the spectral parameters of the IC X-ray emission, which are measured from our analysis,
and those of the SR radio emission. The X-ray flux density of the west lobe of 4C 73.08 is
evaluated from that of its east lobe, using the surface brightness profile in the soft energy
band, shown in Figure 5.8, although we have not performed a detailed spectral fitting to
the X-ray spectrum of this lobe.

In the following, we calculate the energy densities of the electrons and the magnetic
fields in these radio lobes, u, and u,,, respectively, by comparing the SR radio flux den-
sities, Sgr, and those IC X-rays, Sic.

7.1.2 Candidates for seed photons

As already mentioned in §2.3.3, several different radiation sources can provide the seed

photons for the IC scattering in radio lobes; these include the CMB, the IR radiation
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Figure 7.1: The spectral energy distributions of radio lobes. (a) NGC 612. The radio
data are taken from Ekers et al. (1978). (b) 4C 73.08. The radio data are from Mayer
(1979), Kuhr et al. (1979), and Saripalli et al. (1996). (c) 3C 452. The radio data are
from Laing and Peacock (1980), Kuhr et al. (1979), and Jéigers (1987). (d) Pictor A. The
radio data are from Perley et al. (1997). As the IC X-ray spectra of the lobes of 3C 452
and Pictor A, only their PL components are shown.
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Table 7.1: A summary of spectral parameters of the SR radio emission and the IC X-rays
from individual lobes.

SR Radio IC X-ray
Lobe asgr Ssat orc Sict

NGC 612 Both | 0.6+0.08 109+11 | 1.0£05 37%}3

4C 73.08 East 0.85  0.81+008]| 06533 5471

West | 0.85  1.66=0.08 - 31 1%+
3C452 Both| 0.78 10.9 0.68+0.28 4113
Pictor A West | 0.72 32.9 0.64 1028 5611}

East 0.79 27.9 - -

1 flux density at 1.4 GHz in the unit of Jy.
t flux density at 1 keV in the unit of nly.
« scaled value from the X-ray flux density of its east lobe.

from their nucleus, and the SR photons in the radio lobes themselves. We here evaluate
their energy densities, in order to identify the dominant seed photon population in the
radio lobes.

We calculate the energy densities of the CMB, ucwms, using equation (2.34). The energy
density of the IR photons is written as uir = Lir /41rcr2, where Ly is the IR luminosity
of the nucleus, and r is the distance from the nucleus. We assume Lig ~ 10Lx, where Lx
is the observed 2 — 10 keV X-ray luminosity, considering the typical spectrum of quasars
(Sanders et al. 1994), and average ujg Over the whole radio lobes. We estimate the energy
densities of the SR photons, usg, by averaging the observed SR flux over the radio lobes.
Table 7.2 summarizes the energy densities of these possible seed photons, thus obtained.
Clearly, ucup dominates urp and usp by more than an order of magnitude, at least in

these lobes.

If wr dominated ucmp and usw, the IC X-rays would become brighter toward the
nucleus, and moreover, the far-side lobe should appear brighter than the near-side one, as
reviewed in §2.3.3. Alternatively, if SR photons dominantly provided seed photons, the
X-ray surface brightness profile would become similar to those of the SR radio profile.
In disagreement with these expectations, the observed IC X-ray are relatively uniformly
distributed over the whole lobes in each radio galaxy. We hence conclude that the dom-
inant seed photons are provided by the CMB, of which the spatial distribution is highly

uniform all over the universe.
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Table 7.2: A comparison of energy densities of possible seed photon sources in radio lobes.

Lobes ucMmB * ug | usr !
NGC 612 Both 4.6x10"13 ~3x107'% ~5x107'®
4C 7308 East 51x10718 ~1x107"% ~1x107"7

West 5.1x1073 ~4x1071% ~2x 107"
3C 452 Both 56x 10713 ~3x107% ~6x107"7
Pictor A West 4.7x10™8 ~7x107% ~5x 107"

all values are shown in the unit of erg cm™3.

* calculated from equation (2.34).

t averaged over the individual lobes, assuming L ~ 10Lx for the nucleus.

1 evaluated from the observed SR spectrum, averaged over the individual lobes.

7.1.3 Energy densities of electrons and magnetic fields

Now that we have confirmed that the CMB dominates the seed photons, we next calculate
the physical parameters in the radio lobes. We simply assume that the electron spectrum
in each lobe is a single power law and that its spectral index is p = 2asg + 1, because the
errors in asg are typically smaller than those in the IC X-ray index, ac. We also assume
that the upper and lower limits of the electron Lorentz factor are v = 10% and 7y, = 105,
respectively. We choose this range in order to cover almost all of the observable SR and
IC frequencies; 7; corresponds to that of the electrons from which the IC X-ray photons
of 1 keV are produced [see equation (2.36)], and 7, corresponds to the electrons which
radiate the SR photons of 10 ~ 50 GHz, assuming B, in the radio lobes [see equation
(2.4)]. Then, we can directly measure B, and hence u,,, using equation (2.39).

As is apparent from equation (2.40), we have to precisely estimate their volumes, V, in
order to calculate u. in these lobes. We here assume that the SR radio and the IC X-ray
emission arise from the same spatial region, which we in turn identify with those regions
where the radio surface brightness is higher than the noise level. This is bécause the
angular resolutions of the VLA radio images are typically better than those of X-ray ons.
We further assume that three dimensional shapes of the lobes are symmetric about the
radio axis of the lobes. This is schematically explained in Figure 7.2. These assumption
allow us to calculate V', with a typical accuracy of ~ 50%.

By substituting Ssg, Sic and osr listed in Table 7.1 and V estimated as shown in
Figure 7.2 for equations (2.39) and (2.40), we obtain the physical parameters averaged
over the individual radio lobes. These parameters are summarized in Table 7.3, together
with the assumed V. We typically find u, = 1071 ~ 10~ "% erg em~3 and wy, = 5x 10718 ~
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Figure 7.2: Schematic drawings which show how to estimate the volume of the lobes.

5 x 107" erg cm™?; the latter corresponds to B = 0.3 ~ 3 uG.

Figure 7.3 shows the relation between u, and u,,. This figure suggests two important
implications. One is that the equipartition between u, and u, is no more achieved in
these lobes, and that u. tends to dominate u,, by nearly an order of magnitude. The
other is that u,, tends to be smaller than ucyg. This means that in the lobes relativistic
electrons are mainly ”cooled” by the IC energy losses.

While u, can be subject to the systematic errors in the estimation V, the total electron
energy, is free from this uncertainty, because it is the quality that can be deduced directly
from the spatially-integrated IC flux. Accordingly, let us compare the spatially-integrated
total energies in the particles and fields, u,l and u.V’, respectively. For 4C 73.08, we
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Figure 7.3: The relation between u, and u,, in each lobe. The data for the lobes of Fornax
A and Centaurus B are from Tashiro et al. (2001) and Tashiro et al. (1998), respectively.
Two green dashed lines show ucumg, neglecting the redshift dependence.

add energies in the east and west lobes. For Fornax A and Pictor A, our measurements
of ue and up, have been limited to their single lobes. We found no apparent difference in
ue and um between a pair of lobes of the other targets, excluding 4C 73.08. We therefore
evaluate the total energies in the lobes of Fornax A and Pictor A, by multiplying the
energy densities in their single lobes by their total volume. Table 7.4 summarizes the
obtained total electron and magnetic field energies in the lobes.

Figure 7.4 shows the relation between u,V and u,,V. We thus find that ueV is scattered
in a relatively wide range of 10% ~ 10% erg, while u,,V is distributed in a rather narrow
range around ~ 10% erg, although u,,V now become subject to the volume uncertainty.
Moreover, we reconfirm the particle dominance in these lobes. '
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7.1.4 Uncertainties in the calculation

In the previous section, we have calculated u, and uy,, and found the electron dominance
(te/um ~ 10) in the lobes. However, the calculation is based on a few simplifying as-
sumptions, which are not necessarily warranted. Here, we examine the validity of these
assumptions and discuss what happens if they do not hold. '

Electron spectrum

We have assumed that the electron power-law spectrum is valid in the range between
v = 10% and 1 = 10°. Because v, = 10% corresponds to the electrons which emit the
IC X-ray photons of 1 keV, a larger value for -, is unpreferable. The possibility of a
sufficiently smaller value for +; is not yet rejected, since the SR and IC emissions from
such electrons are both difficult to observe. If we assume 7, = 500, u, becomes larger
typically by ~ 50%. On the other hand, even if we substitute 10° for o, u, increase
by only ~ 5%, and our results remain basically unchanged. As is easily recognized from
equation (2.39), u,, is independent of both v, and .. In this way, if we adopt different
values of y; and 7,, the particle dominance in the lobes becomes even stronger.

Volume

When we calculated u, using equation (2.40), we have estimated V from the radio images,
as shown in Figure 7.2. Since u. is inversely proportional to V, while u,, is independent
of V, an under estimation on V would cause an over estimation on the u./un ratio by
some factor. However, we think that the typical uncertainty in our estimation of V is at
most ~ 50 %, which is too small to affect our conclusion on the particle dominance.

Isotropy

We have assumed that the magnetic field is randomly oriented and the electron velocity
distribution is isotropic all over the lobes. If the orientation of the magnetic fields was
systematically aligned with our line of sight, the SR emission would be radiated predomi-
nantly away from us, thus causing an underestimation of u,,. However, we think that this
is unrealistic, because the lobe is thought to be basically symmetric about the jet axis,
which is roughly parallel to the sly plane in our targets. Moreover, as shown in Figure
7.5 which visualizes the polarization structures of the SR radio emission in the lobes of
Pictor A and 3C 452, the magnetic field takes random orientation, or tends to be aligned
with the lobe periphery. The latter case is likely to cause an over estimation, rather than

under estimation, on u,,.
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Even if the magnetic fields are randomly oriented, the pitch angle, ¢, between the
magnetic field and the electron velocity could have an anisotropic distribution, because
the SR power is proportional to sin® ¢ [see equation(2.5)], and hence the electrons moving
orthogonal to the magnetic fields will be cooled more rapidly than those moving parallel to
the fields. If the pitch angle was concentrated on ¢ < 20 °, we might have misinterpreted
an equiparitition actually achieved in the lobe as ue/u,, 2 10. However, electrons in the
lobes are cooled by both the SR and IC emission, and the cooling time by the SR plus IC
emission of the electrons moving orthogonal to the fields is by only a factor of 2 shorter
than that of electrons moving parallel to the fields. Therefore, we think that such an
unisotropic pitch-angle distribution is difficult to produce.
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Figure 7.5: The polarization structure of Pictor A at 4.9 GHz (Perley et al. 1997) and
3C 452 (Black et al. 1992) as representatives of our targets. The directions of lines show
those of the ohserved electric field vector, and their length are proportional to the degree
of polarization. The projected directions of the magnetic fields are normal to the lines.
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Uniformity

We also assumed that the electrons and magnetic fields are uniformly distributed there.
We presume that the electron distribution is actually relatively uniform over the lobe,
because of the relatively uniform IC X-ray brightness profiles (e.g. Figure 6.4). However,
magnetic fields can have significant local inhomogeneities, and may form stings and loops,
as is actually observed in the solar corona. Although the high resolution radio images give
some clue to this issue, a superposition of numerous loops would be difficult to resolve.
Here, we examine the effect of such local inhomogeneities in the magnetic fields in the
lobes, employing.

As shown in Figure 7.6, we simply model the lobe as consisting of two regions which
cannot be resolved with current telescopes; Region 1 and Region 2. In Region 1, the
electrons and the magnetic fields are assumed to be uniformly distributed with the energy
densities of ue; and um;, respectively. In Region2, the magnetic field is supposed to be
rather weak (um2 ~ 0) and the electron energy density to be ue. We let a volume filling
factor of Region 1 (i.e. the filling factor of the magnetic fields) tobe f (0 < f < 1).
The energy densities of electrons and magnetic fields in these two regions are related to
the observed volume-integrated IC and SR intensities, as

Ssr O Uel U1 [+ Uez Um2 (1 - f) = Ue Um (7-1)
Sic & ue f + Ue2 (1 - f) SUe - (72)
Here u, and u,, indicate the energy densities which we have so far derived from Sgg and

Sic, assuming homogeneous distributions of fields and particles. We further assume that

a pressure balance is achieved between these two region, as
Uey + Uy = Ue2 - (73)

As is easily recognized by multiplying equation (7.2) by V, the ”true” volume-integrated
electron energy in the lobe, (ueV )iue = uer fV + ue2 (1 = f)V, is equal to the observed
volume-integrated energy, u.V, independently of f. On the other hand, using equations
(7.2), (7.2), and (7.3), the "true” volume-integrated magnetic energy becomes

(umv)tme = Um fV

(teV irue

f_ \/f2_4f(1_f) (um/uu)
2f(1-f)

In Figure 7.7, we plot (¥ )irue/ (4mV )urve calculated from equation (7.4) as a function of

(7.4)

the filling factor f, employing two representative value of observed ue/uy,. Even if f was
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significantly smaller than 1, (ueV)irye/ (UmV )irve Would become smaller than ue/uy,, only
by ~ 50 %.

In practice, it is difficult to actually estimate the filling factor of magnetic field in the
lobes, f, from the data presented in this thesis. However, we have coufirmed that the
estimate on u,V and u,,V are affected by uncertainties in f, by no more than a factor
of two or so. Therefore, our important result presented in the previous section remains
basically unchanged regardless of f.

Lobe: V
Regionl fv
Uet Um1

Observation

Sc Ssr

Region2 (1-f) V
Uz Um2~0

Figure 7.6: A simple modeling of a magnetic field localization in the lobes.
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Figure 7.7: The ratio {ueV )irue/(¥mV )urue in the lobes as a function of the volume filling
factor, f, of magnetic fields. The two curves specify two representative values for the

observed electron-to-field energy density ratio, ue/um.
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7.2 Kinetic Power of the Jets

7.2.1 Relation between the lobe energetics and the activities of
the nuclei

The electrons and magnetic fields in the radio lobes are originally supplied by the jets from
the nucleus. As a result, the energetics in the lobes are thought to reflect the properties
of the jets. We here examine relations between the energetics in the lobes and the X-ray
activities of their nuclei.

Figure 7.8 shows u, and u,, in the radio lobes as a function of the 2 ~ 10 keV X-ray
luminosity, Lx, of their nucleus. Lx of NGC 612, 4C 73.08, 3C 452 and Pictor A are
based on our measurements, and that of Centautus B is taken from Tashiro et al. (1998).
Because the nucleus of Fornax A is thought to have become dormant (Iyomoyo et al.
1998), we calculate an upper limit on its luminosity, using the relation between the radio
luminosities of radio galaxies and their nuclear X-ray luminosities, reported by Sambruna
et al. (1999). Neither u, nor up, exhibits clear correlation with Lx.

We next plot u.V and u,,V against Lx in Figure 7.9. Apparently, the electron energy

in the lobes increases nearly in proportion to Lx, while the magnetic field energy stays

relatively constant.

7.2.2 Kinetic power of the jets

As already mentioned in §7.1.3, the relativistic electrons in the lobes, from which we have
detected the CMB-boosted X-rays, are mainly cooled by the IC radiation. The electrons
in these lobes loose half of their individual energies in a characteristic time Tic [equation
(2.24)]. Therefore, in order to maintain the total electron energy in the lobes, their jets
have to continuously provide the lobes with their kinetic energies through jet terminal

shocks (i.e. hot spots) at a rate described as

1+x), (7.5)

where « is the energy which is provided to the protons by shock accelerations, normalized
to that provided to the electrons. The emission from protons is thought to be now
still unobservable in any wavelength, and hence, it is difficult to directly determine the
precise value of k. Because theoretical treatments on the shock acceleration for relativistic
particles do not draw any distinctions between relativistic electrons and protons, k¥ ~ 1

is usually assumed. However, & would be as large as ~ 2000 if protons and electrons
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Figure 7.8: The relation between u. (red) or u,, (blue) in the radio lobes and the X-
ray luminosities, Ly, of their nuclei. The green dashed line shows ucmp, neglecting the
redshift dependence.
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plotted as a functions of their nuclear X-ray luminosities.
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are shock accelerated to similar Lorents factors and « would become 0, if the jets were
composed mainly of electron and positron plasma.

In Table 7.5, we summarize the kinetic power of the jets calculated from equation 7.5.
We assume that the typical Lorectz factor of electrons is v = 10* as a logarithmic mean
between 10% and 10%, over which we have integrated the electron spectrum in order to
obtain u.. The jet is required to supply the kinetic power of Ly, = 10*2~* (1 + k) erg
s~! with the lobes, for sustaining the energy in these lobes.

Figure 7.10 shows Ly, as a function of the nuclear luminosity Lx. Thus, we observe
a very tight correlation, even a direct proportionality, between Ly;, and Lx; the ratio
Lyin/Lx stays in a narrow range of 1.2 ~ 5, even though the luminosities themselves
scatter by more than two orders of magnitude. This beautiful result has not been obtained
before our work, since we have for the first time succeeded in accurately estimating the
lobe energies based on the measurements of the IC emission. The result has three-fold

meanings.

o It gives a direct observational confirmation to the very natural belief that the AGN
jets are powered by mass accretion onto their central massive black holes.

o Any theoretical model should be able to explain that Ly, is several times Lx over

a wide luminosity range.

o The proportionality allows us to estimate the kinetic power of the jets in many radio

galaxies from their nuclear X-ray luminosities alone.

Table 7.5: Kinetic power of the jets, required to maintain the energies in the lobes.

Tic ! Lyin !
Fornax A 73  (1.3£0.3) x 10%2
Centausus B 7.2 (9.6 +3.9) x 102
NGC 612 6.7 19137 x10%

4C 73.08 60 81757 x10%
3C 452 55 (9.6+3.5) x 10%
Pictor A 6.6  4.5708 x 100

1 calculated for electrons of ¥ = 10% in 10'% s.
tin(1+«)ergs™.
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Figure 7.10: Kinetic powers of the jets, Ly, as a function of the X-ray luminosity of the

nucleus, Ly.

7.2.3 Comparison with the blazar jets

Through the analysis of the IC X-rays from the lobes of radio galaxies, we have estimated
the total kinetic power, Lyi,, which is continuously supplied to the lobes by the jets. We
think that it is very important to compare Ly, with the kinetic power which is actually
carried by the jets, L. Blazars provide one of the ideal laboratories for this purpose,
because their emission regions are thought to be located relatively near the base of the jets
(e.g. Kataoka 2000), which point almost into our line of sight. In the unified pictures of
AGNs, the difference between blazars and radio galaxies is thought to be caused basically
by their different viewing angles (see Figure 2.2). Recently, the IC X-rays and y-rays are
observed from a number of blazars, and comparisons between their IC spectra and SR.
ones allow us to evaluate their Lj, (e.g. Kubo 1997, Ghisellini et al. 1998). Therefore,
we liere compare Ly;, which we have estimated from the lobes with L;e, of blazars.

The electrons in the blazar jets have sufficient amount of kinetic energies in their
random motions, even when measured in the frame co-moving with the jets, and con-
sequently, strong SR and IC emissions are observed from them. The random energy is
thought to be almost entirely lost by the SR and IC losses in the jets, by the time when
they reach their terminal shocks, because the time scales of SR and IC losses are much

shorter than the traveling time of the jet. Therefore, only the bulk kinetic energy of the
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Table 7.6: Kinetic power of Jjets of representative blazars.

Blazar rt T Ly *
Mkn 421 1.2 1.0x10° 2.3x10%
Mkn 501 2.5 1.6x10° 1.5x10%

PKS 2155-304 1.2 1.6x10% 3.7x10%
AO 0235+164 4.0 1.6x10* 3.9x10%
S50716+714 4.0 3.1x10® 7.9x10%
PKS 0735 1.9 25x10* 1.3x10%
PKS 0208-512 9.0 2.5x10% 3.1x10™
PKS 0528+134 1.5 7.9x10* 2.9x10“

3C 273 22 79x104 5.7x10%
3C 279 34 1.6x10% 28x10M
4C 38.41 1.9 6.3x10* 3.3x10%
CTA 102 2.5 1.6x10* 1.5x10%
t in 10'® cm. tin em™3, *in (1+7) ergs™L.

parameters are from Kubo (1997)

Jet is thought to be supplied to the lobes. The kinetic power corresponding to the bulk
motion of a pair of the blazar jet is calculated as

L =2xnr? mc®ne ¢ % (1+19) , (7.6)
i

where 7 is a radius of the emission region of the blazar, . is the electron number density
in the jet, ' is a bulk Lorentz factor of the jet, and 7 is a parameter describing the
contribution from protons. For jets consisting of electron-proton plasma, 7 is Mp/m ~
2000, where m,, is the proton mass, while for electron-positron jets, 7 becomes 0.

Here, we evaluate Ljn, using the parameters of blazars taken from Kubo (1997). He
has analyzed the multi-frequency spectra of blazars, which are observed by ASCA, in the
SSC frame work, and has accurately determined the physical parameters in their jets. We
assume I' = 10, according to him. Table 7.6 summarizes Ljes of blazars, which we derived
from the parameters of Kubo (1997). We find L, = 102 ~ 10% (1 + 7)) erg s~!, on an
average.

If the jets were composed of electron-proton plasma (1 ~ 2000), what would happen 7
We here consider two extreme cases. If the bulk kinetic power of the jet was equally divided
to electrons and protons through the jet terminal shock (5 ~ 1 as usually assumed), the
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electrons would gain a kinetic power of 10% ~ 1047 erg s™'. When this energy input
into electrous were accumulated over Tic, the total electron energy in the lobes would
amount to 105 ~ 105 ergs, which exceed the observed electron energy, u.V, by more
than at least an order of magnitude. Therefore, such a case is thought to be unlikely.
Alternatively, if the electrons and protons were both accelerated to a similar Lorentz factor
at the jet terminal shock, x would become my/m ~ 2000 and Lje. would be consistent
with Ly;,. However, because the IC cooling time, Tig, is proportional to m3, the total
energy of invisible protons in the lobes would become ~ 2000* times higher than that of
the observed electrons, u,V. This seems quite unrealistic, because it would be impossible
to confine these protons by reasonable external pressures, and hence, the lobes would
not be constructed. In this way, we encounter severe difficulties if jets contain protous,
regardless of the value of .

If instead the jets contain almost no protons (n ~ 0 and k ~ 0), Ly, of radio galaxies
is inferred to be distributed over the nearly the same range, 102~ erg 57!, as Liey of
blazars. Therefore, all the information becomes self-consistent.

The above discussion on energetics suggests that AGN jets are composed of electron-
positron plasma, rather than electron-proton one, if the lobes are common features of
radio galaxies, blazars, and besides AGNs which have the jets.

7.2.4 Electron dominance in the lobes

The relation between the nuclear X-ray luminosity, Lx and the total energies of the
electrons and the magnetic fields in the lobes, shown in Figure 7.9, implies that the
particle dominance in the lobes becomes stronger, as the nucleus is more active. F igure
7.11 shows the ratio u, /iy, which quantifies particle dominance in the lobes, as a function
of the X-ray luminosity of the nucleus, Lx. Clearly, U/t increases as ~ Ly.

This interesting correlation between Ue/U, and Ly is a simple result from two under-
lying fact carried by Figure 7.9. One is that ucV is nearly proportional to Ly, which can
be identified with the proportionality between Ly and Ly, (Figure 7.10), because Tic is
relatively constant in equation (7.5). The other is that the total magnetic energy, u,V,
is quite constant at ~ 10% ergs, without depending on Ly.

Then, how u,,V is kept nearly independent of Ly 7 We naturally think that the
magnetic flux supplied by the jet per unit time is proportional to Lx. If we assume
that the magnetic flux is dissipated in a characteristic time scale of Ty by, e.g., magnetic
reconnection, the total magnetic flux in the lobe becomes proportional to LxTg. Then,
an "effective” magnetic field and its energy in the lobe becomes By o« LTV —% 3, and

(umV)er o LxTgV ~!/3, respectively. Because the magnetic energies in the lobes is almost
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independent of their nuclear activities as shown in Figure 7.9, Ty has to proportionate to
VI/SLLY. Figure 7.9 suggests that u,V is also proportional to Lx, and hence, Ty has to
written as o =36y,

The inverse proportionality of T on u, can be explained if magnetic reconnection is
induced by motions of electors in the lobes. However, its dependence on V is difficult to

explain.
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Figure 7.11: The ratio u,/u, as a function of the X-ray luminosity of the nucleus.

7.3 Spatial Distributions of Electrons and Magnetic
Fields

Because the spatial distribution of the CMB is highly uniform, we can directly evaluate
the spatial distribution of electrons in the lobes, by examining the surface brightness
profiles of the IC X-rays. We can also measure the magnetic field distribution in the lobes
from the ratio of the SR radio brightness to the IC X-ray brightness. In the following,
we study the spatial distributions of electrons and magnetic field in the lobes of 3C 452,
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Figure 7.12: A simple modeling of a homogeneous distribution of electrons in an ellipsoid,

and the corresponding IC X-ray profile projected onto the major axis.

using the linear brightness profiles shown in Figure 6.4, because the quality of the IC
X-ray data from its lobes are the best among our sample.

The spatial distribution of the IC X-rays in the lobes of 3C452 appear relatively uni-
form (Figure 6.2), which implies that the electrons are rather homogeneously distributed
there. Then, we qualitatively examine this possibility, using the observed X-ray profile
in Figure 6.4. Considering the X-ray morphology of the lobes, we simply approximate
the three-dimensional shape of the whole lobes by au ellipsoid centered on its nucleus,
with the length of major and minor axes of a and b, respectively. Assuming that the elec-
trons uniformly fill the ellipsoid, the X-ray profile projected on the major axis becomes
f(z) = Ax (a®—2?), where z is a projected distance from the nucleus (i.e., the horizontal
axis in Figure 6.4), and A is a parameter proportional to the product between b and the
electron number density. This is schematically explained in Figure 7.12.

We fitted f(x) to the observed X-ray profile of the lobes of 3C 452, with A and a left
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ACIS 0.3 = 7 keV

180p=- .- L EEERR TR A R :.* ...... FEERR R R —

m_ ........ Wh

S TP TEP PR &
Angle from the Nucleus [arcmin]

Counts

Figure 7.13: The IC X-ray brightness profile of the lobes of 3C 452 in 0.3 - 7 keV,

projected on the major axis. The data are the same as Figure 6.4. The histograms

represent the model prediction. The blue arrows show the projected positions of the
X-ray point sources.
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Figure 7.14: A rough estimation of the magnetic field distribution in 3C 452 along its
radio axis. The blue arrows show the projected positions of the X-ray point sources.
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free. We rejected the data corresponding to the projected position of the nucleus and
those of contaminating point sources (blue arrows in Figure 7.13). Because of statistics,
we restricted the data from —2 arcmin to 2 arcmin. The fit is acceptable (x?/d.o.f. =
55.3/52). The X-ray profile predicted by the model is shown in Figure 7.13 by green
histograms. The length of major axis, a = 2.2 + 0.1 arcmin, becomes consistent with
that of the radio profile. Therefore, we think that our modeling using an ellipsoid is
appropriate.

We next estimated the magnetic field distribution along the major axis in 3C 452, by
dividing the projected profile of SR radio brightness by that of the IC X-ray brightness,
both of which are shown in Figure 6.4. We masked the projected position of the nucleus
and those of X-ray point sources. We also rejected the data outside the lobes (lz} 2 2.2
arcmin ). Figure 7.14 shows the magnetic field strength in 3C 452 as a function of
the projected angle from its nucleus along its major axis. Thus, the distribution of the
magnetic field is relatively symmetric about its nucleus. The results also indicate that the
magnetic field is B < 1 4G near the center of the lobes (i.e., around the nucleus), while
B increase outward, reaching ~ 3 ;G at a distance of ~ 2 arcmin (~ 160 kpc) from the
nucleus.

We show in the lower panel of Figure 7.14 the distribution of the ratio u/uy in
the lobes of 3C 452, which is roughly estimated from the electron and magnetic field
distributions. Near the center of its lobes, u, highly dominate u,, by nearly two order of
magnitude, while ue/u,, decreases toward the lobe edges, and becomes 2 ~ 5 at a distance
of ~ 2 arcmin from its nucleus.

Similarly, a relatively uniform distribution of electrons and an increase of the magnetic
field toward the lobe periphery are reported in the west lobe of Fornax A (Tashiro et al.
2001), and in the lobes of Centaurus B (Tashiro et al. 1998), using the ASCA GIS. We
have confirmed these properties to hold also in the lobes of 3C 452, using the Chandra
ACIS with a higher spatial resolution.

7.4 Energetics in Radio Hot Spots

7.4.1 Multi frequency spectra

Using the Chandru ACIS, we have detected non-thermal X-ray sources associated with
bright radio hot spots in three radio galaxies, Cygnus A, 3C 123, and Pictor A. Their
X-ray spectra are well reproduced by a hard PL model. Because the measured X-ray
spectral indices of the hot spots A and D of Cygnus A, and the east one of 3C 123, are
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consistent with their SR radio indices, Ssr, we have concluded that the X-rays from these
hot spot are of IC origin. However, the X-ray spectral slope of the west hot spot of Pictor
A is sufficiently softer than agr. These properties are visualized in Figure 7.15, which
shows the multi-frequency spectra of these hot spots. Table 7.7 summarizes the spectral
parameters of the radio and X-ray emissions from these hot spots. The radio parameters
are determined through the PL fitting to the radio data over the 1 - 100 GHz range, as

are shown in Figure 7.15.

Table 7.7: A summary of radio and X-ray spectral parameters of individual hot spots.

Radio X-ray
Hot Spot asg ! Ssr! arc Sic*
Cygnus A A 0.88 110 | 0.66 ¥32 181
D 079 118 [077#3% 331
30123 East | 075 169 | 0038 257%33
Picotr A West | 0.74 55 |1.04 %33, 90£6

t evaluated over the 1 — 100 GHz range.
1 flux density at 1.4 GHz in the unit of Jy.
+ flux density at 1 keV in the unit of pJy.

7.4.2 Energy densities of electrons and magnetic fields

It is of no doubt that the seed photons for the IC scattering are dominated by the SR
photons themselves in the hot spots, because the hot spots are very bright SR sources
in spite of their compact volumes. That is, the X-ray emission from the hot spots arises
via the SSC process. With this in mind, we quantify their SR and SSC spectra and
determine their physical parameters, using the numerical code which is kindly provided
by Dr. Katacka (1999).

As already reviewed in §2.3.3, the estimation of physical properties of hot spots based
on their SR and SSC spectra are strongly dependent on their physical sizes. Therefore,
we evaluated the hot spot radii R using the high resolution VLA images from Calliri &
Barthel (1996) for the both hot spots of Cygnus A, from Hardcastle et al. (1997) and
Looney & Hardcastle (2000) for the east hot spot of 3C 123, and from Perley et al. (1997)
for the west hot spot of Pictor A. We assumed that the electron index in these hot spots

is p = 2asg + 1, because the errors in ¢ are too large. We evaluated the minimum and
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Figure 7.15: The spectral energy distribution of hot spots. (a) The hot spot A of Cygnus
A. (b) The hot spot D of Cygnus A. (c) The east hot spot of 3C 123. The red points
represent the data of the whole hot spot, and the blue ones represent the data of its
secondary component. (d) The west hot spot of Pictor A. The radio data for the two
hot spots of Cyguus A are from Carilli et al. (1991), Meisenheimer et al. (1997), and
Alexander, Brown & Scott (1984). Those for the east hot spot of 3C 123 are from Looney
& Hardcastle (2000), Okayasu et al. (1992), Riley & Pooley (1978), Readhead & Hewish
(1974), and Meisenheimer et al. (1997). Those for the west hot spot of Pictor A are
from Meisenheimer et al. (1997). The dashed and solid lines in panel (a), (b), and (c)
represent the model predictions for the SR and SSC compouents, respectively, calculated
by the numerical code of Kataoka et al. (1999).
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maximum Lorentz factors of electrons, v, and v, respectively, in order for the calculated
spectra to well cover the observed frequencies.

Among these hot spots, the east one of 3C 123 is resolved into double spatial structures
in the high resolution VLA images (Hardcastle et al. 1997 and Looney & Hardcastle
2000); a fainter and smaller component usually called ” primary” hot spot, and a brighter
and larger component called ”secondary” one. The X-ray position is rather coincident
with the secondary component, though the separation between the two components (> 1
arcsec) is near the ACIS angular resolution. The radio flux densities of the secondary
component, shown in blue, are about ~ 75% of the total ones over a sufficiently wide
frequency range (Looney and Harcastle 2000). Accordingly, we consider that the X-rays
are mainly emitted from the secondary hot spot, and adopt its radius for R.

The obtained physical parameters of the hot spots of Cygnus A and 3C 123 are sum-
marized in Table 7.8, together with R, v, and v, which we have adopted. The dashed
and solid lines in Figure 7.7 represent the predicted SR and SSC spectra, respectively.
If we adopt a radius larger by 10%, the derived magnetic field B and the electron en-
ergy density ue both decrease by 10% typically. The measured magnetic fields become

B = 100 ~ 300 uG, and wu, slightly dominates u,, in these hot spots. These values are .

consistent with the result of Wilson et al. (2000) for Cygnus A and Hardcastle et al.
(2001) for 3C 123, although they have not evaluated ue.

Because the X-ray spectral index of Pictor A is inconsistent with asg, its X-ray spec-
trum cannot be easily explained by the IC X-rays from the SR electrons themselves.
Moreover, if we try to explain simultaneously the observed SR radio spectra and the
X-ray flux density at 1 keV, the magnetic field would become B ~ 6 uG and u, would
dominates u,, by nearly 5 orders of magnitude. We consider this situation unrealistic.
Thus, the X-ray emission mechanism of this hot spot remains unclear, but further exam-
ination of the issue is beyond the scope of the present thesis.

Table 7.8: A summary of the physical parameters in hot spots

Adopted Derived Parameters
Hot Spot R Ye B? Up* ue" Ue/Um

Cygnis A A |15% 148° 350~10°|160+£30 107134 24138 12~44
D |15% 1.48*% 350~10° 15015 0.9+0.2 2837 21~48
3C123  East |[1.1! 3.28F 250~10°| 18078 137113 23732 04~104

tinarcsec tinkpc finuG  *in 10~° erg cm™3
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7.4.3 Comparison with the blazar jets

We examine the relation between the magnetic field of hot spots and that of blazar jets.
Table 7.9 summarizes typical parameters of the hot spots and blazars.

We assume that the magnetic flux is conserved along the jet; i.e., B rZ; is constant in
the jet, where rq is an "effective” radius of the jet. In order for this relation to hold all the
way along the jet, hot spots are inferred to have rer = 0.1 ~ 1 pc, by scaling the radius of
the blazar jet by B. Although the actually observed hot spot sizes, 1 ~ 3 kpc, are much
larger than the estimated rey, what we observe as a hot spot is a post-shock emission
region where the collimated flow of the jet partially randomized. We hence consider e
as the width of the jet terminal. This means that the jet is still highly collimated at its
terminal point.

We next examine the dependence of r.q on the distance, d, from the uucleus (i.e., the
base of the jet). Assuming a scaling of the form rey o d?, and using the typical values
of d and reg for the blazar jets and hot spots, we have obtained B ~ 0.3. These are
schematically shown in Figure 7.16.

Interestingly, a similar relation is suggested by Yamashita et al.(1994), to explain
a multi-frequency spectrum of the blazar H 0323+022. They observed the object with
ASCA in 1994 to complete a radio to X-ray spectrum. They also showed that the multi
frequency spectra showing a broken power-law like shape is well explained with a simple
inhomogeneous jet model proposed by Ghisellini et al. (1985) in the case of req = d'/3.

Table 7.9: Typical parameters in the hot spots and blazars.

Hot Spot Blazar *
B 100~300uG 01~1G
dt ~ 100 kpc 0.1 pc
e 01~1pc 1072 pe
rt 1~ 3 kpc -
= evaluated from Kubo (1997) and Kataoka (2000).
} the distance from the base of the jet.

t the radius of the emission region.

o the effective radius.
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Terminal Schock Hot Spot

Blazer

r-001pc
Nucleus P

\

d~ 100 kpe

Figure 7.16: A simple picture of the jet and the hot spot.
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Chapter 8

Conclusion

Through the detection of the IC X-rays from the lobes and hot spots of a number of radio

galaxies, we have arrived at the following conclusions.

Comparing the SR and IC flux densities, the energy densities of electrons and mag-
netic field in the lobes are precisely determined to be u, ~ 10713-10~12 erg cm =% and

Um ~ 10713-10""3 erg cin~3, respectively. It is found that an equiparitition between

ue and 1u,, is not achieved in these lobes; u, tends to dominate uy, nearly by an order
of magnitude. It is also found that u,, is typically smaller than ucmp, and hence,
the electrons in the lobes are inferred to loose their kinetic energies mainly through
th IC radiation.

Using the IC cooling timescale, the kinetic power of the jet, which is required to
maintain the total electron energy in the lobes, is estimated to be Ly, = 102744 erg
s~!. A clear correlation was found between Ly, and the nuclear X-ray luminosity.
This gives an observational confirmation to the belief that the AGN jet is powered
by mass accretion onto the central black holes. A detailed comparison of Ly, with
the bulk kinetic power which is observed from blazar jets implies that the jet is

mainly composed of electron-positron plasmas.

The particle dominance in the lobes becomes more prominent, particularly when

their nuclei become more active.

Using the SR radio and IC X-ray brightness distributions, the spatial distributions
of electrons and magnetic fields in the lobes of 3C 452 are examined. The electrons
are rather uniformly distributed there, while the magnetic fields are strengthened

toward the lobe periphery.

136
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o The magnetic field in radio hot spots are derived to be B = 100 — 300 pG, using

their SR and IC spectra together with the SSC model prediction. Is is found that
u, slightly dominates u,, there. Comparison between the typical parameters of hot
spots and those of the blazar jets imply that the width of the jet r depends on the

distance, d, from the nucleus as r oc d%3.
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abstract

Clusters and groups of galaxics are one of the most encrgetic objects in the universe.
We analyzed the ASCA data of near-by 18 groups of galaxics, 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 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 HCG 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 ~ 2 or a thermal emission with temiperature > 5.7 keV. The 2 10 keV luminosity
of the hard component is derived as 4.2 x 10%'h7? erg s™', which is ~ 20% of the IGM
luminosity in the 0.5-10 keV 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 10*'h72 erg s~', 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 ~ 3% 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 emis-
sion host a few bright galaxies in their central regions, while those without hard emission
predominantly host a single dominant galaxy. Using all thesc 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 galaxics, 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 from the
systematical analyses of other 17 groups. With thesc 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 are well fitted by a power-law with photon
index ~ 2 or a thermal emission with temperature > 5.7 keV. The 2-10 keV luminosity
of the hard component is derived as 4.2 x 10 h;? erg s™!, which is ~ 20% of the IGM
luminosity in the 0.5-10 keV 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 10*'h72 erg s=}, 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 emis-
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 10* erg, and arc 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 al. 1999, Rephaeli et al. 1999).
The emission is observed as a hard excess above the thermal ICM emission, appearing in
energies above ~ 30 keV. 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 ~ 10% 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 ~ 10! cm, so that the high energy particles
cannot escape from the region for a long time, and it has a relatively low density (~ 10~"!
erg cm™%), so that the cnergy 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 keV, 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 al. 1999, Rephacli et al. 1999), the Abell 2256 cluster
(Fusco-Femiano et al. 2000) and the Abell 2199 cluster (Kaastra et al. 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 102 crg. On the
other hand, the temperature of the hot plasma in a group is fairly low, typically ~ 1 keV.
Thus, if a group hosts a non-thermal emission, it may be visible as a hard tail above ~ 4
keV. 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 keV, and provides a high sensitivity and a good imaging capability that is
currently unavailable above 10 keV. 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 al. 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 Hy = 75hss k—“-LE,— All

m s
the errors are listed in 90 % confidence level, unless otherwise noted.
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Chapter 2

REVIEW

2.1 Clusters and Groups of Galaxies

2.1.1 What are clusters and groups of galaxies ?

Clusters of galaxies have a scale of L ~ 1 Mpc (3 x 10% cm), each consisting of 50~1000
member galaxies (Fig.2.1a). A galaxy itself has a scale of ~ 30 kpc and contains ~ 10'0-1!
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 al.
1989). These clusters are 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 al. 1975) and AWM catalog
(Albert et al. 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 of the best
studied catalog of groups of galaxies. 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 Ramella and his colleges
(RGH; 1995a,b), are also known. Groups are also named after its central brightest galaxy,

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 scveral galaxies within a limited radius (sce,
e.g. Hickson 1982), and called “loose” when there are not.

2.1.2 Optical observations

The spatial distribution of galaxies in a cluster is empirically known to follow so called
King model (King 1962),

N(R) = No [1+ (B/Reoe)?] . 21)
Here, Reore is the core radius of the cluster which is typically ~ 250 kpc, and Nj is the
central galaxy number density. Throughout this thesis, we denote the three dimensional
radius R, and the projected radius 7. 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 3> Re.or (see also § 2.2.1).

By measuring the redshifts of the member galaxics, we can derive the line-of-sight
velocity dispersion, o, 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~! up to 1300
km s~!. Combining o, with the system size L, we can estimate the total gravitating mass
of the cluster M, as

Mgy ~ 3agé , (2:2)
where G is the gravitational constant. For example, the Coma cluster, a rich cluster with a
velocity dispersion of ~ 1000 km s, is shown by this method to have Mo, ~ 1x 10'5M
within 1 Mpc (e.g. Geller et al. 1999). Here, Mg = 2 x 10% 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 M,,,. The total kinetic energy of a
cluster thus derived becomes $ Mo X 02 ~ 10% 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 ~! to 400 km ~!.
They have Mo, ~ several times 10'® M, within ~ 250 kpc (e.g., Mulchaey et al. 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 ~ 10%1-62 erg,

so that the groups are still among the most energetic objects in the universe.
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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

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 Ly ~ 10445 erg
s~!. 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 al. 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 ~ 10 keV (Serlemitsos et al. 1977). These results 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.,
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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 al. 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 keV. The imaging instruments onboard the two satellites, however,
are limited in the soft energy band, 0.2-4.5 keV for the former and 0.1-2.4 keV 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 ~ 1 keV up to as high as ~ 30
keV, as well as moderate spectral resolution. From a number of clusters, they measured
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 ~ 6.7
keV.
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The ASCA satellite, launched in 1993, is the first obscrvatory to posses both the
moderate imaging capability and the high spectroscopic resolving power over a wide energy
band, ranging from 0.5 keV up to 10 keV. 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 al. 2000, Markevitch 1998).

2.2 X-ray Properties of Clusters and Groups of Galax-
ies

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 ICM hot gas -

The typical value of the density, temperature and extent of the cluster ICM (as well as
group IGM and elliptical galaxy ISM) are Ngas = 1074 =102 em™3, T = 107 — 10® K and
L = 0.3-3 Mpc, respectively, while the age of a cluster is thought to be comparable to the
Hubble time, ~ 10 yr. From these parameters, the mean free path of Coulomb collisions
between ions and electron is given as 23(-15?)’&0—‘",‘;?) kpe, which is much shorter
than the cluster extent. Similarly the sound crossing time across the cluster is given as
6.6 x 10%&)-”’(%) yr which is also much shorter than the cluster age. Therefore,
the ICM is thought to be under hydrostatic equilibrium, satisfying the equation

VP = —pumynge, Vo . (2.3)

Here Py, is the ICM pressure, ¢ is the gravitational potential, and 4 ~ 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 Py = ngeskT, where k is the Boltzmann

constant, equation 2.3 is re-written as

kT(R) dIn[T(R)ngu(R)] _ _dg(R)

o, iR =ik . (2.4)
Then, the total mass within a radius R is derived as
_ kT dinT  dinng,
Ma(R)=-20 5 (dlnR Ty ) (2:5)

Therefore, once the density distribution Tiges(R) and the temperature distribution T(R)
of the ICM are known through X-ray observations, we can derive the total mass M, (R)
of the system. Because we can also derive the ICM mass from ng,,(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 al. 1996).
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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 al 1996).

Mass proflles

As we havg 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 al. 2000; see also Fig.2.3). Thus,
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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

ou(RpdmAR) _ _do(R)

dR dR (26)

Here o, and p are the velosity dispersion and density of the particles, respectively. Com-
bining this equation with the Poisson cquation, V?¢ = 47Gp, King (1962) derived an
analytic approximate solution, as already shown in equation 2.1.

By comparing equations 2.4 and 2.6 we obtain ng, o g#, where £ is the specific energy

ratio between the gas and dark matter, given as

ﬂs”"‘ra3=o.726( J )‘( T )_I . (2.7)

kT 108%kms—! 108K

When the ICM is isothermal, its density profile in a King potential is given as
-4
aan(R) = o [1+ (R/Reor] ¥ . 2.8)

Thus, the parameter 3 also represents the steepness of the ICM distribution. This is
known as a f-model (Cavaliere and Fusco-Femiano 1976).

The X-ray emissivity is expressed by nzuA(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 linc-of-sight as

+00

Ss(r) = [ " ntAdl = Sy [1+ (t)zrM . 2.9)

Here, 7 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 S-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 (~ 10® 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

interstellar medium (ISM) of the ¢D galaxy (e.g., Ikebe 1996, Matsushita ct al. 1996,
Makishima et al. 2001). In groups of galaxies, the cxcess cmission coincident in position
with the central bright elliptical galaxy is common (e¢.g. Mulchacy and Zabludoff 1998),
which is also true of the X-ray brightest elliptical galaxics (e.g. Matsushita 1996).
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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 §-model, while the latter is fitted
by adding another S-model (2-8-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 107" erg s~! cm~? arcmin~2.

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

p(R) (2.10)

Po

~ (R/R)1+R/R,)? '
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 8-model profile. Thus, the S-model still works as a reasonable
description of a gas density profile.

10
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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 ~ 10%2-%3 erg, the merger process is important in the ICM heating and, possibly, particle
acceleration.

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 (frec-free emission). The emissivity is

given as
el (v) = 6.8 x 1078 2%, n, T~/ 2e~W/*Tg, [ergs~'em™Hz7!) (2.11)

where v is the frequency of the photons emitted, n, and n; 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 gss has a value of ~ 1, and weakly
dependent on v 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 keV, 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 lincs, such as those at 6.6-6.9 keV from Fe, and 1.8-2.0 keV 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 keV 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

1
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model spectra are 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.
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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 al. 1992, Liedahl et al. 1995; black
lines), at a temperature of (a) 1 keV and (b) 4 keV. 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.

The total volume emissivity of a plasma, including continuum and line emissions and
integrated over whole frequency, is expressed as

e=nZ AT,Z) [ergscm™¥ . (2.12)

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 teoot = NgaskT/ nZ“A(T, Z).

When we consider only the thermal bremsstrahlung continuum, it becomes

n T
teo = 8.5 x 10'0 (ﬁs) (W}?) b (2.13)

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 (Zo). In this

12
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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 keV. Both spectra include the

instrumental responses.
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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).
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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 Zg, which are typically ~ 0.3 Z; (e.g. Fukazawa 1997; Fig.2.7).

Table 2.1: Definitions of the solar abundances by number, eniployed in the present thesis

element number element number element number
H 1.00e+0 Na 2.14c-6 Ar 3.63c-6
He 9.77e-2 Mg 3.80e-5 Ca 2.29¢-6
C 3.63e-4 Al 2.95¢-6 Cr 4.84¢-7
N, 1.12e-4 Si 3.55e-5 Fe 4.68¢-5
(0] 8.51e-4 S 1.62¢-5 Co 8.60e-8
Ne 1.23e-4 Cl 1.88¢-7 Ni 1.78c-6

2.2.3 Correlations between the observed parameters

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.

kT — Lx relation

As exemplified by Fig.2.8, a clear correlation has been obscrved between the temperature

of the ICM and the X-ray luminosity (e.g., Mushotzky 1984; David et al 1993; Markevitch
1998; Fukazawa 1997). This can be expressed as

Lx = (kT)° , (2.14)

with @ ~ 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 parameter family,
which is called the X-ray fundamental plane of clusters. They showed that the kT — Ly
plane is slightly offset from the plane, which causes the scatter. From the kT — Ly
relation, Ly ~ 10*!42 erg s~! is expected for a galaxy group with k7 = 1 keV.

14




5148

10'? P
" »
r/.'OH s g L 4
= L] !
= sa® i
8 13 el L
010 o .'I |
= ™ a g
.

Sz " i

3V
o
—_
o

KT (keV)

Figure 2.8: kT — Ly relation of cluster of galaxics obtained with ASCA. The X-ray
luminosity is measured in 0.5-10 keV (Fukazawa 1996).

kT — o relation

Galaxies in a cluster can be treated as a collision-less particles. Therefore, the velosity
dispersion (o) 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 o, and the ICM temperature, so that the ratio

_ umyo}
Bapec Fow s (2.15)
becomes close to unity. As shown in Fig.2.9, this relation is observationally confirmed.
For a galaxy group with kT =1 keV, o, = 400 km s~ is predicted.

2.2.4 X-ray emission from discrete sources

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 of low-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.
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Figure 2.9: kT — o 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, pm,o?, = kT s
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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).
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An AGN is considered to be a huge black-hole with a mass of ~ 1088 My, sitting in
the center of some, if not all, galaxics. Matters falling into the black-hole emit significant
fraction of their gravitational energy in various wave-bands, from radio to y-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 ~ 10 erg s~!. Their spectra are rather hard, and can be generally
represented with a power law model with I' = 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.
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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 keV
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 keV 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.

The X-ray spectra of LMXB are known to be approximated by a ~ 10 keV thermal
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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 (~ 10%-% erg s~!), their integrated luminosity within a galaxy is as much as
~ 10%° erg s~. The latter luminosity is considered to be proportional to its optical lumi-
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 = 1073#2Lg, between
the optical B-band luminosity and the X-ray luminosity. Here, we converted the latter
value from the original 0.5-4.5 keV band to the 0.5-10 keV band, assuming a 10 keV
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 keV bremsstrahlung model, they confirmed a similar relation of Ly = 107381 Lp.
This can be converted to the 2-10 keV luminosity as,

Lx(2-10 keV) = 4.1 x 10**(Lp/10'°L,) [ergs™'] . (2.16)
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2.3 Theoretical Backgrounds of High Energy Elec-

trons in Diffuse Plasma

2.3.1 Power law population of high energy electrons

As we show in § 2.4 and 2.5, there are observational pieces of evidence for high energy
electrons in cclestial 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 cstimate 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 gencrated exhibit a power-law like energy distribution, in
the form of

N(y) = Ngy* . (2.17)

Here, 7 is the Lorents factor of the clectrons, so that their energy is ym.c?, N(y) is a
number of electrons within energy range of ¥ ~ v + dv, and u 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.

2.3.2 Synchrotron emission

The relativistic electrons interact with magnetic field and produces a synchrotron emis-
sion. When an electron with energy ym.c* moves across a magnetic field B, it emits a
synchrotron photon with a frequency of

B
Veyne = 4.2 (u_G) v? [He] . (2.18)
The energy loss function due to this emission is then
_dor -1
blync =3 Mec Us [S ] . (219)
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Here, or = 6.65 x 102 cm~? is the Thomson cross scction, m, = 9.1 x 10~ g is the
electron mass, ¢ = 3 x 10" cm s™! is the light specd, and Up = £ B? erg cm™ is the
energy density of the magnetic field (Sarazin 1999).
Assuming a power-law distribution of electrons given by equation 2.17, the spectrum
of the synchrotron emission becomes also a power-law, with cnergy index of @ = (u—1)/2.
It is represented as
dLgyne _ V3e!BN, I’(glfé'—")l‘(g%') ( 3eB )"
dv m.c? (u+1)

2.
27N e CVgync ! (2:20)

where e = 4.8 x 107'° is the electron charge in cgs (gauss) unit, and T is the gamma
function (Rybicki and Lightnman 1979).

2.3.3 Inverse Compton (IC) emission

The relativistic electrons also scatters off low energy photons via inverse-compton (Ic)
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 vm,c?
scatters off a photon with energy hvyeeq, the frequency of the resulting IC photon is given
as

Mo = 57 hess [H7] : (2.21)
for the energy region of hiic €« ymec®. Here, h is the Planck constant. The energy loss
function due to this emission is given as

b = g;—jcy’um S (2.22)
where Upeeq 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 Tomp = 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
a = (u—1)/2, the same as that of the synchrotron emission. The spectrum is represented

as

dLlic _ 3MGmr s (kKTcms \°
2 = e ) No(kTows) e ) (2.23)

37,2 18 )
where b(u) = e (‘E;r;‘;f(:‘ll‘;)(w;g)“q_’, and ( is the Riemann zeta function (Sarazin 1999).

From above equations, the total luminosity ratio of the synchrotron and IC emissions
is simply given as

Lic _ Ucms

Lsync UB

(2.24)
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Because the CMB encrgy density (Ucm) is known, we can obtain Ug, and hence the
cluster averaged magnetic field strength using only the observables.

2.3.4 Non-thermal bremsstrahlung emission

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 al. 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,

N(p) = Nop™ . (2.25)

Here, p = P/m,c is the normalized momentum and ¢ is the power-law index which
becomies the same as that used in equation 2.17 at the relativistic limit,

In the non-relativistic limit, the Bethe-Heitler bremsstrahlung cross section (Heitler
1954) is

6 2
do(p,e,Z) 327 ¢ _Z__ln(p‘+p!) , (2.26)

de " 73 miAhpie P~ ps
where p; and p; is the initial and final values of the normalized electron momentum, Z is
the atomic number of ions, and ¢ is the produced photon energy in erg.
From equation 2.26, the non-thermal bremsstrahlung emission from electrons with a

power-law momentum distribution (equation 2.25) is calculated as

dL, 327%% 8 re) | m,c\H/2?

e _ 7 ( e ) . .

2 3 m,c‘h[ul‘(‘%‘—)' x (L n:2%)No (2.27)
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 u ~ 4, and shows a short-fall of about a factor of 2

for 2 < p < 3. Thus, equation 2.27 provides a good approximation for the non-thermal
bremsstrahlung emission.

In the relativistic region, the energy loss function of an electron with energy ym,c?
due to the bremsstrahlung process is approximately given as (e.g. Blulenthal and Gould
1970)

boremss(7) ~ 1.51 x 10™®ny [In(y) +0.36] [s7'] , (2.28)

including the electron-ion and electron-electron bremsstrahlung (Sarazin 1999).
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2.3.5 Cooling times

High energy electrons lose their energies by interactions with ficlds 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. Rephacli 1979)

beoulomb(7) ~ 1.2 x 10~ '2p, [1.0 + %J [s7Y) , (2-29)

Combining equations 2.19, 2.22, 2.29 and 2.28, we obtain the cumulative energy loss
function as

b(Y) = baync + brc + beoutomb + boromas '] . (2.30)

In Fig.2.12 we plot the individual components of this equation. The cooling time is then

given as 7,q = 7v/b(v), which is also shown in the figure. Thus, the electrons with
7 = 100 ~ 300 have the longest life time of ~ 10° yr.
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Figure 2.12: The energy loss function in condition of (a) ne = 1x103 ecm ™2 and B = 14G,
and (b} n. = 0.1 x 1073 em™? and B = 0.1xG. Dotted lines indicate the cooling time of
10® yr and 10° yr, respectively.

2.4 Non-thermal Electrons in Clusters of Galaxies

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 observational
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cvidence for the high energy particles distributed in diffuse plasma, which is the “target”
of this thesis. We deal with clusters of galaxics in this scction, and other objects, such as
supernova remnants (SNR), in the next section.

2.4.1 Cluster radio halos

From the radio obscrvations, 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 ~ pG. 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.

Radio 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 cmission (e.g. Deiss et al. 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 = 1x 10-%
crg s™! em™2 Hz~'. 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 10*° erg s~! (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 keV), and a high X-ray luminosity (Lx > 5 x 10* erg s™'). 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 specfra, a large scale order on ~ 100 kpc, and low surface brightness. In addition,
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Table 2.2: Observed properties of cluster radio halos (Feretti and Giovannini 1996, Liang
1999).

cluster Size P} P® o
(kpc) (erg Hz™!) (ergs™')

Coma 550 3.2x10%® 6.1x10* 134

A2163 - 1.8 x 102 3 x 10"

A2218 250 7.9x10%® 9.0x10¥ 1.1

A2255 725 2.5x10%® 16x10" >15

A2256 700 1.2x10® 1.6x10% 1.9

A2319 660 5.1 x10%® 9.2x10" 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 P4 Py, o
(kpc) (erg Hz™') (ergs™')
0038 — 096 A85 200 51x10% 16x10" >1.5
0917 + 75 A786 780 2.0x10% 1.7x10* 134
1253 + 275 Coma 580 1.7x10% 20x10° 1.1
Coma Bridge Coma 970 4.9x10® 16x10% 15
1401 - 33 AS753 220 1.0x10%® 25x10? 14
2006 — 56 A3667 870 2.6 x 103 3.7x10" 1.2
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relics are sometimes highly polarized, up to ~ 30%. They arc 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).

(8) (b)
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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™! 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 (Rittgering et al.
1997). The width of the image corresponds to ~ 2.8hz' Mpc. X-ray contours are set at
2,8,18,32,50,72,98,128,162,200 and 242 times the background noise.

2.4.2 Hard X-ray emission

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 decreascs above its temperature, the IC emission would
be observed as a hard cxcess 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 so on, all yielding only upper limits.

Recently the BeppoSAX and RXTE satellites with their superior sensitivity in the
hard X-ray band above ~ 10 keV, have detected the excess hard emission from the Coma
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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.

s 1 o -f‘;w o be.
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 keV thermal emission and a power law with a photon index of ' = 1.57.

26




cSt

cluster (Fusco-Femiano ct al. 1999, Rephacli et al. 1999). The spectrum observed with
SAX is shown in Fig.2.15. It clearly requires an cxcess hard component, and fitted well
by a sum of a 8.5 keV thermal component and a power law with a photon index of
I' = 1.6 £ 0.9 (cnergy index a@ = I' — 1 = 0.6 + 0.9), which is consistent with the radio
observations (scc Table 2.2). When the latter component is replaced with a thermal
cmission, a temperature higher than 40 keV is required. The 20 80 keV luminosity of the
excess hard component is 5 x 10**A7Z erg s™!, which is ~ 10% of the 2 -10 keV 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 uG, by combining equations
2.20 and 2.23. This value, however, secrus to contradict with those derived from Faraday
rotation measurements in radio band, which suggest B = 1 ~ 10 uG (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 are 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 107 erg cm™3 and
~ 8 x 107'® erg cm™3, respectively; they arc small compared to the ICM energy density
of 2 x 107" (75 =) erg cm™* (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 keV. 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%345 and a power-law with T' = 1.3 ~ 2.7 (Fusco-Femiano et al. 2000). In the
A2199 cluster, however, the hard excess is not positively detected in the PDS energy band
(> 20 keV). Kaastra et al. (1999) carcfully 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 keV up to ~ 50 keV. They found soft and hard

27

excess from the cluster outer regions, which is interpreted as a power-law with I' ~ 1.8,

Together with the radio halo observations, these results are 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 Hard® Hard® ICM®
Flux Luminosity Luminosity
Coma 0.0232 838£034 (22+£0.2)x10" (2.4+0.2)x 10" 3.6 x 10"
A2256 0.0581 7.08+0.23 (1.2+0.2) x 10" (7.7+1.2) x 10" 3.4 x 10"
A2199 0.0303 4.10£008 (1.0%0.25) x 10! (1.8%0.4) x 10 1.3 x 10%

(1) ICM temperature in keV, from Fukazawa 1997.

(2) The 20-80 keV flux of the hard component in erg s~ ! cm ™ 2. For A2256, the error of 15% are derived
from the PDS count rate error (1 o) presented in Fusco-Femiano et al. (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/v/2. For A2199, the original paper presents the flux in 0.1- 100 keV range. This is
converted to 20-80 keV band by assuming a = 1.8.

(3) The 20-80 keV luminosity of the hard component in erg s™'. Distances of 92.0 h;y Mpc, 232.7 hyy'
Mpc and 120.8 h7; Mpc are assumed for Coma, A2256 and A2199, respectively.

(4) The 2-10 keV ICM luminosity in erg s~!.

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 al.
(1995) found that the edges of the remnant shell is dominated by a power-law X-ray
emission with o ~ 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 y-ray from the
north rim of the SNR, with the CANGAROO imaging air Cerenkov telescope (Tanimori et
al. 1998). The ~y-rays are attributed to be the IC scattering off the CMB photons. Because
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the IC photon cannot cxceed the incident clectron encrgy, this is the direct evidence that
the clectrons are accelerated to at least several times 10 TeV in the region.

The SN 1006 is thought to be a type-lIa 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 2.16: (a) X-ray image of SN 1006. (b) X-ray spectra, obtained from the rim region
and interia region.

2.5.2 Galactic ridge X-ray emission

HEAO-1 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
pe. Its total luminosity is estimated to be (1 ~2) x 10*® erg s~ 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 k7T ~ 0.8
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keV and a hard component with kT ~ 7 keV. 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-1, Yamasaki et al. (1997) found a hard tail, which cannot be explained by
kT ~ 7 keV hot component. The combined spectra seems to continue up to the v-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 SNRs (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 miorphology 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 2.93. The value becomes 2 ~
4pG. 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 ~ 3uG 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~"% erg em™ and
3.6 x107'3 erg cm~3, respectively. Their total energies are derived to be 4 x 10% erg and
6 x 10% erg, respectively, assuming a lobe volume of 1.3 x 107 cm?.
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Figure 2.17: X-ray image and spectra of GRXE. (a) The 2-6 keV band image from
EXOSAT (Warwik et al. 1985). (b) ASCA spectra obtained from galactic latitudes of

0°, 0.5°, 1.1° and 1.7° (Kaneda et al. 1997). (c) Ginga X-ray and other y-ray spectra
(Yamasaki et al. 1997).
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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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Chapter 3

THE ASCA SATELLITE

3.1 Spacecraft

The ASCA (Advanced Satellite for Cosmologies and Astrophysics; Tanaka et al. 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° 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 keV. The previous imaging missions such as Einstein and ROSAT were
limited to energies below ~ 3 and 2.4 keV, 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 threc-axis magnetic torquers. The absolute pointing

accuracy is typically 1, and we can reconstruct the resulting pointing position with a
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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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ASCA flies over KSC five times a day, cach lasting ~ 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 (~ 75 % scientific and ~
25 % housckeeping) are stored in the onboard data recorder with a 128 Mbits capacity.
The data acquisition rate is commandable at cither 32 (high bit-rate), 4 (medium bit-
rate) or 1 (low bit-rate) kbit/s. The stored data are transmitted to ground via down-link
telemetry at KSC, as well as the US NASA’s Deep Space Network stations. The data
amounts to ~ 1 Gbits a day.

3.2 X-Ray Telescope (XRT)

3.2.1 Design and structure

The X-ray telescope (XRT) onboard ASCA has for the first time enabled the cosmic X-
ray imaging up to 10 keV (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 ~ 1°
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 muitiple 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.
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The reftector shells are all made of 127 ym thick alminium foils. The foils are ~ 10 ym
lacquer-coated to improve the surface smoothness, and then ~ 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 mm. The foils are packed and manufactured in
four quadrants, and aligned by 13 alignment bars into 14 scctors. Four quadrants make
up the first mirror section of 100 mm 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 mm, a 1’ distance
in the sky corresponds to 1 mm distance on the focal plane.

Although the imaging resolution is moderate (~ 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 17, 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.

paraboloid hyperboloid

Figure 3.3: Walter type I optics.

3.2.2 Effective area and point spread function (PSF)

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 keV, 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.
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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).

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 (6) 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 (¢). In Fig.3.5b, we present the # — ¢ 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.
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Figure 3.5: (a) Effective area of the four X-ray telescopes on boresight position. (b) The

incident angle (f) 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-
thermore, the point spread function (PSF), i.e., the image of the point source is the
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Figure 3.6: (a) X-ray contour image of a point source observed with GIS2. The actual
images of Cyg X-1 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) Radial
profile of the PSF at 8 offset (position 3 in panel a).
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Table 3.1: Design paramecters and performance of the ASCA XRT.

Mirror substrate Aluminum foil (127 pm)

Mirror surface Acrylic lacquer (10 pm) + Au (50 nm)
Mirror length 100 mm

Number of foils per quadrant 120 foils

120 mm / 345 mm

Focal length 3500 mm

Incident angle 0.24° 0.7°

Total weight of four XRTs ~ 40 kg

Geometrical area

Inner / outer diameter

558 cm? / telescope

Field of view ~24' (FWHM at 1 keV) / ~ 16’ (FWHM at 7 keV)
Encrgy range <10 keV

Effective area of four XRTs  ~ 1300 cm? (1 keV) / ~ 600 cm? (7 keV)

Half power diameter ~ 3 arcmin

energy- and position-dependent. In Fig.3.6a, we plot the actual images of Cyg X-1, 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 of the 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-1 (Takahashi et al. 1995
ASCA News Letters No.3, 25).
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3.3 Gas Imaging Spectrometer (GIS)

The Gas Imaging Spectrometer (GIS) has been devcloped 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 al. 1996; Makishima et al. 1996). The GIS design is
mainly based on the GSPC experiment (Koyama et al. 1984) onboard Tenma (Tanaka et
al. 1984) which was operating for 1983-1984.

3.3.1 Design and structure

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 called 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.

Table 3.2: Design parameters and performance of the GIS

Energy Band 0.7-15 keV

Energy Resolution 8% at 5.9 keV (FWHM)
Effective Area 50 mm diameter
Entrance Window 10 pm beryllium

Absorption Material  Xe (96%) + He (4%), 10 mm depth, 1.2 atm at 0 °C
Positional Resolution 0.5 mm (FWHM)

Time Resolution ~ 61 psec (Minimum in PH Mode)
1.95 msec (Minimum in MPC Mode)
Weight 4.30 kg (GIS2), 4.16 kg (GIS3)

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 clectronics, 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
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plasma from entering into the gas cell section, an aluminized mylar film of 540 nm thick
with 37 nm of aluminum (plasma shicld) is placed inside.

Focal Gas PreAmps

Hood
Plane Cell IPMT Bleeder

Plasma

HV Supply /"' :

Figure 3.7: Cross section view of the GIS detector.

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 0°C. The gas volume is
divided by a mesh electrode made of molybdenum into two parts, the drift region in the
top 10 mm 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
%.

The entrance window is made of vacuum tight 10 pgm thick berylium foil, which has

a 10% transmission at 0.7 keV. The window support is made of a thin molybdenum grid
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Figure 3.8: Schematic view of the GIS sensor system.
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plated with copper, and a stainless steel mesh 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 mm and
runs at 5 mm pitch. The shadow of the grid onto the X-ray image is not a major problem
since the wall thickness is smaller than the point spread function (~ 3 mm) of the XRT.
The fine-supporting mesh has 1.2 mm pitch and 84% transmission with a wire thickness of
about 80 um. 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 (A ~ 170 nm). )

The IPMT is positioned beneath the exit window. We employ Hamamatsu Photonics
type R4268 IPMT, which is cquipped with a quartz window and 10-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 mm. From the anode signals, the onboard CPU calculates the
width (spread: SP) of the distribution together with the position (RAW X,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 mm 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 spectral resulving 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 RT discrimination (RTD). All the X-ray events
properly absorbed in the drift region should exhibit a RT of 3 usec, 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 RT. By controling
the levels of upper (RTUD) and lower discriminators (RTLD) for the rise time, we can
efficiently remove NXB by hard-wire clectronics. 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 of the thermal
shield transmission (thin solid line), 10.5 um 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 encrgy resolution (FWHM)
of the GIS.

applying a PH dependent RT mask on ground processing. 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 SP
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 SPD, 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. SPD 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) of the signal pulse hight, and upper (RTUD) and lower discriminators
(RTLD) for the rise time. In Fig.3.12, we plot a schematic of the 6 monitoring scalor
counts, L0,1,2 and HO,1,2, in the PH-RT space. These values are used to estimate the
residual non X-ray background (§ 3.3.4).

The raw GIS outputs for an event, PH, RT, and calculated position (RAW X,
RAWY), are subject to various non-ideal instrumental properties of the GIS. Therefore,
we convert them into linearlized quantities: PI, RTI, and (DETX, DETY), respec-
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Figure 3.10: Rise time discrimination. (a) An example of RAW X-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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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 3.12: Schematic view of the 6 monitor data in the PH vs RT plane.
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tively on ground. In these lincarlized values, RT 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 measurcments 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 cach detected event into PI (pulse-invariant) so that X-rays of the 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.

n i "

L s L 2
2% 50 100 128 150 175 200

Figure 3.13: The gain maps in (RAW X ,RAWY) coordinates for GIS2 (left panel) and
GIS3 (right panel). Contour levels are every 10 step from 350.

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 al. 1997 ASCA News Letters No.5). The change of gain maps is
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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 +1% 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 %*Fe 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 (see 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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Figure 3.14: (a) Peak PH channels of the 35Fe 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 *Fe 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 of the gas cell and the IPMT, or changes in the IPMT performance. In any way,
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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 I' = 2.09, which is consistent
with previously observed results of I' = 2.08 ~ 2.11 (Toor and Seward 1974). In the
lower pancls, 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 RT 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 (sce
§ 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 keV. In Fig.3.16b, we show projected profiles of the CXB and NXB
components of GIS2, in the 1-2 keV and 4-8 keV bands. The CXB is brightest at the
XRT optical axis because of the vignetting effect of the XRT, while the NXB brightness
is virtually flat 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 HO2 count against the COR during the night-earth observations.
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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 “cm?” is defined on the actual detector dimension of the
GIS, and is not the effective area of the 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 X RTX-X RTY
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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Figure 3.17: Correlation between COR and HO02 counts during the night-earth obser-
vations. HO2 is integrated for every 32 8. A dashed line means a function f(r) =
(109.3 — 17.05z + 1.127z% — 0.026272%)/32 derived from fitting. Two solid lines below
and above show f(z) scaled by a factor of 0.9 and 1.5, respectively. A vertical branch
observed around COR ~ 12 GeV ¢! is caused by some flares. The flare-cut (Table 3.3)
is NOT applied.
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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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A clear correlation is found between the two quantitics. Nevertheless, the H02 count
exhibits a considerable scatter for a given COR, partly duc 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
cuf’, 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).

Table 3.3: The “flare cut’ screening criteria for the GIS. Time region satisfying this
criteria are excluded from the analysis.

Condition Reason

15 ¢/s < HO02 £ 45 c/s to avoid high NXB
HO02 < 1.5 x f(COR)! ¢/s for flares

RBM < 300 ¢/16 s = 18.75 c/s everywhere for flares

RBM < 100 c¢/16 s = 6.25 c/s in the dangerous areas (figure 3.18) for flares

t f(z) = 0.5(109.3 — 17.05z + 1127z — 0.02627z%) ¢/ 16 5.

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, SP, and flare cuts.
We then sort all these background events according to appropriate intervais of the H02
counts, in every 5 c/s step, as 15-20 c/s, 20-25 c/s, 25-30 c/s, 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
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H contained in a particular on-source datascts as
TOBS
H(PI) =3 H'™"(PI) Zrp - 31
i i

Hore i is the sorting interval of the HO2 counts, HY7F is the night-earth spectrum of the
i-th interval, T2P9 is the total exposure of the on-source data in that H02 interval, and
TNTE 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

TOBS
H(PI)=F(t) x 3 H'™*(PI) T‘NTE , (3.2)

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 terms 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 ~ 6% for a 40 ks observation.

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 modecl 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 usc “Master Background Database” prepared by Ikebe (1994) which consists of 20
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Figure 3.19: (a) The 0.6-7.0 keV radial profiles (upper pancl) and spectra (lower panel)
of the NXB templates, produced from the GIS data during the night-earth observations.
The five H02 intervals are indicated by '+’ (50-80 c/s), "o’ (40--45 c/s), e’ (30-35 c/s),
and ’x’ (20-25 ¢/s). The HO2 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 insct. Lower panel shows the
residual after subtracting the polynomial fit.
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observations of 4 different blank sky ficlds: “Draco”, “NEP”,“QSF3” and “SA57”. All
these fields arc in high Galactic latitudes with |b| > 29° (Ishisaki 1995).

This method of CXB subtraction, however, has one drawback, that there is no “blank
sky” in its strict sense. Every sky ficld 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. To 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 o. This process eliminates all the sources resolvable
with the GIS, at a threshold of ~ 1 x 1073 erg s~! ¢cm™2 in the 2-10 keV 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 HO2 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 ksec 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
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Figure 3.20: An example of blank-sky GIS image. (a) A 0.5-10 keV 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~ cts s~! arcmin=2. (b) The associated mask image
to eliminate faint discrete sources.

et al. 2001).

To conduct the above idea, we utilize an energy region of 5.9-10.6 keV, and a detector
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” fe: through error minimization of the equation as
Dataou(E) = CXBou(E) + feor X NXBEZ(E) . (3.3)

Here, Datagy is the hard-band spectrum obtained from the on-source data in the specified
outer region, CXB,,, is that of the template CXB, and NXBH% j5 that of NXB estimated
by the H02 method. Evidently, f.o is expected to take a value close to 1.0. We plot an
example of these spectra in Fig.3.21.

Once feor is determined for a particular on-source data set, we can defined the back-
ground BGDy, (either spectrum or image) in an inner region used for the actual data
analysis, as

BGDy, = CXBjs + feor x NXBF2 | (3.4)

Here, CXB;, and NXBJ¥? 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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Figure 3.21: Example of the determination of the NXB correction factor feor, 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 (Datagy(E)), crosses are the CXB
spectrum (CXBgy (E)) and filled boxes are the NXB template spectrum derived with the
HO02 method (NXBJS2(E)).
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estimation are absorbed into the statistical crror of the f, 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 f, determination? For example, a
80 ks exposure will provide ~ 2000 counts in the 5.9-10.6 keV band of the outer region.
This allows us to estimate fe,, 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 HO2 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 107'3 erg s=! cm™2 in the 2-10
keV 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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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).

3.4.1 Design and structure

The SIS experiment consists of two detectors (SIS camera; SISO and SIS1), 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
camera.
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Figure 3.22: Cross section view of the SIS camera.

Each SIS detector is made up of four CCD chips of 11 mm square each developed in
the MIT Lincoln laboratory, to achicve a 22 mm x 22 mm square area for X-ray detection.
Each' chip has 4096 by 4096 pixels of 27 um square each, and a depletion layer of about
40 pm 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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Table 3.4: Design parameters and performance of the SIS

Irradiation Method Front irradiation
Charge Transfer Method Frame Transfer
Clock 3-phase drive
Number of pixels in Image Region 420 pixels x 422 lines per chip
Pixel Size 27 pym
Area 11x11 mm square per chip
22x22 mm square per detector
Field of View 11x11 arcmin square per chip
22x22 arcmin square per detector
Thickness of Depletion Layer ~ 40 ym
Optical Blocking Filter 100 nm Lexan film coated with 40 nm aluminum
Operating temperature ~ —62 °C
Energy Band 0.4-12 keV
Quantum Efficiency ~ 80% at 5.9 keV
Energy Resolution 2% at 5.9 keV (FWHM)

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
SiO; 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 clectrodes 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 (DP), 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 keV. The CCD chips
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Figure 3.23: (a) Detection efficiency of the SIS as a function of incoming X-ray energy.
K-edges of O (0.53keV), Al (1.56keV), and Si (1.84keV) are clearly seen in the figure. This
efficiency does 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 clectrons.

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 clectrons level.
Thus the SIS achieves an energy resolution of about 150 eV FWHM over the whole energy
range (Fig.3.23b); this is the best energy resolution ever achieved by non-dispersive X-ray
spectrometers so far put into orbit.

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. Morcover, to handle targets with different X-ray intensities
and angular sizes under different telemetry rates, the SIS uses three different clocking
modes; 1CCD, 2CCD and 4CCD modes. In the aCCD 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 1CCD mode, e.g., the usable field of view becomes limited to a quarter of the detector,
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but the event pile up becomes least severe so that we can obscrve brighter sources than
in other clocking modes. In view of background events and hot pixcls (sce 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 sclecting the correct
grades. When the charge is spread over more than 3 x 3 pixels, the cvent 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”, i.e. 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.2 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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corrected. Thus, the raw data are converted to a set of event lists with PI, DETX)Y,

and some other quantities. We use these filtered and corrected event lists in our analysis.

Table 3.5: The major contents of “rev.2 standard” data screening criteria for the SIS
(from The ASCA Data Reduction Guide).

Condition meaning Reason

GRADE=0,2,3.4 reject particle cvents to reduce the background
SAA=0 not in the south atlantic region to avoid high background region
COR>6 to avoid high background region

BR_EARTH>20 target is far from day Earth rim  to avoid the day Earth effects

ELV>10 target is far from night Earth rim to avoid obscuration by atmosphere

3.4.3 SIS background

The background of the SIS is described in Gendreau (1994 ASCA News Letters No.2,
p3) 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 (NXB). 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. Duc to this sccond component, the count rate ratio of the
internal background 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 keV), Ni-K (7.3, 8.3 keV), Au-L (9.7 keV), and ALK (1.5 keV). The
count rate of the internal background is reported to be constant for 2 years after launch,
except in the soft band of 4 CCD mode (Ueda et al. 1996 ASCA News Letters No.4, p28
; Ueda 1996).

3.4.4 Degradation of the SIS performance

The SIS cnergy resolution have been decreasing with time. The value at 6.7 keV was ~ 168
¢V 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.
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Figure 3.24: The SIS background spectra of 4 CCD miode, integrated over all the chips.

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 the column density
of <1 x10% cm~2 in 1994, 2 ~ 7 x 10% cm~? in 1996, and 7 ~ 10 x 10%° em~2 in 2000.
Because the columin density at high galactic latitude is typically several times 102 cm™?,
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.

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 cffective area of the two detectors,
which shows that the GIS has a larger effective area above ~ 5 keV', while that of ‘thc SIS
is larger below ~ 2 keV. In Fig.3.25b, we plot the normalized background spectra of the
two detectors. In general, both detectors have very low and stable background compared
to other X-ray instruments. What is more, the GIS background can be cstimated very

well, up to an accuracy of ~ 2%, and shape of the GIS background is nearly constant in
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encrgies above ~ 4 keV, even though the background normalization varies (§3.3.6). For
the SIS, the accuracy is ~ 10% (Ueda 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 scarch for diffuse hard X-rays. This combination makes ASCA the best
satellite for studying the hard X-rays from groups of galaxies.
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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 normalized by a solid angle of arcmin?.

67

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 HCG 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 1°.5 x 1°.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 of 4385 + 59 km s~!, which indicates
a redshift of 0.0146 and a distance of 58.5 hyy Mpc. Here Hy = 75 hys km s~! Mpc~! is
the Hubble constant. The velosity dispersion was measured to be 376’_‘23 km s~!, 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, 1’
corresponds to 17 k7 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 (1) type @ mp® v
NGC 4761 HCG 62a ( 193.274, -9.20444 ) E3 13.30 4259 10
NGC 4759 HCG 62b  ( 193.269, -9.20056 ) S0 13.91 3561 =+ 18
NGC 4764 HCG 62c  ( 193.291, -9.19861 ) S0 14.97 4432 +17
HCG 62d HCG 62d  ( 193.278, -9.25833 ) E2 1592 4174 +33

(™ Position in J2000 (NASA Extragalactic Database).
3) Morphological type (Hickson et al. 1989).
®) Blue magnitude (Carvalho et al. 1997).

) Recession velosity and error, in km/s (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 keV PSPC X-ray image of HCG 62, smoothed with a Gaussian
filter of o = 0".25. The contours are logarithmetically spaced, by factors of 1.34, where the
lowest one corresponds to 7.2 x 10~ counts sec™! arcmin ~2. The dotted circle indicates
the region 15’ 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 al. 1995; Saracco et al. 1995;
Mulchaey et al. 1996; Ponman et al. 1996; Mulchaey and Zabludoff 1998; Davis 2000;
Finoguenov et al 1999; Boute 2000; Nevalainen et al. 2000; Helsdon et al. 2000; Lloyd-
Davies et al. 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 keV spectrum was well fitted by a
hot plasma model of temperature kT ~ 1 keV and metal abundance of Z ~ 0.2Z,, 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 Lyay = 3.9 x 10h;2 erg s~' (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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Figure 4.4: Radial count-rate profile of the 0.6-2.3 keV PSPC image, fitted with a double-
beta model (Zabludoff and Mulchaey 1998).
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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 duc 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 = 340h7; kpc (20') from the group center is calculated as Mg, =
9.0 x 10''h;25 M, and the total gravitating mass as My = 1.7 X 10'3hz M. 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.

4.2 ASCA Observations and Images

We observed the HCG 62 group five times with ASCA, covering a ~ 1° x 1° 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 performed 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.2 standard’ screening criteria listed in Table
3.5.

Each observation yielded a good exposure of 21 ~ 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 observations 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
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late years made it difficult to use the last four SIS data in combination with the first
observation (sce § 3.4.4 for detail).

Table 4.2: Log of ASCA Observations of the HCG 62 group.

Obs. date sequence  GIS-2 center position GIS exposure SIS mode(®
D IDY  (Ra,Dec, Roll®)ge  (scc)
1 14 Jan 1994 81012000 (193.34, -9.10, 269.24) 29293 2 CCD F/F
2 13 Jan 1998 86008000 (193.26, -9.06, 238.73) 21467 2CCD F/B
3 14 Jan 1998 86008010 (193.49, -9.00, 238.73) 23290 2 CCD F/B
4 15 Jan 1998 86008020 (193.54, -9.23, 238.73) 25466 2 CCD F/B

5 16 Jan 1998 86008030 (193.30, -9.29, 238.73) 21962 2CCD F/B
(1) PI of the first observation is Yasuhiro Sakima, and that of the latter four observations is Yasushi
Fukazawa.
(2) Roll of the satellite is defined as the angle from the north to the satellite Y-axis, measured clockwise;
270° 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 keV GIS image of the 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 scnsors. 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 'offsetcoord’.

Figure 4.5 clearly reveals diffusc 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 keV, 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) are generally recognized. We must hence remove them in the following
data analysis. Pricisely speaking, some sources clearly visible in the PSPC image are not
8o 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 4.5: (a) The GIS 0.5-10.0 keV 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-%
cts 5! arcmin~2. The image is presented after background subtraction, correction for
exposure (but not for the vignetting), and smoothing with a Gaussian function with
o =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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Figure 4.6: The same as Fig.4.5 but in 0.5-2.0 keV (left) and 2.0-10 keV (right). The
contours are logarithmetically spaced, by factors of 1.7 starting from 1.6 and 1.3 x10-5 cts
8~! arcmin™? 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 climinated to exclude the five point sources detected with the ROSAT PSPC.

ot e
0o

e - o0 ™ ) 00 450 ] I 200 'Al” 0 %0 0 ~
Figure 4.7: The SIS image in 0.5-2.0 keV (left) and 2.0-7.5 keV (right) obtained by
combining the five pointings. Both images are smoothed with a o = (/.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~% cts s~! 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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4.3 Spectral Analysis

4.3.1 Derivation of the spectra
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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 ID.

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,

76



L1

after correcting it for the difference of the XRT effective arca. 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 use 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 SIS1) 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 free.
We fixed the redshift to 0.0146, and the hydrogen column density to the Galactic value
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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'.

(Ng = 3.01 x 102 cm™2), derived from HI radio emission map by Dickey and Lockmann
(1990). We used XSPEC v10.0 (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 between 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 température
of ~ 1 keV with either plasma model, in agreement with the ROSAT results. The fit,
however, is very poor with reduced X? 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
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Figure 4.10: The background-subtracted GIS

2
snergy (keV)

(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 keV (right).

Table 4.3: Best fit parameters from the joint
the circular region of r < 15'.

fit to the GIS and SIS spectra obtain from

MEKAL model fit
kT (keV) Abun. (Zp) x?/d.o.f

Raymond-Smith model fit
kT (keV) Abun. (Zy) x?/d.o.f

1034998 013830  241.9/74

101532 018102 247.0/74
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energy band above 2.5 keV with the same spectral model, we obtained kT = 2.3570%5
keV. This is inconsistent with the temperature derived from the full-band fitting, and the
structure around ~ 1 keV 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 88 fypec = 'ﬂ'—'ﬁ ~ 1.0 (kT-o relation; equation 2.15). Using the fitted
temperature and the measured velocity dispersion of the HCG 62 group (376+52 km s™1),
the ratio becomes fype. = 0.86753] for the full-band fitting and fupe. = 0.3832, for the
hard-band fitting. The later value largely deviates from the general value of 1.0, suggesting
strongly that the kT ~ 1 keV component is the “real” IGM of the group, and there is
some additional hard X-ray emission from this sky region.

4.3.3 Two component fits

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 T 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.4.11a, the fit has
been dramatically improved and become acceptable, at 99% confidence level. The hard
component dominates the spectra above ~ 4 keV, and the 2-10 keV flux of the hard
component is ~ 20% of the 0.5-10 keV flux of the IGM component.

We also examined the fit with I set free. As shown in Table 4.4 and Fig.4.11b, the
index becomes I' = 2.63%33%, and the power law component dominates the spectra, above
1.5 keV as well as bellow 0.8 keV. The flux of the hard component increased by 15%
compared to the case of I' = 2.0. Although the x? 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.4.11c, this gave a hot
component temperature of KT}, > 4.4 keV. 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
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component with I' = 2.0.

Table 4.4: Results of the joint fit to the GIS and SIS spectra with two component models.

model ID kT Abun. T or Soft Flux(! Hard Flux®  x*/d.o.f

(keV) (Z) kThee (ergs™' ecm™2) (ergs™! cm™?)

MEKAL+PL | 0.98+331 0.59*2% 263*0% 3.16 x 102 134x 1012 98.5/72
0.9550% 0217031 2.0 (areqy 4.84x107'2 1161318 x 10"'2 101.6/73

2-MEKAL | 096333 0.17838% 11.8%%%, 537x1072  1.10#317 x 102 102.3/72

(1) The 0.5 10 keV flux of the (cooler) MEKAL component.
(2) The 2-10 keV flux of the power-law or hotter MEKAL component.

4.3.4 Improved modeling of the IGM emission

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
residual spectra, around 1.1 keV and 1.8 keV. The former 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 free, by introducing a variable-abundance MEKAL model
(vMEKAL model), where the abundance of cach heavy element can be changed separately.
For simplicity, we group major heavy elements into two groups in view of their origin,
following Matsushita (1996); O, Ne, Na, Mg, Al, Si, S, Ar and Ca; and Fe and Ni. Majority
of the first group is the “a-clements”, which are mainly produced through a-process in
type-II supernova (c.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. Hercafter, we denote the abundance of the first group Z,, and that of the
sccond group Zr,. We jointly fitted the GIS and SIS spectra with a sum of a vYMEKAL
and a power law model (VMEKAL+PL model). As shown in Fig.4.12a and Table 4.5,
the x? 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 keV has decreased but that around 1.1 keV has not.
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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 I = 2.0. (b) The
same as (a), but the photon index is set free. (c) A sum of two MEKAL components.
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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-isothermality 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 keV
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 Z, and Zp, are constrained to be the same
between the two vVMEKAL 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 keV and 1.14 keV are consistent with the PSPC result in general. The 0.5-10 keV
flux of the IGM components is 5.0573-35 x 10~'2 erg s~ cm~2, and the 2-10 keV flux of the
hard component is 1.08+333 x 10~'2 erg s=! cm™?, 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 I' free, and obtained I' = 15542} with x? = 81.5 for
69 dof. If we put another (i.e., a third) YMEKAL component in place of the power law
component, the resulting temperature is kT = 32.013¢ ; keV with x? = 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.

Table 4.5: Results of the joint fit to the GIS and SIS spectra with multi component models
involving a YMEKAL component.

model ID kT, kT, Za Zpe r x*/do.f
(keV) (keV) (Zo) (Zo)

vMEKAL+PL 0.94+3% 0.337013  0.23%03% 2.0 (axeay 97.3/72

2-MEKAL+PL |0.717518 1.09%33% 0.261030 2.0 (axeay 91.1/71

2-vMEKAL+PL | 0.73133 1.147048 053433 0347512 2.0 (geeqy 82.3/70

4.3.5 Possible origins of the hard excess emission

As shown in the preceding subsections, the spectra of the 0/ < r < 15 region of HCG 62
have been found to exhibit a strong hard excess component. There are several possible
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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 I' = 2.0. (a) A sum of a YMEKAL 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.
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Table 4.6: Possible origins of the hard excess emission.

type item
Artifacts | background NXB §4.5.2
estimation CXB(" §4.5.5, 4.5.6
XRT response | PSF and effective arca §4.53
IGM modeling §4.54
Celestial | point-like central AGN §4.4.1
extended LMXB:s in the member galaxies §4.6
AGNs in the member galaxies §4.4.2
AGNs in the background sky (~ CXB) § 4.5.5, 4.5.6
diffuse (thermal) §4.6
diffuse (non-thermal) §4.6

(1) Also treated as a celestial origin.

candidates for the origin of this component, cclestial 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 ~ 10 keV, or of a non-thermal origin, such as the relativistic electrons
distributed in the vicinity of the group.

In the following scctions, we examine all these possibilities one by one. No matter
whether the origin is instrumental or 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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4.4 Spatial Distribution of the Hard X-ray Emission

4.4.1 Radial dependence of the spectra

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 < r < 15,
with 7 denoting the projected radius from the X-ray centroid. We also examined the
added spectra of the latter two regions (3 <r < 15'). The obtained spectra are 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 are in
low energies (< 2 keV), while the signal is detectable up to ~ 8 keV with the GIS. When
we fit them with a single temperature YMEKAL model, they show clear hard tails which
make the fits unacceptable, with reduced x? ranging from 1.5 to 2.2. By adding a power
law component with I' = 2.0 (YMEKAL+PL model), the fits became acceptable except
that of the central region, which in turn became acceptable by adding another yYMEKAL
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 ~ 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 (i.e., “central AGN”).

Table 4.7: Best fit parameters to the radially sorted GIS and SIS spectra, fitted with
a sum of a single temperature vYMEKAL component and a power law component with
' = 2.0 (YMEKAL+PL model).

data ID kT Z, Zre FluxfE*i v, Fluxf: p oy X*/deo.f
(keV)  (Zo) (Zo) (erg/s/cm?) (erg/s/cm?)
0'<r<3 |088I53 063703 0.347008 1387328 x 1072 2.56702 x 10-13 88.3/72

¥<r<T5 1099738 0.3913% 0.21%340 1.407998 x 10-12 2.9910%0 x 10713 . 71.9/72
T5<r<15

0851048 011303 01538 212701 x 10-12 6.68%138 x 1071*  59.3/60

¥<r<15 |0.962008 0.21301% 0197308 3.43+0% » 10-12 9.1771% x 1073 81.9/72
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Figure 4.13: Ring sorted spectra of HCG 62, fitted with vMEKAL+PL model, shown for
(8)0<r<¥, (b)3<r<?s5,(c)"5<r<15 and (d) < r <15. (a’) is the same
as panel (a), but fitted with 2-vMEKAL+PL model. T is fixed at 2.0 in all cases.
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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 I' = 2.0 (2-vMEKAL+PL
model).

kT, kT, Zq Zre Flux?gg'f',‘g‘ V) Fluxrz"_ 10 keV) x%/d.o.f
(keV)  (keV) (Zo) (Zo) (erg/s/cm?) (erg/s/cm?)

0691020 L1243H 117508 066138 136703 x 1012 2.19104 » 1012 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 keV. We therefore
made an X-ray image in the highest 4.0-8.0 keV 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 keV band image in Fig.4.14b, which Tepresents 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 10~® cts 5! arcmin~2 at 1o level, which can naturally explain the
image clumpiness (see also Appendix B.1). Two out of the 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 keV band image (see Appendix B.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 keV emission is detectable up to ~ 15, and is nearly as extended as the soft
X-ray emission, which is significantly more extended than the instrumental PSF. Since
the 4.0-8.0 keV 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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Figure 4.14: (a) The 4.0-8.0 keV GIS gray scale image for the central 35’ x 35' of HCG 62,
corrected for the exposurc after subtracting the background. The image was smoothed
with a o = 1’ Gaussian function. The contour is linearly spaced with separations of
0.5 x 107% cts s™! arcmin~2, which roughly corresponds to the 1o level of the CXB
fluctuation. The thick line shows the extraction region of the spectra. Crosses represents
the position of the galaxies (Zabludoff and Mulchacy 1998). (b) Similar to panel (a),
but for the 0.5 4.0 keV band. The contour is scaled by the central brightness to that of
panel (a), lincarly spaced with separations of 1.2 x 10~ cts s~! arcmin~2. A supplemental
contour of 0.6 x 10 cts s™' arcmin™2 is also plotted in dotted lines. (c) Radial profiles
of the X-ray emission, in 4.0-8.0 keV (filled boxes) and 0.5-4.0 keV (open circles with
histograms). Thick solid histograms indicate the XRT+GIS PSF in the 4.0-8.0 keV band.
X-axis is shown in arcmin, while Y-axis is in cts s~ aremin~2. The later two profiles are
rescaled to match the former at the center.
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From these spatial analyses, we confirm that the excess hard X-ray emission is widely
distributed in the vicinity of the group, rather than localized to particular regions, such
as the group center or the member galaxies. However, the emission is far less extended
than could be explained by wrong background subtraction, since the NXB and CXB have

very flat distributions across the field of view; a more detailed examination is carried out
in § 4.5.

4.5 Significance of the Hard X-ray Emission

The analyses in § 4.3 and 4.4 have revcaled a strong evidence of an extended hard X-ray
emission from HCG 62. However, we have not yet taken into account all the systematic
errors and artifacts pointed out in § 4.3.5. In this section, we examine these effects in
detail.

4.5.1 Photon counts of the hard X-ray emission

Table 4.9: Photon counts in the 4.0-8.0 keV band detected in each pointing within the
0’ < r < 15’ region of HCG 62. Errors are 1 o.

Obs. ID Data counts BGD counts? Signal counts(!)
(Nlrc) (Nbgd) (chb/Nnxb)(z) (Nsig)

Obs. 1 1416376 1237.34+7.7+48.2 618.4/618.4 178.7 + 38.4 4 48.2

Obs. 2 1107+ 33.3 865.4+5.4+31.6 427.2/438.1 2416 +33.7+31.6

Obs. 3 799+ 28.3 7178 +52+32.4 298.9/418.9 81.2+28.8+32.4

Obs. 4 800 =+ 28.3 750.7 £ 5.6 + 34.8 321.6/429.1 49.3 4 28.8 - 34.8

Obs. 5 1059 +32.5 879.1+5.6+35.6 425.8/453.3 170.9 £+ 33.0+ 35.6

Sum 5181 +72.0 4450.3+13.3+82.8 2092.4/2357.8 730.7+73.2+82.8

(1) The first errors represent the photon statistics and the seconds are the systematic errors in the NXB
estimation (see § 4.5.2).
(2) Estimated CXB and NXB counts in the total background counts.

In Table 4.9, we have evaluated photon counts in the 4.0 8.0 keV band detected
within the 0' < r < 15’ region of HCG 62, where the five point sources were masked-out
as before. By subtracting the background counts (Niga) from the on-source data counts
(Nerc), we have obtained the signal counts of Neig = Ngre — Niyga = 50 ~ 240. The errors (a
quadrature sum of those in Ny and Nygq) are typically ~ 45 counts, which is sometimes

comparable to Ny,. The values of Ny differ significantly among pointings, because the
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Table 4.10: Sum of photon counts derived from Table 4.9, with the estimated IGM con-
tribution.

IGM Signal counts IGM counts excess counts
model(") (Naig) (Niem) (Nexcess)

best | 730.7 £ 73.2 1 82.8 1115 619.2+ 73.2 + 82.8

high 97.9 632.8+73.2 + 82.8

low 192.3 538.4+ 732+ 82.8

(1) Calculated from the 2-vMEKAL+PL model in § 4.3.4. The best fit model is labeled “best”, and
the 90% upper and lower-limit values, “high” and “low”, respectively. It corresponds to a 1 ¢ error of
(192.3 — 97.9)/1.65/2 = 28.6 cts.

data accumulation regions, though identical in the sky plane, were different in the GIS
field of view. Further examination follows in § 4.5.3.

Because the spectra of the five observations have already been shown to be consistent
with onc another (see § 4.3.1), we added all on-source data from the five observations to
obtain the counts with the best statistics. The summed results are listed in Table 4.10,
together with the estimated contribution from the IGM emission, Nigy, using the spectral
fitting performed in § 4.3.4. We quoted three alternatives for Nigy, representing the best
fit, 90% upper and lower-limit values. Thus, the excess signal counts in the 4.0-8.0 keV
band have become

Nexcess = 619.2 + 73.2 + 87.6 (4.1)

where the first error is the statistical 1 o error, and the second one is systematic. This
reconfirms the statistical significance of the hard X-ray emission, in a more straightforward

manner than in previous sections.

4.5.2 Justification of the NXB estimation

In§4.3,§4.4, and § 4.5.1, we have subtracted the NXB from the on-source data employing
the procedure described in § 3.3.6. Judging from the radial profile of the signal hard
photons (Fig.4.14), we are already confident of the reliability of our NXB subtraction.
Nevertheless, the issue has such a high technical importance, that we wish to describe
below in some detail what we have actually done in estimating and subtracting the NXB
from the five on-source datasets.

Our NXB estimation is based primarily on the “H02 sorting method” using the 5.2
Msec night earth data as an NXB template (§ 3.3.4). Because this method involves a
systematic error of about 6% for a typical observation, we apply a finer adjustment to
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the NXB level of each on-source dataset, by comparing it with the blank-sky data over
a source-free outer region and in a sufficiently hard energy band, in which the NXB is
dominant (§ 3.3.6). In the present case, we carried out this comparison using the 5.9-10.6
keV range, and over a region > 15' from the detector center. Because all the pointing
positions are offset from HCG 62, the on-source data accumulation circle (< 15 from
the HCG 62 centroid) partially falls on this “NXB adjustment region”; we masked out
such overlapping regions in order for the IGM emission not to affect the background
determination. We also excluded regions around bright discrete sources detected in the
PSPC and the GIS images (see § 3.3.6).

For each of the five pointings, we obtained the the 5.9-10.6 keV spectrum in the NXB
adjustment region defined in the above manner. The resulting event counts are given in
the first column of Table 4.11. By comparing this value with those predicted from the
background templates (2nd and 3rd column of the same Table), we have estimated the
NXB correction factor f,, according to equation 3.3. The values of Jeor thus derived,
given in the last column of Table 4.11, range from 0.848 to 1.026 with a typical uncertainty
of ~ 0.075. Because f is the ratio between the real data and the “H02 method”
prediction, they must obey the ~ 6% systematic scatter of the “H02 method” (§ 3.3.4).
Actually, all the values of f,q, are acceptable in this respect, except for the second pointing.
Although the probability of obtaining a value of fo,r = 0.848 is 5%, there is a 22%
probability to obtain such a value from one out of five independent trials. We therefore
conclude that the derived NXB correction factors behave well.

Table 4.11: Determination of the NXB correction factor f.o,. ()

Obs. ID | Data,,, CXBZ, NXBR®Z2® ¢

Obs. 1 | 564 1020 4545 1.026 + 0.078
Obs. 2 | 413 718 4005 0.848 + 0.072
Obs. 3 | 503 788 4284 0.992 + 0.077
Obs. 4 | 465 704 3924 0.994 + 0.081
Obs. 5 | 443 763 3982 0.913 + 0.079
sum 2388 3993  2074.0 0.959 + 0.0354)

(1) The 5.9-10.6 keV spectra detected in the NXB adjustment regions of the five pointings are compared
with the estimated CXB and NXB spectra in the same region through equation 3.3. .

(2) Event counts of the blank sky observations after subtracting their own NXB contribution estimated
with “H02 sorting method”.

(3) NXB counts of the data estimated with “H02 sorting method”.

(4) Average weighted by the photon counts.
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Figure 4.15: The GIS radial count-rate profile from the group center in the (a) 5.9-10.6
keV band and (b) 4.0-8.0 keV band. The on-source data are shown with black crosses
and the background with gray crosses. X-axis is shown in arcmin, while Y-axis is in cts
s~! arcmin 2.

In order to visualize that f.o, has been determined correctly, in Fig. 4.15a we plot the
5.9-10.6 keV radial count-rate profiles of the on-source and background data, averaged
over all five observations. Except at the very center of the group, which was excluded
when we calculated feor, the data profile thus matches very well with that of the adjusted
background. Examination of the profiles of individual pointings leads to the same conclu-
sion (sce Appendix A.2). Figure 4.15b performs the same comparison in the 4.0-8.0 keV
band; their difference yields the hard-band radial profile in Fig. 4.14b. Again, the data
and background agree well in the region 7 > 15', even though we clearly see the excess
signal inside ~ 15'. From these results, we conclude that the NXB estimation has been
performed correctly.

Thus, we have determined the correction factor f,, with a typical accuracy of ~ 7.5%
for each pointing (Table 4.11). Because f., has been determined by the individual on-
source dataset, the uncertainties associated with the five values are independent of one
another. This allows us to average them to obtain f%° = 0.959 + 0.035. We regard
this final crror, 3.5%, as the systematic uncertainty associated with the NXB estimation.
This value translates into 1.9% (= 82.8 counts) of the overall 4.0-8.0 keV background
(CXB+NXB). We thercfore quote 1.9% as the systematic uncertainty in the background
subtraction. This value has already been included in Tables 4.9 and 4.10.
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4.5.3 Effects of the XRT+GIS point spread function (PSF)

Another possible instrumental origin for the hard component is artifacts of the point
spread function (PSF) of the XRT+GIS, which depends in a complex way on the detector
position and the photon energy (§ 3.2.2). In particular, harder photons are more heavily
scattered outside the PSF core into its outskirts, making the PSF wider for higher encrgies.
As a result, peripheral regions of a soft X-ray source, such as a group of galaxies, artificially
exhibit harder spectra than they are. Therefore, the observed excess hard X-rays could
be the scattered IGM emission, artificially hardened by the above mechanism.

Of course, the spectral response files, used in fitting the ASCA spectra, properly takes
these effects into account, as long as the source is pointlike. However, for the spectral
analysis of an extended source, such as was performed in § 4.3 and 4.4, the spectral
response is averaged over the detector surface weighted by the event count distribution.
This process makes the response file less accurate, because what we ought to use in the
averaging process is the true surface distribution of the source on the sky, rather than the
observed distorted image on the detector plane. Consequently, an artificial “hard X-ray
halo” could arise around a soft IGM emission.

To evaluate the suspected PSF artifacts, we use the instrument simulator “SimASCA”
{e.g. Ikebe 1996). This is a Monte-Carlo simulation tool, and works completely in the
“forward” manner, incorporating all the known instrumental responses. That is, we start
from a numerically modeled X-ray source, and generate Monte-Carlo photons by spec-
ifying their spectral and spatial probability distributions on the sky coordinate. The
Monte-Carlo photons are subjected to the XRT and GIS simulators, to become a set of
simulated GIS events. We then analyze these events exactly in the same way as the real
events, and produce fake spectra as well as fake X-ray images. By quantitatively compar-
ing these fake results against the actual spectra and images, we can judge whether the
assumed source model is appropriate or not. '

We have actually used this simulator to examine whether the simulated IGM emission
of HCG62 bears an artificial “hard X-ray halo” around it. Specifically, after Mulchaey and
Zabludoff (1998), we modeled the IGM surface brightness distribution with a double-beta
model, using (Reore, 8) = (0'.56, 0.79) for the “central” 3 component and (10'.5, 0.67)
for the “extended” # component (§ 4.1.2). The spectrum for the model IGM emission
was approximated by a single component Raymond-Smith model with kT = 1.2 keV
and Z = 0.3Z;, which exhibits a little harder spectrum compared to the best-fit two-
temperature VMEKAL model found in § 4.3.4.
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Using the simulated IGM model, we have gencrated ~ 3 x 10% fake GIS photons,
scparately for cach of the five observations. In Fig.4.16, we compare the soft-band (0.5
4.0 keV) radial count-rate profiles of the fake and actual data sets. The good agreement
between the two datasets confirms that the surface brightness distribution assumed for
the model source i8 correct.

We finally accumulated the Monte-Carlo GIS events over the 0/ < r < 15’ regions
of the five fake images, into a singic fake GIS spectrum. Then, employing the same
response files as used for the actual spectrum in § 4.3, we fitted the fake spectrum with
the Raymond-Smith spectral model, of which the parameters except for normalization

. were fixed to the simulation input values. We have found that the 4.0-8.0 keV photon

counts contained in the simulated data arc larger by 8.4% than the prediction of the fitted
spectral model. This excess is thought to represent the suspected PSF artifact. As the
IGM contribution to the 4.0-8.0 keV counts is estimated to be 92 ~ 178 counts (§ 4.5.1),
the PSF effect will increase this number by 8 ~ 15 counts. This is only 1 ~ 3% of the
actually observed excess counts, and negligible compared to the statistical error of 73.2
counts. We therefore conclude that the PSF artifacts contribute little to the observed
excess hard X-ray emission.
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Figure 4.16: The 0.5- 4.0 keV azimuthally averaged surface brightness profile of the first
observation (plotted with crosses), compared with the simulation (histograms), in cts s~!
arcmin~2. The “central” and the “extended” components of the simulated profile are
shown together with their sum. X-axis is shown in arcmin.

Using the simulator, we also examined whether the hard signal counts, Ny in Table
4.10, are consistent among the five observations. Here, the hard X-ray emission was
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assumed to be spherically symmetric, and follow the radial distribution similar to the
double-beta IGM profile employed above. As the spectral model, we used a thermal
bremsstrahlung emission with kT = 10.0 keV. The simulated counts for the five pointings
are shown in Fig.4.17, normalized to fit the actual signal counts, N,g in Table 4.10. The
simulation compares with the actual measurements with x? = 4.65 for 4 dof. Therefore,

the hard signal counts, Ny, detected in the five pointings are confirmed to be consistent
to one another.
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Figure 4.17: The 4.0-8.0 keV counts in the (/ < r < 15’ region of the five observations
(points with error bars) compared with the simulated counts (dashed line). X-axis is
shown in channel.

4.5.4 Problems with the IGM modeling

Another systematic error is the theoretical uncertainty of the IGM spectral calculation.
As we have estimated the contribution from the IGM emission, Nigy (Table 4.10), by
fitting these models to the actual spectra, there is a possibility that we under-estimate
the value.

As reviewed in § 2.2.2, there are several plasma emission codes, such as the Raymond-
Smith model and the MEKAL model. They differ mainly in the treatment of the Fe-L
atomic physics (e.g. Masai 1997), and they produce considerably different emission spectra
in the Fe-L line region (~ 0.8-1.6 keV) when the plasma temperature is kT ~ 1 keV.

As already described in § 4.3.2, the two plasma codes were not much different (both
unacceptable) in terms of the single-temperature fit. Then, what happens if we replace
the YMEKAL code in our improved fitting model (YMEKAL+PL model in Table 4.5)
by a variable-abundance Raymond-Smith (VRS) component? Actually, a sum of a VRS
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component and a power law with ' = 2.0 (vRS+PL model) gives a somewhat better fit
with x? = 86.5 for 72 dof than the vVMEKAL+PL model. The derived IGM parameters
are kT = 0.92330% keV, 2, = 0.37*5:!4 and Zp, = 0.2973%, which are generally similar
to those obtained from the vMEKAL+PL model fitting (see Table 4.5). The fit does
not improve by adding another vRS component (2-vRS+PL model), which is different
from the vVMEKAL case where a significant improvement has been shown between the
vMEKAL+PL model and the 2-vMEKAL+PL model.

The IGM counts in the 4.0-8.0 keV band, Nigm, has slightly decreased from 111.5
to 74.8. Therefore, in view of the difference in the plasma model, our nominal value
of 111.5 (Table 4.10) may not be underestimated. Furthermore, the spectra from some
other groups, such as the NGC 5044 group and the NGC 4325 group, are generally fitted
well with the IGM model with parameters similar to those of HCG 62, with requiring
almost no hard component (sce Chapter 5). Therefore, the theorctical error in the IGM
modeling is thought to be rather small. For simplicity, we quote the difference derived
above, ANjgy = 37 counts, as the typical error in the IGM spectral calculation.

4.5.5 Fluctuation of the CXB

Table 4.12: CXB fluctuation in the 2.0-10.0 keV band, derived from past studies.

Instrument HEAO-1 A2()  Ginga LAC® ASCA XRT+GIS®

Data 698 sample 151 sample 10 sample

Effective Area 530 cm? 4,000 cm? 200 cm?

Energy Band 2.5-46 keV 2-10 keV 0.6-10.0 keV

FOV 3P x3 1°x 2° r = 20’ with ~ 3' imaging

Qi 15.8 deg? 1.3deg? ~ 0.5 deg?/sample
(0.14deg?/pointing)

S®(ergs'em™?)  8x 1071 6 x 10-12 2x 10712

ocxn/Icxa @ 2.8% ~ 6% <3.4%

(1) From Shafer (1998) (2) From Hayashida (1990) (3) From Ishisaki (1996)
(4) Effective solid angle of the observations (see appendix C).
(5) Upper cut-off of the 2 10 keV flux from discrete sources in the FOV.

(6) Observed fractional rms CXB fi ion, i.e., excess variance after subtracting statistical errors and
NXB estimation errors.

Since all the instrumental artifacts have so far been shown to be small compared to
the detected excess hard counts, the phenomenon must be of celestial origin. One of such
candidates is the fluctuation of the CXB. The CXB is considered to be a sum of numerous
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discrete sources distributed in the sky, most of which are thought to be AGNs. Therefore,
the CXB surface brightness Icxp fluctuates due to the statistical fluctuation of the source
number counts in the detector field of view (FOV).

In Table 4.12, we list the value of the fractional CXB fluctuation, ocxs/Icxn, in the
2.0-10.0 keV band derived from the past studies. As shown in Appendix C, it is described
as

ocxs/Icxs o Q;%850%, (4.2)

where (2, represents the effective solid angle of the observation and S, represents the upper
cut-off flux of the detectable (hence removable) discrete sources in the detector FOV.
This equation assumes the Euclidean logN-log$ relation, represented as N(> S) oc -1,
Results from the three experiments given in Table 4.12 satisfy this scaling relation.

The integration area we used, r < 15, or 0.196 deg?, yields ), = 0.1 deg?, when
weighted with the detector angular transmission (see Appendix C). When the value is
scaled with the integration area of 0.164 deg? after masking out the five sources, the
effective solid angle reduces to {2, = 0.084 deg?. As the upper cut-off flux in 2-10 keV is
typically S, = 1 x 107' erg ™! em™ in our analysis (see § 4.5.6), the fractional CXB
fluctuation is estimated as ocxs/Icxs = 2.8 x (15.8/0.084)%5 x (8 x 10~1! /1 x 10~13) 028 —
7.2%, by scaling the HEAO-1 A2 results with equation 4.2. By multiplying this value to
the estimated CXB count of Noxg = 2092.3 in the 4.0-8.0 keV band (Table 4.9), we
estimate the CXB fluctuation counts in our integration region as 150.6 counts.

We cross check the above estimate experimentally with the 20 blank-sky observations
that we used to construct the CXB template (§ 3.3.5). From each of them, we collected
photon counts using the same detector regions we used for the five on-source observations,
after adjusting the NXB variance using the counts from its outer region. Hence, we
obtained 100 samples. As a blank-sky observation itself has regions masked out to avoid
contributions from the contaminating sources (§ 3.3.5), we corrected the obtained photon
counts for the difference in the integration area. The results are shown in Fig.4.18. To
improve the statistics, each data point is given as a sum of five on-source masks. The
obtained CXB counts, Ncxs, ranges from 1801 to 2370 with a typical statistic error
of ~ 100 counts. Their rms scatter is 167.4 counts, which gives an intrinsic scatter of
127.9 after subtracting the Poisson errors. This result is consistent with the value, 150.6,
obtained above.
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Figure 4.18: Distribution of the 4.0 8.0 keV CXB counts summed over the five on-source
masks, among the 20 blank sky obscrvations. Also plotted is a Gaussian function with o
= 180 counts, which is the quadrature sum of the typical Poisson error of ~ 100 counts
and predicted CXB fluctuation of ~ 150 counts.

4.5.6 Effect of the fainter contaminating sources

In the last subsection, we found that the expected CXB fluctuation falls short of the
detected excess hard photon counts. Hence, the hard X-ray emission cannot be explained
by the contribution from the background AGNs bechind HCG 62, provided they belong
to the ordinary population. Furthermore, we have already eliminated five point sources
(Fig.4.2) at the earliest stage of our data analysis. Nevertheless, we cannot rule out the
possibility that there is peculiar over-density of fainter point sources in the present field,
and their sum produces the observed excess hard X-rays. In this subsection, we search
for such point source candidates in the 0/ < r < 15’ region of HCG 62.

Because the IGM emission fills up the analysis field, it is difficult to find sources
only from the GIS image. Therefore, as we have done in § 4.5.2, we used the ROSAT
PSPC, which has a higher sensitivity to the point sources. From the PSPC point source
catalog (2RXP catalog ; http://wave.xray.mpe.mpg.de/rosat/rra/rospspc) supplied by
the German ROSAT team, there are five sources with count-rate exceeding 4 x 10~2 counts
s~!, and additional six sources exceeding 2 x 10~2 counts s~'. We plot their positions in
Fig.4.19. The former are the very sources that we have eliminated in § 4.3 and afterwards,
so our results are not affected by them. The latter six sources may also be negligible, by
the following reasons. Their number count is consistent with the ordinary CXB population
(e.g. Hasinger 1998), and their 2-10 keV flux is ~ 0.5 x 10~'3 erg 5! cm~2, about half the

typical cut-off flux in our analysis. Here we assumed a power law emission with I" = 1.7.
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These two characteristics mean that they belong to ordinary population, and hence their
contribution has already been included in the CXB fluctuation estimates. This conclusion
is supported by the general absence of emission associated with these sources in the GIS
2-10 keV image (Fig.4.19b). In summary, we found no peculiar over-density of faint point
sources in the analysis region, at least down to the 210 keV flux limit of ~ 0.5 x 10~'%

00 120 140 160 180 200

Figure 4.19: Positions of the discrete sources plotted on the (a) 0.4-2.4 PSPC image, and
(b) 2-10 keV GIS image. The images are smoothed with a Gaussian filter of o = 0'.25
and 0'.5 for the left and right panels, respectively. The scale levels are shown in the right
side of each panel, in units of cts s=! arcmin~2. Thick dashed line indicates 3’ and 15’
from the group center and thick solid circles represent the five sources already eliminated.
Boxes represent the six sources with PSPC count-rate in the range of 2.0 ~ 4.0 x 10~3
counts s1,

4.5.7 Overall errors

By considering the analyses made in § 4.5.1 through § 4.5.6, we summarize in Table 4.13
all the conceivable errors, statistical and systematic, that can affect the excess hard X-ray
emission from HCG 62. From this table, we finally quote

Nexcoss = 609.8 £ 73.2 £ 178.5 " (43)

for the excess hard X-ray counts over the r < 15' region in the 4.0-8.0 keV band. Here,
the first and second errors represent statistical and systematic errors, respectively. The
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difference in Noucess between equations 4.1 and 4.3 is due to the subtraction of the PSF
effect. We thus conclude that the phenomenon is significant at about 3.2 sigma level.

Table 4.13: Summary of the excess hard photons in the r < 15 region. Contributions

modeling the spectra with two IGM components of kT, = 0.73 keV and kT = 1.14 keV
with Z, = 0.53Z, and Zg, = 0.34Z;, and a power law component with photon index
T' fixed to 2.0 (§ 4.3.4). The I is poorly constrained if we set it free, and it can be
also replaced by a thermal component with ¥T > 5.7 keV. In Table 4.14, we summarize

from all examined components are listed, with the estimated errors. the luminosities of the IGM component and the hard X-ray cmission, derived from the

= spectral fitting in § 4.3.4. The former is in good agreement with the previous PSPC
item error estimation counts orror result of 2.16 x 10*? h7? erg s~!, where no hard component is included in the fitting. The
Poisson errors data V5181 Npais = 5181 £72.0 PSPC value was scaled from the original result by Mulchaey and Zabludoff (1998), for
NXB(®) Nnxp = —2357.8 +1.9 the difference of the integration region, the energy range and the Hubble constant. The
CXB® Nexs = -2092.4 +13.3 hard component luminosity is ~ 20% of the IGM.
sum excess counts = 730.7 +73.2 We have examined the excess hard X-ray emission against various experimental ar-
systematic errors | NXB estimation error 2357.8 x 0.035 +82.8 tifacts; wrong NXB estimation (§ 4.5.2), PSF effects (§ 4.5.3), and IGM modeling error
CXB fluctuation 2092.3 x 0.072 - +150.6 (§ 4.5.4). All of them have fallen short of the observed hard excess. Hence, we confirmed
IGM contribution Mem = -111.5  +13.6/ — 80.8 that the phenomenon is celestial.
XRT PSF effect —9.4 +1.1/-6.8 Among the celestial candidates (Table 4.6), we have already excluded the “central
IGM modeling error - +37 AGN” in § 4.4.1, and the “AGNs in the member galaxies” in § 4.4.2. Furthermore, our
sum excess counts = 609.8 +178.5() investigation in § 4.5.5 and 4.5.6 have also ruled out the CXB fluctuation scenario and
sum of all errors excess COunts = Noxcons = 609.8  £73.2:+178.5 the contribution from the contaminating sources, respectively.

(1) Statistical error of the NXB template (§ 3.3.4).

(2) From the sum of background (CXB+NXB) count.

(3) Quadrature sum of the systematic errors. “IGM contribution” error, including the PSF effect, was
converted to ~ 1o error from N(90%pk — pk) = 101.5 to 101.5/1.65/2.0 = 30.7 counts.

Then, how about the LMXB component? From the optical B-band magnitude of the
13 member galaxies of HCG 62 (Carvalho et al. 1997), the sum of their luminosity is
Lp = 6.0 x 10'°%;¥ Le. Using equation 2.16, the 2-10 keV flux from LMXBs in these
galaxies is estimated as 2.5 x 10 h72 erg s~!, which is more than an order of magnitude
small compared to the observed hard X-ray flux.

Thus, the only possibility left is that the excess hard X-ray emission comes from a
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4.6 Summary of the Analysis
diffuse source associated with HCG 62 itself. Its surface brightness profile is similar to, or
somewhat more extended than, that of the IGM emission. From the current data alone,
however, we cannot tell whether the emission is of thermal or non-thermal origin (§ 4.3.4).

We further discuss the origin of the hard excess emission in Chapter 6.

Table 4.14: Luminosities of the soft and hard components of HCG 62.
Component | Energy Range (keV) luminosity (7 erg s~1)

IGM 0.5-10 1.951014 x 102
hard X-rays | 2-10 418791 x 104
LMXB 2-10 0.35 x 104

We have analyzed extensively the five ASCA observations of HCG 62. In addition
to the kT ~ 1 keV IGM component extending at least up to r = 15' from the group

center, we have found a clear hard excess emission. We obtained a successful fit by
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Chapter 5

DATA ANALYSIS AND RESULTS
OF OTHER GROUPS

In the last Chapter, we have shown that the HCG 62 group exhibits strong evidence of
a diffuse hard X-ray emission. Then, the next question is whether the phenomenon is
observed in other groups or not, and how common it is among them. In this Chapter, we

accordingly analyze the ASCA data of 17 other galaxy groups in the same way as HCG

62.

5.1 Observations and Targets

To search for the hard X-ray emission, we have surveyed all the groups of galaxies available
in the ASCA archival data. In practice, we checked every target which were observed as
& group, and also as an elliptical galaxy, because some groups are known to be formed
around such galaxies. As we have to scparate the hard X-rays from the IGM emission,
we need sufficient photon statistics. Therefore, the source must be bright with the 0.5-10
keV flux higher than ~ 1 x 10~'2 erg s~! em~2. For the same reason, it should not contain
any bright AGN, and the IGM emission itself must be “soft”, i.e., with a temperature
lower than ~ 1.7 keV. We also exclude the sources with luminosity less than 5 x 104!
erg s~', most of which are elliptical galaxies and not groups. The sample thus selected
consists of 18 groups, including HCG 62. Among them, data for two targets are not yet
archived, but the data right belongs to the present author (five offset pointings of NGC
1399 group, performed in 1999) or his supervisor (the NGC 1550 group). We list them
in Table 5.1 with their optical properties. Although it is far from being complete, it
includes three Hickson'’s compact groups, another three (NGC 1132, NGC 1550 and NGC
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6521) X-ray selected groups, and 11 relatively loose groups, with their velocity dispersion
ranging from o = 169 to 474 km s~!. In addition, we analyze two X-ray bright elliptical
galaxies (NGC 4472 and NGC 4636) for comparison, mainly to determine the level of hard
X-ray emission from the underlying LMXBs. Because the sample is large, we sometimes
show results only on several representative groups in this Chapter, leaving those of the
remaining objects to Appendix D.

In Table 5.2, we summarize obscrvational log of the objects in our sample. For the 17
groups, there are 34 observations in total, of which about one third are offset pointings.
We obtained the data from both the GIS and the SIS, following the analysis procedure
established for the HCG 62 group (see § 4). For the GIS, we used all the data available.
For the SIS, we used the data from the earliest observation of the relevant group, unless
otherwise noted, to avoid problems due to the variation of the SIS response (§ 3.4.4).

In Fig.5.1, we present the full band GIS and SIS images for three representative targets,
the NGC 1399 group (z = 0.0048) and the RGH 80 group (z = 0.0370). The former is the
nearest target in the sample, and the latter is the farthest. From every group, a diffuse
emission with roughly circular profile was detected up to a radius of r = 10/ ~ 25, and
the X-ray centroid was generally coincident in position with a bright elliptical galaxy. We
defined the spectral integration region to be fully contained within the detected diffuse
emission, as listed in Table 5.2 and illustrated in Fig.5.1. We also eliminated regions
around bright contaminating sources, such as the NGC 1404 galaxy aside NGC 1399, and
3" around bright point sources detected with the PSPC. For example, the PSPC sources
eliminated in the NGC 1399 group will contribute additional ~ 0.4x107"? erg s~! cm~2,
or ~ 2% increase in the 2-10 keV band flux. The region thus defined is completely covered
by the GIS, but only partially by the SIS.

5.2 Spectral Analysis

5.2.1 Single component fits

We extracted spectra from both the GIS and the SIS within the integration regions as
defined above. For the SIS, we used the bright-mode data for all the following analysis,
while the faint-mode data were converted to bright-mode. The background was estimated
with the same method as for HCG 62 (see § 4.3.1), and the NXB estimation errors are
already included as a systematic error in the background data. Representative spectra
obtained in this way are presented in Fig.5.2. All targets show soft spectra, peaking near
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Table 5.2: Observation log of the targets.
Table 5.1: The sample objects sclected for the present study. target T date® sequence exposure SIS note
ID GIS (ksec)® SIS (ksec)® mode®
ceio (1) (2) (3 (4) ® nNO t HCG 51 10’ 94/06/03 82028000 62 72 1CCD F/F
target position b= % B NHgu note HCG 97 10 96/06/18 84006000 79 81 1CCD F
( Ra, Dec ) NGC 1132 10' 97/08/16 65021000 27 20 1CCD F/B
HCG 51 170.614, 24.294 103 0.0258 240" 1.05 1.27 NGC 1550 15’ 99/08/28 87005000 70 23 1CCDF
_ " NGC 1399 20° 93/07/15 80038000 19 17 4CCDF
HCG 97 356.844, 2.303 87.2 0.0218 372 0.62 3.65 93/07/15 80039000 17 (15) 4CCD F
NGC 1132 43.223, -1.275 92.8 0.0232 - 047 5.17 94/01/25 81021000 27 (16) 4CCDF offset
NGC 1399 54.622, —35.450 19.0 0.0048 325/° 045 1.34 Fornax cluster 99/08/10 870060002; 12 (17 ¢4 CCD F/B  offset
_ 99/08/10 870060109 16 (10) ¢4 CCD F/B  offset
NGC 1550 64.908, 2.410 49.6 0.0123 0.21 115 RX J0419.6--0225 99/08/19 87006020 21 (14) ¢4 CCD F/B  offset
NGC 2563 125.149, 21.068 59.8 0.0149 3364 055 4.23 99/08/20 87006030(® 11 (9 ¢4 CCD F/B offset
NGC 4325 185.796, 10.606 102 0.0257 2653 0.48 2.22 99/08/20 87006040 22 (18) ¢4 CCD F/B
NGC 2563 12' 95/10/26 63008000 46 52 1CCDF
— Js
NGC 5044 198.859, 16.398 36.1 0.0090 474 0.73 4.93 WP 23 NGC4325 10' 97/01/05 85066000 97 25 2 CCD B
NGC 507 20.901, 33.257 65.8 0.0165 595% 1.73 2.26 NGC 5044 15' 93/06/20 80026000-10 25 19 4CCDB
NGC 533 21.397, 1.772 73.7 0.0184 464f§§ 0.86 3.10 99;01;14 87002000 22 515; 1 ggD F‘;; offset
99/01/14 87002010 21 22 1 DF offset
+72
NGC 5846 226.622, 1.606 24.3 0.0061 368+ 0.57 4.26 99/01/15 87002020 21 (22) 1CCD F/F  offset
NGC 6329 258.562, 43.684 110 0.0276 - 1.03 2.12 99/01/16 87002030 22 (21) 1CCDF/F offset
NGC 6521 268.942, 62.604 111 00266 387°  0.67 3.39 RX J1755.8+6236 NGC507 15 g;;gigS 21337000 36 ?g)‘” g ggg F
9 61007010 7
f
‘3 NGC 7619 350.060, 8.206 50.1 0.0125 780 1.08 0.50  Pegasus group _ 95/01/28 63026000 37 (35) 2CCD NGC 4¢
- Pavo 304.628, -70.859 56.0 0.0137 169" 171 7.00 NGC 533 10 94/08/05 62009000 18 (14) 4CCDF
RGH 80  200.058, 33.146 148 0.0370 467 0.32 1.05 NGC 5846 15 gzg; ;g(;‘ ggg(l)ggtl)g :13; ;g(a) i ggg g
+59 1
S49-147 5.375, 22.402 76.0 0.0190 464%;)' 1.13 4.06 NGC 6329 12 96/04/21 84047000 37 34 2 CCD B
HCG 62 193.277, -9.209 58.4 0.0146 376*;2 0.6 3.01  see Chapter 4 NGC 6521 10’ 97/11/29 85034000 36 19 1CCDF
NGC 4472 187.445, 8.000  11.6 0.0029 - 0.38 1.66 Elliptical in Virgo NGC7619 12' 95/06/28 63017000 56 59 2CCDB
A Pavo 10 94/04/28 81020000 29 26 4CCD B
NGC 4636 190.708, 2.688  14.6 0.0037 - 0.21 181 Elliptical in Virgo RGHS0 10 95/06/23 83012000 41 © 2COD B
(1) Position of the X-ray centroid, from this analysis. 95/06/19 93007040 9 9) 4CCDB offset
(2) Distance to the group in Mpc, converted from the recession velosity listed in NED database, assuming 95/07/01 93007080 9 (8) 4CCD B offset
a Hubble constant of Ho = 75 km s~! Mpc ', 95/07/01 93007070 8 (9) 4CCD B offset
(3) Redshift, from NED database S49-147 15 93/12/12 81001000 32 29 2CCDF
1 : /
(4) Radial velosity dispersion. Groups without index are from Zabludoff and Mulchaey ( 1998a), “A” from NGC 4472 8 gg;g;;g; gggggggg zg 2) 2188) : ggg ? /B offset,
Hickson et al. ‘l(lisﬁ),“fa" from Fugus:)n” and Sandage (1990), “w” fn:x: Wegner (1993), “f” from Fadda NGC 4636 8  93/06 /23 60032000 (35) 34 4CCD F
et al. (1996), “rc” from R.CS catalog, “r” from Ramella (1995), and l. ﬁ’On:lLeleW et A.l (1996). 95/12/28 64008000 175 (244) 1CCDF
(5) Optical B-band luminosity of the member galaxies of the group, in 10''Lg. Obtained from RC3 (1) Radius of the spectral integration region. (2) Observation start date.
catalog (de Vaucouleurs et al. 1991) (3) The data with the exposure listed with parenthesis are not used in the spectral analysis.
(6) Galactic absorption col density derived from HI radio emission map by Dickey and Lockmann (4) SIS clocking-mode and data-mode.
1990 (5) Non-archival data. PI, K. Makishima. (6) Non-archival data. PI, K. Nakazawa.
(1990). (7) The data only from the SIS-0 is used. See § 5.2.3.
(8) The SIS data from the first observation is not used. See § 5.2.3.
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(a) NGC 1399 GIS

-

Figure 5.1: The 0.5-10.0 keV band X-ray contour images of the GIS and the SIS, for (a)
the NGC 1399 group, and (b) the RGH 80 group. They are the same as Figs.4.6 (GIS)
and 4.7 (SIS), except for the energy band. The contours are logarithmetically spaced by
factors of 1.7, starting from 5 x 1075 cts 5~! arcmin—2 for the GIS image of NGC 1399,
and from 2.9 x 1075 cts 57! arcmin~2 for that of RGH 80. For the SIS images, the first
contour shows 1 x 107 cts s~! arcmin~2. The smaller dashed circles represent 3' from
the group center, and the larger ones the integration region for spectral analysis, 20’ for
NGC 1399 and 10’ for RGH 80. Open squares indicate the positions of the point sources
detected with the PSPC, around 3’ of which are excluded from the analysis. See Fig.D.1
for the remaining groups.
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~ 1 keV, with clear Fe-L lines that characterize hot plasma with kT = 0.5 ~ 2 keV. Some
groups, such as the NGC 4325 group and the NGC 5044 group, show a spectral peak
below 1 keV and their spectral continua are very soft, while others, such as the NGC 2563
group, show a peak above 1 keV and exhibit relatively hard continua. In addition, several
groups, such as RGH 80 and S49-147, simultancously exhibits the Fe-L peak below 1 keV
and hard continua. Their spectra resemble those of HCG 62 (e.g., Fig.4.10).

Table 5.3: Results of the joint fit to the GIS and SIS spectra with a single component
vMEKAL model
target kT Abundance(® x3/do.f kTP

(keV)  Zu(Zo)  Zre(Zo)

HCG 51 | 1.38%2088 0.44%315 0.38+3% 97.35/71  0.97+3%
HCG 97 | 1.04738% 0302315 0187088 81.48/71 1.83+}%
NGC 1132 | 1.0973% 0.32301 027055 69.41/71 1.1410%
NGC 1399 | 1.38¥351 0.4673%5 0.3610%% 374.65/69 1.84%0%

—0.12

NGC 1550 | 1.421002 0.53*007 0.401393 164.80/57 1.86138

NGC 2563 | 1.36308: 0.631037 0.33:3%% 63.52/71 1.63%3%
NGC 4325 | 1.041002 0.42%31% 03473 79.48/67 1.2270%

—0.41

NGC 5044 | 1.02335! 0.38333! 0.2713%2 312.98/74 134104

NGC 507 | 1.39¥0% 0.68%313 0.4313% 192.75/73 1.89+0%)
NGC 533 |1.278008 0.49%0% 0.33%04 92.61/69 1.253%

~0.40
NGC 5846 | 0.751002 0.28+3)2 0.20*33% 150.70/67 2.63737]
NGC 6329 | 1.397587 0.27431% 0.18323% 80.76/71 2.44+.%
NGC 6521 | 1.77203] 0.66*04 0.39%3% 57.21/67 1.8670%8
NGC 7619 | 0.97138% 0.38+011 0.2473% 73.35/71 133+
Pavo 0.5912:%4 0.10+°12 0.0873%% 104.47/71 0.76*}%
RGH 80 |1.25%3% 0401315 0.21%3%5 130.45/73 2.6675%

$49-147 | 1.04*3% 0.12*3% 007102 108.31/71 223+
NGC 4472 | 1.082031 0.43%0%¢ 0.28+332 381.76/71 2.4170%

NGC 4636 | 0.707091 0.45%007 0.25%302 610.20/74 2.4873%2

(1) Best fit temperature in the full-band. (2) Best fit metal abundances in the full-band.
(3) Best fit temperature from the hard-band fitting, i.e., above 2.5 keV.

We jointly fitted the GIS and SIS spectra with a YMEKAL model, in which the metal
abundances are splitted into the two groups as before, Z, and Zp, (see § 4.3.4). The
fitting results are listed in Table 5.3, and the best fit model predictions are superposed
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on the spectra in Fig.5.2. In the fitting, the redshift and the absorption column are fixed
at the values listed in Table 5.2. We examined the SIS data taken after 1997, against the
cffect of the decreasing quantum efficiency in low-energics (§ 3.4.4), and found it to be
generally insignificant, due to the limited photon statistics of the data. Only those of the
NGC 1550 group, the second brightest group among the sky, require excess absorption,
and we set the value free for its SIS spectra.

The best fit temperature ranges from 0.6 to 1.8 keV. The fits are acceptable for only
6 and 9 groups, in 90% and 99% confidence level, respectively. Some groups show excess
hard tails, while the brightest groups show large residuals around the Fe-L line region. The
former objects possibly exhibit the excess hard X-ray emission, like HCG 62. To further
investigate this possibility, we then fitted the hard-band spectra, above 2.5 keV, using the
same model with a fixed metal abundance of Z, = Zp, = 0.3. The obtained temperatures
are also listed in Table 5.3, and are compared with the full-band temperatures in Fig.5.3.
Although the error-bars are rather large, the hard-band temperature is significantly higher
than the full-band temperature in about half the objects. It sometimes reaches twice the
latter value, the ratio similar to that of HCG 62. This may be taken as a possible evidence

for the excess hard X-ray emission in at least some targets in our sample.

5.2.2 Two component fits

To quantify the amount of the suggested hard excess above the IGM emission, we accord-
ingly added a power law component, with T' fixed at 2.0, to the vVMEKAL component
(VMEKAL+PL model; see § 4.3.4). The fitting results with this model are summarized
in Fig.5.4 and Table 5.4. The best fit temperatures range from 0.4 keV to 1.6 keV, and
the fits become acceptable for 9 (additional 3) and 13 (4) groups, in 90% and 99% con-
fidence level, respectively. The x> values of 7 out of 17 groups have decreased by more
than 10%; they are generally those groups which exhibit large differences between the
hard and full-band temperatures in Fig.5.3. On the other hand, 6 groups require no hard
component, and the remaining 4 groups show moderate improvements in x2. Here, a
reduction in x? by Ax? ~ 7 with the introduction of the power law component (1 extra
fit parameters) is significant in terms of F-test at 99% confidence, for a fit with ~ 70 dof
and reduced-y? ~ 1. Thus, about a half of the groups show evidence of hard component.

Even employing the vYMEKAL+PL model, the five brightest groups, with the 0.5-10
keV fluxes exceeding ~ 1 x 10! erg 87! em~?, exhibit a rather high value of reduced-x?,
larger than 2.2. It is due to residuals around 0.8-2.0 keV, which is the energy range of the
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Figure 5.2: The GIS and SIS spectra of representative object in our sample, jointly fitted
with a vMEKAL component. All spectra are plotted to the same scale. The last panel

shows the spectra of the elliptical galaxy, NGC 4636. See Fig.D.2 for the remammg
targets.
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Table 5.4: Results of the joint fit to the GIS and SIS spectra with the two component

model
target kT" Abundance® Soft Hard x2/do.f Ax2®
(keV)  Za(Ze) Zre(Zo) Flux® Flux®

HCG 51 | 1.38%08% 0447015 0385332 264  0.00%3% 97.3/70  0.00
HCG 97 | 102533 036233 0278048 110  0.23%31 68.62/70 -12.86
NGC 1132 | 1.0933.02 0.321015 0273085 346  0.00133% 69.41/70 0.00
NGC 1399 | 1.337002 0.567097 0.423051 194  1.99*0% 245.78/68 —128.87
NGC 1550 | 1417382 054109 0413084 257 0421345 162.61/56 —2.18
NGC 2563 | 1.33133: 0.791953 0.4470% 232 041333 57.54/70 598
NGC 4325 | 1.04%092 0.42+313 0.34*337 584  0.00%355 79.48/66 0.00
NGC 5044 | 1.00133! 042338 030700 291 0.99%3% 262.76/73 —50.22
NGC 507 | 1353033 0.83%313 052708 106  0.9770% 163.30/72 —29.44
NGC 533 | 1274338 0.49%3% 033134 3.60 000723 92.61/68 0.0
NGC 5846 | 0.7413:02 0.307014 0.2213% 8.61 0.34+0%% 145.67/66 ~—5.02
NGC 6329 | 1.3330% 0.3013%7 0.231342 238  0.53'32 80.86/70 —8.90
NGC 6521 | 1.641307 0.947018 0523952 233  0.66734] 51.88/66 —5.01
NGC 7619 | 0974383 0.40%31] 0.2673%7 3.32  0.13121¢ 71.49/70 —1.86
Pavo 0.44%0%¢ 0.19%0% 007709 264 0427212 77.89/70 —26.57
RGH 80 | 1.09738% 0.74733) 0361318 171 0641312 67.95/72 —62.50
849-147 | 09713 0.12131 009133 2.89  0.7579% 90.11/70 -—18.20
NGC 4472 | 1.06%30! 0.637017 0467008 935 1777321 239.87/70 -141.89
NGC 4636 | 0.68135! 0.73%017 04209 958  0.73%3% 250.94/73 —359.26

(1) Best fit temperature from the full-band fitting with a vYMEKAL+PL model.
(2) Best fit metal abundances from the full-band fitting with a YMEKAL+PL model.

(3) The 0.5-10 keV flux of the YMEKAL component, in 10-'? erg s~! cm~?

(4) The 2-10 keV flux of the power-law component, in 102 erg 8! cm~32.

(5) The improvement of the x? value by adding a power law component.
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Figure 5.3: The best fit temperature from the hard-band fitting, compared to that from
the full-band fitting. A diamond represents HCG 62, circles the two ellipticals, and squares
the other 17 groups. Solid line indicates equal temperature, dotted line 10% higher and
dashed line twice of that of the full-band fitting.

Fe-L line emission. If we introduce another YMEKAL component with a lower temperature
(2-vMEKAL+PL model; see § 4.3.4), the x2 values further decreases significantly for most
of these targets. By doing so, the normalization of the power law component in NGC
1399 and NGC 5044 decreases by 20 ~ 30%, while in NGC 507, the hotter component
temperature become as high as 6 keV and simply replaces the power law component.
In case of NGC 1550 and NGC 5846, the hard fluxes are already insignificant, and the
second VMEKAL component just make it even less significant. Thus, the introduction
is a second YMEKAL component does not drastically influence our results, and the fit
residuals remain significant over the 0.8-2.0 keV regions in some objects. This is supposed
to be due to errors in the theoretical calculation of the Fe-L line emission (e.g., Matsushita
1996). Because the precise modeling of the line emission is beyond the scope of this thesis,
we do not make further effort to obtain an acceptable fit for these handful of brightest
groups. In general, we assume that the model well represents the IGM emission in its
averaged feature, which is supported by the existence of five groups requiring no hard
component, with their IGM temperature widely distributed from 0.97 keV to 1.41 keV
(see § 5.3).
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Figure 5.4: The same spectra as shown in Fig.5.2, fitted with a sum of a YMEKAL and
a power law components. See Fig.D.3 for the remaining targets.
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5.2.3 Comments on individual objects

NGC 1399 group

This object is alternatively called the Fornax cluster, one of the poorest and nearest
clusters. This is also one of the X-ray brightest targets in our sample, and a vMEKAL
model fit was not acceptable with reduced-x? = 375/69 (shown as x2/dof, hereafter x2
; see Table 5.3), with prominent hard excess above ~ 4 keV and the residuals around
Fe-L line region (Fig.5.2). By adding a power law component (vMEKAL+PL model),
the x? greatly decreased to 246/68 (Table 5.4), while the residuals around Fe-L line
region remained unchanged (Fig.5.4). When we employ a 2-vMEKAL model instead of
the vYMEKAL+PL model, the latter residual decreased and the fit also greatly improved
with a x? = 240/68, while the hard excess is still visible. The derived temperatures are
kTeon = 0.887034 keV and Ty, = 1.653324 keV, the latter being a little lower than the
value of the hard-band fitting, kT = 1.841(:3 keV (Table 5.3), which should be regarded as
a lower limit considering the contribution from the cooler component. Restoring a power
law component with I' = 2.0 (2-vMEKAL+PL model), the x2 further decreased to 215/67.
The derived temperatures are then kT, = 0.84¥318 keV and kT, = 1.452354 keV, and
the 2-10 keV hard component flux of 1.59¥3:3% x 10~'2 erg s~! ecm~2. Although this
flux is by ~ 20% lower than derived with the YMEKAL~+PL model, it still exceeds both
the estimated LMXB component (~ 0.4 x 10~* erg s~! ¢cm~2) and the CXB fluctuation
(~0.3x107 erg s~! cm™2). All the above results are little affected by setting the column
density free, except the parameters for the cooler IGM component. Thus, we conclude
that there exists a hard component in NGC 1399, which is either a non-thermal emission
or a thermal emission with a temperature higher than ~ 2 keV.

Our results are generally consistent with the previous study by Ikebe (1995) and Ikebe
et al. (1996), who fitted the GIS spectra using a vRS model for the IGM emission, and
obtained a lower temperature and a more prominent excess hard component (see § 4.5.4).
By fitting jointly the GIS and SIS spectra, Boute et al. (1998) and Allen et al. {2000)
obtained results similar to ours, although they only used the data from the central ~ 4’
region. The former authors tried only 2-MEKAL model, while the latter authors argued
for the existence of additional power law component and attributed it to the possible
AGN in the NGC 1399 galaxy. To examine this possibility, we also extracted spectra from
the region excluding 3’ around NGC 1399. Though less significant, we obtained generally
similar results as shown above, where the x2 of 2-vMEKAL and 2-vMEKAL+PL fit being
184.61/68 and 173.01/67, respectively. These results are also consistent with the ROSAT
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PSPC results showing a temperature decrease in the group central region, though the
detector has almost no sensitivity to the hard component (c.g., Jones et al. 1997). The
AGN interpretation of the cxcess hard X-ray emission (Allen et al. 2000) was ruled out
by the latest Chandra observation.

NGC 5044 group

This is one of the X-ray brightest groups among the sky, and the vMEKAL model fit
is not acceptable with x2 = 313/74 (Table 5.3). With 2-vMEKAL model, we obtain
kT = 0.7920:0 keV and kTho = 1.2372% keV, with x? = 210/72. These are consistent
with the central temperature decrease shown by Fukazawa et al. (1996) using the same
ASCA data, and also the previous ROSAT results (e.g., David et al. 1994). Because the
residual spectra exhibit some hard excess, we employed the 2-vMEKAL+PL model, and
obtained x? = 180.90/71. However, the hard component luminosity is lower than 4% of
the IGM luminosity in both yYMEKAL+PL and 2-vMEKAL+PL fitting, making one of
the tightest upper limits in our sample. We think this level is too small to distinguish the
hard component from the possible IGM modeling error. We therefore regard the derived
hard component luminosity as an upper limit.

NGC 507 group

The spectrum obtained from the SIS1 is flattened around 1 keV, which is inconsistent
with the SIS1 data from a short supplemental observation performed later (sequence ID
= 61007010). Therefore, we used only the data from the SIS 0 in our analyses. The
group is bright in X-rays, and vVMEKAL model fit is not acceptable with x? = 193/73
(Table 5.3). With the 2-vMEKAL model, we obtain x> = 164/71; the temperature of
the hotter component became higher than 6.0 keV, while that of the cooler component
was kTeoq = 1.3510.38 keV. The obtained x? and kT, are very similar to those from
the YMEKAL+PL fitting (Table 5.4), indicating that the hot component simply replaced
the power law component. The fit does not improve any more by adding a power law
component (2-vMEKAL+PL model). Thus, similar to NGC 1399, the data suggest a
hard component, either thermal or non-thermal.

NGC 533 group

The tempcerature of the SIS detectors was rather high, T > —60 C° and > —59.5 C° for SIS
0 and 1, respectively, in both of the two observations. This increased the dark current and
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the number of the hot and flickering pixels of the detectors, which affected the data taken
with long frame interval. Hence, the spectra of the first obscrvation taken with 4 CCD
mode, which has the longest frame interval (§ 3.4.2), show strong soft excess below ~ 0.8
keV, while that of the second observation taken with 2 CCD mode do not. Thercfore,
we used only data from the second observation, which also has a longer exposure, but
a smaller FOV. The fit with the YMEKAL model is almost acceptable (Table 5.3), and
there is no evidence for any hard component.

NGC 6521 group

The vMEKAL fit is acceptable, while the additional hard component is marginally sig-
nificant in terms of F-test. This is due to the rather high IGM temperature, ~ 1.64 keV,
which make it difficult to separate the hard component, if any, from the IGM emission.

Pavo group

The IGM temperature derived with the YMEKAL+PL model, kT = 0.44 keV, may be
somewhat too low for the ASCA bandpass to yield an accurate determination. Therefore,
the hard component thus obtained is also less reliable. When fitted with a Raymond-Smith
model, the best fit temperature is kT = 0.77 keV, and the hard component becomes less
significant with the best fit flux being ~ 40% of that of the YMEKAL+PL model.

RGH 80

One of the groups with significant hard X-ray emission. It is also the farthest group in
our sample and among the most luminous. If we set the photon index of the power law
component free in the YMEKAL+PL fitting, it becomes I' = 1.61*3-74 with x2 = 68.03/71;
this is similar to the case with fixed I'. When fitted with a 2-vMEKAL model, the
temperature of the hotter component becomes kT, = 23.973 , keV, and x2 = 68.2/71.
Boute (2000) analyzed the ASCA spectra obtained from the central ~ 3.6, and reported
a rather lower temperature for the hot component, kTho, = 1.64732 keV. We confirmed
this result by extracting the spectra from a similar region. Therefore, the hard component
is inferred to be stronger in the 3' < r < 10’ region.
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5.3 General Properties of the Sample Groups

In the last section, evidence for excess hard emission was detected from about half objects
in our sample. In this scction, we examine their properties as a whole. We compare the
significance of the hard component against various parameters, such as the IGM tem-
perature, the observed fluxes, and the X-ray and optical luminosities. Then we examine
whether the hard component is extended, by averaging three groups with nearly the same
spectra. We compare the results with those from HCG 62.

5.3.1 Comparison with the IGM properties

In Fig.5.5a, the 2-10 keV hard component flux (taken from Table 5.4) derived from the
vMEKAL+PL fits is plotted against the 0.5 10 keV flux of the IGM component. There
is no correlation visible in the plot, which means that the hard component flux derived is
independent of the flux of the IGM component. Thus, it eliminates the possibility that

and without the hard excess coexist at any IGM temperature, and there is no correlation
between the two quantities. The lack of correlation in this plot is another evidence that

the excess hard X-ray emission from some groups is not an artifact caused by the wrong

modeling of the IGM emission, which is mainly defined by its temperature.

the hard tail is originating from slight errors in the modeling of the hard-band continuum

of IGM emission.

(a) (b)
. i — . t T T
& ,,4'”
"'Exo'“- 2 /‘1'/ + B + V
5 NI qﬂo
E T,”I iﬂ.l j— 1
®
i e
Em"’- ) ol 1 *
15—" | 10"“ 001 ofs ; i :
Flux o, [erg s} em™¥) KT [keV]

Figure 5.5: (a) The hard component flux plotted against that of the IGM component.
Dashed line represents the ratio of 10%, and dotted line 20%. (b) The luminosity ratio of
the hard component to the IGM emission, plotted against the IGM temperature. In both

panels, symbols are the same as those in Fig.5.3.

In Fig.5.5b, we plot the hard component luminosity L. (derived from Tables 5.4
and 5.1) divided by the IGM luminosity Licm (hereafter, the hard-IGM luminosity ratio)
against the fitted IGM temperaturc. The ratio ranges from < 1% to as high as 40%,
and is higher than ~ 10% in about half the sample groups. Furthermore, groups with
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Figure 5.6: Spectra of the groups divided with those of the NGC 5044. (a) HCG 62, (b)
RGH 80, (c) NGC 4325, and (d) NGC 1550. Black crosses represents the GIS, and gray
crosses the SIS.
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In Fig.5.5, there are three targets, HCG 97, RGH 80 and S49-147, sharing almost the
same position as HCG 62, with the IGM temperature of kT ~ 1 keV and the luminosity
ratio around 20 ~ 40%. In addition, there are another three targets, the NGC 1132, NGC
4325 and NGC 5044 groups, sharing similar temperature but with very low luminosity
ratio, below ~ 5%. Because the NGC 5044 group has the best statistics in our sample
objects, we divided the spectra of these targets with that of the NGC 5044 group. The
derived spectral ratios are presented in Fig.5.6. For the former three targets, the ratio
spectra are flat around 1 keV, and rapidly increase in the hard band. On the contrary,
those of the NGC 4325 group are almost constant throughout the full energy band. Those
of the NGC 1550 group, which has the IGM temperature ~ 40% higher than that of NGC

5044, show a constant increase; this behavior is different from the steep rising of the
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spectra seen in HCG 62, Therefore, the hard component required in the former three
targets is confirmed to be distinct from the hardening due to the high IGM temperature.

In Fig.5.7a, we plot Ly, against Ligy. Unlike the case of the hard component flux
(Fig.5.5a), a clear correlation is visible in this plot; targets with luminous hard component
also are luminous in the IGM emission. There also exist targets which are luminous in the
IGM emission, but not in the hard component. Thus, all the data points arc distributed
below the line defining the luminosity ratio of ~ 30%. In Fig.5.7b, we plot Lpaeq against
the IGM temperaturc. In contrast to Fig.5.7a, almost no correlation is visible. Therefore,
a necessary condition for a group to have a high hard component luminosity is to have a
high IGM luminosity, while the IGM temperature is irrelevant.
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Figure 5.7: (a) The hard component luminosity (Lhag) plotted against that of the IGM
(Ligm). Dashed line represents the ratio of 10%, and dotted line 20%. (b) The hard
component luminosity (Lnerq) plotted against the IGM temperature. In both panels,
symbols are the same as thosc in Fig.5.3.

5.3.2 The CXB fluctuation and the LMXB contribution

The fluctuation of the CXB surface brightness may contribute some amount to the hard
X-ray component (see § 4.5.5). In Fig.5.8a, we plot the hard-IGM luminosity ratio against
the group overall flux observed within the integration region. The CXB fluctuation cal-
culated from equation 4.2 and converted into 2- 10 keV flux is 1.7 ~ 3.3 x 10-'3 erg s~
em~2 for an integration region with + = 10’ ~ 20'. Although the error bars get larger with
decreasing overall flux, the hard excess emission significantly exceeds the CXB fluctuation
level for most of the objects in our sample. Furthermore, there is no particular correlation

between the two quantitics. Thus, our result is little affected by the CXB fluctuation.
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Figure 5.8: (a) The hard vs IGM luminosity ratio plotted against the full-band flux.
Dashed line represents the typical fluctuation of the CXB flux, for an integration region
with r = 10’. (b) The hard component luminosity (Lyaq) plotted against the optical
B-band luminosity. Dashed line represents the estimated contribution from LMXBs, cal-
culated from equation 2.16. For both panels, symbols arc the same as those in Fig.5.3.

In Fig.5.8b. we plot Lyg.q against the optical B-band luminosity of the group member
galaxies listed in Table 5.1. We also display there the contribution from LMXBs in the
member galaxics estimated using equation 2.16 (scc § 2.2.4). Thus, the luminosity of the
hard excess emission is about an order of magnitude higher than the LMXB component
for most of the groups in our sample, although it is explained by the LMXB contribution
in case of the elliptical galaxies and several groups (sce also Fig.2.11).

5.4 Averaged Properties of HCG 97, RGH 80 and
S49-147

Because the objects in our sample generally have poorer data statistics as compared to
HCG 62, it is difficult to analyze their properties in further details individually. How-
eéver, we may sum up data from several objects to improve the data quality. For this
purpose, we selected three groups, HCG 97, RGH 80 and 549-147, which have propertics
similar to those of HCG 62 (sce Fig.5.5). These objects have significant hard excess,
which is generally well separated from the IGM emission, because of their relatively low
temperature.

The summed spectra, with a cumulative exposure of 180 ksec, are presented in Fig.3.9.

The fit with a single temperature vYMEKAL model is unacceptable with reduced-y? =
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164.47/68, which drastically decreases to 91.38/67 by introducing an additional power
law component (VMEKAL+PL model). The latter fit results are listed in Table 5.5, and
the best fit model is superposed on the spectra in Fig.5.9. Strictly speaking, the fit is not
acceptable at 90% confidence, which may be due to the difference of the IGM parameters
and redshifts among the three groups. When we set T free, its acceptance range is less
constrained for the same reason, compared to the fit using the RGH 80 data alone (see
§ 5.2.3). However, in view of Ax?, the hard component beconies more significant than
in the fits to the individual spectra (Table 5.4), and the 2 10 keV hard component flux
is determined with a better accuracy, as 3173% of the IGM flux. The hard component
is dominant above 4 keV, and the photon counts in the 4-8 keV band is as much as
513.2 + 99.6; this is twice the valuc from RGH 80 alone, and almost comparable to that
of the HCG 62 listed in the last row of Table 4.9.

Table 5.5: Results of the joint fit to the GIS and SIS spectra averaged over HCG 97, RGH
80 and S49-147, with YMEKAL+PL model.

kT Abundance Ny Soft Hard Xfdo.f Ax?
(keV) ZalZo)  Zre(Zo) Flux Flux

103405 0.3770% 0.20098 0.0722 00101380 1.61 0.50t3% 01.38/67 -73.00

(1) Fitted column density, in 10%° cm *2. (2) Fitted redshift.
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Figure 5.9: The averaged spectra summed over HCG 97, RGH 80 and S49-147, fitted with
the YMEKAL+PL model.

Similarly, we have cxamined the radial profile, summed over the three objects, for
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Figure 5.10: The azimuthally averaged radial surface brightness profile, similar to
Fig.4.14b of HCG 62. The data from HCG 97, RGH 80 and S49-147 are averaged. The
profiles in 4.0-8.0 keV (filled boxes), 0.5-4.0 keV (open circles with histograms), and the
PSF of XRT+GIS in the 4.0 -8.0 keV band (thick solid histograms) are plotted.

angular extent. The extent of the IGM emission of HCG 97 and RGH 80 is roughly
similar, with FWHM of ~ 4’ on the GIS image, while that of S49-147 has a FWHM of
~ 12'. We therefore scaled the latter image by a factor of 1/3, gencrated radial profiles
for all three groups, and then added them. The result is plotted in Fig.5.10. The 4-8 keV
band profile is significantly more extended than the PSF of XRT+GIS, and resembles that
of the IGM emission. These properties are similar to the results from HCG 62 (sec § 4.4.2),
supporting that the hard excess emission in these three groups is the same phenomenon
as that in HCG 62.

5.5 Brief Summary of the Analysis of 17 Groups

Following the results from HCG 62, we have analyzed additional 17 groups selected from
the ASCA data available. About half the selected groups have been shown to host signifi-
cant hard emission (§ 5.2.2), which cannot be explained by either the LMXB contribution
from the group member galaxies or the fluctuation of the CXB surface brightness (§ 5.3.2).
It shows little correlation with the IGM temperature or flux, eliminating the possible sys-

tematics due to the IGM modeling error. The hard component luminosity (Lngra) shows
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clear upper-limit defined as ~ 30% of the IGM luminosity (§ 5.3.1).

We also analyzed the averaged data of the three groups (HCG 97, RGH 80 and S49-
147) with spectral properties similar to HCG 62, and showed that the hard component
is distinct from the IGM component. Furthermore, we confirmed that the radial extent
of the hard component is significantly extended than the XRT+GIS PSF, as much as the
IGM emission (§ 5.4). The average properties of these three groups generally resemble
those of HCG 62.
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Chapter 6

Discussion

6.1 Observed Properties of the Hard X-ray Emission

We detected excess hard X-rays from about half of the 18 sclected groups observed with
ASCA. Among them, the HCG 62 group exhibits the most statistically significant hard
excess emission, which is clearly extended with its radial profile similar to or rather wider
than that of the IGM brightness (§ 4.4.2). Assuming a distance of 58.4h7¢ Mpc, the 2-10
keV luminosity of the hard emission is 4.18*3:22 x 10"'h7? erg s~', which is 21.4753%
of the IGM luminosity in the 0.5-10 keV band (§ 4.3.4). When fitted with a power-law
spectra, the photon index ' is not well constrained, I' = 1.551 {25 (§ 4.3.4). If we adopt
a thermal interpretation, the inferred temperature becomes kT = 32.0735 ; keV, implying
a lower limit of 5.7 keV.

Other ~ 9 groups also exhibit evidence for a hard emission, with the 2-10 keV lu-
minosity of the hard X-rays being 1 ~ 18 x 10*'h7? erg s~', which is 10 ~ 40% of the
IGM luminosity. On the other hand, the remaining 8 groups exhibit little evidence for
excess hard emission, with typical upper limit luminosity of ~ 5% of the IGM component
(§5.3.1).

6.2 Comparison with Cluster Hard X-ray Emission

In this section, we compare our results with those of the three clusters, Coma, A2256 and
A2199, which are reported to host a non-thermal emission (see § 2.4.2).

The spectral shape, i.e., the photon index, of the non-thermal component detected in
the three clusters are as poorly constrained as the hard X-ray emission from our group

sample, and are generally consistent with I' = 2.0, adopted for our analysis. To compare
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the luminosities, we must convert the cluster quantitics to those in more appropriate
cnergy bands. For the hard component with I' = 2.0, the 20 80 keV luminosity is nearly
equivalent to that in the 2-10 keV band. For the hot gas component (ICM or IGM), the
0.5 10 keV range adopted for groups is cquivalent to an energy range of (0.5 — 10)kT,
since kT ~ 1 keV for most of our sample. We hence adopted this kT-dependent energy
ranges in calculating the cluster ICM luminosities, and found them similar to the 2-10
keV values for the particular three clusters. We thus simply use the raw values listed in
Table 2.4.

In Fig.6.1a, we plot the luminosities of the hard component against those of the hot
gas component, including all groups in our sample and the three clusters. The hard-ICM
luminosity ratio of the three clusters ranges from 7% to 23 %, similar to the values of the
groups with hard X-ray emission. In Fig.6.1b, we plot the luminosity of the hard com-
ponent against the IGM (or ICM) temperature. There, we can sce a general correlation
between the two quantities, roughly as Lyga o< (kT)%, which was not obvious without
including the clusters. This relation reflects the kT — Ly relation generally found in clus-
ters and groups (§ 2.2.3), combined with the result from Fig.6.1a. From these results, the
group hard excess emission and that of the three clusters are considered to be generally

similar in view of their luminosity ratio against that of the hot gas component.
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Figure 6.1: The hard component luminosity plotted against the (a) luminosity and (b)
temperature of the hot gas component. Those plots are the same as Fig.5.7, but includes
the three clusters (large circles) with significant excess hard X-ray emission.

In the following sections, we examine several possible mechanisms for the hard X-ray
production in groups of galaxies, sometimes in comparison with those from the three
clusters. We constrain relevant physical quantities involved in each mechanism, based on
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the observed properties of our sample groups, in particular, HCG 62.

6.3 Inverse Compton Scattering

6.3.1 Derived parameters

One possible interpretation of the hard X-rays is to assume that relativistic clectrons arc
scattering off some soft seed photons via IC process and boost them into hard X-rays
(see § 2.3.3). The seed photons are considered to be supplied by the CMB, because the
energy density of the CMB photons, Ucyp = 4.2 x 10~'3(1+2)* erg cm™3, is more than an
order of magnitude higher than that of the star-light, except at the very center (R ~ 10
kpc) of HCG 62. Because the representative CMB photon energy is ~ 7 x 10~ eV, the
Lorentz factor of the electrons required to generate 10 keV IC photons is v ~ 3.4 x 103
from equation 2.21. This implies a cooling time of 7q ~ 7 x 108 yr, considering only the
energy loss due to the IC scattering.

The hard component in HCG 62 and other groups is well fitted by a power law with
a photon index of I' = 2.0, or an energy index of @ = I' — 1 = 1.0. This value is
generally consistent with the radio halo spectra (§ 2.4.1). The implied electron number
index (equation 2.17) of p = 2a+ 1 = 3.0 (see § 2.3.3), is comparable to the cosmic
ray electron spectrum at the top of the earth’s atmosphere. For these reasons, we adopt
a=1.0 and u = 3.0 for the moment.

Then, equation 2.23 is re-written as

%‘2 = 5.55 x 10“27% lergs™ Hz7] . (6.1)
As the hard component luminosity in the 2-10 keV band is 4.2 x 10! erg s~! for HCG
62, we obtain Ny = 4.72 x 10%7 in number.

The relativistic electrons produce at the same time synchrotron emission by interacting
with a magnetic field (§ 2.3.2). From equation 2.18, the Lorentz factor of the electron
required to generate 1.4 GHz radio emission is v = 1.8 x 10* (“—%)—1/2. This in turn
implies a cooling time of 7eoq ~ 1 X 10"(“—12}—)'/2 yr, which is also defined mainly by the IC
scattering process (see Fig.2.12).

From p = 3.0, v = 1.4 GHz and N, = 4.72 x 10%, the synchrotron luminosity is
derived as 2.65 x 103‘(‘%)2 erg s™', using equation 2.20. At the distance of 58.4 h7; Mpc,
its flux at 1.4 GHz is thus estimated as

B\?
f(1.4 GHz) = 6.85 (“—G-) byl . T (6.2)
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Here,1Jy =1x 102 erg s~! cm™2 Hz~!.

6.3.2 Comparison with radio observations

The synchrotron flux predicted by cquation 6.2 is rather high (see Table 2.2): the most
crucial test of the IC scenario is whether this prediction is consistent with radio obser-
vations. We accordingly examined the radio all sky maps and catalogs for the possible
radio halo around HCG 62.

We first used the NRAO VLA Sky Survey (NVSS), which presents the sky image in
1.4 GHz radio band, and a catalog of sources brighter than ~ 2.5 mJy detected in the
image (Condon et al. 1998, http:/ /www.nrao.edu). As the synchrotron emission should
be as extended as the hard X-rays, it will have a size of ~ 15. We present the NVSS
image of HCG 62 in Fig.6.2. There are 10 sources within 15’ from HCG 62 in the NVSS
catalog, all of which arc discrete sources. The integrated flux within r = 15 is ~ 83.5
mJy, while the sum of fluxes of the 10 sources are 118 mJy. Therefore, no diffuse emission
is detected by NVSS.

Table 6.1: Radio observations of the HCG 62 sky field.

name v beam size halo flux(® halo flux

in 1.4 GHz®)
NVSS 14 GHz 45" ~ 0 (no detection)  ~0
PMN 485GHz 4.2 < 40 (no detection) < 138

Texus 365 MHz 4'~ 7 < 250 (no detection) < 66

(1) Observation frequency.
(2) Observed (upper limit) flux at the observation frequency in mly.
(3) Observed (upper limit) flux converted to 1.4 GHz assuming a = 1.0, in mJy.

NVSS is not sensitive to sources extended more than a few times the § = 45" (FWHM)
beam-width (Condon et al. 1998). For example, Coma-C is not visible in the NVSS image.
Therefore, we searched two other catalogs, the Parkes-MIT-NRAO (PMN) Surveys at 4.85
GHz (c.g., Griffith and Wright 1993), and the Texas Survey at 365 MHz (Douglas et al.
1996), for emission from HCG 62. The former has a beam size of 4'.2 (FWHM) and a
flux limit of ~ 40 mJy, which corresponds to ~ 138 mJy at 1.4 GHz assuming o = 1.0.
The latter has a beam size of 4’ ~ 7 and a flux limit of ~ 250 mJy, which corresponds
to ~ 66 mJy at 1.4 GHz. Parameters of these catalogs are summarized in Table 6.1. We
found no counterpart of HCG 62 in either catalog.
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Figure 6.2: The 1.4 GHz radio image of HCG 62 from NVSS, The scale levels are shown
in the right side, in units of mJy arcmin=2. Solid circle represents r = 15' from the group
center.

As these two surveys have a relatively wide beami-size, in contrast to the N VSS, a halo
with 7 ~ 15’ should have been detected, if its flux level exceeds the survey limits. The
latter survey with lower frequency provides the most strict constraints. Thus, we found no
signature of a synchrotron halo in HCG 62, and quote here a conservative upper-limit of
100 mJy at 1.4 GHz. From equation 6.2, the upper limit of the group averaged magnetic
field is derived to be .

B <012 [uG] , (6.3)

assuming that the IC interpretation is correct.

6.3.3 Total energies and energy densities

As we have derived the number density of relativistic electrons (§ 6.3.1) and the upper-
limit of the magnetic field (§ 6.3.2), we can estimate the total cnergy of these non-thermal
components, and compare them with that of the thermal component.

The total energy of the thermal component can be estimated from the mass and
temperature of the IGM. From the IGM surface brightness profile of HCG 62, the total
number of thermal proton is derived to be N, = 5.9 x 10% within R = 250 kpc. Here,
250 kpc corresponds to 15’ for HCG 62. This gives the average proton density of 3.0 x 10~4
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cm™3. The total thermal encrgy of the hot plasma is then

BN ~ g (2% N x KT) = 28 x 10° [org] (6.4)

Assuming a sphere of radius R = 250 kpc, the average thermal energy density becomes
U™ =1.4x 1072 erg cm™3.

The total encrgy of the relativistic electron can be derived by integrating equation
2.17 multiplied by ym.c?, as

o [P amed s (1000
ESR = /1 i 07 =386 X 10% () ferg) (6.5)

Assuming the same sphere, the average relativistic electron energy density becomes UCR =

2.0 x 107(12) erg cm~®. For the magnetic ficld, the energy density is derived as

2
UE = %B’ =5.7x 10" ( o3 2BpG) [erg em™¥] . (6.6)

Thus the total magnetic energy in the same sphere is EB, = 1.1 x 1057 (52 ) erg, if the

IC interpretation is true. We summarized all these results in Table 6.2.

Table 6.2: The energy density of the thermal and non-thermal components in HCG 62,
derived from the IC model.

Total energy
[erg]

Energy density(!
{erg cm™3]

thermal
relativistic electron

magnetic ficld

2.8 x 108
3.9 x 10%(1000)

1.1 x 1057((,‘1&0)

1.4 x 1012
—14 ¢ 1000
2.0 x 10 m)

5.7 x lO““(ﬁf—G)

(1) Energy density averaged in a sphere of R = 250 kpc.

In Table 6.3 and Fig.6.3, we compare encrgetics of HCG 62 and the three clusters,
assuming that the IC interprctation is correct. The non-thermal energy is dominated
by the relativistic electrons. The ratio of the non-thermal energy to the thermal one is
similar in all four objects, which is ~ 0.4(#:—?-'2)%. Here, we take ymin = 1000, because it
is generally used in the cluster analysis (e.g. Fusco-Femiano et al. 2000). However, we
notice that the v, may be smaller. From the average hot gas density of 3.0 x 104 em™3,
and the magnetic strength of B < 0.12 uG, the cooling time of the relativistic electrons
in HCG 62 is longest at v = 100 (sce Fig.2.12b). Therefore, Y, may well be as low as
~ 100, and consequently, the non-thermal cnergy may be an order of magnitude higher.
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Table 6.3: The total energy of the thermal and non-thermal components in HCG 62 and
the three clusters, derived from the IC model.

name integration E! @ ECr® EZ®

radius [Mpc] [erg] JX0)x [org] [erg)
Coma 21 9.4x10% 58x10%°  84x 10%(5125)*
A2256 2.1 94x10% 19x10% 3.7 x 10°(5Er5)
A2199 15 L7x10% 43x10° 8.8 x 10%(552 =)
HCG 62 0.50 L1x10° 39x10% 88 x 109(;2 )
(r=15")  0.25 28x10% 39x10%  11x107(5:E0)?

(1) Integration radius defined as r = 1.58h7 Mpc (1g*Ey)"/? (Mohr et al. 1999). For HCG 62, the
radius of the analysis region ~ 250 kpc is also used.

(2) The total thermal energy within the integration radius, derived by converting the parameters listed
in Mokhr et al. (1999).

(3) Relativistic electron energy derived from the hard component luminosity (Table 2.4), assuming an
electron number index u = 3.

(4) Magnetic field energy within the integration radius. Field strength derived by comparing the hard
X-ray emission and the radio halo, taken from; Fusco-Femiano et al. (1999) for Coma, Fusco-Femiano et
al. (2000) for A2256, and Kempner and Sarazin (2000) for A2199.
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Figure 6.3: The total non-thermal energy plotted against that of the thermal component.
Dotted line represents a ratio of 1(%)%.
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6.3.4 Examination of the model

The IC interpretation provides a rcasonable account of the obscrved cxcess hard X-ray
emission from groups of galaxics, at least in terms of the implied non-thermal energy
content, and various similarities to the hard X-ray emission from the three clusters. How-
ever, the scenario involves a serious problem, that the inferred upper limit on the magnetic
field, B = 0.12 uG derived in § 6.3.2, clearly contradicts the generally accepted values
of the intra-cluster magnetic ficlds. For example, observations of Faraday rotation of ra-
dio sourccs inside or behind clusters yield the linc-averaged intra-cluster magnetic field
intensity of

i -1/2 12
B=(1~10)X(m) h75 [.I,G y

where | = 1 ~ 10 kpc is the field corrclation length (e.g. Kim et al. 1991, Clarke et
al. 2000). The IC hypothesis of the cluster hard X-rays leads cssentially to the same
discrepancy (Coma, Fusco-Femiano et al. 1999: A2245, Fusco-Femiano et al. 2000:
A2199, Kempner and Sarazin 2000).

Strictly speaking, no Faraday-rotation measurements are yet available for HCG 62. In
fact, clusters with the observed Faraday rotation are limited to the brightest ones with
the ICM temperaturc ranging 2.3 ~ 10 keV (Kim et al. 1991). No correlation between
the ICM temperature and the magnetic field strength has so far been reported. Therefore,
we do not have any independent information on the magnetic field in HCG 62, and the
inferred low values of B < 0.1uG may not be a problem in itself. Nevertheless, the implied
magnetic pressure in HCG 62 falls by more than three orders of magnitude below the IGM
gas pressure (Table 6.2). It would be extremely difficult to suppress the magnetic pressure
to such an extremely low level, since the member galaxies are moving with trans-sonic
speed in the intra-groups space and must be continuously exciting the plasma turbulence
(Makishima 2000).

Then, can we somehow avoid this difficulty? If we increased the electron number index
4 from 3 to 4, the estimated flux of synchrotron emission would decrease by a factor of
~ 5 at 365 MHz, and the magnetic field upper limit would increase to 0.27 uG. This is
however still insufficient. A more promising way is to give up the homogencous picture
which we have implicitly assumed (e.g. Fusco-Femiano et al. 1999). We may presume that
the magnetic field forms a number of compressed thin flux tubes where the field strengths
reach micro-Gauss level, while the field may be relatively weak (e.g., sub-micro-Gauss
level) outside them. Since the IGM will permeate both inside and outside the flux tubes,
a strong Faraday rotation can be produced inside them. If furthermore the relativistic
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electrons are somehow kept outside the flux tubes, they will not emit strong synchrotron
emission while producing significant IC emission. Such condition may be realized if the
electrons are accelerated by magnetic reconnection that takes place near magnetic ncutral
sheets. Quantitatively, a magnetic-field segregation by a factor of 10 ~ 100 may be able
to solve the problem. This may not be unrealistic, since a similar condition is clearly
realized in the solar corona.

We further examined whether the radial profile of the hard component obscrved with
the GIS can constrain the emission mechanisms. If the non-thermal electron has a dis-
tribution similar to that of the IGM, the IC emissivity will be proportional to the IGM
density itself, because the energy density of the CMB photon is constant. This is in
contrast to the IGM emission profile which is proportional to the square of its density.
In Fig.6.4, we plot the observed 4-8 keV radial profile of HCG 62 divided by that of the
simulated hard component which has the same radial profile as the IGM emission. The
dot-dashed line represents the predicted ratio when the emissivity is proportional to the
gas density. The prediction is generally consistent with the data profile, except at the
innermost region of r < 2'. However, it is also consistent with being flat (dashed line).

Thus the both possibilities remain.
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Figure 6.4: The ratio of the observed 4-8 keV radial profile and that of the simulation.
See text for details. ‘

In summary, the IC interpretation, otherwise reasonable, requires unrealistically low
magnetic fields of ~ 0.1 uG. In order for the IC interpretation to be the right answer,
a highly inhomogeneous magnetic field may be required. The energy density of the rel-
ativistic electrons amount to 0.4 ~ 4% of that of the thermal component, depending on

the lower cut off energy of the electrons.
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6.4 Non Thermal Bremsstrahlung

An alternative interpretation of the hard X-rays is the non-thermal bremsstrahlung (NTB)
emission from suprathermal clectrons (sce § 2.3.4). In this case, we do not need to worry
about the magnetic ficld, since such electrons do not produce synchrotron radio emission.

Here again we take a model with & = 1, which implies the electron number index in
momentum of 4 = 2 (sce equation 2.25). From the average hot gas density of 3.0 x 104
cm™?, equation 2.27 gives

dL,
de

=113 x 107%N, (%) lerg s™ em™2erg™'] . (6.7)

Then, for the HCG 62 parameters, this gives Np = 2.31 x 10%7. As we have mentioned
in § 2.3.4, this value is an overestimate by a factor of ~ 2, due to the trans-relativistic
cffects (Sarazin and Kempner 2000). Thus, the corrected value becomes N = 1.15 x 1097,

Following Sarazin and Kempner (2000), we took the lower cut off energy of the
suprathermal electron to be 3kT = 3 keV, which gives p = \/ (14 (3kT)/(mnec?))2 — 1 =
0.11. If we integrate thc energy of these electrons up to 100 keV (p = 0.65), their total
energy is derived to be

ENTB

=) Nom, dp 3.2 x 10% [erg] . (6.8)

This value is comparable to that of the thermal component (see equation 6.4). I we
substitute 4 = 2 with p = 3, the total cnergy becomes 2.6 x 10% erg, which is almost
unchanged. Thus, the non-thermal bremsstrahlung interpretation leads to a rather high
non-thermal energy density. The non-thermal pressure will greatly affect the mass esti-
mate relying only on the IGM profile, and the total gravitating mass M, will increase
by a factor of ~ 2. In this case, the velocity dispersion of the member galaxies (376 km
s™'; see § 4.1.1) is 1/v/2 times short of the required value, which is still within the scatter
of the kT — o relation (§ 2.2.3).

The biggest difficulty with the NTB scenario is that the suprathermal electrons suffer
a great amount of Coulomb loss due to electron-electron encounter in the thermal plasma
(§ 2.3.5). For a 100 keV clectron, the Coulomb loss rate is ~ 10" times higher than the
bremsstrahlung loss rate. Accordingly, the cooling time of such an electron becomes as
short as ~ 1x 10® yr when we include the Coulomb interactions, while it was ~ 1x 102 yr
when considering the NTB only. In other words, most of the energy input will eventually
be used to heat up the IGM, rather than in radiating NTB photons {e.g. Petrosian
2000). Because the radiative cooling time of the IGM is generally longer than ~ 10'° yr
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the IGM temperature will increase by 1 keV within ~ 10° yr. The groups with cxcess
hard emission would then exhibit systematically higher temperaturc than thosc without
it, leading to a difference in By (equation 2.15). However, within the available rather
limited information, we find no such a systematic difference between the two types of
groups. Even if this theoretical prediction is somehow reconciled with the observation, a
still more serious problem is how to supply such a large amount of heating/acceleration
energy. Since the NTB loss and the Coulomb loss are both directly proportional to the
IGM density, the problem cannot be avoided by changing the IGM density.

In summary, the NTB interpretation requires the total encrgy of the suprathermal
electron to be comparable to the thermal energy, together with relatively short (~ 108
yr) cooling time. Because most of the electron energy is dissipated by Coulomb collision
rather than the bremsstrahlung emission, the IGM must be significantly heated, which is
not observed. Furthermore, the energy source would become a serious problem. Therefore,

the NTB interpretation seems to be rather implausible, though not completely impossible.

6.5 Thermal Interpretation

Although we have so far considered non-thermal interpretations of the excess hard X-
ray emission, its observed properties also allow an interpretation in terms of a thermal
emission with high temperature, kT = 2 ~ 10 keV. The normalization of a thermal
emission is given in terms of emission integral (EI), which is expressed as a volume
integration of proton density multiplied with that of electron. When we fit the spectra
of HCG 62 with a sum of a kT ~ 1 keV vVMEKAL component and a kT = 10 keV
bremsstrahlung component, the relative emission integral of the two components is derived
to be Elyera/Elgu = 0.12. In an isothermal and uniform hot plasma, the emission
integral is given by EI = (Nproton X N.)/V, where Nproion and N, is the total proton and
electron number in the volume V, respectively. Assuming a pure hydrogen plasma, the
ratio of the emission integral can be re-written as

— (Miara/Vhara)

"~ (Nfom/Viem)

Here, Nigm and Npaq are the total electron (=proton) number of the soft and hard

=012 . (6.9)

components, respectively, and Vigy and Viarq is the volume filled with the corresponding

component.

When we assume a pressure balance between the two components, the condition is

"‘f st x Tharg = x Tigm. Then, the filling factor of the hot (hard)

expressed as Vncm
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component, defined as 7 = Vhara/Vicu, can be described as

"=k x (5‘L")2~ 0 . (6.10)

Ticm

This means that the hard component dominates the whole volume. In other words, the
plasma cmitting the kT ~ 1 keV component is not the “real” IGM, and the kT ~ 10 keV
component instead traces the gravitational potential. However, this clearly contradicts
the optical velocity dispersion measurements, as alrcady mentioned in § 4.3.2. Therefore,
in case of HCG 62, the thermal interpretation under the pressure balance assumption is
not realistic. When Tha,q is as low as ~ 3 keV, and « is relatively small, this interpretation
may work.

When we alternatively assume that the hard component is confined in some small
regions by a magnetic field, what is the required field strength? Here, we take the filling
factor 7 to be 0.1, as a tentative value. Because the total number of the IGM particle is
derived as Nicm = 5.85 x 10% (§ 6.3.3), equation 6.9 gives Nyaa ~ 6.5 x 10%7(%)~!/2.
Then the total energy of the hard component becomes E}Y? = 3.1 x 10%(4)~!/2 erg,
which implies the encrgy density of Unera = 1.6 X 107 (Z)""/2 erg em™=%. Thus, the
required magnetic field strength is about 20(g%)~"/* uG. This value seems to be rather
high, although there are no observational results contradicting it.

In summary, the thermal interpretation does not work under the assumption of pres-
sure balance, at least for the groups of which the hard emission is relatively luminous and
requires a high (~ 10 keV) temperature, such as the HCG 62 group. The three clusters
are in the same situation. It may work, however, for the groups of which the hard emission
is relatively weak and allows a relatively lower (~ 3 keV) temperature, such as the NGC
1399 group. As an alternative to the pressure balance assumption, we may speculate that
magnetic fields of 20 4G or higher confine the hard component. This scenario might work,
depending on the required filling factor.

6.6 Candidates for Acceleration and Heating Mech-

anisms

Since every emission mechanism discussed so far requires the presence of either relativis-
tic or semi-relativistic particles, a significant particle acceleration or heating must be in
progress in some, if not all, groups of galaxies. Our final task in the present thesis is to
discuss possible acceleration/heating mechanisms and the available energy source. For the
IC and thermal interpretation, the required energy input rate (luminosity) is comparable
to the observed hard X-ray luminosity, although it must actually be 2 ~ 10 times higher
due to the limited energy range (2-10 keV) of our analysis. On the other hand, for the
NTB interpretation, the actual energy loss rate must be about four orders of magnitude
higher than the observed hard X-ray luminosity, due to the Coulomb loss. Therefore, we
need ~ 102 erg s~ as a minimum energy input rate for the IC and thermal interpre-
tations, whereas ~ 1056 erg s=! for the NTB interpretation. Below we bricfly review
several candidates for the acceleration or heating source, including; the supernova (SN),
the active galactic nucleus (AGN), kinetic energy of the group member galaxics, and group
merger events. Here again, we mainly take HCG 62 as a template.

6.6.1 Super novae

A supernova (SN) produces an explosion energy of ~ 10 erg, and can accelerate cosmic
rays up to ~ 100 TeV, as observed in SN 1006 (§ 2.5.1). Therefore, it may be the origin
of the hard component. To account for a luminosity of ~ 10*? erg s=!, we need a SN
rate of 0.3(&‘1-)‘l SNe yr~!. Here, f, is the average conversion cfficiency of the the SN
explosion energy to the particle acceleration, which ranges from a few % up to ~ 50%,
depending on the models (e.g., Berezinsky et al. 1997, Ellison et al. 2000). From the
optical luminosity of the member galaxies in HCG 62 (Lg = 6.0 x 10'°Lg; Carvalho et
al. 1997), the SN rate is estimated to be relatively low, 0.06 SNe yr~! (e.g., van-den-Berg
and Tanman 1991), since there is no evidence for ongoing rapid star formation activity in
HCG 62 (e.g. Verdes-Montenegro et al. 1998). Therefore, the SN scenario can marginally
explain the energy input required by HCG 62, on condition that f. is relatively high.
The hard component luminosity (Lnara) in fact varies among the groups by an order
of magnitude, with no correlation to the their optical luminosities (see Fig.5.8b'). This
leaves a room for the possibility that the phenomenon is transient rather than steady,

and we are observing an after effect of a strong star forming activity in the past. In order
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for this scenario to be valid, the putative star forming activity should have taken place
within ~ 10° yr, considering the cooling time of 7ee = 7 x 10® yr cstimated for electrons
with v = 3.4 x 10% (§ 6.3.1). There is yet another possibility that the SN rate significantly
differs among the groups.

In short, the SN origin may work for the IC and thermal scenarios. However, for the
NTB interpretation, the required SN rate, 300(&‘"7)‘I SNe yr~!, is too high to be realistic.

6.6.2 Active galactic nucleus

Another possibility is the active galactic nucleus (AGNs) hosted in the member galaxies
(see § 2.2.4). It can produce a radio lobe filled with ~ 10 GeV electrons, as observed in
Fornax-A (§2.5.3). When matter accretes onto a massive black hole that is thought to be
the nature of the AGN, ~ 10% of the rest mass encrgy of the accreting matter will be
converted into heating or acceleration of particles (Ensslin et al. 1998). This is sometimes
observed as jets and halos of the AGNs. The scenario works even though we do not see
obvious AGNs at present in these groups, on condition that the past AGN activity was
sufficiently high. Specifically, a black hole with a typical mass of 10" M, can generate a
high energy particles with a total encrgy of ~ 2 x 106! erg, over its typical formation epoch
of ~ 10° yr (e.g. Valagas and Silk 1999). This value is sufficient for all three emission
models discussed in § 6.3~6.5.

While the AGN scenario is thus promising from the energetics viewpoint, problems
remain as to the actual encrgy transfer from the AGNs to the intra-group space. In
the case of the Fornax-A radio lobes, the emission mechanism of the hard X-rays is the
IC process. From its radio and X-ray luminosity, Kaneda ct al. (1995) found that the
magnetic filed is as strong as ~ 3uG, which is an order of magnitude higher than those
estimated from HCG 62 and the three clusters (see Table 6.3). This cannot be explained
by the decay of the magnetic field, because its life time is sufficiently long (e.g. Tribble
1993). Moreover, the size of a radio lobe is ~ 100 kpc, which is an order of magnitude
smaller than the radio halo, such as Coma-C. As the electron dissipation within the ICM
is quite limited (e.g. Sarazin 1988), the lobe remmnant cannot by itself form a cluster-wide
halo. From these reasons, for the AGN to be the origin of the hard component, we need
some mechanisms other than those working in the radio lobes.
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6.6.3 Galaxy motion

Yet another candidate for the origin of the hard component is the huge kinctic energy
contained in the groups and clusters, in the form of random motion of galaxics.

Galaxies with a total luminosity of Lg = 6 x 10'°Lg, have a total stellar component
mass of ME% = 5 x 10!' M, assuming Maar/Le, = 8 in solar units. When these galaxies
are moving in the intra-group space with a line-of sight velosity dispersion of 400 km
s7!, they have three demensional velosity of v ~ 700 km s~'. Thus, their kinetic energy
becomes as much as 3 M4, x (700 km s™')2 = 2.5x10% erg. This is taken as a typical value
for the member galaxies in HCG 62. If ~ 10% of this encrgy is converted into particle
acceleration, it is sufficient to supply 1 x 10% erg s~! for as long as the Hubble tine.
Therefore, this picture may potentially be successful for the IC and thermal scenarios.

If we include the possible dark-halo component associated with each galaxy, the esti-
mated heating luminosity further increases. However, even this increased kinetic energy
must be dissipated within ~ 107-® yr, in order to sustain the NTB mechanism. This
seems to be too short, compared with the crossing time of these galaxies of ~ 10° yr.
Therefore, the NTB scenario is again unlikely.

A practical problem associated with this galaxy-motion picture is how the kinetic
energy is efficiently dissipated. A drag force exerted onto a galaxy moving through the
ICM can be written as %€ ~ —rpicy x v x RY. Here picy is the ICM density, v is
the galaxy velocity, and Rp is the effective radius of the galaxy (e.g. Sarazin 1988).
The force will lead to an acceleration or heating of the hot plasma, while a deceleration
of the galaxy motion. For the galaxies shown above, the total drag force is given as
1.7 x 10‘“N“"(%{3p—c)2 erg s~', where N® is the number of the galaxies and Ry, is the
average effective radius. Therefore, the energy dissipation rate may be sufficient depending
on Rp. Unfortunately, the actual value of Ry is not well understood. It strongly depends
on the model of the galaxy: a galaxy with necither the inter-stellar gas nor the magnetic
field will be virtually transparent against the ICM. If, on the other hand, the inter-stellar
plasma and the inter-stellar magnetic field of each galaxy is fully taken into account, Rp
may be as large as 10 kpc as employed in the above estimate (e.g- Makishima 1999). In any
way, the conversion mechanism and efficiency of the kinetic cnergy of a galaxy, through
its interaction with the plasma, is an important subject of future study, particularly from
the viewpoint of plasma astrophysics.

Then, are there any observational results which favor this model ? In view of our
group sample, the HCG 62 and RGH 80 groups, which show strong excess hard X-rays,
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Table 6.4: Criteria for dividing the group sample into three sub-categories.

Hard : Lyarq is consistent with being larger than 10% of Ligy, while its

3.30 error (two times that of the 90% error) does not cross with zero.

Possible hard : similar to the above groups, while its 3.3¢ error do cross with zero.

No hard : Liara is well below 10% of that of Ligu.

802

Table 6.5: Galaxy number counts within 50h7 kpc of the group center.

hard NE\ . possible hard  N&', . nohard  N§' .
HCG 62 4 NGC 2563 1 HCG 51 4
HCG 97 2 NGC 6329 1 NGC 1132 1
NGC 1399 2 NGC 6521 1 NGC 1550 1
NGC 507 2 Pavo(!) 2 NGC 4325 1
RGH80 2 Sec § 5.2 NGC 5044 1
$49-147 1 NGC533 1

NGC 5846 1

NGC 7619 1

139

host scveral galaxies in their central regions. In contrast, the NGC 3044 and NGC 4325
groups, which show little evidence for excess hard X-rays, have a single, relatively isolated
central galaxy in the center (see Appendix D.3). To quantify this possible difference, we
accordingly devide our group sample into 3 sub-categories using the results of spectral
analysis listed in Table 5.4: groups with strong hard excess (“hard groups”), those with
possible hard excess (“possible hard groups”), and thosc with little (limited) hard excess
(“no hard groups”). The classification criteria are summarized in Table 6.4. We then
count the number of bright galaxies within 50h7s kpc (Ng:’kpc) of the X-ray centroid by
eye. Here, 50 kpc is taken to be two times the typical galaxy diameter. The results are
summarized in Table 6.5 and Fig.6.5. A clear tendency is visible: most of the groups with
little signature of hard X-rays have a single isoleted galaxy in its center, while those with
significant hard X-rays seems to have morc than two galaxics. The average galaxy count
is 2.2+ 0.6, 1.3 £ 0.6 and 1.4 & 0.4 for the “hard groups”, the “possible hard groups”,
and the “no hard groups”, respectively. The errors are poisson crror of the total galaxy
counts in the sub-categories. Although this result is not statistically significant, and our
sample is far from being complete, it fits in the current model: a dominant galaxy sitting
at the center of the group potential does not move, hence do not dissipate any kinetic
energy into the intra-group space. If, in contrast, multiple galaxies reside in the central
group region, they must be continuously moving around one another, possibly leading to
an efficient IGM heating.

In summary, the galaxy motion will be a reasonable candidate as an origin for the

hard component, though its acceleration (or heating) mechanisms is poorly understood.
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Figure 6.5: Histogram of the groups sorted with the galaxy count within 50h7g kpe of

the group center. Open squares represent the “hard groups”, open triangle the “possible
hard group”. and filled circles the “no hard groups”.
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6.6.4 Group merger

A galaxy group with a bulk velosity of 1000 km s~' has a kinctic cnergy of 1082 crg,
assuming a group mass of 10'*Mg. Thus, a group merger event can gencrate sufficient
encrgy for all the three emission models discussed above. Because it is intrinsically a
temporal phenomenon, the group merger can explain the variation in the hard component
luminositics among the groups, and it is also in principle consistent with the correlation
between the central galaxy number and the hard component. However, the merging events
are not obscrvationally confirmed to be a commion feature among the groups, in contrast
to the case of clusters (c.g. Sarazin ct al. 1999, Honda et al. 1996, Markevitch et al 1998).

Thus we will just refer to it as a candidate of the acceleration source.
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Chapter 7

Conclusion

From our study of excess hard X-ray emission from groups of galaxies with ASCA, we

have arrived at following conclusions.

The existence of an excess hard X-ray emission is confirmed in about half of the
18 galaxy groups selected from the ASCA data. The emission cannot be explained
by either the point sources (LMXBs or AGNs) in the member galaxics, or the
fluctuation in the CXB brightness. In several groups, in particular HCG 62, the
hard X-rays are confirmed to be extended, with its radial profile similar to or rather
wider than that of the IGM brightness. Therefore the hard component is suggested
to be truly of diffuse nature.

The spectra of the hard component is described by a power law with T' ~ 2. It is
also consistent with a thermal origin. In the groups with strong hard excess, the
inferred temperature becomes as high as ~ 10 keV. When the hard component is

weak, rather lower temperature (2 ~ 3 keV) is obtained.

The observed hard component luminosity varies considerably among the group sam-
ple. In the most convincing cases, it amounts to 1 ~ 18 x 10"'h;? erg s~!, or
10 ~ 40% of that of the IGM luminosity. In the least significant cases, the upper-
limit becomes ~ 5% of that of the IGM component.

The luminosity ratio between the hard component and the IGM, obtained from
the groups with significant hard excess, is similar to those obtained from the threc

clusters from which the hard excess emission are reported.

As the emission mechanisms of the hard X-rays, the non-thermal bremsstrahlung

(NTB) interpretation is unrealistic, duc to the huge Coulomb loss. The inverse
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Compton (IC) interpretation predicts very low magnetic field strength, of ~ 0.1u4G,
requiring an inhomogeniety of the magnetic ficld. The thermal interpretation under
pressure equilibrium assumption is not applicable to at least several groups and all
the clusters, while magnetic confinement picture requires a large field strength of
~ 20uG. The non-thermal pressurc associated with the hard component remains a
few percent of that of the hot gas component for the IC interpretation.

The acceleration or heating mochanism for the hard component is not well con-
strained from current data. However, we found that most of the groups with signif-
icant hard excess emission host a few bright galaxies in their central regions, while
those without predominantly host a single dominant galaxy. We propose that the
member galaxies moving in a plasma may be supplying their kinetic energy to the
hard component.
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Appendix A

Individual Properties of the Five
Observations of HCG 62

A.1 Ratio of the spectra
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Figure A.1: The raw GIS spectra from the five pointings obtained within 15’ from the

group center (Fig.4.8), divided by the averaged spectra (Fig.4.9) after the correction for
the difference in the detector effective area.
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Appendix B

Detailed Analysis of the 4.0-8.0 keV
Band Image of HCG 62

B.1 Image clumpiness

In §4.4.2, we analytically estimated the CXB fluctuation to be ~ 0.5 x 107% cts s~!
arcmin~2 at 1o level in the 4.0-8.0 keV band. To verify this estimation by the actual
data, we also analyzed blank sky data in the same manner as for HCG 62. In Fig.B.1, we
show the resulting 4-8 keV image obtained from the sky region SA-57 (observation ID =
91001040), which is one of the blank sky data sets used in the CXB template (§3.3.5). It
has an exposure of 105 ksec, which is comparable to the sum of the five observations of the
HCG 62 group. By comparing this image with Fig.4.14a, we can see that the fluctuation
level is very similar between the two images.

We also quantified the clumpiness of the 4.0-8.0 keV band image of HCG 62 (Fig.4.14a)
and SA-57 (Fig.B.1). The average signal brightness and the 1o fluctuation in the 4'.5 <
r < 15 region of HCG 62 are both derived to be 0.44 x1075 cts s~! arcmin~2. On the
other hand, those of SA-57 are 0.0 and 0.42 x10~% cts s~! arcmin—2. Thus, the fluctuation
level is in good agreement with the analytically estimated value for both cases, while HCG
62 shows a systematic excess in this energy band.

B.2 Correlation with the galaxies

If the hard X-rays are emitted from galaxies located within the integration regions, the
distribution of the hard X-rays and those of the galaxies will show a correlation. To
examine this effect, we made a radial profile in the 4.0-8.0 keV band centered on each
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Figure B.1: The 4.0- 8.0 keV GIS gray scale image of the SA-57 region, which is similar
to Fig.4.14a for the HCG 62 group. The contour is linearly spaced with distances of
0.5 x 1075 cts s~' arcmin~2. A supplemental contour of —0.5 x 10™* cts s~ arcmin=? is
also plotted (dotted lines).

galaxy, and averaged the obtained profiles. For simplicity, we excluded the central 4.5 of
the group, because the region is very crowded, and used the 9 galaxies within 4'.5 < r < 15
of the integration region. The background profiles were made by the same manner using
the template CXB and NXB, in which the CXB fluctuation calculated from equation 4.2
was included as a systematic error. The results are plotted in Fig.B.2. We also show the
radial profile expected when all the hard X-rays (~ 500 photons) are emitted from these 9
galaxies. The profile shows no enhancement around the galaxies, and clearly differs from
the expected profile. Thus, the galaxy contribution to the hard X-rays is concluded to be
insignificant.

B.3 Azimuthal dependence

In Fig.4.14a, there is a tendency that the hard emission is brighter in the northern half
of HCG 62 than in the southern half. If this tendency is significant, it may contain some
information about the origin of the hard X-rays. To examine this possibility, we divided
the spectrum integration region into 8 sectors, each having 45° angular scale, where the
central r < 3’ is excluded. The count rate of these 8 sectors obtained after subtracting the
background are plotted in Fig.B.3. Thus, the surface brightness of the southern regions
is about half that of the northern regions. However, the CXB fluctuation expected in
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01s | FURBTRRI
Figure B.2: Averaged 4-8 keV radial profile centered on 9 galaxies in the HCG 62 field
(black crosses), and that of the background (gray crosses), in cts s~' arcmin~2. Error
bars are in 1o, which are averaged over the 9 galaxies. The background error includes
the CXB fluctuation. Thin histograms show what is expected if the hard component is
entirely emitted from these 9 galaxies.

these integration regions is ~ 4 x 107% cts s~ arcmin 2, and the profile is statistically
consistent with being flat when we consider this effect. Thus, we found no evidence for

azimuthal variation in the hard component distribution.

ot
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Figure B.3: Azimuthal profile of the 4-8 keV image of HCG 62, in cts s~' arcmin~2. The
angle is defined clockwisely, the north being the origin. Thin line represents the 1o level
of the estimated CXB fluctuation. Errors are lo statistical.
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Appendix C

Calculation of the CXB Fluctuation

We present here a brief summary of the calculation we used in estimating the CXB
fluctuation. Sec Ishisaki (1996) for detail.

C.1 Formulation of the CXB fluctuation

Condon (1974) estimated the CXB fluctuation level, and we below introduce her results
briefly.

Let n(S) denote the differential source number density with the flux S {erg cm=2 s7!).
This n(S) represents the log N-log S relation, usually expressed by

n(S) =kS™ (y=25 for the Euclidian universe). (C1)

We next define the transmission function f(8, ¢) for the detector, which relates the ob-
served counting rate z (c s~' cm™2) for the detector to the flux S from the source locating
at ) = (8, ) on the sky as:

z=A f(Q) S, (C2)
where A is a constant which normalizes f(6,¢) to be 1.0 at the peak, i.e., f(0,0) = 1.

Then, the expectation dfi(z) of the source number with the counting rate in the range
T ~ I + dz can be estimated as

z dz
since dz = A f(2) dQ. Assuming equation (C.1), we derive
di(z) = k A" z77Q, dz, (C4)
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where ‘
Q= [ [£@)]~de. (C.5)

This £, is called “effective beam size” and represents the response of the detector to the
source confusion.
Utilizing equation (C.4), we can calculate the expectation D of the observed counting

rate D (c 57! cm™?) as:

kA'Q _

-2—:7’:' 6, (C6)
where D is a lower cut-off of z, which is introduced to avoid the divergence of the integral.
Physically, this means that the log N-log S relation should flatten below some flux. Since
dn should be subject to the Poisson distribution, i.e., (dn)? = dfi, we can also calculate
the standard deviation op of the observed conting rate D as:

D, 12 -1
g _ [Pe[zb@n)] P o RATIQ
a,—_,-—/o = dx—/o Fdn= == DI, .7

= — kA7) vl g
D /Dozdn—kA Q,/Doz dz =

where D, is an upper cut-off of z, i.e. we discard the data brighter than D, regarding not
a blank sky. Therefore, the fraction of the CXB fluctuation is

kA Q, DEMV2 (2~ 4) 2—7 DNC~M2 Dy\2
B _= ( e ~e = e —_0. . .
oo/ (3=9)2k A1 Q, D" \/(3 —)kQ, ( A ) ( A ) (C8)
for the Euclidian universe, i.e., v = 2.5, this becomes

op/D o ;%5 83 (S, = D,/A). (C.9)

C.2 Effective beam size for the XRT+GIS

Taking into account both vignetting and stray-light effects, we calculate €, for the
XRT+GIS when we use inside 20 mm from the optical axis as the data integration region.
Fig.C.1 shows the dependence of the Crab counting rate on the offset angle 6 from the
XRT optical axis. As seen in the figure, we approximate the counting rate as:

i‘:%’ - (0<18)

f(0)=4 —51.6(6-22)+20 (18 0<22) - (C.10)
20
TFosep@—coyg ~—~ @<
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Figure C.1: (a) The obscrved Crab counting rate in the 0.7- 10 keV energy band plotted
against the offset angle from the XRT optical axis. Filled circles represent GIS2 and open
circles GIS3. (b) Same as panel (a) but for the larger 8. Solid line represents equation
(C.10).

If we ignore the azimuth angle dependence, we can calculate €, as:
o0 1
Q. =2 [) (£(6)/£(0)]"" sin0do. (C.11)
In figure C.2, we show

6.
Q.(8;) = 2r /o [£(6)/£(0)]"* sin 0 d9. (C.12)

Therefore, €}, for the XRT+GIS is 0.142 deg?. Contribution of the stray light to €, is
~ 0.01 deg? and almost negligible.
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Figure C.2: Calculation of €, for the XRT+GIS.
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D.2 Spectra

D.2.1 Single component fits
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Figure D.2: The same as Fig.5.2, plotted for the remaining targets.
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D.2.2 Two componnent fits
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Figure D.3: The same as Fig.5.4, plotted for the remaining targets.
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D.3 Optical images of central 300 h7} kpc.

Figure D.4: Optical images of the central 300h7' kpc region of the groups. “H” indicates
the “hard groups”, “P” the “possible hard groups”, and “N” the “no hard groups” (see
Table 6.5).
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Abbreviation

GIS: gas imaging spectrometer (onboard ASCA)

SIS: solid-state imaging spectrometer (onboard ASCA)
XRT: X-ray telescope (onboard ASCA)

PSPC: position sensitive proportional counter (onboard ROSAT)
HPGSPC: high pressure gas scintillator proportional counter (onboard Beppo-SAX)
PDS: phoswitch detector system (onboard Beppo-SAX)
MECS: medium energy counter system (onboard Beppo-SAX)
UV: ultra violet

EUV: extream ultra violet

AGN: active galactic nuclei

LLAGN: low luminosity AGN

SN: supernova

SNR: supernova remnant

LMXB: low-mass X-ray binary

HCG: Hickson's compact groups

IC: inverse compton

NTB: non-thermal bremsstrahlung

CMB: cosmic microwave background

CXB: cosmic X-ray background

NXB: non X-ray background

ICM: intra-cluster matter

IGM: intra-group matter

ISM: intersteller matter

CDM: cold dark matter

FWHM: full width half maximum

IPMT: imaging photo-multiplier tube

RT: rise time

RTD: rise time discriminator

PH: pulse hight

COR: cut off rigidity

CCD: charge coupled device

PSF: point spread function

FOV: field of view
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PI: principal investigator

EL emission integral

NGC: new galaxy catalog

KSC: Kagoshima Space Center

ISAS: Institute for Space and Astronautical Science
GSFC: Goddard space flight center
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