
Chapter 7 

DISCUSSION 

7.1 Nature of the ULXs 

ln thC' prP\'iou:-; t'haptc•r. we• c-mlfinnc•d thnt the· ~H ']) llll>d(•J i!', ttton• ltpproprhllc· t ltiiJt tIt<' 
powc•r-law IHHI TBS onc•s I o r<'IH·r:-;('111 t hf' spc•<'t l'il of lJ LXs. \\I' Hi:-;o t ('sf c•cl t Itt• lliiJdc•ls 
wltic·h h(lV<' l\ ICD-likc• COlli inua, til<' UC mode•! nnrl t hC' hrokc•tt JH>wc•r law tlludl'l. fot 
!(' :Yt2 SOIUTP 1. ~ 1 ~1 X-(). alld rcc 1 :31:~ SOlll'C'(' B. sill('(' l!tf'it 'ii>C'C'll'rl ltrt\'( 1 ntiiH'r good 
photon stcllisti<-1->. Fot tltt• lnttc•r two objc•c·ts. lhc•sc• tlm•c• lll!Hll'ls pnwidt• stmil,ll \itlttf's o( 
\

2
/ 11, altlwugh liH• broi{(•Jl l><>wc•r-lcl\\' moclrl ~in•s :,ltgltth lo\\'1'1 \ '.!jz, for ~1~1 X-G. Ou 

dw othC'r hand. fm ((' :312 soun·t- 1. whic·!t ba.., thl"' ltip,ltPt-~1 pltofo11 stnttsltcs iliUOil~ thc• 
-..om<"e'> discus~Pci IH•rc•. t ltc• \lC'D mod<'! show-. "il!;llliwaut I~· stu.t!lc·r \'llhlf•s of\ 'J. llt;llt t hosf• 
oftl!C' otlwr two moclc·ls 11!-. '>110\\'Jt ill Tabh• G.l: rill' ,·ottfidt•tuc•lt•\·c•l oftltl' \IC'D. the• l'(' 
1tud thE' brukc•n pcm<'r law mocll'l fitting i~ .J:l'Jc'. 25':tc. and '!t. H'~-ipc•rliwl.\ \(orpcn·,·r. 
rl'gardlC'Ss of 1 he• Homcc. I IH• \ IC'D mode• I pro,·idc•s ndtH•:-o of \11 1 ell lt<'l' cousist 0111 wit II 
tlw Galclctic one•:-., wltc•rNl~ t b0 ot h<'l' modPis r<'qllin• <'XC'l'ss td 1sot pi ion. a:-; m!PJ r<'d frmu 
Figmc 6.26. Th11s. tlu• .\IC'D mode•) i-. bcsl prd'PrrPcl 

The> UC and brokrn pow<'l-law nwdels arr nlso inappropruu t' 111 viP\\ oft IH·i• ph\'sintl 
lllC\tUling~. For !I tt' lJC' IIIOdl·l. t lw oiJtHinrd vrdl tPs oJ rr;, i~ :w :m. Tillts. IIH• t'Uh111 111 
dc•nsity of the pla::;mn. c•st itr1atc•d h:v dividi11g thr optic <1 1 dc•pt II by 'PhoiiiHl>IHii'Ctl tc>ri11g 
c·ro:-,s-secli()Il. would HlltOlllll lo > 10:.~r1 C'Jll 2. Sill<'t• the• plmmtll l<'lllj>N<lllllc• is not so high 
l"c, "' 1 k<•\'. tllC' SJH'c·tn tliJ sho11ld show pronJillcnt h•-K c•dgp ctiJsmpt 1011 f'P;d ttrc at ""'7lw\ '. 
whic·h is in fact al>sPnt iu a 11\' of ottr (l LXs sprct ret. Fntllwrrt 101 c•. tllr' obt a inrrl param­
l'lNs considerably <'ontradict tiH• lH'n'ssm-v c-ondJttoJJ for tltf' plrt'illlil to prodnc·c• tllC' [(' 
r111ission. The UC' ::-JW< t rm11 b rc•alizrd only wlwu tltP t·nus~·.i•tll H'gtou ts ··('(fpc t1wh· 1 hin" 

tofr('(~-frrt> absorptimt. i.P., Tift"' yru(rtr +rr..,) « l (Hvbkki <llld LigltiJillllt l!J7!J). "lte>r<' 
:-..tr ,mel r 1r drnnle> tlw c>ffc•C'ti,·c· nnd fn•P-fn·r optic·al dt•ptlts rc•srwctin•lv. Thi:-; n•lation. 
tog<'tlwr with tlw nhtniw•d \'altu• ofT, .. n·quirrs quite• low nd11c of r1r (<<""1 1:30). lu ordc•r 
for this C'Ondi l in11 1 o I 1r rc•rdizc•d down to pl1ot ou <'IJ rr~ic•s of II :2 kc• \ ·. 1 hf' pJu...;tuH IIHISt 

hcl\'(' a wdius of> I x 10" c·nt. It St'<'lllS quite' <llttfkial lw s11c It 1111 c XfC'tHIPU pl;r:-.IIJrt 

tu br lwatcYI agaillsl tlH' illt<'ll~« C'outptou c-ooliug,. \\ 'c• tltc·rPfc,lC' c·oJI('lllClc• tltut tit<' liC' 
iutPrprc>t atiou of tll<' ULX:-. :-.rwdra is physically lllll'f'nlist ic 

Unc!C'r:-t H]l( liug Ill<' U LXs 11s :-.ynC'llrot nm I'll tissioll i 11 1 c•n us <1/ 1 he· I Jl'Okl ·11 I>Owc•r-lcm 
tuodc·l is also difii<'nlt. 111 this rc•g,itll!'. tlw brPak in thc· spN·ftHI slopt i'> Htlrdmtf'cllo tlw 
~\'1J1 hrotron ('OOilllg. Our obJC'<'b -;lww rl"'latiw•Jy 1~-trgr· I>H•ilks in pltotou incl<'x b_,· 1 :2. 
whc·rl"'as a MC'ad.v sf at P :-yiH I m ''ron roolmg prt>dkt s n 1 m·uk I 1\' Clltl\' O.S. wlli<'h l'i ohsc•n·H~ 

lo:i 



lionalh· "llj>JHIII f'd (t•.g., 'I r~-..hiro <' I rd. l!HJ:J. Takalwshi 1'1 11. JI)!J(i I. :\Jon m·rr. om -..o\IIT('S 

I ~ike --imilnt valtu·s l>l brc•ilk Pllt'l'~~·- i (', Ft.~ rv '2.[> :3.0 kr \ . witH h IS w;<1iJI Ullr!'<lli!"t il ', 

For rl'ft•rP1WI' t he• sJH'I t ntl bn'aks of l>lazHrs, cll'l t'llllitH'rl I>\ 11 bnluHn' <ll11onr, t hr c•lc•c 1 ron 
cH'('!' II'Uiliotl. S\'llrhroti'OII ('()(Jiing. nnd f']I'C'trclll ('SCHJH'. St'llliC'I bY more thclll thH'I' cll'c-aclc• .... 
in c•1wrg~· {Knl>o c•l HI. l!J!J ). hn tlw'><' rr.n:-;ous. the synchrotron tntrrJxc•tarion b tllllikl'l\'. 

too. 
Thus. the \J('D tuoclc•l i~ l)(•:.;t prr.fNn•cl lor lliOSt cd' t!H' ULXs I'Xl·rpt for -:\GC 1:31:{ 

-;otm c• .\ 111 t l11• I !.J!J:3 oh...,c n·,tt 1011 and IC' :~ 12 sot II 1 1• '2. f111 "hirh IIH• siugl<· J)0\\'<'1'-In \\ 

llllldl'l 1' tdt•qu.tl I' .ts illn•fltly 1111'111 imwd lll !{ (j ,(l rl! td S U. . \\"1' -.,untllli-trlZI till' ht I ill l-!, 

rrsult!-i oltlw l 1.~ " sJHIII'rl in T;!IJ]P 7.L. It indicHic•s l11Hl tlH PLXs .... pr< Ira arc• gwssl\' 
rlh·idPd iuto t \\'O ~· oliJI"· on<' j.., illllajnril \' r,rouplor whit'h 1 he \IC'D mndc 1 is npproptl,tl 1. 

and til<' 111 lll'r is ,, lllinnrit \ orw whkh c-r~n lH• rc·rn·c·sc•nl Pd ll\ 1lu• ..,ingle> ()0\\·rr-law tnodt•L 
:\:--. 1111'111 io111 d i 11 ~ 2 :t 1 b1 \I C' D t•mis~iou j.., I''X(ll'< t rd fr 0111 L \I XB~ or BH Bs. \lost of 
rLXs 11,1\(' \,dlli'C., o! '~" -.imilnr to lho:-.r of G.t!H< tic bright t:..rxn!-> (1\'pu·ally ).:} kc•\'). so 
tlictl tlw L\IXB lllll'rpn·l.ttlnll b appan•11th· pr('fc•ln•d llowl'wt as nlrc·ndy ch-srnlwd 111 
q 2.~>.:L 1t h dillic ull lor L \IX13:-- to <:H'totllll for t lH• higlt lmuJIIO:·;it ,. of CLXs. In add it 1011. 

llu•IJJ,wk body t'Oill]H>IIC'Ill dwnt< tcrizillg liH' L~IXI3 SJ><'dnl ntcotllll. fm nt most ~ :3()<,.{ 
oft lw 0.0 Ill k<'V llllXI'S l't>l' J(' 3·12, .\1 I X-G. \C:C l:31;j sotnTC' B wtliC' 199;3 ol>:-iC'l'\'n liOll, 

n11d :\C:C l [)()[, (wltc• 11 two ULXl'l nn•-;tmmu·d up ). f!H·~c· an• mHsiJt•n1hly lowc•r thn.u tilt· 

hlttck-bodv C'lllltnlmtioll :-;t•c•JJ in Gttlactil L.\LXBs . ......_ fi()lft for thc• moHt lumiltom; L.\ l .Xl3~ 
( .\ !11 sndH I' I a I. 11) I) . Tints we· propos<' tlw l t lH>s<' Ll LX"· who:--c• SJWC'l rn l'etll hr rC'prc•st•nt c•d 
!,y tllf' .\lCD llllldc•l. an' at t'l'<'l iuJ!. l31ll3:-. Tb( laC't tlt,n sOillC' of ULX. (r.p; . .\l:n X~. 
\ G C I :11 :~ soun I' \ 111 I ill' 1 CJ!).) oh~Pf\'flt i1J11 ) -;}ww J>O\\'C'I - Icnv hard cnmpouent 1 O)!.C't hc•t 

Wllh til!' .\l('l) tliH' ;tl!-io tPillfolH'S tlH' l3HI3 illl<'l(>IC'l<llloll. 

The mtc•rpl<'lciiiOll of l'LXs a:- .\lCD c•tnbsioll frotu BIIB-. is ·mpportNl also hy Hll 

fl;-.1 I'OJl(l)lliC HI point or Vi('W .• \ s dc·::.rnhrd III ~ 2.G.:2. l LX .... arc· p;c•m•rnlly t-iC'C'Jl in arms of 
spimls P,HI lXII'"· \ ('t nalh' at liOn!!, om S<Ullpl<• gnlaxit•s, .\I 1 nud IC 342 L.a\'E' f(llat i\'C•l\' 
fll<T-tlll gc•olltt'lll<'s. ;JIICIIhrir liLXs ell'<' dParl~· nssoc-int<•d with thl'ir .... piral Clrtns (sc•t• thc' 
iuu·1~Ps iu ApJH'11<1ix C) . l'lti~ indi('nles I hal t he• ULX:--; lwluug to young populat ioll ohi<'l'l s. 

i11Hl lOWitdt>riliP, I IH· I irll<' \'!\riCII>ilitv SC'Ctl from :-;()111{' ULX!->. c·omp<1('( uujc'C'I:'i USSOt'iHt!'d 
wi th pop11lnli111l 1 Hlllrs, I' p, .. thf' Bl! Bs. IU'C' tlw ntost prC'lc·rr<'CI ('cmdiciMc spedt•s. 

A l llllllJ!. 0111 ohjc•ds. two:-;oun <'S. i.C' .. \GC 131:! sollt'('(' J\ in tlt<' 199:3 oi>~<'l'Wltion nml 
J(' :342 HOIIJTC' 2. ('1111 IH' l'!'J)I('H('Il(C•d by llH· sin)!;l<' powrr- lel\\' model of r = l.l 1.7. Till':-(' 
valtH•s m<' dJHIHt'lt•ristic of BliBs intlw hard -;IHIC'. Tn <Hldilion. tltc• long-tc•rn1 vmial>ilitv 
of :\GC 1:31:1 some<·. \ rau Ia~ Pxpr<'s:rd d.~ a st>ft hurd tnmsitinu. n:--. mPrtlimH•d in~ u.(i. 
'I Lu.., .til of o\lr l 1 LX ... < ,111 lw nud<'J'!'.loocl as Blllh, ah hough 11110.<> prubk111:-> n•uwill to 
llt• -;oh Pel ns IIH'llliOliPcllH'Icm. 

7.2 Problem with the BHB Int rpretation 

7.2.1 High BII tna s to keep ub-Eddington radiation 

Till' lit!->l pwhll'lll is t h~11 \'<'1'.\' J nns:-:;i w ~~ c•lhu B ll~ 1m' 1wc•drd 1 u tH'C'otllll fm t 11<' It igll 
llllllllltlsilirs of Ll l Xs Ill r.,I>Jc- 7.1. \\'(' tnhulatl·cl tlw 1111lllllOSitiC'S for indiddll cll SJH'C'll'•'' 

t 'OlllJHillt' IIIS of 1 lH· saltlpk t LX:- For tlu- JHl\\'1'1 - IH\\ l'OillpOlll nt. wt~ i:l "'.'liUtl'd 1:-;ot ropit 
<'lllission and ealrult~lt•d hnllllHl"it H'"' L~m ill I ht• 0.0 10 k<'\' haud .. iHC'C t hi~ mode I 111-

I 0 I 

~Al>](: 7.~: ~tl.llllltal'~ of t_hr SJH•c:tra) lilting l'C'Sillt~ of l ' L.\.s 111 1!'1'111~ of ilw \l('l) llltH\d 

I· or \ GC 13 U sourt'(' • \ 111 tlw J<J<J:~ oh ·c·t , .. lllllll ·111d IC' ·J 1 > ·> 1 
1 

· · • ' ' • I - "lllll'l t' -· \\'(' ,11 11pt 1)11' ..;ju~l1 • 
pcm:er- aw nmdl•l (st•c· su.u aud q(j ) 
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P\'il ,,I>Jv urot·d' a cut-off iu low .md high Pm·rgiP ', I"or t hP :\lCD t'OlllJHJU<'llt. wc• I ~h~~~~~tlc·ld 
· · · 1 U R · tl • I at t <'I Ill' nil< ul!itc'd fruru C'quatlon -· . holouH't ti<' ilnulllo:--Jt II'"' .. J,,,t .1s wr as m· II ' .. , . • , 

\ \ 'hc•H 1 lw :-.o\1 rc C' di:-;t 1111c·p [) ,mel tlu· ch:--k i ndi ua I 1011 1 an· dtHlt~c·c l. tlws<• qucmt Ill< :-- ~ll1 h 
a.-; 

1/ 'J. 
{ pnw J)'l r disk 'X Dl(<·o:-; I) l. Hill JJ( (()~I) . .. , "hill 

(7.1) 

n I l k / dt!<k tlll•low<'sl This as::.tmlptiou iH not ll<'I'Paftt•l W<' I <'lit ut 1\'c•h· aSS\1111<' I= , I Ia rua <''> •r.ol . . . . . . . f . . ,· . ' 
·1 1 11 .1 1•111 f\l\ .... jll!P. the• hcP-Oll u<•omPtn prmtclt·~ til(• luglH•st flux 01 '' ~1\1 II 

IH'< ('SSill'l y llO ; •. • , ' ,.., • 1 I Tl . • 
holtHJH'Iti.t illllllllostl\'. lwm·<· ttJt~kiug tlw S\:-.l<'ltlllllllt' "<'1<:('\1\'t'ly <1<-~c·c~u) r .. ,lll.s. ttt' 1 \1~ 

tt' 1 • 1 · ·1 • > ·~ J03'~ 1•ru :- 1• lu orclc•1 lot t lw nHhrlllOll to lllltrllll ..,11 > 11[ onr l ,.., lil\1 tttllllH!st ' _ v !"> E · 
11 E<lchllntou 1 ill' 1311 11 wss (h<·t<•aft<'t .\/d llllt:-.1 I)(' quilt' hi!!,ll. l\'pi< ally~ 20 .\/. · :.spC'< Ia_ Y 

,..., . I Jl'"" r J fhsk C'X{'('C'cl Jllll'c•J'I> :-; 1. Slll'h II!-- IC' 3-12 ~Ollf{(' l, rl qtttlc' for Stllll<' SClllJ'('( S \\' IOSC' \ () -'hoi ' C'> 

ltt;lssi\'P BII of .\/1 ~ 70 \1 I.' Ill ('ckrl. . . , . 
Ilow t () lllllk<· SIIC It t1 lll·l!->:-;ivc· I3H )'('llHiills ;111 op<'ll cpu•st 1011. hC'< au'{' a ll01111itl sl r\1 

I , .. ·, . 1 .111 -70.\1 is tltouv,IH to lH' I<Hlhllhc•ly llllslclhk. nucl c·am1ot t•,·oh·r to l~<'r<H.IH' 
l(,l\tll 

1 1
• II' 1· · Tl •l 1 l<'ll'ic· hllllliiOSll\' a Bll Thi-. it sc·lf is attol lwt c·ousc•qtl<'lH c• nf t IH' Lc c 111 gl oil 111111 . H >O uu · 

o[' lll<lill-s! <JIH' II C'C' S ( HIS S< ,li e• \\'Jl)t t)H' 111('\SS l\f HS 

(7 2) 

\\hl'r<' L ;1, x J!f!.l <•tg ~tis tlw holouH•trit' soiHr ltuuillosil\'. '!'bus: tlw IJolonw.ltH 

lmuiuosil\ oltlliiiii-:-.<'C(\II'IICC' !'Iars, wlmh i~ supplwd h\' llllC'I<'Ill lnswn. illtTC'_<l."t'<; nllll>Hlh 
· 1 \1 7() \I I rc•·H' IIC's L . t lu- star \\111 he> > O\\ II a!' ( ]IC' <;(I' IIIli' 111HSS IIIC ll'tlSI'S. clliC rll · "' • · ' I 

'lJI'trt I>\· tb 0\\'11 tudint i<m pn•s:-.urc•. 
1
. 

' r • • DJ) f \/ ...._ -o \J sOJIIC'\\'hat l'!llll tcHh<"l s ('\UTt'llt ttncJP.rsl flll< Ill)!, ]{C'tH't ll lllilS!'>I\ C' U 0 • f ~ I ' ' . · l 
of lltl' sH•i lnt C'\'OIIIIIOil. Jlo\\c'\'('1'. ronsidrring rhc> clistanc·c• llll('('l:t<l~lliH'~ ~u.tcl .n•c·c·,t.ll. 1 II'~ 
on•t il'al <\lid ol>:-.<'1\ 111 Jomd rc ·sult "'· t hi<. problr.tll flirt\ 1101 I><' ..;o srnou:-. as It c1 ppun-.. H 

dt•scniH·d in ~ I .. ~. I-

7.2.2 Too high tcn1pcrature (too s1nal1 l?in) 

T]IC' S('( und pmhl<' lll rll'iHC'S !'rolll I hC' [n('t that the· oht:dltC'd vn i·IIC'S or 1;n of u~,x~, ~~11lg~l~~ 
1 0 2.0 kPV <·xc·c•pt for \ UC 1:~ 1:3 smm·<· A. arr signihtulltlv :uglH'r than those ol ?·tl:': .I~' 

, 1 II · [31 1 J > . ( () r: J '> k(•\ '. (' g Tnnttka L('\\ i 11 I !JOn). Fnrt hC'nr10r0. <1s 111ft tt c d or a\ ntr(' Hil l(' )S ·> - . • . • . I . 
r ,., I 2 )t: .1 lt<' 'l\' t<'t Bll true!~ to show cl lmwr \'clhu• of Tan· wh1d1 npp;lrC'llt ' 
I'Cllll <'qlla lOll . u t ( • • • • • 1' k r . . I 

l. 1 tl • lt •IJ ] ' s<'Pll for tTL'<.. .... lu ollwr words. WJI hm our a<·crdtOlH ~~ c.>tlllrl-
('Oill fH( \( .., I( I ~ Ill • • b. 1 I . " I 

. tlt<' lHl (',uuwl lw vc n· mnssh'<' for tlH• disk lt'lllJ)('l'HI nrc• to lw a.<. 1g 1 a:. o >~C'I\t < 
I sill, · · 2 W 1 J s c J ·1 
In rat'l. snhsl it Ill illJ!, a 1\'pkal \'ai\IC' of 7~11· l.;j kl'\', ill\0 <'qllallon . . H' 1~1~·" I.< 

,'<hw.nz:-<hild Jlll hc•1-01111 • .., 0111\' ...... .J.U. C'\<'11 if"'' as~tlliH' ']~I.: tlwu .. the ob~C'l\<cl ~~( ~~ 
hmtlllllsit, would gn•atl\' c•xu•<•dPd t hl· llllpli<'d Ccldingl oil lmul. Tlt~s ;t>lf-mcou:-.tsl I IH \ 

wn~ nlJ(•,tdY potntt•cl 0111 l>v Ok~Hin C'l nl (l!J!J, ~ t~ltd. \lll~llll~.C't cd .... (1J9~). , . . . •s 

l'l 'r · ''too hi ll h r t>rublc•m" lllRY ll<' br:-;t Yl~ltahzc·clm I• tgun• (.1. ">hC'n Ol~~ ;)\1)(( 

IS n Ill . , . . "fl {'l }'· , rhc•)(•, 
I 1 I (I 111 J , s / 1 1 t>lnlH' wh1eh llHl\ be• cnlkd <lll .~-1,1~ ' < Jagrc1111 

(11'(' p 0 I' ( Ill • )(l • • ? L ·~ . I 1 
dot (('cl Iilli'S ['(')>l'l'l't'lll [ hP ]o("i 01' C'OTIS(HU( ,\J. l''Xj>I'C'"l:-.C'(~ h.) 1''1118l101l - .: ~S~ll~lliiiV, ll ' 

· 1 l.' 1 1 ' ll llJ[ ,\ltlllu tlwst' litH'S 11 1311 of 1!,1\'C'll lllrl:-:S dulllg<S tis 1m nltcl / ... bctl 1 (' I H' ()(' 1\\'UI'i'.!--(' 11 l } • C'> • • • 

. · 1 1 1 · 1 1 J' I. hot h T and L1 1 I><'< m II(' l11ghcr a~ the mass <H'C'T'('ttoll 
Ob('\'lllj!,(h'J(' tiJtlll (\ ''"'' Ill' Ill II> . , . •o··•d 
rat c• IIH n'rb<'s On tlw otiH·t lumd. dnslwcl litH's l<'pn 1-.<'t~l t hP ltwl of rnu~l ant 'I· ( XJ~H s~c 

1). ( )Itc.·c till' lun1inu~it\· Jlonrut!JZ<d to th~ Eddrngton lmnmosJI\ h~· l'CillclllOll 2 1 [l ( C\ 

(i.e. TJ) is giveu, 'l BH of higher mass tend to show lower T.n and higher Loot , obrying 
the relation of Lbul oc: T.~4 . Thus, this Figure provides a conversion diagram from (7;

11
• 

LboJ) to (Af, TJ) for non-spmning BIIs within the MCD formalism ln ord<>r to corl.•m;tent ly 
understand an X-ray source as an accretmg non-spmning BII, Lh<' data pomt should fall 
on the region of 11 $1 (sub-Eddington luminosity) and AI ~ :31\L (heavier t.han a NS). 
However, most. of our ULXs (except. for M33 X- and NGC 1313 source A) fall either on 
the super-Eddington region or nn fht• 17"" 1 boundary, tluc to !.heir !ugh T,

11
• 

We can equivalently state the problem in terms of the values of Rm As expert.c<i 
from equation 2.8. t.h<> high VcJ.lu ~ of ?'; 11 or T~TTJXs yic1 1 rclnllvdv small values of Rm In 
fact, the obtained values of R 111 arc as small as "'100 km exc·cpt for l GC 1313 source A. 
Hence, from equation 2.10, only "'10M is allowed if we assume a non-spinmng BH Ou 
the contrary, the high luminostfics of ULXs require /IJE up to 70 100 M0 . We summariz<' 
thts issue in Figure 7.2 Thus, most of our ULXs show much smaller values of R,

11 
I han 

are needed to account for the high luminosity. Therdore, t.be 'too high 7,
11 

probl<'m" cau 
be rephrased as ''too small R10 problem". 

7.2.3 The change of Rin 

The third problem is related to the variation of R10 • As reviewed in § 2.7, Rm of Galac­
tic/Magellanic BHBs generally stays quite constant a.s t.hc source varic;s. That is, an 
increase in the mass accretion rate raises the disk temperature, but does not affect the 
disk size. This has in turn allowed us to interpret Rm as rcprcsentmg the last stable or btl. 
around the BH. It. is therefore of fundamental importance to examine whether Rin of each 
ULX varies or not. 

We have in fact dctcded short-term and long-term vario .. t ions from three ULXs, i.e. 
IC 342 source 1, NGC 1313 source B, and M81 X-6. However, cont.mry t.o t.he case of 
the Galactic/Magellanic Bl IBs, the disk radius of all these sourc·es exhibited ncga.t.ivc 
dependences on 1in; the changes arc st.al.istically significant as to the fonncr two objects, 
while marginal for M81 X-6 (sec § 6.2, 6.4, and 6.5). This effect 1s also visualized in 
Figure 7.1, which is drawn under the assumption of R10 = 3Rs. There, an object would 
vary along the dotted lines if R1n were constant like in t.hc case of established BHBs, 
whereas the three ULXs actually vary along Jines with a flatter slope: as the temperature 
becomes higher, the inferred BH mass apparently decreases, because of the decrease in 
Rin· Clearly, lhis behavior is distinct. from those found among lhe Galact.tc/Magellanic 
BHBs. 

Figure 7.3 summarizes the R10 vs. T.n relations of all the three ULXs that varied. 
Thus, their variations approximately follow a single common scaling of R

111 
ex T.~ 1. This 

effect is therefore though to reflect some fundamental difference bet.wecn the UL.Xs and 
the ordinary BHBs, and t.hc odgin of this difference should be clarified. Tn particular, we 
must examine whether the variations in Rin seen from ULXs reflect real changes in the 
innermost disk boundary, or they are an apparent effect caused, e.g., by changes in /'(.. We 
discuss this issue in § 7.3.5 
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7.3 Possible Solutions within the Standard-Disk Franle­

work 

lu orclt·r In ("(lJISI rtH I a sc•lf-I'Olll->ist c•ul SC"C'lHlrJO of l 1 LX~ lll t C'l'UIS or cH'CTel inp, l>lnt k ltolc•s. 
wr lll\1~ 1 ~olw tIll' tltre•t• proiMms poilll<'d oul (llHI\'C'. In this s!'l't ina. we allclllpl ln do so 
wit !tin tit<• lnllllf'WOI k Clf ~~ nndrml ~WCTC'I ion <lisks Hl'OllTHl Sc lt\\'<lfZHCbild DlTH. 

7 .3.1 Distance and inclination unccrtaiuti 

l.)iw <' t he• l LXs ill!' uol icll'lll iliNl in ol hPr \\',1\'<'lw nd~. w<. n\111101 r~t UHHI<' t helr c IIsk 
IJH }matiow..;, Ill rHlcilllOII. tJw distallC'C' to Ill<' lto~t Y,nlm\\ 1..., :-.llll.JC'Cl IO cl nlllsid<'lilbir 
llliC<'llllillt\', at lcw·il for sollll' of llu~m. Tlwu. till' prol>l<'llls {ill IC'<hl ">OlOP of llwm) 1111ght 
be• r1 COibf'<!lll'lle I' or liJI('f't'lllilll i<'S ill I rUld lor /). 

So lm. \W I HI\" solJH'\\"hHI arl1it rary <hslllllC'd ,-() i.f' f1:H 1'-0ll gt•oJIH'l n·. for t lw 
llL'<.s. lln\\1'\'('1'. liS 11ln•nch lllt'Utlo!lC'd. this <ts~ll lllpliolllllllkc•<., thP smttT<' hmlltlo~ity 11H• 
lmw:-.1. As a I ('Sill I. I he• Ill st prol>lf'lll. i.e. Ill<' till< Olllfort ulJh high nn HH\i'S. g<'l !'! \\'OJS(' if 
tis itwn•nsC'CI. ht udditioll. R111 H<"<\lr-~ as (C'ost) 1 1 wltc•n•e~s Afv scalc•s ns 'X (C'o:il ) 

1
. ' '"' 

infc·rrNl t'ro111 c•qttrltioll 7.1 As a n ·s1tlt. thr sc•c·oud pmhk111 (too small Rin to <H'e'Cl\1111 !'01 

IHrgc· .Hv) H lso gf't s wot :-.<' if we• incT<'Hs<' 1 Tltl'n.fnrc• om n~sumpt iou of' = 0 ha!' ;tln•cHh 
bC'f'll ,,cljus!Pd to 1ll<ti< t• till' problc•m:- lt·a;..;t ;..;('\'c•n•. 

Tlu•n. how nhout the• snnrtl' dbtml<<'" givrn iu T,1hlc• 7.1! \\"c• llcl\"C' ('an·fnlh· adoptc•cl 
tlH'~C' vnhw:- n•fpn ill!!, to pullliC"a1 ions usiup, Ye~rious ,lSliOII011li< al di:-1 Rurc• indicators. ,\s 

...;munmt·izc•d iu THhll' 7 2 llm\'t'\C'r. lltC' rstunatPs lllC'\ itr1hh in\'olw• tmc·PrtHintif':-., tf lhf' 
1 nw distant c·~ ;uc• siglllh< ,Ht l h shortrr . .\h "·til oln wu-.1\ dc•nc•asf' in pwpm1ton to fY. 
\lorC'm·c·r 1 he• dt \'i.1t 1011 lwt w '<'II R 111 ~mel \!1 will IH' rc•IHxi'Cl. IH'Ulll~f' Rm H<"n](•" c1:' X D 
whilf' .\]1 :-.< rll<·~ as J)'!. Tlwn.forc. t hr cll~t clUe<' rc•vtston c·nn potr•ut ially solv<• I he• flrsl 
two prohh•tw; . Jndc•c•rL the• di~tuun•s to IC j 12 .llld Dwtugc•loo 1 arC' n•lati,·<'ly unc·t•rtaiu, 
nmiulr ill'< il11S<' c,f t ltdr huge· opt ica1 rx\ml'l iou c·ausc•d I>~· I h0ir low Galacti(' lat it udc•s. 
llnw1·~·c·r. tlli~ doc·H not tl<'C'C•ssrtrily lll('C\11 tlwt \\'C' lta\C' ovc·r-c•stiJtu\tNi thrir dil'tHnt·c•s; in 
fnct. t ltl' cli~lrltH<' we• IJ:nc•HcloptNI for Dwingrloo 1 (:~.0 l\ lp!'} in shortrr thnu tltC' C'slirna l<' 
ol &.:.3 ~lpc· basc•cl <Jilt hc• infrored TuJI_v-F'ishcr rc•lat ioll ( l muov c•t <1!. 199~)) . .\C '210:3 
hn:-. ::-i~Jlllll unt h tllol c• urcmat r cli~1 Hll<'t' c·~t inwt.rs. For NGC' 1!)65. tlH' tmccrt aint v is t'\'<'11 

~nwllt>t, ~ittc·c• c•stilllcllt•s bv vnriott~ uuthor.:; c·onsiHt<•ntly tudkatc "'10 ).[p (Table 7.2) as 

altc•tHI\' lHlllll<'d out by ~liwuo rt al. pmHJ). Fmallv. tll<' cltstam·c•s to .\GC 1:~65 and 
\ 1< J ill(' ,I('( lll'fll Ph dc•l ('IIIli tu•d ba:-<•d Ol1 I IH' C'Pplu•Jd ol ISC'I\ el l ion~ \)\ HST. untl t h ell lO 
).l.l:3. of 1 onr:-t•, Is \\t•ll c ~t ,thlblu•d. Th rt>fnrP, t ht> soltr< c• di"t ann•s nmnot be> thang<.•d 

\ '('f\' lllll< It 
Taktlll!, tlll'"'' c·mtsidrrnt10il!' into mcount. ll't 11s lc•nl,ltl\'rh· p•chw<' the• dishmcc•-.; ol 

1 heN' l 1 L)..:-. will< It ran (Ill tll< "sllpc•r-Edlliu~tml'' n·giou in Flgttn• 1.1. LPL \IS h .. tln· I Itt• 
dht<UH'<'!" to 1(' : ~ 1:2. '\CC' t:H3. ~uul ;.;c;c lfl(j!",, alt bough t !tis b too cxtn•nw a t lc•r~s1 fw 
the ln:-;1 ohj<•t'l As to D\\'illg,Plun 1. kt us nst• 2.U \ lpc 111~1!'Hd of :3 0 \Ipc. Wr• lll<l\ rdso 
n•duc·c· tlu•. di ~!Htll'<'s to :'\C:C 1365 aucl ~1(._' 1 I>\' lOr;{ . within tll!' tolc•ranu' of tlH• W·n 
tut"'ill'>llll"llH'lth. ·1 hc·st• dis! li tH'(' n·visions modifv Figurr 7 2<1 into Fi~.;ur(• 7.21> Tlt<'lr . .\fr.· 
))f'('OIIH's n•ln1 i w\y lcl\\ . po-;sibly C'OI1 j..,t C'lll wit lt t h<' 'i( t'JIIIl t'YOllll iOU<'IfY !->CC'IH-lriO. C'XC'<'j)l 

lor l\(;(' lJllrl S\\' so11n c•. llwn•forc• I lu• first prolJIC'lll t tlllld hr ..;olYccl in I his \\tl~ 
llowc'\'C'I. ill ..;pill' o( tlw-.c• t'XIl'<'llH' tli...,IHIH'l' utocltfJ<nltou:-.. tlH' 1<'\' i~t'U \1UtH''" of R .. .... till 
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rom ra<lict .\ft. .. <'Xccpt fm Dwiugt•loo-1 X-1. In short. till' di~t nnc <' lllln't taint\" c au ltn rd lv 
... oln• rLe scnmd prniJIPtll, ult !Jou~h It lllcH' nff('Ct d<•tnils ol t )11• 1s:-;uP. 

In adclitiou, tlw first proi>l<•lllnHl\' lw soi\-Pd c>Y<'Il \\ itltu11t uprw1tlutg to su('it c '\IH'IIIC'Iv 
al"t ifkial assurnpt ious. TIH'n' HI'<' in fu!'l fair muuhrr oloh:-.c•1 \"HI lolls ol :-.1 <11'~ iu 1 he ll!lh:-. 
range• of~ 100 M. (c•.g. Krnbhc• c•l al. ID95. \\'alhoru c•t Hl. l!J!J:i). aiHl sOllH' autiJOr.., 
(<'.g. F:ryC'l' 1999) ar~ll<' l l u1t a star ltr>nvit'r thr~11 -v 10~/ n111 dirt•cil\' f'onn ,, 1311 \\'ilhonl 
:-.llf)('l'.no,·a <.'xplosicm (nwl li<>tu·c· '"'it hcmt losing nmdt oft he• projPttit or !lifts:-.). '1 hPn•lon·. 
tiH• ht~h 13H wass lllil\'llol lw Cl big clif[i<.nlt\·. and \\'c•do ttot pc•rfrlltll fmtlJc•r im•c·stig;1t1ou 
of thb probiC'w. 

7.3.2 Examination of the Eddington lin1it 

. \It cmat_i"d.v. I he prnhlc•tw; lllH\' n'">1 tit from our \\ nmg upplir'n t iou nf tl 11• Eddi Ill!, I 011 lillli t 
nf c·q~1at JOH 2:1. wlwt <' tltr• spllC'riC"alt <Hlim ion is <lSSIIlll<'cl llc·n•. "''' jnsl if\· the· applit ,11 ion 
of tins equal toll to t ll<' C'rl~P of HC'<T<'I ion di1>k'> awnnd BIIB ... whit-It ;tn• ohvl!Jtt~h 11011_ 

sphericnl. 

\\'r tin.;t n•f<'r to t IH• ]mpc•r by Cltcn l'1 al. ( 1!)!)7). \\Ito t olllpilc•d obsc'I'\HIIolls of IH I 
I nmsknlH as ·wf'l I as • S I!'HllSi<'ut s. Tltcy collr(·l cd tiH• dnl n uf' 0\'1'1 :HJ nul htt rst :-. of "' 1 fi 
81! rransieuts. ~mel fclllncl the· pc•ak luminositic•s lJ(Iing distribJit<'cl .mntud 0.2 in Edrlingt 011 
111111~. ExePpl Jor IIH· lwo sotuc·c•s wltosr clislatHC's an• n·lniJ\'<'h· tllJ<'f'l'lillll, Jlt 1tw llf' tlll'lt 
BJI tnmsicnls ltn,·c• sltowu luminosities uhovc thf' Eddi11gloll litn it. As to llu JlPl!'t:-;I C'llt 
I3JlBs. i.f' .. Cyg X-1. L~IC' X-1. tHld L~IC X-0 1 he• obsc•t ,·c•d lt~utrtwsJt ic•:-; lul\ c· 1)('<'11 

.d~o below Lr.. a~ d<'snih<'d in~ I :l. l. Hell<.'<.'. <lll\' kwm·n Bll f3 has lulllinosit \' iJ<'Io'' Lt 
\lon•ovf'r. C'Y<'rnl altthm:-.thc•orc•ttc;liJy show that 1h1· c tiiH-tlllpJH't linlit luiJlill!Jsit\ ol <111 

nxi-symmf'tri( 13IJ ~yst c•tn dop.., not difft•r llll.l<'h from t IH' ~plu·rind oil<'. c·.g .. l3Piobnrodm· 
(1!)9 ). Abr<'lmowicz <'I al. ( JfJ~ ). and \\ 'atarai PI HI. (2000) lu pmtiC"ul.t~. til<' lrlllPr 
two authors have shown t'Oll\ in('iHAIY that the disk bolonwtJil'ltlltllllO~ll\" urouud ~~ sl<'llc~r 
lllllH~ DH (""101H.) S(l(lll'Htc· tll """Lt. <'VCU \Yhru tiH· flUll-i!i rHTJ(•1JOll r,ttc• gn·r~tly ('X(('('Cb 

tllC' critic<-ll values. Tltc•rpfon'. we• C"atl S<'<'lll'C'l~· apply (Jill' hcldington lu11it of l'<fl~al iu11 2.J 
011 ULXs. 

7.3.3 Justification of the correction factor E, 

\ san aJtcruativr possihtlitv. t IJ(• prohlc•tns. part iC'ulmlr I Ill' ::.t·c·oud on<. mnv a1 Jst" IH•t·a 11sc 

l lw ~~CD modd is not Hc·c·n~a1 <" f'llongb. Ju part JCnlm·. tl1C' !\t'< oud problc m lllil\' he· ..,0 1 \'f·d 
1f t lw n~l UPs of ~ =0: 11 <lllcl ~· l 7 n~ n t akP ~ign.ifH'fiUI ly lowc•r nd 1 H'">. IH'c . tlhC' R11, s(',dc·s 
a:-- (11 (equattou 2.1 I} \\llJic• tltf' cltsk lummo.JI\' (m .W1:) is iudc•twnclf'Jll of(J.l. 

Among the two JHli'HJllC'tc•rs" r111d (.. thc:> latter c·cm« Is til(' ~f('f) tonu,tlbr11 (i)1 t!IC' 

inner bmmdar · conditiou of the• m·ctl'tion di~k ("0.<' t!H' dill<'fr•twc• bc•!\\'<'<'11 c•quatiou ~.1 
•llld 2.G). in SU('b H \\'1:1) that tbl' ell~·;)< lf'tllpcoratliiC of tllf' ~J('[) IIICJdPI rt'clf'fll s lllHXillllllll 

at Rm/ f, instead of Riu· \\'c• ('Hil lwtH'<' PXatuillr om e hOI(<' ol t, O.JJ (KuiHltU r>t al l!J!J ) 
IU rc•fc'r<'UC'C to thr "t?,<'IH'ral r<'lat ivisl ic ll<'t:rc•tioll eli:;)< (C: H:\D) lllCHic•J" ( Cbi~HWH t'l nl 
IU91) the11 prurcrlr IHk<•)o. into cH·c·o1tul thi-; bouudatv r·orJCiitiwt .1:-. \\c•ll t~s tlw rf')alivisli< 
c•ffc•rt on both the• disk strudtut• awl photoa trajc·C'tOJ}. 

We a('cordiilgly :-oitntdutc·d 1-1 uuntbN of sp,.drn using tiH• GHI\J) tnodc•l. bv <h<tugit1g 
.\[. J\1. and'· but fixiu~::" f\1 1.7 \\'c• htiPd tltc• sHmtlatc•cl SJH'cltlt \\tilt th<' \JCD tuodc•l 
tsr.mn iug (.=U. 11. aJI(I dc•II\'f'd Ill<' \'a lu<• of Ri1 as we• II as I hr Bll lllriS .... a..;sum iug Rill = :3R..., 

111 



Thc~11 . ovc·r t Jw j 11c-!ittH t ion ra n~P of 0° 1 o 7t/' 'lltd (1\'C'I' lltl' disk I !'lll p0rat llH' ranv,c· of 
T.n~o.:-1 2.0 k«'V, tiH· um~:-. ol1t clllH'd 1 hrouglt tiH \JCD .m<d\':-.t~ n!?,reNl. within ....... ±2!)?' 
with tlt<' nH 111,.1:-;!'> \1 <'lltplowcl <t:-- iwtial inpul'> to tlw GH \0 o.;inmlalwn=-. <1:-- slwwu nt 

Figm<· 7. 1. \\'f' hrtH·c· C'Ollc lucie• t hHt our dtoic c Clf ~=0. I 1 prop<'tl · c·orrr('ts I}IC' :'\)(']) 

foruwlbut fort he• l1otnHlmy ('ouditiou oft h0. clt:-.k. 

7.3.4 ~otnparison with Galactic/Magellanic BHBs 

Ewu tlulltl!,h our :'\J('J) uwclc•liltt; a~n·c·-.. wit lt I lw C:H.\D fomwlism. ndthPt lllockl T1ltl\' 

IH' u<'<'tllHI<' Ptl!lllhh to dPsl'rilH' rc•tll'<'lf'!->tial Bib. f'mlltf'l'llton• tltc> ntlnr! of" I luti~l!t 
J1p \\TOIJI' . 'J'hj.., 111-gr·~ 11s to c·Hhhmtc• tlw c:umhitH'd ntlw• of ~f. 1 l>r)sc•d on ohs<·n·t~ttOTh. 
fm this ~urposc•. \\'e' rtnplm· fom \Wll-studic>cl BJ!Bs (\~ X-1. L:'\l(' X-1. au_rl L:'\[(~ X-:~ 

Dotnni 1'1 11 1. ( l!l!J7) ohsN\·c·d C\·gX-1 \\'tth . \ C:)('. \ 111 !'JUG ~l av. wlwn tl \\·a~ m.tlw 
-;oft ~l.tll'. The'\' mwh•zr·d the• spc•dnt nssmllinp. [) 2.:1 kpr (C'owlc•y 1!)92). unci nhtauwd 
pantllH'l C'fs of / Ill - () . 1 :~ :l () ()I kr \' ~ nd RIO vms I f ~,, '1. 71 1- ~ s knt. Togct hl'r wit II I :m 
((-, 1 1 C)!)')) ._ - 1 7 111cl c - () 11 R bProllH'S <)() ' ~~ kttt. virlcliug i'l lllils:-. C'~t tttllttc• 

0\V 1'\ •• - • " - • • " - . . Ill • • j 

of 10.2 /1 ~ ,\/. . Tltis flp.n•c•s \\'c•ll witb tlw oplit·nll~· c•stimntrd \'i-lhH>, 10 .. 1 +.,.~; !tl . ( l~c:rr<'o 
C'l nl. l~)!)f'1 ) \ c· plot tl11• dHIII point~ for Cyg X-l on Figure· 7.1 nnd Ftgmc ~ .2H .. l lt11s. 
t.Jw dtnic ·c· of 11 1. 7 1111 cl ~ = 0.11 appNlrs r<'HSotHtblc•. [J mw•vrr. <1 drawl>aC'k 111 t luH c·mw 

ts tltal til(' distatH'I' to l'\·g X- I is som0wlun tiiHI'llnitt 

L \[('X 1 nnd I..\ I(' X-:3 providr sl ill br•t tPr cnlthrnt iott. lwnn tH<' t hrir <li'>l clll<'C'!-> (:iO 05 
k-p<) ,m• rc•lhthlc•: ltc·n• \\'(' adopt D = 55 kp<. Both tltc•sc• .\la~c·llani(' soun f'S lHl\'C' 1><'<'11 

ohsc•n·c•d -.c•\'!'ral titn<•s witiJ ( ,'lllCJO by Ebis<I\HI (1991) aud EbisawH PIal. (W93). \\'ho 

0 J,1,1juN1 H Vee;:; ~1,2 = 15 J: ;j km .. mel 21 !1 ± ()_;j kw (at !)() kpc ) for L\1(' X-I nucl 
Ill f • 'I l [) r: r: k 

L:'\IC' X-:~ rr•sJH'I 1 h·rh-. Bv sllUSI it11rinp; out a~!-.ttmpltolls ol £,n- = 1 .I am = <J\.> pc 

and assuming 1 ()() fm Ud(' X- J (Cowi<'Y <'I »1 l em;,) nnd 1 - 66 for L~lC X-:3 ( KuipN 

('l ·ll 1 <) 1'1) we• obt ui11 H - :1+~ km for L \JC X I .md llJ ± 1 km for L\lC' X-:J 
( ( • Ill l 0 ~ I I' 

,.\1·c·onli 11gl\', tlw X nl\' drtPnniucd nHtss of L \I(' X-1 lH'c·omr~ CJ. l+ o:fiJ / . <mel t lett o 
L\J(' X-:~:) ~>j_ CJ . J,\/ .. Thc•sr valm•s arr c·cm:-.i~IPILI with IIH' optically rstiml'ltC'd 13II ntas:­
of M 1 JO ,H 1'01 L\lC X I (Cowie~· <'I rl l. LUD5) and f) 7!\f. for Ll\IC X-:3 ( l<nipN rt 

111. 1 !), ,') . We• plot tltc•sc• \.wo objrcts in Fip.nn• 7.1 r\lld Fi~\11'<' 7.2a. 
fh<'"<' nt hlmt t inns 111 ilizi ug C'y12, X- 1. L~IC X-l nud Ll\I(' X-:~ tlms g,iYe a v,ood Sllppotl 

10 our fonwtlism . \\!tic-It a~sllllH''i £,K1= 1.l nne! t h«' n•htl ion of R111 = 3Rs. In ot he•1 words. 
tlw w\JU<' nf~fi:l ('1\111101 be• duUlp;Pd '\'l"'l'\' llHHh . .Ju~l to S('C' how lh<' :·too hil!,lJ dis~ 
I<'Utprraturc· prohll'tll" c·a11 he n•laxcd within tltc' tol<•t.t!H'C'. l<'l us IPUlativPl~· nllm\ E.~-> 
to iuct<•usc· b, ')()1

1 • Hltltnu~h tlti.· is ohno11sh· au c•xln'lll~' a..;:-;urnp1I~ll. l3N·ausr lhl' 
disk rr1clills rnltult~t<'cl hv <'quatimt 2.11 is dm•ctly ptoporttounlw £,t>-. for all "0\lr<<'!-i 

H
111 11 u n·n~<·:-. IJ\· r-,()1{. Fnr t lw pltrposC' of pn'st•ttl nt_iou. tn Fi_p;ur<' 1.2h. W<' 11\i'l.~· low<'l' 

th<· tlwon·tic II hnr of ulll = 3Rs to 2 ':~ nl til<' Ol'l?,IIHll OIW. m:-;tP.acl oJ lll(TN\SIIlP, Hill 
nf carh da lit pntllt . :'\ lust of om ULXs, c•xc·c·pt lot I(' .! 12 :-;om·rr L. now :-.bow rrla1 i \'C•h· 
c-ousist <'HI YahH•s b!'t \\'r•e'll H111 illld .\ft within rrrms. llowt'\'l'l. \\'<' rnu:-;t krep ilt utiud I lwt 
Lhis Hf!,r<'<'ttlC'lll h11 s IH'I'll ohtnitwcl <tftrr A M'rt<'l-i of I'Olll(lr<llllbmp, us~umpttous: t lLX:-; arr 
radirtl i11g, "' t lw Fcldinp.tou I uni t . wr ohHN\'C' t ht•tn undc•r tit<' fH<'(~~I~ geomPt~·v. aJJCl ':<' 
invokr l'<tllH'r c•\.IH'l tH' rc•durtion of th<• di..;U1Tl<'C' H:-. \Wll a:; tltr :ntlftc-Ml50Sf HHn•a.sr• Ill 

~fiJ. , tH·h C'XI lTltl<' nssuutpl ions would not lw Wcllrnllt('(l. ~ lon•ovcr. r1:-; a rrsnlt ul raisillg 
~h!. In· up to ~,()1{. tiH• tim•<' pwtotYpHnll3Hl3s. (\·p. X-1 L:'\[C .'-L. and L:'\1(' X-:3. tlCI\\' 

..,Jt<m dts<T!'JlHIH \' lll't \\'<'<'11 R111 nud t hr opt H nih d!•tetlllllll'd mass. Thrrcfore. "'" ruud11d<· 

112 

7.3.5 Constancy of l?111 

Tit<' <·oat pariso11 \\'it h I lH• C: ai<H t i <'/~I agrll :mic 131 1 I3s cone! ttc t I'd i 11 t ltc• p1 C'\' io11:-; ~ nl >~-><'< t 1011 

nwv also lw 111 ilizc•cl to ill\'!'st ign t c• llu• I hinl prol>h•m. i.e•., Ill<' dtllll~~<' of 1?
111 

Fw <'XIIIIlpl<'. 
tLH•oret ica.lcnlrulatiou by SltinlllrH illld Takahara (J~!l.'i) ittdinllc·s thut lts/. 1101 ~lpprondt~•s 
L, . t lH' el<'ct ron sc·u tt <'I iug <'fi<'C't tllH\' ge•t srYrr<' wltidt 1111 r<'H:-.c•s ,, • P.p f10t11 1. 7 to 1 L 

2.0; then. the> rakulntc•d Rill il JIP<trc'Jtlh- dc•rrensf's. [o c•-xttlltitl!' wiH'tlw1 snd1 lumi11osit\·­
dc>J><'IIdrnt rf[C'C'I s arr II< t 111\ll\' obsc•n·NI from ('SI ,I h!Jslwd I H J n.... \\'(' ltC'l"l' I'C'f\·r I"Hill ; n 

" L~ I(' X-:i. Cllld I 0 til!' 131 I I l'<lllSH'Ill GS :2000+ 20. 

Th<• Gm!Ja oh~t·n·at iou:-. I>\ EhisHwa ( 1!)91) ,md Ebts;a\\'n "' .tl. I t)l):~) n•c·11rdPcl" f<IC'I 1,1 
,..._ :3 long-trnu int ( nsil \' \'(1) tal ion from L:\lC X :3. \l t'illl\\'ltilc•. it ... rlJlJ>rii'C'Il l di:-.k I' trlith 

Rmvro~i/f,H2 • l'('lllilitH'cl COIISI<llll to within- 204/c Ill Figttn• 7 I.\\'(' plntt ('(l tltcN' r:,ll,fJII 
clat(l polllt: ofL\[(' X:~ fur \\llldt Ebis<IWH (1 91Jl ) pt·rfcuuu•d tltP \I('J) 111uth-~is ('Jr..uk 
t!IC' da1H poiuts cli~tribul<' along 11 clotted littr np to "' 'J.j:l of till' l· dcl inglcntllllllt . wit !tout 
clll,\' iudicatioJJ of sysi<'Tllltt i(' dt~lllp;l' of Hiu· This tllnke·s a C'Olll t nst t<l Ill<• lJLX \'artnt 1011 

TIH' lJt·igllt Bll t rrtnsil'ut c:s 2000-t 2.1 iR JlH>r<' suit I'd lor Hllf II a n ittwst ig,1t io11. IH' 
C'~lltsc of it::; l ar~<' flux vnriitl ions. Its Bli mass nucl inl'limtl ion llltl.!,lc• It;\\'<' ''<''''' c·o11 
strn.inccl optkallv bv SC'\'(•ral atttbor~; Jf-.,.5.9 7.fHH. and 1 (i7 ;> , ()" hv Pihppc·ttko t•t 1tl 
(HJ!J!'i ). J..f==-4. 11.1 1\/. aud 1 J;j 6!)' by Bvt'kmnn c•t 11 ! ( JI)!lb ) a11cl J/ ..., S±l.'J \1 
cllld 7=65±9° h\' CallrtllRll 1'1 al. ( 1996). HrrC'. \\'C' as:->l)Jll(' I u9 

T!Ji~ BH 1 rausiC'nl w,t!'i ohsPrw•d hy Gli1[JfL <'ighl t illl<'s SJMllltiug :2 J() di!\'s. ,.11\!'l inp 
almost tlw Olll bur:-.1 l)(';tk. Tltc• oht aitwd '2 :30 kP\' sJ>r•ct J t1 wr·n· ,dl c Xlll'e•ssrd wi1t1 m1 _\l( 'I) 

componclll plus a JHm<•t luw ltmd tail. lmport <llltly. tiJ(' \'Hhll' of 1?,
11

-/t.u:-. t £,t. 1 H'IllaitiC'd 
coustant (.-v llD km wlt~•n• tlw .-..muc·c• distanC'C' Dis IIH'<t.siJn•d itt lq>c) \\itllltl "':t::20Yr as 
lhC' intrusitv dC'cliue•d by n fa!'lor 11f 200 (Ehis<lwn 1901) \Ytt h tit<' lls:--tlnlpltoll of D-:S 
kp(' (C';.tllauau C't al. 19D(i), (-O.ll. and ~->'=1.7. w<' ohl<Uil !7111 ,..., Of> knt , 01 .H ""7.H . 
fi%Hlllillg a Scbwar~sdtild 1311 ThNC'forc>, thf" X-ra\· ll tHI optiutl <'slitttnlc's Hgn•r uin•h 
Tiles'~ G i nga rcHult :-. 011 C: S 2000+ 2!1 ~m· plot t rei ttl so iu l<"igurc• 7 J • dtsc·ftrdiltl!, lltP ]n:;t data 
poiut whcu tlw sOilrC'<' was frtiJJic•st. Ovc•r a \virl<' rnugr• c1f 11.1 ttp to tt<'i tt tltc• Ccldillglo11 

limit. the dnl r1 poiul !-i lltlt!-i clist ributc• Hlmt~ a d(ltlc•d )i)l(•. i.e·. c·oll-;lnllt tltHSS ( H
111

J glid 
line•. 

Thf's(' l'C'l"Ult ~ i 11cl kn I<' t It ell 1?111 of an ordillcll'Y B lll3 1 !'Ill n ius q 11 i 1 c• , .• IllS I CIUI "s t ] tt' "'Cill rc I' 

\aric•s, up to ltunjno:-.il ies clos<' to tlw EcldiJJgtou lituit riH•n·loH·. tllC' lltirrl prol>l<•tu lik1• 
t hr src-otHI uuc, !-.<'!'Ills .sp<'c·ifi<' to t lH' ULX. 

7.4 Possible Scenario to Explain ULX 

\\'c• l11we confintH•d I hu I t hr ~ ll' D forn wlism ad<·qtw t l'h· dc·~e·r ilH· t lw propC'l't il':-- of Gii lae-
1 ic- f ~lagrllauk orcliuan· UJ 113:-..: t )J(' :-.tunclnrd <We'J"c•IJCJJI rlt~k I'I'P,iJtH' tllllsl lw r<•~tlil<'d iu 
tlws<' obje<'lS. Ou t!JC• otiH'I' ltnud. clu<' to tltr fwo distillcti\'1' ll•a lttH''lol' l LXs. tc• .. 
llw ltiglwr disk l<'lll)><'I'Ht un· 1-11111 Ute• <'ltallg<' of Ui11 , itll ·ousi:-;lr tu ,. rtl 1:-.Ps if wr• at kmpt 
to Pxplahl both ULX~ and OlclittaJ \' I31[8<; ~i111nlt rl ltl'O ll~h llltdr•t 1 he !'irlllH fonuali~lll. 
lltrn•fon•. l!L:'\ o.; mr thought lo IH• itt souw <'Xtl'iH>nlimtt'\' pltvsirH iroudit ious. \dlidt nu 
lou~c·r 1liC'('1 our hHsic f01 tttfdislll of ''sl <Jll(hml ctcc n·t iou disk llrnlltHI '>c ltwarz~s< hi lei DH:-." 
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Tnhlt· 7 ~. s111111u:uv of tllf' ndoptf'cl disTHIH'(•s to tltl' l 1LXs host g.da.xw-. 1111d thPir indi­
'T'lt!' r·C' l·,.,-,,uc-Ps arc· I rt bula t<'d ilt Ta !J)p tl.l ca l nr:-.. 
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uJ lli.O '':; \ lp<· I>\' tl)(' ).!,lobular dnsl<' l' luntiuosily fuudio11 (Fic•nd~g <•I al. l!JD5). 
Ul. l lll t \\p(' h, tiH• surf~H·c· brightnC'ss fhHtualioll (Si mnrd ,mel Pntc·het I.m>·l) . und 
l0.0 :t:~ 1\, lpc h.\' t ll<' pl rtll<'lan n<'lHilnr ltuumosJIY fuu<1io11 (.ln('()b\' <'I al. UJ!J(l) 
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Obt o>ln~d Ttn (keV) 

'l1 \ D 111 \I('D h•l ·,wctta wNc· :-.tllllllflt<'cl Figmc· 7.1. C'ulltp,uisoll lwtwc•t•utlH• C~ '11 ,tJH tc• liHH ·• . I , 

· '1) \ 0 1 1 f \ / ·) \ / 1() .\ J rt]l( l ~30.\1 .. 1>\· chnll" tng ,\/and 1. Ol>t~c11rt< cl n;-;w p, (... ' · tuoc P u ~ ,}, . , . . . c-: . ' , I 
· I •. lf" bv s1wctml {itting using th<' ~ l CD modd (asstumn~ ~=0.·-11 ) i'll! pln!t« . 

\ H \1\i'i ( ' f' tJ ·t 1 'VI-l itH'S .\ It I Hlll~h 1 wns dum )..!,t' d frn111 uc. 10 75 ' l>v I;) . o11ly I lw dnlH or • tC' I wo C'X re>t H · 

of i nrc• plot I <·d lor dnrif.\'. 

Ill 

ClearlY. to rdcutif\ thc•sc• coudttions pn1\ld<'~ dtC' chtP l•1 tit<' IIHtun• of l LXs \\'lilt tlri" 
m mind. below \V<' atl<'lllpt to c•xplam lite ~pc<·lrnl fc•attnc•s of l I Xs. <'~JH'<'Jall,r I' ;jll 
sollrt'<' l, ?\1 1 X-u. nnd :\(;(' 1:3J:~ sotm·<' B which I'Xhihitl'd tltt• \'ttndtrou iu R

111
• 

A111011g thr thn•c' ol>jc•<·ts. lllC' clc•grc·c of di:-><T<'PfliH'\' lwt\\'c•c•u tlw t•htairu•d H,
11 

rtlld 
Jh: ( tlte valu<· of fo.ft li111 its f?,11 l>c•low .~Rs = 8 ·~ (*) ktn) t.o.; bll'tor 2.fi for i\1 1 X­

u (ltigh-temp<'rHtnrc• phase• 'iJH'('Irtttll ), 2.7 for XGC 1:~1:~ soun·c• B (spc•c tra 111 t!H· l!l!n 
obsrn ·atioJt). and :J fot I(' :312 :-;uti!TC' 1 (sp('d rn of pll;tst• t ). a~ rnl't•nc•d from TnblC' 7.1 
Hlld Figure 7.2a. For til<' lnltc•r 1\\0 :-;oun·c·~ . bm\'C'\'f'l. I It<' cli-.tall<'l':-; to the• ltn:-.1 p;iilm.:ic>s HJ'(' 

somrwba t uncertain. ~o tlwt W<' l<'lllatin•l\' It'\' to c•xplam tlu t'nlllr,Hhc·twu J,,. a lrwtor 
of ,...., :3 fonnd for :\Jc'l X-G 

7.4.1 Advection do1ninatcd accretion disk 

Tlw st c-Uidru·d <H'<TI"I io11 di:-.k lllod<•l so far we• hm·p c•m plor<·d. hrst p1 nptN •d I)\ !'1h,t k 111 ,, .tttd 
• llll_\'<H',. (197:3). is 0111' of the• olciPsl and the• :-.intpl<•st ,u~nl'tloll dtsl.; tlllldc•J:.. .\ltiJoliJ'It 
I hi-; model ~tHrc •-;sfnll.v rxplar11s IIH• spt•c·tra fro111 131 113s in lit~• -.oft :-.1 ut t', a -;rgntfic·aril 
progress has h<'<'ll ;whiC'vc•cl 011 lite• llwory of H<Trc·l iou d t sk~; ''' -;c•vc•nd Hilt IJors. c•.g, 

khimaru (Hl77). i\'nnl,V<Ut ancl Y i (19!J.I). Abnnnowki' <'I nl. ( I!) K). n!IC! so 011. 1\ 1'1(')' tllf• 

la!C'st urJ..ifiC'd tlwory b,r Esiu <'I 1-1 !. (1997), llw :-:tmtd;..ml. optiutlly thi<k. gc•nntPirH,dh 
thiu disk is n •alizC'd in a li111ilc•d nmg(• of lh<' llhtss IH'll'Piio11 nil<· \/ . c·onc>~po11ding 
to Lt;ol = (0. 1 0.5) /,, . As ,,] lwnmws lu\\'1'1'. t Itt• disk lwc·c,IIH'S opt i< ,tllv t bw. nncl 
"Hdve< tion domillHI <•cl IH'CT!'I ion flow ( AD.'\F)" oc·c·ms. \\' ltc•n• t lw n•lc·Hsc·d IJ,l'tl \'it ill II >11.1 l 
c• twrgy is not fully rad i~ttc•d ;tway. b11t Transported \\'it It tit<' urat lc•t. or "ad\l'c tf'cl" iuto 1 !tc• 
£3H. On the ('0111 rury. wuc'JI .H IIHTc•a:-.c·s and approarhc•s L1 • tltc' disk lwc·ottw:-. "opl knlh­
thick ADAF". Tbi1- lllodc•l \\'<Is fust coJtsl ruC'tl'd ln A ht au tm\ tc·z c•t a l. (I U ) ( :-cc• abo l\u tz 
HJ77. 13egclmau HJ7 ). and h,l:-. ll('rn ~;I udi<'d by s<'\'<'n-tl <lllt !tors. im·hrclmg • ;.rtsi'.kt('\\ kz 
<'I al. (1996) and \\'nt arai rt a l (2000) Such n dtsk is .dso uantc•d H "slnu ..-u c·t <'I iou 
tlisk". sinrC' it is modc•ratc>ly g<•onH•trka!Jy-thkk (H ""' f?. wltc•n• If clc·uotc•s tltc• ltc igltt 
of tlH• disk). Ju ULXs, l><•c·nns<• of I hc•ir high lttminosi l ic•t-; (l11glt fl.:/). tIt<' ;wt·rc·t ioiJ llmv 
configural.i on is rxpcC'I Pd 1 o dll-tllg<' l'mm I he RlHlldard cl i:;k I o I h<• rdi111 disk (opt inllly-t hJC'k 
AOAF). 

To lw 1uorr quant il ul i\'('. t ltP rat <>s of' 1sc·ous ltrnt i11g, radinl h c· I'Ooliug, <111d <Hlw•c·t ivP 
c·ooliug in an n<~nl'l ion disk 1-11'<' rxprc•-;t-.c•d (IS 

{l<nto C'l al. 1!)9 ). whN·c· }.: dc•IJot<·~ th<' ~urfHC'C' ums:-; dl'Jtsit\'. ' l'lrc> IPI'Ill '·ad\·rc·ti\'<' 
<'ooliug" InCIHls that r.ul ropy ,..., c·mTic•cl away by t lw rndinl inf:tll oft Ill' ,u corN in:., nwt lf'r. 

Thus. thr. c'll<'I'K\' rcl('asc•d Yin viscosit\' (Q;.,J b lmlall("(d bv radi<tliVf'<nolittl!, ((J1,t.d) wllC'll 
.\.! is s maJI (:,;t auclmd di:-k n·gillH'). wiH•rc>ab b;-t!Hacc>d hv mi\'C'C I 1\'C' c oollll~ ( Q ..,.11 ) wltc·u 
.\J is high (slim rusk rc•girur). Tltis is l hr I'P(Il-'()11 wlw 1 )J<• sh ill tiC'( n•IJCJJl ciJ~k is rra]i;t,<•d 
wbrn .\I is hig}L 

All hough llw spc•t I 1'11111 C'IIH' I gi'Jif (roJJt n slim cli!->k i:-; a sttpr>rposJI 1011 ollontl !Jin<'k-bncly 
rmliflt i 0 11 like-' iJI I hi" <'HSf' of 11 sl r11tdard ac'Crrt ion dt~-ik , it diflc•r s lrotll llt<• o..;t <llldard disk 
sp<•<·trHm in the folluwittg thrc•c• points (c g .. \\'alanli ll ,\1 2000) 

1 \\'hcu 1 he Mh'N·t ivc• c oolilll!, hc•c·om •s import Clllt, !->OllH' pori iou of t lu• n•lr.a~1·d c~!l£'1 gy 
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i~ 11o lnng<'r mdi•tl!''l nv.'AY ,,\.., a rf'!'\nlt , tlw di-..k lmuino .... it \' clor:; not IUtwh <'Xc !'I'd 
£ 1 .. t'\'<'ll wlwu ,,·, hl't omP:-; vc•rv high (l'a llc·cl :-.liJH't-ait tcal e~cc r<'t ion). 

2. A.., \1 tll<·n ·asl's, .HlH•t t IV< c•uergy trau..,pon lwf'ollll':-. IIH• dotuiunnt cooling Jli!H'<'t'h. 

r•sp<•c inlh at 11111<'1 cli-;k rrgious. As a rr.., nlt t h<' < lic•c t iVI' tPlllprrat urc• pmfih• tint I Pit:-.. 
from 1:11 /? I/ I (c•qttttt iou 2.G) to 7~,ff J? I/"J. nt tltc• !'XI I'<' II I!'. 

:3. Tlw X t ;ns nrc• radiHt('(lnot ouly from tlH• rc•gion:-; ontsidt• tit<• lao..;t Rt ahl<' mhit. hu t 
rll-;o frotll t lw n •gtott 11\siclc• it \\"e1f anu e>t al. ( 21l0tl) fit I <'cl f hr mtmC'n\a lh· < al< Hint c•d 
dhk sp<·<trt~tll l>v tlw .\JC'D mode·! (hoth n~:~ 1' nnd lu1 nrc· thr modc•l pm <mwtl'r,..,). 
(IJI{I fouucl I hilt H=' " Ill< n·a~l'~. u~:(,J) dt•t'l'<'H::>!'S whil(• 71 .. iuerC<l.'>C'!'I. Till' rt'lat lOll 

l>e>l\\'!'C'll a~:c·n ,nu l 'Ill inth.i-,stagc b roughl\' rlpproxiuwtc•d clS n~:cn X Till I ( IHIH!'. 

1> T 1) T hc•u t lw bolmur.trk clt~k lunlinu:-.il ,. upprox.iiiHi t<'h· scalr:-. a:-. 
llll 111 • ' ..... 

(7.1) 

Tlllt~. hv pn•su lltiup, thnt the• !'>lim cJjsk JH rc•alizc•d 111 UL.Xs. tit(• ·'chang<' of Rw" pmh 
lent. e~ pproxt ll t rtlc•ly c•>..pr<.•ss<•d a .. "> R 111 T .. , 1, <' HJJ lw c•xpl.tiuccl qnnul itClti,·r\y by it <'~II :~. 
Fml lw11non' . il<'lll l e' llt-tlln's t l1fll the e•mrrgc•nt lulllillosit\· stnys dos<' toLE <.'Y<'ll tf M 
rltHnp,rs h1rp,c·h . wlw h iu 1111'11 justifies om assll tnpt ion I lull I ht> highest lumiuosit v ob­

Sf'rvc•cl frotll c';)('lt "oun ·c· is C'los<• to LF. 
l3c•c HilS<' t IH' t-tlilll disk lws H "illlHlle>r R111 unci H lti i!,IH'I T, .. (i tc•m 3) t hun <l st audcml disk 

uf tlw sanu· pnt ,lllli'II'I S, it nm also qualitatiH•h· c·xplai!l til(' "too hi~h T.n problc•m'' . ot 
tlw " I on snwll /?

11
, pwh!Pm". Lc 1 us hrlow c•xn ntii H' wlwt ltt-r t Ius idC'l-1 <an qnonldafll'f ltJ 

l':Xplain 1 lw I'm t m :i tits< t<'fMIH \ ' ill t h<.• R111 / Jl111 r l'll in Pxhihit c•d bv our UL~. l11 Figml' 7. 1. 
th <" -.lim-disk s< .11i11~ ( 1?11 , - T. .. 1) of P<l<'h \'Hrinhlt• l LX hoJd.., OYC'r a typtc-al rctlll!.,f' frmn 
IIH' nl>s<•rwd lngh<'~t hn tuuositv Lmn .. v. (whic·lt \\!' t!"lllntiwly id<'lttif\· with Lr) clowu tn 

...... L
11111

,./2 Eqnat ioll 7. I t !11'11 pn•rlirts that R111 ell tiH• 1>1 i ~~ll<'!-i l uc·c ;.1si011 :-.b~)\tl<l h~· ell 

le>clst J'l t i t lH' s11t1dlt•r f ltnn would l>r cxprrt C'd if I h<' :-cmrcc• il'> 111 t lw s1<1ndard-dtsk n•gtm<•. 

In 1 his \\'fl \ ' . tIt<' sli111 di:-.k sn'IWriu can c•xplain 1 he• 1?111 / J\1111 dt:-;c rc•p<HI<')' hy np ton fad or 
of" rov 1.5. llowc•\'C'I , ill orckt to fnlly rrsuh·<' I h<• frH'IIll J disnrpancy. tltC' SOUI'l'<' llliiHI 

JlHl kc• H 1 rnnsit iou l't 0 11 1 t iH· st aud<ml-disk to slint-disk t'I'P,illlC'H nl still l o'''~'r h uninol-li t iPs. 
( • I) L 1 1 

1 L 1 ,.... () 11..,1• T l lis cuntradiclti t ill' n•sttlts prc•sc•nted in q 7.3.5. wlH•rc• t IH· 
'!:">'' JIll jJ J. • .,. • • • 2 . 

st<lltcl,ud a<c'l'<'linu ch-;k pit tun· ltas bc•c>n c·mlflliiiNI to lw Vl'lhd up to "' ;s L,. Ill tlw C'HSC' 

of C <; 2000 t 'lf1 a ncl L \ I(' X -:3. 
·11w nhow dllh<'lllt\ lh ruh,mt'ed hY l'C!'C'Ill dil'><'O\'I'IHS of S<'\·rral Gahwtic 13Jl tran­

,..,jc 11 t s wit It I ugh ,·,dw·s nf 1:,. itH lmliug C:HO .11 (j5!l 10 (Zha ng c•t al. 1997. llf'd,s <'I nl 
19<1'-). C:HS .Jl!Jl f>f If> (B<'lloui d nl. Ul97). rmd lU IU:W-11 (Oost<"rhroeck c•t al. lD!J(.) . 
ln J)ilt'IH\lltll tltc' liiHSS lll lcl iudiuatiou or til\· G,licH'ti< J!'l source GRO .J]();j5- 10 l~aw 
IH'<' ll dt•tc•nllitH'cl H« 'lll rllc•l\ ns J/ = 7.0 ± 0.2 H . and/- uU :::>±0. 0 (Oros-I nne! BaJi\'11 
19')7). J ltu:-.. tile cno .llhG5- 10 sv ... l<'lll I~ \'<'fY sitnil,ll toGS 20~)0+25 ~ud L\[(' .X.~ 
both 111 the• Bll utc\Ss nnd tlw Ult'liualtUTJ .. \ nonliug to th<· Ro.,.,, .\ -ray T1111111(J h.1plonr 
(f?XTE) 111('<1:-.mc·uu•llls (?d6nd<•z PI ttl. l9U ') chlliiiJ!. t lw l ~)95 Augw.t oul i>ursl. tlH' flu~ 
ol' (; HO .llu&fJ 10 drn<'Hsc•d !Jy <11most two tmll'l't-t ol lltil /.!, tUtlldc. wLL<•rNts RIII VC:OS,/f. l· 
r<'lltul tlt'd alnwst c ott~ I nit! ( typically 2!"> ± 1 k111). \\'c• plot nll t ltnh<' RXTE d~1t H in Fig 
Ill<' 7.1. ns,llllltll t!. /) :! 2 kpc (lljt>lltning c\lld Bupc•tl I!JD5) . E. 0.11 and K= l 7. 13<•c a u~c· 
R ... tilth l'l'lllrlill<'d < nn:-t a ut nnd till' lunt.inosity \\a-.. c·oHstdt't ablY be> low LE. t lw 'iOIII e f' c ·r~ n 
not luwc IH'<'ll iu tht• :-.litn-dtsk rcguuf'. \ c.•wrtl l<'l<"ss. 1 ~11 of tltisJ<'I soun£:> is "" 10 tnnt'" 

llli 

higher I hat t !tat of GS :woo I 2) whc·n c·ompatwl ell til<' Still !I' ltltltiJIO'iit \' This llJHkc•h I II<' 
·~- nl\' dd~nniurd llltts~ of GHO .)1()55-·W. ""'3 H .. f,lllllliHh short ni fliP oplic·al tWI":-. 

(r .\1 . ). 1 bus. tlw sauw "too !ugh~ .. ·· pruhl<'lll ts obsc'r\'!•d frotll ,, IHJ ~vsiPIJI that is iu 
t ltr standard-disk n·giJIIC' rntlll'r them iu the shm-di!'k <uudittoll 

In SUIHlllHI)', tlw H .. , r; .. ' n•l,tt!Ou ~('('11 iu UL.Xs tilll be• sohod lldc•qHniPh' b\' Ill!' 
sliw-dbk scc•uario. llmrc•\'C'l. I)H• :-;nnH' idea c·nu givP nnlv t1 pmtt,ll solntiott to tiiC'. "too 
l1igh 11 .. ·• proll!C'm. The• r<'IIIHining pmt of thi:-; issuf' lllltl'il thc•lc'i'ol<' ht• atfnlJiltrd to sollH" 

ph,Vl"i<:al condif io11s I hat ts 11ot rrluf rei to if. but intrin:;k f o tlw 1311 11 sPif In ot lwr \\'OI'd!-1. 
I h<'n' may Of' f wo t .\'fH'!-o of BITs. 01u• I \'JW c·umpris<'l" ordittill \ ( :,d,wt i< ~ lc~gPIItt 11ic £31 JBs, 
and ohe\· tlw stand<ml-disk s<<'umio 11p to H n•lmi\'Ph lti~h illllllllnsll\ < lose• to L

1 
Tlw 

o~ b!'r tvpC' of ohje>cts. illclucllllg l 'LXs and thP high-7~11 Bl1 t I'II!JsJ<'Ill!-i, PX!til>tt lilthPt !Ji~h 
dtsk tc•mpcrat lin'. aud displuY I lu• sltm-disk dfc•ds "hc•n t hP hnllillosit ,. npprw11 lw:-. /..,1• 
Th<'ll. ()Uf f('nJHillillg lao..;k is to idc•lltlf\· tltr origiU or tiH· difli•t!'IIC"!' i><'IWC'f'll !IIC's(' l\\'ll 
t vp<>t-. of BH .... 

7 .. 4. 2 Spinning BH scen a rio 

A T31l can br clwra('t 1•ri~c·d only hy t lll'<'f' fuudant<'Jtlrd P<ll'lllll<'t f'r~: 1 h<' JllllHS AI. <·h·t n­
('a] charge. and t IH' lliiP,lllm 1110111<'111 11111 ./. \i\'lwn if l><·c·ottH·s 1111 X I'H\' soun·~· ,·in 11111ss 
H<'CT<'tion, additiow-d two }>rii'HIIIC'IC'rH <'l)!l lf' in : t11<' lntl'iS IH'<T<'I ion to~l<• if nud the· s\'slf'IJI 
illf'lill<l{ion i. Out of fiWSI' h\'(' svstl'lll panmwtf'rs. we• 11,1\C• rulh fc~kc·n ·" · ,.1 llllcl 'tlltu 
ncC"ount alrf'Hdy. Tht•u. t he• chffc•rc•Jlcc• bPIW<'f'll thr two f~'JH'!-. of Blh. (pit'\ iolh ..,uhs1•( 1 tou) 
should be a~tribut:d <•it iH'I to t iH• <·lc•ctrit' chi'\rgf' or tit<' illlJ!,lllnr IIIOill<'llltllJI. ('nllsHit·u 11g 
tha t the Ulll\'Crs<' IS vrrv dot-e• fo C'INtricaliH'lllralitY. the• oulv possilJilil\ is thC' ttnp,ular 
moment urn. r n r riC' I . l'<'cl I l3JI" ill t lw liiU \'('f~e lll<l.\ \\'<'11 ha\'r ('()llsid<•l·a hh· llll~lllar IIJO­

Illt'TI(fl, even though we• hflvc• so far nssamNI non-splll!linl!, (i.e·. S<lt\\ ,U7sd1ild ) I3Il~ fot 
simpliC'i ty. For rxmu plr. ntassi\·t· ~~ ar-; arc usually fr1st rot ,1 t oro..;. 11 nd titC'Il l'olla ps<" will 
proclnce spinuiug J3lb ciP::;n ilH'd hv I he Kerr solution. Bc•lcm. we• PXH illiiH' \\'lt<'thPJ tiH• 
n•nt<tini u g i s:;uc~ t:Cill lw ~oh•pd by c·mu.;idf'rilJg Kerr BUs 

Herraftrl', WC' cxpr<'ss tIt<' f311 nngulou· moment tllll ./ ill u diiiH'tlsioulr•ss mniiiH'l', i.l'., 
by» Rpin par anwtrr o. = r:~'12 .J . Thi:; paramc.) tl'r tnkC's vHltH•s IH·twc'Ptl 1 to ]. o = 1 
ttJCfills I he• e·xt !'<'Ill<' l<c'rr hole• for ,, prograd(' disk ( i.e• .. tot HI i11g i11 t IH• s<JtJtl' dirPct ioll 1-\~ 
f ltc· Bfl ). o~ = - 1 also rc•pn'sc•nt.., I lt r C'XI rPuw 1\c·rr hole• bnt for <I tl'! rop,1adc• disk. und 
r1 = 0 c·orrc•spouds. of c·ottro..,<·. I o t he• Sdl\\'ar;~,sdtild Bll. 

Tltc most imme•d i11 t c• l'fle·< t of t IH• m I "Pill 1:-; I Ita t it afi'<·c t :-. 1 h<' rndi us of t IH• la:-.t :-I a hit• 
mhit. Rla;;t · a.<> (<•.g. I3Prd<'<'Jt <'I ,d ]<)72) 

n 2" { 3 + Z2 =F [(3- Zl)(:~ Zt 1 2X,) I /~} 

\\ J z l + ( 1 2) I I .J [ ( l ) I ;:1 ( 1 ) I /:~] , / ( I }. '/ 'l ) l{'l ' IC'rr 1 = . r1. + o. -1 - o , / JJ. - , ) (/ I /..1 1 mtd t ltc l(IWC'f 

Hlld UJ>jll'l s1,e,ns nrc• fm <I pro~n1dc• disk and a rrtrogrud<' disk . I!'SJW<tivch \\'p hc·r ' pny 
attC'nliou 0111.\' tn 1 hr ptogradc• dit-.k , <;iurr iu tbil'i ( '(lfi(' H,a .. l (ltr•ll( c• U,.l ) dl'(')'('tll'i('S l iS (I 

iiiC'rf'aBes. as :-,hown m Fip,ltt·c• 7 0<~. '11m~. a prohrra,dr• rH'n<•l io11 dhk i-lr<Jillld a Kc'n lwlr 
hAs 11 sruall(•r R111 • all!l c·o ll~">c'qll<'l ltlv <t ltig)tPr 7j11 • suggc•st ing, tlt.1t tlt1• Bll :spin c·t~u PXplu1 11 
t h P prohlrm with ULXs This idc•a hrl"i fir!>i 1)<'<'11 proposl'd II\ ZhHllg C'l al. ( 19'J7) t ft 

PXplclin t lw ohsf'n'C'CI high t c·mpc•rfl tIt}"(' of G RS I C) 15+ lCJ!j c!lld (; n () .J I (j!jf,- 11J. 
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\f'giP< 1 i11p, r<'l,tt j,•ist i<' df,•<.·L..; for the momf'nt WP nm twrfonn -..imp!<> qua11111 <ll h·.~' 
<'~tiuwt~:-;. lf \\'1' :-.t .trl from a Sdtw.trzsduld L3ll awl tnrn•;bc' ih spm. \'dllt H ancl .\1 
kept C'Ultsl.ltll. tlwu Ht.•st U111 drrn•as<'' holll ;H1s down to ~R ... ~b thf' 13H tlppro,tdH':' 
tlw ('Xl ff'llll' Kc'IT hole· (Figure 7.5a). Tlti'> imp lie•::-. cl fat"tor (j ci<·C rra. {'in Rm- ~1ramvhil<'. 
tht• v~hw nl' ·r ,

11
• whi<"h H<Hll's as R;

11
'{/t (c•quation 2.u). IH'conws highc•r by a fai'IOI nf 

3 I (k) :3 . Ewu tnkinl!, t1 HOlLlf'Wlt<tt )C'fi' t•xtn·uH' c·,n;P of u. = 0.05. wr I'XJH'cl 
Ih~1 - R

111 
to d1•crc•asc• h\ a fador of :3 cmnpnrc·d to till' Srhw;H·zschild 1311 1·as0. fhi"' 

Js .tpparc•nt h- ... lllfiC'icnt to c•xplniu 1 hr cli..;t rc'p<llll \ IH•twc'f'll /1111 ;.mel _,]F t'C'Il i11 liLX 
althtmgh n•lr~ti\'isti<' pff'l'C'I!-i arc• \'PI to br 1onsidc•n'd (sr.c• llC xt suhsrcttOlt). 

. \-..sttming Bll spill lw-.. allot ht'l mrrit. I ltat t lw twliat h'l' l'fiH t<'lH'Y· drhucd <I:- L1.n1/il ,.'1._ 
w I ... highN <IS till 1311 c\ltgttl!-11' 111011H'JII nm itH H'tl!'-I'S. Tlw <·fhdl IIC'Y it' 0.051 for a. 'dtWfli'Z:-.t'hild 
case•. \\ hilc• it i111 n·a~e·:-. up to 0. 12 for au <'Xl n 11ll'h h.tll hoi<• (c•.g.. l\ato r1 al 199. ). Tlu•n•­
fon•. fot a no~pidh· wt tltng, Bll . till' :-;.llllP. lllct.."'~ <H C'n tio11 ntl<• nlll pruduc-<• 3 1i111c"' lti f.!, lwr 
lmninosit\· tlta11 in H 111111 sptttllillt!, 8H. althoug,h thP ..,,11111' Edc!ingtnn li111il ::-hould still 

Hpplr 

A Kc•tT Bll h11:-; yc·t flltothc•r unportnut prop<'l I v. As sltOVv11 by BPiohurodoY ( l UU '). 
nn oplinllly tltwk Itt'< 1 t>l ion cli5k arouml ct KNr l3 JJ I PWb lo be 1non• ad\'cc·tive t latll I hal 

Hl'<>ttltd 11 S< hwmzsdtild oliC·. Ace orJiuglv, Wt' c·xpc•t·l 1111 opt i<'nlly-tltic-k disk Hrouud n 
1\c•tT hole• to lttc1kc• a t rall..,il ion iut o <1 slim disk at " cow .. idrrablv lo\YC'r lmniuosit ,. tlwn 
I !tr• s( hwnrzsdtild l'liSC'. This Sill ('('%htllv Htli->\\'('1' t 11<' CJliC'st inn wltkb lw~ nris<'ll in the· 
pn·,·iuus sc·t'l lUll, "wit\· t 1\(' ::.hilt clisk ~l'<'111:-o I o nn 111 pn.ft>rl'tlt ially tlUtong t:'L..'\.;-;. wlwrn1s 

1101 rc•.tlit.l'd 111 mrlntm \' Ull Bs !" 

l ront tht'Sf' <·nnsldc•rnttous. \\'<' propu.c..' thnt tlw ordiunry Gnlac-tic/\lnr;dlauic Blls 
(C\·g X l. L~IC' X-1. L \ J(' X-3. GS 2000+~!l. ctnd so ou) h;;n·p in~ignilieant <lllP,Hlar 
muiiH'IliH (1 (/ I c:- < 1) . ~hil<.' L1LXs and hip,h- !~11 Cal<l< tic trans1rnls (r.g. ;HO .11()55-
40) tuvol\'l' h<•tl Blls wit It prograde accrrt io11 disks. 'litis lWlV :-;ulw• the• owndl issnrs 
asscwin t rd \\'It It U LXs 111 til<' followiug W<llltH'r. Firstly. t hr 13IT spill rrduccs Rm and ra isC'I-i 

rill ClCTOldillg tu Figlli'C' 7.fHL Src·ondlv, I IH' Bll spin C'll]JHII('('S t hr slim-disk t'C>lldit ion. 
whidt iu t 11 111 udd:-. to till' dc•nc•ns<' iu Riu nud iun<•usc· in 7111 (sc•r prcvioub ·uhsc•dio11). 
Finallv. t ltt' iltduc·Pd s li llt d isk eondil.ion c•xplains the• ohs<•rvC'<l /?1 11 -x T111 

1 rcla.1 ion. In IIJC• 
n~>xl sub:·w<"tiou. W<' C'll ltlirm tlttlt this finn! RC'<'IIHrio is vHiid C'\'Cn whPu1akinp, n•lativistic' 

pjf<'C'ls till 0 riC ('IIIII II. 

7.4.3 p <' t.ra frotu accr etion di ks around K err BHs 

TIH· X nn :-.pc·<·trn Plltt'll'<'tll from <HI <HTlPticm disk is snbjc•c·l to s<'V<>ral rC'lHthblic <'OI'­
rc'<·1 ions. clue• tn gr,l\·it 111 iounl r<'dshift. t rau:--.\'ersc• nucl lcm~it udiual Doppl<'r ->hifts. ami 
l!,l'<t\ it nttonal fuc u:-ing. I o r1 <list aut oh:-.c't'\'t'r. hot I! tltt• ohsc•n•{'(} color l<'lllP<'nlllln' rllld 

flux will dC'VInl<' frotn tlw lo<"nl wtllll'S, dqwuding on tlw 111rlitwtion nugk t and tlw Bfl 

:-.pill. 

\\'<' lir!-il t'X<Ilttitl<• tlw dl<•<'ts of the grnvilntiow1l <HHl trathvrr::.<' Doppler redshift:-; of 
a fn({'-011 d!-ik . l' ilL· ntlln of tlw photnu PUC'l'l!,~· ohsf'l\'t'd Hl inhuitv (£0 ) Aud nt lhP disk 
surfa< c• (E). "hl'lt dl'\\'l'cl fm111 1 = 0 . ts gn<'ll n~ (<'.g .. Cunnillghnlll rt al. J HIJ. A ... ,,oke~ 

11 

lU 9). 

1 II. (&.):I '! 
-r l\ '1 /( 

\\'!• calc-nlat<'tl t 11<' e'li<'I'''V rnt ic1 nt /( = ( ... /(')'2fl 1 . · . . (§ _) ~'"~· I > last· W H'l I' I ltc' dtsk 11'111JH'fHI \ll'C' I><'!'OllH'S 
Hl<tXJilltU11 . 2. I • <1! tcl sit ow tIt (' rC'slllt )\ ill Fiuurr• 7 51> I Iitts ., ]' 1< <' 1111 cl ·k fl . . I h . . . ' ' - '" S\1 1'1':-. -;( rtlllg 
gnlvtiHllOna and ll'HIIS\'c•r-..c• t'I'C)sltifls, "hie It hrroutc•s sC'\l'rc'J Hs a. inrtt'it-..1'-.. Tlw:--.~• Pfl't•c·ts 
an• ~o st_r~I~g t hnt .' he• iunc•nse• ill I Itt> local dbk l<'lltJH'r,lltll'l'. e·;ttl~f'tl "' 1 lw dc·~Tr'<t:-;l' 111 
R.n Ill Iuu 13Jls. 1:-. almost till I< rlcd out Tlwrc•fmt• 1 It<' 11·1\· r.1 . f· • d \\' · ' r 1 rC I' ott V,I'Ol IIC t f\' b IIIli 
cl\ Off' . . lt<.'u I IUC I'C'cl~{'~. ltowc'\'e•J. tlte loll!!.iludinal Dn]l]>lt•} .. fl 'c•c·t." Lt !II I E jE -~ • ·' , · itwn·a~lttg tltr• 
~" • rano. :llld IH•nc" t h<' cli.;k < olor t c lllJH'ratme• l><'t 01111 • ..,. ltiglwr. 

To rxamuu• 1 hC' O\'t'l .dl n•l,Jtn·~stic <'ffc•ch. more• d1•tnilc•d ltlllll<'t ic 1111 all'lll<tt ions ol tl 11• 

~'l1J<'rg~~ 1t_sJWC'I~·a me: tH·e:cl<•d. Sue It c-alntl<Hiolts hc~\c' ;tlrc•,ulv hPI'II JH'tfn1uu•d h\' ._1 \I ' IHJ 

,111l hot 'i. tududlllg ( Ullltlllghmn r·t nl. ( 197&) ·\s 1111· 1 ( Jl) <J) 1 ''] 1 ( Tl . - . . . · · · c \• \. .utc ,, tclltg C't a . 1!)!)7). 
lC\ Ill fcH t slHnn·cl I lwt. edt ltr111glt I he• spt•< t 1 uu1 fr0111 1111 (lpl i< ,d]\' tJti1 k 'IC"C'l'l'l inti ell k 

HrOLuJci a Kc•rr Bll · · · ·1 · 1 ' "' ,. . . IS Slllll Hl' Itt s lclp<' to tlwt nnmnd n Sdtwar:t.:-;<'lnlrl Oil< ' til<• 1.0 J01 

Jlr1 1,1 ~ :>e~l'\l.\LJ(' o1 tltc SJH'<'I rl!~Jt ami t lw iutc•gratrd flnx 11 n· sf ro11 gl~· d<'JH'llclt•Jtl 1111 n, Hnd 1_ 

t 1 c ~<':;how t hr SJH'rl nt of o - () -1 tel - () <1() ' (c.• 1 • • • • c I n~ - .:;, ,"'JC' twurzsd1tld nnd ttf'lll'l\' c•xt n•1ur• K<•n 
holc> r~~pc•rtt\'('ly) ~-aiC"ttlaiC'd by C'HiliJjugltmn ct al. ( ]!)71) iu F'igmP 7.U. Tlu•lut 11,1 ,·nltH• 

~~r ": . '~. tl~a1_ at' wluc·h H bi<Hk ltoiP will '_'<ltlllibratc• witlt the• dtsk ,111·n·tio11 ( JluoiH l<J71). 
~~-" ) c ~lt ulat < cl t hc•_ <'XJ>t•c·t e•d sppc·t n1 lor I'<H'h VIC'\\ iug 11 uglc• c·ou:-;H lc•r i ttg 1 lr<· n•l,tl h·isl i" 
~~ ~ds . a:-;ed ou lh<•Jr "trall_sfc•r f~lu<·tiou". \dtid1 n·pn•sc·uts tlH• ri'I<IIJ\r' lllll'llsil\' of .till' 
lei\. C'lllJtlrd from ('Hc·lt port lOll oltlH• disk -;nrfrH·c· to tlH' ohsc•r\'1·1· ·1< 1 ltltt•IJ.( 1 1· 1 R \ . F' . . ' .... I • J J () I llltr 

.l ~ ~C'-C1~ 111 . tgttr<' 7.(i. tlt<• <"Olor l<•mprratur<' of tlte 'iJH'C'Ilil stwnglv dc•JH'IHis 011 i fell 

~-1 '1 P_Hih l_otatmg BII. .tnd_" Sj)('clrtttll harder thrill tlt.u 111 tltr• :\C'\\"Ioni.llt potc•utial is 
< XJ><'t t rd \\ lwu VI<'WI'd rc•latt\ rl.Y <•dg<'-on. 

Tbrir rf'sults lww hc'l'll c·o1tlinnc>d by ZL·mg <'I ·tl ( 1 !JlJ~) 1 . .· 1 f , . . Tl ' ' . )\ ltslllg I IC :->cliiiC' 11'.111:-.fc•t 
_n uc.uou:-.. H'S<' 1111thcm, rc•pn.•:-.c•n1 II1C' rc•lativistic· c•ffc•ct!-1 bv 1\\0 c-orrc•c·lio11 l;wtors. OtiC' 

ts t lw changr oft 11<' <·olor 1t•utpC'rHturr dcuotrd t>c 11 , due' t 0 t ltP ~nwit 11 t J<m,d r<'d:-;hiJ't . 1 
Dopp1C'r r t'd/1 1 ·I ·n . (T jT <HI< 
1 

>UP-s ll. s _ f'ol .. n h't:J-1.). TlJC' olltt•r is till' l'llllllV,C' of t Jt,. lit IX dc•11ot I'd 
:J(I, o, ). dtH' to t ltr VH'Wt l tg V,<'Oill<'( ry <lltd the grnvil ill io11al foc·w,i 11 ~o, Ux -:x. I ins!P;td of 

r. 1 . . 'I 
. x 'X ms;- llJ I lw N <'\\'1 0111 it 11 c·nst'). Bc•crt usc• \\'P C'XJH't ·1 LU J '< l 1 /( 1/. 

2 I I IJ HI I( Ill \' ~fi"T1 ) 
~ . .u , •• 
_V!i · thr_ quauttly Rin/-'h scalc•s with ,,f.H...fii· F1gttr<' 7.7 giw this c·otllbitiC'd I'OH<•ct 11111 

lal't OL Kf:R ..J[i. fur f\ Schwarz-.c·hilcl mula ll<'<U ly-<•xt rrnu· l\t'IT ltol< "'· '1 0 V,l'l ,1 I I'll, valttP of 
~ir~l.1fr.. W<' mu-;'1 multiply thi:-; C'OtTC'Ciion factor to flH' rt)l)>lllf'lll \rlhll• of R111 '\]j clc•rin•d 
dl~C-lllf!,h thr \1( D fit to tlw daht as:-,uming ani=() slaud;trcl clbk <HWtJid" •1 IIW<Il7.:-.child 

( _ Tiu~~~ iJwc• a:-.:-.lllllf'. a 1\c•rr BH of (1. !UJD . and \'it•w 111!' di-;k frcllll HII indirli-11 iou rlllV,lP 

>~ l ~ ~u · tlw c·cnTrc:t 1011 facto! C'XI'r>N]s r-v 2. \\'lrPli I his i:-. t'Cillli>IIH'cl wit It ,mot lH'r f,1c lOJ 

o( :- L;; dttc lo t lw sllm-dtsk propPlt ' (G 7. 1.1 ), \\'(' < HU !'Xplaitt t itf• disc 1 C'J>ItiH \ In· ci fac 1 (It 

()~ .3 hPt WC<.'ll R~r: Ullcl Afr.·. Sitwc I rv (i0° is wlwt is ('Xj)('('\('(1 llll CIVI'rttg(' w1H·ll I he' dt ... ks 
a_;r nmdomly onPntrd. tltc• c-ltanc·c• prohft!Jililr of hud111g Sill It oi!.JC't'ls is n•asm1nbly ltiglt 
for tuoS<' ULX.., of whic·h tltc• ft,u v:-. .\fr. disc-rcpmwv is stJutllr•t c•.g. lh'>'tllgr·loc1-] X-1· 
.\CC 2103 somcc• :~and .\C:(' :3()2 off-cc•tllc>I somc·r. t'\'1'11 t1 1\c•tr hole \\ltic·h h <losc:r tc; 
1 ltc• IH(('-Oll gi'OtiH'I Q t'rlll p,i\·f' crdc'qtt,tt c• Pxplaual ion. Ob\ ICHislj. ~~:~:$ X aud XGC' 1.31 J 

11!) 



:-om<·<·.\ ntll lw PxplaiuPcl c•\'C'Il wit hm11 inn>kin~ till' luu di..,k 01 BH rotation. -.JlH<' I hC'\' 
origiuclll~ fall em I lw sub-Eddington rc>giulf' iu Fig,mt• I. I. 

\\'C' <'Oildlldt• tl!n I till' llt~·st f'l'\' of CLX.., f'an he solvl'd in I <'rt!ls of I Ill' sh111 aet'l PI ion 

di1-1k <lllrlllw Bll rolrttion. 
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Fignrl' 7.fi· (n) Hadins pf tltc•last stahl0 orbit ;1s fl fmH' Iitll t of n. for a progn'lclr disk. (b) 
TlH' rat 10 nil tlH• <'ltC'l'P,\' ol>sc•rv<'d fi t in.liuil \' (1~' .. ) nnd I he• disk ~-.urfaC'C' (E) HS a fun(' I io11 
of a •. <'nludntc•d at !I ::;:Ht11,,1 • whrrc the· l<'lltpt>nlllll'<' (If the ~tmulanl disk l>ermtH'" 

mnxiluuu1. 

7 .4.4 Formation of a 1nassive spinning BH 

\\'C' <·mltltis dtnpl<'t by disntsRiug, 11m•; to makC' ct lltHssivC'. rapid!~· rotcning I3IL In :-.hotl 
t l H'l'P src•ms to C'Xbt ut lrn">l t hrcC' possibility t n mn kc• <l l<<•rr BJ I of 50 100 M. . Ouc• i~ 
a sintpl<'. st rnig,ltl - fot ward s< <•mu·it', t hn.t a massivt• roUtl ing stru· collapses iuto a ma ... ssivc• 
Bll. /\not Jwr uc•c·ds two ordinnry st clln.r-1m1ss 131Is; if tlwy c·ou1r dosr auci merv,c• htln H 
:-;inglr Bll. it would ltnw ,, douhlc•d l11<1!->s. and iniH•ril LhC' nuguln.r munwntmll fr())ll t ltc• 
orbital mot ion. Th<• ot !tc•1 i~ c•xpc•<·tcd iu XHUs, wh<'rc' t hC' BII is ~pull up h\' tlw Hl'l'n•ting 

tunt t Pr, ancl oht aiu l>otl1 t it<• twtss and anp,ulHr lliOIIH'lll till!. 

\ :-. ulrC'adv q11olNI 111 ~ 7.:U. Fr~·rr (H.l9H) ..,lww t lwt a mar;siv<' 1'tar of 2: lO J/ . wlll 
cllrrd h· form 11 Bll. \\ ll hout <'XJWricm ing a "llJH'lllll\'•' <>xplosion. \ \ 'r also refer hNr to 

:\ n k.unmn C'l al. ( I 1 )~ 7). wl1o ~how('ci tlu·ough uumcnc nl si u11 rlnltnns l hn I t h<" gnl\'it at ioual 
rollap:-.c' of u rotat!IIJ.!, rnnssh:<' star usual!\' prodHns ,, rntiH•r <'XlrPlllP K<•rr holC'. wllhout 
PXhibitmg t l11• thlk<'d siuguhHtl \'. Tlnts. alllollg t lw t lm'<' s('l'IICtrins pn•<;C'nt<"d a bow tlw 
first oru· 1~ pent u ulnrlv pt <'l<·rrNI sim·<' it ('illl nat untlh t•xplaiu the· <lifJcn•Hcr hctw<'<'ll I h<' 
ordman c;htllnt llt,u.;:-. 131113s nud tTLXs. \\1H'II n 1311 in thr ordin.n\' U1as!' ran!!,<' (...._.J().\ / .) 
b fuf!lll'd ( hruttg,h :-.lt(l<'l'llOHt (.'Xplosioll a iatf.!,C' cUIIOlllll of llHISS. hCUl'P i;l Jarg(' fUIIOllllt 

of llllgtt]nr tliOlll('llt lllll or lit<• projl'nitOl stnr. wi)) lw lost into I ht• t'XJ><llldiug Sll{lC'rltU'Il 

rjN't a. Uu l h<' nt Itt'!' hand. H \'t'r.\' mas~in• star will lor111 11 1311 without losiJJg mtwh of 
its ma.% and augu lm moll!C'l\( mu. Thus. if t lw vnltH' oft IH' iuit ial nn~nlcu· ruomrultrlll is 
c;nflidrut. a raptclh rulntmg,. mnshh·c Bll would he hmu. ll thb Bllwlalh· trap~ auothrr 
orcHtH\1 v .sl nt <tlld lmtllt' a t ln~c· binar~·. a L1 LX i:. rc•cd izNl. 

1:20 

(o I (<oi<ODit 

Fi~ttn· 7.(): .n<·l_rll i\·.ist ic c•Jr('( h Oil I IH· disk Sj}l'C t IIIII I l nkc•tt r, Cit II Cttllttillghant (I Cl7."> 
(L< ft) Th<' nwhnuiJOtt dPpc'tHI<•JJC·c• of lh<' Aux \rtJttiJt'l 1 tl J' · 1 ) ., I '. . . . . '. . s I I 1111'~ I(' llt('S )IJ( )('.11 (' t llf• 
\cl ll<"' ui o. · and Oo 1:. t IH' ttldmut 1011. Tlu• strairsht IIIH' dt•ttcJl!"l .. ,. c· . . j 1 1 .. , 1 . 1 · . n • ' ott~•:-.pows otu· 
(c\s: llllC E'l I Jt: · rwlolllllll pol<'lllird. (l\ licldl<' ) TIH• I'XJlC'('i<'cl SIH'c tJn nl tlw cltsl< . 1. 1 
., h <'n· I c I ' 1 0 · 1 I , ct on 11 < 
r I \ • -~) ( 

0 (/,.- • WI~ I I ((' \'<lltt<•s dc•not iltg ('OS/. ·•!\,)'' is tIt<' SIH'( llllltt tiiHll'l Ill(' 
("' l ()fij(\ 11 pot <•nt tell S('('Jl Jwnt I - ()0 (R' I t) Tl ' .. . 

1
. • tg l I< ScUll(' ti" l h<• 1111ddlc• JliliH'I Inti 1'•>1 ·1 
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Jn ord"r 10 <'XHillillC'Ihis'-<l'llflrio. Wl' briPfly f''-llllt .tll' tlw-..pin of a BII fmnwc~ dit:c·~· tly 
[· .. ,· . , ..,1 nr l•or tln:-. purpos<'. Jet us calc nl,ttl' til<' ;lltgnlctr tnouwnttun ul_t he :-.~111. 
10111 cl.IIIH~ 1\C . : • . . 2 l R.l . =I).)/ 1011 f k~ Ill".!:-; I wlwrP R. - I '"I( 10 Ill 

f('IY'\f<hll" II liS (I ngul rolatol cl:-i. -=:,!J' . . 9 I . I 
~">' n · .l:o i· ·tugulat ,·r· nett,. n . tl <' sol<-tr wdtltS, \1 2 ~ lOi!l kp; i. · thf' -..olm lll•I"S. t)"' !II tl"' s c 

ls l I . I f 1 ' I form fad or rc•J)) c·st'tt1 inp; I II<' tJH\SS <·ou<'l'UtnHtoll (j - l 
tlt<' soar rot at tot!. fill< s ' . . . (' .· 

1
, .· , f ,___ 0 1 t lw -;ohu nngular 

liH'iltiS tltat tlic• iutc•rwtlu t ~t~s dPil'itty t:s nntfomt). ousH c ung · · . 
I I 'ttl ('ctc·t ( lllll)>Ht'Hll)P j () \he lllilXlllllllll rlllg\IJcll lllOllll'lltlllll ./UiiiX for cl 1 J/. JfiOlll<'ll IIlli S ' 

r Il c:M: ') v I() t t kJ!, 1112 s 1. 

3 · -;:-- ' . . I . J H''wlws ol' ordPr n11it' Smt <' I hc · Tim:--. C"\'!'11 (()) lbc• :-.1111 \\lttdt lS <Is 0\\" lOidiOl • .lm.. ' • I u2 1 .z· 
· 1 1 U \/·1 1 1 he• ntt io -·- -<:> .\I Q. r·tdius of lllollll-S(•qllC'Il< ' l' sl cli'S IS :i("n ('l ih J • I'" \1 I I 

.;hrn. fon· a lll,t~si\'c' "'HI". wltie·h t c.>lHb I o hll' <' lu~lwr ;H~gul,tr n·loc II,. that~ I he: "l.llllj \\'Ill! ' 

l>e• c·x H<l('(l to lnnn into •• 1wnrly rxlre•nH'I\" Kc•rr BII 111 IIH· tct:o-1' of tl~<·.e. rt'lt,co '1 1_>~<: 
1'1!r1 ltc•t dbe • tt~:-.iotl 011 til!' format ion st·c•uarill of lll'cWY !'tl'll~ll-lllcl-.;s 1'-<'II boleS. Ito\\<\ ( 1' 

t~ be \'Oild 1 ht• "'c 11pc• nl I Itt• prPsPnt tlwsi~. 
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Chapter 8 

SUMMARY AND CONCLUSION 

Usiug A.S'CA. \\'C' lt;l\'1' oh ... c•nrcl l\\'c•h-c• CLX:-. itt nine• spital galaxie•s. and 1 !Jrl'c "\ 1,1~· 
lumiuou. :\Tis fur ('OlJI(Hll"i'iOII Bv <liiRI~-zin~ tltC'!-o{' . \.'>(' \ dnt il clllll pMt i.tll\" Ill tlll.lllg 

llto-.c• fTOIU tlw no:·; IT IIH I. \\'(' lww oht<lllll'd tiH' follmnllg 11('\\ l"!'slllts. 

1. Our obj{'c·th an• hm;kallv poi11t-lik<•. nnd four of tltl'llt HIICn.vc•d ittl<'lhtl\ vnrt~tltt•ll:-. 
T hrsr n•sttlls n•infon·c• lite• iulc•rprrtHtiou of l fLXs ns ltiglt ltttninosil\' ;-.Jttgle• ohjc•c·(s 

2. The ~pC'drf\ of I he• 1 hl'('C' s 1Bs haw hP('ll ('Ollfirtt!l'd to lw cltS\llH't frutll I hosl' or 
lhf' ULX". Con<.;<'<jll<'llllv. l lLX:-; cannot IH• intc•rpn•lc•d a-. \Ollltp, S\lb. bur )Ill' 

cmtstdcn•d tu lH' uu·n•tiug c·ompnt"l ob.Jc•c·ts 

.j. Om of lllC' t "·ch·l"' l 
1 
LX "I H'C'I ra, nine• nut be• de•sc·t iiJC'd \\'i tit ,, si n~lc ~I(' D lltodPI ow• 

with a J>OW<'r-lr~w pills :\lCD mod l. aud 1 wo \\it h a single• po\\'C'I"-lci\\ tlloclc>l Siuc c· 
th<'SC' spc•c·tra arC' tvpknl of B1Il3s. it b indic~llc•d that lhc• l'LXs mt tll ;,ss-,Ht l'<"fillg 

bli'lck lwlPs. w]JC'r<' the• i\IC'D <'mission arbc•s fr11t11 opt wniJ.,·-1 hie k 11 l rc IKHt cll:--k~. 

4. ThP obs<'ITC'd boi0111PiriC' ltllllillosity or till' :\IC'D e•tlli'-sion IS dis! I ilHIIC'd (1\'('J" ]0 1'1 till'!'~ .... 

For thc•sc•lumino1-iilic•:-; to rc•ntai11 suh-Eddiugton, n•lrt!h•c•ly high Bf l massc•i-i ttp to 
'"'""' 100 .\I. <trc' n•quirc•d. Tit is provicl(•H Hll ol>sc•rvat iouul c•vidPIIC'c' lltat \'C'l"Y tllethl-'iVP 
st.ellnr Bll~ c•xi:-;t. 

5. Prom the' I hrc•c• \'Hriahlc• ULX:-;, we• ltrt \'(' cleo! c•c I Nl cha l"tH 1 Prist ie· dw tJgc•s ilt 1 he• 
nccTf'l ion-disk ntdius. whic·lt an• mughh c•xpr<'ssC'd H.., 11

111 
7

111 
1. 'l'ltb <"<111 lH• 

iutC'rprC'IPd as ottr of first obsc•n·HtimwleYidrnC"c:.s fw lite CIJ>fll'<dl~-tltic·k .\OAF tlwt 
has bcC'n thf'orPt i<"ulh· prc·clic t l"'cl. 

6. The disk tc•tltJH'I'<l t urr ot tlw Ll LX~ i~ llllllsually high a I 'I 
11

, -].() 1 kP \" CouscL 
qu<~utly. tlw disk rnditt~ R11, ic.,"' HJO kru. whi<h b tou sttt1tll fc• <H<otllll f(JJ tltl' 
iufrrrNI higlt niT liHll-1~ ( liC'Ill 1). Iltr ADAP '><"<'lHltio C'Hll <XpiHllJ tltJ~-> prohknt par­
I ie1U.v. Inti tw( e·cmtplc·tc•h· \\'<' lww shown I hat t IJc• is:-.tH· n111 I)(' solvr·d tf 111 Heldt! iem 
th<> BTJs r1n• spin11i11g rnpid)y l>C'filllsf' rlw la~t "il<t!J!I' mbit g<•l:-: l"lr>:o;c·r to fllf' 13ll in 
a Kc•rr BH ( hnu in H Sc·ltwctrz:·whilcl f3JJ. aud I hr• ac c·1 1•t 1011 d tsk c 1111 gPI !tot I r>r c•\-1'11 

eon:-,id<'riug tlH' rc•htl ivisf ic <'flf'c'l s. Titus. I>H'lNI 1111 fit ttl plty:-;will grw n1cls. Wf' hm·c• 
for th<' first t iuw giVC'Il a uuifif'd iut r•rprc•t til ioll to f ltro loug-lrt:-;1 i!IJ!, 111_\':--1 "l'Y c,f l lf...Xs 
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Appendix A 

Spectral model descriptions 

Power-law mod(3J This i~ I he· t-ilnpll'~t, mtd \\'icl<•h 11:-.!•d IIHH lc•l. IIHlllll,\ n•pn·S< 111 iug 
uuu-tlwnual <'IIIJHSIOIJ 11s wns SN'Jt in AG!\s, X-nt\' pulsnt ~. 11tH I so 1111. Tltc· pltot 1111 

fl ux prr un it <'ll(']'f?,~· i ~ c·xpn•sHl'd nH 

( 
E ) I 

{(E)= K 1 k;• \ (,\ I) 

whrn· K i~ t hP 1\011111\lizut lOll fa< tor aucl r is ti!C' ph(llOII indc•x. wltidt \\(' d~:--IJII!I' I (J 

br posit i\'C• 111 gcll<'IHI. Ob' inuslr .. this dn·t\\'1-i i1 "' 1 atght litH' itt t lw logalttltuw plot. 
as sbowu iu Fig11n• A.lH. 

TBS model An opltc-alh thh hot pla~-.ma of IC'tllpc I HI Ill"!' 1 r.tdi,ttc• ... photons dw· to 
tbr proccs. <'<llkclllJc•utsstnthlnug or fre<'-lrN' Plltission; plwtoll~'> ili"C' trtdlrltC'd frul!l 

at"crlc.·nlt<'d C'lc•t·trmh in t lH• C'oulo1llb fic>lcb of ion:-; Tlw SJW< It IIIII is obtuiJH•cl ,,,. 
int<'gTHI iug tlw rnclial ion nVt'J t lwrmally cli:-;1 rilml c-d dc•c t 1'011-; ~o litH I \~·c• call the· 
<'llliHsion "tltNtllnl ht'C'Ittsstraldllug (TBS)"'. TIH· c•tnissivity is wtiltC'll 11s 

(A.1) 

when • Z and 11 1 ,trr Ill<' C'hargc• and nlttnbl'r dc·nsit \ of IIlllS. 11, j.., t IIC' llllltJIH'l clt•usiry 
of cleetrons. i-llld !JJJ is thc• Gaunt fa('tm (Rsbi< k1 c111d LiJ.!.lriJIIrllt I!J7D). In the• X-t.t\· 
i>»nd. lit 1 "' E 11 1 Thc•rl"'fon in I h<• low rw•rg\ I"Hll.!!,f' t lt1• ~'>JH'<'I nun h ~iuuh11 in 
:;hapC' to (I J>CJ\H'r let\\' JIJ()(l<'lof photCJn illd<'x r ...... 1.1. wltc•n•,.s 111 E..>> J..T. Ilux 
drops <:ht-uply m, '"ihcmnm Frgun• A.lc·. 

Raymond-Smit h plasm a e mis sion mode l lu r~dditiott tcJ t!H• c·outimmm PJnissiutt e1s 
dC'SC'ri lwd hv tl Tf3S JliOdPl rl l h.in hot pll'lsllla o.;hows il t IIIII ic ( II JISSl<>ll !me•~-. of I II' a\"\' 
<"lrr neut" t hrouglt c ollisic)lwl ('XI'it nt ion;,, cts slt(J\\ 11 i11 Figun· \ 1 c l lw t c•11t c·r l'llC'J fl..\' 

and f'CJUiWl]c•ut width of C'HC'h li t I<' dcp<'llCI 011 t he• <IIJllttd.tllc·c· of l ite• 1 Pic•\'ctlll PlPJJH'Ill 

and remr>e•ra t urr oft ltc' phtSIII<I. All !tough Lhrn• <'Xil'it s sC'\'N;d pi;J-.J!I,J PIIJJSHiou c-odr·s 
(Raymond and Su11tll ]!}77. ~Jfl...,lli HJ 4, !\lc•wc• rt ill. I!) .J) we• IN' only Hannond 
Smitlr mod!'l iu this tiH•..-;i:-;. :->llt<r· tJOJH' of obJ<'c·ts 111 our "•llllpiP ~how strong 1'll1is:-.loll 

lines uud tit(' obt;tilll'd n>.lllrs arr r-~lrnost indP.}JC'lldc-111 of IIH· phtstn~ rode·~ 

- -



l\1CD mod e> I \~ dc•sni )lC'cl ill § 2./ . the• ~J('[J IIHidl'l b cHI rlpproxilll<ll ion of I hr Pllllssinn 

from opt intll\'-1 hic-k. p;<·omrt rj<·rdlv-1 Jun ;H <T<'t ion cl1sb. lShttknn• cllld SuuY<H'\' H.J/:3. 
~htsuda c•t al 1!.1 1 ~lakishim~ rt <1! l!), h ) Tltt• spc•c trlllll i~ a s11pe>rposit1on of 
bhwk-hody rnrliHtiolls fn11n iuclividul'll pmtiOIIS of tlw clbk . lutPgratiup, frout tlw 
tnll<'lliWst rl i:-.k ntd ills ,.in to tlw out <'lllll >sl dbk mcli us 1 uw, ,mel 1-ll-iSUllUUP, rut << , .. nu. 

we· obt ~lin t ltc• spN·t l'\llll a~-. 

. . c·os'/' ''''' , "irrr'- r·r>s/Jl tr, T 11 .~ riT 
}(f'-')- I :.! '.!.rrrn(F T Jrlr = . TY. (-1,) H (E.T)-T. 

J r., .~ I ot 111 Ill 

wiH'lT 1 b a tndill rl l ion <lllp)c of I lw rhsk . lJ b I II<' cltslatH c• to the ~llUIT<'. ctllcl 

T. T (r
111

) and '1:,
11

, 1 ( 1, 111 ) ~m· lite• llliH'tllJost nucl outPrniOst cli:k tf'ntpNHIUlt' 

rf'sJ><'< t ivl'l\'. 'J IH· :-.pN t rlllll i:-. !!pproxinta tc•cl hr a single• te•ulp<'nttnrc• hhwk-l>Cld\' 
radittt iou HI higlt C'liNKY anrl drops "hil rplv. wlt<·n ·ns in t IH' low C'!lC'rgy 1 <Ill!!,<' it 
II 'S(' IIJI>lc•::; ill :'h clJH' ll J)()\\'1'1'-lil\\' of r - '2 /:~ , liS sli0\\'11 in Figurl' .\ . ld . 

Unsetturat.cd Complouizat.ion (UC) model This lll<H le• l is rr<di!.t•rl wheu hot llwrmal 
<·h-<'l l<>lll'l of a plHs!lJH C'olll pton up-sc·attc•J soniC' sc·0d photm ts. lmt do not Srllllml c• 

to t ltr \\'ic•n JH'Hk sp C'dl lllll for mo~l pho toiiH. T lt r HJ>C'C'tru m i~ c ·hHTHd <"'r i :~.C'd ll\· 
<\II drl'tlolt tt•lll JH'I'lll ll l'l'. / ~ . Hnr l au optknl cl<'plh I'm rl<'l'lron scaf iPring, r,.,. ltl 

Ill<· higlH' IIC 'I'J!.} l ltliP,C'. i.<'., O\'C' r tlw f'Lrctron lc'lll}>C'rat urc•. t it<• :-J><'C't rum drop oil' 
sharp!\ . On tIll' ol hN Jt,nHl. I IH· Jow-<'IH'f).!.\' nllll lllllltlll has po~·<"'r-lct\\' like• ..,!Jape 
whose' ..,]ope• Js ell't c·nnill('(l h\· t he• comhmalloll of 1;. <llld r,.,. Thu:s. whr>u I;, is c los<' 
to~~~ ol tlw \ IC'O mmlc-1 ami r~ is opiHUIZC'd. this nwdc•l b almost iclPutknl to 
t IH' ~I 'J) Ill!(' Ill :-pre t raJ :-htllW. c\lld ( Hll <'CJIIHII\' H'))l' l'SE'lll I hr oft C0111p0ll( Ill ol 
L~IXI3s o1 Bli Bs in I IIC' -.olt stnt<'. as ch•'o( rilwd ill White• PI ctl. (Hl '") c\llcl EhisH\\'a 

ct HI. ( U)'J I ). 

Broke11 powe r- law modd This is au C'lllJlll i<·a l u1ocl<'l I o r<'prc•s<•nl t lw spN' trmn nf a 

ral ltf'r c-olt\'<''< Hhnpc•, nud writ I c·u t\'4 

f( 8 ) (J-\ .{) 

wlH'l<' F,, ... is tIt(' bn•ak-pomt (•llergy, whil<· [' 1 nud r .l r<•J)l'('!'\('111 the phot 011 iuclic (''i 
b<'low nnd ~l l>()\'e' Ehl..· m·q><'< tivC'l\'. As shown 111 Fip;urr .\ . l t hi~-. modrl aud th<' UC' 
rnodPJ fl'sC'IIll>h• Ill<' \ J('O moclr] wh<'ll p<lr<\lllete• r~-. ell I' appropriatelY :wlc•ctc•d. 

Photo-electric ;tbsorpt ion At low Plll'l'~<'s. X-1 m· c•uri~:-.icm sulfNs ahsorptio11 h~· told 
mnt l c·r lwt \U'<'ll tlw soun·c• (lt1d tlw nbs( 1 ,.N fhC' nl>sor!H'r cnu bC' C'it her local 1 o 
tltc• sonn·r•. ll!"~O' i.tlc•cl \\r th tlH• host ~t~hL\.\'. 01 attrilmtl'cl to tlw mtc•r-.tella.llll('(illlrll 
withitr 0111 CaliiX\ . 'l'lH• rfl'c•d of tlH' ahsorpt iolt ou I he iuddPnt !"JH'rtrum {( F; ) is 

<'X p rc•:-;:-.r•d 11:-. 
f (£ ) = j(E) x ( ,\u11( F l ( ,\ .5) 

wlr<>rc' 1'1( /-' ) is tire • lTO~">H H<'<'i ion of pholo-<>kdri<· Hl>~cH'pl io11 a.Hslurl.ing coHIILll' ~:tlnHr­
daJI<'<'" lm t lH• <thsurlH'r ( ~ lnrrbou and ~I c CalnlllOII L9 ~~ ) and .V11 rs NJIIivalc•J il 

}l\cii'O~I'll ('(lJIIIllll dPII~"; I l)' .\l tiluU).!;b .\ 11 I<'TH('S('lllH t Jw llllllJ)J('l' of liYdrUgl' ll HtOJIL~ 
JWr uuit <m 'H, hvc\rop,r•JI chw:-. ll(.)t ( olll nlntt t• umC'It to tlw ab ·orption. lm;t 0acl. ill 

132 

t hC' ('IIC'l'f.,'\' 1" \1 I • f () ~ ) k \' I • 
I 

. r· I ,·) ( ·~( u I- !' lliH 1:-, rt>la tt>cl to \IS. tht • thsot)>lltllll" tnaiulv <'t ll"'!'cl 
n \.- 'i lC' ... ol 0 \(' \ Jn ,. · I S ]j 1 ~ ' 
· . . · . · · ,.,. ' I. •11 1< · ch \\'C' n:-. .-shc•ll oJ 1011 \\ c• ..,iJow Hll ahsoJ lwd 

po\\ PI-law nroclc' IJil hgtiH \ 1d. 
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Figure A. l. Exmupk:-. of I\ pi<'nl spcrt ral tllodc>b .... (,,) A JWW('r- ln:\' of phot;:n ind~x r :2 
(b) . \11 ,,hsmhc•d powc•t J,l\\ ol photon iuclt•X r :2 \\'l' 1\":-.lllll<' .\11=l '>( If) . 1111 • (<) .\ 
Raylllond S11 t1tlt t11och•l of 11 thm-lwt p]n..,tn<t. wlth I h<' lc•utpc•rn tmc• kT= 'J _kl~\ and tl~c 
,tl>t11ld,lllt'C' of PllC' so]Hr. \\'(' l'rlll :-f'C' ('lltb:-;iOJt I lilt'" · SIIJH'l'J>DM'd Ull I ltf' ('OUI 1111111111 \\ I\H ]t 
b nlmo:-.t tdPill ic nl ttl ..,IJnpl' with 1 hat of TI3S ntoclc•l ol tltL' :--nmc• tPmpc•ratnrc>. (d ) ~\n 
\1(10 t t r· 'J 1 1'- •\ ' '1'111 .., 111odd :-.hows 1 ltc mo..,t c·ntt\'C'X Hlwpr attmug, onr mode Is. 
. UHH I' I) In " ' ' · · • J f 
( ) \ l ie' l ·I 1· f ' 1 kp\' 'llld r. = 30. TIH' :-~ltnJ>l' nf I hi:- lllll<i<'l IS 'illlllhlf t n I HJI o 

p ! 11 11101 I () l' ' l'>i v Tl . 
1 lw \!CD lll!ldc·l ( n •\ htok< II j)O'\\'('r-hn\ ntodPI ol r' 1. f 2 5. ;mel Ebk= l kc' . lli'i 

~'lllpiri<-al 111od< I < <111 HI"" r< ' ()J'(':-;t'llt 1 he :\IC'D ltkL• 1 ou\·c•x ..,JtapP. 

Appendix B 

Calibration of the ASC A spectral 
response 

Tlw spc·ctral I'<'SJ)OIN' or . \S(' I h<t ... hc'l'll ('lllibratc•d basc·d ll)J hot !I tit<' p!P- I.lllltdt ('X[H'I i 
ttH'llls aU<l th<' lit-orbit <·Hiihnlt ion:-.. ;mel is best e~ djustf'd 011 tiiC' I ('(' I) tloJttill nl pu!-ltt imt. 
whc•rc• ! ltc soun.·p is loc·;t l c•d I H' HI' t II<' crnL<'!' of SOC I. Ohs<•n'il l io11:-. ul ln1g ltl . wc·IJ kuov.tt 
Galadic X-ray HOttrcrs ltuvc• lwPn ttlilizr<l fur tlw n tlibrnt iott of tit<• (;IS (plus tht• XHT) 
rP:-,[>tlllil<'; tllf' iltstnmtent .d pnmnwfc•r. of the· GIS rllld XH I (!'.g. t ltc• c•tti'I'A,\ dPpriHic 111 c• 
of' I ltc <'nf'r_gy n•solut iou of I hr C:lS, optical c·ousl Hilts Cls:-.oc·t,H <'d \\II It tl11 • X Bl , ~nul s11 on ) 

Ita\'(' h<:>cn adjust c•d wit hitt tllc• 1-,'Touud-<'alibral ion t n!PJ atH c• . ..,c1 1 lt;tt t lw oh"''l\'<'d spPc 
!1 a of th<> C'alibrnt ion larp.c•ts c·Hn be• well r<>produrc•d l>v rl plt\'"IC'ctlh n ·Hsou,thlc tuodPI 
o.;JH'< !rum. Among t II<' calibration ol>jc•c-ts. the Crab \c•bnla 1.., rq~.mlc •d as <• :-;tandard 
OW' Hue! its sprct null is kuown 1 o bc• <'Xpn•ssc>d wit It uu allsorlll'd pmw1 -lnw tuod<•l with 
J = 2.0 2.11 and .\'u (0.27 o:n) X 1012 

('lll 
2 (Toot,\.. ~('\\rll'd 1U71 ) A-; alrradv 

dc•-..crilwd by ~lakishima l'l ell. ( lH!)(j) Hnd Fu.lm:.mwa ('( al ( I !J!J7). t IJp l'lltTC'Ilt r<':--)lCli!S(' 

ftut<·Uon. arc ·o well cl<'tc•nniltc•d tlial the• high-qnnlity spc•ctrtllll of lite• C'1HIJ :'\('bliiH r;~u 
b<• filtccl by tlw mode•! c·ousil'it<'nl with that ofToor l~ Sc•w11rd (1!171) for both thr GIS 2 
ami GIS 3, and fh<' fit r0.:-;idunb is 01tly rv l f.;1. To confirlll litis. we• {ittc•cl thC' Cra l> SJH't'­

lnt obtain<'d in S<·pl rllllwr I~JD· I. wiH'lJ lhr :-;ourc' C' wns olls<'rvc•cl at tlH• 1-C'C'D w>ntinaJ 
position. by an Hhr;oriH•d J>O\\'c•r-ln\\' mnd<·l \\·it 11 all I ltc· llto<l«· l IHtnllll<'l C'I'S inclc•pc•JH!c•ut 

1><'1\YP£'11 tlw GIS 2 and UJS :! \\'c• IJbtajtwd a IIJ!lrgitwllr good ltt ( \ 'l.jt.1 7l!J/ lflt} witlt 
tit(' pHramc!C'fS of r 2.07 .1 0.00:3 and Nu = (0.29!J±O oo:n X j()U (' Ill "l for GI<:i 2. clftd 
r - 2.07 ± 0.003 and .\ IJ - (0.2 () ± 0.003) X I 012 t'Ul 'J. lor ( :rs .3 '" ' 111 '1' both f( '!- lllt s an· 
<·o11sis1 c•ut wi l h I hos,. of Toot (\; Sc·wnrcl (197 .J ). Tht dc•ad-1 ill II' c 111 n•c t < ·d IIOntlaltz,ll iou .... 
IH'I\\'t'Clt th<' two !-iC'Il&OJ:-- <~gri'C' with l'ct<:h oth<'r witl11u :J'Yc .\ltltoi!J.dt thc· "JH''f'lnrl fit pc r 
fonnNf ahow ir-; !-iiHii!-.tintJJv lllliH'C'l'ptablc• and there• f'XIi!-ih rlll .t tltftC!ill \\lltdiug ir1 tit< hi 
lC">iduals as f.lt0\\'11 ill I· igun· n la, tlw dq~H'f' of I ht· clc•vt.t l ious lnHJt t ltr· IH st ·fit lllOd< 1 i:-. 
withiu ~ ±1.5t;{. TltNPfCJif' \\'( ' rc•gHrclllti:; l.5o/c cl~ rl 1\JlHrd 1111'(1:-.lln• of tlu c,diiH.llicm 
HtH·crtniuty of tiH• CIS (pitts tlw XHT) ~l><'<'traJ ff'SJ)(llts<· c·oJt•c•ruillg tltc• SJH•c tral :-.lr<IJ><' 

Siller tL(• SIS Rllfi·c·r:-. f (•l<'llH' t n · Sit I urat iou wlH'lt it ohsc•t w•s tiiC' ('n•h \c•hnl11. t !Jr t ross 
urlihra twn lwtwc>c•u tlw SIS illtcl I l10 GJS ltnH hrc·n pc>dll!IIH'd hr ohsr·t vi11g llllHIC'rHl<'h· 

IJrighf :-;oun·rs, ~md the• SIS n 'SJ>CIIlse• hHH IH'ell 1ldjw,t<'cl to prochtc·c· tlt<• lt'"lllt..; cuusi:-;tc nt 
with those ofllw C:IS. \\'c• Jli'C"'<'lll 1l1f' SIS/ GIS '>JWC'Ira of ;j('27:3 ollfHiltl'd r•u the 1-C'C'LJ 
IJOJlliual postliou in Figurc· 13 J b. allcl lit tNI tl.Jc•llt with rl flC>\\f'I'- IHw plu:-o I 13':) UlOciPJ .... 
( 1 liP lnt 1 PI' dC'!-.l rihc·s soft ••xc c·:-.:-o) \\'p c-o11st rauwd t ltr sJwc 11 ,t) Jl•tl'rl!IWII'J's I 11 IIC• <·<HIIIIIUII 



hc•t\\'('( '11 tlu SIS ct!HI C:IS. awl obt<tiued a ll d UI 'JllHh)C' rit (\ 1111=2.3 209). .\llhou~h 
I lw utod1•l nonu.th/.,11 1011:-. ,m• l<.ft frP<' IH twc·c•tt l hP~I · I wo lll .... t fllllll ' lll!-. rltC'Y t llrtH'cl out 

1 n he• < oihisl t•llt "tl hm ;~lj{. St nclic•-, p0rfm Jill d h~· I lH• in::-t rtlllH'Ilt al lc>am ha:-.<'d nn I lw 
ob:--c•n<tttolls of \'Hrious so11n Ps (indncliug ;~('27:~ ) iudic HI c• l hat the rc•lat 1\"P uormctliznt ion 
CllllOilf:!, the> lout cl<'tf'cfnrs (SIS 0. SIS J. ens 1. awl GIS 3) .tgrc•c• \\' tlhill ..... !Jt.tf . tllld IIH· 

ot h('t :-.pr•c·t raJ p111 Hlll<'f <•rs nn• imli .... t iugui~lwhk 111 1110:-;l <'<1-;<'s wit ltiu the fit I ing c•rror..,. 
Tlwrpfor<' we• c>slitiiHl<' tltc• S IS (J>Ins tl11• XRT) ... pc•ctnd n•:-.pous<' ttnc<•rtailll\' to lw liS 

"lllrtll a:-. f h;.tt of I ltl' GIS pin:-. Ill<' XHT with l<'"')H' ( t to tit<• SIH'C' l raJ slt i'lf)(' . 

.:\ltltough tlH' l ','(' \ :.)H't lr<ll rC'-;puu:-.<' is thus wc•ll l'ctlihml< dell I ltr nominal positiou. 
the r<'slllt s lllUY dc•Jwlld Clll tlw sunn c• pn:-,ltion . Sue h .... t l!cllC'S lt ,ln' IH'C'Il dulH' hy Fuknzawn 
<'I al ( I CJ!J7 ), b,tsc·d 1111 the ClS "IH'CI n1 of tlH Crah .\c•IJIIla arcptin•d ;11 \'arion.., foe rll 
phiiiC' posll i<•ll:- . , \s sheJ\\'11 ill ri t;HH' 13 2. lllOdP) llOl'lllilli!.al ions S(All 1<'1 ratlH'l' lar~C'l\' UJ> 

to ....., 101 
{. wll('ll ""' til(' \ 'rllttc•s of phot 011 inclc•x L \\'hil'h df'not I' I hP s pH l ral hardw•s:-. of 

lh<' .... olli'C'<·. dwtlJ!.I' within ottlv ~ ± 0 05 drpt·Jidiu~ 011 I ltc• sonrc·c• posit tOll. In slllllllttll). 

tlw ohst'l viti)!. po..;n io11 ltrr~ ,t not ic <'<lhlt• infllll'll< (' olll\' 011 I IH• .... oun c• llux. 

(I. e 6 10 Ob 2 rt'J 10 

""' "''' ~rrti'JIY (k• \ l 
c:h" nn<l uru~tr (~c\'1 

fo'tgtlll ' B. l : . \S(' \ :-.JH'<'Ita of X-nn- hright .... ourcc•s. Pc\ll<•l (n) is the> GI' 2 spc'rtrunt of 
till' C'tab \c•hnllt, fitlc•d witlt a po\\'Pr-law mode•! with ull!-iotption, and pan~'J (h) h-. !Itt• 
SlS/ GlS SJW<' l lll of ,W17:L jont l ly li t L<'d by a puwrr-law plus Tl3S modC'b. with only tIll' 
n•lnt tvr IJOrtttnli:t.lt t ion lrl'l fn•c• I>C't..wr<'n tlte two spP<'tra. Both somc·p::; arc obl'c•rved l>TJ 

t lu• 1-C'l'J) nomiu.tl posit ion. 
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Fig~ t~<' 13.2: The• .lwst -1~1 PHicllltC'I<'rs of tbc> CrAb HJ)Cic·tnt obtnitH'd nl di!fPrc•ut fonll-plauc• 
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Appendix C 

X-Ray Images of the Sample 
Galaxies 

\\',, JH'('SPnt X-ra~· c-ontnms uf Cllll ~Hillpl<' galnxi<'" "ll(H'l p<,:-.C'd 1111 t lt1• optic d (Digi1al Sk\ 
Smv Y) image•. The· AS'C .tl lllH11J,!'S nrc• takC'll fll LIH' o .rl J() kc·\ llilll!l fill btJtlt tltP '1IS 
Hlld t)J(' GIS. X-rH.\'S an· SlllOOt 1!('(1 \Nit h a gaussiau di:-.t 1 Jlnll iOII or (1 o:or,. 0: I. r111d O!fJ 
for LIH~ FIR I inntg<', I ltC' SIS inlHg<·. mHI t IH' GIS i111ilg0.. n·sl><'< t iv1•h• 
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Appendix D 

Light Curves of ULXs 

\YC' SlllllmariZC' 1 )tp l LX (tllHI S\B ) light (Ill"\'(' ... oht HiiiC·cl ll\' \ w·. \ ill I lu· {) ,[ l 10 kl'\ 
('lH'rgv range. indwlllJI!, lmtkp,n>tmcl . The IYpic ;ll h<~ckp,mnud <ottttl ntlt• is 0.01 <'t id ll.!ll 
c· ~ 1 

for the SIS ;md tlw CIS. I'C'SJ><'<"Iiwly. Em·h )jgJJt t tll\'t".; '"' l<'sl t•d n~ainst III"Clll'ii<IIJI ­
illl <'llsit Y bypot hc•sJ.., . and t lu• ussttlllt'cl coullt ntt <' i:-; l'<'[>f{'S<'lll I'd iu lite• fignn• ns" hon~:unt.d 
st.rnight li.IH'. Por snutC' :-;onn·c•s, ouly IIJC' S IS (or thr C IS) ligltt t'lll'\'c' i:; shown (sl•t• 3 !i 1). 
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