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Cclieiiia,tic sliotviiig t.lie coiiipoiieiit,s of a jet-eiiiittiiig X-ray Iiiia.ry. I t  is 
l i l dy  that, all three teiiis studied liere are of‘ this foriii. altliougli tlie 
stellar compoiieiit, t o  C;S 1354-64 woiild iiot be as iiiassive as the sta.r 
sliowii iii the figure aiid woiild iiot emit a stellar wiiicl (coiirt,cisy R.P. Fender). 
Tlie pretlict,ed climge iii 1iiiiiiiiosit.y for a,ii iiicrwse i i i  t.lie (Eddiiigtoii scaled) 
iiiass accretioii rate. The Iiiiiiiiiosity of a iieiitroii s tar  system iiicreases 
propori ioiially t.o t Iic iiia ccrtt,ioii rat,e (as for a tl i i i i  disc) as  tlie advected 
cxiiergy is later radiated froiii the  iieutroii s ta r  surface. Tlie Iiiiiiiiiositj. of 
a black hole systciii is siirprisiiigly low ~ l i c > i i  atlvoctioii is iiiii>(>riiiiii. risiiig 
sigii i I ica 11 t. I y t 1 ti ri iig oil t bii rst \v lieii ad vec t io ii is less sig ii i fit a ii t ( N a raj.¿+ it . 
(iarcia A: hícCliiitock, 1997). . . . . . . . . . . . . . . . . . . . . . . . . . .  
:I cwiiiparisoii l ietween tlie appareiit geoiiiet,ries of t,lie Ion-/liarcl aiid t,lie 
Iiigli/soft st,ates of I>lacli hole caiidida,tes ~ tlitriiig t tie soft stat,e tlie jet 
Iwcoiiies qiirnclied aiid the accretioii disc is siipposetl t o  esteiid t o  tlie h s t  

Eiicrgy spectra of the black hole ca,iiclidate X T E  Jl74X-2SS ~~ clearly t,lie 
soft disc coiitributioii is prcsciit duriiig t l i r  iiigli aiitl very Iiigli s t a t w  biii 

Pomw spc3rt.ra of the  tilack hole caiitliclate “L’E J 1550-.5(i~l i i i  the low. the  

Liglitciirvts of G X  3 9 - 4  iii  tlic Iow/liartl, Iiigli/soft aiicl off‘ s ta tes  a t  iia.rtl 
arid soft X-ray aiici  radio \va.\,eleiigt,hs (C‘orl>cl c)t al. 1999) . . . . . . . . . .  

iiiig the disc iitstability iiiodel (see F r a n k .  Iiiiig k Raiiie 
(1992). aiitl referelices n-itliiii). -4s the mass held by the disc iiicrea.ses t,lie 
viscositj. also cliaiiges. :It a critical valile of viscosity t lie disc lwc~oiiics 
i i i i s t ab lc  t o  further tciiiperat lire pertiirbatioiis ~ a i l  oiitljiirst takes place 
011 a tlicriiial tiiiicscalc as i 1 1 0  disc . j i i i r i p s  t .o a ii<’\v st a I ) b  Itraiic.11 of t Iic 
*S’ ci in^^. :I s c w t i i d  tlicriiial traiisitioii talws place as tlie t l i w  iiiaterial is 
ci e ple t ed a i i (1 I i i i i i i (.y c I P  I tc it a vi o i i  r co ii t i ii i i es. . . . . . . . . . . . . . . . . .  
Itatlio liglitciirvcs a t  2.0. 3 . í j  aiid 13.3 (;HZ of G K C  191.?+iO.j illiisira.tiiig 
the  differeiit types of radio jet -~ c . o i i t i i t i i o i i s  jrt  (plat~cv~ii) .  Ql’O vject ioiis 

aiid Iiiiiiiiioiis one-off e,jectioiis. The evoliit,ioii of tlie spectral iiitlex (3.(i -- 

Sclieiiiatic showiiig the spect riirii of a t,ypical, siriiple and Iioiiiogeiieoiis syii- 
clirotroii soiirce ~ N.H. this is iiot to scale aiid the cut-offs to tlie opti- 
ca.11~. t,liiii spectriiiii are  iiiore gta.dua1 t,liaii slio~vii liere. altlioiigli take place 
n-itliiri a cieca.de iii frequeiicy. The  source lwcoiiies optically t I i i i i  t o  lowc~r 
frcqueiicies a,s tlistaiice froiii t lie cotlipact, object increases (see k’ig. 1.11). 

s tab le  orbit aroiiiid thc black hole (courtesy: R.P. Feiider). . . . . . . . . .  

iiot tl i iri i ig the  Ion sta,te (lleviiivtsev, ‘l‘riidolj-ir hov (I- Horoztliii 2000).  

Iiigli a,iid the very Iiigli states (\$?jiiaiids 2000). 

. . .  

. . . . . . . . . . . . . . . .  

13.3 G H z )  aiid tlie XTE liglitciirve arc also slio\vii  (Fc>i idcr  ~ i ,  al. 1999). . .  

. 
1.10 Radio aiid X-ray liglitcur\.rs for the soft X-raj. traiisieiiis .IOCi20-00. C:S 

1124-BS aiid 2000+25 ~ clearlj. soiiie degree of corrclatioii is p i c w i i t  h u t  
it is iiot clear exactly liou t l i r  disc aiitl jet Iwtiavioiirs are  r ~ l a t e d  ( l i i i i i l ke i*s  

e t a l .  1999). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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I~Iydrogcii absorpt.ioii liiic. profiles. It caii lie seeii that t lie oiilj. variability 
of these liiies is due to  tlie orbital iiiotioii of tlie star aiid that.  t liere is no 
additional wiiid coiil porieii t'. 
Heliuiii ahsorptioii liiie profiles. I t  can be seeit tliat the oiily \rariabilitj, o f  
these liiies is dite to tlie orbital iiiotioii of the star aiicl that there is t io  

. . . . . . . . . . . . . . . . . . . . . . . . . .  

aclditioiial n-ii icl  wiiipoiit>iit. . . . . . . . . . . . . . . . . . . . . . . . . . .  
IIcliiiiii al)sorptioii liiie profiles. I t  c a i  lie seeti that the only \rarialjility of 
t Iiese liiies is diie to t li(. orlital iiiotioii of the s t a r  a iid that  t i i ~ r ( - b  is tio 

Radial \.elocit.y ciir\'es for t lie Iiytl rogeii aljsorptioii liiies slion.iiig a good 
fit t o  a siiiiisoitl. Error bars correspoiid to \ ~ r ~ , l , c F d  = 1 .  Nofr. t l i i i í  Il6 is 

Radial ve1ocit.y curves for tlie lieliiiiii a,bsorptioii liiies slioniiiig ~~ a good fi t  t,o 

a siiiusoid. Error I ~ r s  correspond to ) c : ~ ~ , ~ ~ ~ . ~ ~ ~  = i. Note that He 1.A.1121 is 
I ) l c i i < l ( ~ l  nitli Si I V  A 4 i i B  wliicli ma): coiitribut,e to  I< a,iid 7 .  There is also a 

Profi1c.s of the peciiIia.r Hn aiid He 11 X-líjXíj eiiiissioii liiies. Iii Imtli cases i t  
(.ail be weti that inore tliaii oiiocoiiipoiit~iit~ is presetit ~~ it is tlirtriglit that  ai1 

eiiiissioii coiiipoiieiit foriiietl iii/iiear the accretioii streaiii is s i i ~ ~ ~ ~ r i i i i ~ ~ o s ~ ~ ~ l  

Trailed spect.rograiii of the peculiar Ha eiiiissioii liiie. The additioiial I ) l i i t~ -  

sliiftcd (>niissioii (plot,ted iii red) coiiipoiieiit caii I)e SWII a t  oi.hital phases 

Trailed spcctrograiii of t l i e  peciiliar He I I  A16SG eiiiissioii liiie. 'ïlie addi- 
tional ciiiiissioii (plotted i i i  red) coiiipoiieiit caii be seeii throughout t,lie 
orijit. iiioviiig aliiiost i i i  ;iiitipliase ( -  120" '.g. Hiitcliiiigs et al. 19Ï:j) witli 

i ì  tl cl i t io i i a I iv i t i  d co iii po iieii  t . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Iileiided wit,li N I I I  A1097 nliicli iiiay coiitribute to  I< aiid 7 .  . . . . . . . .  

iiiiiiiher of \.er'. siiiall O I I  liiies close t,o He I A - t l l l  . . . . . . . . . . . . . .  

o11 the 1' C).giii (Ha) a i i d  absorpt,ioii (He 1 1 )  coiiipoiieiits. . . . . . . . . .  

O.3--0..5 b i i t  merges n-itli tlie I-> C'ygiii profile a.ft,er t,liis. . . . . . . . . . . .  
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Chapter 1 

INTRODUCTION 

The bhck hole X-ray binaries Cygiius X-I, LMC! X-3 and GS 1354-64 are three very 

different and yet very similar systems (see Table 1.1). Cyg X-1 is a high mass X-ray 

biliary, luminous at both optical and X-ray wavelengths a,nd is a wea,k, but persistent, 

radio source. LMC X-3 is also a high mass X-ray bina,ry, although i n  this case it is 

thought that the black hole is more massive than the stellar companion and it is a much 

fainter source; the X-ray spectrum is considerably softer than that of Cyg X-i and no 

radio counterpa,rt has ever been discovered. However, as both a.re persistently emitting 

sources with comparable orbital and long term modulations, one might expect the two 

systenis to be similar. Of particular relevance to this work is the recent discovery of 

quasi-periodic hard state behaviour in LMC X-3 which is indeed more akin to  C!yg X- 

I .  Initia,lly GS 1354-64 appears to  be a very different object - it is a faint, low mas ,  

recurrent X-ray tmnsient but may have had extremely luminous and soft X-ray outbursts 

previously. However, the most recent outburst showed surprisingly hard X-ray emission 

a,nd ca,n therefore be compared with Cyg X- i .  

The three ob,jects a,re considered individually in Chapters 2-8 wit,h final iompa,risons 

a,iid conclusions summarised iii Chapter 9. The remainder of this chapter outliiies the 

features of typical bhck hole X-ray binaries, although many of these a.re not, exclusively 

relevairt t o  the black hole candidates. Black hole diagnostics are considered first,, followed 

by a description of the canonical X-ray spectral states. Finally the various other compo- 

nents of these systems a,re considered - the accretion disc and its corona surrounding the  

black hole, the radio jets which are emitted from the centre of the disc and the stellar winds 
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Ta.hle 1.1: A comparison between the three black hole candidates studied in this thesis. 

Mass of s tar  (Ma)  

Mass of black hole [&fa) 

Orbital period [days) 

Super-orbital period (days) 

Distance (kpc) 

LMC X-3 

Black Hole Diagnostic Mass estimate Mass estima,te 

N 17.8 

N 10.1 

5.6 

150 (294 ?) 

2.5 

> 4  

> 7  

1.7 

200 ? 

40-50 

GC 1354-64 

transient 

X-ray energy/power spectra 

'? 

? 

? 
'? 

10 

which, in the case of a high mass compar..-n star, can lea- to  important observa-.-nal 

peculiarities. These various components are illustrated in Fig. 1.1. 

1.1 Black Hole Candidate Diagnostics 

The most convincing method of determining whether or not a. black hole is present i n  an 

X-ray binary system is to ca,lculate its mass ~ if higher tlia,n the Oppenheimer-Volkov 

(1939) limit, the theoretical niaxinium mass of a neutron star (i.e. 1.5-3.2 ME)), then it 

c,an be assumed that the compact object is a black hole. 

As long a,s t,lie stellar companion is bright enough for a radial velocity curve to tie 

constructed then this is relatively straightforward: 

G ( K  + = ($) 2 

Iíepler's 3rd law : 
a3 

where M ,  and Al, are the masses of the star and the X-ray source respectively, a is 

tlie binary separation and P is the orbital period. If the distance from tlie two objects t o  

the system centre of mass are a, and u, then a = a, + u, and Maas = Mrar. Then: 
- 

(1.2) 

The projected orbital velocity observed, i.e. the semi-amplitude of the radial velocity 

curve, is i<, = V, sin i = "5 sin i. Therefore, as P and I<, can be determined from 
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Figure 1.1: Schematic showing the components of a jet-emitting X-ray binary. It is likely 

that all three systems studied here are of this form, although the stellar component to GS 

1354-64 would not be as massive as the star shown in the figure and would not emit a 

stellar wind (courtesy R.P. Fender). 

spectroscopic observations, the mass function can be calculated: 

( 1 . 3 )  

The inclination angle can be constrained depending on the presence or otherwise of 

eclipses (upper limit) and by assuming that the rotation of the star is synchronous with 

the orbit, (lower limit). Additionally, a lower limit to  M ,  can be obtained by assuming 

ni., = O and sin i = 1. A range of possible masses for the stelhr companion ca,n be 

estimated depending on spectral type and luminosity and so therefore t,he mass of the 

compact object can also be estimated. This lias been achieved for an  increasing number 

of black hole X-ray binaries - see e.g. Charles (1998 and references within) for a list, 

currently containing ~8 X-ray transients as well as 3 persistent sources. 

Unfortunately, however, it is not always possible to deterinine the mass of the two 

objects. Many of the stellar companions are too faint in quiescence for the orbital period 

to be determined - indeed, a number of transient sources may only be detected during 
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Figiire 1.2: The predict,ecl clia,iige i i i  Iiiiiiiiiosity for ai1 iiicrease iii the (Eddiiigtoii scaled) 

iiiass accretioii rat,e. The iiiiiiinosity of a Iieutroii star syst,eiii increases proportioiially 

etioii rat,e (a.s for a~ t .liiii  disc) as t,lie advected energy is later ratlia.tecl 

froii i  I I i c  iieiitroii s t a r  siirface. The liiiiiiiiositj. of a Iilack Iiolc sJ.steiii is siirprisiiiglJ- lo~v 

wlieii aclv<vtioii is iiiiportarit ~ risiiig sigiiifica.iitly diiriiig oiit,ljiirst \ v l i t ~ ~ i  a,dvectioii is less 

sigiiificarit (Narayaii, Garcia k McCliiitock, 1997). 

oiii biirst. 'I'licrcd'oro ot,lier characteristics liave heen iisecl to dist iiigiiisli lict\vccii black hole 

aiitl i i c i i t  roi1 s ta r  sJ,st.eiiis: tliesc. supposed sigiiatiires of a Iilacli Iiolc have siiice Ijeeii foi i i id 

to lie iiiircliable - despite varioiis teins (appareiit,ly) classified siiccessfiili!. iisiiig t Iicsv 

iiietliocls. 

Froiii ail observer's poiiit, of' vieu.. the inaiii difference bettveeii a iieiitroii s t a r  a,iid a, 

black hole is t,lie presence or otherwise of a solid siirface - oiie ~t:oiild expect aii oliseridile 

difference Ixt4n;ee.ii ina.t,ter accret,ing onto a, iieutroii star aiitl iiiat.t.er passiiig t liroiigli the 

eveiit Iiorizoii of a, I h c k  Iiolc. This i s  indeed the case ~~ iii a iiiiiiiber of iiriit,roii st,a,r 

sj,steiiis X-ray bursts are detected! \ v h e i i  a, f l u s  iiicreascx of i i p  to ali ordei of iiia.giiitiicle 

takes place i \ v i t l i i i i  almiit a secoiid, clecayiiig over 10--60 aecoiids a i i d  repwt  iiig o11 tiiiiescales 

of Iioiirs or days. It i s  tlioiigiii that, Iiiirst,s arise wlieii a critical aiiioiiiit of  iiiaterial lias 
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a.ccreted onto the neutron star, causing a thermonuclear flash and hence X-ray emission. 

Llnfortiinately, while bursting behaviour is an  extremely reliable iientroii star diagnostic, 

an absence of bursts does not rule them out. Bursts are not observed i n  all neutron s tar  

systems, particularly for X-ray sources in  which the X-ray luminosity is a.pprosiniately one 

third of the Eddiiigtoii luminosity or more (Van Paradijs 1998). Siniilarly, the presence 

of X-ra.y pulsations is a recognised neutron star signature but, a;a,in. piilsatioiis a,re not 

present, iii a,ll systems. 

Expected signatures of accretion onto a black hole are less well understood. One woiild 

need to  show that, as material flows inwards towards tlie compact object, there is a point 

at. wliicli the flow becomes radiatively inefficient, its energy passing through the event 

horizon. A number of theories have been put forward, most notably the Advection Doni- 

iiiated Accretion Flow (ADAF) models of e.g. Narayan, Malia.devaii & Quartaert (1998 

and references within. See a,lso Section 1.3). However, again the same problem occnrs - 

a,dvective flows need not only take place in black hole systems; e.g. Chahbaz et al. (1998) 

suggest tha,t one may be present in the X-ray burst source Aql X-i .  Observa,tional conse- 

quences of advective flows in the two types of system are discussed by Narayan, Garcia & 

McClintock (1997) - they show that, assuniiiig energy advected onto the neutron s tar  will 

then be radiated away. there slioiild be distinct differences between the Iiiiniiiosity-ina,ss 

a.ccretion rate rela,tionsliip of the two types ofsystem (Fig. 1.2). This is supported by their 

observa,tioiis showing that the (non-ADAF) outbursts of black hole systems are much more 

luminous relative to  their (ADAF-dominated) quiescent state. 

It is not only the X-ray lightcurves which can help distinguish between neutron star and 

black hole systems - indeed, the majority of current black hole candidates were initia,lly 

classified on their X-ray spectral and timing similarities with Cyg X-1, the classical black 

hole ca,ndidate. As shown in  subsequent chapters, Cyg X-l was originally observed in 

two different ‘states‘: a ‘high’ state in which the X-ray spectrum was dominated by an 

iiltra,soft component but also showed a high energy power law tail, and a ‘low’ state in 

which only t,he power law was present (at all energies) and the lightcurve was dominated 

by aperiodic ‘flickering’. More recently it has  been shown that rapid X-ray variability, the 

ultra,soft component and tlie hard power law tails are not exclusively found in the black 

hole candidates - however it is possible that black hole candidates are the only systems in 

which the power law can still dominate at high luminosities. Fiirther details of the spectral 

and temporal properties of X-ray binaries in the various spectral states can be found in 
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Higher accretion rate = 
smaller, cooler outflow 

Magnetic collimation 
affecting accretion flow ? 

Figure 1.3: A comparison between the apparent geometries of the low/liard and the 

high/soft states of black hole candidates - during the soft state the jet beconies queiiclied 

and the accretion disc is supposed to  extend to  the last stable orbit around the black hole 

(courtesy: R.P. Fender). 

the iiext sectioii 

1.2 X-ray States 

The different X-ray spectral states of black hole candidates were originally noticed in 

the 1970’s when Cyg X-1 was found at either a ‘high’ or ‘low’ soft X-ray luminosity, 

accompanied by different spectral behaviour. An ‘off’ and a ‘very high’ state were a.dded 

later iii order t o  describe the behaviour of newly discovered black hole candidates (GX 

339-4 and GS 1 1 2 4 4 8 ,  Tanaka & Lewin (1995) and references within).  This rather vague 

cla,ssification was in use for about twenty years before a unified system of spectral and 

teinporal properties, based loosely on the mass accretion rate, was devised (Van der Klis 

1994, 1995). There are now five spectral states, with the ‘intermedhte’ state apparently 

some hybrid between the low and the high states. A schematic showing the geometry of 

the low/hard a,nd high/soft states, predicted from X-ray spectral properties, cali be seen 
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Figure 1.4: Energy spectra of the black hole candidate XTE 51748-288 - clearly tlie soft 

disc contribution is present during the high and very high states biit not during tlie low 

state (Revnivtsev, Trudolyubov & Borozdin 2000). 

in Fig. 1.3 ~ the radio behaviour is also shown (see below for description). Lightcurves 

a,nd typical energy and power spectra for the various states can be seen iii Figs. 1.4, 1.5 

a,nd 1 . G  and explained below. 

The low/hard state is perhaps the most well-studied, nminly on account of it being 

the state in  which Cyg X-1 is usually found. The X-ray energy spectrum shows a power 

law, with no obvious soft blackbody contribution from the accretion disc. Therefore it 

is thought that the disc is truncated at a large inner radius at which point the gas flow 

becomes a,dvection-dominated (e .g .  Esin et al. 1998). The power law emission is thought 

to  be produced by the Compton upscattering of low energy (ultraviolet, optical) seed 

photons (origimting in the disc or ADA%?) by a corona surrounding the compact object 

(e.g. Sliapiro, Lightman & Ea.rdley 1976). Power spectra of black hole ca.ndidates in 

tlie low/hard state typically show a flat power law ( P  o( u-”’, y N 0-0.3) below the 
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break frequeiicy (- 0.04-0.4 Hz) ;  above the Iireali frequency t>lie p o n ~ r  law steepeiis t,o 

-i = i - 1.7, gra,diia.lly stcepeiiiiig fiirt,lier to y = 1.5 - 2 arouiitl 2 10 Hz n-itli 'buiiips' or 

'slioulcíers' o i i  the \my. Tlie overa.11 sliape is approxiiiiat,ely that of a Loreiitzim ceiitred 

oii i/ = O, a.lt1ioiigl-i a QPO iiiay also lw presciit (Vaii der Iilis 1995). 'l'lie off  s tate iiiay 

rv-<.II Iic a fa.iiit, low/liarci state as the X-ray properties are siiiiilar. 

IVlieii a source eiiters the liigli/soft, state. possibly via the iiitrriiitdiate r;;tat,t clitriiig the 

traiisitioii. the disc coiit,rihiitioii iiicrc3ascs sigiiificaiitly iiiitil t l i t  po\vcr law tail s t t c ~ p i ~ i i s  

aiid is oiily  apparent^ at liigli eiiergies. I t  is thought t1ia.t 011 eiit,eriiig the soft st,ate. the 

iiiiier radiiis of tlie disc decreases t,o t.hr la.st. sta,ble orbit a.roii iid t,lie black hole a.iid t1ia.t 

t,lie ADAF is rest ridecl t,o the tiiiicli siiialler aiid cooler C'oiiiptoiiisiiig corona Iieiice t,lir 

clraiiiatic hard aiid soft X-ray aiiti-correlatioii duriiig the soft sta.te (e.g. (;X :%30-4 

see h'ig. 1.6). 'Ilie ~>ower spect,rutii diiriiig t,lie soft. sta,te siinply slio~vs a ponw law (A, N 

i )  aiid a lower iioise aiiiplitiitle tliaii tlia,t of t,lie low state. It. sliottld tic iiotcci. Iio~vever. 

that tlie observecl lags Iwtn-eeii soft aiid hard X-rays are coiiiparaI>le w l i r i i  i i i  t lie low aiitl 

high states but iiicrea.se significantly duriiig tlie traiisitioii ~ a.s tlie 1a.g tiriic is t,lioiiglit t,o 

Low State 

0.01 o. 1 1 10 1 O 0  

Frequency (Hz) 

Figure i,5: Poivcr spectra of the l~laclí hole caiididatc> X T E  J1550-50 i i i i  the low. the 

liigli aiid the very liigli s t a t e s  (ìVijiiaiids 2000). 
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I.'igiirci i .6: Liglitcurves of G N  :%J9-4 i i i  the lo~ . / i i a rd .  Iiigli/soft aiicl  off' states at hard 

aiid soft X-ray aiid radio waI-eieiigtlis (C'orlxl et al. 1999) 

represent tlie crossiiig time of the corona. it appears that soiiie part  of t h e  tlieor~ inay 

iiicorrect (Pot íschiiiidt et al. 2000). 

IVIiile the X-ray energy spectriiin of the very Iiigli state is coiiipirable nitli that  of 

high state. I ) i i t  \t i t l i  coiisiderabi~ liiglier luiiiiiiosity. the lion-er spectriiiii differs grea 

Il e 

hr. 

I y. 

Only five systeiiis ( G X  3:39-4 a i d  four  SXTs) have beeii o b s e r i ~ ~ i  iii this state. hiit î . l i c  

very liigli state power spectra. appear 1.0 be cliaract,erised by a iioise aiiiplitude part \va': 

1)etwteii that  of t,lie low and Iiigii st,atrs aitd a QPO a.t sigiiificaiit,ly liiglier freqiieiicirs 

t,iia.ii those of tlie iow//lia.rtl st,atc. 

Iriitil reccAiitly, these spect,ral states were oiily coiisidered to ke properties of the X-ray 

eiiiisssioii ~~ Iio\vever, it appears tha t  t,lie radio behaviour of black hole X-ra!. l i  iia,ries caii be 

clai;sific(l iiito the same five ststes. If n'e assiiiiie that  the radio eiiiissioii froiii X-ray biliariex 

is froiii a syiiclirotroii-ei~iit,tiiig jet, origiiiat.iiig at, the centre of t,lie accret>ioii disc (see Sectioii 

1.4). t.lieii i t  caii Ix siiowii t1ia.t a weak jet, is preseiit diiriiig tile lo\v aiid off stat'es hiit 

t,lia,t it is queiiclied tluriiig the Iiigli state. Tlie jet's I)eha.vioiir duriiig the iiiteriiiediate 
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state is currently undetermined ~ there are suggestions that it may be quenched (e.g. 

Corbel et al. 2000) but also that plasmon ejections take place during hard/soft state 

transitions and so this may occur as the system passes through the intermediate state 

(note that radio eniission may still be observed during the high state due to  plasmons 

ejected during the transitions). Relativistic plasmon ejections may also take place during 

the very high state, although distinguishing between the very high and intermediate states 

ih non-straightforward (Homan et al. 2000). Radio jets are summarised further in Section 

1.4 and observations presented in subsequent chapters. 

1.3 Accretion Discs 

All t,liree X-ray binaries studied here show evidence for a n  accretion disc surrounding the 

compact object (see Chapters 2, 5 and 8). While this is generally expected i n  a low mass 

systeni in which accretion takes place via Roche lobe overtiow, it may be surprising in the 

case of a high mass wind-emitting system such as Cyg X-1 (although the wind has sufficient 

angular momentum that we may expect a small disc t o  form). As nientioiied further in 

Chapters 2, 3 and 4, it is thought that the gravitational field of the black hole attracts 

the wind and focusses it towards the L1 point, resulting in quasi-Roche lobe overflow. 

Accretion onto Black Holes 

Simple considerations of fluid dynamics and conservation of inass, energy aiid angular 

momentum can lead t o  a set of equations from which we can determine (or at least 

parametrise) properties of the disc - these include surface density, viscosity and the  vertical 

thickness of the disc at different radii from the compact object (see e.g. Frank, King & 

Raine (1992) for further details). 

Clien et al. (1995) and Narayan, Mahadevan & Quataert (1998) show that four different 

solutions can be obtained from these equations when considering accretion onto a black 

hole: 

o Thin disc model of Shakura & Sunyaev (1973) - the accreting gas forms an  opti- 

cally thick, geometrically thin disc around the compact object and an approximately 

blackbody spectrum should be observed locally. This is the classic disc solution and 

h a s  been used t o  describe the discs of cataclysmic variables, iucluding during out- 

bursts (see below); in the case of neutron stars and black holes it is less appropria.te 

due t o  the additional irradiation 'puffing up' the disc. 
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o T\vo-teiiiperí~ture disc niodel of' Sliapiro, Liglitiriaii ,!i 15íirtlle!. ( I97(j) ( a i i c l  sul>st.- 

q u ~ i i í ~ l y  l í i t~si ida~ et  al. 1984. llalíisliiiiia et al. 19%) ~ i i i  t liis opticall!. t Iiicli gas 

f ì o ~ v  t lie ioiis have a iiiucli great>er ternpera,ture tliaii the  electroiis. 'ïlie soIiit,ioii 

lias a iiiucli Iiot,ter iiiiier disc. a.s a resiilt of which a ceiitral coroiia is thoiiglit to 

be present. This coroiia is t'lius ahle t>o prodiicc the ol~scrved pon-er Ian. spectriiiii 

of t lie liarcl X-rays aiid -,-rays by inverse C'oiiiptoii scat,teriiig soft disc pliotoiis - 

a t\\-o-teiiiperat,iire disc pliis splierical coroiia, iiiotlel Iia,s Iweii siiccessfiil rctwitl!. iii 

clescribiiig olxervatioiis of tlic Iilacli hole caiitlitla,tts C'yg N-i  i ì i i d  ( iX :KIC)- I (So\vaI< 

et al. IOW. 17,'iIiiis et. al. 1999. aiicl refereiices \vit,liiIi). 

o optic all^ i hicl\ .ID:ll: if  tlie accretion rate is hiiper-Ecltliiigtoiï tlieii the large optical 

dtpt l i  of the íiow is alile t o  t r ap  iiiost of the ixtliatioii, advectiiig it iiito the  black 

hole (e.g. .(\l)raiiio\vicz et  al. 19SS). 

1-arioiis coiiibiiiatioiis of these .(\I)AF soliitioiis Iiavc beeii suggested for t lie xpect,ral 

s ta tes  oiitliiitd above. clepeiidiiig o11 the value of .\I. relative t o  i li(. Eclcliiigtoii liiiiit. Esiii 

et al. ( i W S )  fiiitl tliat tlic critical value is '21 - 0.0s; t Iicrcforc it n-oiiltl s w i i i  t h a t  t lie I c w  

aiitl ciiiieiceiit states a re  the  result of a i i  oj)tica,ll!. t l i i i i  A I l : ~ F ,  the other three s ta tes  mi 

optically t iiicli Ail.41.'. 

It slioiilcl l,e liotetl. t h a t  . ' \ t l r \F  soliitioiis for a 

a t 1ieoi.y. iiii<I a coiitroversial oiie at  t l i a t .  ï l i e  recciit tiiiie lag observatioiis of í)ottscliiiiitlt 

et al. (2000) coiitradict ciirrciit iiiodcls for tlie coroiia aiid siiow that  \vli¡ìe i l i e  Imst iila.ted 

.-ID.AF+coroiia fits the spect ra.1 ohst>rvatioiis, we iiiay iiot yet have tlie systeiii gcoiiirti.!. 

tletc~riiiiiied. I lo \vc> \~ r .  i t  is certaiiilj. tlic case that  iiiaterial flons t Iiiwiigli t l i c  ;iccrcJtioii 

clisc. ríitliatiiig a t  various \s-avclciigtlis iiiitil it reaches t iic. i i t i i (3 i .  ix~gioiis a r o ~ i i i d  t l i c  Ijlaclí 

holo. Tlicre i t  Ijccoiiies a very iiiefficieiit radiator o f  light, Ijiit  t l i ( >  iiircliaiiisiiis li!. ivliich 

i t  sn-itches froiii efficieiit t o  iiieffirieiit a r e  iiot, ~ v r l l  iiiidrrstood. 

It is \vell-liiiowii t ha t  accretion does iiot a.lna.ys coiitiiiiie iii a siiiootli steady s ta te  a i i d  tIia,t 

out Iiiirsts are  observed iii iiiaiiy (all'?) X-ray biiiaries: i i i  iiiaiiy ca.sts n.c o\vc t l i e  clisco\.erj, 
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of tlie s y s t e m  t o  the occurtiice of oiitkiirsts. Tliese cali t,allitl place o11 a iiiiic3scale of 

neeks for dwarf novae aiitl clw.ades for the case of soft X-ray t,raiisieiits. The oiithiiists are  

tlioiiglit to l ie t l i ie. iiot to a va r i a lh  iiiass accrctioii rate.  Iiitt t o  a I i i i i l d  u p  of' iiiatt>ria,I i i i  

t he  disc ~ \vIic~ii a critical \-aliie of surface cleiisity is reached the disc is c'iiipticd i.;ipicIIj-. 

[Isiiig t , l i c x  t.liiii disc approsiiiia'tioii (see F r a n k .  I\iiig k Ra.iiie (1092).  aiirl rcfereiices 

xvitliiii) a i i d  assuiiiiiig a. slon-ly rot,at,iiig iioii-iiiagiicatic. s t a r  iii a steatlj- stat(>. the soliitioii 

for a n  accretion disc surrounding it is: 

Lvliere Y = I k o s i t ~ y ,  Y = siirface deiisity, R, is t li(. stellar ratliiis alid ft' is t lie ixdiiis 

fro111 tlie star.  

There seeiii to be two tiiiiescales ~vliich are iiiiport,aiit 1.0 the  staliility of ai1 accïetioii 

disc: viscoiis - the slow biiiltl u p  o f  iiiateria~l i i i  t>lie disc. prior to  its reacliiiig t l i e  critical 

valoes of viscosity iiecessary for aii oiitkiirst,, aiid t l ic~ma,l  ~ if' tlit. disc l~ecoiiies iiiistaliic 

t o  teiiilwrat iire Iwi.tiirbat ions tlieii a rapid tliciriiial ruiiatvay takes place. \ \ ' I i c t  Iirr or iiot 

t ~ i e  tiisc is stal)íci (íclpeiitis oii t > ~ i c  value of g, wliere p = UT: for  t iie tiisc t,o be s t a ~ ~ e  t o  

tciiipcrat tire pertiirliatioiis t,lie gradieiit of a logp \*s. log '7 gixpli iiiiist 1 x 3  positive (b'ig. i .7 

slio~vs tlic characteristic *S*  curve shape ot' th is graph) .  If t l i c J  disc is optically t h i c k  t l i r i i  

/ I  x i . if optically thin tlieii 11 'x i. Thus iii 1iot.h cases the disc is viscoiisly stable 
< $ / I  ~ ~ e c a i i s t  E > O.   ow ever. a t  the traiisitioii betneeii optically t ~ i i c k  a i i c ~  t l i i i i .  p 'x 'i-'/.' 

aiitl so t l i e  disc hecoiiies iiiistahle. 

:li w r y  large radii /i = 5 = If cis is oli a s t a~ i i e  ~>ra, i ic~i  o f  t l i c  .S. ciirve ant i  

,u # ~ r , ~ .  tlieii the disc n-ill evolve ir -+ oil a. \.iscoiis hiiescalr  a i id  approach sta  hiiity. 

If cis is oii ai1 uiistable Iiraiicli aiitl ,u # /is tlieii t.lie disc \vil1 e \ d v e  an-ay froiii 1 1 . ~  on I I  

I Iiernial tiiiiescale aiid eiit,er aii oiit burst. Thus t lie disc iiiidc~goes liiiiit cj.cle IieIia\.ioiir 

~ see Fig. l . T .  

\ T Ï / . ?  . 

\$'hile this iiiodel n-as developed iiiit,ially for t h e  oi i tbi i rs t .~  of d\varf iio\.ae it is t iioiiglit 

t,Iia.t it is also applicable t o  t,lie outbursts of soft X-ray tra.iisieiits aiid also tra.iisieiits siicli 

as i:%54--64 \vlii(:li rciiiaiiicd iii t,lic 1ia.rd s ta te  t~liroiigliout its iiiost recciit outiliirst (see 

u i a p t e r  8) .  
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1" log P 

C-D: stable branch (optically thick) 

6-D: unstable -disc cannot stay on this branch 

A-6: stable branch (optically thin) 

log M 

log T 

l 

log z 

time 

A-8: Slow build up of mass in the disc on a viscous timescale 

6-C: Critical disc mass reached. Disc makes transition to hot state on a thermal timescale =outburst 

C-D: Mass drains onto central object on a slow viscous timescale 

D-A: Transition back to cool, low viscosity state on a thermal timescale = return to quiescence 

Figure 1.7: Schematic i l l u s t k i n g  the disc instability model (see Frank, King & Raiiie 

(1992), and references within). As the  mass held by the disc increases the  viscosity also 

changes. A t  a critical value of viscosity the disc becomes unstable to further temperature 

perturbations - an outburst takes place on a thermal timescale as the disc jumps to a 

new stable branch of the 'S' curve. A second thermal transition takes place a5 the disc 

material is depleted and limit cycle behaviour continues. 
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Loiig-tei'iii variatioiis liave iiow beeii discovered iii va.rioiis X-ray I~iiiaries siich as CS .1:3:3 

(e.g. .Ahell k hlIa,rgoii 1979), Her 1-1 (Taiiaiihaiiiii et al. 1972) a.iid LAIC' X-4 (J-Iceiiislíerii 

& \-ail I'araciijs i 0%)) aiid iiiteqmtecl a s  the precessiioii perioti of t lie accwtioii disc iii 

each systriii. It is stili trot iiiiderstood exactly lion. this takcs place. alt lioiigli there a r e  a 

iiiiiiiber oí siiggest,ioiis assiiiiiiiig very different. iiiecliaiiisiiis. 

1\íoclcls of i.igi(l (lisc precessioii induced by tlie gravitat,ioiial p i i l i  o f  t.lie coiii paiiioii stai.r 

were siiggesteti l>y e.g. Gereiitl k Boyiitoii (1976) for Her X-1 aiid L,cxilwwitz (198.4) for 

SS 433. 'ïiiey all sliow t lmt  a. tilted disc will precess about i ts  ceiit,ral s t a r  ~ however. 

wliilc~ t Iiese iiioclc~ls coiiid reprodiice t.lie observat,ioiis, they nvre not able to iiidicate iiow 

t.lic) disc coiild hecoiiie tilted. This \vas resolved by Papaioizou A: 'leix~iiein (109.5) tvlio 

slio\~ed t Iiat tidal forces exerted by tlic coiiipaiiioii star coiilil also t i l t  the disc:. i is loiig as 

t 1iv soti iitl-cictssiiig time of t,iie disc \vas  siiia,ll coiiipred n.it l i  tlic prewssioii period. Tlieir 

\vork is coiifiriiird by Larxvootl (i99X) iviio siious that, t h e  ratio of pr(w'ssioiial i o  orbital 

periods of  Her X - l .  SS 4 3 3 .  SAI(' N-I aiicl LhfC N-4 are  coiisisteiit (i.e. 2 I O )  \v i t l i  siicli 

a iiioclel. h i i t  t Itat of C'yg X-2 is iiot.. 

. ~ I t ~ ~ I i i i ~ t i \ ~ ~ l ~ .  l'riiiglc (1XNj) ~linmecl t h a t  the ceiit ia1 X-ray soiircc \vil1 i1iiiiiiiiiat.e t h e  

disc i i i  sticii a way t ha t  a radiative forcr. [vil1 be escricd. creatiiig a \v;irp \vIiicli c'iiii 

disc, t o   recess. s. \t'i,jers k Priiigie ( 199s) fiirtlier ai.gric1 tliat tlie tilted c l i x  iiiotlcls do iiot 

(isplaiii l i o n  t I i c  disc caii pr"<'ss ;ib a \~I iok!  L ~ I I P I I  the piwtssioii rate is ii st roiig tiiiict ioii 

of' racliiis. 01' ho\v the disc a\,oids siiikiiig Iiacli iiito tlirh pla i i t .  of t l i c  ortiit o i i  a \iscoiis 

tiiiiesscalr. ' i ' l ic~.  slion. iii atlditioii tliat. iiiililie a tidally pIccessiiig disc. t l i e  ratiiat i v t  \varp 

iiicxcliaiiisiii allo\vs for prograde precession - as seeiiis t o  he the case i i i  e.g. C ' J . ~  ?(-2. if a 

precessing disc is iiitleed tlir origin of i ts  long period. 

:I third possible iiiecliaiiisiii ~vliicli a disc cali ~)reccw is t lie tor<liic~ csertt-4 I)!. a 

\viiicl-eiiiittiiig disc (e.g. Scliaiicll k Rleyer 1911-1). As  t Itr coronal n.i i id leaves t l i ~  disc 

i t  escr is  ixipiiisi\.e forces. siifficieiit t o  twist aiid/or tilt, t,lic disc. 'I'lius irratlialioii by the 

X-ray soiircc a i i d  the  siibs(yiieiit driving of the wiiitl is asyiiiiiietric aroriiitl the disc Icadiiig 

t o  a st.lf-i>eipctiir?tiiig pcrioclicity. 

F'iirtlier tlieoreticxl iii\:estigatioii by Ogilvie k Iliibiis (2000) siiggests tliat t l i c  loiig 

periods of X-ray kiiiarics are iiot iiece rily ali protliiced by t l i e  saiiie iiiecliaiiisiii. íiicleecl, 

the!' slion- tliat radiative ivarps caii o i i l ~ .  product a stcatlily I)rtwssiiig disc for  ;I i iariniv 

i.iiiigc of paraii i(~ters ~ i t  appears  tha t  Her S-1, SS , 4 3 3  aiid LAIC' N-J aro close t o  tlic> 
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stability liinit; SMC X-i,  Cyg X-2 and Ceii X-3 are far from tlie stability liinit aiid so aiiy 

precessioii is likely to  be chaotic or quasi-periodic. They further suggest that C‘yg X-1, 

LMC X-3 aiid Cco X-1 are unlikely to  show periodic precessioii ~ iiideed tlie loiig periods 

seen in these systems may be due to  precession only partially, if at all. This is investigated 

further in Chapters 4 and 6. 

1.4 Radio jet>s 

As iiieiitioiied above, the iow/hard (and quiescent?) state of X-ray binaries is associated 

with the ejectioii of a radio-emitting jet from tlie centra,l regions of the a,ccretioii disc 

surrouiidiiig the compact objec,t. During the higli/soft (aiid intermediate’?) sta.te the 

jet becomes quenched, although it is possible tha t  mdio eniissioii is still observed from 

previously ejected ma,terial. Fiiially, tlie characteristics of the radio einissioii duriiig the 

very high state are currently undetermined - ejections of radio-bright plasmoiis have been 

suggested ~. but these may be tlie result of tlie state transition rather tliaii the sta,te itself. 

Regardless of tlie type of ejectioii (i.e. a weak coiitinuous jet, as iii G X  339-4; very 

luminous phsmons, as in Cyg X-3; quasi-periodic sinaller plasmoiis, a,s iii  GRC 191.5+105; 

see Fig. 1.8) the subsequent radio emission is iioii-thermal and shows a synchrotron spec- 

trum: 

For a Maxwellian distribution of electrons with energy E: 

N ( E ) d E  = iVoE-’dE (1.5) 

Tlieii the source flux density, S is a power law function of frequency: 

S, ‘x uL‘ (1.6) 

where 1’ = i - 2a and a is knowii as the spectral index. 

For an  optically thin synchrotron source a spectral index of typically -1 is expected, 

assuming that the source is simple and homogeneous (note that this  is not the case for 

rolliinated jets iii which aii optical depth gradient is present). A steepening of tlie spec- 

triiiii, due t o  energy losses from the spiraling electroiis and from tlie iiiverse Coiiiptoii 

effect, will be observed at high frequencies. A sharper turnover will also take piace a t  tlie 

lower eiid of the frequency range, typically producing a steeper, optically thick spectrum 

due t o  synchrotron self-absorption by the jet itself; this self-absorbed part of the spectrum 

will have a spectral index of +2.5, steeper than a black body as the electrons radiate 
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Figure 1.8: Radio lightcurves a t  2.0, 3.6 and 13.3 GHz of GRS 1915+105 illustrating the 

different types of radio jet ~ continuous jet (plateau), QPO ejections a,nd luminous one-off 

ejecbions. The evolution of the spectral index (3.6 - 13.3 GHz) and the XTE lightcurve 

are also shown (Fender et al. 1999). 

at  different frequencies and hence have different effective temperatures. Possible further 

reduction of emission at low frequencies may take place due to  absorption by an interven- 

ing thermal plasma and/or the Tzsytovich-Razin effect, in which below a certain cut-off 

frequency the refractive index of an intervening thermal plasma is <1 and the emission is 

suppressed. 

The plasmon ejections seen during e.g. state transitions and outbursts tend to be 

optically thick, becoming optically thin to progressively longer wavelengths as the plasmon 

expands - in this type of ejection the Van der Laan (1966) model works reasonably well. In 

the case of a continuous jet the Van der Laan 'bubble' model breaks down; the continuous 

jets of X-ray binaries in the hard state are optically thick and partially self-absorbed, 
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Fignre 1.9: Schematic showing the spectrum of a typical, simple and homogeneous syn- 

chrotron source - N.B. this is not t o  scale and the cut-offs to  the optically thin spectrum 

are more gradual than shown here, although take place within a decade in frequency. The 

source becomes optically thin t o  lower frequencies as distance from the compact object 

increases (see Fig. 1.11). 

showing a characteristic ‘flat’ spectrum (a N O) 

The Flat Spectrum 

The flat spectrum continuous jet is increasingly becoming a reliable characteristic of black 

hole candidates in the low/hard state; it is also seen in Z-sources (horizontal branch; see 

Van der Klis (1995) for definition of Z-source spectral states) with sufficiently similar 

properties for there t o  be no distinct way of distinguishing between black hole candidate 

and Z-source on the basis of their radio emission. However it appears that the Z-sources 

are much more variable in  their radio emission than the black hole candidates (Fender, 

private communication). Conversely, atoll sources are sometimes detected in the radio 

but generally only during transient outbursts (e.g. Aql. X-I) and during times of very 

high mass accretion rate (e.g. GX 13+1); X-ray pulsars have never been detected at radio 

wavelengths, perhaps due t o  the inferred high magnetic fields and/or very large ( 1000 km) 

inner disc radius. 

While the origin of the flat spectrum is not well-understood it is thought to  be the effect 
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of partial self-absorption in the core. This was modelled by Blandford 8~ liöiiigl (1979) 

who predicted tha t  for a 'simple isothermal' conical jet the optical depth to synchrotron 

self-absorption will depend on the frequency and the distance from the compact object - 
i.e. t he  distance from the compact object of an emission site will be r a u- ' .  Therefore 

the observed flux density Sobs K u2r2T is independent of frequency and so a flat spectrum 

is expected for a continuous jet. 

The implications of this flat spectrum are extremely significant ~ for a jet with a flat 

spectrum out t o  U h z y h  the luminosity is L,,, o( U h i y h S u .  Thus the power of the jet is: 

p i e t  U h i y l i S ~ I ) - ~ F ( r ,  i )  (1.7) 

where 17 is the radiative efficiency and F ( r ,  i )  is a correction factor for relativistic bulk 

motion (e.g. Fender 2000). Thus assuming that (i) the flat spectrum extends to  the 

nem-infrared (as seen in e.g. GRS 191.5+105, Cyg X-I), (i¡) the ra,tlia,tive efficiency of 

t,lie jet is 5 5%) (ba,sed on Observations and theory) and (iii) rehtivistic bea,niing of the 

radio emission is negligible, then the power required by the j e h  of X-ray biimries i n  tlie 

low/hard state is 2 5% of the total accretion luminosity of the X-ray source (e.g. for C!yg 

X- l  l'jet N erg/s, compared with a n  observed X-ray luminosity of N 3 x lo3' erg/s. 

This is not accounted for in current X-ray models. Furthermore, Fender (2000) also shows 

that considerations of the bulk relativistic motions indicate that this is fairly likely to be 

an underestimate. 

The Disc / Jet / Corona Coupling 

ìrarious theories of producing, accelerating and collimating tlie jets ha,ve been snggested, 

the most well-known being the 'bead-on-a-wire' magnetohydrodynamical model of Bland- 

ford & Payne (1982); this invokes plasma passing along magnetic field lines, which are 

frozen in to  the accretion disc. If the angle between the field line and the disc is less t h a n  

60" then the plasma will be accelerated away by centrifugal forces. Collimation can then 

be achieved by the poloidal component of the magnetic field (Koide et al. 1998). 

There are many other theories and a,ll require the presence of an accretion disc ~ wliat- 

ever the jet origin, froin both theory and observa,tions, it appears that the accretion disc 

is essential for jet production (see e.g. Falcke & Biermann, 1996 and references within). 

However, simultaneous X-ray and radio observations have shown that there is no simple 

connection between the two - clearly some complex coupling between the disc, the C o n i g  
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Figure 1.10: Radio and X-ray lightcurves for the soft X-ray transients AOG20-00, GS 

1124-68 and GS 2000+25 - clearly some degree of correlation is present but it is not clear 

exactly how the disc and jet behaviours are related (Kuulkers et al. 1999). 

tonising corona and the jet is a common feature of X-ray binaries in the low/liard state. 

I t  would need t o  explain the observed, apparently self-contradictory, behaviour such as 

(loosely) correlated soft X-ray transient outbursts (Fig. l . l O ) ,  the proposed disappearance 
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Figure 1.11: High time resolution plot of one of the quasi-periodic X-ray dips of GRS 

1915+105; it is followed immediately by the infrared and subsequent radio synchrotron 

events as the ejected plasmons become optically thin to  progressively longer wavelengths 

(Mirabel & Rodriguez 1999). 

of part of the inner disc into the black hole prior to  ejections in the case of GRS 1915+105 

(Fig. 1.11) and the anti-correlated soft state behaviour (Fig. 1.6). 

Correlated events between various wavelength regimes have occurred in many X-ray 

binaries, including GRO J1655-40 (Tavani et al. 1996), Cyg X-3 (McCollough et al. 1998) 

and V404 Cyg (Han & Hjellming 1992). The anti-correlated soft state behaviour has al- 

ready been emphasised above. However, perhaps the most dramatic example of correlated 

X-ray/radio emission can be found in G W  1915+105 during the periods of quasi-periodic 

oscillations shown in Fig. 1.8. One of these oscillations is shown in greater detail in 

Fig. 1.11 and it is clear to  see that a synchrotron ejection takes place simultaneously with 

X-ray dips, emitting first at infrared wavelengths and then in the radio. It was proposed 

that  some of the inner parts of the accretion disc fall into the black hole, causing the 

X-ray dips, followed by the immediate ejection of material in the jet (e.g. Mirabel et al. 

1998). As seen above, the power required for the flat synchrotron spectrum in the infrared 
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is highly significant. GRS 1915+105 is also well-known for its radio plateau states which 

coincide with hard X-ray outbursts (Fender et al. 1999). 

Polariaatton 

Although the polarisation of X-ray binaries tends to  be weak and therefore poorly studied 

and/or understood, important information can be obtained from the presence or otherwise 

of polarised radio emission. 

In a synchrotron source electrons are accelerated in a spiral around magnetic field lines 

by the Lorentz Y x B  force, emitting beamed radiation. This radiation is therefore linearly 

polarised at a position angle orthogonal t o  the magnetic field. Thus detection of linear 

polarisation from an X-ray binary can determine the orientation of the jet. 

Circular polarisation can also he observed in jet sources, either produced (i) intrinsically 

by the synchrotron mechanism or (i¡) by the passage of linearly polarised radiation through 

plasma with elliptical propagation modes (Kennett & Melrose 1998). Recent work by 

Fender et al. (2000a), in which circular polarisation was discovered in  SS 433, showed 

that theoretically it should be possible to  distinguish between tliese two origins from their 

spectra. The circular polarisation spectrum should be m, cx u-'/' in the first case and 

m, cc u-' (or o( u-3 if highly relativistic plasma) in the second; m, is the fractional 

circular polarisation (= Stokes IVl/í). 

Determination of the composition (i.e. e-e+ or e - p + )  of the jet should also be possible, 

given a n  estimate of the Lorentz factor, y (= (1 - (:)')-'/') - this  can be determined 

from the circular polarisation spectrum. Wardle et al. (1998) concluded that  for the low 

value of y for the source 3C 279, if each electron were accompanied by a proton then 

considerably more kinetic energy would be required t o  power the jet than that observed 

to  be dissipated at the head of the jet - therefore e-e+ pairs were deemed more likely. 

While a similar method could potentially be used to  determine the  composition of jets in 

X-ray binaries, it should be noted that in most Galactic jet sources there is no observed 

hotspot and hence no way of estimating the amount of power dissipated in the ISM. 

1.5 St,ellar Winds 

Low mass stars, such as t he  Sun ,  are thought t o  contain a convection zone whose motions 

heat a surrounding corona. Gas pressure within the corona is sufficient t o  overcome the 

gravitational forces of the star and t o  drive a cool wind (e.g. the solar wind has a velocity 
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of N 400 km/s and a mass loss rate of - 10-13Ma/yr.). High mass stars also emit winds 

(typically with velocity of - lo4 km/s and mass loss rate of - 10-5h í~ /y r . )  but in th i s  

case it is via a very different mechanism. With surface temperatures of 104-105 l i l  t.liey a,re 

thought t o  lack the outer convectioii zone atid, hence, the coronal heating and subsequent 

high gas pressure required to  overcome their gravitational forces. Instead these hot stars 

liave sufficiently high surface temperatures (and therefore radiative Ruses) for radiation 

pressure t o  drive the wind. 

While hot stars with strong stellar winds can have their luminosity-mass ratio very 

close t o  the Eddington limit, only the outer atmosphere contributes t o  the outflow from 

the sta.ble and gravitationally bound star. Due to the small forces produced. it is perha,ps 

surprising that the inechanisin by which this ta,kes place is ‘line-scattering’, so called 

beca,iise a bonnd electron will sc,atter photons of just the riglit energy to oscilla,te betweeii 

two discrete energy levels, resulting in narrow lines in  the star’s energy spectrum. 

However, line scatteriiig has a resonant nature as a result of the oscillations between the 

two energy levels and hence amplification is important. The amplification can theoretically 

be sufficient t o  drive material outwards with an acceleration lo3 times tlie gravitational 

acceleration. This does not happen in  practice as significant self-absorption takes place, 

sa,turat,iiig tlie lines. This keeps the line-force smaller than the gravitational force, allowing 

the iiiiier atmosphere to  reiiiaiii bound. To counter-balance this, iii the outwa,rd-iiioviiig 

part of the upper atmosphere the Doppler effect red-shifts local liiie resoiiaiices a,iid this 

lias the effect of desatiirating the lines, t h u s  covering a broader range of tlie spectrum. 

Hence, a feedback system is established with the line-force becoming great enough to  

overcome gravity aiid accelerate the outflow which had been required i n  order to create 

the force in t he  first place. A more detailed, quantita,tive account of mechanisms behind 

radiatively driveii stellar winds is beyond the scope of this thesis but can be found in the 

definitive paper Clastor, Abbott & Klein (1975) or tlie more recent book by Laiiiers & 

Cassinelli (1999). 

The presence of a radiatively driven stellar wind will be shown in optical and U\’ spectra 

in the form of a P Cygni profile, named after the first star in which it was observed. As 

tlie optically thick wind column advances towards the observer it absorbs/scatters light 

emitted by the star and is blue-shifted. The velocity of the blue wing of tlie resulting 

absorption h i e  gives the final wind velocity (om). 

At the sanie t,ime, wind material from the edge of the absorption column can scatter 
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Figure 1.12: Schematic showing the formation of a P Cygni profile. 

radiation towards the observer, resulting in  an emission line. Because oiie hemisphere 

is approaching and one receding, this emission can be blue- or red-shifted resulting in a 

symmetric profile about 2) = O. This superimposition of emission line and blueshifted 

absorption trough is known as a P Cygni profile and can been seen i n  a schematic i n  

Fig. 1.12. 

if the wind emitting star is part of a binary system, however, different characteristics 

may be expected. Most of the  wind passing within a radius rOCC will be accreted, where 

and the mass accretion rate &' is 

where kW is the mass loss due t o  the wind, R is the solid angle of the wind emission 

and u is the binary separation. 
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This simplified approach still does not take into account any effect that the secondary 

has on the wind. If the secondary is a n  X-ray source, as obviously the case for X-ray bina- 

ries, then X-ray heating of the wind should take place, changing the ionisation and hence 

the accelerative properties of the wind. This ‘Hatchett-McCray’ (Hatchett & McCray 

1977) effect is mentioned in more detail in Chapter 3. 

If the secondary is a black hole then its gravitational field should also be considered 

- indeed in the case of Cyg X-1 it appears that the wind is focussed towards the L1 

point of the binary system, thus the black hole accretes wind material via a quasi-Roche 

lobe overflow mechanism. This has  been modelled by Friend & Castor (1982) who adopt 

the wind momentum equation of Castor, Abbott & Klein (1975); the wind velocity is 

considered t o  obey a simple power law: 

(1.10) 

where u, is the terminal velocity of the wind, R’ is the radius of the optical sta,r, R is 

the distance from the centre of the star and n is a (constant) power law index. The original 

model was adapted t o  include the effects of gravity and continuum radiation pressure of 

the compact object and the centrifugal force due t o  orbital motion. By applying this 

new model t o  five different high mass X-ray binary systems (including Cyg X-l), Friend 

SL Castor (1982) found that in a binary system non-sphericity of the wind is extremely 

important, resulting in enhanced emission produced between the  two stars - this is iiideed 

observed in e.g. Cyg X-1, and investigated in Chapters 3 and 4. It also appea.rs that in 

systems for which the star has  a greater Roche lobe fill-out factor, this focussing effect is 

more acute. 
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INTRODLTC'TION TO C'YCXCS 1 -1  

2.1 Hist o r i d  Backgroiiiicl 

C'ygiiiis X- i  is p i ~ ~ l ~ a l ~ l y  the best k i i o ~ ~ i i  of the Ihcli  I i o l r  X-ray hiiiaries O I ~  iit'c'oiiiit of its 

providing t lie first ohservatioiial evicleiice for black holes. It was tlisco\.eiwl I>? 130wyer 

et. al .  (iS6.5) during tn.o :lerol>ee rocket surveys iii Ivliicli eight lien. S- ra j ,  soiirccs ivt~re 

det,crt(d. iiicliicliiig C'yg S-'L. 

\Vel,strr A- Liiirdiii (1972) aiid ßoltoii (1972) iiiclepeiideiit1.v ideiitificd the S-raj. soiircc~ 

C'yg X-i with t h o  9111 iiiagiiitiide siipergia.iit I-IDE 22íj868 (spc'ctsi.al type 0 9 . 7  l ab)  siil>- 

secjueiit radial velocity iiieasureiiieiits resulted iii a mass fiiiictioii of' O. I2 -0. ici .  siiggestivr 

of a coiiipact objrct iiiore i i i a s ive  tliaii 13 hi(.  , tlic griicrally accepted i i i a s i i i i i ~ i i i  iiia.ss of 

a iieiitroii s t a r  (set. Fig. 2.1). Tlie values of the masses of tlic t lvo coiiipoiieiils lia~re hei i  

refiiiecl a i i t i i i i he r  of tiiiies. most reteiitly by Ilcrrero c.t a,l. (iS9.5) giviiig 17.S I€; for t l i c  

supergiaiit coiiipaiiioii star  aiid 10.1 M;, for the I h c k  hole. 

Tlie ra.dio coiiiiterpart, t o  t,lie systeiii was also discovered iii i lpril a.iict Octolwr 1971. 

Braes k Ríiiey (1971) and LVade k Hjellniiiig (1972) found a source with flus deiisity 

15-20 n i Jy  i i i  the X-ray error box - iritcrestingly there liad heeii 110 radio soiirce al,o\.t. 

5 i i i . 1 ~  i i i  Fehriiary 1971 (Braes k Miley 1971). I t  ivas later sliowii by Tai ia i ihi i i i i  c.1 al.  

(197'Laj aiid Hjelliiiiiig (1073) tlia,t aii aiiti-correlated S-i.ay/ratlio s ta te  chaiige (soft. -+ 
lia.rtl) l i a d  talieii place iii Llarcli/April 1971. Taiiaiiba.iiiii et, al. (1972a) also iiot ictd t1ia.t 

a. sigiiifitaiit iiardeitiiig of t,lie X-ray spectruiii ( i- i00 lie\') liad takeii place at the tiiiie of 

traiisitioii. 

N o  fur ther  cliaiiges n w e  report,ecl until May 1975 wlicii a i i e ~ v  1 - r a j -  oiitburst \ v a s  
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Figure 2.1: The radial velocity curve of Webster k Murdin (1972) which suggested the 

black hole nature of Cyg X-l. Orbital phase is on the horizontal axis, radial velocity 

(km/.) on the vertical axis. 

observed by the All Sky Monitor on-board Ariel - i’, the flux rising by 260% (Holt et 

al. 197.5) ~ at the time it was attributed t o  another transition to the ‘soft state’ although 

current, definitions of ‘soft state’ would not include this 1975 event. Optical photometry 

showed that while there was no overall change t o  the shape of the lightcurve (Lyuty 

1985), rapid flares of up to  N 0.1 magnitudes took place on a timescale of minutes (Natali, 

Fabrianesi k Messi 1978); an increase in colour B - V was a,lso seen. The flickering 

behaviour was dampened when the X-ray source ret,urned to  the low state. A ra,dio 

outburst also took place, the flux reaching a maximum of 45 mJy at 8 GHz which h a s  

never been achieved since (Hjellming, Gibson k Owen 1975). This seemed a different 

type of outburst from previously, despite the X-ray softening - this  time the soft X-rays 

and the radio were correlated. Observations of the downwards transition showed that the 

whole outburst had lasted only N 30 days (Eyles et al. 1975) and was more like a soft 

X-ray transient event than  true state change, probably similar t o  the event seen in 1998 

a.iid described in Chapter 4. 

Another increase in  the soft X-rays, accompanied by spectral softening was observed in 

1975 by C‘opernicus; simultaneous optical monitoring showed that the iiornially sinusoidal 

B band lightcurve changed shape a t  the time of the outburst. (Walker et al. 1976). No 

radio observations were reported. However there were radio observations taken in Februry 

1976, when another anti-correlated soft X-ray/radio transition from soft to  hard state was  

observed (Braes & Miley 1976). 

The next twenty years were relatively quiet with no reports of major outburst or state 
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Figure 2.2: RSïE/.L\YT\II, C'GRO/BiZTCE aiid VLA da ta  from tlie 1996 s ta te  cliaiige of 

Cyg S-i - tlic liartí aiid soft X-rays are clearly aliti-correlated w-itli each other aiid tlie 

radio da ta  appears to follow the behaviour ot tlie hard X-rays, with a flare just after the  

transitioli (froiii Zliaiig et al .  1997). 
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transitions, although it is probable that some small correlated flares took place - e.g. the 

1980 ‘high state’ reported by Ogawura et al. (1982) which was probably a pair of small 

outbursts accompanied by spectral softening. It should be noted that all ‘transitions’ up 

to this point were observed prior to  the state classification of Van der Klis (1995) and so 

the ‘hard’ and ‘soft’ definitions may he slightly different. 

Finally in March 1996 a transition to  the soft state took place; this was the first state 

cliaiige for which full X-ray monitoring a t  low aiid high energies was available throughout 

both upwards and downwards transitions. VLA radio da t a  was obtained during the down- 

wards transition (Zhang et al. 1997, see Fig. 2.2) and showed the expected anti-correla.tioii 

with the soft X-rays; a small flare following the return t o  the hard state was also observed. 

Optical photometry during this period showed that the V hand flux remained constant 

throughout, although small increases in magnitude for the B and to a greater extent the 

21 hand were observed (Voloshina et al. 1997). Additional correlated flaring events have 

been observed siiice then and are discussed in Chapter 4. 

During the past twenty five years Cyg X-1 has been responsible for a huge contribution 

to  the literature, both in its own riglit and as a comparison for other potential black 

hole candidates. Most of this research h a s  investigated its X-ray properties, its various 

periodicities (including many revisions of the orbital ephemeris) and the peculiar nature 

of the two optical emission lines. These are discussed further in the next few sections. 

2.2 Illtra-violet, Optical and Infrared Properties 

PhotomPtry 

The optical counterpart to  Cyg X-1 has  been observed regularly since the early 1970’s. 

Walker & Quintanilla (1974, 1978) and Lyuty, Sunyaev & Cherepashchuk (1973, 1974) 

reported the ellipsoidal orbital variability due to  tidal distortion of the star by the grav- 

itational field of the compact object. They further determined system parameters which 

are consistent with those obtained from spectroscopic observations (see below). 

However, the mean orbital lightcurve is not simply a double-peaked sine wave. Lester 

et al. (1976 and references within) found that there is a significant amount of scatter, 

suggesting that intrinsic variability of the sugergiant or variable obscuration by a gas 

stream is present. In addition to  this, the minimum a t  phase 0.5 (inferior conjunction 

of the X-ray source) is deeper t h a n  that  a t  pliase 0.0 and both minima are too bright to  

be accounted for purely by the  luminosity difference between the star and accretion disc. 
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P Ii a,s(. tl e pe ii cl e ti t col o II  r va ria t ioiis a ii tl I i i  ti i i iiosi t,y tl i ffe rei1 c ~ s  Iw t.tvee i1 t li e t n;o i i i  a xi in a 

1vei-c. also reportjetl. Lyuty (19S.5) aiid I'oiosliinu S- Lyi i ty (1095) f i i r t  h e r  iiit~estigat.e t Iie 

addit.ioiia1 radiatioii seen at) pliase zero for some, hiit iiot all, orbi ts.  T l i c a j .  suggcxst tha t  t Iiis 

was caiised hy the iiitera.ctioii of a \vitic1 Troiii the accret,ioii disc aiitl t,lie iiiagiictosl>Iiere of 

HDE 'L'L(j86X. Itelativistic elect,roiis iii the wind tlieii lose energy t,o syiiclirotroii ratliatioii 

which cai1 he seen as a. iia,rrow peak a.t phase zero. 

The iiiost tfeta,iletl t Iieoret,ica,l iiiodel of t lie C'yg X-1 ellipsoidal varia1)iIity lias Iweii 

preseiitcd by Ralog. C:oiicliarskii k C'lierepaslicliuk (19x1) aiid takes ellipsoiclality. irradi- 

at,ioii 11). tlic X-ra.y sourcc and  Roclie lolw filliiig factor iiito accoiiiit . Paraii ictors ohtaiiied 

nitli this iiioclel ivere geiierally i t i  agrcciiiriit tvitli provioiis attc.iiipts hut i o  a iiigiier ac- 

ciirac?. The data det%tcd froin the theoretical curves sliglitlj, a t  phase 0.5. protIiptiiig 

tlip suggestioii of partial eclipses by t,he accretioii disc. This is iiot iii agreeiiieiit with 

tlie spcct imcopj. aiid ~ o i i l d  appea.r uiilikely - given tlie n-iiid accretioii iiiecliaiiisiii of t~lie 

syst,eiii. C'yg S-1 tvoiiltl be expected to have too siiiall a disc to Iiartiallj.  f2clipse the s t a r .  

I-Ioivevc~i~. as t h e  liarcl sta.te reqiiires the disc to liave a large iiiiicr disc ixdius t.o explain 

t,lie stroiig disc:jot coiiiicciioii (see C'hapter -1) fiirtlier iii\.estigatioii is iiiiportaiit. Note 

that iii a larger sa.iiiple of c1at.a tlic>re is evicleiice for a slight excess. rather than aii eclipse, 

possibly due t o  i lie stellar wiiid or accretioii st.reaiii (Brocksopp et al. 1 W S  aiitl Chapter 

3 ) .  Tlie iiiocid also finds that a Roclic lohc filliiig factor of 0.9 iiiakes a lwtter fit to t h e  

da,ta tliair 1.0 ~ t lie'. note tIia,t, the observed accretioii plieiioiiieiia are still coiisisteiit tvitli 

such a filliiig factor. 

Iiifrareci ol ix~ï \~at ioi is  of' tlie orbital iiiodiilatioii a,re less cotiiiiioii but 1,eaIiy A- Aiia.iit1i 

(1992) foiiiid t,liat a double-peaked c~llipsoi(ia1 varia,l)ilitjr !vas also 1 ) rwe i i t .  n.itli an aiiipli- 

tiide sigiiificaiitlj. grea,ter t,haii t liat i i i  t l i e  opt ¡cal ~ Iiowc~\ler. t li(. i \YO (Iiìi aset s IVPW Iiot 

siiiiiiltaiiwiis aiid Nadzliip et al. (1006) la.t.er obtaiiicd iiifrart~l (laia siio\viiig aiiiplit.iides 

oiilj. iiiargiiially grcatcr tliaii those i i i  tiir optical. The infrared aiiiplitudes are sufficieiitlj. 

high t.o suggest, a Roche lobe filling factor of 1.0 - t,liis effect nas assiiiiicd to lie clue t,o 

tlie greater o p c i t y  of t,lie stellar ivii id i i i  the iiifrarecl tliaii t,lie optical. 

I>ei.liajis siirprisiiigly. give t lie liigli luiiiiiiosity of t.lie supergiaiit, pliot,oiiiet r ~ *  of C'yg 1- I 

lias also revealed the preseiice of aii accretioii disc. A disc is required to  l ie a coiiipoiieiit of 

tlie Iiiiiarj- syst.eiii iii order to  fit, t lie S-ra,y propertkj, the possilile disc precessioii period 

a.iid the report,ed 'flickeriiig' of tlie optical liglitciirve (e.g. lilialiiilliii i9Ï.5). Briievicli et al. 

(1975) create a geoiiietric inodel lvliich iiicorpora,tes reflectkm of tlie stellar eiiiissioii from 
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Figure 2 .3 :  'Thirty ~ w r s '  worth of l ' ,  B aiid 1- baiid pliotoiiietry aiicl X-ray data .  TIie two 

'states' 5paiiiiiiig the !.ears 19fO-i98.5 aiid lOS5-2000 cai1 be scvn clearly iii tlrr I -  baiid 

hilt iioí i i i  the 1-  baiid or the X-rays (Lyiity et al. 2000, iii prep.) .  
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the disc. 'Tliis sliows that the disc cai1 actually coiitribute N 2'x (a  liiore receiit estiiiiate 

is N 4'X. Lyiity. private coiiiiiiiiiiicatioii j to the tota.1 optical Iiiiiiiiiosit,): :I further 4',X of 

t,he X-ray Iiiiiiiiiosity caii he reprocessed as opt.ica.1 light froiii the disc aiid t,liis c;i,ii I>e 

estiiiiat ed to coiit ribiite N O.-i%, of t>lie tot.al optka.l luiiiiiiosit,y (aft.er Balog. Chiic1iaisl;ii 

,!i C'1iei.epashcliiik 1951). Stiitly of tiie iiifrarecl pliotoiiietry by Beali et al. (1984) clocs iiot 

rewal i lie pi'eseiice of aii accretioii clisc, suggestiiig that ali iiifiarccî ciiiisisoii ir: froiii t lit3 

supergia lit,. 

-4 receiit study hy Lyut,y et) al. (2000. in  prep.) looks a.t tiic long teriii liglitcurve of t,lie 

optical pliotoiiietry. The I,' 1)aiitl clearly shows two distiiict, .stat,es' ~ dat,a. from 1970 to 

1985 are N O. I iiiagiiitudes faiiiter tliaii between 198.5 aiid 2000. The B I~a i id  data shows 

siiiiilar Ijelia\.ioiir to a lesser est.ciit aiitl the 1,' l m i d  c1ot.s i iot .  ap lx~a r  to s l io tv  i t  a t  all. The 

three pliotoiiiet i.ic 1)aiitis are  plotted wi th  X-ray da ta  i i i  Fig. 2 . 3 .  

The spcctriiiii of C'yg X- 1 is t h a t  of a t,ypical 09 siipergiaiit wi th  eiiiissioii coiiipoiieiits a.t 

H a  a.iid He 11 X-4686, Iwth of vcliicli are siiperiiiiposed oiit,o ahsorptioii liiies (see Vig. 2.4).  

h'liiist there are iiiaiiy papers iii t Iic literature iiivest.igatiiig t h e  optical spectroscopy of 

C'yg S-i, the iiiajority teiid to focus oil t4tlicr t.lic orbital ciplicriieiis aiicl  Iieiirr. the iiiass 

of the tivo coiiipoiiciits o r  t l i t  i iatiire oí tlie Iwciiiiar eiiiissioii lines. 
, >  i lie eplieiiieris iia,s beeii revised iiiaiiy tiiiirs siiicc t l i 0  origiiial rad ia l  \.cilocity ('11 rvc's of 

ìVeIxter S: l lu rc l i i i  (1972) aiid Boltoii (1972). Its acciir;i.cy iiiiprovecl cotisiderably over t lie 

nest decade aiid t.hc epheiiieris of (:ips 8~ Boltoii (1982) ~ = 5.599ï-t i 0.0008 cía.ys 

~ 1ia.s l>teii quotcd a.s tlir defiiiitive valiie until 1998 wlieii it \vas revised iiidepeiidciitl>. 

hy LaSala et al. (1998), Soi\:crs e t  al. (1998) arid Broclisopp et al. (iOOS). 'l'lie resiilts 

of all tlicsc n-c're coiisist,ciit \viil1 tliose of Cics k ßoltoii ( I O X ' L )  altlioiigli the accuracy of 

the Brocksopp et al. ( i C ) c ) X )  i w i i l t  \vas stip(>rior t o  t li(. other t ivo.  piirtiriiliiïly Tvitli the 

coiiiparisoii \vil li 27 !-ears' n-ortli of pliotoiiiet,ry (ej,+ = rj.599829 f 0.0000 líi days). 

r 7  1 lie iiiasses of the tivo coiiipoiieiits of the hiiiary systeiii 1 ia .v~  Ii~eii est,iiiia.ted 11y a 

iiiiriihcr of a,iit,liors; .4ab et, ai .  (1981, 1984) deteriiiiiie the iiiass of the str1la.r coiiilmiioii 

to lie i!J..5 Jví,;,, later revisiiig this to 37.6 M,,, wit,li the iiiclusioii of additioiial data.  Lower 

liiiiits to tlir niass of the Iilack hole tvere calculated to  he 5.5  M,;, (Briicato k I\rist,iaii 1973. 

Boltoii 1975) aiid i o  í~í,;, (.4a,b I9S:J). Gies SL Boltoii (i!)S(i) fouiici that tho lo\vri' l i i i i i t s  to 

the iiiasses were 20 aiid ï L l  ., for the star a i d  I>lac.l; hole respectively hut. siiggtsted t 1ia.t 
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Figure 2.4: The spec1 riiiii of HDE 22686s from 4000 to ri000 A. The riiiissioii at  4443 A is 

a cosiiiic ray (from IIerrero et al. 199.5) 

33 and itj L i .  \vere niore likely. Ifore conservative iiiasses (supergiaiit: 17.S 11. , coiiipací 

object: 10 h i .  ) were deteriiiiiied hy Herrero et al. (1995) iising aii alteriiati1.e iiietliod 

wliicli n a s  iiidepeiideiit of tlie distaiice aiicl tlic riiass-Iiiiiiiiiosity relatioii of the source. 

Sonic autliors (e.g. Aviii S- Balicall 197.5) atteiiipted to ~ x c u s e  tlie appareiit black 

hole iiat ilre uf the secolidar! by iii\roliiiig aii early type coiiipaiiioii or triple sj.steIii iio 

evidence for a tliird star \vas found (e.g. Abt, Hiiitzeii k Le1.y 1977) aiid Cliafter et al. 

(19x0) dediiced tha t ,  for a coiiipoiieiit other t h a n  a blncl, liole t o  he preseiit, t lie secoiitiarj 

could o i i i j  IIP foiir iiiagiiit iides fainter tliaii HDE 22tjSW ~ this \vas t I t3ai .1~  iiot t h e  case. 

Follotviiig the deteriiiiiiatioii o f  the orbital eplieiiieris aiid paraiiietcrs. few aiit hors liave 

studied the absorptioii liiies of C'yg X-1. Orbital variability iii the cyiiivaleiit width data 

of a iiiiiiiber of ahsorptioii lines tias been claiiiied by Aab et al. (19x3) aiitl C'aiializo et 

al. (199.5): tlie latter also discovered variatioiis i i i  H J  and a iiuriiber of Hei liiie profiles 

wliicli tliey assuiiied were due to coiitainiiiatioii by eiiiissioii coiiipoiieiits froiii the stellar 

wiiicl  - they !vere uiiable to coiifirni wlietlier or iiot the variabilit! was orbit depeiideiit. 

Tlic. iiiost esteiisive stiicíy of the absorptioii spectriiiii \vas by Gies S- Holtoii (l!lXtj) ~ they 

find tha t  there is no sigiiificaiit 1-ariahilit? iii the spectral type aiid the liiie strength oí tlie 

absorptioii liiics is coiisisteiit witli the spectral type. JIeiice aiiy adciitioiial coiitrihiition 

(e.g. aii accretioii disc) cali only coiitribute u p  to 7% of the total optical eiiiissioii. There 

was 110 4giiificaiit orbital variability iii equivalent width da ta ,  contrary t o  the results of 
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Aab et al. (1983) who claiiiird that the equivalent widtlis peak a t  pliaye 0.0 ailcl 0.5. tiit11 

iiiiiiiiiia at  0.2.5 aiid 0.75 ~ note that tlie aiiiplitiide5 of these biiiocliilntioiis' (lit1 iiot aìivays 

reach > :3a from tlie iiieaii. 

al or^ coiriiiioiily, however. it lias beeii tlie emissioii lines of C'~rg S- i that have i i i~oke~i  

furtlicir study. It is clear that the Hn and He 11 X4686.&es are a siiperpositioii of ali 

absorptioii d i i d  an eiiiissioii coiiipoiieiit: lieiice a iiuiiiber of aiitliois liaie nt triiipted t o  

siibtract i l ic alisorptioii spectruiii to leave 'piire' eiiiissioii. Tliis lias also revealed tlie 

preseiice of weak H$ eiiii3sioii (e.g. Aab et al. iW3). Ii i  iiiost cases this nas  achieved 

by subtractiiig the spectriiiii of a 'iioriiial siipergiaiit' (e.g. Gies k Boltoii 19SO). despite 

the assiiinptions implicit iii such a procediire - these iiiclude aii optically tiiiii eiiiissioii 

coiiipoiieiit, ideiitical h i e  strengths of the two stars, i10 orbital variabilit! i i i  liiie strength. 

although supposedly it is oiily tlie second of these which cai1 alter the results significaiitly 

(Gies k Boltoii 19Síi). .4ab c>t nl. (1983) have attempted to coiistriict the c\l>sorptioii line 

profile f io i i i  other line profilc>s of C'yg N-1 rather tliaii rclj iiig o i l  a refereiice s tar .  Ciies k 
Boltoii ( 19S(ia) liave also coiiipiited t lieoretical eiiiissioii liiie profiles I)asetl oli t Iicx fociissetl 

stellar iviiid i i i o d c l  of Fiieiid k Castor (19S2) aiid iisiiig the Solmlei. t Iieorj (?\filialas 

197%). Their result5 coinpared reaaoiiablj* ire11 nitli t lie obser\,ed profiles a iid tlie errors 

[vere wit liiii tliose expected oii account of nssiinipt ioiis required for the Soholev tlieorj, 

failing itear the stellar siirface. 

Despiíc. tlie errors iii tlie iiietliod of' separating eiiiissioii aiid n1)sot IJtioii coiiipoiieiits. 

siiiiilar results lia1.e heeii acliievetl. 'The radial velocity curve of the iìe I I  wiissioii coiii- 

poneiit is l i 5  120" out of pliasc. ivi th  t h a t  of the absorption (c.g.  r - \a i i  19X3a). siiggestiiig 

that the eiiiissioii originates iii the accretioii stream near the L i  poiiit. '[lie Iln ciiiissioii 

was sliglitly iiiore difficiilt to isolate aiicl appeared to  coiisist of two profiles, one of which 

iiioved siiriilarly to the He I I  eiiiissioii (Niiikov, Walker k ìa i ig  19S7a). Atore receiitly the 

Hn lias instead heeii treated as the superposition of a P Cygiii profile. as is typical for 

M iiitl-eiiiittiiig sj  iteiiis, aiid aii eiiiissioii component (Sowers et al. 199s). 

f.:i.icleiice for \.ariability iii the stellar wiiid is foiiiid at ultra-violet u a1deiigtlis. I n  

detcwiiiiiiiig the orbital iiicliiiatioii and i i i a s  of the coiiipact ohjrc't froiii I17E spectra. 

Daiis k Hartiiiaiiii (iOS.3) calciilate tlie n-iiid velocitj. and find that the n i i id  is slowed 

a t  phase 0..5 i n  accordance ivítli the Hatcliett-hlcc'ray effect. 'Treves et al. (1SSO) also 

find orbital variability i n  the equivalent width da ta  of soiiie proiiiiiieiit iiltra-violet absorp- 

tiori lines and, again. this is appareiitl~ due to tlie Hatchett-IIfcC'raj. effect causing tlic 
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2.3 X-ray Propcrties 

The ii1ajorit.y of research iiito C'yg X-1 lias beeii iii tlie X-ray regime. ¡it teriiis of Iiot.li 

spectral aiid teiiiporal properties. Wiiie early observatioiis teiiclecl to i alie place a t  tlie tiiitp 

of traiisitioiis froiii oiie spect,ral state to another, iiiore recent liiies of research lia\.(. iiicIucIecI 

fitting iiiodcls t,o tlie eiiergy aiitl pon.er cleiisity spectra. fiiidiiig correlat,ioiis Iwt ~veeii these 

sp~~ctral/tciiipor¿il properties aiitl iisiiig aiialysis of t.iiiie lags to  tleteriiiiiic~ t lie 

geoiiiet ry ~~ I)otli liartl aiid soft s í a t t s  liave Iweii iii\wtigatecl although as t 1 1 ~  soft state> 

occiirs so rarelj, this is Icss iiiiclcrstood. Energy spect.ra for C'yg 1 - 1  ¡ i r  t lit. lo\\. iiiteriiidia.te 

a,iid Iiigli states arc' sliowii i i i  Fig. 2.5. 

It slioiild bc iiot,t'd that.  furtl icr  classificatioii into 'states' \vas o h s e r v ~ l  i i i  i It( .  5O-iOOí)O 

kel,' data .  from HE.40 S (Liiig et al. 1083. 1081) - liowever. j-ra!' olwrvatioiis a r t  iiot 

iiiclucleil liere. 

'ïlie short tiiiie-scale varialjility (flickeriiig) of C'yg S- I i i i  t Iic I i a i d  stat( '  lias Iiccii iiiotlelled 

iii  teriiis of raiidoiii 'shot, iioist.' piilses, follonitig tlici failiire to fiiict ai1.1. periodicity (e.g. 

Terrell 1912):  lion-ever. a, iiiHz QPO n a s  detected i i i  a iiiiiiiber of c'iicrg~. raiiges (e.g. 

l ' ikli l i i i i i i  et al. 1994 aiicl referetices witl i i i i) .  ' l h e  sliot,s art' tliouglit to lie the result of 

iiiagiietic flares iii t,lie accrt'tioii disc (e.g. Locliner e t  al. ICEI 1 aiitl icfei.c~iices \\¡i liitt). Tlir 

po\vc>r s p ( v . t i x t i i  of C'yg S- I is ílat I ) t h v  a I)rrak frcqiiciicy (- 0.0.4 -0.4 H7,) a i i c l  f0llon.s a 

po\vt.r Ian- lvit l i  slope - 1 .  stwpeiiiiig to -2 at  - 1 IJZ as o l~s t~ i . \~~< l  i i i  E.\70,5'.iT diitzi li!. 

Belloiii ,k Hasiiiger (1990). rl.liey iiiterpret, the po\ver spect t ' i i i i i  i i i  I o i . i i i s  oí' ii s l i o t  i ioisc)  

model iii \vliicli tlie break freqiieiicy is dcteriiiiiictl 1 ) ~ ~  tlic rclasatioii tiiiie of the shots. 

C'ross-correlation tecliiiiques liave beeii used lietn-eeii S-ray liglitciir\.c.s o f  differpiit e i ic~gy 

rmges a.iit1 a hard X-ray lag foiiiitl. i n  keeping ivitli t lie iiiodel of C'oiiiptoii iipscat,teriiig 

of soft pliotoiis by ;i coroiia (e.g.  híiya,iiioto k I<it,aiiioto 1989). 'í'lie tiiiie lags liave tieeii 

tlioiiglit t o  rc~prcseiit t lit' tliffiisioii tiiiies through the coroiia - i.e. a siiiall lag siiggest,s a 

stiiall coroiia. However, as the siiia.llest lag t~iiiies therefore suggest ~. a \.cry siiiall corotia 

( R  < : ~ ~ ~ í / c ~ ) .  it appears tha t  ciirreiit accret>ioii iiiotlels are iiisiiíficiciit t o  c x p h i i i  t l i ( .  

olwervatioiis (Pottscliiiiidt et al. 1 W S ) .  

The eiiergy spect,riiiii of ('yg X- l  iii t,lie hard state ca.ii be tlescrihetl by a pon-er Ian- (n-itli 
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Figure 2..5: X-ra?. energy spectra of the three states ¡ t i  uliicli C'j.0 X-1 lids he i i  ohservecl 

(froiii Girrliiíslii et al. 1999). 

spectral iiides - O.Ci-0.7) a t  eiiergies a.bove N 3 lie\'. wit11 a ('oiiiptoii reflectioii coiit.iiiriii 111 

coiiipoiiciit al1oI.e - 10 lie\:. There is also aii iroii I< line aiid ai i  iron I<ci fiiioresceiit line 

i~icliidetl i n  this reflectioii spectruiii (e.g. Dotie et ai. i992). 11o1.e et al. (iS97) fiirtlicr 

investigatttl the etiergy spectriiiii ancl foiiiicl t Iiiit i lie attwtioii disc c o i w i i a  (:líX') iiioclel 

of e.g. Titarcliiiii (l!N i) ivitli a slab geoiiietry dici  i i o t  reproduce t l i c i  oljscï\.ctl l>i.oatl X-ray 

spectriiiii of ( 'yg Y-1 the icsiiltaiit t I i t > o ï ( ' t i t i ì l  sl>"tti'ii ~ ~ P I ' C  i i i t i t l i  softer. IIo\\c\ .t>r.  the) .  

foiiiid tha t  a i i  : W C '  iiiodcl i v i t l i  :I sphtrictrl coroiia could result i i i  a self-coiisisteiit solutioii 

of teiiip(>ratiire aiicl opa,city Lvliicli fit. the observations. The iiiotlel \vas lattr esteiicied by 

Now& et al. (1999. aiid references nithiii) so as to iiicliide the observed tiiiiiiig properties 

of the sysiiwi - they siiggest,ed that the t h e  delays origiiiate i i i  tlie coroiia. rather t1ia.n 

i i i  tlie disc aiid Iteiiig i ~ i ) r o c ~ ~ s s e d .  They fiirt,licr coiicliidcd that.  siiice t l i c  coroiia is siiiall. 

if the  t i i i i v  (Icliiys a,re diie to linear ciisturbaiices propagatiiig tliroiigli the coroiia t,lieii tlie 

propagatioii speeds are \.crj. slon -- this is iiicoiisisteiit wit,li -411.A12 iiioclels. 

'ïlie liarcl state of (-!!.g S-1 is siirprisiiigiy varial>le iii teriiis of spectral aiitl teiiiporal 

properties. although t,lie state does iiot, a.ct iially cliaiige. Gilfa.iiov. C'liuramv k Keviiivt.sw 

(1090) st ticliecl fIAX-TE/PC'A dat,a a.ii<l foiiiid t.liat steepeiiiiig of the liard state spectruiii is 

accoiiipaiiietl by siiiiiilt,a.iieoiis increases in break freqiiciicy aiid tlie aiiioiiiit of idl(v-tioii: 

t'liey siiggesi,(d ~~ tliat t.liis is d u t ~  to a decrease iii the iiiiiei. radius of tlic disc. Potíscliiiiidt et 

al. (t9c)O) also foii i id that spectral liardeiiiiig is correlated with a clecreascl i i i  tiiiie lags aiitl 

iiicrease iii the reia.satioii t h e  of t,lie 'shots' - this iiiiglit suggest that a coroiia Tvitli large 

opt.ical cleptli aiid/or teiiiperat,ure is physically siiiallei. -4s iliore scattering eveiits iesiilt 
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iii il longer rcla'sat,ioii t,iiiie. this is also consistent Lvitli the oljserved sliot iioise variability. 

(1096) looked at 1100 days' wort,li of ('CRO/B:YI'CE data  aiitl foiiiici 

tha t  tlie slope of the eiiergy spectriiiii is correlated with tlie iiiteiisity aiid variability of 

the hard x-ray flus: ;i iiiodel !>y C'liakraha,rt,i k Titarcliiik (199.5) siiggc'stecl that  the iiiass 

accretioii r a t r  is iiideecl correlated with spectral index and picdicts it slì<icli iii t lw  ;i( 

disc siirimiiiidiiig a Illack hole. I i i  tiie coiitest of this SIi0t-k iiiodd. Aíolttwi, Spoiiliolt,z li 

C'lialiralmrti (iS!)(j) proposed t.Iint the Iocatioii of the sIiock a i id  tlie S-i.aj, luiiiiiiositj, vary 

qu~i~i-I>eriotlicallj~ nitli t lie freqrieiicy of oscillatioiis clepeiidiiig on t lie iiiaxs acrrctioii r i t te.  

C'rary et al. 
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$Sf{ i fc f ìvì is i t io i is  

'îlie traiisitioii Iwriocls liave also I I C Y I I  st tidied by a i i u i i i l w  of authors. Zlii-iiig t>t ;il. ( L P ) ~ ; )  

fouiid t 1ia.t while the luiiiiiiosities of I .:3-:3 lipV ai ic l  tlie 100-200 lie\. raiiges cIiaiigecI clra- 

iiiatically, the overall 1.3-200 líe\' luiiiiiiosity reiiiaiiied approsiiiiately coiistaiit t o  \vitliiii 

N i r >  Y, .  thus suggesting ~- that  tlie iiicreased soft, X-ra,y eiiiissioii coiiic's froiii only a siiiall 

increase iii iîI accoiiipaiiietl by a. decrease i n  inner disc radiiis. Cui et al. 199s iiotecl that  

t,iie teiiiporal aiitl spect.ral properties of both tlie up\vards and tlic tlo\vii\\vaids t i.aiisitioiis 

are  siiiiilar. The power tieiisity spectriiiii shows a low freqiieiicy power Ian-, a. flat coiiipo- 

iieiit i i i  the N 1-3 Hz raiige aiitl a steeper p o ~ e r  law at Iiiglier freqtieiicies agiiiii this is 

iiotecl to he siiiiilar to the very Iiigli sta,te. They  also foiiiitl a CIPO T-arj-iiig froii i  -t to i 2  

H z a iid I>ecoiii i i1 g iiio re proiiii iieii t at  liig her eiiergies . 
Aiiotlier iiiterestiiig result sepii tliiriiig the traiisilioii periods is a large iiicrease i i i  the 

1ia.i.d X-ray lags. \vlierea.s tlie lags i i i  t l i c  hard aiid soft states are coiiiparable (1'01 tscliitiiclt 

et al. :Is t l i r  iiiagiiit i i de  of the liartl N-raj- lags is tlioiiglit to c l t i t t \ i . i i i i i i e  tlic 

geoiiietr?' of t l i e  ('oiiiptoiiisiiig coroiia. tlieii either this t.lea.rly lias iiiìp1k:atioiis for iiiodels 

iii \vliicll tlicre is i i u  coroiia i i i  the soft state o r  the i99(j stat(.  cliaiigc \viis iiidccd uiilj- 

t o  the iiiteriiiediate state. It cert,aiiily a p p m s  t liaí i t  is i i o t  possible t o  cicttriiiiiie tlie 

geoiiiet ry of t l ie coroiia froiii st tidies of X-ray hgs  aloiic. 

2000). 

2.4 Ratlio Properties 

C'o i i iparcd  i v i t l i  the otlier M-avehaiids tliere lias heeii relatively little n.oi*k o i i  ( '>,g 1 - 1  at 

radio \va\.eleiigtlis. The t\vo i i i . J j r  iiiotliilatioiic (see Sec. 2.5 aiid ('lial>tci. 4 )  l i i ì i~ (~  oiilj. 

Im.ii tliscovcrecl receiitly aiid radio oliseruatioiis Iia1.c. gc~iir1rallj~ I x v i i  rcst.i.it't (VI t o  t iiiios of 

X-ray \.ariability. Fut,lieriiiore. iiiilike soiiie radio eiiiit tiiig X-ray I>iiiariw for  wliicli j c t s  

liad i~ct~i i  detected tliere swiiied to be little evitleiice for a j d  i i i  the casc ofC'j,g N-I  (hla.rt í  

et. al. 1OSíi). 

'I'lie iiiost iioiable property of tlio radio eiiiissioii o f  C'j.g X-i  is t lie fiat spcct 1'11111 aiid 

iliis \va,< iioti(wl iit the tiiiie of tlicl iiiitial radio observatioiis o I ' i l i i 3  so i i rw  (Iljt~lliiiiiig 1913). 

Alore rtcc>iitIy Fc.iiclcr et, al. (2000) Iiavc stiitliecl the flat spectriiiii at  rad io  a i i t l  iiiiliiiietrci 

n;i\dciigtlis - tlie spectruiii is iiicleed fiat across t h e  spect,ruiii r i p  to the iiifrarcd. at wiiich 

poiiit t he  eiiiissioii is tloiiiiiiatecl by the siigergiaiit (Fig. 2.6).  fIigli resoliitioii ol>scrvatioiis 

teiii liave beeii atteiiipted (I:IiIRT+adapt,ive optics - Brocksopp. iiiipul>lislied: 

IR.A.i\C; ~~ I~uclis 2000. private coiiiiiiiiiiica.tioi1) biit liave heeii iiisiifficieiit to r ( ~ s o 1 v ~  t.lie jet. 
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(predicted IC N 13) from the star ( K  N 6.5).  This would perhaps be an interesting project 

for the proposed Large Optical Array. 

The flat synchrotron spectrum, (anti-)correlated X-ray/radio behaviour and the very 

constant radio emission with little variability other than two regular modulations strongly 

suggest that a jet is responsible for the emission - some cloud of radio emission could not 

produce the observed properties of the system. However, it is only recently that a jet has 

been imaged - VLBA observations of Cyg X-1 at 8 and 15 GHz have finally revealed a N 

milliarcsecond jet (Fig. 2.7, Stirling et al. 2000 in prep.). 

2.5 Periodicit,ies 

Since the initial discovery of the 5.6 day orbital period in  the radial velocity rrieasiiremeiits 

(Fig. 2.1) ,  there have been numerous other detections. A double-peaked modulation was 

found in the optical (Walker 1972, Lyuty 1972) and the infrared (Leahy & Ananth 1992; 

Nadzhip et al. 1996) photomery, the minima of which are seen at the two conjunctions 

and the maxima produced as the tidally distorted star is viewed from the side. 

Wavelength (,urn) 
1 o4 1 000 1 o0 10 1 

I , , , , , , , , I  , , , , , , , , I  , I . , , , , , ,  I 1 , I 1 1 1 1 1  I , , , / , , , , I  

10’0 10” 10l2 1013 1014 1 015 

Frequency (Hz) 

Figure 2.6: The flat spectrum of Cyg X-1 extends through the millimetre wavelengths and 

iiito the infrared, where it becomes dominated by emission from the supergiant (Fender 

et al. 2000). 



2.5 Periodicities 39 

PLot file version 2 created 1WOV-1999 2000:30 
C O W  CYGX-1 RR 8421.475 MHZ 4 û.RCLN.6 

I I 1 I 

-5 t 

O 

5 O -5 -10 
MililARC SEC 

Center at RA 19 58 21.67634 OEC 35 12 05.7940 
Con1 peak flux = 8.0433E-O3 JY/ûEAM 
Lev6 = 2.828E-04 * (-1, 1,2.4,8, 1632.64) 

Figure 2.7: The jet of C'yg S-i lias finally beeii imaged at i 5  C;Hz (top) aiid G H z  

(bottoni) with inilliarcsecoiid rpxoliitioii by the VLBA (Stirling et al. 2000. iii prep.). The 

jet was observed at various orbital pliases but the resolution and seiisitivit? of tlio resultant 

iiiiagcs were iiisiifficient to deteririiiie whether any orbital variability n-as presciit. 
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ï i i e  or1)it)al period lias also ijeeii detected i i i  t.lie lia,rd K-ra.ys by Pacicxsas et al. (lc)s(j 
a i i c l  the soft X-rays liy \lien et al .  (2000) - tliere wa,s also a iiiriit.ioii of it earlier i i i  Boltoii 

(1072) aiid Halt, et. al. (1976); atlclitioiia~lly there arc a iiiiiiiber o f  papers i n  tlie litclrat lire 

iiivest,igatiiig t iie 'absorptioii clips' jtist prior to orbital phase O (e.g.  l B ~ I ~ i c i i í ~ l i ~ - (  'IiurcIi 

et al. 2000). 'Tliis is perliaps surprising for what, is coiisidtreci to lie ;i iioii-vclipsiiig 

systeiii. Brocksopp et ai. (1999. see also Cliapt,er 4) coiicliided t Iiat phase clepeiicleiit, 

alxorptioii by the s te l lx  wiiitl of t,lie supergiaiit is iiiost likely to he resjmiisible. \Veti et 

al. (2000) ii~octelled the soft X-my iiiodulatioii iii t,eriiis of \vilid aiisorption. The iiioclei 

worI<ed \vel1 f o r  the liarti sta.te data. a,ssttiiiiiig ;in iiicliiiatioii aiiglc of - :IO". altlioiigii they 

fo i i i i t l  acltlitioiiallj. tliat partial olisciiratioii of the X-ray source 1)'. the íiccïetioii streaiii 

is aii alternative iiiecliaiiisiii t h a t ,  f i i s  t,lic data. .  E'iiiall~~. tli(1 or1)iial period Itas also he i i  

detvctetl i i i  t h e  radio (Pooley. Feiicler S- Hrocksopp 19!49) - this is iiiililieiy I O  be t l i ( >  resiiit 

of jxirtiai olisciii.at,ioii by the accrctioii streaiii as the eiiiissioii sites arc> a coiisiderablv 

clistatice froiii the orbital plaiie. 'The radio iiiotluiat,ioii is iiivest.igatetl i n  teriiis of' stsella,r 

n-iiid ahsorption for tliret. different freqiieiicies i i i  Chapter 4. 

i t  is iiit,ert.st.iiig to iiot,e that the iiature of the iiiocirila.tioii is  v w y  diffei.ciiii wlieii the 

s o i i r ~ ~ '  i s  iii tlic soft xta,te - ( ' u i .  ('lieii k Zliaiig (10%) rcpoi'td tlia,t t Iicl orliital period \\:as 

iiot prostiit i i r  the f i - f - ïE d a t a  diiriiig the s o f t  state.. a s  diel  \Veil cl a i .  (2000). ï ' l i t ~  l a t t e r  

siiggestccl t hi i t  ctiiriiig tlic sof't state 4 t i ic ) r  tiie Lviiitl is siippiwseti i i i  t l t t  rrgioii oí the. X-ray 

soiirw or t l ic X-raj. c'iiiittiiig rcgioii sliriiiks so that, obsciiratioii 1)'. the accrrtioii strcaiii no 

loiiger occ~irs. depciidiiig o i i  the iiicrliaiiism for tli(3 o l i s~ r \~ed  iiiodiilatioii. 170iosliiiia et a.1. 

(1997) siiggestecl that the. optical iiiodiilatioii coiild stili IN oi)sor\wl diiriiig the soft sta.t.e 

hiit t I i i i t  i t  hacl hecoitic siiigle-peaked. This [vas pr0l);ihly d i i c  t o  (.oiiipoiieiits othri. t l i a11  

tliose 1)iwiuciiig t Iic orliit a1 iiiotliiiatioii doiiiiiiatiiig t>lie viiiissioii cliiriiig t l i t>  soft state í r i i d  

this is acldressed fur t l ic r  iii C'liapter 4. 

T I i c r t ~  1iaj.e lieeii iiiiiiierous other 'periods' iiieiitioiied i i i  t lie litrratiiw. iisiially a t -  

tribiited to possilile t Iiird hotlies. disc precession or i11a.s~ t raiisfer rate varial)ility. A :39 

(or 7s) clay iiiodiilatioii ~ a , s  foiiiicl iii three yea.rs' (1974-197i) nor th  of coiiibiiietl I' aiicl 

1.' lmiicl polarisatioii c1a.t.a ( I<~i i ip ,  Heriiiaii Sc Ba.rboiir 191s). They also foiiiitl a corre- 

spoiicliiig 78 d a y  iiiodulatioii iii tlie 3-6 iíeV X-ra? c h a .  from t.iie .Ariel - ì7/.4Shf. Tile 

y39 da!. i)criotl tvas also r(.ported iii the iiiteiisit,y ratios o f  certaiii speci rat hies aiitl iii t li(' 

half-nidtli of t,he He I A1471 liiie ( I<opylo~~ S- Sokolov 19x4) aiitl \vas assiiiiietl to be d i i e  to 

prcvxssioii of t h o  rot,at.ioii asis of I-IDE 226S68. At tlie ot,lier eiicl of t,lir. scale. a 4.5 j ~ a r  
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Ariel 5 26 r Vela 56 r 

8.83 1 , I I 8.83 

R X T E  

0.0 o 5  1.0 1.5 O 0  0.5 1.0 1 5  0.0 O.$ 1 o i 5 
* 

Figure 2.8: 1. band and soft X-ray data folded on the 294 day period for cliffererit time 

intervals. .-I siiigle-peaked curve cai1 he seeii iii tlie earlier data b u t  it l)ecoiiies double- 

p e a h d  i i i  later. da ta  (Lyiity et al. 2000, in  prep.). N.B. The ~q~lic~nieris '  tised foi. all six 

plots is tliat of Priedliorskj., Terril k Ho11 (1953) ~ P=Wl t1aj.s. To is the '('ar 1974.08. 

period was reported by Wilson k Fox (1981). thought to he dite to variability i i i  pt'iiastroii 

loiigitiide for an t4liptical orbit. This lias itever been confiriiietl atid 11ie whit is lwlic\ed 

to he circular. 

\L'alker '\- Quiiitaiiilla (19;s) reported a N 150 day period in four years' ttortli of B 

band p1iotonieti.j. Presiiiiiahiy ctoiible tlii\, a 25) I d a y  pclriocl was f o i i i i d  i i i  X-ray data by 

Priedliorskj. Terre11 k Hoit (1983) and later bj. fieiiip et al. (19x3) iii optical photoinet ry. 

Illore rectiitlj- Pooley. Fender S- Brocksopp (1999) and Brocksopp ct al. (1999) liave 

investigated a - 140 day period but found little e\idence for tlic 29-1 day iiiotlulatioii; 

interestingly. C'C$RO/BATSE data  prior to tlie 1996 state cliaiige sliowed a iiiore 4giiificaiit 

29 1 day iiiodiilatioii Iliati after the state change. They coiicliideti tha t  tlic ttvo periods 

are related, the shorter one being approsiniately half of tlie longer. No evidence for the 

294 dajr period was found i n  the depths of spectral liiies (Gies k Bolioii 19x1). however 

Niiikov. Walker k Yaiig (19S7) found that the eqiiivaleiit kvidtli of the li-! and €13 lines 

was significantly greater a t  phase zero of tlicl 204 day period. 

It is interesting to iiote tliat iii the two 'U  barid states' discovered 11y Lyiity et al. (2000. 
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iii prep.) there is no sigiiificarit diffcreiice iii the orhitai Iiglitciirveb. IIowever. the 294 tiai 

iiieaii liglitciirves for the two 'states' are very cliff'ereiit - iii tlie first \ i a t e  a single-peaked 

294 day iiiodiilatioii is clearly preseiit iii both optical c i d  X-ray data,  hut iii the second 

the iiiodulation Iwcoiries douide-peaked, suggesting that tlie 140 clay iiiodulatioii is iiiore 

a p pr o pr i a t e. 



Cliaptcr 3 

3.1 X Yew Ephemeris for C'yg X-1 

The s p c ~ t  i.ost.opic eplieiiieris lias beeti revised iiiaiiy times siticc. 1972 iisiiig a \.ari- 

The iesiilt~s of Gies k t3oltoii ( iSS2) Iia1.e Iieeii quoted (ej,./, = et,y of spectral l i i i w .  

.)..1.)9, r rC - 4 f 0.000S clays) as t l i c  defiiiitive values for over a clecatle aiicl there lias been little 

disagreeiiieiit,: while a variable orbital 11criod was triitatively siigg(1stcd (Sinkm.. CVaiker 

& ìaiig 1987) this lias tiever Iieeii coiifiriiied aiid appears iiiililic3ly. Lilimvisc t I i o i . ( ~  is very 

little e\-icleiice to suggest t h a t  t l i c  orbit iiia,y Iw iioii-circ.iilar. It is oiily iwciitl!- t h a t  a i i w v  

eplieiiieris lias I x w i  calciilatcd (F'(,,.[, = .5..5998 i 0.0001 c1aJ.s) a.iic1 this is n-itliiii tlic errors 

of t h o  (;ips k Holtoii (iOS2) rcsiilt (LaSala et al. 1998). :I iiiore arctirat(' i w i i l t  is giveti as 

Pc,g.l) = .5.,59977 f 0.00002 clays (Cowers et al. iO98) Ivliicli is siil)styiieiit 1). fit siicressfully 

to IIippa.rcos pliotoiiiet r i d  data. 

Tlic spectrtirii is t1ia.t of a typical O9 supergiant wit,li iiioderat,e Hri eiiiissioii, presuiii- 

ably coiiiiiig froiii t,lie supergiant (e.g. ßriicat,o S: Zappa.ia i97.k). aiid also I I e  11 X 4 W i  

eiiiissioii. Both of these eiiiissioii lines are siiperiiiiposed oli absorpt,ioii coiiipoitciits aiid. 

11). clistiiiguisliiiig tlic) t,wo coiiipoiie1it.s. it, lias beeti stion-ii by a iiuiiiber of aiit,liors (e.g. 

Aal) i9S:j) that t.he Hei1 eniissioii coiiipoiieiit is N 115 - 120' out of phase with t l i r  He11 

absorptioii coiiipoiieiit aiid t.lie siipcrgiaiit. .4s a result, of this it is tlioiiglit that t lie He 11 

eiiiissioii origiiiates iii tlir accret,ioii strea.m. 
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Figiirc 3.1: Typical spectriiiii froiii t Iic C’r.40 2.6 iriet re telescope. slio\tiiig the IIe I I  X4íjSíj 

aiid He I A4713 lilies. 

Nei l  her o f t  licse absorptioii coiiipoiieiits are suit.ahle for iiirasiiriiig radial \.(.locity clue t,o 

the iiiacciiracies iii\.ol\:td i i i  t lie reiiioval of the superiiiiposcd eiiiissioii. liisteíìd. a s  \vas the 

case for previous a.iit,liors, ive turn to t,lie He I a.bsorpt.ioii lilies wliicli a rc  iiiicoiitaiiiiiiated 

by eiiiissioii. 

Oiir 5pectra ~vercl  ol-ttaiiied iii 1997 .Jiiiie/.Jiil!. iisiiig the C’oiiclb spect rograpli of t l ie  (‘riiiieaii 

- ì s t  ropli!.sical Oltsc~rvatory‘s 2.6 iiietrc telescope. The tIetr3ctor tvas a (‘I)SOOOO ( IO2 f x2.X 

pixels) (‘(‘D arrnj . .  A l l  observatioiis \vere i i i n c l c  i i i  t l i e  wcoiitl orcler of a tliffiactioii gratiiig 

wi th  reciprocal dispersion of :I.A/iiiiii aiid rcsolutioii of 25000. ‘The typical esposiire tiiiic 

for each spectruiii totalld 1.5 Iioiirs resulting in a S /N  of -100. 

iVit i i  a spectrai tvidtli of íiûA. our 20 spectra ceiitred oli H ~ I I  x I(iS(j aiso iiicíiideci 

tlie He I X 4713 h i e  (sec Fig. 3 . 1 ) .  This is the lhe  n-e h a w  iised for oiir radial velocitj. 

stiitli(~s. altliougli a variety of otlier lilies have lwei1 iised by other aiitliors (see t)elo\v). 

Our choice of Hei  A4713 ivas iiifliieiiced by its probable lack of tviiid coiitaiiiiiiatioii aiid 1)‘. 
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Figure 3.2: Top: Radial velocity cu r ï e  iising acciiiiiulated data coiiipared witli theoretical 

ciirïe froin Balog et al. (1981). Bottoiii: Residuals 

its prosiiiiity t o  t lit. \.orj' iiitcrcstiiig He 11 X IG3íj eiiiisxioii liiic) ~ \sit li siicli Iiigli rcsoliiiioii 

atid the iiecessarily loiig esposiire tiiiies it i~ ; is  iì great acl\aiitage t o  obtaiii hot l i  liiies OU 

the saiiie sptctriiiii. 

' lhe spectra were rediiced iisiiig sta,iidard flat,-fielcl iioriiia.lisatioii aiid sky siibtracbioii 

techiiiqties. \%iwleiigt 11 calihratioii \vas achieved iisiiig T h A r  coiìiparisoii spectra aiitl 

t.o aii accuracy of less tliaii 0.5 kiii/s. The ra.dial velocit.ies nere calculatecl by fìttiiig a. 

Gaussiaii t o  t h e  core of each h i e  alid siibsequent ïaliirs of 1,;. can  be foiiiid iii 'I'aldv 3 .  i .  

The radial velocities of a t.ota1 of .1S differeiit liiies nere  olitaiiicd froiii the literat tire 

a,iid used i i i  the calciilatioii of our eplieiiieris - t,lie iiia.joritj. o f  tlitse caii be foriiicl i i i  Tal>lc 

2 of Gies ,!i Holt,oii  (1982): we also tise additioiial lie1 hies  (X. l ! J%i ,  X.5015. X504i. X.5Si.5. 

XG(i i8) .  osygeii liiies (O 11 X.iS.19. O J I  X4366. O 111 X1650), hIg11 X-llSi aiid N 11 X-4630. -4s 

with previous aiitliors all h ies  weye t reated ecliia,lly. althougli we note t h a t  iii1ioiiiogc.iieitit.s 

iii t.lie atiiiospliere of the siipergia,Iit (due to the variety of velocities iii tlie stellar wiiid) 

caiixe grea.ter sliifiiiig iii the red He I liiies tliaii t h e  blue - iiiifortiiiiatelj. i t  is i r o t  possililc 

to corrcvt for tliis without Iiiion.iiig csa.ct,ly Lvliicli aiitliors i~setl \vliicli l i i i w  for tach radial 
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T a l k  3.1: Radial velocities for C'riiiieari ohservatioiix of l W i  

.JDh (2400000+) V,. (krr i /s)  r.ri1.s. error 

5 O 6 1 5.49.56 

5 O6 23.46 7.5 

506 21.1 5s -5 

.SO 6 2.5 .45.5 3 

5 O 62íj .4 Ï92 

5064 8 .4 62 3 

506 49.5196 

50 6 5 O. 5 0.51 

506.51 ..5033 

.j O 6-53. .509.5 

506 5s. 464 3 

.5 O U: 6 O. :39 14 

50661 .WS2 

50 (i 63.14 52 

5 O66 Ï .-li1 Ï 

.506íj S. 1 1 61 

.jO(i(j!I. 13S2 

506 75 .3  5 50 

5 O 6 76 .4 72Ï 

5O(i i i .  4 i 5 1 

-1S..5 

GG.4 

- 1 4 . 3  

-63 .:3 

-12.Ï 

-7S.5 

-7..5 

,563 

(32.0 

-05.4 

-26.1 

-*52.1 

:33.5 

4.2 

i 1 .:-I 

66.2 

10.0 

-14.Ï 

-S6.0 

-2S.S 

-c 

1.0 

1 .'1 

1.2 

2.3 

I .:-I 

1 .:3 

1 .s 

I . 3  

1.1 

1.1 

I .O 

1 .(i 

1 .i 

i .O 

1.6 

1.7 

2..5 

1.2 

1.4 

1.4 
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ï ab l e  :3.2: Sources of R\’ velocities for C‘! giitii Y- 1 

.J1) source ho. of * , - I d  0 4 ’  

(2 rooooo+) spectra ( l m / ç )  ( k i i i / i )  

Siiiitii et ai., 1973 

\Velxter k Niirdin,  1972 

Gies k Boitoii, 19S2 

Hriicato k Iiristiaii. 1973 

YIasoii et al.. 1974 

\Valker et al., 1978 

Brucato k Zappala, 197-1 

Aiit e t  ai.. 197; 

* l a b .  19K3 

Niiikoj. c t  al.. 1987 

S o ~ e r s  et al. .  1998 

(‘aiializo et al.. l!IO.j 

Lasala et al. .  1C)OS 

C‘riiiiea 1997 (this work) 

0. l i 2 2  

o. 1 f2.7 

- 1 .SfO.S 

l . k k l . 4  

2.5 f 2,3 

-0 .65  1 .O 

-3.951 .s 

-1.95 I .  1 

-íj.:Ifl.3 

-5 .(j&0. I 
-9.Hf I .4 

li) .(if 1.9 

-0.9i 1 .s 

-1.lkl.9 

Table 3.3: ‘lhe O r b i t a l  Eleiiieiits of Cygnus  !i- 1 

Eieiiieiit Spectroscopic Phot o iiie t r ic 

Period (days) .5.5998’29fO.O0001(ij 5.599H:36f0.0000:?7 

‘To (.JDli) 2111S7 1.10710.009 2-l4li~j3..529fO.O09 

A-1 (Ii l l l /S) 71.03zt0.56 

J ( A \ f ) ( L l f .  ) 0.244 
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liidtleii eiiiissioii iii t’lie red n-iiigs of lines (this caii be caused by the stellar n i i i c l .  rpsiiltiiig 

iii a. Iiliiewa.rds sliift i i i  e, -velocity). 

To ol>ta.iii the orliital solutioii the softitwe was tlieii rui1 oii the clataset as a \ v h o i < ~  ovei. 

N (i itcratioiis. Prior to tlie secoiid iteratioii we reject,etl t.liose siwctra for LvIiicIi O-C‘ 

> 20 kiii/s -~ wi th  so iiiaiiy radial velocities froiii forirteeii tliffereiit soiir(w we still liad a, 

t,otal of 421 poiiits froiii whicli t,o deteriniiie tlie orbital paraiiieters (N.T3. i i i  retrospect I 

a,ckrio.i\-ledge that t>liis was iiot a good rejection criterion). lye 1ia.ve also oiiiitted the results 

of Seyfert k Popper (1911) titie t o  their coiisiderable iincertaiiit,ies aiid t.he iiiclusioii of 

liydrogcri li iies iii det.eriiiiiiiiig t,lie radia.1 velocities. The resiil t a 11 t ra.d ia I velocity c urve 

for the n;liole of oiir coiiipilcd datasct, is sliowii iii Fig. :3.2: residuals aro also plottecl a i id  

slion. a cl(3fiiiiie lack of structure. The orbital paraiiieters ivcw’ oii taii ir4 aiid caii lie fouiitl 

iii ‘Talile 3 .1 .1 .  aloiig ivitli tlie eleiiieiit,s ralciilateti iisiiig tlie pliotoiiietric d a t a  (see iiest 

sectioii). \Ce calculate t lie orbital period to he Porb.sl, = 5.590S20 O.OOOOl(j  t1aj.s aiid 

define ‘To as the tiiiie of sii perior coiijunct,ioii of t,lie I h c k  hole. 

O i i i .  new. Iiigli quality spect.ra liave enabled u s  t,o estciid tlie Iiaseliiie for the eplieiiieris 

by over 100 da,ys. .As well a s  iiriproviiig the accuracy of the radial velocity c i i r ~ ~  it, also 

eiiip1iasizc.s the stahility of tlie orbit of Cygnus ?i-1 o i ~ r  loiig time iiitervais. I n  order 

to check this stability a, iiiodel c1at)ast.t lias b c ~ ~ i i  rorripiitetl, n-itli siiiiilar saiiipliiig to t lie 

origiiial. Raiidoiii iioise aiid a siiiiisoidal period have 11ecii aclt l t~l  aiid t lie I,onili-Scargle 

perioclograiii calcriiateci. This kvas coiiiparetl [vitli that of the real d a t a  aiid i t  was foiiiid 

that. t l ic FlT’I-lIl of the peaks iiiatcli t o  witl i i i i  tlie errors of tlie opliciiieris liad any 

va.riaIiilit,y iii P taktw place over the course of the observatioiis tlicii the FlVil31 tvorild be 

sigiii fica li t  Iy cliffereii t .  

‘I’hc. pliotoiiietric I-BI-tlnta ivere obtaiiied a t  tlic (iociil telexope at tlie (‘riiiicaii Labora- 

tor! (Ndiicliiiy, (‘riiiiea) of t l i c  Steriiberg i2stroiioiiiical Iiistitrite dririiig iO7i - iO9~ i i j  \?..il. 

Lyiity. The piilse-coriiitiiig pliotoiiieter \viis used escept for eight iiiglits iii July-.Ziigiist 

1997 \vlieii i t  was cliaiiged to a C‘C’U pliotoiiieter with CT61. C’aiiiera (SBIG). .I11 obser- 

vatioiis \vere inade with reference to  the staiiclard BD +35°3S36. i- = 9‘”.97(j> B - \ -  = 

O”’.590. I *  - B = O”’.Oíi-t (Lyuty 1972). l’ve therefore 1ia1.e a Iioiiiogeiieoiis pliotoiiic.tiic 

d a t a d  5paiiiiiiig 26 years aiid coiitaiiiiiig iiiore thari SOO ohser\ tioiis. Foi. this reasoli \ve 

did iiot iisc the pliotoriietric da ta  of otliei. a i i t  hors escept tliosC of I~lialiiilliii S- I\lialiiilliiia 
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(i981) nliicli w e i ~  obt,aiiiecl n-itli the saiiie tclrscope. pliotoiiieter aiitl local staiidarcl. 

.i Discrete Fourier Tra.iisforiii \ïa,s used to obt,aiii t.he pliotoiiietric period iii each of tíre 

I'. B aiitl 1,- filters. 'The iiieaii for t,lie t h e e  filters! ~ , , . , l , l ,~ to t  = r>.5908:3íi f 0.000024 clays, 

is iii reiiiarltablc agreeinetit with the spectroscopic period. \Ve cio iiot pi'cwiit t l i c  pon-er 

spectruiii Iicrc a,s the  peak correspoiidiiig to the pliotoiiietric period (aiitl its aliases) is the 

oiiiy sigiiificaiit peak i n  tlie freqiieiicy raiigc froiii zero i i p  to t,lic NJyi i is t  freqiieiicy. 

I'revioiisly Iieiiip rt al. (1987) gave the iiiost accurate value for the plrotoiiieti.ic period 

a.iicI t.lic epoch oí' priiriary iiiiiiiiiiuiii (superior coiijuiictioii of X-ra,y soiircc.) as: 

Jliii I = JD244i  163.631 (&0.005) + .i..iWs.S(fO.OOûi 2)E'daj.s 

The low acciiracy of the period value iiia,y be due to coiiibiiiiiig differwit data.sets. 

H o ~ e v e r ,  usiiig the same da ta  L,loytl c\r. \Valker ( I9S9) obta.iiied ci,.[, = r>..5CI!W;! f 0.00005. 

wliicli c.oiticides nit.ii tlic iiiore accurate value of 5.59982(i.OoOO.l) (1-olosliiiia et al. 1997). 

Natlzliip et al. ( 199íi) also iiiipro\-rd t l i e  cpocli of priiiiarj, iiiiiiiiiiiiiii  t o  .ID 2-44 1 líi:1.5~47f0.005. 

Oiir i i ~ i v  (~poc'li of superior coiijuiictioii (Table 3.1.1) corrmpoiids to priiiiarJs i i i i i i i i i i i i i i i  

at .JD24111íj3..529 f 0.000. so. we can give) tlie iiiost acci i i~ai t  cplieiiieris as: 

lysiiig this eplieiiieris \ve liave coiistruct,ccl the iiieaii I - B I ;  c u n w  for o u r  27 years' 

\vortli o f  plioíoiii~~tric data (Fig. 3 . 3 ) .  

Iia1.e iiot wecl a11 a.vailaI,le iiieasureiiieiits. hiit oiiljr 1-5 per iiight. totalliiig S27 C 7 1 3 1 r  

iiieasureiiieiit,s (while only - 3 poiiits n-ere take i i  duriiig itiost iiiglits. o11 soiiiv occasioiis 

^ci .5O poiiits wrrc? iiiade i i i  order to s tudy t,lie f a t  variabilitJ, - i t  was i i i  tlirsr iiist.aiic.es 

that - -I-.? poiiits !vere selerted fioiii the hegiiiiiiiig. iiiidtlle aiid ciitl of t l i r  ~iiglit i i i  oidci. 

t,o I>e coiisist.ciit with tlie rest of the dataset). The obscr~~cd iiieaii c u w w  are c.oii ipard 

wit li t lie t Iieoret,ical ellipsoidal curves of Baiog. Goiicliarskij ,!? C'liercpaslicliuk (1 !Mi). for 

~vliicli i = 50'. q = 0 .33 .  p = 0.9. T* = :300001<. 

To iiicrease t l i c  Iioiiiog<.treity of I li<. (liit;istat 

The ciiscrrpaiicy IietLv\-t-.eii the ohserved iiieaii lightciirves aiid the tlieorclt ¡cal curve coiilcl 

be esplaiiied i i i  teriiis of the stellar ti-iiid - a t  plia.se 0.5 t lie s ta r  is fiirtlicist froiii us aiitl 

so ive ol>seri-c the part of the i ï i i i c i  wliicli i s  a.ccelerated by the gravitatioiial ficM o f  t l i e  

hlack hole. \$'ere the accretioii disk respotisil)le t lieti \ve n-ould recluíre a hot disc.. ra.clia.tiiig 

sigiiificaiitly at the blue oiicl of t,lie spectrum iii order to produce the great'cr discrepancy 

iii l h e  C; baiitl (see Fig. 3 . 3 ) .  Fiirtlier a.tialysis of tlie pliotoiiiet,ry is iii preparatioii. 
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Figiire :j.:j: Ol~scnwl inea II liglitcur\.es for 191 i- 1997 coin pared wit li t lirorc~tical e l l ip~oidal  

curve of Balog, Goiicliarskij & C'licrepaslicliuk (19S1). 
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3.2 Evidence for a Photo-ioiiisatioii UTa1ikc? 

The stel1a.r n-iiid of a.ii OF3 s t a r ,  siicli a.s the optical cwuiitrrpaiit to Cyg 1 - 1 .  is (liiiittccl 

by radiatioii prrssiirr i i i  the star's oiiter atiiiospliere \vliicli sci j t  t,('rs aiicl  aIxorI~s  pIiotoiis 

i i i  iarioiis spectral liiies foriiied iii t,lie wiiid. The acceleratioii of the rviiitl is iiiíluciiced by 

t,lie degree of X-ray lieatiiig aiicl ioiiisatioii froiii a coiiipa,ct object sit,uatecl i i i  the pat Ir of 

the wiiitl (Hatcliet,t, k McClray 1 9 7 ) .  While ali iiicrea.se iii X-ray Iiiiiiiiiosity iiicreases t lie 

hit%-tlriviiig force aiitl lieiice the iviiit! velocity, oiicc the X-raj. Iiiiiiiiiosit!. is of tlir O K I P I ~  

l ~ : ~ . ~  ~ r g s / s  t i i c  i i i i e  force aiicl iviiitl velocity begiii t o  decrease agaiii. ï'liis is due  to tiir 

iiicreasiiig proportioii of Iiiglily ioiiiscci specics aiitl ail iiicrea.sc i i i  optical dcptli of t l i r  liiics. 

B. t I ~ C  iiirie i ~ i e  X-ray iiiiiiiiiosity reaches 5 x crgs/s the high ioiiisatioii iii tile regioii 

a.roiiiid t h e  coiiipact object is sufficient to o\.erroiiic tlir liiic>-driviiig force. t,liiis qiieiicliiiig 

the racliat ivc itcc&ratioii (Alxgregor k Vitello 19x2). 

This regioii of high ioiiisatioii aroiiiid the coiiipact object is kiinnii as  the St,röiiigi.eii 

zoiie. O i i  collicliiig \vit,li tlic) Síröiiigreii zoiie the stellar n i t id  is a t t c i i i i a t~ t l .  iwiiltiiig i i i  

the foriiiatioii of' stroiig slio<~ks a i i d  dciisc sliccts of gas t ra,iliiig t.lie K-i.a!, soiircv (Fraiissoii 

k Faliiaii IOSO). I'reclicted tlieorctically (Hatcliett (1- McCray 1077. Fraiissoii k Fabiaii 

ISSO). ol)sc-.rvatioiial evicleiice for this .plioto-iuiiisatioii' ivalie at, certaiii pliases of i lie 

biiiary o r b i t  lias iioxv heeii discovered iii the LiSíXB t,eiiis \-ela ?i-1 a i id  4 7 7  1700-37 

(I<ap(v (11 al. 1994). 

I n  a H M S H .  such as \'ela 'i-1. one would iiot expect t o  see ail!. orbital variabiliti. 

iii t l i r  atxiorptioii liiies ~~ other tliaii the radial \-elocity of the biiiary systeiii. Hon-ever, 

distiiici o r l i i a l  \arial>ility is scieil i i i  soiiie of the liiies froiii the niiid of \-ela X - i .  'í'lie 

H J  aiid tic I A1171 proíìlcs of I\;aper et a,l. (199-1) are sliowii iii I ' i g  3.4 t lie spectriiiii a t  

phase O.:37 is siiigle. t.lie rest a r e  coiiiposites of tive or  three. 'Ilie da.slied l i t i e  repr~se i i t s  

t,lie average of all spectra aiid clearly iiidicatcs t,lie prcs(wcc of aii additioiial l)liio-sliift(xl 

a bso r p t, i oii co i i i  poiieri t at pli ases O. (i-O .9. A ret! -sli if t ed e i i i issi o ii CO i ii po i i  c i1 t is al so 1) rcse t i  t 

at. plia.ses 0.6 a,iicl 0.9. 

These featiircs c a i  be oxplaiiied i i i  teriiis of a plioto-ioiiisa.tioii wake foriiiiiig a t  t h e  

iiiterf;ic.v Iwt iveeii the Ströiiigreii zone aiid the stellar wind aiid trailiiig oiit aliiiost 1ia.lfwa.y 

rouiid t lie orbit., At the orbital phases for which the plint,o-ioiiisatioii n-alie passes iii front 

of the siipergia.iit a bliie-sliifted alxorptioii coiiipoiieiit ca.ii be seeii iii the spcctra.; tlic' 
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Figure 3.4: HI? arid He 11 A4471 profiles of Vela .Y-1 clea,rly sliowiiig a blue-shifted absorp- 

tioii coiiipoiieiit at, phases 0.6 ~- 0.9 aiid a.dditioiia1 eiiiissioii a.t phases 0.6 a i d  0.9 (frolli 

1.- - L  - 1  ,Tin, \  -1 . -  - I - , * , . , ]  1: _.,_ : , . , I . -  ,..- ~.~ ?.q-11 ',-,,-ti.- 
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aiiioiiiit of recl-shifted eriiissioii that  cali be observed is deteririiiiecl by the position of the 

Ströiiigreii zone relative to tlie line of sight. A sclieiiiatic slion.iiig this takiiig place iii 

l é l a  X-1 cai1 be seeii iii Fig. :3..5. Also sliowii are a tidal stream frniii the On s t a r  to the 

iieiitroii s t a r  aiitl aii accretioii wake wliicli foiiiis as the iieiiíioii s t a r  passes tliroiigli tlir 

stcllai u iiid. 

IVliile t lie orbital variability lias beeii teiitatively esplaiiiccl iii terins of ol~scii ratioii 

by t h e  tidal 5trearn and/or accretion wake. tliese coiiipoiieiits ar(' too m a l l  to prodiice 

tlie sigiiificaiit aiiioiiiits of absorptioii seen (I(aper et al. i091  iiiicl refereiiccs witliiii). It 

therefore seeiiis that the photo-ioiiisntioii iiiodel fits the data iiiiicli tiiore satisfactorily. 

C:iieii  tlie 4iiiilar *OB supergiant + toiiipact ohject' iiatiires of C'>-g K-1 aiid \-ela S-i. 

it \ vas  suggested that ('yg N - i  iiiay also 11ci n witalile caiiclitlate foi iii\rstigatiiig a photo- 
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ioiiisatioii wake. Notalde differences between the two systems are that ('yg 'i-i lias a tllack 

hole compact ohject to Vela 1 - 1 ' s  neutron star aiid that whereas \e la  'i-i is ail eclipsiiig 

Iiiiiary ( a s  is Il' i700-:37). tlic incliiiatioii of Cyg X - i  is tlioiiglit to be :lOo (..g. C4ies 

k Bolton 1C)XG). 

3.2.1 Oliservatioiis aiicl Data Reduction 

The spectra were obtained by E.J. Ziiitlerwijk over seveii iiiglits at  the 2..5iii Isaac Newtoii 

Telescope, La Pdriia iii .I uly 1994: tlie Interiiiediate Dispersion Spectrograph and Tek:J 

cliip u'ere used. Various waveleiigtli regions were observed. riotahly the peculiar emission 

lines of H a  aiicl I I ~ I I X ~ G H ~  as well as a iiuiiiber of alisorptioii liiies: the spectra \vere 

centred on AX41 13. 1405, lG2ï ,  I W S .  6.560 with a reciprocal dispersioii of 0-9 .A/iiiiii. 

Tile uiirccliiced da ta  were siihscciiiently obtaiiied froni tlie INS  archiw. 

I R  \ Y  \vas  used for tlie reductioii of í l i ~  spectra wliicli consisted of staiiciarti hias sub- 

tractioii, fiat field division, optiiiial estractioii. n~avelengtli calibration aiid coiitiiiuuiii 

noriiialisatioii. Further details of the reduction are oiitliiied below. 

The l ias  fraiiies frniii each night \vere checked itidividually and tlieii coriibiiictl iisiiig 

I ~ I C Q \ I B I V E .  prodiiciiig aii aIcragc3 of approsiiiiately teii fraiiies nitli u Iiicli aiiv st riirtiire 

i i i  the l ias <icross ílic ( 'C'D could Ilc reiiioic'cl. .i I ~ P ~ J .  siiiiple rejectioii algoritliiii \ \as iisetl 

( I i i i i i i i inu)  i i i  \i liicli tl ic.  iiiglieit pixel i i i  each fraliie n i i s  i.ojcc.ted. l?ra11i~5 nere \vcigliítd 

nccoidiiig to their iiiediaii iralue. I ~ I A R I T I I  \ vas  tlieii i isrd to subtract  this a ~ e r a g c  bias íroiii 

tlie flat field. arc aiid object frames. Tlie iiiediaii of approximately forty coliiniiis of t lie 

overscaii regioii for ear11 fraiiie was deteriiiiiieti; the coluniiis were tlieii fitted with a first 

ordci C'lieliysliev polyiioiiiial. rejecting points 3a froiri tlie f i t .  Tlie fittiiig and siibseqiic~tit 

subtraction of the fit froiii each coliiniii of the data nere acliieied iisiiig (*oI,ßIAs. 

As oiily a total  of five flat field fraiiies (tiiiigsteii Iaiiip) at eacli na\c4eiigtli liad been 

takeii oi.er the w i ~ i i  iiiglits I have averaged tlieiii all together, agaiii nitli I L I ( ' O \ I B I N E  hiit 

this tiiiie iisitig a niore ~opliisticatecl rejection iiic3tliod (crrcjcct) ~ the spread of data poiiits 

n a s  ciet(~iiiiiiietl. taking the gain aiid read-iioise into accoiiiit, aiid points :30 above this fit 

were rejected. The combined flat fieids were normalised to iiiiity usiiig R E s P O N q E .  'rile 

arc aiid object fiariies \vere tlieii clividcd ( I M A R I T H )  li! the resultant i n  order  to reniuve 

any pixel-to-pisel i ariatioiis i n  respoiise. 

Extracting tlie spectra iiivolved a iiiiiiibcr of steps. all usiiig the I R  Y F  pachage .\PALL. 

The estractioii witidow n a s  defined so as  to iiicliide all the light íioiii the s ta r  - given 
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:j.2.2 I<esults - absorptioii liiies 
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spectra slirnvii i n  Fig. :<A ( I i a p e r  ~t al. 199-1) aitt l  so SOIIIP o f t  l i ( .  (letail iii t 

caiiiiot I>e seeii clearly. 

56 

\\(,;$lici. l i i ies 

Fig. 3 . 6  slio~vs the  pliase resolved spectra of tlie rcgioiis of t lie H d .  1-13 a i i t l  HrS ;tl,sorpt.ioii 

lines. Fig. 3.7 aiid 3.8 show s i i i i i h  plots of He I X.4026, X1121, A-4144. X I:<SS. A1.171 aiicl 

X-tO'L:j. I i i  ail cases i t  caii be seen t . l ia t ,  \\;hile tliere is clc>arly soiiie orbital \xriaI)ilitj. o f  t l i cx  

line. i t  is t,he velocity rather than  the profile tha t  is cliaiigiiig. Therefore tlic liiics appesi' 

to  I>c pii rely pliotosplieric ivitli i i o  significant aclditioiial variable coiit riljiit i o i i  I ' i o i i i  tlic 

iviiid. 

This is siipported hy Ciaiializo et. al. (1995) wlio foiiiicl t,lia,t ~vliilc t,lie aiiioiiiit of 

a,bsorptioii i n  the  Iilue Lviiig of He I X.587íj a.iitl Hi3 (a.iid. t,o a lesser extent.  soiiic' other He I 

liiics) does vary ivitli orhital phase. the 111;/1imunt ahsorption occ1irs a t  phase O.( i  ~ tliei.(~ 

is i i o  í t d ( l i t  ioiial IAiio-sIiif'tecl ahsorpt,ioii. 'ïliis \voiilcl bt cspect,ed as  t l i v  iwliictioii i i i  both 

witid s j " 4  aiid liii(l-tlriviiig forcc~ c a i i s d  by the Ströiiigwii zoiie surix)iiiitliilg t Iici X-ray 

soiircc r a i i  Iw ol~ser\.(d a t  this urljit.al pliasc~ (e.g. Da\,is k. iìartiiiaiiit I ! N 3 .  I'IT.\.Ps et i l l .  

19SO). 

:Ut,eriiati\dj.. this \.a riatioii i n  absorption 1ia.s also l m ~ i i  considered as  a liidtleii eiiiis- 

sioii coiiipoiiciit. To iii\.cst igate tliesc I i i d d ~ i i  eiiiissioii coiiiporic~iits a iiiiiiit,(~r of' prm.ioiis 

a,iit.liors have attciiipted t o  subtract  the ahsorptioii spectra of \.aiiotis staiiclarcl O13 s t a r s  

fioiii tliat of Cyg N-1 (e.g. (:¡es k Roltoii iWj). 'The residuals have revealed \vcíik riiiis- 

sioii voiiipoiieiits i i i  tlie R a l i i i ~ r  liiies aiid iii soiiie He J J  lines. t1iifoi.t iiiiately. t l i c  poteiitial 

f o r  error i i i  t l i t  iiictliotls iised to otjtaiii the  'piire ciiiissioii' coiiipoiieiits is t o o  gixlat (pa r -  

ticiilail!* if tlic o l ~ ~ i . \ x ~ l  aksorptioii liiie tlept,lis vary iv i t l i  orbital i)liasr) íiiicl t l ic  ( la ta  

quality too poor t o  att,eiiipt to investigate the eiiiissioii profiles for the subtle fciat,ures seen 

i r i  Fig. :3.1. I,ikenise, tvliile the shapes of [lie ßaliiicr l i ~ i c ~  siion-ii iii 1:ig 3.íj slio\v soiiie 

varialjilit!. \vliicli is p roba t i l~  t l i i e  t o  coiitamina.tioii hy wiiid otiiissioii. I d o  i i o t  feel i t  is 

nwrtlin.Iiile t i t  t(1iiiptiiig to siibt ract absorptioii coiiipoiiciits ~ the t n o  rt~asoirítijlj~ stroiig 

eiiiissioii liiies aic iii\,est,igatcd fur ther  iii the  nest, st3ctioii. 

7Isiiig tiie i r u F  package FXCOR tlie spectra were cross-correlated w i t l i  observatioiis of 

thc. radial \'eIocity teiiiplate i?) C'ep wliicli is of siiiiilar spectral type to tlic coiiipaiiioii 
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Figure 3.6: Hydrogeii absorption h i e  profiles. It can be seeii that  the oiily variability of 

í l i c w  iiiies is due to  the orbital iiiotioii of the star aiicl tiiat there is 110 aclcìitioiial n.iiid 

coiiipoiieii t .  
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Figure 3.7: Helium absorption line profiles. It cari be seeli that the only variability of 

these lilies is due to the orbital iliotiori of the star and that there is 110 additioiial wind 
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3.2.3 R(>siilts - eiiiissioii liiies 
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Figure 3.11: Profiles of the peculiar Ha and HeiiX4686 emission lines. In both cases it 

can be seen that more than one componeiit is present ~ it is thought that an  emission 

component formed in/near the accretion stream is superimposed on the P Cygni (Ha) 

and absorption (He 11) components. 
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sliiftecl absorpt>ioii component' i n  the residua.1 profiles aiid t.licrefore possiI~I(~ cvideiice for 

a. photo-ionisation make. However. tlie a'bsorption trough appearecl at pIiase 0.2, rea,(.lied 

a, tnasiiiiiiiii ciept~li at phase 0.5 and was only just, preseiit at  pliase 0.7. If these results 

were due to a, ~)lioto-ioitisat,iori wake then the geometry of t,lte iiiodel would need to !)e 

re-assessed. The low signa.l-to-noise of the &ta and dubious iiiet,liod of obt,aiiiing t,lie 

eiiiissioii profiles probably renders this unnecessary. 

To iiivestigatc. all the eiiiissioii liiies crccumtely (including all the Baliiier lines etc) of 

Cyg X- i .  be it t,lie eiiiissioii 01' t,lie absorptioii coiiipoiieiit,s, it a,ppea.rs that  a new iiiet.liocI 

is iiecessary. Sowc~rs et a,l. (1998) use a toiiiographic a.iialysis to build a two coiiipoiieiit 

profile of H a  a i d  arc relatively successful. However. to iiiiprove on u.liat, they ha.ve cloiie, a l l  

the eiiiissioii liiies should be studied (ideally siinulta.iieoiisly as the eiiiissioii coiiipoiieiits 

prolxibly origiiiat>e in t,lie saiiie region) with high resolut.ioii, high signal-to-noise data 

spatiiiiiig ( I / /  phases of It'itliout, this tlieii tlie oi.1iit-to-oi'bit variations 

coiisiclerecl i n  tlic i i r s t  cliapter n-ill cause confusion. 

s i / i g / r  orbit,. 

3.3 Coiirliisions a i t i  Further Work 

Our i iwv.  Iiigli qiiality spectra from tlie CrAO liave enabled tis to est enti the baseliiie 

for t 1ic ~plieiiieris 1)). o v ( ~  400 days. ('oiiseqiieiitly lve liave r ~ f i i i c d  t lie orbital period 

of C'yg N - i  and reiiiaiii ~ v i t l i i i i  agreement of t l ic  results of iiiaiiy otlicr iìutliors. Our 

value of .5.599S29 clays for the orbital period &o pro\ides an accurate lit to 2 1  years' 

north of' pliotoiiieti'y. As well as iiiiproviiig the a c c u r a q  of tlie radial \'cl»city ciirve i t  

also eiiipliasizes the stability of the orbit of c'yg S-i over long tinie intervals. Fiirtlier 

i~iiiIti~va~~eIeiigtli aiialysis will follow i n  the ,  iiest chapter. 

Despite looking a t  a iiiiiiiber of absorptioii lines i i i  the I N T  spectra of C'>.g X-1. tlie 

only o r l i t a l  variability appears to be the Doppler shifting of pliotospli(~ric liiies a s  the star 

approaches and recedes. There is no evidence for an aclditional blur-shifted absorptioii 

coiiipoiieiit due to a i>lioto-ioiiisatioii wake, eitlirr iii the spectra tliciiiselv~s or i n  the radial 

I elocitj. cui tres. I note that prc\.ious authors liave foiiiitl liiddeii riiiissioii coiiipoiieiits 

i i i  various lines (particiilarly the Baliiier lines), cliiiiiiiisliiiig at  orbital pliase O..5 - t h i s  

nould be expected i i i  accordance with tlic ílatcliett-hícC'ray ( 1  971) effect. Ilowever. t lie 

I O W  resolution of the data aiid tlie iiiaiij' errors involved i n  atteiiiptiiig to siibtract tile 

absorption spectrum make it iiiiwise to iii\mtigate this liicldeii emission Iicre. 

It  swiiis iiiilikel~ that a black hole system, sucli aii c'yg X-i .  n-liicli is a bright ?i- 
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ra.y soiirce sli~iild iiot he obser~ed tjo lieat aiid Iieiicc~ at,teiiiiate t l ie n-i1itl c;iifficieiltly to 

produce ali optical1.v t,liicl; plioto-ioiiisat,ioii iva,líe as iii tlic case cif i -e la  1- 1. 1 1 1  faet it  is 

iliore likely that n-it,Ii a,ii X-ray luiiiiiiosity of  2 ioi3: ergs//" (e.g. Siiiitli. filargoii ('oiiti 

19Ï:3) i iic X-ray Iieatiiig is siifficieiit to conrp í t t~ í y  iotiisc tlici wii i t l  i i i  tlie WgiCJii ot'tlie IiIacIi 

Iiole. ('oiisecjiiently the wiiid is slotved iii all licit the sliatlow of t l i c  X-ray s o t i i ~ e  aiid 50 

shocks a t  the iiitcrface betn;c>eii tlie f a t  'shadow' wiiitl a.iid tlie regioii of high ioiiisatioii 

a.re iiot. probed iii these da,ta (Iiaper 2000, privat,e corriiiiuiiicatioii). This sceiiario ma.y 

iiot, lie coiiipa~tible with the fociissed stel1a.r wiiid iiioclel of Friend <\,  astor tor ( i9S2) .  Ciies & 

Bolton ( I 9X(iiì) ~ Iion-ever t he fociissed st,ell,zr ~viiicl  iiioclel does iiol siifticicxiitlj. dea,l viit,li 

X-ray ioiiisatioii. Cïea,rl>~ botli ii1odels slioiild be devc~lopeci siiiiiilt a,iieoiisly i i i  o r c l c ~ i ~  t,o 

esplaiii the resiilts seeli here aiid iii t,lie iiest cliaptcxr. ít, n.oiild 1x1 iliì interest iiig exercise 

to deteriiiiiie the \viiid velocity of Cyg X-1 at  tliffereiit orbit,al pliascls to see to ivliat, extent 

t,iw xi-iiid is fii l ly ioiiisetl. 

,411 altc>i.iiative siiggestioii is simply tlia.t the iiicliiia,tioii aiigle of C'yg 3-1 is too small 

foi. t l i ( A  ~)lioto-ioiiisatioii ivake to obscure o u r  litic of siglit. Tliis coriltl lie iiiiicli niore easily 

test t d  I>y iiiiì1;iiig pliase-resolved spectroscopic ol)ser\-atioiis of tieiitroii s t a r  systcxiiis of 

siniilar X-ray Iiimiiiosities aiict lïirioiis iiicliiiatioii iliigl<ls to deterniiiie lion far  out, of tlie 

oïbitiìl plaiie t.hc Itlioto-ioiiis¿itioii rvake ca.ii be cietect~d. 

It is also iiitcïestiiig t o  iiote tha t  n-liereas t li(. predicicd X-t.a>. I i i i i i i i i o s i t~ .  of the iiia,jority 

of 013 HhIXBs is less tliati tha t  observed this is iiot the ca.sc for ('yg S-l. \f,'itIi thc X- 

ra!. liiriiiiiosity iiiversely proportioiial to the foiirtli power of the wiiid velocity (assuiiiiiig 

the X-ray 1iiiiiiiiosit.y is due to a.ccret,ioii froiii the wiiitl only) this suggests t h a t  i i i  iiiost 

cases ( l i i i l  appiìrciitly not iii C'yg X - i )  the wiiid is slo~.ed ii i  tlic ix.gioii of liigli ioiiisatioii 

trailiiig t lie coiiipact object. i.e. t lie St,rGingreii zoiie (Iiaper 1998). H o n e \ ~ r .  1 lie X-ra?. 

hardiiess ratio o f  C ' J ' ~  S-i is seen to  peak at  high orbital pha.scs aiitl this coiiltl lie due t,o 

the absorptioii of soft, X-rays by the pliot,o-ioiiisa,tioii \va,ke i i i  the litio of siglit ~ altliougli 

other iiieclia.iiisiiis liave beeii suggested. e.g. absorption by the ~ i n d  and/or accretion 

si remi (e.g. B a ~ i i c i ~ s ~ , - ~ ' l i i i r c l i  rt al. 2000). Soiiiethiiig different. t,alic's place iii t lie C'yg 

X-I s!.steiii a s  t.lie X-ray liiiiiiiiosity suggests that, t,lie w h e t  is coiiipletdy ioiiisect i i i  the 

iqioii of t h e  black liolc ~~ the fociissiiig of tlic wiiitl into qiiasi-Roclic lohe overflow iiia,y 

lje r(~spoiisih1e licre. r\s tiicre is certa,iiily evideiice for ail accrotioii disc a.iid C'oiiiptoiiisiiig 

coroiia t h e  wiiid accretioii r d a t  ioiisliip above is prol,a lily iiot ï ~ ~ i < ~ \ ï ~ i i t  Iicrc~. 

The focussect iiatiire of the stellar wiiid of Cyg X - i  coiiipiicates iiiatt.crs as t h o  1' C'ygiii 
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profile of í Iic Hn eiiiissioii is suimiiiiposed hy ali adclitioiial eiiiissioii coiiipoiiciit tliouglit 

t,o origiiiate iii the  region of t,he L I  poiiit. Liliewise tlie He 1 1  X.lGS(j is also tjiougIit to  1 ) ~  

a superposit.ioii of a pliotosplieric alisorptioii iiiic. aiicl (~iiiissioii f ro i i i  the regioii of t lie LI  

poiiit. To siticly either of tlie coiiipoiieiits of cacli liiie it is iiiiportaiit iiot to iiitroclucc 

errors tliroiigli siiljtractioii of a. st,aiiclard st.ar spectriiiii. The toiiiograpliic i i i i i t  Iiotl tisccl 

by Soxvers Pt  al. (1998) lias j > r o i ~ l  siiccessfiil aiicl n-oulcl be a iwwiiiiiieiidetl !yay forn-arcls. 

Fii11 phase covera,ge of a, siiigie orbit is reqiiiretí for this so tha t  orlit-to-orbit variatioiis 

ca.ii I je eiiiiiiiiatec-l aiid it ~r'oiilcl be adirisable for tlie Hn arid IIc 11 X-lCjSCi lilies to be st tidied 

toge t li e I'. hot i i li ;i \.i ii g ad ci it io ti  a 1 e i 11 issioii coiii po i i e ii  t s o rig¡ ii a.t. i ii g i i i a si 111 i 1 a r  regioii . 

I i i  collal)oratioii \vitli .4.E. Tarir.%<)\:. D.R. Gips a11(1 I \ .  Ayaiii. I l n  slt(v.1 I ' ~ I  liave IXTII 

obtaiiiwl I>!. teltwol)c-'s a t  tlic C'riiiieaii Astropiiysical Ohser\,atoi,,i,. i lit1 \lcDoiialcl 01,- 

servatory anti tlic Bisei .4stroiioiiiical Observatory diiriiig the saine \ v w l i .  13'. t ) ln>rv i i ig  

*siiiiiiItaiic~oiisl~' Lvit li t Iiree teiscopc:, at siicli cwiily spacecl tiiiic zoii~s. \ve  slioiilci lia\.c 

aliiiost coiirplete phase coverage of' a single o r l i t  (althotigli the Bisc.¡ data iiiay I)t .  of iii- 

sufficieiii. resolutioii to be iiseti directly) a,nd coiisequeiit,ly high cliiality tor~iograms shoiild 

be a,cliie\:able. This is ivorli iii progress. 
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t,ha.t the  shorter period is present i n  all our clatasets a.iid suggest tliat it is caused t i>- 

precessioii of tlie accretioii disc. 

:\ iiiiiiilier of (aiit,i-)coriclate<I elretits Iirtweii the radio a i i c l  X-ray eiiiissioii liave Iweii 

report.ed aiitl these liave geiierally t.alien place at, t lie t,iiiie of a traiisitioii froiii oiie X-ray 

state t o  aiiother. Here we look at tlie sinal1 scale flaring Iielia.viour of C ' j r g '  1 -1  a,iid fiiid 

fiirtlier eviclerice for correlated belia,vioiir between t lie radio aiid  soft^ X-ray liglitciirlw. 

'The preseiicc o f  iiiodiilatioiis a t  all \vavelriigtlis aiitl cnrrelat et1 Iwli ; i \~ioi i ï  hct uwvi t l i e  

X-ray aiid ixtlio stroiiglj- suggest t.liat, t,liere is a coiiiiectioii betnwii t lie accix.tioii disc 

atid the  radio-eiiiit t ing ,jet tliat is iiot, probtd siiflicit~iit.lj. iii ciirreiit X-ra!. iiiodrls. I i i  I Iiis 

clial'ter \ve lay tlici groiiiidwork for iiiore detailed fiitiirc. iiiod(~lliiig of the jet/disc systeiii. 

Data \wïe collrcted Ijetvieeii iCIW -April aiid 1998 Septeiiilier. n sitriiiiiaïj o f  \vliicli cali he 

fouiitl i i i  Tal~lcx 1.1. 

TU tas(\ (oiiil)arisoii Iietnceii datasct5 tlic optical and iiifraïccl iii;igiiitiicle\ liale Ijecii 

coiiverted iiito iii.Jy usiiig t lie O'Dell coiiversioii factors (O'Dell t t  <il. 197s). 

Ta blc 4.1 : S 11 i i i  i i I a.ry of ohserva t io tis 

C'r:lO - C'iinieaii .4st ropiij.bica1 Observatory 

S.1 I 

SPG - St.  Petersliiirg triiiversity 

Sterii berg -ist roiioiiiical I tist i t  i i t  e 

R' î  - Ryle Telescope. C'aiiibridge, UI< 

jr Tliere is also one point from April 19% 
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X- r« y 

Our liarcl ?i-ra>. dal  a came froiii the HA'TSE iiistruiiieiit ~ I I  t l ic  ( ' c t i i i p i o i i  ( : ~ I I I I I I ~  Ra), 

Obser~ator j .  (C'C;XO) aiitl n-ere processed using tlic staiitlaici BATCE earth occultatioii 

software. Fiirtlicr cletails cai1 he foiiiid iii Paciesas ct al. (19%). Soft N-ra!. d a t a  liave beeii 

ohtaiiieci froiii the Rossi X-ray ï'iiiiiiig Explorer ( R S T E ) :  n e  tise t l i p  M h l  piiblic archi\.(> 

data  froiii the n c 3 h  (Iittl>://xte.iiiit.edu). A detailed description of the .-\SAl. iiiclucliiig 

calibration aiid rediictioii is piil~lislied iii Leviiie r t  al. (199(i). 
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Rtrd io 

15 G H z  radio iiioiiit,oriiig took place a t  the Ryle Telescope of the hliilla.rc1 I<adio . k t  roiioiiiy 

Observatory, Chiiihricige. The radio data are presented liere as 10 iiiiiiute iiitegratioiis nit.11 

a typical 1-111s iiiicc1rtaiiit.y of I iii.Jy: the phase calibrator used \vas B2005+.10:3. Fiirther 

details iria!. l ie foiiiid iii Pooìey k I2eiider (1997). 

1t-e Iiave also iiia,cle iise o f  radio data  from the C:rceii Baiik 1iitci.f.rciiiictr~r ((lctails of 

tv1iic.h iiiay l)e foiiiitl i i i  \,%'altiiiaii et a,l. 190.1) nliicli iiioiiitors this a i i d  i i i a i i ! .  oi lior soiiixx~s 

a,t, 2.2.7 and 8.3 GIlz. 

Loiig teriii liglit.ciir\w for BXTSE. iZSM, L7Bi,'-I< h i d  pliot,oiiiet.ry aiid t lie i~iclio a.re 

s h o n i i  iii Fig. 8.1. 

PerIia.ps tlie iiiost iiotahle feature is t h e  \'cry tlistiiict aiiticorrclatioii I)et\vecii tlie t ivo 

X-raj- Imiids tliiriiig t.li<' period I I J D  50200-30330. ll\s iiieiitioiied previoiisly. t l i i s  is typical 

of the traiisitioii to the Iiigli/soft sta,tc and ba.ck to  tlie hard agaiii. ITiifortiiiiatrly we only 

have oire radio poiiit duriiig this period - oli hlJL) 50226 t,he f l u s  reached 1s i i i . 7 ~ .  1lon.cver. 

this \vas (Iiiriiig the trailsiiioil and \'L.A iiioiiitoriiig to\vards the eiid of the liiglilsoft stat.(' 

pcriod slio\vcd that.  a s  foiiiid diiriiig previotis state cliaiiges. tlir i.a(lio R i i s  I lad tliopped 

t a  -.j ~ i i J ! ,  (Zliaiig et al. l W i ) .  Coiiie atithors (Bclloiii et. al. 1996. I+:siii et al. 1C)ClS) 

have coiicliitied i Iiat C'yg S-i did iiot fully rrac.11 the soft/liigli htatr oii t his ocx.asioii iii 

n-liicli case n.e ilia,? cspect the radio source to iiot lia\.(. disappeared a.s 1)eforc ( l ) i i t  see also 

Gierliiíski et al. 1999). Hon-ever. it should be noted that tlie ra,dio soiirce of C;S:3:39-4 

diiiiiiiislies cltiriiig it.s X-ray iiitc.iiiiedia.te/liigli state (Fender et al. i9W) ai id .  g i ~ ~ i i  t lie 

i i iaiij .  siiiiilarities I~ettveeii t liese two systeiiis i n  teriiis of their .?(-raj. aiici radio propertitxs. 

WO iiiaj. Pxpect Cj.g X-1 to beliave likewise. 

It is also iiiiiiietlia,tcly al)pareiit t,liat there is a loiig tcriii iirotliilatioii i i i  the ixdio. 

referred to as t l i c l  -150 clay' period ii i  I'ooley, Feiitler k- Brocksopp (1999): it lias i i o ~ v  Iieeii 

iiioiiitorcd for five cycles. This is st,iiclied iii iiiore detail ii i  Section .I.2.2. 

'ïlierc a.rc iiia.iiy flares iii tlic X-ray and radio light curvcs, the iiia.jority of ivliicli s~eii i  

t.o correlate betivcwii tlie different n-aveleiigt,li regiiiies. This is perliaps t o  I>e expected a,s 

tlie eiiiissioii is all thought to tic associat,etl with t h e  lilacl; hole ant1 accrctioii disc. The 

iiia.jority o f  t l ip  X-ray flares appear to be of conipara.lile aiiiplit i ides hiit tlicrc arti tive i i i  

tlie ASAI tlata \vliicIi iiiciease al)ovc> titis level. Tlic flares a t  h I J D  -.70íir>O ai i t l  - .51010 
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Figure 4.1: BATCE, ASM, optical, infrared a,iid radio lightcurves for the full 2.5 years or 

our  observations (MJD 50200-51100). 
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are studied iii fiirtlier detail iii Section 1.2.3. 

Iii contrast t o  this, tlie optical pliotoiiietry shows a very flat iigíitcurve witii febv [levi- 

atioiis. other tliaii orbital iiiodiilatioii. There are a few flares biit whilst the IIeIiavioiir of 

oiie optical baiicl is geiierally correlated with the others, tlieie appears to be tio correiatioti 

with tlie other waveleiigtli regimes. In particular, there is one flare of iiote that occurred 

a t  MJD 50.583 iii  the I' and B bands aiid is tlistiiictly iiot correlated witli any soft X-rav 

behaviour. This is addressed in  iiiore detail in Boclikarev k LJ ut!, ( 199s). Therefore it 

is perhaps siirprisiiig tliat the equivalent wicltli of the Ha eiiiissioii liiie was apparently 

aliti-correlated nitli tlie soft X-rays during the soft X-ray state, beiiig sigiiificaiitly below 

its iisiial valiie - indeed. tlie eiiiissioii corripoiieiit of tlie liiie essentially clisappearetl. with 

a valiie of -0.2.5 .A conipareci ivitli aii average \.alue of -0.7 :i duriiig the low/iiard state. 

iVe suggest that  this was due either to additioiial ioiiisatioii iii the stellar wiiid a t  this 

tiiiie. or diliitioii by a sf roiiger free-frec coinpoiieiit. \'ci. do iiot iiicliicle t l i < )  qiiivaleiit 

wicltli data i i i  Fig. S . l  as  i t  does iiot cover the full period. Iiistead. n e  address i t  iii  fiirtlier 

detail i i i  Sectioii 4.2.1 a i d  4.2.2. 

1-iifortiinately our iiifrared data are iiiore scattered aiiti it is difficiilt to see if tliere a re  

aiiy flares. It appears t h a t  tliere are iioiie aiitl that geiierally i t  follows the same flat shape 

of tlie optical. However, tliere are a iiiiinl~er of possible tleviatioiis froin this. It appears 

that  tlit fiiis is sliglitly increased diiriiig the X-ray liigli/soft state aiid tlieii falls t o  belolv 

the iiieaii shortly after tlie transition to the low/liard state. This is t l i c  case iii all four 

bands. although \ve show only the I< h i c l  liere. We iiote that there is a siiigle poiiit iii the 

B aiid I -  h i i d s  soon after this that  is also [veli below the iiieaii flus level. There iiiay 

also be a peak iii the iiifrared a t  hlJD 510.55, approsiiiiately forty days after the X-ray 

fia re. 

4.2.1 The Olbit,al Period 

[Ve iise the eplieiiieris of Brocksopp et al. (1999) with Pvl./~=5..i99X29f0.00001tj days.  The 

C;TARLlNI< package PERIOD was iiseti to fold ail data oil the orbital period With siiperior 

coiijuiict ioii of tlie black hole corrtspoiidiiig to the zero poiiit ( J I I  2411S7L4.707). 

\Ve nere surprised to see that  the optical pliotoiiietry did iiot fold onto this period 

satisfactorily. iii coiitradictioii to Brocksopp et  al. (1999) wlieii a inucli loiiger dataset n a s  

iiseti. \$'e therefore separated the data according to tlie X-ray state aiid. for the hard state. 

reiiioxed flares aiid scatter above - 3 0  froin all datasets. Tlie resulting irieaii lightcurves 



Figure 4.2: Lightcurves folded onto the 5.6 day orbital period. Plots on the left correspond 

to the soft X-ray outburst of MayAugust 19%. Plots on tlie riglit correspond to the return 

to the low/hard state; flares have been removed prior to folding. BATSE is a t  the top, 

then ASM, U ,  i?, K and radio. (We only have sufficient IC band and radio monitoring 

during the hard state) 
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are slio~vii iii Fig. .1.2. 

\Vet non- find t h a t .  during the low/liard state, the orlit'al iiiodiilatioir is iiiiicli ii1oi.c appare1lt 

i i i  the optical ( a s  foiiiitl by Volosliiiia., Lyuty c\: Ta.rasov 1997) arid the soft X-ray (tliis 

~ ' a , s  also foiiiitl by C'iii. C'lieii & Zhaiig 1998). C'oiitrary t.o t>liis. 11-licii t l i ~  fI;ires/scatter 

(ahove - 30)  liave tiecn reiiiovecl, t,lie RATSE data.  i10 loiigcr appears t.o iiiodiila,te on tlici 

orhit.ai period, despite clexly showiiig niodiila.ted iielia.viour iii Pariesas et al. ( i  9%'). This 

suggests that either tlic flares occur periodically or some co~iipoiieiit iiiodulat,es cliiriiig the 

flaring periods. The d i o  iiiodiihtioii does not cliwige significantly wlieii t l i r  f1arc.c; are 

reiiio\~ccl. 

The optical aiiicl iiifraretl slion the tloiil)le-peakt4 ellipsoidal iiiotl iilatioii t liat \ve n;oiild 

expect froiii a s t a r  ivitli a tidally tlist,ort.td c~iiiiliaiiioii. .As \ve Iia\.e i iisiifficieiit iiifravetl 

da t a  froiii t l i c  tiiiie of the 1996 Iiigli/soft, st.ate \ve caiiiiot saj. n.lietlicii. oi. iiot the or l i ta l  

iriodulatioii is disrupted. Tlici aiiiplitude of the iiifra.red iiiodulatioii is coiiiparal~le \vit l i  

t l ia t  of Kacizliip et al. (1996) (- 4(A8), iiot wi th  that of Lea,liy k Aiiaiit.li ( i992)  (- T ' X , ) .  

Pooley. Feiid~r ,k Broc-ksopp (1999) cliscovered that, the 1.5 (;HZ radio phase is offset 

froiii t l i ~  ASAf data hy aboiit O.íj7 clays. Tliis dclay \vas also appareti i  at o i l i t ~ r  radio 

frcyiiciicitJs aiitl iiicreaseci \vit li \\-a\-t.l(.iigtIi. \\'C. li110 that cxtciidiiig t h o  ( l i ì t  aset <loes iiot 

t l i x p i i t f ~  i Iiis rcsiilt aiitl also iiot.ice that tliere is a pliase tliffereiictb Iwtweeii ílii. tiiiiiitiia of 

nll oiir  ciatascts ( K . 1 I . C .  of Fig. 4.2) -- the optical reaclics its i i i i i i i i i i i i i i i  a t  pliasc) zvro (I)!. 

tlefiiiitioii) viitii tlicl X-rays slightly beforc~liaiid aiid the iiifrard aiid radio a t  iiicreasiiig 

loiiger ( lela~~s.  I t  is iiot clear esxctly [vliere these lags origiiiat,e bitt this is prol)at>ly a i  

opt iral deptli ciffect ~ I iiote that t lie frequeii<.?.-clelieii~ieii~e is tliiiiiiiisiietl on tsteiitliiig 

t l i ~  i.atlio liglitciirves fiiríiier aiid so it is possible that this effect is i i o t  i ~ a l  (see S(v.tioii 

- I . - i ) .  I t  is iiitercistiiig that  there is a siiiiilar plias~. (lela!- Iietw~eii the hard aliti soft X-rays 

¡ti (<yg s-Y ( A l a t z  1997). 

\.\C iiiso fold all o f  our (-ytii\'aleiit \\r:idt,li d a h  for Hn aiid Ilc I I  Xl ( iS ( j  (Vig. .i.:{): errors 

011 eacli poiiit arc Fit,tiiig a. double peaked sitie wave to the t,ivo dataset,s yields 

a reduced i2 'V 0.07 for Hn a.iid 0.01 for f i e r ~ :  t,liis siiggests 1Iia.t while t lie appareiit 

striicture seen iii a.t least lie latter ilia.: lie real. iiiore accurate error estiiiiat ioii ~vould Ije 

appropriate. 

IO'X 
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- 1  5 

Figure 4.3: All Equivalent width data  of Ha and He11 folded on the orbital period. Errors 

N 10%. 

4.2.2 The Long Term Period 

A Lomb-Scargle period search suggests tha,t there is also a, period of 142.0 f 1.1 da,vs 

present in the 1.5 GHz radio da t a  (the '150 day period' of Pooley, Fender & Brocksopp 

1999) ~ power spectra have also been computed for the other datasets, including 2.25 and 

8.3 GHz radio da t a  from the Green Bank Interferometer, and are shown in Fig. 4.4. The 

iriasimum peak in each is indicated (> 95% confidence) and it is clear that this mme long 

period is highly significant at all three radio frequencies and also in the X-rays (note that 

tlie X-my datasets required some averaging in order for P E R I O D  t o  read the files - this 

may have resulted in some artefacts). The orbital period is the dominant peak in the 

optical dataset. 

Folding the da t a  on this 142 day period confirms that it is present at each wavelength 

(Fig. 4.5) although it is not really a sinusoidal modulation (e.g. fitting a sine wave t o  the 15 

GHz plot yields a reduced sz of 3.7 to  > 95% confidence). Comparing the three radio plots 

shows that this t,ime the amplitude of modulation and the time of phase zero do not show 

the strong wavelength-dependence exhibited by the orbital moduhtioii. To corresponds 

to JD2450395.19f3. This period can also be detected in tlie X-ra,ys and optical: the  B 

band is included in Fig. 4.5 and, while it does not initially appear to  show such definite 

structure, it is only an  excess at phase 0.0 that makes this modulation dubious and we 

find t h a t  this excess is due to the flare at N MJD50670. Perhaps surprisingly, we find no 
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Figure 4.4: X-ray, B band photometry and radio (including GBI at 2.25 and 8.3 GHz) 

Loiiib-Scargle power spectra (low/liard s ta te  oiily). 95% confidence masimum peaks are  

indicated. Note tha t  the long modulation is the dominant peak in the radio da ta ,  the 

orbital period is dominant in the optical. 

evidence for t he  294 day period found by Priedhorsky, Terrell & Holt (1983) and Kenip 

et al. (1983, 1987). 
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Figure 4.5: X-ray, B band photometry and radio (including GBI at 2.25 and 8.3 GHz) 

data folded on the 142 day period (low/hard state oiily). All units are m J y  except for 

BATSE (photon/cm*/s) and ACM (counts/s) 
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(N.B. Fig. 4.5 iiicltides da t a  froin the hard X-ray s h t e  only. \Ve also note tliat t,lie 

X-ray flus iii Fig. 4.5 appears different. froin t'1ia.t of Fig. 1.2 (R.H.S.). This is lxcaiise 

fla.res Iiave r i o t  Iweii reiiiovecl lidore foldiiig the da t a  o11 the 142 (da'. pc>riod.) 

Hriievicli ot al. ( I C I P )  calciilatc the  disc coiitriliutioii of t l ic  oi)íical I i i i i i i i ios i i ! ,  t o  I,e 

N 2% \vliicli is eq i i ide i i t  to t,lic apparent, iiioclulatioii of the B Haii(l i n  í:ig. .l.!j. \ l e  cai1 

t,licrefore assuiiic that  t.lie 1.12 day  period i i i  the optical is r&ited t o  î lie accretioii tlisr. 

rather t,liaii the supergiaiit. 

If n-e are to asstime that the iiiod~ila.tioii is due to t,he precessioii of the accretion disc 

(a.s foiiiid iii other X-ray binaries) tlieii there is no rea.soii to r spe r t  tlie period t o  reiiiaiii 

coiisiaiit over a decade. This is pa,rticiiIarl,v t rue for a systeiii ac'c.i.ciiiig via a n-iiitl. \vliicli 

lias ;i iiiore \-arial,lt ac'cretioii rate tlia.ii for Roclie lobe o \ ~ r f l o t v .  'To investigate this fu r the r .  

\\-e h a w  loolie(] a t  tlie piiblic a.ccess BATSE data, froiii hefore the 1 W  liigli/st,ate traiisitioii. 

k\.'liile i ~ e f o r ~  t his tiiiie tliero \vas sonie iiiodiilat.iori aí 142 days,  i t  \ v w  (wiisidei*íibIy less 

tliaii siiitc i l i e  s ta te  cliaiigc. Iiicideiit,ally. t l i c  294 <lay iiiodulat,ioii \vas  sliglit 1'. ctroiiger 

hefore the tiïìrisitioii but is i i o t  present iii the last 2.5 yea.rs' lvortli of ( la ta .  \t'e therefore 

a,ssiiiiie tliat i t  is iiitleed possilde f o r  t lie precessioii period to cliaiige. 

Ilon-ever. Larn~ootì (IOOS) slions tliaî the  ratios of the orl)ital aiitl pwwssioiial peii.iods 

foi. ot Iier S - r a , ~ .  Iiiia.rirs with pr(w1ssiiig cliscs are íipprosiii>at~ely cqiial: 294 days is too  

la,rgy f o r  ('yg 1 - 1  t o  sliotv íi siiiiilar iïìtio; ivliereas 1.12 ci;i!x is riiiirli iiiore siiitaldc. \YP 

iise tlic c.alciiIatioiis of Lartvootl ( I O W )  to calciilatc> tlic aiigle. h' I w t n . r t l i i  t I i v  iiicliiiecl disc 

aticl tlic o r l i t  al plaiie. 

wlic~re I' is the orl>ita,l period. P,, is tlie precessioiial pcriotl. (I is the iiiass ratio. I? is 

tlic ratio Ixtneeii t lie Koc.lie ratliiis and t lie accretion disc radiiis aiitl . j=.~p=Pac.zyiisl~i 's  

i.adiiis ( l ~ r ~ v o o d  1C)ClX. Paczyiíski I 977). R a i i d  : j p  are  giveii by: 

1:l 
J p ( q )  = 1 + [Iii(l.S(I)]" L' 

(4 .3 )  

Tliis gives ail aiigle i5=:Jio brtwreii the clisc aiicl the orbital plaiicl. 
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For an accretion disc of area A inclined at angle i ,  the orbital inclination, tlie projected 

a,rea observed is Acosi. When the disc is tilted towards us through angle 6 the projected 

area is increased t o  Acos(i - 6) and the soft X-ray emission will be a maximum. Likewise 

the soft X-ray emission will be a minimum for a projected area of Acos(i + 6). 

From Fig. 4.5 the ratio of soft X-ray maximum to minimum emission is N 1.62. We use 

this to  deduce that Larwood's model fits our da t a  if we assume i = 20". This is rather low 

(e.g. Bruevich et, al. (1978) suggest i = 40 - GOo,  Kemp et al. (1979) i = 60 - 70") a i d  

ha,s enormous implications for the masses of the two components; it appears that  some 

refinement t o  the model is necessary. 

The radiative warping model of Wijers & Pringle (1998) predicts a long period of 180 

days for Cyg X-i .  Again, our value of 142 is closer than 294 but it still suggests that 

some aspect of the model does not fit. This model invokes more parameters which are not 

well-known, such as viscosity and mass accretion rate rather than just the mass ratio, and 

so it is not surprising that the predicted and actual values do not agree. 

Spectrospcopy 

It is perhaps surprising that no evidence for any long period in the spectroscopy has been 

reported. If we assume that the accretion disc is precessing then we may expect some 

obscuration of the accretion stream (and hence the emission lines) by the disc. Even if the 

precession model is incorrect and some variable mass transfer is more appropriate then 

variability of the emission lines would be expected. We therefore look more closely at the 

emission line spectra for the presence of a 142 day modulation. 

In order t o  do this the dataset has  been extended so as to  include additional spectra 

from 1998 and 1999. Unfortunately we have insufficient Heir A4686 spectra to  fully sample 

the 142 days and so only H a  is considered here, both in terms of equivalent widths and 

trailed spectrograms. It should be noted that all spectra have been taken by the same 

telescope and instruments and all equivalent width points have been measured by A.E. 

Tarasov, t h u s  providing a homogeneous dataset (although admittedly it would liave been 

beneficial to compare results with observations of a standard star t o  confirm this). 

We consider first the complete equivalent width dataset which spans three years. Var- 

ious methods of period searching were used, including the Lomb-Ccargle and CLEAN 

algoritlims and an  epoch-folding routine. No conclusive periods were detected. 

Tlie equivalent width data  were folded on the 142 day period and are shown i n  the top 
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Figure 4.7: Ha equivalent width data  split into orbital phase bins and folded on the 142 

day period. Most plots appear to be scattered, bearing no relationship to the long period 

- Iiowever, it may be worth corisideriiig orbital phases 0.1-0.4 more ca,refully. 
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part  of Fig. .l.(j: the  spectra a re  plotted as a trailed spect rograiii i i i  the Ijottoiii par t .  \Tliile 

tlierv is clearly some va,ria,liiity iii tlie eqiiiva.leiit witit li da ta ,  this \voiilcl l>c o s p c ~ t ( ~ ( l  (til(, 

t,o a, coiiipoiieiit o f  the  eiiiissioii line being proditccd by tlie iioii-iiiiiforiii st pll i ìï \viiicI: t,liere 

is tio evideiice for a, periodic iia,t,ure. On t,he other h i c l .  the  trailtd spect.rograiii Iiiiits a t  

possible ‘periodic’ variakilit,y, with aii iiicrease iii velocity aiicl d ( ~ r e a , s e  iii ii1teiisit.y seeii 

at  pliasc. O.,?: .alternatively these iiiay just be selectioii effects tleteriiiiiiccl 11y t,lic. orbital 

phases saiiiplecl a t  this tiiiie. 

To account for the orbita.1 variabilit,y preseiit i n  Fig. 4.6. we split the  da t a  iiit,o t.eii 

orhita.1 pliase Iiiiis arid repeat the last two plots for each hili. .&\gain, t,lirrcl seems t o  1 ) ~  

110 cviclciicc for aiiy periodic variabilitj, i i i  the  cqiiivaieiit ivid tii, da t a  - altlioiigli or l i ta l  

phases 0.1-0.3 iiiay be wortli coiisideriiig further (see Fig. 4.7).  Likewise it 1 1 0 ~  a.ppta.rs 

t1ia.t tlie profiles arid iiit,eiisities of the lilies are variable across tlie 142 cla,v period jus t ,  

c i j t c r -  I li(. two coiijiiiictioiis (see Fig. 4.8). Irnforti1iiat.ely i t  is iiot cirar 11-lietlicr the loiig 

variahiIit,y is Iwriodic or iiot. due to iiisufficic3iit pha,se coverage. Nrvertlielrss. t lie plots 

a.t orbit.ai phases 0.2-0.5 aiid 0.íi-1.0 agaiii suggest t.1ia.t there is a i i  iiiteiisit.j* decrease 

i i ro i i i i t l  pliase 0..5 of the loiig period. Therefore a,iiy iiiodcl pi.cseiitecl t o  acc-oiiiit fijr the  

loiig iiiutliilatioii iii (!yg 3-1 should also iiic.ltide tho possibilit,y of riiiissioii liiie variability 

a t  t lie correspoiitliiig orbital piiases. 

(;i\;oii t.lie irregiihr s t ructure  of a stellar ivii id it is likely that variations i i i  tlie wiiid 

cwiiipoiieiits of t l ic  tiiiiissioii hies are distorted a,iid so it ~ v o i i l d  be of ii1oi.e heiiefit to s tudy 

t lie loiig period i i i  t lie bpiii.e eiiiissioii‘. .As iiieiitioiied i i i  the prei.ioiis cliaptrr .  i t  niay iiot 

1w possibic to stiicly tlie piii’e eiiiissioii coiiipoiieiits (i.e. tlrc. part  arisiiig iii t h o  a.ccret,ioii 

st r(1iitii) iiiit,iI it is possible to separate (lie varioiis coiiipoiieiits of the liiies. 

-1.2.:3 (‘orrelattd Flaws 

\Ve iiorv coiisitler t lie t,n-o larger flares of MID rjO6:30-.5067O aiid Y J U  5OOSO --.51OSO iii tiiore 

cletail (Fig. 4.g). 

íliiriiig the first of t,Iiesc periocls i í  ca.ii Iw SWII that .  t,licre is a pair  of S - ra j .  flarcs. 

xiiiiiiltaiieoiis i i i  I~oi.Ii eiiergj’ baiids wit t i  tlie radio l a r e ‘  occurring iii bet n.eeii. (011  reinoval 

oí t lie orllital period t.liis radio flare is iiiore proiioiliicd). The st~oiitl flariiig period is 

very differeiit a,s this tiriie t,liere does not scc>iii to be a,iiy obvioiis corrtiatioii I>ct\vtxeii ASAI 

aiid BA’lSE. It is c1ea.r froiii Fig. 8.1 t.liat the hard S-ra,y liglitcurvc cliaiiges very little 

roiiipared wit.li t,lie A G i ~ l  a.iid radio. despit,e soiiie violent activity iii tlict accretioii disc. We 
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Figure 1.9: X-ray aiid radio liglitciir\*cs and eqiiivaleiit widths diiriiig flartl pei.iocis \l.lIl 

50630-50Ci70 aiid 5OOXO-51080 

also iiote t,lia.t tlre radio is iiiiicli iiiore active tliaii previously - rather tliaii jiist. a siiiall 

fliis iiicrea.se it appears t o  roughly follow the slia,pr of t,he ASM lightcurve. 

Giveii tlie strong a.iit,i-correla,tioii lietween A C M  a.iid BXl'SE diiriiig a. sta.te change aiid 

the  sti'oiig correlation diiring t,he first flaxe, it is possilAe t h a t  i i i  this secoiitl íIa.re we are  

seeiiig soiiit sort of hybrid between the two. 'illis i1ia.y 1ia.w Ileeii obseriwl IA'ore - C'ii i .  

C'heii k Ziiaiig (1998) coiiiiiieiit, 011 a flare just prior to t,lie st.atc cliaiige diiriiig which tlie 

:lSl,í c;pect,ral hclia.viour was sirriilar to that of the liighlsoft stat,e, but clearly n o t  a state 

chaiige. hlayhe this flare is a,iso a. preciirsor t,o a st,a.t,e cliaiige, o r  possibly a 'fa,iled' stlate 

rliaiige accoiiipa,iiied by a, radio flare which may be a typical early sigimtiirc. of a traiisitioii 

to the  Iiigli/soft strate (Zlia,iig et al. 1997). 

Tlici eqiiivaleiit widtlis do not i'cdly show any belia.viour rclatcd t o  the  accret.ioii disc 

activity. Bot.li flare periods show a deca,y in eqiiiva.leiit width for Hn hiit a.s single syst.eiii 
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~ 

Hard State Flare 1 í:larc 2 Soft State 

.AShl/BA'rSE 0.59 (5.50) 0.83 (36) O.:N ( H O )  -0.51 (11.5) 

rlChl/Radio 0.:30 (-402) 0.30 ( 2 3 )  0.70 (8s)  - 

B.YîSE/Kadio 0.2.5 (400) 0.27 ('ti) 0.31 (7; )  - 

siipergiaiits also sliow a siiiiilar eqiiivaleiit widt,li varia.bility it. is presiiiiialily iiidcpeiitfeiit 

of the K-ia,y beIia,vioiir. 

\Ve tlieii geiierate flus-flus plots for the S-ra . i i d  radio. (It is clear froiii Fig. S. 1 t j i a t  

to plot radio or X-rays against the optical/itifrared pliotoiiietry woiild jielcl iiotliiiig: this is 

also t l i e  case for t lie ~-raj./ecliiiva.lciit i 4 t l i s ) .  IIoweiw. fliis-flits plots foi the opt,ic;iI oiil!. 

slion very st ioiig wirt . lat ioiis  coiifiriiiiiig t h a t  all baiitlx s1iai.e a ( w i i i i i i o i i  e i i i i x s i o i i  regioii). 

'Io do this \vc liave reii io\~d t I i c  iiiciaii orhit;iI light ciir\.es (iiii-iicti.iiialized j .  f i c s t  1.1. I)c~caiise 

tve kiioxv each tlata set slioi\3 orbital iriodulatioii a,iid it is other coiwlat,ioiis tliat, \ve wish to  

fiiitl aiitl secondly becaiise tlie radio is offset froiii the X-rays bj. 0.12 iii orIjita1 piiase. \te 

riot( '  t Iiat 1))- reriiovi~ig the iiieaii lightcurve soiiie of t I i c  rc~sidiials Iiecoiiic~ iiegati\ve th is  

is I)ecaiise \ve Iiavc. iiot rciiioved fiariiig periocís prior t o  si ibt  mctiiig the iiic'aii liglitciirves. 

T l i ~  íìuses \vere tlieii tiiiiitd on i clay aiid the fliises o f  correspoiidiiig biiis plotted. 

Fig. .1.10 slions the three f l u s - f l u s  plots. Sta rs  aiid liolloiv sliapes corrtwpoiid to t I I ( ~  

diffcreiit flare/traiisitioii periocls aiid t l i e  iiit.eiwiiiiig low//liarcl stat.(> iii  Iwtn.eeii is slion.i i  

by ciosses. 

It is iiiiiiietliat,ely clear tIia,t t,liere are a iiuriiber of correlatioiis. \Ve liave alrcadj. 

iiieiitioiii4 t l ie aiit i-correla,tioii bet~veeii r\Sr\.I aiid BATSE \vlieii ('j.g X- i is i n  t li(. liigii/soft 

state: this caii be sepii i i i  tlic: t.op plot of Fig. .1.10. There is a large aiiioiiiit ofscatt,cr due 

i o  t h e  \.ariahle fiariiig iii t,lie soft, S-raj,s. Diiriiig t,lir cluiesceiit. lo~z./hard state there is a 

reasotialile correlation het,n.eeii t lie two X-raj. Imiids. altliougli the ia(lio oiily swiiis loosc~lj. 

correlated n-itli the X-rays; tlie possible offkei h tweei i  the radio aiitl S-raj ,  lotig. teriii 

period seeii iii Fig. '1.5 inay be a.ddiiig to the sca.tter. There is a st,roiig correlatioii betn-eeii 

t,lie t,wo S-rap. clata,sets diiring the first, Bare, hiit, again. oiily sca,tter i i i  the raclio/X-ra,y 

plots. FiiiaIIy. a strong correlat,ioii betweeii t,he mdio md soft X-rays caii I>c soeii cluriiig 



4.3 Discussion 90 

the secoiid flare. 

C;peai.iiiaii ra.ii1i correlatioii coeíficieiits ( 1 . )  liave Ilceri calculateti for cacIi of tlie su[)- 

plots of Fig. 4.10 a.iid are sliowii i i i  Table .1.2. I '  is tlefiiiccl as tlic ratio of tlip c.o\.ai,iaiice 

of the t.wo da,tasets t,o the prodiict of their staiidard tlcwiat,ioiis aiid talics valiies i11 t11e 

raiige -1.0 --. +i .O. Most coiiviiiciiig corrtdatioiis are obta,iiied for hard aiid soft X-rays 

duriiig the first flare. Iiigli/soft st,ate aiid quiesceiit, low/lia.rd state a.iici for the soft X-rays 

aiid radio duriiig tlie secoiicl flare. ìVe note that. a consitlerahly Iiiglier vitliic> of' I '  cali I)cl 

o1)taiiicd if \ve assiiii1c~ that.  the ra,tlio lags tlie X-rays 1)y %..5 tla~rs. duriiig t l i ( x  first flitro 

oiily - a \ a l i i c  ohtaiiied by trial aiitl error. If \ve are to a,ssiiiiie that this lag is real t l i e i i  i t  

\voiiltl imply that the 1.5 C;Hz radio eiiiissioii ljecoiiies optica.1l.v t l i i i i  a tiiaxiiiiuiii distaiice 

(j..j x 1 iiietres from tlie X-ra,y source. However as t l i e  oiily lag apparciit i i i  0111' d a t a  is 

O.íjT days Iletweeii the radio aiicl X-ray orbital iiiodulatioii, 2.5 tla,ys seeiiis iiiilikcly to lie 

real. I *  is iiot iiiiproved if we íissuiiie t,liis shorter lag. although ;is the orljital period Iia,s 

herir roiriovetl prior t o  creating the fliis-flux plots this iiiay hc. espected. 

4.3 Disciissioii 

I i i  siiiiiiiiary. \ve fi i i t l  that ,  t l i c  orbital period aiid also a loiiger pei.iod iiivtliilatioii. proba1)Ij. 

\\'e alsu find t h a t  

there is corrclated heliavioiir I>etweeii t,lie radio atid X-rays alt,lioiigli the iiatiire of this 

(wirelatioii ix r i r s  froiii flare to flare. This iiiiplies t Iiat the X-rays a i i d  iiitlio arc' (.oiil)letl 

a s  expected for  a tlisc/jtt sj.stciii. 'I'lie optical i t i i t l  iiifrared CIO iiot s l i o t v  a i i ~ .  l)eliaI-ioiir 

iclated t o  tlic X-rays or radio i i i i (1  appear  to sliarc il s (3pra te  ciiiittiiig rvgic~ri. 

clue to ~>r<'<.essioii of ali it t.tioii disc. a.re presriit a t  all iva\dciigtIis. 

It. is iiec-essari. t,o draiv together all of t,lie results obta.iiiec1 for C'yg 1-1 a i i ( I  crcaie  a 

c.oiisistciit tiiodel t h t  iiicludes all a\.ailablc data  ~ iiot just. fo i .  csatriple. t l i c  S - ra jx  ;is i i i  

t Iici caso o f  some preïioiis ~ v o r k s .  Tliis iiiotlel needs to a d e l r c ~ :  

o 'The orhital iiiotliilatioii across tlie spectrum duriiig the Ion-/hard state 

o The Ioiig pcrioci (precessioiial) iiiodiilatioii across the spectriiiii duriiig t lie Iotv/liard 

state 

o 'Tlic lac11 of optical aiid soft X-ray orbital iiiotliilatioii duriiig t lie liigli/soft statc  

o 1)ecreasc of ratlio eiiiiasioii diiriiig higli/soft, st,ate 

o Esixteiice of correlated flariiig behaviour bet iveei~ radio a i i d  S-rajrs 
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'X Orbital iiiodulatioii 

(Staiidard error x 10) 

P iijrsic a 1 

iiiterpretat ioii 

R.4TSE 20-100 kel' 1.9 (1.0) Stella r m-i iitl a bsor p t ioii 

XTE 2-10 keV 0.0 (0.3) Stellar wind absorptioii 

I (O.:30pi)  2.9 (1.1) Ellipsoidal i~iotliilatioii 

B (o.4:3/liil) 2.6 (0.7) EXipsoidal iiiotliilatioii 

1- (o..;.5//ill) 2.4 (0 . Ï )  12llipwiclal iiiotliilatioii 

J (1.2.5piii) E Il  i psoitl <i I i i i od ii I a t io i i  

H (l.6.5piii) 5.2 (0.4) Ellipsoidal inodiilatioii 

I i  ( 2 2 O p )  El li psoid a 1 i11 od I I 1 a t  i o I I 

1.2 (0.3) 

2.5 (0.2) 
~ 

R T  (15 G I l z )  19.3 (1.2) Stellar wiiid ahsorption 

(:BI (S.:3 G H z )  1T.6 (0.1) st c4a r  \\ iild absorption 

C B I  (2.3 G H z )  6.S (13.3) Stcdlar cviiid absorptioii 

'X  I'recessioiial iiioclulatioii I'll'.sic;ìl 

(Staiidard error x 10") i 11 t erprctat ioil 

13:11'CE 20 100 ke\? lS.0 (0.1) i' recessioi i o f  < I  isc/j e t 

XTE 2-10 I<<'\* 2.33 (0.2) Prcrwsioii of disc 

I ' (O. :3(j// 111 ) 2.íj (15.1) 

f3 (0.4:3//Ill) 1.5 (2.6) l'retessioii of disc. 'I 

l7 (O..j.jpiii) 2.1 (7.0) 

J (1.25/iiii) <? 

H (l.(i5piii) 7 
I< (2.2O/ml) ' I  

KT (15 G H z )  23.9 (S.3) Bcaiiiiiig/projectioii of jet 

(;RI (8.3 G H z )  25.7 (41.0) Bcaiiiiiig/l>rojcctioii of jet 

GBI (2.3 C4IIz) Bea i i i i  iig/ pro ject ioii o f  .jet lÏ .2 (40.0) 
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O ‘The oecasioiial lack oî correlation i>et\weii liarcl aiid soft X - ~ ~ I J T  

o The general lack of iictii-iiiocliilated variability iii the optical aiitl iiifii~red liglitciir\-es. 

other tliaii occasional flares wiiirli appear iiiirelated to X-ray Iiclia\riour 

‘riie details of tlicl periodic Iielia\.ioiir of C’yg 1 - 1  a r o  s i i i i i i i i a r i s c d  i i i  ï a h l t ~  .i.:<. ‘[lie 

perc’riit age iiiotliilatioiis a re  calculated iisiiig the forriitila 

T l i ~  orhital iiiocluhtioii of t,lie optical and iiifrared is due  t o  t,lie ellipsoiclal slia.pe of the 

siipergiaiit, Iiotli due t,o distoitioii of t,lie &ar  itself aiicl d i i e  t,o the shape of the fociissed 

stellar tviiid. Iii t-lie case of t.lic radio aiid X-rays. tlie frt~~iiieiicy-de~)eiideiit phase lags 

aiid degree (Jf iiiotlulatioii suggests liiic-of-sight a.i>sorpt,ioii 1)). t , l i r  tvi i i t l  to iwlmiisi h l c x .  

Stellar ivii id absorptioii could iiot accoiitit for the long-period \.ariabiIiij~. I>ai.iic*iilar1~~ as 

i I i c  d ~ g r e e  of iiiodiilatioii does iiot vary wit11 f r q u e t i c ~ ~ ,  and so prcccssioii aiitl/or radiaíiw 

\varpiiig of’ t lie accretioii disc seems the iiiost lilt cl!^ caiisc. ’I’liis is siipporicd by our  

calciilaiioiis i i i  Scctioii 1.2.2. 

To i i< . t . o i i i i t  for 110th periods \re ndopt tlic coiiical jct iiiodel of H,jelliiiiiig k .Joliiist,oii 

( iClSS) for í l i t  radio eiiiissioii (tlct,aile~l radio iiiodelliiig will I)(. prc~seiited i i i  a later paper) .  

Tlio 1)mdiictioii i ) f  m i i t  iiiiioiis s~:iiclti.oti~ii eiiiissioii rrqiiires a toiitiiiiioiis 8o\v ol’ i.c’lati\.is- 

ti(. electroiis i ì i i < i  iiiagiietic field froiii t I i c  ac.<,retioii disc. \5C t l i c v l f o i . c l  f i i i t l  i t  (1st ix~iiiely 

i i i i l i l í d J ~  t ha t  this coiild oc(‘iir t Iiroiiglioiit the propos(~l  coroiia that is c i i r r c i i t l~ .  t l i v  oiilj. 

i l ~ ~ ( ’ l > t ( ~ d  iiiotlel for the X- I~LJ~S .  .4 colliiiiatd jet is i i i i ic l i  I I ~ O I ‘ P  feasible iIiitl i\() sec i i o  

r w s o i i  ivli?. the hard X-rays a re  iiot ciiiitt,od froiii the  base of tliis jet. pi~odii<.cd \ v l i e i i  s w d  

pliotoiis froii i  the  accretioii disc are iipscatterecl a.s previoiisly suggest.ed. Tlic jet iiiodel 

is also siipported by \‘LBI-\ iiiia.ges a.t S and 15 G H z  (Fig. 2.7. St,irliiig et al. ( I W X .  2000 

il l  prep.). 

‘The appareiit precessioii of t lie X-rays questioiis pr(.vioiis iiiotlels of (’yg X-1. ITliile 

aii optically tliicli coroiia coiiltl precess ivit l i  teli? accretioii disc provitliiig it, liad soiiie iioii- 

i i i i i f o r i i i  geoiiiet,ry. it i s  generally accepted that, tlie coroiia is optically tliiii (e.g. (lili et 

al. 1997). iii this case t h e  coroiia. woiild iiot precess with t h e  disc iiiilrss i t  )vas a very 

tliiii layer j u s f  above aiid lwlow the disc. and t.lierefore t lie B.ATSE iiiodulatioii slioitld lie 

coiiipar;i.ble \vit,li t,liat~ of AShí. This is not so aiitl it caii I>e sccii i i i  Table 4.3 tha t  t lie 

H.A‘I’SE iiiocliilatioii is coiisiclerably less tliaii that oí Asni: i i i  fact i t  is iiiore c ~ o i i i p a ~ i ~ a l ~ l e  

\\.it11 that  of tlie radio. ïliis siiggests that the jet m a ~ ~  bo respoiisilile for t l i c  ~>i~otliicíioii 





4.3 Discussion 94 

is iiot, so easily esp1a.iiied. Volosliiiia. Lyuty & Tara,sov (1997) cliscovere(] t1ia.t tlip orbita] 

iiiotliilatioii claw iiot 'clisappear' Iiut hecoiiies siiiglc pctaliccl jvit l i  a. iiiasii~iiiiil occiirriiig 

a t  tlie sa.iiie pliase a.s t>lie X-rays. rather tliaii t,lie staiidard <loiiI>le peakecl ciiipsoiclal 

variability. This iiiight suggest t,liat, duriiig this period, the Iiiiiiiiiosity of tlie accretioii 

disc \vas liiglier t1ia.n the  supergiaiit,. IIowever, with a disc coiitrihutioii of oiily - 2%. 

(Briievicli et. al. 197S), this is liiglily iiiilikely aiid we tliiiik tlmt eitlier t h e  accretion disc is 

Iii.iglit eiioiigli for a<itlitiona.i Iieatiiig or ioiiizat.ion of t,lie siipergiaiit to I>ecoiiie sigiiifica.iit 

aiid observaldc at orl i t ,al  phase 0..5 or we a.re seeing the  accretioii streaiii froiii t,lie L1 

poiiit. 

Oiir resiilts support  tlic tlieories i i i  wliicli free-free ciiiissioii iii  tlie disc proúiices t,lie 

soft X-ray eiiiissiori. Soiiie of these X-ra,ys (a.iid perhaps also lower eiicrg)' pliotoiis iii the  

disc) a , r ~  tlieii i ipscattered 11). a hot coroiia eitlier side of tlic> disc, via tlie iiiverse ('oiiipt,oii 

iiiecliaiiisiii. to Iiiglier ciiergies. Acceleratioii of disc electroiis aloiig iiragiictic field liiies 

gi\.c>s rise t o  syiiclirotroii radio eiiiissiori. \t'it,li siicli coiistaiit radio flus le\~ls. a c ,o i i t , i i i i i o i i s  

iiijectioii of rlc~ctioiis is required a,ii<l so t.lie radio eiiiissioii iiiust t ~ r  coiiiiiig íroiii colliiiiat.eti 

. j ~ t s .  rather tliaii a iiiorc diffiise coroiia. I t  i s  tliert~forc~ possilde tliat the  hard N-ra). fìiis 

collies froiii a siiialler regioii iiear t lie kase of the jet, tliaii tlioiigiit previoiisiy. \Ve also Lise 

t l it .  eqiratioiis of Alarseliti. ( 1 9 ~ 3 )  to calculate tliat. tslie coiitriliiitioii to the hard X-ray f l u s  

of sj.iiclirotroii self-C'oiiiptoii sc-atteriiig Ily the  jet  is probably iiegligilh (<< 1 % ) .  

Tlic differciii types of co r re l a td  aircl a,nti-correlat,ed belia\ioiir caii lw c~spiaiiietl iii 

tc)riiis oí differeiit events taliiiig place tvitliiii the  systciii. It appclars t liaí s i i ia l l  flares 

occiirriiig i i i  t lie X-rays aiid ra.dio a re  a result of slightly iiicreaseti iiiass floiv. 'I'raiisitioiis 

i o  the  Iiigli/soft s t a t r  also iiivol\-e iiicreased iiiass flow hiit. i i i  atlclitioii. tlie iiiiier (lis(. 

iacliiis clecieasts coiisitleiahly a i i d  a Iessei. degre<~ of atlvectioii talics pIacc. M ' l i o i ~  1 licire 

a1)pears t o  lie no correlatioii or aiiti-correlatioii lwtn.eeii the liarti aiid soft I - r a ,y s  i t  i s  

possilile tliat \ve liave a -failed' stat,e cliaiige: i i i dcd ,  \ve f inc l  spectral sof'teiiiiig iii I > o t l i  

11Si~i aiicl HiiTCE da ta  at. the tiiiie of this secoiid flare. :ìltlioiigli tlie radio s ta tes  arc' 

g ~ i i ~ r a l l y  tlioiiglit t o  be aiiti-correlated ivit,li the  soft X-rays. i t  seeiiis that  t.lic3 / / u / t . s i t i o / j . k  

I'roiii oiic st at,(> t o  aiiotlier are arc-oiiipaiiiecl by radio Nares \vliicli iriay esplaiii the  relati\-ely 

stroiig ra.dio flus a t  this tiiiie. 

Tlie appaixtiit lack of corrcla.t,ioii hetweeii the pliot,oiiietry aiicl t lie X-rays cliiriiig t Iic' 

lon-/liard state is i i o t  siirprisiiig a,s the siipergiaiit is so briglit t,liat m y  atitlit,ioiial luiiiiiios- 

ity diie to irraciiat,ioii is iiegligible. Indeed,  ve slioxv iii Rrocksopp et al. (i!)!)!)) a i i c l  Lyiit!. 
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Ut.1 wi iiig t lie oriit.al period of hlacli hole X-ray biiiaries i i i  optical aiicl iiifiwed pliotoiiict rj. 

is ;i s t  a 1 1  tl a rcl procedure a iid ci o ii hle- pea ked or bit al ligli tc i i  rws, <I I I e to t 1 i t '  gravita t ioii a 1 

p i i l l  oii  t l iv  st,a.r by the I11ac.k hole. are  espt.ct(~d - iiiiiiinia occ i~r  iii t l i ( >  liglitciiriw at 

tlic t \vo coiijiiiic'tioiis. H o ~ v w e r .  it, is iiot so cc)iiiiiioii to detect. t lie orbital /)eriod iii 3- 

ray or radio da,ta - i i i  t,Iie previous s(1ctiori (a.iicl Broclisopp et ai. 1999) we postulate 

t,liat, tliese iiiodiihtioiis could IIP t lie resiilt of phase tlepeiicleiit ahsorptioii by t,lie st,ella,r 

\viticl. Siiire the piihlicat.ioii of Brocksopp et al. 1999, CVeii et al. 1999 1ia.vc stiitlied t.lic 

orbital iiiodiilatioii of tlic R.X'rE soft X-ray da t a  aiicl their iiiotlel of \vitiel absorptioii is 

i,c.lat iwlj .  successfill (see Fig. 4.12). The X-ray orlital liglitciii.ves liíi\.e also I)ceii st i i d i d  

I,', 13alriciiislia~~('liuicli et, al. ( 'LOOO) \ V ~ O  foiiiitl i hat tl i i l  duratioii  iliid p l i ¿ i S ~  of' i li(. t i i i i i i i i ia 

a r c  also variable and likely to lie diie to LcIiiiiipiiiess' ¡ r i  the stclllar wiiicl. 
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Figure 4.12: Soft X-ray liglitcurve folded oii tlie orbital period aiitl overplot ted n itli iiiodel 

ci in  ('5 for. \.arioiis iiicliiiatioii angles (frorii Weii et al. 2000). 
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Parameter S y in b o1 Value 

Observed Biix S" SEC' test  

Iiitriiisic R i i s  S" w e  test 

Fiecl u e l i  cy I/ 2.25. 8.3. 15 G H z  

Distance to  system 

'Orbii al iiicliiiation 

'Orbit a i  separa i ioi i t  

D 2.5 lip<' 

/ 30" 

CL 3.3 x ri11 

Uistaiice froiii reiitre of s tar  R o - PI.,, 

\ Y i l i d  dciisity P67/'j sec test 

llistaiict> froiii 13H t o  site of radio eiiiissioii I ' , ,  20. 8.2. 2.8 x lo ' : i  <'li1 

see tes t  Optical tleptli T@TTj 

-4I)sorpt ioii coefficient ti$ ?ti'! see test 

.A bsurpt ioii  correct ioii -4 1 ,  see test  

< a Il I l  t fact o r  

No. electroiis/ioii 

l leai i  iiioleciilar weight 1 
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C O  11s t a  iit a liio 11 11 1 ) . 
IVc assiiiiie that tlir radio piiiissioii is absorbed by the wind via t I i r  frw-free iiiecliaiiisiii: 

'ïlieii the observed Aiix is: 

(4.6) 

.* 2 

(k) ( ( i  - / -*/R) ' I  

'1-his is siibstitiited iiito t lie eqiiatioii for t i  above: 

(4.7) 

( 4 3 )  

Oii(~.  oiitsidc t l i v  orbit the ecliiatioii of Gies S; Bolt.oii ( 194íja) is iio Ioiigri. \.alid lion-ever 

i t  is siifficiciit j i i x i  to cmiisicìcr t l i e  stellar \vilid its ;i splieric.al slidl (3xpaiidiiig a i  i lie valile 

of (',x . 

(1.9) 

.'lgaiii. this is suljstitiitecl iiito tlie tyiiatioii for 6 aho~.ck: 

?'lie radio eiiiissioii is protl iicetl a t  discrete Imsitioiis aloiig t lie jet \z .I i~rc i lie distalicc 

froiii t,lie I)la,ck hole to t lie eiiiissioii site is i-,, obstwat,ioiial st tidies of syst ciiis siicli 

as G R C  191.5+105 (e.g. hliralwi k Rodriguez 1999. see Fig. 1.1 i )  Iiavc iiidicat,ed that 

t lie jet becoiiies optic all^^ t,liiii  to liigli frccliieiicies first aiid t lierefore a r1,  'x //-i' (1) is a 

positive coiist,aiit) relatioiiship is appropriate. Iiideed. tliroïetical \\-orli hy l3laiidford k, 
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K6iiigl ( 1 9 8 )  (SW Chapter  I) lias predicted that a. coiitiiiiioiis j ~ t  . i ìs  s-cii Ilere. lvijj liave 

r,, cx I/-' anti a flat spectriiiii (as  obsc~rved - Feiider et al. 2000). 

C'oiiiijiiiiiig ( i )  tiie ivork of ß ~ a i i t ~ f o r t ~  k ~iii i i ig~ ( I C ) T C ) ) ,  (i¡) t l ip  S :$Ii(I  15 (-;1~iZ  L LB:^ 

iiiiages of C'yg 3 - 1  (Stirling rt al. 2000 i i i  prep., see C'iiapter 2)  and (ii i)  tlie oIiserlrat,ion 

that I lie 2.25 G l l z  i s  barely iiiotliilated a i d  so prohably aí. a coii ipai~al~lc ratlitis froiri tile 

jet as  the wiiitl ra.diiis, rea,soiiable values of I - ,  \vere estiiiiated for each frcyuciicj~ aiid cali 

he sceii i i i  Table 4.4. 

I$'it,Ii knowledge of the  absorpt,ioii at each poiiit, iii the  stellar wi i i c l  aiici tiie posit.ioii 

of t,Iie radio eiiiissioii sit,e it, \vas possiI>ie to iiitegratc along the line of sight froin tlie 

ohsert-er to tile jet. SIiis was repeated for 3íjO positioiis oil the circle tracod hy t lie jet i i i  

the fraiiie of the biliary systeiii. I t  iva,s assiiiiied tha t  the aiigie I>etmwii tlic. line of sight 

aiid t lie cirrlr  t.raced 11.. the jet reiiiaiiicd coiistaiit aiid \vas eqiii\:aleiit t o  t.iit1 iiicliiiatioii 

aiiglr of tllc hiiiary systeiii. It is also assiiiiicd that all radio (->iiiissioii roiii(1s I'roiii a siiigle 

jet ~ Doppler l~oostirig of the approacliiiig jet a.iicl Doppler de-boostiiig oí' the recediiig .jet 

Icatl to sigiiificaiit ctiffertiices Iietweeii t lie olxerved fliis of ea,cli aiid so I his is iiitiecd a 

rcasoiiiilde assiiiiipt ion. 

.1...1.% Rcsiilts m r l  Disciissioii 

-1'11~ i i i o d ( ~ l .  as i t  sí aiicls, dotis i r o t  repreheirt t lici olx+r\-íit ioii siifficieiitlj. \veli. To create  

the plots slioxvii i i i  I:ig. -1.14 tiie above esprcsioi i  for t;(:) lias I x ~ i i  iiiultiplictl 1)). a factor 

.-i{,. ~vliere Ais  = I/S. .&.:3 = 1/2. .42.25 = 1. The factors 1)). ivliicli tlic orbital ahsorptioii 

iieetls to bc rediiced i i i  order for t.lic iiiotlel t.o fit tlio olmrvatioiis  ai^ \.er). sigiiificaiit . 

C~iifortiiriatcl~~. it is iiiost proi>able t1ia.t. 0111' lack of iiiitierst~aiidiiig of tl ici  xtriictiircl of tlie 

stclliii. Lviiiti is t l i c  priiiiary calise of error i i i  tlie iiiodci. I i i  the rrgioii of t i i o  l>la.ck hole 

the \viii(I is heated t o  aii e eiiie a t  n - M i  it, is t.otally ioiiised aiid. a s  iiicliitioiied iii the 

pre\.ioiis chapter.  t l i t 1  regioii of Iiigli ioiiisatioii is II tialile to si ippoi ' t  t lie ac,c,c~lci.i~t.ioii of tlic 

i v i i i d .  Tlic \vitici is therefore sloivcd aiid lwcoiiicls opticallj- t Iiiri. l i i  the ( 'yg S- 1 s>.steiii 

it is iiiiliiio\vii to rvliat radius froiii the Iilacli l iolc~ tlie high ioiiisatioii regioii i~ac l ies .  if it  

iiitercepts our line of sight to t.lie radio eiiiissioii tlieii tliere will be a regioii of optically 

t I i i i i  wiiid iiot a.ccouiitsctl for iii the iiiodel. Oli the other iiarid, i f  tliere is no point aioiig 

tlic liiie of siglit for wiiicli the wiiitl is frilly ioiiised tlieii. again. \ve u-ill liave over-cstiiiiat,etI 

t I i c  atisorptioii a s  t,lie wiii t l  is assiiiiied to l ie ful l j r  ioiiisetl iii the above eqiiatioiis for K .  

Tlirs(3 r f fects of ioiiisatioii are r2ot talieii iiito accoiiiit ¡ir tlie Frieiicl k C'a.stor ( 19S2) iiioclel 
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Figure 4.14: Tlic radio data at  2 .25 ,  S.3 aiid 15 G H z  folded on the orlital period. ‘ïlieroret- 

ical curves are also plotted sliowiiig that the iiioclel fits the data well, once iiiodified i i i  

[vays iiicxiitioiied iii  Sectioii 4.4.2. 
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for the focussed stella'r wiiici of Ciyg X-l. Likewise iitlioiiiogeiieities iii tlie n-iiitl a1.e iiot 

iiicliiclecl - a coiistaiit velocity lias bee11 assiimed for t l i p  wiiicl altlioiigli it is pspectc(l t,liat, 

a liiie-di,iveii wiiitl is 'cliiiiipj.' n-itli different Iii ios acceleratiiig Ijj. tli[fc>rcaiit aliioiiiits. 

i\t all three fi~ciiieiici~s the foregroiiiitl alxorptioii ( K j j  is cai(.iilai(yl t o  I>(> zero - tliis 

is i i i t l e c ~ l  possible as t l i r  cleiisity of the wiiicl Iwjmiitì the hiiiary orbit is \.cry small (<;ies 

k Ijoítoii lc)r((ia,). I t  appears even niore likely a,s rec.oiiiI>iiiat.ioii o f  t lie ioiiised tviiiti a i  

large tlist.aiices froiii t lie sii pergiaiit lia,s iiot beeii ta,l<eii iiit,o account - therefore we might, 

liave expected t,o ouc/'-estiinate ~ j .  Hotvever i f  t,lie flat spectrum is aii iiit.riiisic property 

of the ,jet tlieii this should not. be the case - i.e. So slioiild be the saiiie for e x l i  frequency. 

Iiistcad t lie iiioclel rcyuires S ~ ~ , ~ ~ ( ~ ; H ~  = 13.5 iiiJy, , s ' o . ~ . : ~ ( ~ ; ~ ~ ~  = l ( j . : i  iii.Jj.. S ' ~ J . ~ ~ C ; I I ~  = 14 iii.ly 

siiggcstiiig that, the flits liai; beeii siihject t o  frecliieiicy depeiideiit forcgroiiiid ;i.l>sorptioii. 

Further iii\wtigatioiis slioiild iiicliide t,lie possiliility of aii oúsr  r ivd flat spectrurii tha,t is 

/rot i/ltriu.sic. to t h e  teiii. I t  slioiileí a.lso be noted t,liat. as a. rcsiilt of tlie locv flus of Cyg 

X-1 iii t l i e  liarcl state.  the errors of the GBI ciat,a a re  geiierally of the order 20-40 X .  I t  

iiiay bc> that  3 iiiJy is a.ii iiisiificicnt difference to discoiiiit a f h t  spectriiiii. 

:!ti additioiial pïopcrty that is iiot represented by tlie iiiodel is t l i ~  piiase offset seen iii 

all radio lig/it,ciirvcs - t Iic i lieoretical ciirves I i a w  beeii sliittetl iii pliase 1)). O. 1.5 i i i  older 

to iiiatcli t lie olxrvatioiis, ii,'liile Pooley. Fender k, Bi.ocksopp ( 1  9!N) aiid Urorksopp et 

al. (i!)YIj f i i i c l  a freeliieiicy d ~ p ~ i i d ~ ~ i i c e  to  this oEset i t  is i i o t  c.oiifiriiie.tl i11 t Iiv t ~ s i c ~ i i < l < ~ - . < l  

datasets iiseci liere. Ho\vever. the offset is still \.er!- iiiiicli prcsciit i i i  t I i r  irieaii liglitciirvcs. 

-4 possible ca,iisc of this could be soiiie sort of drag effect, - as t,lie black hole passes tliroiiglr 

the stellar \viiid tite .jets may be 'swept back' aiid trail behiiid sliglit,ly. Frecliieiicics emit tctl 

toLvards the far  c i i d  of' the jet (i.e. lowrr frequencies) would tlicii bii delajwl l ~ y  a grea.ter 

aiiiouiit t.Iiaii frwliiericies eiiiitted iicarer t,he black hole. 

This pliase ofïset ca,ii be siinply iiiodelled -- assiiiiiiiig that the phase delay is cloiiiiiia,ted 

st.lf-aI,sorpt,ioii of t,he jet. the jet n-ill lag t h e  black Irole by a distaiice - x i 1 c , , . / 2 .  where 

ai i t l  t * c , , . l ,  are  the jet anti orlit,al velocities respect,iveIy. ïliis corresl>oiicls ta a phase 

1a.g of c, ,e , ;p , - ,rb where Porb is t,lie orhita.1 period. By assiiiiiiiig vi, N 8.2 x ciil t>lieii 

a phase 1a.g of 0.15 coiild be procliiced by a jet tra,velliiig a,t t ' jFt  N 0 . 0 1 ~  - n~liilt this is 

iiiilclly rela tivistk. it is prohalily ail iiiiderestiina.te. 

As iiieiitioiied a iiuiiiber of tiiiies previoiisly. tlie presetice of i lie orl->ital period i i i  t lie 

radio eiiiissioii is iiiicspect,ecl - iiideed t.lic oiily other systeiiis for n-liicli this 1ia.s been 

t l i c  case are  LSI +(ilo:3O:3 and Cir X-1. Iii I)ot.li ca.ses the perioci is iiiiich loiiger tlia.ii 
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that  of C'yg S-i (26.5 aiid 16.6 days respectively) alid the iiat.iirc) of t h o  i.adio eiiiissioii ia 

also \.er!' differeiit. Ra.t,her t,lia,ii tlie sinootli siiiusoid of Ctyg S-i. these two sources atio\v 

periodic ra.tlio oiit'liursts thought to be produced a.t periastroii of a i l  ccceiitric orbit ('Ia.yIor 

k Gregory i9X2: Hayiies. Lerclie k Miirdiii 1980). Therefore cveii if the coiiipaiiioii stars 

eiiiit st roiig stellar wiiicis (as certaiiily is tlie case for LCI +(iio:30:J). i t  is iiiilikely that the 

n-iiid absorl)t,ioii iiiodel caii Iw ;ipplieci here - it would predict a u / i / i i / ~ j u / ~ /  a t  periast.roii a.s 

tliis is t lie poiiit, at, ivliicli the wii ic l  is iiiost, cleiise. However, i t  is iiiterestiiig to iiotc tlia,t 

tlie oiily previoiis att.eiiipt t~o iiioclel tlie radio iiiocliilatioii of C'yg N - l  is I-laii ( I99:3). Slic 

also iiivolies ilil  elliptical orbit nit,li ai1 iiicliiied jet - this ca.ii lie disc.oii iitecl given the lack 

of ~\~icleiice for aiiyt Iiiiig other tliaii a circular orbit, iii  optical spcct.roscopy prweiitecl i i i  

tlie literature  so(^ e.g. ('liapt.cr 2 aiid rc.fc>reiices ~ i t l i i i i ) .  

Oiie iiiiportaiit a.pplicatioii a,iid test of t,liis absorptioii iiioclcl \vil1 I IC tlic> liglitciirvp 

prcdic.tioii of jet ciiiissioir a t  other freclueiicies. iii particrilar tlie iiiiii  a i i d  iiifrared riiiissioii 

close to tlie Ijlack hole. C'yg X-i  has hecii detected at 111111 \va\-cleiigílis h i i t  there is 

iiisiiHi(.ic>iit data available t,o detect aiiy orlJital iiiodiilatioii. A coiiiparisoii of the iiiodel 

aiid lig]it,c.iirj~es at  higher freqiieiicies would also be iis(~fii1 i i i  prohiiig the rt)gioiis of Iiiglier 

ioiiisatioii aroiiiict the black Iioie. 



C1iapt)ei. 5 

INTRODUCTION TO LhIC' 5 - 3  

5.1 Historical Backgroiiiid 

hIost IiigIi ~ - i . a ~ -  Iiiiiiiiiosity sources (> i P  ergs/s) i i i  tiie Galaxy are located iii iieavily 

ohsciir(v1 rclgioiis, iii the  disc or toivar t ls  t,lic. Galactic ceiitrt.. Tlic lo\\ ohsciiratioii oí' tlio 

La.rge 3íageiia,iiic C'loiid ( A t ,  < i iiiag.; Feast. 'ïlia.ckeray k \Vesseliiik iO(iO) iiiade it a.ii 

at tractive target for t.licl st,iidy of bright X - m y  soiirces. 

The tlirce tiriglitest X-ray sources in the LAIC! tvcrc tliscovered I>y the 1 7 h ~ r r i i  satellite 

aiid (Iesigiiatetl LAIC' Y-1. LAIC' Y-2 aiid LPIIC' X-3 (Leo~ig c.t al. 1971). I=Ollow i i p  

ohser\-at ioiis by í-'«pcr.iiicii.r a i i d  OSO-Ï coiifiriiietl (aiid iiiiproved t l i r  acciiracy o f )  t l i c  

positioris: variabilitj- of tlic «bser\*e<l flus was also iioticed (Raple!; k Tiioli!. 19i-k. Alarkert  

& ('lark 1975). I,oiig teriii X-ray 1igIitciirvcLs \vere oktaiiieci by the . 4 r i c /  1- satellite) ivit  l i  

L,i\í(.' 1-3 l>ciiig t lie brightest aiid iiiost, variablv of  t,lie five sources detected - dcspit,t~ 

ciiaiigiiig by a factor of N 10 i i i  iiiteiisity. tio regular periociicities I V P ~ P  foiiiitl i i i  the 1.5 15 

da,y raiige (par t s  of the lightcurve 1vei.e coiitaiiiiiia,ted wiili da t a  froiii other soiirces tvliicli 

may coiitrihiite to this: Griffitlis k Seward 1977). 

( - .  H atid 1 '  pliotoiiic~tsrJ~ of the three Iiriglit LM( '  S-ra!. s o i i i ~ ~ s  \viis iìtt,t.iiil>tetl hy 

Warreit k Peiifbld (1975) iii order t o  fiiid aii optica,l coiiiiterpart for each oiie. -4 faiiit OB 

s ta r  ivas foii i id iii the LAIC' X-3 X-ray error tios with  a B batiti iiiagiiit title of - 17 a i i c l  

t,liis seeiiied a lilielj. caiididate - the coiiiiterparts to LhIC' S-1 a i id  í , L l ( '  S-2 were loss 

coiiclusive. Spectroscopy of this s ta r  by ("owlej.. C'ramptoii k Hut,ciiiiigs (197s) rc~\~c~alecl a 

hliie OB s t a r  with strong I4 absorptioii lines, weak He I liiic)s, weak H13 P Q g i i i  eiiiissioii 

a.iid 110 widriice for either absorption or emissioii a.t He I1 Xf í2%.  
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Figure 5.1: The optical spectriiiii of LhIC X-3 (top) coiiipared n.ith the spectruiii of a 

*iioiiiial* RB s ta r  (bottom) iii iviiicli tlie atjwrptioii lilies a re  iiiiicli stroiiger (-NS. aiid 

'INST' refer t o  iiiglit sky aiid iiistruiiieiit al cffects respectively. (I'onley et al. lWK3). 

.Joliiistoii et al. (19%) iiiade observatioiis with the, then relativelj. iien.. IlE.10 1 ?i- 

ray satellite resultiiig iii vastly iiiiprove'd (by a factor of s) positions for LhíV X-1. Lhíc' 

5 - 2  aiid LhlC' X-3.  The HE.40 1 position for Lhíc' X-3 tvas toiisisteiit nitli the proposed 

B s t a r  optical couiiterpart, altlioiigli a seroirtl optical s tar  (F tJ.pe) was foiiiid iii t l i r  e r ro r  

Ims. Optical spectroscopy revealed a large radial velocity for tlie i3 s ta r .  coiifiriiiiiig that  it 

\ ias  iiideed a iiieiiiber of t l i e  Lhic'. Fiirtlier í IE .40  1 observatioii5 coiifiriiied the \ariable 

ii , i t  lire of tlie N-iay soiirce ni id  revealed a series of iioii-periodic fliict iiatioiis oli a tiiiiescale 

of Iioiirs at itas iiiasiiiiii111 hrig1itiic)ss (Joliiistoii, Bradt k Dossey 1979). 

I t  n'as riot iiiilil 19S3 that  LhfC N-3 joined c'!vg 1 - 1  as  tlie secoiid liiiowii black Iiolct 

caiididate. ('owley et al. (1983) deteriiiiiied ali orbital period of 1.70 i 9  days from radial 

\&city iiieasiirciiiieiits of II niid He I absorption lilies. They calciilatecl the orbital paraiii- 

(3ters aiid. siiice the orbit of a short period interacting biiiary should ciiiiclily circiilarise. 

t1ic.y coiisitlered tlie ecceiitricity to be zero. ï l i e  lack of X-ray eclipses placed aii upper 

liiiiit of 70' on the iricliiiatioii aiigle: the rotational velocity of the optical star,  assuiiiiiig 

syiicliroiioiis rotation with tlie orbit, iinplied a lower limit of 50'. The iiiagiiitucle aiicl 

teiiiperatiire of the optical star suggested a iiiabs raiige of 4-8 M,,, ~ coiisecliieiitly the 

iiiass fuiictioii required tlie mass of tlie conipact object to be i - 1 4  hi,. . well above the 

iiiasiiiiuiii iiiass for a iieiitroii stai.. In this case, lio\vever, the iìiass of tlie hlacì, hole was 

protiably larger tliaii the optical s t a r  aiid also perhaps larger tliaii the Iilack hole iii t h e  
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C'yg X-1 sgst,ein. 

C'owley et al. (1983) further chssifietl the spect,riiiii of tlie optical coitiit.c.rpart as tliat 

of' a. H 3  V s t a i ,  although the absorptioii Iiiies \vere 1ialf a.s stroiig as t,liose iii a typical 

ß:3 star ~ perhaps dile t o  ai1 aciditioiial coiitiiiuuiii coiiipoiieiit associated witli tlte X-ra,y 

source (e.g. a,ii accretioii disc). \%'e& HB P Cygiii profiles were also seeii. but iiot iii all 

obse r va t i  oii s. 

The first, t,heoreticad rriodel for LMC' .Y-3 was presented by Pa.czyíski ( ì O S 3 )  iii ortier 

to  improve on aiid simplify the calcitla,tions of' Cowley et, al. (1983). The iiiodel took 

iiito accoiiiit t,lie lack of X-ray  eclipses a i d  requirecl t,lie optical st,ar to iiot he larger 

tliaii its Roclie lobe, pliis kiiowlecige of t,lie stellar radius. lisiiig t lie ohser\:eci Iiiiary 

paraiiieters of C'owley et al. (1983) a.nd a radius of 6 R,; . a lowcr li i i i i t  of L O  i", wa.s 

obt,aiiied. Ahzeli et  a,l. (1986) used tlie siibsequeiit obseivatioiis of I'a,ii cler lilis. Tjenilies 

&: \'ari Pa,iatli.js (1983) to show that as  there is a.ppa,reiitly a coiitributioii t,o tile opt,ica.l 

f i i i s  froiii aii accret,ion disc. t,lie radius of the star could he coiisiderably less t l i m  tlia,t 

assiiiiied by Paczyiiski (195:3). lisiiig a mriety of siiialler stellar radii. Mazeli et al. (1986) 

calciilated lower liiiiits to tlic iiiass of the I,la,ck hole (2.2-4.3AI~. ) dthoiigli t lie! [vere 

probably great,er t.liaii tlie iiiass of a. iieutroii star it \vas decided t,lia.t t . 1 1 ~  possibility of a 

'heavy iieiitroii s ta r '  could iiot )>e iiiled out. ßochkarev et, al. ( I 9 X S )  later dr~\.rloped the 

orbital  Iiglitciirvt. models to allow for the fact t h a t  tlie X-raj. eriiissioii iiiiist be aiiisot,ropic 

a iieut roi1 s ta r .  They 

iiiotlelled the optical ligtitciirve, iiiclutliiig ail aiiisotropic X-ra\: eiiiissioii source (i.e. a. 

liiiib-darlieiied accret.ioii disc) in order t.o recoiifiriri the black hole iiat ~ i r t  of' t lie system 

aiitl also tlcteriiiiiied t.lie (uiilikelj,) paraiiicters i.cqiiiied for t,ht coitipact ohject to be a 

ueiitroii s ta r .  They fiirtlier suggested observa.tioiis iii the iiltra-violet regime. wliirli would 

reveal fiuorcsceiit rcsoiiaiice lilies of heavy eleiiiciits ancl therefore coiifi riii tlic presciice of 

a thick disc aiid its iiit,erceptioii of the X-ray ernissioii - this woiild esphiii t,lie la.ck of 

stroiig Iieatiiig of the star. 

previoiis iiiodels 1ia.d assuiiied a. splierical X-ray source. i.e. 

Atteiiipt,s to det,ect a radio coiinterpart h v e  keen iiia,de. Iii a ra.dio survey of sir persoft, 

pcrsisteiit and t,raiisieiit sources iii the Magellanic C'loiids, Feiicler, Sout hwell CI- Tzioiirriis 

( I O W )  fiiid t1ia.t t,liere is iio radio soitice coiiicideiit with I,h,fC X-3 above 0.12 iiiJy. Wit,ii 

t,lie whole survey takiiig place witliiii a, t,welve hour riti1 aiid coiisideiiiig t'liat a, ra.ciio source 

siicli a s  C'yg X-I placed at t,lie distaiice of the L h í C  ivoiilti liave a, flus tieiisity of - 0.05 

iiiJy. t,his is hardly surprisiiig. The ra.tiio coiiiitrrpart is a.ddressd further iii C'lia,pter i. 
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Figure 5.2: The raiige of perinitted iiiasses for the two coiiipoiieiits of the L11íC' S-3 Iliiiary 

systeiii (C'owley et al. 1983). 

5.2 X-ray Properties 

I t  n a s  surprisiiig that  despite briiig t l i v  oiily tno black hole caiitlidates kiioivii at  ¡lie 

tiiiie. LAIC' 1-3 aiid ('yg 1 - 1  cl id  not seein to show 4i i i i lnr  N-raj. pioperties (\l'eisskopf 

et al. 19K3j. LhíC' X-3 displayed a tlieriiinl spectrum, I I Z I I C ~  softer tliaii tlic p o \ v ~ r  Ian- 

spectruin of Cyg X-i .  aiid showed iiiore siiiiilarities n-itli most otl/Fr briglit X-ray soi i i  

.~dditioiiaIlj LMC' X-:3 did iiot appear to irar'. rapidly according to a sliot-iioiw> iiiotlel, ah 

was the case for C'yg X-i  - this was iiiifortuiiate as it was thouglit that aperiodic rapiti 

Iariability \vas a signature of accretioii oiito a black hole aiitl w i i l t l  l ici icc~ IIC. iised i i i  

clasdication. L'iirtlieriiiore, there was no eviclciice for the orbital period iii tlio K-raj, da t a  

- nlietlier this was oii account of a low iiicliiiatioii aiigle, lack of partial occultatioii 11'. 

a disc or accretion streairi. lack of stellar wiiid to prol ¡de orbital absorption effects. tlie 

coiitiiiiial soft state tiatiire of tlie tetti or a conihiriatioii wits not clear. 

The probleiii n a s  rcwlved  11'. Il'liite k f \hrshal l  (19s I )  wlio iioticed that n hile LhiC' 

S-3  liad ai1 iiiiiisually soft spectriiiii coiiipared ~ i t h  X-ray binaries iii the low/hard state 

(e.g.  C'j-g 1-1,  CS 339-4). it iras coiiiparable with tlie soft \ i a t e  specira of the s a i i i ~  

objects - iiicleed <;S :339- 1 i i i  the soft stat(> is ei-eii softer (Fig. 5 . : 3 ) .  'i'liey fiirtliei. noted 

that the rapid variability of Cyg X-1 n a s  cibscr~t wlieii it was iii the soft btate. Altlioiigli 

tlic iiioclel of  accretion oiito a black hole via a cool disc (Shakiira k Ciiiiyacv 1913) liad 

tweii inodified so as  to include a corona (Sliapiro. Liglitiiian k Karclley 1Sfíij iii order for 
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Figitre 5.3:  X-ray colour-colour diagraiii sliowiiig 55 sources associated tvit li accretion 

processes. il class of ultra-soft sourc~s.  irtcludiiig LhlC' 5-3.  seemed to be eiiiergiiig (\l'Lite 

S- llarsliall lW4).  

i t  to fit t l i t  liarti s ta te  spectruiii of C'yg X-1, it n a s  interesting to  see that the original 

iiiotiel \vas iiitleecl appropriate for 1,hIC' X-3. It therefore seenietl ns t iioiigli ai1 accretion 

disc n a s  presetit iii tlie sj.sterii. 

LAIC' S-3 was  later observed \\it11 ESOS'.4ï' aiid the spectrum st udictl i i i  triore detail 

(Treves et al. 1984) - siiiiple models of tlierninl breiiisstrahluiig, a power law or a blackbody 

did iiot fit tire data  sufficiently. X coinliiiatioii of blackbody aiid tlierriial breirisstraliluiig 

gal cl A i*eaxoiiaide i2  hii t  iiiiiikeiy paraiiieters for tlie corolla: a ('oiiiptoiiisatioii iiiodei 

(aftcr ~ u i i ~ a e v  k 'ïitarcliuk IWO) also gave a reasoiiaide i-> h i i t  iyiiired a very íon. 

tciiiperatiirc aiitl high optical depth. sc~ \c~re l j  wiistraiiiiiig t l iv  teiiipt~tat ure <it wiii( ii the 

plasiiia lwcoiiies traiispareiit aiici t l i e  possilie tliickiiess of tlie disc. 1re1-es et al. ( i990) 

later used a disc hlackbodj. spectrtiiri (after e.g. hlitsiicia et ai. 19s-i. hlakisliiiiia et al. 

1986 - see C'liapter 1) for the soft coriiponeiit arid an additional poncr law to explain the 

spectrum a t  liiglicr energies - as a siiigle (a opposed to  a coiiibiiiation of two different 

coiiipoiieiits), niore coiiiples iiiodel with fewer free paraiiieters, t liis disc blacb hocij. iiiodel 

was pliycically liiore reliable aiid fit the data equally well. 
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The iiature of the variability of LMC X-3 was finally deteriiiiiied by C'on~ley et a]. 

( i991),  who foiiiid a - 198 (or perliaps N 99) day period iii GingCl anti HE.40 1 X-ray 

cla.ta. They also coiifiriiied previoiis cla.irns tliat tlie X-ray Iia.rdiiess a,iid iiit,eiisity were 

correlat.ed lielow i3 keV, altlioiigli there wa.s i10 appa,reiit relatioiisliip for higher energies. 

C'owley et. al. (1991) suggested that this loiig period could lie csplaiiied iii t,eriiis of disc 

precessioii, changes iii the iiiass t>ra.iisfer ra.te or  a coiiihiiiatioii of t~lie two. Ehisawa. et, al. 

(1993) iiisestiga.t.ed this fur ther  iisiiig t,he saiiie Ginga da.taset aiitl a 'general rela.t,ivist,ic 

accret,ioii disc' model. They coiifirrned the work of Trews et, al. (1990) iii t1ia.t t,lie spect,riiiii 

coiisists of a soft thermal disc conipoiieiit. which Iia,rdeiis as  t lie iiit,eiisity iiicrc'a.ses, pliis 

a liarcl p o \ v ~ r  1a.w froiii tlie coroiia., \vliicli is iiidepeiideiit of aiio iiit.c>iisity increase aiid 

Iieiicc .\l. They fouiid that. t lie soft coiiipoiiciit variability is \vell-fit by ail optically t,liicli 

accret,ioii disc rrioclel with a coiistaiit, iiiiier disc radius aliti \.aria.l,Ic. iiiass t raiisfer rate. 

Tlie N 20 da. dc~lay 1ie.tweeii the X-r aiitl optical (see belou~) coiilti f Iicii Ile esplaiiied 

i II teriiis of t,Iic. disc crossing time. 

Oiie peculiar aspect of LhlC' X-3 (a.iid also LML X- i )  was that it liad altvays lieeii ob- 

served i i i  tlie soft state (as  tlc.fiiied by Vai1 der Iilis 1995). .is, t.liree year R'iTL:' iiioiiitoriiig 

caiiipaigii by LViIiiis et al. (2000) fi iially yielded evidciice for lia.rd stat,es, wliicli tooli place 

ciiiriiig (soiiie of 'I) tlic iiiiiiiitia of the long cycle. \Yiliiis et, al. (2000) also iiotecl that 

t h e  Ic)S d a y  'p~~iiocl' \vas iiot ai a l l  stable cliiriiig t,lie ohservatioiis. varyiiig i i i  tlie raiigci 

200 300 cla.ys. They fitted the X-ray spectrriiii ivitli the staiiclard iiiiilt,i-tciiiperatiire disc. 

i h c k h o d y  (after e.g. l'víitsiida. et, a,l. 1984, Makisliinia et al. 1986 - sec ('liapter 1) plus a. 

ponw law a,t higher energies aiitl coiiipare t,he fit I>a.ra,iiieters witli the light curve. 'Ilie clisc 

ttiiiperat,iirc a.iiei tlie pliotoii i i i c l t s  showed a clear correlatioii with tlie b o i i r w  iiitciisity 

(Fig. .54): fiirtlreriiiore, tlic. spc'ctruiii of oiie of t he  obwrvatioiis slioivcd i i o  ci\.i(leiice for a 

disc coiiipoiiciit aiid the spectruiti of the subseciiieiit obsermtioii slio~ved that a traiisitioii 

Imcli t o  t,lie soft s ta te  \vas taking place (see h'ig. 7.6). This kvas (wiifiriiied by Boyd k Siiiale 

(2OOO) tvlio also iisd a, statist,ical a.pproacIi to slioiv i 1ia.t t h ~ r e  is i10 loiig-t r rn i  pei.iodicity 

iii tlie R-t-TE/A4CPII lightcurves b u t  that the tiines betweeti tlie iiiiiiiiiia. are rcla,t,ed by 

ra t. io ii a 1 fractions. 

As no spectral evolution with source iiitensity is expected cluriiig a preccssioii c~rcle. 

tliese results suggest that, the state clia.iiges, aiitl lieiice tlie loiig iiiociiila.tioiis. a rc  caiisecl 

by a varialile iiiass t,ra,iisfer ra,te ~ as seen iii Cyg X-1 aiid other X-ray Iiiiiary systtiiis i i i  

ivliicli state clia,iiges a,re observed to  take place. \VIiile t,liis \vas first suggested by Elisawa 
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1:igiire 5.4: The R.YTE liglitcurve o f  LhlC' X-3 - correlatioiis bet\veeii the X-ray flus 

niicl t l i t i  spectral fit paraiiieters can be clearly stwi. iiiclicatiiig t h a t  t l i t  slwctriiiii I i a rdcw 

tliiriiig the riiiiiiiiia (\Viliiis et al. 2000) 

et al. (1993).  there seeiils to be a geiieral assuniptioii witliiii the coiiiiiiiinity that L h l C  

S-:3 is ;i precessiiig disc source - these results coiifiriii tliat it prolxìhly is iiot t l i p  case. 

'[lie i ia turr  of tlie iiiodiiiatiaii of LAIC' S-3 is iiivestigated further iii C'liapter (i: ;i iiiodel 
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iiivoliiiig a \viiid-dri\.eii liiiiit cycle as t'lie cause of tlic variable iiiass trai1sfi.r t,atc (SIiic3Ids 

et al. IOSíi) is also disciissecl (at, tlie siiggestioii of \'Yiliiis et al. 2000). 

The iiiost receiit tra.iisit,ioii t o  the Iiard st>ate was observed again K-I-TE aiid tlie liarcl 

spect,riiiii showing 110 evidence for a disc coiiipoiieiit, was coiifiriiied (Boyd et. ai. 2000). 

This \va.s the  first t,iiiie t,Iia.t tlie full set) of Iia.rd st,at.e propertics liad heeii oIwrvecI iii 

LhZ(' X-3 or iii aiiy iioii-Gala.ctic soiirce - t,iming aiialysis revealed :I cliaractcristic pon-er 

spectriiiii coiiiplcte with QPO at  0 .4 j  Hz. 

3.3 Vltra-l-iolet, Optical aiicl Infraretl Propertitxs 

Follo\ving t lie discovery of the I .7 clay orbital period i i i  the  ra.dial v ~ l o c i t y  iiieasiireiiieiits, 

[-, B aiid 1,- pliotoiiietery of LMC' X-3 was olit,adiied by I{-aii der Iilis, Tjeiiikes S: \'an 

Paradijs (1083). Their riieaii lightriirves showed a iiiiiiimiiiii at phase 0 .5  a i i d .  11-itli tlie 

atlditioii of the 197.1 data froiii C'owley et al. ( l W 3 )  a iiiiiiiiiiuiii a t  phase 0.0 \vas also 

r ~ \ . ~ a I e d .  l~ll ipsoi~lal  variatiotis   ve re presetit, as  i i i  t he  ca.se of C'yg 1- I .  ?'lit. sca.tter alioiit 

a siiie 11-ave 1va.s large aiid i t  \vas fouiicl that  c ~ i c l i  group of tlat,a liad a sigiiificaiitlj. dift'ereiit 

( 5  0.0 iiiags.) iiivaii iiia.giiit,iide. They tlierefore sii l~tracted t lie i i i m i i  iiiagiiit ritle I ' i ~ ) t i i  cwcli 

dataset  to coiifiriii the o h i t a l  period i i i  the photoiiietry, althoiigli the iiew iiic~asiirciiitwts 

\\-ere sliifted 0.1 i t i  pliasje wit,li respect t o  the previous ones. Tlic aiitliors siiggest.ed tha t  

this appareiit loiig tcriii variatioti coiild be tlie resiilt of iiitriiisic cliaiiges i i i  the  s ta r .  siiiiilar 

i o  those ol)sei~.etl i i i  He stars.  or the precessiuii of aii accretioii disc. 

liliriiziiia k 'lirrepaslicliiik (i(tS.4) iiioclelled the pliotoiiietric IiF;litciirves i i i  teriiis of 

t~llipsoidalitj.. S- ixy  Iic.at.iiig aiid c~lipsiiig of t  I i c  s t a r  bj. t lie aic~rrt ioii  disc [ a i i t l  \.iw \,ersa). 

The). coiisidered bot li isot ropic aiid aiiisotropic S-ra). so i i rc~s  aiitl fouiitl t h a t .  i~cgartllcss 

of' iiiodel iised, tlir Iiia.ss of the coiiipa.ct object did indeed poitit to ;i I)la<.l< I i o l t ~  tiatiirc. 

Fiirt~lier 1,- tiaiid (a.iid some B batid) oi>servat,ioiis ivri.e iiia.dc t,o a. iiiiicli great.er accii- 

racy with a C'CD caiiiera (Va,ii dei. Idis et al. 198.5): altlioiigli t.liey \vere iiiiahle t o  achieve 

f r i l l  phase co\.erage, the resiilta,iit o r t i t a l  liglitcurve coiitaiiied sigiiificaiit 1y Icss scat.ter 

tliaii prc>vioiisly. The:. obt,aiiiecI a. iiiore a.ccurate eplicmeris. althoiigh i t  depeiicletl uti t,lie 

lightcurve tieiiig syiiiiiittric - oiilj. t,lie case 011 very short tiiiiescales. gii~cii tlicl draiiiatic 

cliiiages iii iiiagiiitude caused liy the loiig term variability. ;is i t  wa,s appareiit that. tlie 

iiiiiiiiiiiiiii a.t plia.se 0.0 (i.e. siiperior conjuiict,ioii of the  X-ray source) wa,s d r c p c  I -  tlia.ii 

that, a t  plia.se 0.5, there seemed to be soiiie other coiiipoiieiit coiit,ritiiitiiig to  the orhit,a,l 

liglitciirve. C'oiiiparisoiis with tlieoretica,l ellipsoida,l liglitciirves siiggested that  c i t  lirr i i i i i -  
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tual partial staï/(lisc c>c.lipsw or S - r a y  liciai iiig of siiiall parts of' t h e  stellar suiface to1iltl 

(1 s 1 > I  a i I I t Il is I> Il e 11 o ill e 11 o11 . 
.-ldclitioiial 1,- l x ~ i i t l  pliotoiiietr>r n-a.s obtaiiiecl by i'aii Pai.atiijs et al. ( 1980.  aloiig n-itlr 

siiiiultaiieoiis E'S0 ,S .U S-raj. observatiotis. Tlicly a.t,teiiiptecl to c rea t r  í.1~0 iiidrpc>iicleiit 

curves - orbital a,iid loiig variability ~ t,lie secoiicl of which slioned a correlatioii w i t h  the 

X-ray flux. This suggested that X-raq' Iieat,iiig of t.lie disc (tlie stjar is  shielded froiii t h e  

X-ray soiirce by the thick disc) was responsible for the long \raria,l>ility aiitl further aiialysis 

of the disc (followiiig Paczyiiski 19K3 aiid Mazeh et a.1. IOSíi) suggested t h a t  tlic tliicli disc 

ivas rather cool (T < 1.5000 I<) aiid rac1ia.ted via the reprocessing of X-rays. 

:I iiiore cltltailed iiiodel for the orbit al riiotliilatioii of LLiC S-3 n'as tlevrlopetl hy Iiuiper. 

iraii I'aradi,js S: \'ali der Idis (1988) to cxpla,iti ( i )  t,lie clistortioii of the coiiipaiiioii star aiicl 

its iiilioiiiogeiieoiii; surface Iirightiiess distributioii. (i¡) X-ray Iieat,iiig of the sta.r a.iiti (iii) 

the preseiice of  aii accretioii disc - ivliicli contributes a,ii a.dtlitioiial source of light. part,ially 

(coiiipIetc.Iy:') sIiieIds t,hr s t a  aiid partia,lly eclipses/is eclipsed hy the stjar. This iriodel 

iiicludccl t I i r  rffwts of a t liirli disc. tliffrriiig from t l i t  i i i o < l ~ I  o f  l?lii~iiziiia k C ' l i t ~ t . ~ ~ l ) i ~ ~ l i ( ~ l i i i k  

( I W I ) .  and liad l x w i  siiccrssfiil i i i  esplaiiiiiig tlic liglitciirvcs of SIIC' I;-1 aiid ('pii N-3. 

\$'hilt. their estrriiie loiver l i i i i i t  to the iiiass of the coiiipact object 1va.s still g'rmtrr t1ia.n 

i I ic  iiiasitiiiiiii iiia.ss of a iieiit,roii s ta r .  they acl;iio~vletlged tha t  t.lie iiiodel is dcpeiideiit oli 

tlir loiig opt i ta l  t-arialility aiid the distaticc t o  the 1,LlC' (e.g.  risiiig tlistaiites of .IO.  50 

aiid (io kpc j.ieltls ;Us N 0.5 I .5. i .O--3.0 and 1..5-4.S A\í,: rwpoctiveiy). 

iVi t l i  tlic appareiit preseiice of an a,ccretioii disc i n  the LL,íC' S-3 system. 'ïreves et al. 

( ic)SSa) iiiade cliiasi-siiiiiiltaiieoiis ultra-violet, optical aiicl iiifrarcd oI)scir\.at ioiis ~ L I I C '  

S-:J n-as a iiiiiqiie Mack hole caiididat,e iii that  i t  \vas  possible t.0 s t i idy t l i r  disc i i i  all 

t liree i\-a\.eleiigtlis. iii<lcl>(.ii'leiitly of the s ta r  jt,lie stai. i i i  C ' J . ~  ?i-i cloiiiiiiatw t l i t >  disc aiicl 

t l i ( .  disc of .AO(i2O-OO is too f a i i i t  i i i  the ultra-violet). They estiiiiated the ultra-violet 

coiit i.il)iitioii of tlie ß star  froiii p r ~ v i o i i s  olxervaiioiis diiriiig a flus iiiiiiiiiiiiiii  of the long 

-period' aiicl fit a reddeiied I<uriicz (1979) model for a Hi3 \' star (wi th  T N 19000 l i ) .  0 1 1  

siil>t ract ioii of the iiiodel froiii their niore recent, (briglit, sta,te) olxervatioiis il reddeiied 

I ~ l a c k l m t l ~ ~  disc slwct n i i i i  could l i e  fit to tlic residuals. 

C'o~vley et al. (1991) further iiivrstigat,ed tlir loiig variability iii B.  1,- aiid R p1iotoiiiet)i.y 

a i ic l  foiiiid that tlie opt,ical light,ciirves preceded that of the S-ray by - 2íì d a ~ , s .  Tlirrc. 

appea.red to he i10 colour variatiotis over the orbit but, oli renioval of the cllipsoidal 

irariatioiis froiii the opt,ical dat,a., i t  a,ppea.rrù that tlic systeiii reddc~iied as tlir I baiicl 
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Figure 5 .5 :  I I 'E  spectra of L5lC' S-3 diiriiig briglit aiitl faiiit cpoclis of the  lightciir\re ~ 

c.ncIi spectriiiii is the coiilposite of teii origiiial slicxtra. Tlie difference i i i  5trciigtli of the 

ciiiissioii liiies be~\zreeii tlie briglit aiitl faiiit epochs cali be seeii clearly. Tlir tlirec emission 

Iiiies associated with the accretion disc. I l f E  artefacts aiitl interstellar liiies are marked 

(('owley et al. 1994). 

inteiisity increased (e.g. 1- - 17.G,l- - B - -0.25: I -  N l6.i',l7 - R O ) .  This iiiiplied 

that the tlisc (cooler aiid redder tliaii the star) iiiakes a sigiiifìcaiit coiitributioii to intensity 

< ì i i ( I  colour at iii;ixiiiiiiiii light. They tlieii reiiioved ail assiiiiied coloiir niid iiiagiiitude for 

tlie H \ tar  aiid fou i id  a correlatioii betweeii tlie disc coloiii aiid iiitciisit? i.e. the disc 

bcxoiii~s Muer a \  it briglitelis. as  oiie tvoiild expect. 

i(Itlitioiia1 iiltra-\.iolet data [vere ol,taiiiecî fioiii I I ,YS niitl Ir 'E aiid 5lionwl that  the I!% 

tia' +period' did iiot coiitiiiiie ah expected. tlie source droppiiig into a Ion optical/iiltia\ iolet 

\ tate - iii fact. a 99 day peiiotl witli soiiie peaks iiiissiiig seeiiied a better dcvriptioii of tlie 

lightcurve (('owley et al. 1994). The HST spc3ctriiin sliowecl high escitatioii eiiiissioii fea- 

t iires, n Iiicli noiild iisually bt expected iii a iiiuch hotter s tar .  ([' I V .  N \ . He 1 1 )  suggestiiig 

t J I P  pi~seiice of ;i hot eiivelope oi disc. Fittiiig tlic coiitiiiiiiiiii nith riiotlel atniospheres 

alsu required either a hotter star or ail additioiial (disc) coiiipoiieiit. coiiiparisoii of 

I [ * E  spectra froin briglit and faiiit parts of tlie liglitciirve sliotvecl that  the eiiiissioii hies  

ntakeiictl \c Iieii the souice liecaiiie fainter aiid vice versa - oiice agaiii, t l i i 5  \vas coiisisteiit 

A i t  li a precessiiig accretioii disc (although it was not iiicoiisisteiit ivitli cliaiiges iii iiiass 

traiisfer rate> either: see Fig. 5 . 5 ) .  
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The recent results that LAIC' 'i-3 slion-s evideiice of traiisitioiis to the liarcl state duriiig 

the iiiiiiiiiia of its long 'period' justify its iiicliisioii in  this thesis. Data have beeii ohtaiiied 

iii the i- and B haiids for sis years, initially with a view to  iiiodel the lightcurves i n  teriiis 

of a prere4iig accretion disc. Follotviiig \Vilms et al. (2000). tlie optical lightriirve'L> are  

ii01v iiivcstigatecl for signatures of a tariahlr iiiass traiisfer rate iiistead. 

6.1 Ohscwations 

Data were ohtaiiied by various observers (I was not one of tlieiii) a t  the 0.91iii Diitcli 

'Ielescope of the European Soutliern Observatory i n  Chile; it was equipped with a 512x.512 

TEI< CT'D aiid standard Johnsoii 1 * aiid 13 filters. The ohservations were iiiacle hetweeii 

1993 atid 1999 iii a total of sisteeii different observing runs  as part of the University 

of Illiiisterdaiii's iiioiiitoriiig prograiii for X-ray binaries. Each observing rui1 lasted 1--4 

neeks, t? pically 2-12 observatioiis of LhíC X-3 ivould be iiiadc iii a iiiglit ancl sigiiifiraiitly 

i i i o r ~  of tlie points were made iii the batid. Typical c.sposure tiiiies were five ( 1 -  Imid) 

aiid seven ( B  baiid) minutes. Varying numbers of bias framrs were taken, typically about 

teii at  the i~egiiining and eiicls of the iiiglit, and a total of 5-10 sky and dome flats each 

iiiglit. N o  clarl, frames were used. 

-411 data \vcrc redticecl as a single dataset (by hand - iiot aiitoriiatically) using I R A F .  

rtlecl. Tlie l i a s  Rias and flat field frames were clieclied inclividually aiid faulty ones di 
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fraiiic>s for cacli iiiglit, \vere coiiibiiied with I ~ I C O ~ I B I N E .  nliicli c;iIculat.e~] ii i(yiiaii  valiit  

of ail tlic fraiiiex for each positioii on the cliip. . h i  eiiipirical rejectioii iiietIio(I (sigclip) 

wa,s iised i i i  nTliicli t lie iiiediaii was coiiiputed igiioriiig the lowest aiicl highest iyiliies, t lie 

vaiiie of (T a,bout, this rnethii was clet,eriiiiiied a,iid tlieii aiiy poiiits iiiorv tliaii &T fro111 tliis 

poiiit were re,jectetl. Tliis was repeat,ed for as long: a,s there 1vei.e poiiit,s iiiore tliaii 'La from 

t lie iiietliaii. Tlic coiiibiiied bias \vas subtract,ed from ea,cli flat field aitcl iiiiage f ra i i ie  usiiig 

I Y I A R I T ~ I .  ( ~ ' O L H I A ~  wa,s tlieii iised to fit the iiiediaii of t,lic overscaii regioii n-itli a first 

order C'lieliysliev polJxoiiiia1. t o  reject poiiits 20 froiii the fit a,iid to siibtract the fit from 

tlie flat, field aiid iiiiage fraiiies. The flat field fraiiies were coiiiliiiicd iii a siiiiilar \va>' to 

t l i c  Iiiases ( I l IC 'O\IBINE)  a,iid \vere iiornialised to iiiiity with N O R 1 I A L l Z I I :  íiiially the iiiiages 

[vere d iv idd  by the coiiibiiied aiid iioriiialiscd flat, field iisiiig 1hIARITI-I. 

I R A F  [vas agaiii iised iii order to obtain tlie pliotoiiietry. Fifteeii stars n ~ i ~  selectecl 

o i i  mcli frame, iiicliidiiig LAIC' 1-3. 'The iiican F \VI IM tva.s dctcriiiiiitvl foi. (lac11 f ' r a i i i ~  

iisiiig I ~ I E S A I \ I I N E  aiid this was t,lieii used to tlctc>riiiiii(. t l i e  racliiix of the apcrti ire aiicl 

t h e  s k ~ .  aiiiiiilus ~ t h e  apc3rtiire \vas set to 1.U tiiiies t.lic FII'IIli, t l i c  i i i i i c i r  rat l i i ix of' the 

siirroiiiidiiig aiiiiulus of  sky \vas -1 tiiiies the FìVHIf aiid tlic iv id t  l i  of tlic slq- a i i i i i i l i i s   vas 

5 t iiiies t lie l>L$:Hhí. 

I i i s t  riiiiieiital iiiagiiit,iides for t,lie fifteen stars were obtaiiied Iiy assiiiiiiiig that t,he po i i i t  

sprcad fiiiict ion of each was a Gaiissiaii, deteriiiiiiiiig the iiiiiiiber of coiiiits Ivitliiii aii 

ítperturc c c i i t r d  oii t lie peak of the Gaiissiari and siil,tractiiig the iiiiiiiher of coiiiits iii t l i e  

sky aiiiiiiltis ( A P P H O T ) :  the iiistriiiiieiital iiiagiiitiide is defined as -2.5 Ig (gaiii x coiiiits). 

'I'lie resiiltaiit iiiagiiitiitlcs were tlieii studied for stahility over t h e  six yeat. iiioiiitoriiig 

(-aiiipaigii. Oiily two s ta rs  (see I'aii der Idis et ai. i9S.5 for clr)tails of tlicsr tlvo stars atid a 

fiiidiiig cliart) appearwl to reiiiaiir stable aiid thus he siiitablc for tliffereiitial piiotoiilet~ry. 

Tlic. two reference st,ars were calibrated with the I R A F  tasks w¡t.liiii I'HO'r('AL, iisiiig 

pliotoiiietric st,aiidard s tars  i i i  the fields of PG 02:31+0.51 aiid Alark .A (1,aiidolt lW2) .  111 

cji.c]er to  cliecl< t j ic .  c.alibratioii. zeropoints of the  calibrator ol)ser\-atioiis \vere cleteriiiiiicd 

acroidiiig to Eqiiatioii 6.1 aiid lieiice the refereiice s t a r  iiiagiiitiides could be tletc~riiiiiied 

11). asstiiiiiiig that  tlie zeropoitits reiiiaiiied coiista'iit,. 

Z.P. = - I&. - - 2.5 Ig (esp. t.iiiie) - (a.iriiia.ss x c)st,iiictioii coeff.) (6.1) 

Estiiiction coefficieiik for the  Dut,cli Telescope are 0.11 (I'-) aiid 0.23 ( B )  ant1 airiiia,sses 

\vere calciilated iisiiig SETAIRhlASS ~ I iiote that it would liave beeii beiirficial t o  iiioiiit,or 

tlie staldity of these mliies over t.lie period of tlie ohservatioiis. H O W W ~ I ~ .  siiicc it is the 

( (  1 1 
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rc>Iativc xarialiility of the diffrrcwtial pliotoiiietry tliat is of i i i trr tst  l i c ~ r t ~ .  t lit. absoiiite 

iiiagiiit i ides are  iiot so i i i ip r ta i i t .  

Tliiis LMC'  X - 3  could he calibrated against t l t t  re511lts of tlit. refereiicc stars, .IS t l irre 

\ i a$  rrIntiveIy little riata for tlic' staiitlards. g i i w  tlic Iciiigtli of the iiioiiitoriiig caliipaigii. 

the (aIihratioii of L h i C  S-:3 tlepeiidecl heavily oli tlir s t a l ~ i l i t ~  of the  two reí¿wiicc. \ t a rs  

iisrd for t l i t .  cliffc.reiitial pliotoii ictr~ over the  tiiiie of tlic ohscriat ioiis. 

'lhe caIiI)rated tlatasct is plotted aloiig 11 itli ail ~i~~,ii iabie 4 i l i i i I ta r iw i i s  RAXT2?,'.îSl~ 

(lata ((laiij. averaged poiiits) i i i  Fig. íj.1. I t  i5 appareiit tliat wine par t s  of tiir optical 

IigIrtriii \-e correiate well with the  X-ray :iltho~gli this is iiot always tlir C ~ I S C  '.g. there is 

c l c a r i ~  ver! differeiit I>eIiaviour takiiig place toliarcis the tin(¡ of IOCIíi .iiid t I i r  eiid of I<)$);. 

T l i c ~  correlatioiis a r r  iiivestigated further i i i  Sec tioii 6.2. 

(3.2 Rcsiilts - The Long ?\,Iodiilat3ion 
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of the Iightciitve i:, stiffici(>iit t o  eiisure iio siiiootli iiieait orI>it,al liglitciIr\.p iiiaJT iIC oljtaiiiecj 

froin riatasrtss slmiiiiiig siicli a) long period of t h e .  

\VIiiIe i t  \vas perlmps teiiiptiiig to follo~v the liiie o f  research of prcviotis atitliorc; ~ t.() 

split t lie dat,a iiit,o siib-clat,asets, siibtract. tlie iiieaii iiiagiiit,iicle aiid tlieii recoiiibiiie illto 

a siiiootli orbit,aI cutvc - a.s tlie iilt,iiiiat,e a,iiii of tlie project \vas í,o iii\’rstigate t i p  loiig 

iiiotliilatioii. i his loss of iiiforma,tioii did iiot seein a prodiirt.i\.e m y  forward. It slioiild 

also he iioted t.lia,t i i i  the ca,se of the precessiiig disc systmi I,¡ìl(’ S-4. IIc~eiiislierli et al. 

(1989) find that, on renioval of t h e  orbital period aii orhit.al residua,l is left ~ this is caused 

by the different Iieatiiig effects caiisetl a.t different, a.iigles of t l i t  precessiiig a( 

F{ev(~siiig this effect sliows t,lia.t reiiioviiig the loiig iiiodiilatioii \vili not. resiilt i i i  a piire 

eIIiIxoitlai curve aiirl so I do not atteiiipt, it) liere. 

The effect that. t l i ( 3  loiig iiiotliilatioii lias o11 the orbital 1iglitcun.e (’ali he seeii i i i  Fig. 6.3.  

Tliv dataset lias Ijeeii di\.icletl accordiiig to obser\.iiig scssioii, cvtcli sossioii typic.al1). spaiis 

i -4 weeks. The various suli-dat.aset,s liave beeii folded oil the 1.7 day  or1jita.l pctiotl. I i i  a 

iiiixiiljer of tlie plots it, cai1 be seeii that the two iiiasiiiia/iriiiiiitia are iiot q u a l  iii i~iagiiitiide 

- \vIiile pre\+oiis aiithors have assiirried t,liat tlicy are obser\7iiig e .g .  aii it.cci’etioii strraiii. 

i t  is cleqr. froiii these plots that ~vl ic~t~l ie r  or iiot tlie liglitciiive i s  asceiitliiig or desceiidiiig 

accortliiig to t lie ‘loiig period‘ is iiiore liliely t,o he respoiisible. IVliile occasioiial siili- 

tlatascts ..;lion. a siiiootli orbital liglitcurve. it is more co~iiiiioii for tliriii to be scat,teretl o r  

t o  ,slio\v a i i i i i i i b c ~ r  of siiperiiiij)osed doiible-peaked ciii.ves. Tlir la1 ter half  of 1996 slion-s 

clearl), t.1ia.t witliiii jiist 2-1 \veeks tlir data. from tlir differeiit orhits 1,ecoiiic.s iircoiiiparal~lr 

n.itlioiit solne iiictliotl of ‘reriioviiig‘ the loiig niodiilat,ioii. Fitt,iiig t lie iiieaii orbital curvcs 

\vit ii spliiies aiid coiiipariiig theiii sliows t,liat p1ia.se sliift,s of tip t o  O. i5  take placc l)et\veeii 

t I I P  tliffercii t ol,ser\:iiig sessioiis. 

‘i’lie st.iidy of the loiig iiiodiilat,ioii is í,lierefore of g rwt  iiiiport,aiice if t.1ie oi,l,itai liglitciir\~s 

a re  e w r  t o  lie iiiiderst~ood properly; lion-ever. this is soiiietvlia.t, difficiilt oil  accouiit, of the 

lack of periodicity to tlie va.riahility. Power spectra were coii~piited for t,he pliotoinetry 

iisiiig the discrete Fourier traiisforiii routine iii the S T A R L I N K  package PERIO». Tile da.t,a 

\vere t lit111 split, into ten orbit,a.l plia,sc biiis and the power spectra coiiipiit,ed. Iii all cases 

there were iio peds iii tlie power spectra tlia,t did iiot a.lso appea,r i i i  the wiiidon. fiiiictioii 

of t,lie Fourier traiisfoi‘iii. The LoiiiI>-Scargle algorithm ( P E R I O D )  ivas iised for coiiipaiisoii 
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F'igure íj .3: Neaii  ort>it,al liglitciirves i i i  the 1' hand for the sist>eeil ciiffereiit observiiig 

sessions. each lasting 1-4 xvecks. The tick iiia,rks on the iiiagiiitude axis are 0.5 iiiagiiitiides 

apart a.iid the successive observing sessions lmve beeii shifted hy L iiiagiiitude for cla.rity. 

La,rge aiiioiiiit.s of variability ca,ii be seeii fioiii one sessioii to the nest and l'reqiieiitlj. wit.liiii 

t,lie few-wek observing sessioii (e.g. 1996). 
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and similarly yielded no convincing modulation. 
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Figure 6.4: Results of epoch-folding the optical photometry and also the RXTEIASM 

data  on periods in the 30-300 day range. No discrete peaks are apparent, although all 

three show maxima in the 200-300 day range. 
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> 

O - 
The amounts of observed 6 and V band em¡SSiOn 
vary, depending on the projected area of the disc, 
but the E-V colours do not change 

Precessing Disc 

A radiative warp will precess around the compact 
object. Enhanced emission will be observed at 
certain frequencies, depending on the angle of the 
disc to the line of sight and the radial position 
and size of the warp. 

- 
Warped Disc 

As increased mass flow passes through 
the disc it can be seen at progressively 
higher frequencies 

Variable Mass Transfer Rate 
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Figure 7.1: A plot of the mean radio emission against distance estimate for the persistent 

black hole and Z-source X-ray binaries. All sources appear to obey a S,, cx d-' law. 

Llpper limits to the radio emissioii from atoll sources and X-ray pulsar systems are also 

included (Fender & Hendry 2000). The previous best upper limit t o  the flux density of 

LMC X-3 is shown in the bottom right-hand corner. 

7.1 Observations 

Radio observations were made at the ATCA on 5 April 1998. All six telescopes were used 

in the 7.5OA configuration, which is characterised by baselines iii the range 77-37.50 metres. 

The two detectors ou each antenna were set to adjacent frequencies within tlie 6cni baud 

(C band; 4800, 4928 MHz) - a technique which enables a 4 improvement in signal-tw 

noise. The compact radio galaxy PKS 1934-G38 was used as a flux (primary) calibrator 

and observed at the beginning of the run; a second flux calibrator (PKS 0823-500) was 

also observed at the end as a back-up. The phase reference source (secondary) was PKS 

0539-530 and observed for N 3 minutes every N 15 minutes. 

The da ta  recorded by a radio telescope is a collection of 'visibilities' - amplitude and 

phase information of the signals reaching each baseline over time, and this is obtaiiied in 

the (ground-based) ?LU plane of the telescope. The uv data is edited and calibrated before 

being Fourier transformed back into the plane of the sky (the image plane), i n  order to 

obtain a realistic image of the  source. 
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ii' iieccssary. l'lie ia.rgei soiirre \ms iiot flagged i i i iti l a f ter  c : i i i i ~ ~ ~ t i ~ ~ , .  
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Y 
1 A typical source in the image plane of the sky 

V 

V 
m 

U 
The observed dirty map of the source 

does not look like the idealised FT of the 

source due to the non-perfect sampling 

Deconvolution with the sampling function is therefore 

required in order to reconstruct an image of the source 
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8.3 Coiiiptarisoii n-itli other oiit 1 nirsts 
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Table 8.8: Comparison between the five BHC X-ray transients wliicli have remained iii 

the low/hard state throughout an  outburst. 

Source Date X-ray Spectrum mHz QPO 

Dnriiie Outburst:? 

GS 1354-64 1997 low/hard Y increases 

G S  2023+338 1989 'low/hard (mostly?) Y 
GRO J0422+32 1992 510w/liard 'inHz QPO present 

GRO 51719-24 1993 glow/hard 'Y increases 

XTE J1118+480 2000 "low/hard 12J31/ increases 

Source Radio Spectrum Optical Peak Optical/X-ray 

Preceding X-ray Peak'? Luminosity Ratio 

GS 1354-64 flat + inverted Yes optically bright 

GS 2023+338 %t + inverted 3Yes "optically briglit 

GRO 50422+32 'flat + inverted 'Possibly ? (no soft X-ray obs.) 

GRO 51719-24 '%at ? '? (no soft X-ray obs.) 

XTE .J1118+480 I4inverted ? 150ptically bright 
i 

1. l'anaka, k Lewiii (1995) 2.  Han & Hjellniing (1992) 

.5, Van der Hooft et al. (1999) 

8. Callanan et al. 1995) 

11. Hynes e t  al. (2000) 

14. Dhawan e t  al. (2000) 

3. Clien, Slirader, Livio (1997) 

6. Iíouveliotoii et al. (1992) 

9. Van der Hooft et al. (1996) 

12. Yamaoka et al. (2000) 

15. Garcia et al. (2000) 

I3 .  i.aii Paradijs k McClintock (199.5) 

7. Shrader et a,l. (1994) 

10. Hjellming et al. (1993) 

i 13. Wood et al. (2000) 
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8.4 Disc.iissioii 
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