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ABSTRACT

T h is  th es is  re p o r ts  th e  re su lts  o f th e  X -ray  o b se rv a tio n s  o f th e  ga lac tic  b in a r y  source  
SS 433 a n d  th e  Q SO  M R  2251 — 178 m ad e  w ith  th e  E X  OS A T  an d  G IN  G A  X -ray  
sa te llite s .

T h e  E X  OS A T  a n d  G IN  G A  s tu d y  of SS 433 show s th a t  b o th  th e  X -ray  in te n s ity  
a n d  s p e c tru m  of th e  b in a ry  v a ry  over th e  p e rio d s  o f th e  163 day  je t  p rec e ss io n  a n d  
th e  13 d ay  b in a ry  m o tio n . T h e  X -ray  lu m in o s ity  o f SS 433 is h igh  a t  th e  p h a se  
co rre sp o n d in g  to  th e  m a x im u m  se p a ra tio n  o f th e  D o p p le r-sh ifted  o p tica l l in e s , a n d  
low  w hen  th e  je ts  becom e edge-on . A n in te n s ity  dec rease  o f u p  to  50% can  b e  seen  in  
each  energy  channel w hile  th e  source changes fro m  h ig h  to  low  lum inosity . O v e r th e  
13 d a y  b in a ry  cycle, th e  X -ray  source is ec lip sed  b y  th e  com p an io n  s ta r  a t th e  p h a s e  of 
th e  p r im a ry  o p tica l m in im u m . F ive such  e v e n ts  w ere  o bserved  by  th e  E X  O S  A T  a n d  
G IN G A  sa te llite s  a t  d ifferen t p hases of je t  p recess io n . T h e  X -ray  sp e c tru m  o f SS 433 
consists  of a  th e rm a l c o n tin u u m  an d  a  D o p p le r  e n e rg y  sh ifted  b ro a d  em iss io n  line . 
I t  is p ro v ed , in  th is  th es is , t h a t  th e  X -ray  em iss io n  o f SS 433 o rig ina tes  in  th e  je ts  
a n d  is th e rm a l in  n a tu re . T h e  X -ray  sources o f SS 433 a re  s tab le  an d  i ts  p ro p e r tie s  
a re  s tro n g ly  m o d u la te d  b y  th e  re la tiv is tic  m o tio n  o f th e  X -ray  e m ittin g  m a te r ia l  in  
th e  je ts , th e  je t  p recession  a n d  th e  b in a ry  m o tio n . W ith  th e  c o n s tra in ts  f ro m  th e  
X -ray  o b se rv a tio n s , a  g en e ra l p ic tu re  of th e  X -ra y  je ts  o f SS 433 is e s ta b lish e d  in  th is  
th esis . T h e  X -ray  je ts  a re  a  con tinuous su p e r-so n ic  p la sm a  flow an d  a re  g e n e ra te d  
in sid e  th e  funnels  of a  th ic k  accre tio n  disc lo c a te d  a ro u n d  a  b lack  hole.

V ariab le  X -ray  a b so rp tio n  a n d  soft X -ray  excess a re  fo u n d  in  th e  X -ray  s p e c tru m  of 
M R  2251 —178 w ith  th e  E X  O S A T  o b se rv a tio n s . W h ile  th e re  is an  overall c o rre la tio n  
b e tw een  th e  M E (2-10  keV ) a n d  LE(0.1-2  keV ) fluxes th e  p a tte rn  of v a r ia b il i ty  can  
n o t be  d escrib ed  by  sim p le  in ten s ity , a b s o rp tio n  o r slope v a ria tio n s . I t  is sh o w n , in  
th is  thesis , th a t  i t  is possib le  to  exp la in  a ll th e  o b se rv ed  fea tu res  by  a d o p tin g  th e  
‘w a rm ’ a b so rb e r  m odel in  w h ich  th e  a b so rb in g  m a te r ia l is p a rtia lly  io n ized  b y  th e  
flux  o f ex trem e  u ltra -v io le t a n d  X -ray  p h o to n s  fro m  th e  ce n tra l c o n tin u u m  sou rce . 
T h e  p re fe rred  lo ca tio n  o f th e  ab so rb ing  m a te r ia l  is close to  th e  c e n tra l c o n tin u u m  
source . T h e  recen t ev idence fo r ‘cool’ m a te r ia l  in  th e  cen tre  of Seyfert g a la x ie s  is 
th u s  e x te n d e d  to  in c lu d e  a n  o b jec t o f s ig n ifican tly  h ig h er lum inosity .
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Chapter 1

A ctive G alactic N uclei, 

A strophysical Jets and SS 433

1.1 Introduction

It has been known for some years th a t a few percent of galaxies contain hyperactive central 

regions (Begelman, Blandford Sz Rees 1984). The power ou tpu t from this active region can 

exceed the lum inosity of a thousand normal galaxies (i.e. 10̂ ® erg s~^) and equal the

m ass-energy equivalent of several solar masses per year. However, the  seat of th is activity 

is, com pared w ith the size of a  galaxy (tens of kiloparsecs), extraordinarily  com pact as in­

dicated by rapid  variability of the  radiation flux on tim e scales as short as m inutes. The 

term  Active G alactic Nuclei (AGN) is a common nam e used for signifying any extragalactic 

object w ith such substantial emission in excess of norm al stellar processes such as starlight, 

HII regions, super novae etc. AGN include quasi-stellar objects (QSOs), quasi-stellar radio 

sources (Q uasars), Seyfert galaxies, radio galaxies. Low Ionization Nuclear Emission Regions 

(LIN ERs), BL Lac objects and some narrow emission line galaxies (e.g. Lawrence 1987; 

Netzer 1987).

Powerful extragalactic radio sources comprise two extended regions containing m agnetic fields 

and synchrotron-em itting relativistic electrons, each linked by a je t to  a central com pact radio 

source located in the nucleus of the  associated galaxy (e.g. Begelman, Blandford &: Rees 

1984). These jets are collim ated stream s of plasm a th a t emerge from the nucleus in  opposite



directions and are responsible for transporting m ass, m om entum  and energy from  th e  nucleus 

of active galaxy into the extended radio sources. The properties of Active G alactic Nuclei 

are sufficiently similar, although there are differences, as shown by the very different radio 

features, th a t there is little  doubt th a t they can be accounted for by a sim ilar or closely 

related  physical model. Therefore, a be tter observational and theoretical understanding  of 

the  natu re  and origin of these je ts  m ay eventually provide insights in to  the natu re  of all active 

nuclei, not ju st those associated w ith strong radio sources.

A strophysical je ts , which are often defined as sources showing an elongated m orphology 

(Bridle & Perley 1984), have recently been observed in a wide range of celestial objects from 

powerful extragalactic sources to  the  galactic objects. Among these je t sources, the  ‘unique’ 

galactic object SS 433, due to  its close distance and its observable features over the  whole 

electrom agnetic waveband, has been attrac ting  the close a tten tion  of m any astronom ers for 

the  past ten  years. The discovery of mildly relativistic jets in SS 433 led to  the  conjecture 

th a t SS 433 m ay be a scaled-down version of some of the extragalactic radio sources. P robing 

the natu re  and origin of the je ts  in SS 433 m ay lead directly, therefore, to  an understanding  

of some of the astrophysical je ts  which power extragalactic radio sources.

T he basic properties of AGN, astrophysical jets  and SS 433 are reviewed in the  following 

sections as the background for the  discussions in this thesis. The model theories used to 

in te rp re t SS 433 phenomenon and je t form ation are also summarized below. The final section 

of this chapter gives an overview of the thesis.

1.2 A ctive Galactic N uclei

Active Galactic Nuclei are among the most luminous and compact objects in  the universe and 

observed throughout the whole electrom agnetic spectrum  from 100 MHz radio waves to  100 

MeV 7 -rays (Begelman, B landford & Rees 1984). A lthough the observational properties of 

AGN are extremely diverse, there  is, as argued by Lawrence (1987), only one kind of Active 

G alactic Nucleus and the varieties arise from three degree of freedom: dust opacity, viewing 

angle of a relativistic jet and du ty  cycle of activity. Fig. 1.1 gives a sketch of a typ ical AGN 

structure .

It is widely accepted th a t the central engine of AGN consists of a  super massive accretor.
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Figure 1 .1 : The structure of a typical AGN, taken from Krolik (1988)

probably an accreting black hole and an accretion disc surrounding it where the kinetic energy 

and angular m om entum  of accreting m aterial is dissipated into radiation or outw ard moving 

m atte r winds and beams. The overall dimensions (see Netzer 1987), as deduced from  light 

variability argum ents, are of the order of lO^^L^g cm where L46 is the optical-UV lum inosity 

in the unit of lO'*® erg s~^.

Outside the central engine is the line em itting region of AGN, which can be divided into 

the Broad Line Region (BLR) with dimension of ~  lO^^-^L^g cm, and the Narrow Line 

Region (NLR) with dimension ^  lO^^L^g cm. The BLR is a region composed of small 

photo-ionized clouds, or filaments, with typical density of ~  1 0 ^° cm“ ^, column density 

of 1Q22-23 atom s cm~^ and covering factor of ~  0.15 (Smith et a i 1981). These clouds, 

moving w ith relative velocities of 3000-10000 km s“ ^, give rise to the broad line profiles. The 

NLR consists of lower density (~  lO'^"® cm“ ^) photo-ionized gas which occupies a relatively 

large volume of space. Because the density is low (especially in the outer regions), strong 

narrow  forbidden lines (e.g. [OIII]) can be seen. The full widths at half m axim a (FW HM ) 

of the Doppler broadened lines lie in the range 150 ~  1400 km s“  ̂ (Gaskell 1987). It is 

not clear whether there is a smooth transition zone, of interm ediate densities and velocities,



between these two regions. The powerful ultraviolet continuum  suggests photo-ionization as 

the dom inant heating and excitation process in the BLR and NLR.

The continuum  radiation of AGN evenly spreads over up to  ten decades in frequency from 

the radio into the 7 -ray range. The X-ray spectral index, a ,  seems to be ‘universal’ in the 

sense th a t a ,  for most observed AGN cluster tightly  around a value of 0.7 (Rothschild et al. 

1983; Turner & Pounds 1989).

The physical processes responsible for the continuum  emission from AGN are not clearly 

known and three basic processes, brem sstrahlung, synchrotron radiation, and Com pton scat­

tering, are normally involved .

1.3 A strophysical Jets

The je t family comprises various members with diverse properties. The observations of as­

trophysical jets  have been reviewed by several workers (see Mihalas h  W inkler 1986; K undt 

1987) and the various examples are illustrated below.

Extragalactic Jets

The jets in the extragalactic radio sources are the most intensively studied jet class. An

I

Figure 1 .2 : 6  cm VLA imaging of Hercules A with a 0.5 arcsec beam, taken from Dreher k. 

Feigelson (1984)



example of these jets is shown in Fig. 1.2.

(a) powerful radio galaxies

T he jets from powerful radio galaxies are typically 100-300 kpc in linear ex ten t 

and  tend to  be edge brightened. The hot spots a t the ends of jets indicate th a t 

these jets are highly supersonic. The ratios of the large je t and counterjet flux 

and the persistence of one-sidedness on the VLBI scale, suggests th a t the je ts  are 

a t least mildly relativistic.

(b) weak radio galaxies

The je ts  associated w ith weak radio galaxies generally appear, by contrast, more 

complex and are edge darkened. The je ts  are believed to  be sub- or trans-sonic 

flows because most of the radio power in  a weak source originates fairly close 

to  the  associated galactic nuclei and because the more d istan t regions exhibit 

irregular morphology.

(c) quasars

The je ts  associated w ith quasars show some unique morphological characteristics. 

They are nearly all one-sided and far m ore radio luminous th a t the jets associated 

w ith  comparably strong radio galaxies.

(d) Seyfert galaxies

Je ts are also found in th e  nuclei of m any Seyfert radio sources. These je ts  are 

very faint and twisted w ith  length of < 1 kpc.

Stellar Je ts

(a) young stellar objects

The je ts  often appear in very young stars, the  Pre-T-Tauri or Herbig-Haro-exciting 

stars. These jets are supersonic with velocity of 50 ru 400 km s“ ^. The jets have 

lengths of ~  0.01 — 0.2 pc and opening angles of 3° — 10°.

(b) Sco X -1

Sco X -1 , which resembles an extragalactic trip le  radio source, consists of a  central 

com ponent coincident w ith  the position of the X-ray and optical source, and two



separate jet-like lobes at distances of ~  1 pc on opposite sides of the central 

source.

(c) Cyg X-3

Recent VLBI observations show evidence for jets in this intense, highly variable 

source. Two oppositely directed lobes are found to expand asymmetrically a t a 

speed of ~  0.35c.

(d) SS 433

I f  Wi- , '  '

Figure 1.3: Jets in SS 433, IPC X-ray im aging taken from W atson et al. (1983)

The X-ray image of the region around SS 433 is shown in Fig. 1.3. The bright 

central region includes the X-ray emission from the jet at radii close to the com pact 

object. Also, clearly visible, are the regions where the outer portions of the je t 

in terac t with the surrounding medium.

(e) CH C yg/R  Aquarii

The symbiotic stars CH Cyg and R Aquarii exhibit linear radio features th a t have 

been interpreted as jets. In the case of CH Cyg, the outflow velocity is in excess of 

3000 km s~^ and the presence of a white dwarf accreting at or near the Eddington 

lim it has been inferred. The jet feature in R  Aquarii has also been seen in the 

optical and near ultraviolet.
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Figure 1.4: 21 cm radio map of our Galactic Center, taken from Kundt (1987)

An unusually intense radio source, which is almost coincident with an infrared 

source and the dynamical center of a conspicuous distribution of gas clouds is 

contained in our galactic center. The elongated radio feature perpendicular to 

the galactic plane has been interpreted as a pair of jets. Fig. 1.4 gives the m ap 

of the twin-jet in our galactic center.

Supernova Rem nants

The morphological similarity between bipolar jet flows and certain peculiarities of 

supernova shells is a ttribu ted  to the existence of jets in the supernova rem nants. 

As an example, a deep [OIII] photograph of the Crab Nebula is shown in Fig. 1.5 

where a feature protruding from the northern rim of the Crab Nebula can be seen. 

It is suggested th a t the jet in the supernova rem nants originates from the central 

pulsar.



Figure 1.5: Deep optical emission line imaging of Crab Nebula, left: Crab Nebula w ith jet 

feature, right: detail structure of the jet, taken from Fesen k  Gull (1986)

1.4 SS 433 —  Observations vs M odels

SS 433, the 13 day galactic binary source centrally located in the elliptical supernova rem nant 

W50 whose radio and X-ray overlay map is shown in Fig. 1 .6 , has been intensively monitored 

in a wide energy band from radio to 7 -ray since the discovery of the extraordinary, time- 

variable Doppler-shifted Baimer and Hel emission lines in 1978. It has now been established 

beyond reasonable doubt tha t SS 433 is a luminous binary system exhibiting collim ated jets 

of gas whose axis precesses w ith a period of ~  163 days. The previous observations of this 

‘unique’ object have been comprehensively summarized by Margon (1984) and the following 

discussions only give its basic properties.

1 .4 .1  X -ra y  O b serv a tio n s

Over the past twenty years since the launch of UHURU'm 1970, numerous X-ray observations 

of SS 433, which cover every phase of the jet precession and binary motion of the source, have 

been carried out with the X-ray satellites U H U RU (1970 December-1973 M arch) (Form an et 

al. 1978), A R IE L-5 {1974 November-1980 January) (Seward et al. 1976; Ricketts et al. 1981), 

E E A O A -2  (1977 October-1978 October) (M arshall et al. 1979), E IN S T E IN {1979 April-1980 

October) (Seward et al. 1980; Seaquist et al. 1982; W atson et al. 1983; Grindlay et al. 1984), 

A R IE L -6  (1979 August, 1980 July, August) (Ricketts et al. 1981), TENM A  (1983 September)
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Figure 1 .6 : Radio and X-ray m ap of W50 with SS 433 located at the center, teiken from 

Kundt (1987)

(M atsuoka, Takano & M akishima 1986), E X O SA T  {19S2 October-1985 October) (W atson et 

al. 1986; Stewart et a i  1987 and this thesis) and GINGA  (1987 May-1989 May, this thesis). 

The first reported observations of the X-ray source A1909-I-04 of SS 433 in this ra ther crowded 

region of the X-ray sky were m ade during 1974 November-1975 July by Seward et al. (1976) 

with the A R IE L-5  sky survey detectors. In these observations, the  source A1909-f04 was 

reasonably well located and its errorbox overlapping part of the supernova rem nant W50 

indicated the association of the X-ray source with W50. Noticing the point source feature 

and the intensity variability of A1909-1-04, Seward et al. suggested the source as a candidate 

for the rem nant of the Supernova progenitor. Combing the X-ray observations spanning over 

the period of 1970 December-1973 March, Forman et al. included 4Ul908-f-05 (SS 433) in the 

4U catalog in which the position and intensity of the source is given. A typical observed 2-10 

keV flux for the source is about 1 x 1 0 “ °̂ erg cm “  ̂ s“ ^, which implies an X-ray luminosity 

of a few times 1 0 ^̂  erg s~^, much smaller than the inferred optical luminosity and the kinetic 

energy of the m aterial in the jets. Although UHURU 3.iid early AR IE L-5  observations yielded 

some significant results, they did not suggest anything unusual about the object as compared 

w ith the several dozen brighter X-ray sources in the plane of the Galaxy. E IN S T E IN  and 

E X O S A T Iiis i  revealed the exciting features of SS 433 at X-ray energies.

The spatial structure of the large-scale X-ray jets of SS 433 was directly observed by the 

imaging detectors on the E IN S T E IN  Observatory. The first X-ray imaging presented by



Seward et al. (1980) showed th a t 90% of the soft (1-3 keV) X -ray flux is coincident with 

the optical object while the rem aining 1 0 % is contained in two diffuse X-ray em ission lobes, 

sym m etrically extending at least 30 arc min from SS 433, and exactly aligned along th e  long 

axis of W 50. Thus from these imaging observations, the association of SS 433 and W 50 is 

irrevocably confirmed, the  evidence for the  existence of the ejected je ts  is further strengthened, 

the am biguity  in the kinem atic beam  model between the inclination of the precession axis and 

the opening half angle of the cone is removed, and a m inim um  age of several thousand  years 

is established for the ejection phenomenon. Analysis of further im aging da ta  by W atson  et al. 

(1983) shows th a t the spectrum  of the X-ray lobes differs m arkedly from the central source, 

and the  emission from the X-ray lobes m ust reflect the  in teraction  of the ejected je ts  with 

the am bient medium surrounding the star and w ithin W50. The observed X-ray im aging of 

SS 433 w ith  E IN S T E IN  also offers an explanation of why W50 is so much larger th a n  any 

o ther rem nants with similar age.

The X -ray in tensity  variability of SS 433, as first seen during the A R IE L-5  observations 

(Seward et al. 1976) and confirmed later by M arshall et al. (1979) with the H E A O  A-2  

experim ent, is highly significant w ith a factor of 2 ~  3 on the typical tim e scale from  days to 

m onths. A lthough flare like events occasionally correlated w ith radio flares were reported  by 

Seaquist et al. (1982) from the E IN S T E IN  Observatory observations, no short-term  (m inutes 

to  seconds) variability hcLS yet been found, in contrast to  many, bu t not all, com pact galactic 

X -ray sources. E ither the nature  of the compact object in SS 433 is different from th e  bright 

X -ray variables, or, perhaps more likely, our view in X-rays does not extend com pletely into 

the central, compact volume. The HEAO A -2  and E IN S T E IN  ddXz. are of insufficient quan tity  

to  search for X-ray variability analogs to  the 163 day period; a ten tative discussion of this 

effect in  the  very extended A R IE L -5  observations over 1974-1980 period is given by R icketts 

et al. (1981), in which the  folded light curve showed m odulation of the  X-ray flux in  the  163 

day je t precession period. No evidence for periodicity a t 13 day was found by A R IE L -5  due 

to  the  varying lengths of the observation periods in  each d a ta  point. A search for variability  

synchronized w ith the 13 day orbital period has been reported by Grindlay et al. (1984), w ith 

inconclusive results: variability a t this frequency is not statistically  significant, b u t the  da ta  

when phased w ith the optically measured binary period do agree in phase w ith b road  band 

photom etry. Given the num ber of different phases of in terest in the SS 433 o rb ita l period, 

the im portance of this agreement is unclear. The m odulation of the X-ray in tensity  w ith  the 

binary  phase was finally confirmed by E X 05A T  observations (Stew art et al. 1987; and  this
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thesis) m ade over one binary cycle with sampling interval of ~  1-3 days. A sim ultaneous 

X-ray and optical prim ary eclipse was found and the analysis of the partial X -ray eclipse 

set some constraints on the param eters of the system  such as mass ratio  of the two bodies 

and the length of the X-ray je ts , though fairly large uncertainties were left because of the 

incom plete coverage of the eclipse period.

The existence of an emission line feature in the X-ray spectrum  of SS 433 was first reported 

by M arshall et al. (1979) from the  HEAO A -2  experim ent over the 2-30 keV energy range. 

Due to  the lack spatial resolution, the data  of H E AO  A -2  m ust apply to  the sum of compact 

and the diffuse components of the  source. The X-ray spectrum  could be fitted w ith  either 

a  power law or w ith a  therm al brem sstrahlung, bu t bo th  models require a very prom inent 

(580 eV equivalent w idth) emission line at 6 , 8  keV. The observed equivalent width suggests a 

therm al plasm a of tem perature 14 keV, with large uncertainty. A spectrum  from A R IE L -6  

(R icketts et al. 1981) shows a sim ilar emission feature. Both H E AO  A -2  and A R IE L -6  spectra 

were obtained a t the  epoch when the accretion disc was edge-on in which the Doppler-shift 

effect of the  iron line is not obvious, so the m odulation of the iron line in the X-ray spectrum  

of SS 433 by the je t precession period was not found by H EAO  A-2  and A R IE L -6 . The 

iron line feature was missed from  the spectrum obtained from the E IN ST E IN  observations 

(G rindlay et al. 1984). However, 2ls the iron line of SS 433 was still observed by A R IE L -6  in 

1980 betw een two E IN S T E IN  observations, this could be due to  the poor energy resolution 

of the  M PC at 6  keV because over the whole period of E IN S T E IN  Observatory, no iron 

line was observed for any object (Band 1988). Using E X O S A T  observations, W atson et al. 

(1986) showed th a t the centre energy of the emission line in the  X-ray spectrum  is m odulated 

w ith the 163-day precession period with the same Doppler shift as the optical emission lines. 

The centre energy of the  emission line is consistent w ith th a t of helium-like iron. Only the 

blue-shifted line was visible in  the  spectra. These results were interpreted  as showing tha t 

the  X-ray emission was from a therm al plasma in the relativistic je t near the compact object, 

and th a t emission from the je t a t the far side from the observer was hidden by the accretion 

disc so th a t only the blue-shifted portion of the je t was visible. A therm al brem sstrahlung 

w ith  inclusion of a  black body component gives the  acceptable model fit for the E X O S A T  

spectrum .
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1 .4 .2  O b se r v a tio n s  in  O th e r  E n e r g y  B a n d s

1 ) Radio Observations

Observations of SS 433 have been made at radio wavelengths with a large variety of techniques, 

including single-dish studies a t m any frequencies, the  Very Large Array (VLA) and  the  Very- 

Long-Baseline Interferom etry (VLBI).

The in tensity  of the central source of SS 433 is very highly and erratically variable, a t least by 

a  factor of four, at virtually  all the  radio wavelengths, on timescales as rapid  as one day, and 

occasionally hours (M argon, 1984 and references therein). The flux density in th e  observed 

regimes is around 1 0 ^  ̂erg s“  ̂ Hz“ ^, so th a t the  to ta l flux in the radio is of order 1 0 ^^ erg s~^ 

(Shaham  1981). No variations analogous to  the  163 and 13 day optical cycles of SS 433 have 

been found although extensive observations have been analyzed (Johnston et al. 1981, 1984). 

The coupling between radio and optical variability is weak or perhaps nonexistent (M argon 

1984). The evidence for correlated radio and X -ray variability was seen in one of the two 

sim ultaneous X-ray and radio observations (Seaquist et al. 1982).

The strong variability makes i t  hard  to determ ine a radio spectrum  of SS 433, however, a 

spectral index a  0 . 1  for the  range 0.408-5 GHZ is found (Ryle et al. 1978) and  in the 

range of 2.7-10.5 GHZ, a negative a  value ~  —0 . 6  is obtained (Seaquist 1981), comm on for 

non-therm al sources.

Radio observations have confirmed the existence of corkscrew-shaped trails, which are the 

instantaneous locus of gas clouds th a t, individually, move in straight lines away from  the 

central source. The VLA m easurem ents (G ilm ore & Seaquist 1980; Gilmore et al. 1981; 

HjeUming & Johnston 1981ab) dem onstrate th a t changes in the arc second radio  structure  

of SS 433 on tim e scales of tens of days can be correlated with expected space m otions of 

the  precessing jets w ith a  precession cone half angle ~  2 0 °, and inclination ~  80°. This 

provides strong support for the  ‘standard  kinem atic m odel’ (explained below). T he VLA 

d a ta , combined w ith the kinem atic model param eters, also allow the determ ination  of the 

position angle of the je t axis on the sky (i.e. P .A .~  1 0 0 °) and give a good estim ate  of the 

distance to  SS 433 (5.5 ±  0.5kpc) (HjeUming & Johnston 1985).
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2) Infrared Observations

SS 433, as a  weak bu t detectable infrared source (Band 1986) is variable on various time 

scales of hours or less (Clark &: Milone 1981; K odaira & Lenzen 1983; K odaira, N akada & 

Backm an 1985) and days (W ynn-W illiams & Becklin 1979; Clark Milone 1981). Both, flux 

and colour of the  source vary substantially from night to  night with the possible periodicities 

sim ilar to  the  163 and 13 day optical cycles of SS 433. From  the comparison of the infrared 

light curves w ith  th e  optical ones of Leibowitz et al. (1984), it  is concluded, w ithin the  context 

of an accretion disc model, th a t  the  m ajority of the infrared flux in  the  SS 433 system  comes 

from the disc, and th a t the hot spot responsible for the ‘hum p’ in  the  visual and infrared 

light curves has colour similar to  the average of the disc (K odaira, Nakada &: Backm an 1985).

Continuum  colors are around J(1.25 ^i) =  9.8; H(1.64 ^ ) =  9.1; K (2 . 2  ^i) =  8.5; L(3.5 //) =  7.7; 

and L'(3.8  /x) =  7.6 (Shaham  1981). The infrared spectrum  when corrected for the  in terstellar 

reddening fits reasonably well to  a hot blackbody w ith free-free emission from ionized gas 

(M cAlary & M cLaren 1980). The to ta l flux is of order <  1 0 ®̂ erg s” ^. Line emission ha6  

been found and the  lines have complex structures (Shaham  1981).

3) O ptical Observations

SS 433 is relatively bright in the  optical region of the spectrum  and the optical observations 

of SS 433 constitu te  the  richest set of data.

The observed optical emission lines include the Baimer and Hel lines in the ‘M oving’ system, 

as well as H^, and H.y, HeI5875, 6678, 7065, HeII4686 and C U I/N III 4640/50 in  the  ‘res t’ 

system  (M argon 1984).

The enormous frequency shifts of the Baimer and Hel lines arise from the radial projections 

of m otions in the  inner beam  region, which is restricted  to  about 1 0 ^  ̂ — 1 0 ^̂  cm by the 

brightness of the  lines as well as the  sim ultaneity of their intensity variations. T he ‘m oving’ 

optical lines have fluxes of > 1 0 ^  ̂ erg s"^ and also a variable structure. Evidence for an 

accretion disc is present in the  short-term  variations of the velocities, which are in terp re ted  

as arising from ‘nodding’ m otions of the disc (K atz et al. 1982), and in the variations in  the 

line intensities (Anderson, M argon, & Grandi 1983).

The ‘s ta tio n ary ’ lines have a complex and variable structure (e.g. Margon et al. 1979; M urdin,
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Clark & M artin  1980; D opita & Cherepashchuk 1981; C ram pton & Hutchings 1981; Kopylov, 

K um algorodskaya & Somova 1985; Falomo et al. 1987), and show several com ponents which 

evolve in  tim e with possible periodicities of 13 and 163 day in their centers.

O ther emission lines are occasionally found in the  optical spectra. Absorption lines of Fell 

are reported  to  appear occasionally, and exhibit the 13 and 163 day periodicities (Shaham  

1981; M argon 1984).

The continuum  colors of SS 433 average around V =14.2, B=16.3, U=16.9, and My <  —3.5 

and the  visible flux is <  1 0 ^^ erg s~^ (Shaham  1981; M argon 1984). The flux is variable 

w ith  tim e scales of hours and days. This variability has 13 and 163 day periods. Very rapid 

optical variability  (0 . 1  ms - 1  s) has not been found (M argon 1984).

4) U ltraviolet Observations

A lthough the interstellar extinction makes it very hard  to  detect SS 433 in the u ltraviolet, 

the  u ltraviolet observations of SS 433 reported by Benvenuti (1979) set an upper lim it of 

1 0 ^^ erg s”  ̂ on the observed reddened A A1200 — 3300 flux. The corresponding de-reddened 

value is, probably, > lO^i erg s~^.

5) G am m a-ray Observations

G am m a-ray observations of SS 433 reported by Lamb et al. (1983) suggest the  existence of 

one or possibly two intense Gam m a-ray emission lines near 1 MeV, from which a Gam ma- 

ray  lum inosity ~  2 x 1 0 ^^ erg s“  ̂ is inferred assum ing isotropic radiation. The observed 

wavelengths of the Gam m a-ray features have been a ttrib u ted  to a nuclear transition  of ^'^Mg 

a t the  Doppler shift of the  je ts  appropriate for the epoch of the Gam m a-ray observations, 

although there are several diflâculties with this in terpretations.

1 .4 .3  T h e  ‘S ta n d a r d ’ K in e m a tic  M o d e l

The observational da ta  can be almost universally in terpreted  in term s of a ‘s ta n d a rd ’ kine- 

m atical model which was first suggested by M ilgrom (1979) and developed by Abell and 

M argon (1979) w ith the determ ination of the param eter values.
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In this kinem atic model, the gas m aterial is expelled at a rem arkably stable speed of 0,26c 

from a central source in to  two jets th a t are collimated and oppositely aligned to  w ith in  a few 

degrees. The je t directions trace out the surface of a cone of half-angle 2 0 ° and the  central 

axis of this cone is inclined a t 79° to  the line of sight. The axis of these jets ro ta tes  with 

a  period of ~  163 days, which is generally in terpreted  as resulting from precession of the 

accretion disc.

There is a  significant am ount of scatter about this mean precessional m otion naively des crib- 

able as velocity deviations of several thousand km s~^; this scatter has been resolved into 

periodic and random  com ponents, each of which contains in teresting inform ation (see M argon 

1984). The kinem atic model also leaves unspecified almost all of the interesting aspects of the 

system  such as the nature  of the  compact object and the companion star, the m echanism s of 

je t acceleration, collimation and precession.

Usually the jets are assumed to  be accelerated w ithin the central region of an accretion disc, 

a  na tu ra l locus of high lum inosity and energy density. They are also assumed to  be directed 

along its  instantaneous axis, so th a t their changing directions reflect the changing orientation 

of the  disc. Models (K atz 1980; van den Heuvel, Ostriker & Petterson  1980) in  which the 

entire accretion disc processes because of the presence of a binary companion are a ttrac tiv e , in 

p a rt because they predict and naturally  explain its presence. This companion also supplies 

the disc w ith m atter. More complex models have been suggested (Sarazin, Begelman Sz 

H atchett 1980).

1.5 Theories o f Jet A cceleration and Collim ation

Observations have revealed the ‘unique’ features of the collimated m aterial je ts  in  various 

celestial objects. However, the  interpretation of the initial acceleration and collim ation of 

these astrophysical jets rem ains a  m ajor unsolved problem in astrophysics. In principle, jets 

win be created wherever two basic elements, collim ator and propulsor, exist. T he collim ator 

can be a nozzle in a spinning cloud, as first proposed by Blandford and Rees (1974) for 

je t collim ation and acceleration (see below), or a  funnel in a  thick accretion disc, which 

was originally suggested by Lynden-Bell (1978) and has been investigated fu rther by several 

workers. The jets formed in the  collimator near the compact object can be accelerated,
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basically, by therm al gas pressure, magnetic stress, and radiation pressure and accordingly 

the je t m odel are summ arized below.

T herm al P ressure D riven Jets

1 ) Nozzles

In th is tw in-exhaust model, the relativistic plasm a generated in the centre of a spinning cloud 

of denser gas is collim ated in to  the two oppositely-directed jets due to  the hydrodynam ic 

pressure of the therm al gas in the cloud. The je t flows become trans-sonic when th e  external 

gas pressure falls to  roughly half of the stagnation pressure of the je t  flows. T he shapes of 

the  jets adjust so th a t they act like de Laval nozzles.

This m echanism , however, does not seem adequate to  explain the form ation of je ts  in  SS 433 

because SS 433 is a  galactic object and probably has no dense ellipsoidal gaseous envelope 

as required by the model. The model is not suitable for extragalactic jets e ither since the 

VLBI observations indicate th a t the jets are collim ated on scales <  1 pc and the  necessary 

gas pressure for the  model would lead to an X-ray lum inosity in excess of the observed value.

2 ) Therm ally Driven W inds

The gas in  the outer parts of an orbiting accretion disc is heated by the X-rays rad ia ted  by 

AGN. Its sound speed will exceed the escape velocity when the gas is heated to  the  Com pton 

tem pera tu re  (Blandford, 1986). Most of the incident radiation will then be converted into 

the  kinetic energy of a  quasispherically escaping wind. If some supplem entary collim ating 

process is present, slow speed je ts  would be created.

H ydrom agnetic Jets

Je ts  m ay be produced electrom agnetically in the  accretion disc. The po ten tia l difference 

across a disc threaded by open m agnetic field lines is, if certain conditions are satisfied, 

sufficient to  accelerate particles to  relativistic velocities (Begelman, Blandford & Rees 1984).

In the m echanism  of hydrom agnetic jets, the ‘hoop’ stresses associated with toroidal m agnetic 

field, which are w rapped around the je t and exist bo th  in the je t itself and in the surrounding 

gas, pinch the outflowing gas and create jets.

16



R adiation D riven Jets

1 ) Line Locking

Jet acceleration by radiation pressure with ‘line locking’ fixing the term inal velocity, a  process 

previously suggested for quasar absorption lines (S tr ittm a tte r  & W illiams 1976 and references 

therein), was first considered in the  context of SS 433 by Milgrom (1979) and studied in some 

detail by Shapiro et al. (Shapiro, Milgrom & Rees 1986 and references therein) and Pekarevich 

et al. (1984).

Consider an element of gas in  a  radiation field of a  continuum  source. Suppose th a t  the 

dom inant m om entum  transfer is through Lyman-line absorption by some hydrogen!c ion in 

the gas and th a t the underlying continuum radiation  flux is sharply reduced a t frequencies 

above the Lyman edge of th a t ion. The gas which sta rts  a t rest can then be accelerated 

outw ard by radiation pressure up to  a  term inal velocity /?t =  0.28 when the Doppler-shifted 

value of the  Lyman-edge wavelength becomes to  equal to  the  local, comoving Lym an a 

wavelength.

The line-locking mechanism can explain the value, constancy, and uniform ity of the  observed 

je t velocity in SS 433. However, in order for line locking by the hydrogen atom s in  the jet 

of SS 433 to  occur, three conditions have to  be satisfied: ( 1 ) the radiative acceleration of 

the flow m ust begin a t a  m inim um  distance of 2  x 1 0 ^  ̂ cm so th a t the  continuum  lum inosity 

is sufficient to  accelerate the je t; (2 ) the gas m ust be highly clumped to  have an  efficient 

acceleration; (3) the underlying radiation m ust be highly collim ated along the  je t  axes if 

highly super-Eddington lum inosities are to be avoided. These conditions, in tu rn , m ake it 

difficult for the line locking to  work.

2) R adiation Acceleration in a  Funnel

The configuration of a thick accretion disc with two narrow funnels along its  ro ta tio n  axis 

is obtained when large accretion rates, leading to  dense, rad iation  supported b righ t discs, 

are present (Calvani &: Nobili 1983). Plasm a will then  be collimated in to  two narrow  funnels 

formed along the ro tation  axis of a  thick accretion disc orbiting a supermassive black hole, and 

accelerated to  form the relativistic je t by radiation pressure (assuming Thom pson scattering).

The m ain problem with this m echanism  is th a t when the radiation drag is considered, only
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m ildly relativ istic  velocities can be obtained ( 7  ~  1.5) unless more exotic systems are consid­

ered (such as th a t  for an electron-positron beam ) (P iran  1982; Abramowicz & Sharp 1983).

1.6 T hesis Outline

This thesis contains results of the  X-ray observations of galactic binary source SS 433 and 

the QSO M R 2251 — 178. The observations were m ade w ith the X-ray instrum ents aboard 

the European X-ray O bservatory satellite {EXO SAT) and Japanese X-ray satellite GINGA.

SS 433 was intensively m onitored bo th  by E X O S A T  (over the period of 1983 O ctober-1985 

O ctober) and GINGA  (in 1987, 1988 and 1989 M ay). The purposes of these observations 

were to  study the  nature of the  SS 433 X-ray spectrum ; to  investigate the  variations of the 

X-ray spectrum  and intensity  of SS 433 over the periods of je t precession and binary motion; 

and to  precisely determine the  X -ray eclipse profile so th a t strong constraints can be pu t on 

the b inary  system .

The X -ray results of M R 2251 — 178 are from the 15 separate E X O S A T  observations. The 

variable X-ray absorption and soft X-ray excess in the X-ray spectrum  of M R 2251 — 178 are 

of particu lar in terest in these F7X05ATobservations. By studying the spectrum  of the  QSO, 

a b e tte r  understanding of the  physical conditions of the central region of M R 2251 — 178 can 

be achieved.

A brief in troduction  to  the experim ents on board the E X O S A T  dinà. GING A  satellites is given 

in C hap ter 2 and the m ethods used for the reduction of the E X O S A T  and GING A  d a ta  are 

sum m arized in the  same chapter. The results of a  full d a ta  analysis of the E X O S A T  obser­

vations of SS 433 are presented in  Chapter 3, in which the m odulations of je t precession and 

binary m otion on the X-ray properties of SS 433 are greatly revealed. In C hapter 4, th ree ob­

servations m ade w ith the G ING A  satellite around the prim ary optical m inimum  are reported. 

From these observations, the  X -ray eclipse profile is determ ined w ith the best accuracy ever. 

Based on the results of the X -ray observations presented in this thesis, constraints on the 

system  geom etry of SS 433 are derived in C hapter 5 and at the  same tim e m athem atics which 

can be adopted to  generally describe the motion of the binary is established. W ith  the  X-ray 

spectra obtained over the X -ray eclipse by the GINGA  observations, a model independent 

je t tem peratu re  profile is derived in C hapter 6 . The physical conditions of the  X -ray jets
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of s s  433 and the constraints on the jet form ation mechanisms from the X -ray observations 

are also discussed in this C hapter. In Chapter 7, the results of EXOSAT observations of the 

QSO MR 2251 — 178 are presented and the relationships between photo-ionization effect, soft 

X-ray excess, and variation of the  X-ray absorption is discussed. Finally, in C hap ter 8 , a 

sum m ary of the work reported in the  thesis on SS 433 and M R 2251 — 178 is given and  future 

prospects for the study of these two objects are discussed.
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Chapter 2

X-ray A stronom y w ith  the  

EXOSAT and G IN G A  Satellites

2.1 Introduction

Since the discovery of the first non-solar X-ray source, Sco X -1 , by Giacconi et a i  in  June 

1962 (Giacconi 1980), X-ray astronom y hcis become an indispensable tool in the  study  of 

the universe and profoundly changed our view of astrophysical phenomena. The launch  of a 

series of X-ray satellites from UHURU  to E IN S T E IN  in the 1970’s has rapidly accelerated 

the development of X-ray astronom y and brought it to  m aturity .

Launched on May 26 1983 from the Vandenberg Air Force Base in California w ith  a  Thor- 

D elta  rocket, E XO SAT, the European X-ray observatory satellite, has undoubtedly become 

another cornerstone in the development of X-ray astronomy. Although the satellite was built 

by the  European Space Agency (ESA) it has benefited the astronomical com m unity world­

wide. During its operational life tim e, from its launch in 1983 M ay to the prem ature  end of 

its mission in 1986 April due to  the  failure of the  a ttitu d e  control system, E X O S A T  made 

1780 pointed observations of a wide variety of objects, and was the main source of X -ray da ta  

for the whole astronomical com m unity during th a t period.

The purpose of the E X O SA T  mission was the detailed study of cosmic X-ray sources in the 

energy range of 0.05-50 keV, which involved the precise location of X-ray sources and the
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study  of their spectroscopic and tem poral characteristics. These scientific objectives were 

satisfied by the four instrum ents aboard the observatory, which consisted of two identical 

low energy (0.05-2 keV) imaging telescopes (L E I, LE2 ), a  medium energy (M E) large area 

proportional counter array ranging from 1  to  50 keV and a gas scintillation proportional 

counter spectrom eter (GSPC) covering the energy range 2-30 keV.

G IN G A, the  th ird  Japanese X-ray astronomy satellite, following HAKUCHO  and TEN M A , 

was launched w ith a Mu-3S-II-3 rocket on February 5 1987, shortly after the end of the 

F X 05A T m ission , from the Kagoshima Space Centre in Japan . The satellite comprises three 

instrum ents: the large area proportional counter (LAC), which is the m ain experim ent on the 

sate llite , the  all sky m onitor (ASM ), and the gam m a-ray burst detector (G BD ). T he main 

objective of the GING A  mission is the study of tim e variability and spectrum  of galactic  and 

extragalactic  X-ray sources in the energy range of 1.5-37 keV using the LAC.

In the following sections, the experiments aboard the E X O S A T  (section 2 .2 ) and GINGA  

(section 2.3) satellites are briefly reviewed. The background experienced by the satellites is 

described in section 2.4 and X -ray data  reduction m ethod is introduced in section 2.5. All 

inform ation on the  E X O S A T  satellite in th is chapter is derived from descriptions given by 

Taylor et a i  (1981), de Korte et a i  (1981), Turner et a i  (1981), Peacock et a i  (1981) and 

W hite  Sz Peacock (1988) and th a t on GINGA  is taken from M akino (1987) and Turner et a i 

(1989).

2.2 EXO SAT Observatory

2 .2 .1  T h e  S a te ll ite

An exploded view of the E X O S A T  satellite is shown in Fig. 2 .1 . E X O SA T  wns designed as 

a three-axis stabilized space platform  with an inherent orbit correction capability. T he four 

X -ray instrum ents were m ounted on this platform  and were all co-aligned w ith the  optical 

axis, defined by two star trackers each m ounted on an LE telescope.

A highly eccentric (e 0.93, apogee 191,000 km, perigee 350 km , inclination 72.5°) and  long- 

period (90.6 hours) orbit was selected for the satellite to  maximize the num ber of possible
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Figure 2 .1 : An exploded view of the FAOSAT Observatory, taken from Taylor et al. (1981)

lunar occultations and to allow long uninterrupted observations. W ith this unique orbit, 

the observatory could operate in two principle modes: ( 1 ) pointing mode, in which the 

observatory could point continuously up to 76 hours at any target subject only to celestial 

constraints imposed by the sun, the moon and the earth; (2 ) occultation mode which was 

to be used prim arily by the m edium  energy experiment to locate X-ray sources to a limiting 

accuracy of a few arc seconds, although this second capability was never used.

The a ttitu d e  and orbit control system  (AOCS) of the satellite used a propane cold-gas thruster 

system for both slew manoeuvres and fine pointing, and three gyros, together w ith one of 

two sta r trackers and a sun senser for a ttitude control. Four manoeuvre rates were available. 

The a ttitu d e  could be m aintained to within ~  1 arc second.

Due to the highly eccentric orbit, E X O SA T  visible from the Villafranca ground station 

in Spain for practically the entire operation time and there was no need to use any on-board 

d a ta  storage. The E X O SA T  d a ta  were processed and compressed by the on-board computer 

(OBC) and transm itted  to the sta tion  at a telem etry rate  of 8  kb /s. The OBC also controlled 

the operation of the AOCS.
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2 .2 .2  E X O S A T  E x p e r im e n ts

1.) EX O SA T Low Energy Im aging T elescope E xperim ents (LE)

The E X O S A T  low energy (LE) experiments comprised two practically identical telescopes 

covering the energy range of 0.05-2 keV. As displayed in Fig. 2.2a, each of the  telescopes 

consisted of double nested W olter I optics with a geometric area of ~  90 cm^ and a focal plane 

assembly containing a channel m ultiplier array (CM A) and a position sensitive proportional 

counter detector (PSD ), either of which could be placed a t the X-ray focus.

The LE experim ent could be operated in the imaging mode with either the PSD  or the 

CMA in the focal plane. By inserting filters (up to four) w ith various transm ission bands 

in to  the focused X-ray beam in  front of the CMA, broad-band spectrophotom etry could be 

performed. The most commonly used filters during the mission were 3000ÂLexan (3Lx), 

A L /P  and boron. By placing a  transmission grating in the  X-ray beam behind the  m irror, 

high resolution spectroscopy could be achieved.

The CMA consisted of a  m ulti-channel chevron w ith no inherent spectroscopic capability. 

The choice of filter d ictated  the energy response w ith the overall energy window covered by 

the filter combinations ranging from 0.05 to 2 . 0  keV. Its field of view was 2 .2 ° and th e  spatial 

resolution varied from ~  1 0  axe seconds FW HM  on-axis to  ~  300 arc seconds a t the  edge 

of the field of view. There were two CMAs aboard the satellite. One CMA (in telescope 2 ) 

failed on 1983 October 28, while the other CMA (in telescope 1 ) functioned perfectly until 

the end of the satellite operations.

The PSD was a parallel p late proportional detector w ith a  1.7 fxm polypropylene entrance 

window and filled w ith P 2 0 -gas (80% Argon-20% m ethane) a t 1 .1  bar. The detector was 

sensitive in the energy range 0.1-2 keV and had intrinsic energy resolution. T he field of 

view of the PSD was 1.5° and its  spatial resolution depended on the X-ray energy and the 

location of the focused X-ray on the detector. U nfortunately both  PD S’s failed early  in the 

perform ance verification phase because of a form of in ternal breakdown.

2.) EX O SA T M edium  E nergy Experim ent (M E)

The medium  energy experim ent aboard the E X O S A T  satellite was a large area m ulti-wire
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proportional counter array consisting of eight detectors w ith a to ta l effective area  of ~  1600 

cm^. A schem atic of one half of the detector array  is given in Fig. 2.2b.

Each detector comprised two gas cells made from a single block of machined beryllium  to 

minimize payload mass. The front cell was filled w ith a  gas m ixture of Argon and Carbon 

Dioxide, and had a ~  37 or 62 //m  beryllium window. It was sensitive to X -ray radiation 

in the  energy range 1 - 2 0  keV. The rear was a Xenon cell w ith a  1.5 mm beryllium  window, 

covering the energy range of 5-50 keV. Both cells were a t a  pressure of two atm ospheres.

The collim ators, which were form ed from lead glass m icrochannel plates, defined the square 

field of view of the ME detectors to  be 0.75° x 0.75° (FW H M ) and also supported  the thin 

beryllium  windows for the Argon cell.

The eight detectors were grouped in pairs to form quadrants and the four quadrants were each 

m ounted on hinges and driven by two separate mechanism s so th a t they could be co-aligned 

to  observe an X-ray source or offset to simultaneously m onitor the background.

Anticoincidence and pulse rise tim e discrimination techniques were combined to  reduce the 

particle  background and achieve the required background rejection efficiency for the  E X O SA T  

M E experim ent. The measured efficiency for background rejection was 99% in Argon cell and 

98% in Xenon cell.

The ou tpu t from each gas cell was pulse height analysed in to  128 channels. The broad energy 

range (1-50 keV) and good energy resolution (A E /E  2 0 % at 6  keV) of the M E experiment 

were sufficient to detect iron lines in many X-ray sources. The large effective area and narrow 

field of view of the detector array, backed up by the unique conditions provided by the satellite 

o rb it, m ade it suitable for the detailed study of the  tim e variable features of X -ray sources.

3.) EX O SA T Gas Scintillation  Proportional C ounter (G SPC )

The gas scintillation proportional counter (GSPC) on E X O S A T a single spherical electric 

field detector which, as shown in Fig. 2 .2 c, consisted of a  gas cell filled w ith a one atm osphere 

m ix ture  of 95% Xenon and 5% Helium, and a 4 m m  thick UV transmissive exit window. The 

gas cell had a th in  machineable ceramic body and a spherical section free-standing beryllium 

X -ray entrance window with a 2 0  cm diameter and 175 //m  thickness.
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Although the GSPC was sensitive in the 2-80 keV band, the energy ranges of 2-32 keV (gain 

1 .0 ) and 2-16 keV (gain 2) were most commonly used during the mission. These energy 

ranges were divided into a m axim um  of 256 PH A (pulse height analysis) channels. As a 

medium energy broad band spectrom eter, the GSPC had a factor of two im proved energy 

resolution (A E /E  ~  1 0 % FW HM  at 6  keV) com pared to  the E X O S A T  M E experim ent. 

However, its effective area waa an order of m agnitude lower (only 165 cm^) th an  th a t of 

the M E proportional counter array  so that the GSPC was used in conjunction w ith  the ME 

experiment to  perform detailed measurem ents of the spectra of strong sources.

The burst length discrim ination technique, which rejected events with exceptionally long 

and short durations, was used for particle background rejection in GSPC. The achieved 

background rejection efficiency below 1 0  keV was 97% and from 1 0  to 2 0  keV was 96%. This 

lower background rejection efficiency severely lim ited the sensitivity of the spectrom eter.

The 45' (FW HM ) field of view of the  GSPC was defined by a mechanical collim ator sim ilar to 

the individual detector collim ator used on the E X O S A T  M E  experiment. W ith  such narrow 

field of view, the diffuse X-ray background in GSPC was negligible.

Unlike the ME experiment, the  GSPC could only operate co-aligned with the optical aoces 

of all other experiments and could not m onitor the  background simultaneously. A num ber 

of different modes were available for the GSPC through changing the dynamic range of the 

detector.

2.3 G IN G A  X-ray Satellite

2 .3 .1  T h e  S a te ll ite

The satellite configuration is displayed in Fig. 2.3. There are three instrum ents, the  Large 

Area Counters, the Gam m a-ray B urst Detector and the All Sky M onitor, m ounted on the 

satellite. The to ta l weight of the  satellite is about 420 kg.

GINGA  is three-axis stabilized w ith a  m om entum  wheel to  control the movement of the 

spacecraft in the X-Y plane, which is defined as parallel to the plane of the solar paddles, and 

three m agneto-torquers to  m anoeuvre and stabilize the Z-axis, which is perpendicular to the
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Figure 2.3: GINGA  satellite, taken from Turner et al. (1989)

X-Y plane. The satellite a ttitude  is measured and controlled with four gyros and two CCD 

star trackers in a closed loop system. The pointing accuracy is better than six arcm inutes, 

while the a ttitude  reconstruction has an accuracy of approxim ately one arcm inute.

GINGA  is a low inclination, low altitude orbit satellite. The perigee and apogee of the 

satellite are about 550 km and the orbital inclination is 31°. The satellite has a period of 95 

m inutes and is in contact with the ground station on five of the fifteen orbits in an observing 

day. Such orbital param eters imply that there is up to a 30 m inute earth occultation for each 

orbit.

The da ta  are stored during the orbit in an on-board bubble-memory data recorder with a 

capacity of 41.9 Mbits, and transm itted  to the ground station on the five contact orbits at 

two frequencies, UHF and S-band, with a choice of three different bit rates.

The satellite Z-axis should be held at angles greater than  135 degrees away from the sun 

in order to satisfy the power constraints and the angle between the sun and LAC has to 

be greater than 90° so that the occasional solar contam ination of the observations can be 

avoided. These constraint limit the region of sky observable with the LAC, However, the 

entire sky is accessible in a six m onths period.



2 .3 .2  G IN G A  E x p e r im e n ts

1 .) G IN G A  la rg e  a re a  c o u n te r  (L A C )

The large area proportional counter, the main instrum ent of GINGA, consists of eight iden­

tical sealed collimated proportional counters, covering the energy range 1.5-37 keV. The 

effective area of each counter is 565 cm^ so th a t the to ta l effective area of LAC is ~  4500cm^.

Each counter has a 62 // beryllium entrance window and a 3.9 cm active depth, and is filled 

with a 1 .8 6  atmosphere gas m ixture of 75% Argon, 2 0 % Xenon and 5% Carbon Dioxide at 

273 K. It is five-side guarded in order to minimize background counts. An exploded view of 

one of these counters is shown in Fig. 2.4.
COLLIMATOR BLOCK

BERYLLIUM FOIL

!

I MULTI-WIRE ARRAY

MOUNTING LUG

DETECTOR BODY

HIGH-VOLTAGE SUPPLY FRONT-END ELECTRONICS

Figure 2.4: An exploded view of one of LAC counters, taken from Turner et al. (1989)

The field of view of LAC is elliptical (1° x 1 .8 ° FW HM ), w ith the longer side parallel to the 

Z-axis, and is defined by honeycomb hexagonal collimators made of thin stainless steel sheet. 

This field of view gives a 3 cr confusion limit of ~  0.2 m Crab.

Two m ain modes, MFC and PC , are available for the digital da ta  processing. In the M FC 

mode, the qualified X-ray events are pulse-height analysed into 48 channels over the energy 

range 0-37 keV. The first 32 energy channels cover from 0 to 18.5 keV with 0.58 keV per 

channel, and the remaining 16 channels correspond 18.5-37.0 keV (1.16 keV per channel). 

The energy resolution of the LAC at 6  keV is 18% (FW HM ) and scales as F “ ®-̂  over the 

full energy range. The time resolution is mode-dependent. The highest one is 0.98 ms at the 

expense of spectral information in FC mode.
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2.) G IN G A  all sky m onitor

The all sky m onitor (ASM) aboard GINGA  consists of two proportional counters, each having 

three independent counting cells and fields of view criss-cross to  each other. The to ta l effective 

area of the ASM is about 400 cm^ and the effective energy range covers approxim ately 1.5-30 

keV.

The counters are filled with 1 atm osphere Xenon and have 50 li beryllium windows. The 

field of view of each cell, defined by a stacked-mesh collim ator, is 1 ° x 45° FW H M , and is 

tilted  w ith respect to the spacecraft Z-axis. Different slant angles for the individual cells will 

resolve source confusion.

The ASM experim ent can continuously m onitor m any sources in a  wide area of the  sky and 

record significant intensity variations as well as transien t phenomena. A scan of the  sky 

is performed by slowly ro tating  the spacecraft around the Z-axis a t a fixed slew ra te  of 20 

m in/revolution or 0.3°/sec.

3.) G IN G A  gam m a-ray burst detector (G B D )

The GINGA gam m a-ray burst detector (GBD) comprises a  proportional counter (PC ) and 

a N al(T l) scintillation counter (SC), which can detect gam m a-ray bursts w ith a high time 

resolution and measure the burst spectra over a  wide energy band ranging from  1.5 to  400 

keV.

The proportional counter is filled w ith one atm osphere Xenon gas and has a  64 // beryllium  

window. The counter has a 1 0 0  cm^ effective area and is sensitive over the  energy range of 

about 1.5-30 keV, which is divided into 16 PHA channels on a pseudo-logarithm ic scale. No 

collim ator is used.

The NaJ(Tl) scintillator is 1 cm thick, and has a 0.25 mm alum inum  entrance window. Its 

effective area is 60 cm^. The counter covers the hard  X-ray energy range from about 1 0  to 

400 keV with 32 PHA channels. Again, there is no collim ator installed.

A separate solid s ta te  detector w ith 1 cm^ area is used to  m onitor the radiation environm ent. 

W henever an excessive flux is recorded, a warning signal is produced and d istribu ted  to  the 

LAC, ASM and GBD.

29



2.4 T he EXOSAT and G ING A Background

2 .4 .1  T h e  O r ig in  o f  th e  X -ra y  D e te c to r  B a ck g ro u n d

In X-ray astronomy, the background in the X -ray detector is an im portan t factor. The 

detector background rate  is largely determined by high energy radiation. This can arise 

from various components including penetrating cosmic rays and their secondaries produced 

in nearby m atte r , diffuse cosmic X-rays, and the trapped  electrons and protons in  the e a rth ’s 

m agnetic field (Van Allen belts or ea rth ’s radiation belts). In addition, radioactivity induced 

in the  detectors or spacecraft m aterials by the cosmic rays and the trapped protons in the 

geomagnetic field can also contribute to the detector background. For detectors operating in 

the  soft X-ray band below 1  keV, even UV skyglow can produce undesirable effects (Peterson

1975).

The relativ istic galactic cosmic rays are isotropically d istribu ted  in near earth  space with 

in tensity  on the order of 1-3 nuclei cm“  ̂ s~^ (Peterson 1975). They can contribute to the 

detector background by directly ionizing the m aterial in the sensitive volume of the  detector 

or via nuclear and electromagnetic interactions producing secondaries in the atm osphere, 

the  spacecraft, or the m aterial immediately local to  the sensitive volume. For example, the 

gam m a rays produced by cosmic rays can enter the  detector w ithin the aperture (appear as 

an incident flux), or after being scattered by the shield or collimator.

The trapped  radiation from Van Allen belts is another im portan t contributor to  the detector 

background, particularly  for instrum ents on spacecraft w ith low inclination and low altitude 

orbit such as GINGA. The highest intensities of the trapped  radiation occur in the  region 

known as the  South A tlantic Anomaly (SAA), where energetic charged particles, intensive 

secondary gam m a rays and neutrons produce sufiicient background to  cause very high count­

ing rates in  anticoincidence shields and detectors. It is necessary to  tu rn  off the detector high 

voltage supplies when the spacecraft passes through the SAA to  prevent prem ature failure of 

proportional counters or gain changes in the photom ultipliers of scintillation counters. Thus 

the  SAA typically causes a loss of observing tim e of 20 — 25% (Peterson 1975).

W hile the electron component only influences the background during exposure to  high elec­

tron  fluxes, the effects of the protons can persist by inducing radioactivity in the  satellite
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m aterial. These could arise either from activation by captured neutrons generated in  reac­

tions occuring in mass outside the detector or from  spallation radioactivity due to  breakup 

of target nuclei (Peterson 1975).

The cosmic diffuse X-rays form a background against which observations are m ade. A lthough 

there are no certain models for the origin of these cosmic diffuse X-ray radiation, i t  is suggested 

th a t for the cosmic diffuse X -ray radiation below 100 keV they may originate in rapidly 

evolving AGN and for those higher than 10 MeV m ay be due to  early explosive galaxies (e.g. 

Ikeuchi 1988).

2 .4 .2  E X O S A T  B a ck g ro u n d

Since E X O S A T  was launched in a highly eccentric orbit and its instrum ents were operated 

above 50,000 km, outside the ea rth ’s radiation belts, the  background contribution of the 

trapped  electrons and protons was negligible. In  general, a t least two components, i.e. the 

particle induced background and the diffuse X -ray background, m ust be considered in the 

E X O S A T  experiments.

A lthough the particle induced background ra te  was ra th e r high in the LE experim ent with 

the PSD in the focal plane, it was reduced to less th an  0.12 cts cm~^ s“  ̂ using the  rise time 

discrim ination technique in the PSD with efficiency of 60%. The to ta l background counts in 

the  PSD was expected to  be about 0.4 cts cm“  ̂ s"^ in 0 .1-2.0 keV band. The background 

in the  configuration with the CMA in -the focal plane was dom inated by two ra th e r different 

components, the CMA dark current and the UV sky background. The filters helped to  reduce 

the contam ination of UV photons. The particle background ra te  of the CMA depended on 

the level of solar activity. The m inimum  value was 8  x 1 0 ~® cts s“  ̂ pixel"^ (Ipixel =  4 x 4  arc 

seconds) in the central region and this level was achieved for about 1 0 % of the observations. 

For the  rem aining 90%, the particle background count ra te  was w ithin a factor of two of the 

quiescent value on the average. The sensitivity of the CMA was lim ited by the background.

The dom inant background in the  E X O SA T M E  experim ent was not the cosmic diffuse X-rays, 

because the ME field of view was rather small, bu t the particle events from the solar wind 

and radioactive lines caused by the decay of residual plutonium  in the beryllium windows and 

detector bodies. The typical background count ra te  in the Argon chamber was 4.3 cts s“ ^
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per detector in the 1-10 keV band and in the Xenon chamber was 40.6 cts s~^ per detector 

in the 10-30 keV band after the particle background rejection techniques were applied. The 

ME background was generally very stable, although there were occasional background flares 

due to  enhancem ents in the solar particle flux. These flare events were easily rem oved from 

the analysis and did not result in a substantial loss of data . Clearly the sensitivity  to  the 

observations of weak sources was lim ited by the level and variability of the in-orb it ME 

background.

B urst length discrim ination was used for the GSPC particle background rejection. The 

residual of the rejected particle background in the GSPC was 45.4 cts s“  ̂ in the  2-32 keV 

energy band. The GSPC background varied on tim e scales of several days and years. The 

spectral shape of the background was found to  be constant for the short tim e scale variations 

and slightly variable on longer tim e scales. Again, due to  the small field of view of the 

GSPC, the diffuse X-ray background was negligible. The background rejection efficiency of 

the GSPC was not as high as th a t  in ME instrum ent, thus it severely lim ited the  sensitivity 

of the experiment.

2 .4 .3  G IN G A  B a ck g ro u n d

G INGA  is a low earth  orbit satellite and operates a t an a ltitude of 5,000 km high. Therefore, 

all the  background components described in section 2.4.1 have to  be taken in to  account during 

its operations.

The origin and behaviour of the  GINGA  LAC background has been studied in  detail by 

Hayashida et al. (1989). In general, the LAC background comprises the cosmic diffuse X- 

ray background and the in ternal background induced by charged particles and gam m a rays 

in the satellite orbit. The diffuse X-rays enter the counter within the field of view of the 

collim ator, or leak through the detector walls. The charged particles and gam m a rays arise 

from the cosmic rays and the trapped  particles in the earth  radiation belts, and their induced 

radiations form the GINGA  in-orbit background. Occasional contam inations from  the  sun 

and the bright lim b of the earth  can occur for some orientations of the spacecraft during the 

observations.

The in ternal background caused by charged particles and gam m a rays was m inim ized by

32



6 0

50

QJ

4-)
d
d
o

C J

30

2 0
5 1.0 1.5 2.0 2.5

MJD + 46972  

Figure 2.5: Tim e variation of the GINGA  in ternal background

using a highly efficient wall-less guard counter system , and the contribution of the  diffuse 

X-rays from  outside the collim ator field of view is reduced by shielding the LAC w ith 0.2 m-m 

thick tin  shields. Keeping the field of view of LAC away from the sun (relative angle greater 

th an  90°) during the operations reduces the solar contam ination.

The in ternal LAC background varies with tim e, as shown in  Fig. 2.5, and satellite positions 

in a complex way. The background rate  peaks every 24 hours, corresponding to  the  satellite 

passing through the SAA, and then decays on a s h o r t 1 hour) and a long (~  10 hour) time 

scale as the satellite emerges from the SAA, due to  the radioactivity induced in the  satellite 

m ateria l by the  protons in the  SAA. The spectrum  of the  in ternal background is complex 

and includes various fluorescent lines. The diffuse X-ray background of LAC is constant with 

tim e bu t varies over the sky plane. The diffuse background ra te  measured over the  full LAC 

energy range is ~  18 cts s~^, while the to ta l background ra te  varies from about 70 cts s“  ̂ to 

150 cts s~^. Fig. 2.6 shows the spectrum  of the LAC background.
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Figure 2 .6 : The spectrum of the  GINGA  LAC background

Unlike the  E X O S A T M E  experim ent, the GING A  LAC has no direct means of sim ultaneously 

m onitoring the internal background and the background is estim ated from indirect m easure­

m ents by using a num ber of housekeeping and other count rates, from both  the LAC and the 

accom panying instrum ents on GINGA. The two m ethods generally used for estim ating  of the 

background radiation are specified in Hayashida et al. (1989).

The m ajo r lim itation of the LAC sensitivity is not from source counting sta tistics, b u t from 

the system atic error in background subtraction. However, this uncertainty is not sim ply due 

to  the accuracy with which the  internal background can be estim ated, bu t, in m ost cases, 

dom inated by the uncorrected intrinsic fluctuations of the diffuse X-ray background over the 

sky plane. The Za sensitivity of the LAC in the 2-10 keV band is 2.6 cts s " \  which equals a

flux of about 6  X  10 ergs cm  ̂ s  ̂ for a Crab-like spectrum—2 g —1
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2.5 X-ray D ata Analysis

2 .5 .1  D a ta  A n a ly s is  in  X -r a y  A str o n o m y  —  G e n e r a l D e sc r ip t io n

X-ray astronom y studies astrophysical phenomena in the energy band from a hundred eV to 

a hundred keV, where the particle  nature of electrom agnetic rad iation  dominates completely. 

X-ray d a ta  are collected on a photon-by-photon basis by detectors, and observable properties 

of sources such as intensity, location, angular extent, or spectral shape are therefore sta tistical 

quantities to be estim ated from  the observational da ta  to  w ithin a statistically  determ ined 

error.

There are three different counting rates to  be considered during the observations: 1) the 

photon flux from the X-ray source being observed; 2 ) the photon flux from the diffuse X- 

ray background; 3) the flux of the in-orbit background generated by charged particles and 

gam m a rays. The origin and behaviour of the detector background have been described in 

the above section. In general, meaisurement of the  X-ray source m ust be made by subtracting 

the backgrounds.

The detected X-ray photons can convey much inform ation about sources such as their spatial 

s tructure , tem poral variability, and spectral characteristics etc. This inform ation m ay be 

extracted  through the various techniques of d a ta  analysis, including imaging processing, time 

series analysis, and spectral model fitting etc.

X -R A Y  IM A G IN G  P R O C E S S IN G  The recorded position and energy of each detected 

X-ray photon, combined with the  satellite housekeeping inform ation, are sorted in to  a  raster 

X-ray image on the ground. A fter the reconstruction of the X-ray image, various procedures 

m ay be carried out. The location of the X-ray source m ay be determined w ithin an error 

box. The intensity of the source is then calculated by subtracting background estim ated  in 

a source-free region of the im age from the flux extracted  w ithin the source error box. The 

X-ray spectrum  of the source m ay be obtained by constructing X-ray images over different 

energy band. A time series of the  source m ay also be estim ated from a series of image. The 

in tensity  contour can be produced by mapping the whole image.

X -R A Y  T IM IN G  A N A L Y S IS  The X-ray photons are counted in time sequence and the 

X-ray light curve of the source m ay be obtained by subtracting a suitable background rate.
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The periodic oscillations of the source can be searched for by constructing a power density 

spectrum  of the light curve.

X -R A Y  S P E C T R A L  F I T T I N G  The X-ray spectrum  of the source can be determ ined 

from sim ultaneous flux observations at a num ber of energies. The assumed spectral model, 

w ith the  considerations of the detector performance, background and dead tim e losses etc, 

m ay be tested using Peajson’s statistic (e.g. Lam pton, Margon k. Bowyer 1976) and 

accepted or rejected on the basis of probabilities. Once the accepted m odel has been 

found, the confidence region for the values of the  m odel’s adjustable param eters could be 

derived using the Xmm 4- 1 < error estim ation m ethod (Lam pton, M argon k  Bowyer

1976).

2 .5 .2  L e ice ster  D a ta  A n a ly s is  S y s te m

The analysis of the E X O S A T dJià GINGA da ta  is conducted w ithin the Leicester D a ta  Analy­

sis System  (LDAS), which consists of more than  50 different application program mes w ritten  

alm ost entirely in FORTRAN. These programmes m ay be used to  transform  the X -ray satel­

lite  raw  d a ta  from the tape in to  the standard form at d a ta  files on the com puter disc, and 

conduct various processes such as imaging processing, tim ing analysis, and spectral modelling 

etc, on the X-ray data.

All the  programmes within LDAS input and ou tpu t program m e param eters by m eans of the 

QX param eter system, which is based on set of simple FORTRAN subroutines. The QX 

param eter system operates ju st like FORTRAN READs and W RITEs but w ith m uch greater 

fiexibility. All the d a ta  files produced and processed by the LDAS programmes m ake use of 

the  S tarlink Hierarchical D ata  System (HDS). In HDS, the d a ta  are stored and accessed by 

nam e ra ther th an  by their position in the file. Thus the HDS provides a very flexible m ethod 

of accessing d a ta  stored on file.

These flexibilities are achieved using the QCL command language as a separate environm ent 

from  which all the LDAS programmes can be run. Various processes such as m anipulation 

of QX param eters, access and m anipulation of variables in HDS d a ta  files, graphical ou tpu t, 

running user program s, executing DCL commands, and executing QCL procedures etc can 

be conducted within QCL.
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GRP, as an integral part of QCL, provides aU graphics in the LDAS. In add ition  using 

GRP commands interactively, a  number of standard  G R P procedures are also available to  do 

common plo tting  operations.

2 .5 .3  E X O S A T  R a w  D a ta  R e d u c tio n

The E X O S A T  d a ta  are available in the form of E X O S A T  Finsl Observation Tapes (FO Ts). 

A particu lar FO T  contains d a ta  from only one of the  E X 05A T instrum ents. The basic unit 

of da ta  is the ‘observation’, w ithin which the spacecraft sta tus is supposed to  be constant 

so th a t all the d a ta  can be described by a single set of mode and configuration param eters. 

Different observations m ay use different OBC m odes or have different hardw are settings. A 

new observation is also sta rted  whenever its duration  would exceed 14,400 seconds or when 

there would be more than  32767 records in any of the  raw  d a ta  files. W hen a  new observation 

is started  for one of these reasons, or when the spacecraft mode changes in some way which 

is irrelevant, it m ay be necessary to  join two or m ore raw  d a ta  files together. Various raw 

d a ta  types are used and each type is put on to  a  separate raw da ta  file w ith the d a ta  type 

code (defined by ESOC) as the file extension. M ost raw d a ta  are stored on unform atted  

direct-access files w ith a  record structure defined by ESOC.

A set of six program mes w ithin the LDAS m ay be used to  extract da ta  from F O T s and 

produce standard  form at d a ta  files on disc. The E X O S A T la w  d a ta  for a given instrum ent 

are extracted  from  one or more FO Ts and copied to  a  set of disc files. The most useful da ta  

in the  disc based housekeeping files are then ex tracted  and pu t in a  single file describing the 

whole observing period. Before sorting the d a ta , it  is necessary to  produce a log showing 

which raw da ta  files are fully compatible w ith each o ther so th a t they may be joined together 

during the sorting process. Finally, one or m ore (if the observations are com patible) da ta  

files are sorted and converted in to  HDS output files. This ou tput file haa header param eters 

attached  giving inform ation about the time, a ttitu d e , mode, configuration etc. T he sorted 

file is self-describing and self-sufficient.
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2 .5 .4  G IN G A  R a w  D a ta  R e d u c tio n

The basic unit of GINGA  d a ta , as delivered to  the  UK, is called the F irst R eduction File 

(F R F ). FR Fs use the EBCDIC codes and IBM form at, and are delivered on tapes. These 

da ta  are converted to a VAX form at and stored in the Leicester GINGA  d a ta  base on the 

University VAX Cluster, so th a t users can easily access them .

Each FR F contains O perational Status (OS) d a ta  which define the instrum ent gain, anti- 

coincidence m atrix , discrim inator settings, HV settings, and housekeeping (UK) d a ta , as weU 

as the detector counting rates. The FRF is not equivalent to  the E X O SA T  observation as 

described above, but ra ther arb itrarily  sub-divided.

The FR Fs which contain on-source and off-source observations can be restored to  the  disc 

from the Leicester tape archive, and then be sorted in to  da ta  cubes of source and background 

(off-source) observations. Poor quality da ta  such as those contam inated by the  background 

flare m ust be removed from these sorted d a ta  cube files before background estim ate  and 

subtraction  can be done. Due to  the lack of sim ultaneous background in the  LAC when 

source observations are m ade, an off-source observation of the blank sky is used for estim ating 

the background during the on-source observations. After this pseudo-background has been 

subtracted  from the source observations and the d a ta  in the background sub trac ted  source 

files have been corrected for the a ttitude  variations of the detectors, various analysis such as 

tim e series and spectral fitting can be done using the standard  programmes in the  LDAS.

The GINGA  specific software, formed as an interface between the Japanese d a ta  tapes and 

the existing LDAS software, provides a basis tool to  do the above jobs.
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Chapter 3

EXOSAT O bservations o f SS 433

3.1 Introduction

X-rays from SS 433 were first detected with the first X-ray satellite UHURU  (see review on 

the observations of SS 433 in C hapter 1 ). However, its unique properties in the X -ray range 

were first disclosed with observations by the jEXOS'AT satellite in 1983-1985. A strong  iron 

emission line which displays large energy shifts varying as a function of the 163-day precession 

phase was observed with E X O S A T  (W atson et al. 1986). These energy shifts are consistent 

w ith the Doppler shifts predicted in the kinem atic model for the relativistic jets  in  SS 433. 

This implies th a t the X-ray em itting  m aterial is physically associated w ith the je ts . An X- 

ray  eclipse, simultaneous with the optical eclipse, which corresponds to  the prim ary  optical 

m inim um  at the je t precession phase 0.6, was also observed w ith E X O S A T  (S tew art et al. 

1987) and the duration of the eclipse was used to  pu t a constraint on the system  geometry.

The analysis of the X-ray observations of SS 433 reported  by W atson et al. (1986) and  S tew art 

et al. (1987) concentrated on the Doppler-shifted iron emission line in the spectrum  and the 

X-ray intensity  variation of SS 433 over the 13 day binary period. However, a  com plete 

analysis of the X-ray da ta  was not attem pted.

In this chapter, results of a detailed analysis of the E X O S A T  hovf Energy (LE) and M edium 

Energy (ME) observations of SS 433 are presented w ith an emphasis on the m odulations of 

the X-ray features of SS 433 caused by the two periods (jet precession and binary m otion).
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A partia l X-ray eclipse, which has not been reported  before, is found in both the LE and ME 

da ta  from the observation m ade in May 17-18 1985, a t a je t precession phase of 0.06 when 

the lower je t approaches the observers. This pa rtia l X-ray eclipse, adds fu rther evidence 

to support the ‘standard kinem atical model’. T he most striking result of this full analysis 

of E X O SA T  d a ta  of SS 433 is the discovery of the  m odulation of X-ray line w idth  by the 

je t precession, which gives us im portan t inform ation on the physical condition of the jets 

of SS 433. The properties of the X-ray spectra of SS 433 over 163-day precession and 13- 

day binary phases are also given and their im plications on the characteristics of the  X-ray 

radiation region are discussed in th is chapter. M ost of these properties are reported  for the 

first time.

3.2 Observations and Data A nalysis

The X-ray observations of SS 433 presented here comprise a  to ta l of 15 separate pointings 

carried out with the Low Energy imaging telescope and the M edium Energy detectors aboard 

the E X O S A T  Observatory in the  period 1983 October-1985 October. Simultaneous obser­

vations w ith the E X O SA T  G z l s  Scintillation P roportional Counter (GSPC) were also made. 

Because SS 433 is near the threshold for obtaining a good spectrum  in the GSPC, the  poor 

quality GSPC da ta  do not satisfy the requirements of the current work which aims a t detailed 

spectral analysis and, therefore, have not been considered here. Seven of the E X O S A T  ob­

servations were made with coordinated optical photom etry  in 1984 Septem ber-October and 

covered one complete binary cycle. The observation tim es range from 3 to 13 hours and the 

individual exposure times are from  about 4300 s to  47000 s. Details of the observations are 

given in Table 3.1 and the location of each pointing in the binary and jet precession phase- 

space is plo tted  in Fig. 3.1. T he definitions of je t precession and orbital phases are given in 

chapter 5.

The first X-ray imaging of SS 433 (Seward et al. 1980) showed th a t 90% of the  low-energy 

(1-3 keV) X-ray flux is from the central object and 1 0 % of this flux is from two diffuse X-ray 

emission lobes. The E X O SA T  LE observations, however, only point to the central source of 

SS 433 and the diffuse X-ray emission lobes are not included in the sensitive portion  of the 

field of view of LE telescopes. As an example, the contour m ap of this soft X-ray emission 

given by W atson et al. (1983) is re-plotted in Fig. 3.2 w ith a dotted square box indicating
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follows indicates the log num ber in  table 3.1. Precession phase 0.5 corresponds to  m aximum  
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Figure 3.2; The soft X-ray contour of SS 433 stellar and diffuse sources, taken from W atson 

et al. (1983). The dotted square box here represents the field of view of the E X O S A T  LE 

telescopes.

the field of view of the E X O S A T  Lo-w Energy telescopes.

A typical E X O SA T  image of SS 433 is shown in Fig. 3.3 in which the black diffuse point 

at the imaging centre is the X-ray central source of SS 433 and the solid-line diam ond box 

indicates the hotspot of the LE telescope.

Count rates for the LE observations are extracted from a 100 X 100 (arcsec)^ cell centered 

on the source (small square box in Fig. 3.3) and the background count rates from adjacent 

source-free regions (with an area nine times that of the source box) subtracted  so th a t the LE 

count rates could well represent the X-ray emission from the central X-ray source. Count rate 

corrections for m irror vignetting, dead time and scattering due to the instrum ental response 

are also applied.

The ME count rates refer to the fuU on-source half-array after subtraction of background 

count rates obtained from stable offset half-array da ta  with the appropriate ‘difference spec­

tru m ’ correction (Parm ar &: Izzo 1986).

The X-ray background for each energy channel of the ME detectors is carefully checked and
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Figure 3.3: The X-ray image of SS 433 from FX05AÜT observations, where the black diffuse 

point at the image centre is the X-ray central source of SS 433. The X-ray background rate 

is estim ated within the big square box but outside the small one, and subtracted from the 

count ra te  estim ated inside the small error box.
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the observations presented here only include those m ade during periods of stable background.

M E spectra from the argon chambers of the M E detectors are obtained after correcting 

for background and dead tim e. Spectral fits are performed on the ME spectra ajid on the 

combined LE and ME m easurem ents for each observation by comparing spectral d a ta  w ith 

the convolution of the instrum ent response function and input spectra.

Various spectral models are chosen to  fit the SS 433 spectrum  which, consists of a  continuum  

and (a) broad emission line feature(s). Six continuum  models were applied in the  spectral 

fitting. These models are classified as single com ponent continuum  including black body, 

th in-therm al brem sstrahlung and non-therm al power law, and two component continua such 

as Comptonized brem sstrahlung, a th in-therm al brem sstrahlung with inclusion of a  black 

body component, and a power law plus exponential cut-off function. The line feature is 

approxim ated by a Gaussian profile specified w ith three param eters, energy, flux and width.

The Com ptonized brem sstrahlung model mahes use of the prescription given by Lam b and 

Sanford (1979) which can be used whenever condition r  < ( )^/^ is approxim ately satis­

fied, where r  is the optical depth, Tg, the electron tem perature, rUg is the electron m ass and 

c speed of light. The power-law with exponential cut-off was used to describe the  spectra 

obtained by TEN M A  (M atsuoka, Takano h  M akishim a 1986), which is expressed as E~°‘ for 

E  < Ec and exp[—(E  — E g )/E /]  for E  >  Eg, where Eg is the cut-off energy and E f  the

folding energy.

3.3 R esults

Over the period of E X O SA T  observations, the  X-ray source of SS 433 was quite stab le and 

there were no significant variations on time scales shorter than  ~  5 min. No X -ray flare events 

sim ilar to those seen by the E/NETEEV satellite have been detected despite the longer overall 

tim e of E X O S A T  observation. This m ay be partly  due to  the different sampling technique 

used.

The X-ray flux of SS 433 over 2-10 keV band recorded by EXO SATidm ges  between 1-3x10"^° 

erg cm “  ̂ s“ ^, typically 50% higher than  those observed by the E IN S T E IN  M TC . W ith  a 

distance of 5 kpc, this gives a 2-10 keV lum inosity of ~  10^® erg s~^. In the E X O S A T  Low
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Table 3.2: S S 433 count rates of each EXOSAT pointing

Low Energy Medium Energy

No ^13.08 V̂ 162.5 3LX A L /P (1-5 keV) (5-10 keV)

(x lO -2 ct s - i ) (ct s  ̂ detector ^)

1 0.499 0.485 1.63 ± 0 .17 1.52 ± 0 .2 7 2.80 ± 0 .0 1 2.20 ±  0.01

2 0.587 0.492 1.59 ± 0 .08 2.65 ± 0 .0 1 1.96 ± 0 .0 1

3 0.662 0.499 1.56 ± 0 .26 1.51 ± 0 .1 4 2.65 ± 0 .0 1 1.89 ±  0.02

4 0.776 0.635 — — — —

5 0.759 0.598 1.03 ± 0 .21 2.69 ± 0 .0 2 2.07 ± 0 .0 2

6 0.974 0.616 0.65 ± 0 .2 4 1.57 ± 0 .0 2 0.89 ±  0.02

7 0.049 0.622 0.75 ± 0 .12 1.61 ± 0 .0 2 0.93 ±  0.02

8 0.177 0.632 0.93 ± 0 .1 7 2.40 ±  0.02 1.60 ± 0 .0 2

9 0.361 0.647 1.26 ±  0.21 2.03 ± 0 .0 2 1.44 ± 0 .0 2

10 0.539 0.661 0.99 ± 0 .1 7 1.99 ± 0 .0 2 1.54 ± 0 .0 2

11 0.771 0.680 1.23 ± 0 .18 2.24 ± 0 .0 2 1.51 ±  0.02

12 0.982 0.066 0.84 ±  0.13 0.53 ±  0.11 1.41 ± 0 .0 1 0.72 ±  0.01

13 0.746 0.127 0.68 ±  0.09 1.41 ± 0 .0 1 0.92 ±  0.01

14 0.871 0.459 2.85 ±  0.01 1.87 ± 0 .0 1

15 0.719 0.930 0.86 ±  0.10 1.67 ± 0 .0 2 1.04 ± 0 .0 2

telescopes, SS 433 is detected aa an unresolved point source at count rates

to  0.02 counts s“ ^. Table 3.2 lists X-ray counting rates of LE, 1-5 keV and 5-10 keV energy 

bands for each pointing except the  one made in April 17-18, 1984, which was contam inated 

by the background radiation.

The shape and behaviour of the  X-ray spectrum  of SS 433 obtained w ith the E X O S A T  also 

differs from th a t of the E/JVSTE/iV reported by Grindlay et al. (1984). In both  the GSPC 

(W atson et al. 1986; Stewart & W atson 1986) and the ME da ta  there is a clear evidence for 

the existence of an energy-shifted emission line a t all times. There is also some variation of 

the continuum  spectrum  between different observations.

Spectral fits were performed w ith various models described in the section above. Param e­

ters from fitting the ME spectrum  alone are completely consistent with those from fitting
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combined M E and LE spectrum . The model w ith  a single black body com ponent as con­

tinuum  never fits any of the spectra, while the  o ther five models can give reasonably good 

fits to  the observed data . In m ost circumstances, two-component continuum  m odel could 

fit the  spectra be tte r than  th a t the single com ponent model does, but none of them  gives 

statistically  acceptable fits. All these models produce similar spectral shapes to  the  observed 

counting ra te  spectrum . However, due to the lim ited bandpass of the EXO-SAT instrum ents, 

the model which is the most suitable to  SS 433 could not be distinguished simply from  the 

obtained statistics. Also, the  E X O SA T  d a ta  could not accurately lim it the tem peratu re  

of brem sstrahlung models w ith tem peratures above 30 keV due to  the Limited bandpass.

3 .3 .1  M o d u la t io n  a t th e  1 6 3  D a y  J e t  P r e c e s s io n  P e r io d

1. X -ray in ten sity  variation over 163 day period

X-ray count rates over LE, 1-5 keV and 5-10 keV energy bands extracted from observations 

m ade in the  b inary  phase 0.60-0.90 are shown folded on the je t precession period in  Fig. 3.4 

(see table 3.2 for detail).

M odulation of the  X-ray intensity  by the jet precession is significant in each energy band. 

The m axim um  X-ray intensity is reached at around phase 0.5 when the approaching je t is 

crossing the line of sight and the Doppler red-, blue-shifted optical lines are a t their m axim um  

separation in energy. The lower s ta te  of the in tensity  occurs at about phase 0.13 when two 

jets of SS 433 are edge-on and the  separation of the  energy-shifted lines is small.

The X-ray in tensity  range from higher to lower fluxes is ~  50% in the energy bands of LE, 

1-5 keV and 5-10 keV and the consistency of the  fractional intensity  decrease in each energy 

band implies th a t the X-ray spectrum  below 10 keV does not vary considerably over the  jet 

precession period and the X-ray intensity is scaled up and down almost by the sam e factor 

in each energy band from phase to  phase.

The relativistic beaming factors predicted from the standard  kinem atic model (see form ula 

in Chapter 5) have similar pa tte rn s  as the folded 163 day X-ray light curves do, and  may 

explain the m ajor part of the observed intensity variations. The variations of the  beaming 

factor of the top je t emission, when normalized to  the  fluxes over phases 0.45-0.7, are displayed
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Figure 3.4: The folded 163 day X-ray light curve of SS 433, where the long-dash line represents 

the predicted beaming factor from  the top je t and the short-dash line is th a t from the lower 

je t, bo th  are normalized to  corresponding fluxes.
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using the long-dash curves in Fig. 3.4 and the p a tte rn  of the lower je t beaming facto r, when 

normalized to  the da ta  outside phase 0.45-0.7, are plotted  using the short-dash lines. If, 

m ost of the red je t is obscured by the accretion disc a t most precession phases (see discussion 

below), the beaming factor can fit the folded 163 day light curves fairly well, which implies 

th a t the long term  changes of the  X-ray in tensity  is strongly m odulated by the precession 

of the relativistic jets. In addition , when occultation of the lower portion of th e  je ts  due 

to precession of the disc is tahen  in to  account, the  entire range of fiuxes can be accounted 

for. This shows remarkable long term  stability of the X-ray emission suggesting either a  very 

constant accretion rate , or some control mechanism for the jets. The observed G IN G A  fiuxes 

(see next chapter) are also consistent with the EX05L4T values.

2. X -ray spectral variation over 163 day period

Six spectra are used to trace the  m odulation of jet precession on the X-ray spectrum  of S3 433. 

Fig. 3.5 shows all six SS 433 spectra  and table 3.3 gives details of spectral param eters.

1) X-ray continuum

There is no obvious 163 day m odulation on the X-ray continuum  param eters of SS 433, 

although the brem sstrahlung tem perature tends to  increase a t the  source high in tensity  s ta te  

when a  th in-therm al brem sstrahlung is used as the  continuum. The spectral param eters of 

the continuum  obtained from the  model fitting stay  fairly constant within the s ta tis tica l error 

and system atic uncertainty over the je t precession cycle.

A ~  25 keV brem sstrahlung or a  power law with a ~  1.5 photon index is needed to  get a  good 

fit to all the six spectra when a  single component continuum  w ith low-energy absorp tion  is 

assumed for the SS 433 spectrum . In both cases, the equivalent neutral hydrogen column 

density is consistent with 8 x  10^^ cm“ ^. Because the spectrum  is only available up to  15 

keV in the E X O S A T  ME Argon detectors, the difference between therm al brem sstrahlung 

and non-therm al power law can not be told by the  d a ta  available.

Adding Com pton scattering component to the brem sstrahlung continuum  does not signifi­

cantly improve The derived brem sstrahlung tem perature Te is ~  6 keV and optical depth 

r  ~  12 for all six spectra. These param eters obviously disobey the condition r  < 

w ithin which the approxim ate form ula of Comptonized brem sstrahlung can be used. However,
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Figure 3.5: The X-ray spectra of SS 433 over 163 day cycle, where the jet precession phase 
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according to Lamb and Sanford (1979), this kind of result could be regarded as em pirical and 

the m odel m ay continue to be physically justifiable. The use of a  power law w ith exponential 

high energy cut-off can give reasonably good fits to  all six spectra w ith sim ilar to  other 

spectral m odel’s. The param eters produced by the model are alm ost consistent w ith  the 

results reported by M atsuoka et al. (1986) w ith TE N M A  GSPC spectrum , which has a  ~  1.4 

power law index, ~  7 keV cut-off energy and 1 2  keV folding energy. This consistency 

indicates th a t the TENM A  results can be used here as a constrain t to  the SS 433 spectrum  

at the je t precession phase which is not covered by E X O SA T . The combination of a  ~  12 keV 

brem sstrahlung and a 4 keV black body continuum  can be also used to  give good fits to 

the six spectra. A similar column density is required in these two component m odels, being 

~  8  X  1 0 ^ ^  c m " ^ .

2) X -ray em ission  line

In contrast to  the continuum, the  m odulation of the  emission line of the spectrum  is signifi­

cant. All the line param eters, i.e., line energy, line flux and w idth, vary from phase to  phase. 

This conclusion is independent of the continuum model assumed.

a) line energy

As reported  by W atson et al. (1986), only one emission line is seen in the X -ray spectrum  

when M E da ta  are taken from above 2 keV, Its energy varies from 6.68 ±  0.06 to  7.60 ±  0.06 

keV w ith jet precession phase. As suggested by W atson et al. (1986), the behaviour of this 

X-ray emission line can be im m ediately in terpreted  as arising from the changing Doppler 

shifts of a line w ith a rest-fram e energy near 7 keV.

The line energy as a function of je t precession pha.se is displayed in Fig. 3.6 where the  results 

from  the GINGA  (C hapter 4 in  this thesis) and TEN M A  (M atsuoka, Takano & M akishim a 

1986) observations are also included and indicated w ith ‘G ’ h  ‘T ’. It is clearly dem onstrated  

th a t the  line energy follows the Doppler shift expected in the kinem atical model of the  jets, 

i.e., it follows the same Doppler curves as th a t seen in the optical ‘moving lines’. T he long- 

dash curve in Fig. 3.6 represents the predicted energy for the line from top je t  and the 

short-dash for the line from lower je t.
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Figure 3.6: X-ray line param eter evolution over 163 day period. Top: the X -ray line energy, 

Mid: the line flux, Bottom: the  line width (Icr of Gaussian profile). The long-dash curves 

represent the predicted values of the param eters from the top je t while the short-dash  lines 

are those for the lower jet. ‘T ’ and ‘G ’ indicate the  results taken from TE N M A  and  GINGA  

observations.
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b) line flux

M odulation of je t precession on the line intensity  is obvious and shown in Fig. 3.6 where the 

GINGA  and TEN M A  results are plotted. This p roperty  is reported  for the first tim e. The line 

flux varies in the range from (0.09 ±  0.01) X 10“  ̂ photons sec cm “  ̂ to  (0.38 ±  0.03) X 10“  ̂

photons sec cm~^. Although the amplitude of the line flux variation is larger th an  the 

continuum , it basically follows the variation of the  continuum  intensity  as displayed in  Fig. 3.4, 

implying the X-ray line and continuum  emissions are from the same regions.

The relativistic m otion of the X-ray line em itting m aterial and the jet axis precession also 

play great roles in changing the iron line flux. If, assum ing th a t the  dom inant line emission 

is from the top je t when the top jet is approaching the observer and from the lower je t  while 

the lower je t approaches, and normalizing the beam ing factors to  the E X O S A T  d a ta  points, 

a reasonably good fit to  the d a ta  (including those from GING A  and TEN M A) is derived. In 

addition, the occultation of the X-ray em itting regions by the accretion disc is also im portan t 

to  m odulate the X-ray line flux.

c) line width

The emission line w idth, which is 1er of fitted Gaussian profile, is found to  vary over the 

jet precession cycle. The line becomes broad (1.15 ±  0.06 keV) when the je t approaches the 

observer and narrow (0.53 ±  0.12 keV) when the je t  is edge-on. The points labeled w ith ‘T ’ 

and ‘G ’ in Fig. 3.6 represent the  results from TE N M A  and GINGA.

This is the first discovery of this striking feature of the  emission line in the spectrum  of SS 433. 

There are a num ber of alternative explanations for the  m odulation by the je t precession phase 

of the line width. The first one is line broadening by Com pton scattering. The rad ia ted  X-ray 

photons travel outw ard from the source via different optical depth  and experience different 

scattering (more, when the optical depth is large and less, when the depth is sm all). Therefore, 

each tim e the jets of SS 433 are observed at different je t precession phase, different photons 

which have traveled through different optical depths are seen. For the very hot plasm a in the 

jets (see C hapter 6), an optical depth of ~  1 is required to  give the observed w idth. Another 

possibility is th a t the observed line feature actually consists of several line components such eis 

Doppler red- and blue-shifted hydrogen-like and helium-like iron lines due to the tem perature 

d istribution along the jets and the energy resolution of the detector is not good enough to
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separate them . Different observations will detect the X-ray emission from the je t m aterial 

w ith different tem peratures, thus resultant lines w ith variable line width. Line broadening 

caused by opening angle of je t is also another possibility. Further discussions of these models 

are presented in section 3.4.4 and section 4.4,3 of C hapter 4.

3 .3 .2  M o d u la t io n  a t th e  13 D a y  B in a r y  P e r io d

1. X -ray in tensity  variation over 13 day binary period

1) X -ray eclipse a t precession phase 0.6

The results of the sim ultaneous optical and X -ray observations of SS 433 over one binary 

cycle have been reported by Stew art et a l  (1987). In their report, the variation of the  X-ray 

in tensity  has been described in  detail. W ith im proved background subtraction in  th is full 

analysis of observations, the X-ray light curve over LE, 1-5 keV and 5-10 keV bands

are p lo tted  in Fig. 3.7.

The X -ray light curves presented here are similar to  those reported by Stewart et al. (1987) 

except th a t  the  X-ray counts are binned in slightly different energy ranges, and perhaps tha t 

the spectrum  softening is found to be obvious during the X-ray eclipse. W hile th e  shape of 

the light curve is broadly constant with energy, the  fractional intensity decrea.se is larger at 

hard  X -ray energies than th a t in  soft X-rays.

As described by Stewart et al. (1987), the X-ray in tensity  reduced at around M JD45968, 

coincident w ith the prim ary optical minimum. This in tensity  reduction is in terp re ted  by 

Stew art et al. (1987) as the occultation by the com panion stax of the X-ray em itting  region 

— the je ts . The intensity recovered after the prim ary m inim um  pha.se to a level lower than  

th a t before the s ta rt of the eclipse. There are no certain  interpretations to the  intensity  

difference between pre- and post-eclipse phase. It m ay be due to  the effect of je t precession 

or changing of the accretion ra te . Detailed discussion is presented in the next chapter.
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Table 3.4: Observing log for the X-ray eclipse of SS 433 in 1985 May (tim es in  UT)

No. Start End Binary Phase

Exposure (secs) 

M E (Argon) LE

1 17th 20:18:17 17th 21:42:17 0.965 5040 3797 (3LX)

2 17th 21:42:17 17th 23:05:37 0.970 5000 4770 (3LX)

3 17th 23:05:37 18th 00:28:57 0.974 5000 4769 (3LX)

4 18th 00:28:57 18th 01:58:47 0.979 5390 2733 (3LX)

5 18th 02:08:47 18th 03:32:07 0.984 5000 7314 (A L /P )

6 18th 03:32:07 18th 04:55:27 0.988 5000 4677 (A L /P )

7 18th 04:55:27 18th 06:18:47 0.993 5000 4618 (A L /P )

8 18th 06:18:47 18th 07:49:47 0.997 5460 4791 (A L /P )

2) X-ray eclipse at precession pha.se 0.06

Fig. 3.1 clearly shows th a t point E12 is another observation which was m ade cor­

responding to the  prim ary optical minimum. The d a ta  of this observation was therefore 

carefully analyzed and the indication of an X-ray eclipse a t the je t precession phase 0,06 is 

indeed found.

The observation was made from  20^ : 18™ of M ay 17 to  7^ : 50™ of M ay 18 1985, which 

corresponds to the binary phase of 0.96-1.00, well inside the  duration of the  prim ary  optical 

m inim um . The detail observing log of the eclipse is given in  table 3.4 and the light curves of 

various energy ranges are shown in Fig. 3.8. The decrease of the X-ray intensity  is significant, 

however, because the observation was made at the low sta te  of the  source and inside the 

eclipse, the decreasing fraction was not as high as th a t of the  eclipse at je t precession phase 

0.6. There is also indication th a t the spectrum becam e softer when the in tensity  decreased.

This eclipse is for the first tim e found to occur a t the period when the lower je t approaches 

to  the observer and its discovery adds further evidence to  support the ‘standard  kinem atical 

m odel’.
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2. X -ray spectral variation over 13 day binary period

There are significant binary m odulations on bo th  continuum  and emission line of all the  seven 

spectra of SS 433 obtained in a  13 day cycle. The spectra over the  binary period are shown 

in Fig. 3.9 and the detail results of the spectral model fits are listed in table 3.5. The LE 

m easurem ents are consistent w ith those of ME.

1) X - ra y  c o n tin u u m

The X -ray continuum  of SS 433 varies over the b inary phase.

W hen a th in  therm al brem sstrahlung is used to fit the X-ray continuum , the variation  of the 

brem sstrahlung tem perature is correlated w ith the X-ray intensity, although the tem peratu re  

is not very well determined due to  the shortage of the  spectral range covered by M E detectors. 

The tem pera tu re  is higher whenever the lum inosity is at high state .

However, there is no m odulation on the brem sstrahlung tem perature when the Com ptonized 

brem sstrahlung continuum is aissumed, the tem perature  is consistent w ith ~  6 keV. The 

optical dep th  is correlated w ith  the  X-ray intensity, decreasing w ith  the drop of the  fiux 

of SS 433. Again, this model disobeys the requirem ents for its application and should be 

regarded as empirical.

The brem sstrahlung tem perature in the model of the  combined therm al brem sstrahlung and 

black body varies from 13.2±0.7 keV at the phase of the majcimum X-ray in tensity  to  7 .5±0.3  

keV when the source reaches its  lowest state . The black body tem perature does not vary 

significantly and is consistent w ith  ~  4 keV.

W hen a non-therm al power law continuum  is applied to the X-ray spectrum  of SS 433, there 

is a strong m odulation on the photon index, which varies from 1.2 ±  0.1 where the  X-ray 

in tensity  is high to 1.9 ±  0.3 when the intensity decreases to  its minimum. Coupling power 

law w ith an exponential high energy cut-off function does not improve The derived photon

indices have similar values and behaviour as the single power law model. Accordingly, the 

derived param eters for this model are not listed in  table 3.5.

The equivalent neutral hydrogen column density, which is responsible for the absorption of 

soft X-rays, is not m odulated by the binary m otion, and is consistent w ith ~  8 x 10^^ cm “ ^
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Figure 3.9: The X-ray spectra over 13 day cycle, where the binary phase for each spectrum  
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Figure 3.10: X-ray line param eter evolution over 13 day period. Top; the X-ray line energy, 

Mid: the  line flux, Bottom: the line width ( 1<7 of Gaussian profile).
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for any assumed continuum.

2) X -ray em ission line

The param eters of the X-ray emission line are roughly independent of the assum ed continuum  

model.

As shown in Fig 3.10, the b inary m otion only influences the line flux, which decreases from 

(0.29 ± 0 .05 ) X 10"^ photons sec cm “  ̂ to (0.15 ± 0 .03) X 10“  ̂photons sec cm “  ̂ a t around the 

optical prim ary minimum. The correlated variation of the  X-ray line flux and the continuum  

in tensity  indicates tha t equivalent w idth of the line keeps constant over the b inary  phase and 

implies th a t  the X-ray continuum  and emission line are indeed associated w ith each other 

and from the same X-ray rad ia tion  region — the jets.

The X-ray emission line energy keeps constant over the binary phase, which is 7.1 ±  0.2 keV, 

completely consistent with the Doppler-shifted energy of 6.7 keV iron line predicted  from 

m otion of the je t m aterial outw ard for the corresponding precession phase.

There is no binary m odulation on the X-ray line w idth. The line w idth stays fairly constantly  

a t ~  0.8 keV.

3 .3 .3  A  P o ss ib le  S o ft X -r a y  E x c e ss  in  th e  S p e c tr u m  o f  SS 4 3 3

The derived neutral hydrogen column density from fitting the E X O S A T  spectrum  above 2 

keV is consistent with 8 x lO^i cm “ ^, lower than  1.5 X 10^2 cm“ 2 expected from  optical 

extinction for the same object (M urdin, Clark & M artin  1980; W agner 1983). This may 

indicate the influence of the soft X-ray emission on the determ ination of real properties of 

the  SS 433 spectrum.

To investigate the effect of this soft X-ray radiation, the soft X-ray spectrum  was then  care­

fully checked. A strange line-like bump over 1-2 keV energy range is found in  every X-ray 

spectrum  of SS 433 when M E spectrum  is extracted from above 1 keV. Although it is difficult 

to  derive any reliable inform ation on this strange feature because it  is near the edge of the 

energy range of ME instrum ent, the consistency of count ra te  at the red of this line-like bump 

w ith LE flux indicates th a t this soft bump could be real.
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SS 4 3 3  -  Incident sp ec tru m

CL

Energy keV

Figure 3.12: SS 433 spectrum  which includes two emission lines located a t 1.6 keV and 6.7 

keV respectively.

The excess emission between 1-2 keV is clearly seen in Fig. 3.11(a) from the residuals of fitted 

X-ray spectrum  by the model including a brem sstrahlung continuum  and a broad emission 

line centered at 6.7 keV. These residuals can be well fitted by another broad emission line as 

shown in Fig. 3.11(b). Fig. 3,12 gives the incident spectrum  which comprises two emission 

lines, one corresponding to  the Doppler energy shifted iron line and another positioned in the 

1-2 keV band.

The param eters of this soft broad line are dependent on the continuum assum ed and vary 

from observation to observation. No periodic variation is found. The inclusion of this soft 

X-ray excess does not greatly affect the determ inations of the param eters of X-ray continuum  

and 6.7 keV line feature, except th a t the derived column density becomes higher and is then 

consistent with the value obtained from the optical observations.

GINGA  observations presented in next chapter also show the same feature. However, due to 

the poor sensitivities of both  E X O S A T  and GING A  experiments to  the X-ray emissions in 

1-2 keV band, it is not possible to  make any conclusion from current work.

Explanations of this soft X-ray feature are not yet known. If it is real, it could be due to 

1.9-2.0 keV SiXrV line emissions from the accretion disc or simply due to the contam ination

68



of the soft X-ray radiations from  the X-ray lobes. Further observations in the  energy band 

below 3 keV are necessary to distinguish this features.

3.4 D iscussion

3 .4 .1  O r ig in  o f  th e  E n e r g y -sh ifte d  X -r a y  L in e

The observations of SS 433 presented here have revealed the presence of an emis­

sion line whose energy varies w ith time. As argued by W atson et al. (1986), the  natural 

in terp re ta tion  of these results is th a t the X-ray emission line in SS 433 m ust originate in the 

relativistic jets . A helium-like iron line with energy of 6.7 ±  0.1 keV in the je t coordinate(rest 

fram e), shifts its energy due to  the Doppler effect as the  je t m aterial moving outw ard at 

speed of 0.26c. W ith the precessing of the je t axis, the Doppler shifts of this 6.7 keV line 

vary from phase to  phase, as do other param eters of the emission line. A good fit between 

the expected and measured line energies is achieved when the param eters of the  ‘standard  

kinem atical m odel’ of M argon (1984) and a rest energy for the emission line of 6.7 ±  0.1 keV 

are adopted(see Fig. 3.6). The rest energy strongly suggests therm al emission w ith  Fexxv 

dom inating.

A nother result which supports the  je t origin of emission line is the observed m odulation of the 

line flux by the  je t precession and orbital m otion. W hen the je t points towards the  observers, 

the Doppler-boosting effect makes the source brightest and the observed line flux reaches its 

m axim um . W ith  the jet moves away the line of sight, the line flux decreases again. The 

sim ilarity of the Doppler beam ing factor (~  1/(1  +  z Y )  and the shape of the X-ray intensity  

over the  163 day jet precession phase strongly implies th a t the line emission is associated 

w ith the je t m aterial moving a t the relativistic speed. The variation of the line w idth, as 

argued below, may be also an evidence for this line origin.

The equivalent width of the Doppler energy-shifted lines is ~  (1.2 — 1.5) ±  0.5 keV. It is 

about a  factor of two larger th an  th a t of the lines produced in therm al plasm a w ith  solar 

abundance, and the tem peratures derived from the  spectral fitting.
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3 .4 .2  O rig in  o f  th e  C o n tin u u m  E m iss io n  a n d  I t s  N a tu r e

The results presented above also strongly suggest th a t m ost ( > 5 0  percent) of the  X-ray 

continuum  flux m ust originate in the jets and be therm al brem sstrahlung. The shape of the 

X-ray spectrum  of SS 433 and the variation of its X-ray intensity  over the jet precession cycle 

indicate th a t the m odulation of the jet precession on the X-ray continuum  flux is m ainly due 

to  the  beaming and geometrical effects. Here again, the effects of the relativistic m otion of 

the  je t m aterial and the precession of the jet axis p lay great roles in changing the observed 

X -ray features of SS 433. W ith  different view angle to  the je t, the different lum inosity is seen 

due to  the diflferent Doppler-boosting factor. T he com patability  of the m easured equivalent 

w idth of the line with (within a factor of < 2) th a t expected for an X-ray plasm a w ith  a 

tem peratu re  of a few keV for m aterial with cosmic abundances also requires th a t m ost of the 

X-ray continuum  flux is from the jets and the X-ray spectrum  of SS 433 is predom inantly  

therm al. The constancy of the equivalent width of the  X-ray emission line during the two X- 

ray eclipses further strengthens the association of the X-ray emission line and the  continuum  

radiation.

No emission line was observed by E IN ST E IN  (e.g. G rindlay et al. 1984). The X -ray spectrum  

was described with power law. These results, w ith the observation of sim ultaneous radio and 

X-ray flares (Seaquist et al. 1982), were interpreted in  term s of non-therm al X-ray production 

processes and led to  the development of detailed non-therm al models for SS 433 (G rindlay 

et al. 1984; Band h  G rindlay 1984, 1985). A lthough it is not possible to  judge which is 

the best model to describe the nature of the SS 433 X-ray radiation simply from  fitting 

the present E X O SA T  spectrum  which has a lim ited energy range, therm al X -ray rad iation  

from the jets of SS 433 is strongly suggested. As each observation is much longer th an  the 

radiative cooling time, the observed X-ray spectrum  will actually be the in tegration of the 

therm al brem sstrahlung radiation with various tem peratures along the jets (see C hap ter 6 for 

the  detailed model). The earlier E IN S T E IN lesv lts  m ay also have been consistent w ith the 

X-ray emission from SS 433 being predom inantly therm al as the .F/iVlS'TE/iV’experim ent was 

not sensitive to any line emission, and had an even more lim ited band-pass and resolution 

than  E X  OS AT.
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3 .4 .3  V is ib il ity  o f  L in es  —  W h ere  Is  th e  R e d  C o m p o n e n t?

A m ajor difference between the optical moving lines and the X-ray result, however, is th a t 

in the  X-ray d a ta  only one line is visible and another — the red component is m issing from 

the spectrum  at any time. As in terpreted  above, the streng th  of the emission lines is subject 

to  a  strong m odulation w ith changing Doppler shift. However, the ‘missing’ line cannot be 

easily explained by this Doppler boosting of the  rad iation  from the jets, a t least for m ost of 

the observations, as the gain in strength of the observed line relative to the unobserved line 

is too small to cause the line to  be undetectable.

The m ost na tu ra l explanation for the non-observation of one line is th a t the line of sight to 

th a t je t is such tha t the je t is obscured by m aterial which also responds to the 163 day clock 

in  the system. The most n a tu ra l location for th is m aterial is in the accretion disc. For the 

relevant je t to  be obscured at a  particular phase, the  relative sizes of the je t and the  accretion 

disc are constrained.

A lternatively, it is still possible but unlikely, th a t some fraction of red component is indeed 

seen but submerged by the strong wing of the blue shifted line. Suppose th a t brem sstrahlung 

tem peratu re  decreases along the je t, various iron line species would be produced by the  jet 

m aterial because of the tem perature  distribution and these m ultiple line radiations under 

the  operation of the relativistic effect, are strong enough to  obscure the line emission from 

the receding jet and make the resu ltan t line feature becomes intense and broad w ith  energy 

centered a t the blue-shifted side.

3 .4 .4  I m p lic a t io n s  o f  th e  V ariab le  L in e W id th

The origin of the 163 day m odulation of the line w idth observed w ith E X O S A T  is a  complex 

question to  answer. W ith  the shortage of the energy resolution of the  present X -ray in stru ­

m ent, it is hard  to  make this answer unambiguous and alternative explanations will exist 

un til fu rther observations can be made.

The 163 day m odulation of the X-ray line w idth is an im portan t discovery from which the 

physical condition and the structu re  of the X-ray je ts  will finally be found. There are several 

mechanisms which will possibly produce broad line a t the  phase when one of the  je ts  is
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approaching to  the observer and crossing the line of sight, and line with narrow  profile while 

the jets become edge-on.

Com pton scattering is a possible mechanism which will broaden the line, if the je t has suf­

ficient optical depth. W hen the je t is approaching to  the observer, the photons which have 

experienced more scattering are received and a broader line will appear in  the X -ray spec­

trum . Photons which have been scattered less will be seen while the jets are seen edge-on. 

D etailed modelling of this mechanism will disclose the physical condition of the  je ts  and 

impose a strict constraint on the je t acceleration theory.

It is also possible th a t the velocity dispersion of the je t m aterial will broaden the emission 

line. If the  structure of jet is not a cylinder shape bu t a  cone with its vertex a t the  exit from 

the funnel, the m aterial moving along the axis of the je t cone wiU produce lines w ith  energy 

coincide w ith  the value predicted from the kinem atic model, while the m aterial moving on 

the surface of the jet cone will give the lines d istributed around the lines generated by the 

on-axis m aterial. Thus the observed line becomes broad. W ith  the jet precession, different 

view angles to  the axis and the surface of je t cone are formed, these geometrical effects result 

in the  163 day m odulation of the line width. However, to  explain the large broadening, an 

opening angle of ~  50° is required for the cone.

A nother possible way to  explain the m odulation of line w idth by the jet precession is th a t 

the  observed line feature is composed of various line species generated by the  m ateria l w ith 

different ionization degree such as hydrogen-like and helium-like iron ions. Because there  is a 

tem pera tu re  distribution along the je t, hot a t the je t bo ttom  and relatively cold on the  top, 

ions a t different ionization stages wiU exist in the je t. W hen the je t points to  the  observer, 

the  h o tte r  and higher ionization regions as well those of colder and lower ionization are seen, 

the  observed emission line, because it consists of various lines with different line energies, 

will be broader. W hen the je t becomes edge-on, the ho tte r base of the jet is obscured by the 

accretion disc, only those line radiations from cold region are observed and the line in  the 

spectrum  wiU become narrow.

The relativ istic effect may also play certain roles in broaden the line. W hen the je t m aterial 

is ejecting towards the observer, the two wings of the line have different Doppler shifts and 

line is broad; while the je t is edge-on, the relativistic m otion of the em itting m ateria l almost 

has no influence to  the em itted line.
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Of the above mechanisms, Com pton broadening is most likely to  be the true cause, w ith the 

o ther effects contributing but not substantially.

3.5 Summary

The E X O S A T  study of SS 433 has shown th a t je t precession strongly m odulates the  X-ray 

in tensity  over 163 day jet precession cycle. The source is a t its high lum inosity s ta te  when the 

angle between the line of sight and je t precession axis becomes minimum and the m axim um  

separation of the Doppler red- and blue-shifted optical lines is seen; the  low lum inosity state 

occurs a t the phase when jets are edge-on. A large (up to  50%) energy independent intensity 

decrease is seen while the source changes from its  high s ta te  to  low state.

Two X-ray eclipses, which occured in the period of the optical prim ary m inim um  and cor­

responding to  different je t precession phase have been observed w ith E X O SA T. The simul­

taneous optical m onitor of SS 433 over one binary cycle a t je t precession phase 0 . 6  when 

the source was still a t its high luminosity s ta te  clearly indicated th a t the X-ray eclipse was 

completely coincident w ith the prim ary optical lum inosity drop, which is in terpreted  as the 

occultation of the accretion disc by the companion star. The X-ray eclipse a t precession 

phase 0.06 was found for the first time.

The m odulations of the jet precession and orbital m otion on the X-ray spectrum  are also 

found w ith  the EX OSA Tobservations. Although the X-ray continuum  of SS 433 stays fairly 

constan t over 163 day je t precession phase, the m odulation on the X-ray emission line is 

extraordinary. All param eters which describe the line feature vary with the  precession of 

jets . The Doppler energy shift profile of the  iron line is completely consistent w ith  th a t 

predicted from ‘standard  kinem atic model’. The line fiux changes following the variation of 

the  X -ray continuum  over 163 day cycle, implying th a t the line and continuum  radiations 

are associated with each other. Detailed modelling on the variable line w idth will reveal 

the  physical condition and structure of the jets. Over 13 day binary cycle, there is strong 

m odulation on the X-ray continuum  and line fiux, however, the  line energy and w idth  keep 

fairly constant.

The m ost recent results of E X O SA T  observations can be well interpreted w ithin the fram e­

work of the  ‘standard  kinem atic m odel’. Most of the X-rays (both  continuum  and line) must
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originate in the relativistic je ts  and be therm al in  nature . The relativistic m otion of the  jet 

m aterial, the precession of je t and the binary m otion play great roles in changing the  ob­

served X-ray features. Thus, modelling of the  X-ray d a ta  can provide significant inform ation 

on these phenomena.
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Chapter 4

G IN G A  Observations o f SS 433

4.1 Introduction

Optical observations have established the binary natu re  of SS 433. The orbital period is 

determ ined from the 13.1 day m odulations in either the optical light curve (Kemp et a l  

1986) or the  Doppler velocity of the ‘stationary lines’ (C ram pton & Hutchings 1981). There 

exist two m inim a in the optical light curve of SS 433, phased on a 13.1 day binary period. The 

prim ary m inim um  is ascribed to  a  conjunction when the accretion disc is partially  occulted 

by the norm al companion star, while the secondary m inimum  is interpreted  as the eclipse of 

the norm al s ta r by the accretion disc. This phasing is deduced based on the phase of the 

Doppler curve of the lines associated with the accretion disc (Cram pton & Hutchings 1981).

In the X-ray energy range, there has been an a ttem p t to  detect the binary m odulation of 

the X-ray intensity  from the M PC da ta  of the F I N S ' o b s e r v a t o r y  (Grindlay et al. 1984). 

Although these observations were suggestive of an X-ray intensity reduction at the phase of 

the optical prim ary minimum, they were taken from m any orbital cycles w ith various intensity  

states, and it was difficult to derive any firm conclusion on the param eters of the system . The 

partia l eclipse of the X-ray in tensity  was confirmed by FX O SA T observations m ade over one 

binary cycle w ith a sampling interval of ~  1-3 days (Stew art et al. 1987; and C hapter 3  in 

this thesis). The analysis of the X-ray eclipse set some constraints on the param eters of the 

system  such as mass ratio  of the two bodies and the length of the X-ray je ts , though fairly 

large uncertainties were left because of incomplete coverage of the eclipse period (S tew art et
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a l  1987).

This chapter describes three well-sampled observations of the X-ray eclipse of SS 433 from 

ingress to  egress with the GING A  LAC. The observations were aU centered a t the phcLse of 

optical prim ary minimum, bu t were at different je t precession phases. The aims of these 

observations were to confirm the  previous results reported  w ith E IN S T E IN  and EX O SA T^  to 

precisely determ ine the nature  of the X-ray eclipse so th a t a more accurate estim ate  of the 

param eters of the SS 433 system  could be made (see C hapter 5), and to  m ap the tem pera tu re  

d istribu tion  along the jets so th a t a  physical model of the X-ray emission in the  je ts  could 

be created (see Chapter 6 ). In the  following section, the GINGA  observations and  da ta  

reduction are introduced. The observation results are presented in section 4.3 and  their 

im plications are discussed in section 4.4. Section 4.5 gives a  sum m ary of the results of the 

G ING A  observations.

4.2 G IN G A  Observations and D ata Analysis

G ING A  LAC observations of SS 433 were made on three occasions, in 1987 M ay 18.0-23.0, 

1988 M ay 18.9-22.7 and 1989 M ay 7.1-12.1. The duration of each observation wais chosen to 

cover an X-ray eclipse which lasting  for more th an  1.2 days (Stew art et a l  1987; C hapter 

3 in this thesis) at the phase corresponding to  the  optical prim ary minimum. The prim ary  

optical m inim a were predicted to  occur at 1987 M ay 20.9 ±  1 .6 (U T), 1988 M ay 21.1 ±  1.7 

and 1989 May 9.3 ±  1 .8  from the ephemeris given by Kemp et a l  (1986) (see Eq. (5.29)) or, 

1987 M ay 2 0 . 8 8  ±  0.06, 1988 M ay 21.18 ±  0.08 and 1989 May 9.39 ±  0.10 by the form ula of 

Gladyshev, Goranskii and Cherepashchuk (1987) (see Eq. (5.30)). The precession phase for 

the 1987 M ay observation was 0.56-0.59, which is slightly la te r than  phase 0.5, the  epoch 

corresponding to  the m aximum  separation of the two moving lines from the rela tiv istic  jets. 

For the observation made in 1988 May, the je t precession phase was from 0.82 to  0.84, at 

which the two moving lines have crossed over and are separating again. In the period of 1989 

M ay 7.1-12.1, the precession phase was 0.99-1.02 during which the lower je t approaches the 

observer. The locations of the three X-ray eclipse observations w ith G INGA  are also p lo tted  

in the binary and jet precession phase-space diagram . Fig. 3.1.

M ost of the observations in 1987 M ay were made in M PC-2 mode, in which spectral informa-
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Table 4.1: G IN G A  Observation Log (SS 433, 1987 M ay)

No.
D ate

(5/87)

Tim e 
S ta rt End 

( U T )

MJD 
At Mid-Obs. 

(MJD46933 +  )

Binary
Phase
013.08

Exposure 
( sec )

1 18 03:23 03:38 0.1464 0.792 900
2 05:53 06:12 0.2517 0.800 1 1 0 0

3 06:40 06:55 0.2830 0.803 900
4 09:07 09:20 0.3843 0.810 800
5 10:43 10:52 0.4497 0.815 500
6 11:32 11:45 0.4850 0.818 800
7 1 2 : 2 0 12:28 0.5168 0.821 500
8 12:53 13:10 0.5428 0.823 1 0 0 0

9 14:30 14:47 0.6100 0.828 1 0 0 0

1 0 16:08 16:25 0.6782 0.833 1 0 0 0

1 1 17:45 18:05 0.7465 0.838 1 2 0 0

1 2 19:23 19:43 0.8148 0.843 1 2 0 0

13 2 1 : 0 0 2 1 : 2 2 0.8825 0.849 1300
14 22:35 23:00 0.9497 0.854 1500
15 19 00:13 00:35 1.0168 0.859 1300
16 01:50 0 2 : 1 2 1.0839 0.864 1300
17 02:48 02:50 1.1175 0.867 1 0 0

18 03:28 03:48 1.1516 0.869 1 2 0 0

19 06:00 06:17 1.2558 0.877 1 0 0 0

2 0 06:45 07:02 1.2870 0.879 1 0 0 0

2 1 09:13 09:25 1.3883 0.887 700
2 2 1 0 : 0 2 10:15 1.4225 0.890 800
23 1 1 : 2 0 11:52 1.4832 0.894 1900
24 12:27 12:32 1.5203 0.897 300
25 12:58 13:15 1.5463 0.899 1 0 0 0

26 14:03 14:10 1.5880 0.902 400
27 14:33 14:52 1.6128 0.904 1 1 0 0

28 16:12 16:32 1.6817 0.910 1 2 0 0

29 17:52 18:10 1.7506 0.915 1 1 0 0

30 19:28 19:50 1.8189 0.920 1300
31 21:05 21:28 1 .8 8 6 6 0.925 1400
32 22:42 23:07 1.9543 0.930 1500
33 2 0 00:17 00:42 2.0203 0.936 1400
34 01:57 02:03 2.0833 0.940 300
35 04:32 04:38 2.1910 0.949 400
36 06:08 06:22 2.2604 0.954 800
37 06:52 07:08 2.2917 0.956 1 0 0 0

38 10:57 1 1 : 0 2 2.4578 0.969 300
39 11:27 11:57 2.4873 0.971 1800
40 12:33 12:38 2.5249 0.974 300
41 13:02 13:20 2.5492 0.976 1 1 0 0
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Table 4.1: G IN G A O bservation Log (SS 433, 1987 M ay) (continued)

No.
Date

(5/87)

Time 
S tart End 

( U T )

M JD 
A t M id-Obs. 

(M JD46933 -f )

Binary
Phase
013.08

Exposure 
( sec )

42 14:10 14:15 2.5920 0.979 300
43 14:40 14:58 2.6175 0.981 1 1 0 0

44 16:18 16:38 2.6863 0.986 1 2 0 0

45 17:57 18:17 2.7546 0.992 1 2 0 0

46 19:33 19:55 2.8223 0.997 1300
47 21:08 21:33 2.8895 1 .0 0 2 1500
48 22:47 23:12 2.9578 1.007 1500
49 2 1 00:23 00:47 3.0243 1 . 0 1 2 1 2 0 0

50 02:03 02:25 3.0932 1.018 1 1 0 0

51 04:38 04:48 3.1968 1.025 600
52 06:15 06:28 3.2650 1.031 800
53 06:57 07:08 3.2934 1.033 700
54 07:52 07:57 3.3293 1.036 300
55 08:35 08:52 3.3634 1.038 1 0 0 0

56 09:55 1 0 : 0 0 3.4149 1.042 300
57 10:07 10:27 3.4282 1.043 1 2 0 0

58 11:32 11:48 3.4861 1.048 1 0 0 0

59 13:08 13:25 3.5532 1.053 1 0 0 0

60 14:47 15:05 3.6221 1.058 1 1 0 0

61 16:23 16:45 3.6904 1.063 1300
62 18:00 18:22 3.7575 1.068 1300
63 19:37 2 0 : 0 0 3.8252 1.074 1400
64 21:13 21:40 3.8935 1.079 1600
65 22:50 23:20 3.9618 1.084 1800
6 6 2 2 00:30 00:53 4.0289 1.089 1300
67 02:13 02:32 4.0990 1.094 1 0 0 0

6 8 03:08 03:10 4.1314 1.097 1 0 0

69 04:45 04:53 4.2008 1 .1 0 2 500
70 05:23 05:45 4.2321 1.105 1300
71 06:22 06:27 4.2668 1.107 300
72 07:03 07:22 4.3003 1 .1 1 0 1 1 0 0

73 08:42 08:57 4.3675 1.115 900
74 11:38 11:55 4.4907 1.124 1 0 0 0

75 13:15 13:32 4.5579 1.130 1 0 0 0

76 14:52 15:10 4.6256 1.135 1 1 0 0

77 16:32 16:50 4.6950 1.140 1 1 0 0

78 18:07 18:28 4.7622 1.145 1300
79 19:42 20:07 4.8293 1.150 1500
80 21:18 21:47 4.8976 1.155 1700
81 22:57 23:27 4.9664 1.161 1700
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tion is taken a t 48 PHA channels over the energy range 1-36 keV with a resolution of ~  19% 

a t 6  keV. The tim e resolution in  this mode is 0.125 s for the  satellite orbits w ith  ground 

contact (four orbits per day), and 0.5 s for the rem aining 1 1  orbits. The d a ta  were obtained 

in segments w ith a  typical length of 2 0  m inutes, separated either by earth  occultation of the 

source or portions of orbits w ith  high background due to  charged particles a t high geomag­

netic la titude  or South A tlantic  Anomaly. For spectral analysis da ta  were accum ulated for 

each segment of which there were to ta l of 81. A detailed observation log is given in tab le  4.1.

Some 1987 M ay observations were also made in PC  mode to  search for the fast tim e variability. 

For these observations, the tim e resolution is about 1 ms and four energy channels are used. 

Observations in  PC  mode were m ade for three orbits on M ay 18 and May 19 in 1987 before 

the eclipse ingress.

Observations in  1988 M ay and 1989 May were carried out w ith LAC in M P C l mode, in 

which the d a ta  were collected over the energy range of 1-36 keV from 48 PHA channels with 

the tim e resolution of 500 ms, 4s and 16s corresponding to the contact and rem ote orbits 

respectively. Observational logs can be found in table 4.2 (for 1988 May observations) and 

table 4.3 (for 1989 May observations). A to tal of 70 spectra are obtained in 1988 observations 

and in 1989 May, 73 spectra are accumulated. The typical exposure time for each spectrum  

is longer th an  1 0 0 0  sec.

The background rates for each observation were estim ated using the techniques described in 

Hayashida (1989). For the observations made in 1987 May and 1988 May, the background is 

generated from  a source-free observation adjacent to  SS 433 observations. In 1989 May, the 

background is estim ated from m any source-free observations. The background estim ate was 

subtracted  from the data. The influence of the sun has been considered and the contam inated 

da ta  points have been deleted. The count rate  corrections for dead time and detector a ttitu d e  

drift have also been made. System atic errors due to  the spacecraft a ttitude  correction and 

to  background subtraction are less than  a few percent.

W ith  the field of view of 1 ° x 2 ° FW HM , the LAC does not have sufficient angular resolution 

to  perm it a  separation between the compact and diffuse X-ray components of SS 4 3 3 . The 

X-ray flux from  the lobe of W 50 was one third of th a t from the central point source during the 

E IN S T E IN  IPC  observations, bu t the intensity of the point source was then exceptionally 

low ('^  1 IPC  counts ~  1 m C rab). The spectrum  of the lobes is also significantly softer
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Table 4.2: G IN G A  O bservation Log (SS 433, 1988 M ay)

No.
D ate

(5/88)

Time 
S ta rt End 

( U T )

M JD 
A t Mid-Obs. 

(M JD47299 +  )

Binary
Phase
013.08

Exposure 
( sec )

1 18 21:30 2 2 : 2 1 0.9135 0.830 3100
2 23:10 23:58 0.9818 0.836 2600
3 19 00:48 01:35 1.0495 0.841 2 2 0 0

4 0 2 : 1 0 03:11 1.1114 0.846 3700
5 03:47 04:44 1.1774 0.851 3400
6 05:20 05:40 1.2295 0.855 1 0 0 0

7 05:50 06:20 1.2538 0.856 1700
8 06:59 07:14 1.2960 0.860 900
9 07:34 07:57 1.3232 0.862 1400

1 0 08:34 08:50 1.3626 0.865 1 0 0 0

1 1 09:16 09:36 1.3932 0.867 1 2 0 0

1 2 10:15 10:31 1.4326 0.870 1 0 0 0

13 10:58 11:08 1.4604 0.872 600
14 11:48 1 2 : 1 0 1.4991 0.875 1300
15 12:40 12:43 1.5286 0.877 2 0 0

16 15:00 15:25 1.6340 0.885 1 0 0 0

17 16:37 17:04 1.7017 0.891 1400
18 17:27 17:35 1.7300 0.893 500
19 18:15 18:42 1.7700 0.896 1600
2 0 19:00 19:12 1.7960 0.898 700
2 1 19:52 20:49 1.8475 0.902 3200
2 2 21:34 22:24 1.9159 0.907 3000
23 23:09 23:59 1.9821 0.912 3000
24 2 0 0 1 : 0 1 01:36 2.0544 0.918 2 1 0 0

25 0 2 : 1 2 03:12 2.1128 0.922 3600
26 03:49 04:49 2.1800 0.927 3400
27 05:24 05:37 2.2297 0.931 800
28 05:56 06:26 2.2575 0.933 1800
29 07:01 07:17 2.2980 0.936 1 0 0 0

30 07:39 08:01 2.3264 0.938 1300
31 08:37 08:54 2.3652 0.941 1 0 0 0

32 10:24 10:31 2.4358 0.947 400
33 10:57 11:07 2.4601 0.949 600
34 11:51 12:09 2.5000 0.952 1 1 0 0

35 12:41 12:44 2.5295 0.954 2 0 0
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Table 4.2: G IN G A  O bservation Log (SS 433, 1988 M ay) (continued)

No.
Date

(5/88)

Time 
S ta rt End 

( U T )

MJD 
A t Mid-Obs. 

(M JD47299 -f )

Binary
Phase
013.08

Exposure 
( sec )

36 13:29 13:47 2.5683 0.957 1 1 0 0

37 15:04 15:29 2.6366 0.962 1500
38 15:57 16:02 2.6667 0.964 300
39 16:41 17:07 2.7043 0.967 1600
40 18:19 18:46 2.7726 0.973 1500
41 19:01 19:11 2.7957 0.974 800
42 19:57 20:52 2.8507 0.979 3100
43 21:36 22:17 2.9144 0.983 2400
44 22:25 22:30 2.9358 0.985 300
45 23:23 00:05 2.9890 0.989 2500
46 2 1 00:57 01:43 3.0556 0.994 2800
47 0 2 : 2 2 03:18 3.1181 0.999 3400
48 03:58 04:55 3.1852 1.004 2900
49 05:33 05:45 3.2355 1.008 700
50 06:03 06:30 3.2616 1 .0 1 0 1600
51 07:12 07:23 3.3038 1.013 700
52 07:47 08:07 3.3310 1.015 1 2 0 0

53 08:45 09:00 3.3698 1.018 900
54 09:27 09:37 3.3970 1 . 0 2 0 600
55 1 0 : 2 2 10:38 3.4375 1.023 1 0 0 0

56 11:07 1 1 : 1 0 3.4641 1.025 2 0 0

57 1 2 : 0 2 12:18 3.5069 1.029 1 0 0 0

58 13:38 13:57 3.5747 1.034 1 1 0 0

59 15:13 15:35 3.6418 1.039 1300
60 16:03 16:08 3.6707 1.041 300
61 16:50 17:15 3.7101 1.044 1500
62 17:38 17:47 3.7378 1.046 500
63 18:27 19:23 3.7882 1.050 3400
64 20:03 20:58 3.8547 1.055 3300
65 21:50 22:35 3.9253 1.061 2700
6 6 23:23 0 0 : 1 2 3.9913 1.066 2900
67 2 2 00:50 01:48 4.0550 1.071 3500
6 8 02:27 03:13 4.1181 1.075 2800
69 13:54 14:00 4.5812 1 .1 1 1 400
70 15:15 15:30 4.6408 1.115 900
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Table 4.3: G IN G A  Observation Log (SS 433, 1989 M ay)

No.
Date

(5/89)

Time 
S ta rt End 

( U T )

MJD 
A t Mid-Obs. 

(M JD47653 +  )

Binary
Phase
013.08

Exposure 
( sec )

1 07 01:13 01:40 0.0600 0.827 1664
2 02:42 03:16 0.1244 0.832 2048
3 04:22 04:50 0.1919 0.837 1664
4 12:03 12:46 0.5170 0.862 896
5 13:43 14:26 0.5867 0 . 8 6 8 1536
6 15:15 16:06 0.6533 0.873 2432
7 16:51 17:42 0.7200 0.878 2688
8 18:27 19:16 0.7859 0.883 2944
9 2 0 : 1 2 20:54 0.8563 0 . 8 8 8 2560

1 0 21:48 22:39 0.9259 0.894 3072
1 1 23:15 00:04 0.9857 0.898 2816
1 2 08 00:57 01:38 1.0539 0.903 2432
13 02:42 03:14 1.1235 0.909 1920
14 04:24 04:46 1.1909 0.914 1280
15 06:05 06:19 1.2583 0.919 896
16 07:41 07:49 1.3228 0.924 512
17 09:23 09:25 1.3917 0.929 128
18 10:27 10:31 1.4369 0.933 256
19 12:03 12:09 1.5043 0.938 384
2 0 12:33 12:43 1.5265 0.939 640
2 1 13:43 13:47 1.5731 0.943 256
2 2 14:05 14:26 1.5939 0.945 1280
23 15:15 16:06 1.6531 0.949 2944
24 16:51 17:40 1.7191 0.954 2816
25 18:27 19:14 1.7850 0.959 2688
26 2 0 : 1 1 20:52 1.8554 0.965 2432
27 21:39 22:37 1.9220 0.970 3328
28 23:13 0 0 : 0 2 1.9843 0.974 2944
29 09 00:55 01:34 2.0517 0.980 2304
30 02:40 03:10 2.1213 0.985 1792
31 04:20 04:41 2.1880 0.990 1280
32 07:41 07:45 2.3213 1 .0 0 0 256
33 10:25 10:29 2.4354 1.009 256
34 1 2 : 0 1 12:07 2.5028 1.014 384
35 12:29 12:41 2.5243 1.016 768
36 15:32 16:04 2.6583 1.026 1920
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Table 4.3: G IN G A  O bservation Log (SS 433, 1989 M ay) (continued)

No.
Date

(5/89)

Time 
S tart End 

( U T )

M JD 
A t Mid-Obs. 

(M JD47653 -h )

Binary
Phase
013.08

Exposure 
( sec )

37 16:49 17:38 2.7176 1.030 2688
38 18:25 19:14 2.7843 1.036 2816
39 20:03 20:52 2.8524 1.041 2944
40 21:37 22:26 2.9176 1.046 2944
41 23:13 0 0 : 0 2 2.9843 1.051 2944
42 1 0 00:55 01:34 3.0517 1.056 2304
43 02:38 03:07 3.1198 1.061 1792
44 04:20 04:39 3.1872 1.066 1152
45 05:58 06:11 3.2531 1.071 768
46 07:38 07:45 3.3206 1.077 384
47 08:47 08:49 3.3665 1.080 128
48 09:17 09:21 3.3880 1.082 256
49 10:23 10:27 3.4339 1.085 256
50 10:50 10:59 3.4546 1.087 512
51 11:59 12:05 3.5013 1.090 384
52 12:24 12:39 3.5220 1.092 896
53 13:35 14:22 3.5820 1.097 2048
54 15:11 15:60 3.6494 1 .1 0 2 2944
55 16:47 17:34 3.7154 1.107 2816
56 18:23 19:10 3.7820 1 . 1 1 2 2816
57 19:59 20:48 3.8494 1.117 2944
58 21:35 22:24 3.9161 1 . 1 2 2 2944
59 23:13 23:58 3.9828 1.127 2560
60 1 1 00:55 01:29 4.0502 1.132 2048
61 02:35 03:03 4.1176 1.138 1664
62 04:16 04:35 4.1843 1.143 1152
63 10:46 10:59 4.4531 1.163 768
64 1 2 : 2 0 12:39 4.5206 1.168 1152
65 13:45 14:22 4.5857 1.173 2176
6 6 15:09 15:55 4.6472 1.178 2688
67 16:45 17:31 4.7139 1.183 2816
6 8 18:35 19:10 4.7865 1.189 2048
69 19:57 20:50 4.8494 1.193 3200
70 21:33 22:32 4.9183 1.199 2688
71 23:09 23:51 4.9791 1.203 2560
72 1 2 00:53 01:27 5.0487 1.209 2048
73 02:46 02:59 5.1198 1.214 768
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than  the the point source spectrum . Although it is difficult to  compare the in tensity  during 

the E IN S T E IN  observations and  the  present ones because of the different energy range, the 

in tensity  of SS 433 during the  present observations seems m uch larger 9-16 m C rab for 

1987 M ay observation and ~  8-10 m Crab in 1988 May and 1989 M ay). The contribution of 

the lobes to  the X-ray flux detected  by the GING A  LAC is therefore unlikely to  be significant, 

particu larly  as the collimator response at the lobes is < 40%.

The galactic ridge emission (W arwick et al. 1985; Koyama et al. 1986) contam inated the 

SS 433 observations by TE N M A  (M atsuoka, Takano & M akishima 1986). For the  GINGA  

LAC, however, the contribution from the ridge emission is small. The smaller field of the 

LAC does not extend to the galactic plane where the surface brightness is the highest when 

pointed a t SS 433 ( 6  =  2 .2 °). T he solid angle itself is smaller by a factor of ~3-4 th an  th a t 

of TE N M A . Exam ination of an em pty sky field w ith the same absolute galactic la titu d e  and 

near SS 433 suggests th a t the contribution from the ridge emission is less than  0.5 m C rab.

As in C hapter 3, the spectra of SS 433 from GING A  observations are fitted with several kinds 

of possible models. The models consist of either single-component or two-component continua 

together w ith  a  broad Gaussion emission line and w ith a low energy cut-off due to  the  neutral 

absorption (Morrison & M cCam m on, 1983). The range of continuum  models includes th in  

therm al brem sstrahlung, Com ptonized brem sstrahlung, combined brem sstrahlung and  black 

body, power-law, and power-law w ith  exponential high energy cut-off, as discussed in  C hapter 

3.

4.3 Observation R esu lts

4 .3 .1  X -r a y  L ight C u r v es

1 ) X-ray eclipse light curve a t precession pha.se 0.58

The observed X-ray light curves in  several energy bands are shown in Fig. 4.1. E ach  d a ta  

point reflects the average in tensity  over a continuous da ta  span, typically 20-30 m inutes in 

duration, taken roughly once per satellite orbit at times of low charged particle background.
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The X-ray intensity started  to  decrease on 1987 M ay 19.6, and a m inimum  was reached around 

M ay 2 0 .2 . The low sta te  in in tensity  continued for ~  1.5 days. The intensity s ta rted  to  rise 

again on May 21.5 and reached a maximum on M ay 22.0, a t a  level somewhat lower than 

th a t observed prior to  the  in tensity  reduction. The in tensity  fell again after this m axim um  

until the observations were term inated at May 23.0.

Similar behaviour is apparent in  all energy bands, but the fractional flux reduction is larger 

a t higher energies (see Fig. 4.1). The eclipse fraction is more than  80% in the energy range 

18-28 keV, ru 70% in 9-18 keV, 50% over 5-9 keV and about 30% for 2 to  5 kev. Due to 

the diffuse component w ithin the  field of view of LAC (1° X 2° FW HM ), the eclipse fraction 

quoted above are lower lim its, although the difference from the real value should be small as 

discussed in the previous section. Most of the flux change was accomplished w ithin ^ 0 . 5  days 

for bo th  ingress and egress, and at the bottom  of the eclipse the X-ray flux was relatively 

constant w ithin 10% for 1.5 days. These general features of the light curve impose 

significant constraints in m odelling the eclipse (presented in C hapter 5).

A search for variability on various time scales was made. No periodic variability was seen in 

the  PC  d a ta  on the tim e scales from 4 ms to 500 sec. Aperiodic variability was seen on time 

scales longer than  1 0 0  s w ith an amplitude of ~  1 0 %, as has been previously reported  for the 

E IN S T E IN  àzXz. (Grindlay et aL 1984) and the E X O S A T  dsda. (Stew art et al. 1987).

2 ) X -ray eclipse light curve a t precession phase 0.83

The spectra obtained by the LAC in 1988 May are m uch softer than  those of 1987 M ay and 

there is no significant flux above 19 keV.

The light curve of SS 433 obtained in 1988 May are p lotted  in Fig. 4.2 for the X -rays over 

energy ranges of 2-5, 5-9.6 and 9.6-18.2 keV. Similar to  the case in Fig. 4.1 above, each da ta  

point represents a  tim e averaged intensity over various durations and is taken in the  period 

of low in-orbit background.

It is clear th a t a  large fractional decrease of the X-ray intensity  above 5 keV occured beginning 

a t day 19.85. The m inimum  intensity  state was reached at about day 20.23 and lasted  for 

1.5 day until day 2 1 . 8  a t which the intensity s ta rted  to rise again. By the end of the 

observations, the intensity of the  source in each energy band had reached the level when the
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observations started . However, due to  the switch-off of the  LAC in day 22.2-22.5, it is not 

possible to  determine when the source intensity recovered during this period. One surprising 

result is th a t there is little  significant variation for the  X-ray intensity  over 2-5 keV band.

The duration  of the m inim um  intensity s ta te  here is consistent w ith  1.5 day, the  same as 

derived from the 1987 May observations. The eclipse a t phase 0.83 is much shallower than  

th a t a t 0.58, but the intensity reductions have sim ilar behaviours, i.e., the fraction of the flux 

reduction is larger at higher energies than  th a t a t lower energies. The reduction fraction in 

energy range of 9.6-18.2 keV during the eclipse is about 40% and 2 0 % for the 5-9.6 keV flux.

3) X -ray eclipse light curve a t precession phase 1 .0

The X -ray light curves of SS 433 obtained in 1989 M ay 7-12 are displayed for the  energy 

bands 1-5 keV, 5-9 keV, 9-18 keV and 18-28 keV in Fig. 4.3. The precession pheise of the 

GING A  observations is close to  th a t of the E X O S A T  observed eclipse in 1985 M ay (E 1 2 ). 

The flux level of SS 433 at this phase is almost equal to  th a t of 1987 inside eclipse flux.

A lthough SS 433 is at its low sta te  when the observations were made, it is obvious from 

the ligh t curve in Fig. 4.3 th a t the X-ray in tensity  in energy band 5-9 keV and 9-18 keV 

decrease a t the  beginning of the  observations and reach its low sta te  around the  prim ary 

optical m inim um  May 9.3. The intensity  increases again after M ay 9.3 until the  end of the 

observations when the flux reaches a  level higher than  th a t a t the s ta rt of the observations.

The reduction of the X-ray in tensity  from M ay 7 to  May 9.3 in the  5-9 keV and 9-18 keV 

energy bands is ~  2 0 %.
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4 .3 .2  E n e r g y  S p e c tr u m

Figure 4.4, 4.5 and 4.6 show the  typical spectrum  of SS 433 a t the  different b inary  and jet 

precession phases, each having a single intense, energy-shifted broad emission line. Spectrum  

(a) of each Figure is in tegrated  a t the high sta te  in  X-ray intensity, presum ably well outside 

the eclipse phase (from May 18.60 to  May 18.96 for 1987 observations at je t precession 0.58, 

from M ay 19.16 to  May 19.53 for observations m ade in 1988 a t je t precession 0.83, and 1989 

M ay 7.05-7.20 at je t precession phase 1 .0 ). Spectrum  (b) of Figure 4.4-4 . 6  is in tegrated  at 

the low-intensity phase, presum ably well within the eclipse (M ay 20.54-May 20.90,1987; May 

21.04-May 21.40, 1988; and M ay 8.97-9.66, 1989). The effective exposure for b o th  spectra 

in Fig. 4.4 is above 7000 seconds and about 14000 seconds for the spectra in Fig. 4.5. For 

Fig. 4.6, exposure tim e is ~  5376 sec for spectrum  (a) and ~  11904 sec for spectrum  (b).

In general, the GINGA  SS 433 spectrum  consists of a  broad emission line and an underly­

ing continuum . Although none of the assumed models gives fully acceptable fits to  these 

in tegrated  spectra, significantly be tte r fits for the  spectra are obtained w ith th in-therm al 

brem sstrahlung. The pure power-law model, which was applied to  describe the E IN S T E IN  

M PC d a ta  (Grindlay et a l  1984) gives significantly worse fit than  any other model and is not 

favored by the high quality GING A  da ta  with its wide energy band and, therefore, is not con­

sidered in this chapter. F itting  the  spectra with two-com ponent continuum  models produces 

not significantly better than  the fit with a single therm al brem sstrahlung model. All these 

models give very similar continuum  shapes and derived spectral param eters are consistent 

with the E X O S A T  lesvlts  presented in last chapter, bu t have a much greater precision.

Most of the  residual to  the fits of the spectra in Fig. 4.4 and 4.5 is located from 3 keV to 

1 0  keV, w ith a  similar waving form  independent of the continuum  model. This suggests the 

Gaussian representation of the broad emission line is too crude, as indeed would be expected 

for the line broadening mechanisms suggested in C hapter 3. A much improved fit was in  fact 

found if the  line was modelled by a profile composed of different power-laws for the  blue and 

red wings, a close approxim ation to  the effect of Com ptonization in a hot plasm a.

The X-ray spectrum  of SS 433 is simply described in the following using the param eters of the 

model w ith a  single-component therm al brem sstrahlung as continuum , a Gaussian profile as 

emission line plus neutral absorption. The choice of this simple continuum is justified because
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it  gives better fits to most individual spectra (corresponding to  those listed in tab le  4.1- 

4.3) th an  any other assumed m odel does, and also the  determ ination of the brem sstrahlung 

tem perature  only depends on the shape of the continuum  and does not in te rac t w ith  the 

o ther model param eters. For example, including a blackbody as a  secondary com ponent of 

the continuum  gives better fits to  some of the spectra, however, this secondary acts either 

to  replace part of the first continuum  com ponent’s fit or simply compensate some of the 

emission line’s fit. So does the power-law w ith high energy cut-off model. It should be noted, 

however, th a t the tem perature derived in the fitting  procedure is only an indicative ‘average’ 

tem perature.

If only the spectra outside the eclipses are considered, i.e., the influence of the b inary  m otion 

can be ignored, a 25.54^0;^^ keV brem sstrahlung tem perature is derived from 1987 M ay ob­

servations (see Fig. 4.4(a)), 20.50tQ g  ̂keV for 1988 M ay pointings (Fig. 4.5(a)) and 16.34j;J;35 

keV for 1989 May observations (Fig. 4.6(a)), when a brem sstrahlung model is adopted. The 

difference in brem sstrahlung tem perature among these three spectra indicates th a t the  spec­

trum  becomes softer while the je ts  are edge-on, which m ay suggest the occultation of the 

higher tem perature regions of the  je t by the accretion disc.

The softening of the spectra during the eclipse seen in the light curves is represented by 

the  fail of tem perature of therm al brem sstrahlung component. This is also true  in  the  case 

of two-component continuum model with the inclusion of a  blackbody component although 

the absolute tem peratures derived are lower. For the spectrum  in Figure 4.4, the therm al 

brem sstrahlung tem perature decreases from 25.54to ĝ keV out of eclipse (a) to  7.33l;oi28 

during the eclipse (b). In Fig. 4.5, the tem perature of spectrum  (a) is 20.50lo g  ̂ keV and 

10.38to]ig keV for spectrum  (b). For the 1989 M ay observations, the  tem perature varies from 

16.34j;J;35 keV in Fig. 4.6(a) to  13.96i§;ff keV in Fig. 4.6(b).

W hatever the continuum model used, the column densities of the most spectra obtained 

w ith G ING A  are Ny <  8  x  lO^i cm~^ (assuming relative X-ray absorption cross sections 

as in M orrison and M cCammon 1983). These column densities are less th an  the  value of 

Nh — 1.5 X 1Q22 cm“  ̂ derived (using Gorenstein 1975) from the optical extinction = 7 S 

(M urdin, Clark k  M artin 1980; W agner 1983), suggesting th a t the soft X-ray excess seen in 

the observations also exists in the GING A  X-ray spectra of SS 433.

Noticing the constant soft X-ray intensity over the period of the GINGA  eclipse observations
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in 1988 May and 1989 May, one might conclude th a t the soft X-ray excess is contributed 

by the diffuse X-ray lobes of SS433. As the central source of SS 433 decreases in  flux, the 

overall spectrum  in the LAC should soften since the  soft ‘background’ emission from the  lobes 

will rem ain constant (for a fixed pointing direction). However, as discussed in  the  previous 

section, the soft X-ray from the two diffuse lobes is not strong enough to  d isto rt the  X-ray 

spectrum  observed with GING A. Less m odulation of these soft X-ray flux in the  1988 k  

1989 observations may imply th a t in these two phases, the accretion disc has obscured the 

high tem perature  X-ray regions which used to  be shadowed by the companion s ta r  in  the  jet 

precession phase of 1987 May, and the rest of the  X-ray jet can be hardly covered by the 

companion star. In fact, this argum ent is supported by the fact th a t the flux level outside 

1988 eclipse is almost equal to  th a t inside 1987 eclipse. This result should pu t a strong 

constraint on the thickness of the accretion disc.

It is also possible, as discussed in last chapter, th a t the observed soft X-ray excess is due to 

the existence of another emission line over 1 - 2  keV. Including another broad line w ith  its  line 

energy fixed at 1.5 keV (because the reliable G INGA  d a ta  m ust be taken from >  2 keV) to  fit 

the soft part of the spectrum  gives relatively high column density, which is alm ost consistent 

w ith th a t from optical observations.

The value of the line energy determ ined does not depend on the choice of continuum  model, 

being 7.23 ±  0.03 keV for the spectra in Fig. 4.4, 6.78 ±  0.02 keV for spectra in Fig. 4.5 and 

6.77 ±  0.05 keV for spectra in Fig. 4.6. For the blue-shifted line at the precession phase 0.58, 

the blue shift factor is (1 -f z) 0.91 and the energy a t the rest frame for the observed 7.23 

keV line is ~  6 . 6  keV. if the system atic effects due to  uncertainties in continuum  and line 

profile axe included, the line energy is completely consistent with the 6.7 ±  0.1 keV result 

by W atson et al. (1986) (and also last chapter). A t the precession phase 0.83 k  1 .0 , either 

the blue shift or red shift factors is ( 1  ±  z) 1.0, obviously, the derived energy 6.78 keV is 

consistent with the E X O S A T le sv lts  (see Fig. 3.6 where the GINGA  results are p lo tted ).

The line w idth is roughly independent of the assumed continuum  except th a t occasionally the 

derived line w idth from two-component continuum  models is slightly smaller th an  th a t from 

single therm al brem sstrahlung model. The line w idth has Gaussian a  ~  1 .2  keV (i.e. FW HM  

~  2.8 keV) for the observations m ade in 1987 May, a  ~  0.66 keV (FW HM  rv 1 . 5 5  keV) for 

1988 M ay spectra and a  ~  0.55 keV (FW HM  ~  1.30 keV) in 1989 May. The line width
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derived from the GINGA  observations has been p lo tted  in Fig. 3.6 and is to ta lly  consistent 

w ith  the EXO SATlesyA ts  reported  in last chap ter, i.e., the  line becomes broad when the jets 

point to  the  observer and narrow  while the je ts  axe edge-on.

Similarly the line intensity is also roughly independent of the choice of continuum . In fact, 

its  determ ination depends on the value of the  line w idth. W hen two-component continuum  

models axe applied and the derived value for the  line w idth becomes slightly sm aller than  

th a t of the single continuum component model, the  line flux will be smaller, and vice versa. 

For the spectrum  integrated outside the eclipse in 1987 M ay (Fig. 4.4(a)) the  line flux is 

(0.44 ±  0.02) X 1 0 " 2  photons cm “  ̂ s~^ and for spectrum  (b) in Fig. 4.4 (0.24 ±  0.02) x 10“  ̂

photons cm~^ s~^. The line fluxes for the spectra  in Fig. 4.5 axe (0 . 2 2  ±  0 .0 1 ) x 1 0 "^ and 

(0.16±0.01) X 1 0 “  ̂photons cm~^ s~^ respectively. For the observations in 1989 May, line flux 

of the spectrum  in Fig. 4.6(a) is (0 .18±0 .02)x  10“  ̂photons cm~^ s“  ̂ and (0 .15±0.01) x 10“  ̂

photons cm “  ̂ s"^ for the spectrum  in Fig. 4.6(b). As shown in Fig. 3.6, the line flux derived 

from the G INGA  spectra is consistent with th a t in the spectra at the  corresponding

je t precession and orbital phases.

The broad emission feature waa also fitted w ith  two emission lines. Maxiy combinations 

of free and fixed param eters for the energy axid w idth  of emission lines were tried . Using 

two narrow  lines never gave a good fit to  the  data . If one line was allowed to  be broad, 

setting the w idth and energy as free param eters, param eters of one of the lines converged 

to  those of the  single line solution while the  in tensity  of the other line converged to  zero. 

The only case for which a positive intensity was obtained for bo th  lines was when th e  energy 

of the two lines were fixed at 5.8 keV and 7.4 keV, energies of red- and blue-shifted lines 

w ith a  rest-fram e energy of 6.7 keV at the je t  precession phase 0.58 when the observations 

were m ade in 1987 May, and the w idth of the  lines was allowed to  be broad axound 1  keV 

(G aussian sigm a). Here the sum  of the in tensity  of the  two lines (blue line: 0.36 x 10“  ̂

photons cm"^ s“ ^, red line: 0.09 x 1 0 "^ photons cm~^ s~^ for spectrum  (a) in Fig. 4.4, and 

0.20 X 10“  ̂photons cm“  ̂ s~^ and 0.05 x 10“  ̂ photons cm~^ s“  ̂ for Fig. 4.4(b)) is essentially 

equal to  the line intensity of the single-line model (0.44 x 1 0 “  ̂photons cm~^ s~^ for Fig. 4 .4 (a) 

and 0.24 X 10“  ̂ photons cm~^ s~^ for Fig. 4 .4(b)), and the average energy of the  photons in 

the lines rem ains the same as the  line center of the single-line model. It is na tu ra lly  expected 

if the line intensity  is not coupled to the model of continuum . However, the evidence for 

the red line is not strong, since the resultant of the two-line solution is not significantly
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b e tte r  th an  th a t of the single-line solution. Due to  the system atic uncertainties in  profile of 

broad lines and the shape of continuum , the b e tte r  model on the basis of small change in 

between the single-line and two-line solutions cannot be distinguished. It is nevertheless true 

th a t the  intensity  in blue-shifted line is much larger than  th a t of the red-shifted line, and that 

the in tensity  of the blue-shifted line is different by a factor of ~  2  between the two spectra in 

Figure 4.4. In the case of 1988 M ay observations which were m ade at the phase when the  jets 

were edge-on, the Doppler blue- and red- shifted lines are not separated much in energy and 

have sim ilar line energy, consistent with 6.7 keV. It is then impossible to  distinguish them  

from the d a ta  even if the two lines were indeed sim ultaneously observed.

4 .3 .3  S p e c tr a l E v o lu t io n

The spectral evolution during the present GINGA  observations are shown in term s of the 

spectral param eters obtained using the model w ith therm al brem sstrahlung continuum  and 

a single Gaussian broad emission line. The reason for using this model is th a t it  has the 

smallest num ber of param eters among the models giving reasonably small as discussed in 

the previous subsection. Although the resultant for the fitting  is too  large for the in tegrated  

spectra shown in Figure 4.4-4.6 , the spectra with shorter integration times corresponding to 

each point in Figure 4.7-4.9, which show the tim e variations of the spectral param eters over 

the periods of the GINGA  observations, usually have a statistically  acceptable even with 

this simple model.

The evolution of the X-ray spectrum  (both continuum  and emission line) over the  je t  pre­

cession period is obvious. The derived tem peratures from spectra Fig. 4 .4(a), Fig. 4.5(a) 

and Fig. 4.6(a) are 25.54to;°g keV, 20.50j^o!e4 and 16.341^ 33 keV, and are consistent 

w ith the  results reported in the Isist chapter for the  EA O ^A Tobservations. The tem peratu re  

difference, however, does indicate the softening of the spectra while the jets precess from 

face-on to  edge-on. The emission line features, as presented in last subsection, are obviously 

m odulated by the jet 163 day precession. The energy-shifted lines locate a t the  positions 

on the spectra coincident w ith those predicted from the  standard  kinem atical m odel. The 

results of the spectral fits in the GINGA  observations are therefore compatible w ith  those of 

the E X O S A T  observations.

The model param eters as a function of time are p lotted  in Fig. 4.7(a)-(b) for the  GINGA
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SS 433 — Evolution of Continuum Param eters
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Figure 4.7; (a) SS 433 spectral evolution -  continuum , described by the model of a  single 

brem sstralilung component w ith low energy absorption. The dropping of the brem sstrahlung 

tem perature  represents the  softening of the X-ray spectrum  during the eclipse. {GING A  

observations, 1987 May)
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SS 433 - Evolution of Line Parameters 1— I— r
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Figure 4.7; (b) SS 433 spectral evolution -  emission line param eters, w ith  single

brem sstrahlung plus low energy absorption as continuum  {GING A  observations, 1987 May)
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SS 433 — Evolution of Continuum  P aram eters
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Figure 4.8: (a) SS 433 spectral evolution -  continuum , described by the model of a  single 

brem sstrahlung component w ith low energy absorption. The dropping of the brem sstrahlung 

tem perature represents the softening of the X-ray spectrum  during the eclipse. {GINGA  

observations, 1988 May)
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SS 433 -  Evolution of Line Parameters
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Figure 4.8: (b) SS 433 spectral evolution -  emission line param eters, w ith  single

brem sstrahlung plus low energy absorption as continuum (GINGA  observations, 1988 May)
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SS 433 -  Evolution of Continuum  P aram eters
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Figure 4.9: (a) SS 433 spectral evolution -  continuum , described by the model of a  single 

bremsstraililung component w ith low energy absorption. The dropping of the  brem sstrahlung 

tem pera tu re  represents the softening of the X-ray spectrum  during the eclipse. {GINGA  

observations, 1989 May)
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Figure 4.9: (b) SS 433 spectral evolution -  emission line param eters, w ith  single

brem sstrahlung plus low energy absorption as continuum  {GINGA  observations, 1989 May)
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observations in 1987 May, Fig. 4.8(a)-(b) for those in  1988 M ay and for 1989 May, Fig. 4.9(a)- 

(b). Among the param eters shown, the line in tensity  and the tem perature of the continuum  

changed along with the continuum  intensity, whereas the o ther param eters stayed relatively 

constant.

The change in the derived continuum  tem perature reflects the spectral softening seen during 

the eclipse. The absorption column does not change very much, as is expected from the 

shallow eclipse in lower energy band.

Of m ore interest is the behaviour of the emission line during the eclipse. In particu la r, the 

detailed tim e variation of the emission line in tensity  is measured for the first tim e. The 

line in tensity  varies through the  eclipse following the continuum  intensity a t 5-10 keV on 

the whole, implying th a t the equivalent width is roughly constant through the eclipse. The 

light curves of this Doppler-shifted line intensity show clearly th a t the X-ray emissions from 

the relativistic jets are really m odulated by the orb ita l m otion. The eclipse fraction  for the 

emission line at the center of 1987 May eclipse is about 50%, which is similar to  the  ra tio  of 

the line intensity  in two spectra in Figure 4.4. For the  observations 1988 May and 1989 May, 

the eclipse fractions of the line intensity are only 30% and 20% respectively, m uch smaller 

than  the  50% fraction in 1987 May. The good agreement between the continuum  ligh t curve 

and the  profile of emission line variation indicates th a t  the emission region of the  Doppler- 

shifted line is eclipsed during the present observations and supports the conclusion from  the 

previous observations th a t a m ajor part of the X-ray emission which is eclipsed originates 

from the  relativistic jet.

4.4 Discussion

4 .4 .1  Is  T h ere  A n  X -r a y  E clip se  - an d  W h a t  Is  E clip sed ?

The present observations of the reductions in X-ray in tensity  a t the binary phase of optical 

prim ary minimum are the direct confirmations of the E X 05A T observed eclipses (S tew art et 

a i ,  1987; and Chapter 3 in this thesis) with more complete coverage. In addition to  the  light 

curves in coarse energy band, the information on the tim e evolution of the energy spectra  is 

now also obtained, which allows further discussion on the geometry and nature  of the X-ray
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em itting  region (see the following chapters). In the  first place it is necessary to  clarify the 

evidence supporting the in terp reta tion  of the events of the large am ount drops in the  X-ray 

in tensity  being eclipses by the optical star.

The tem poral agreement of the flux reduction centres w ith the predicted epoch of optical 

prim ary m inimum  is a strong support tha t the  events observed in 1987 May, 1988 M ay and 

1989 M ay are connected with the epochs of conjunction between the optical s ta r and  compact 

object. The centres of the X-ray events, which defined as the m id-point of ingress (1987 May 

19.6 and 1988 May 19.9) and egress (1987 M ay 2 2 . 0  and 1988 May 22.2-22.5) were 1987 May 

2 0 . 8  and 1988 M ay 2 1 .1  while the predicted optical minimums were at 1987 M ay 20.9 and 

1988 M ay 2 1 .1 . Although it is difllcult to determ ine these epochs for the observations made 

in 1989 May, it is obvious th a t around the predicted optical prim ary m inimum  1989 May 

9.3, the fluxes in the energy bands 5-9 keV, 9-18 keV are at low level. Simultaneous optical 

observations (Goranskii, private com m unication) from 1987 M ay 19 to  May 2 1  are completely 

consistent with the long-term averaged optical light curve and justify the ex trapo la tion  of 

the ephemeris given by Kemp et al. (1986).

From the spectral behaviour it is clear tha t the reduction in flux is not caused by photoelectric 

absorption, for which the flux reduction would be expected to  be much stronger a t lower 

energies than  th a t at high energies. The relatively constant line energy and w id th  also 

preclude the possibility of reduction due to  an ionized scattering media, which would cause 

further Com pton broadening of the  iron emission line during the reduction.

The softening of the energy spectrum  w ith the decrease of intensity can be m ost easily 

in terpreted  as a  partial eclipse of an X-ray source consisting of components w ith  different 

tem peratures among which harder component is obscured. If the tem perature of the  X- 

ray em itting  m aterial falls outw ard along the je t and the outer region of the je t w ith  low 

tem peratu re  remains visible a t the  center of eclipse, the X-ray spectrum  will become softer 

during the  eclipse.

The tim e variation of the intensity  of the emission line supports strongly the in te rp re ta tion  

th a t the  relativistic jet is indeed the eclipsed X-ray source, since the Doppler-shifted energy 

of the iron emission line is most naturally  in terpreted  as, at least for a m ajor fraction, being 

em itted  from  the relativistic je t. The rem aining line intensity  a t the bottom  of the  eclipse 

indicates th a t the eclipse of the relativistic je t is not to tal.
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One possible argum ent against eclipses is the presence of decline of X-ray in tensity  seen on 

M ay 22 1987 after the ‘egress’, which can be in terp re ted  either as an occultation by some 

m ateria l (c.f. the disc bulge as in ‘dip sources’) or as an intrinsic variation in X -ray in tensity  

(see the  discussion below). If th is kind of intensity  reduction is possible at a rb itra ry  phases, 

the  episode on 1987 May 2 0  could also be caused similarly. However, the previous detections 

of flux m inim a coincident w ith the optical eclipse strongly argue against the flux reductions 

a t th is epoch being accidental.

As shown in Fig. 4.1-4.3, it is obvious that the shape of the X-ray eclipse is variable over 

the  various je t precession phases. W hen the upper je t approaches the observer, the  eclipse is 

deep w ith  clear s ta rt and end epochs, while the je ts  change to  edge-on, the eclipse becomes 

shallow. The variable eclipse configuration may be due to the occultation of the  X -ray jets 

by the  accretion disc.

4 .4 .2  Im p lic a tio n  o f  th e  I n te n s ity  D r o p  a t P o s t -e c l ip se  P h a se  

in  1 9 8 7  M a y  —  O sc illa t io n  o f  th e  A c c r e t io n  D isc?

X -ray source of SS 433 was found to  be non-thermal w ith the observations, while

the E X O S A T dJià TENM A  observations strongly suggested the X-ray radiation to  be therm al 

in na tu re . W hen the sim ultaneous X-ray and radio flare was observed w ith E IN S T E IN  

in 1979 October, the X-ray source was at low sta te  w ith lum inosity ~  50% lower than  

those derived from the E X O S A T  and TENMA  observations, in which no flare events were 

observed. Coupling the E IN ST E IN , E X O SA T  and TE N M A  results with the sim ultaneous 

radio observations. Band (1988) found that all the E X O S A T  djià. TEN M A  observations, and 

some of the  F/JVSTFIJVobservations were made during the  radio quiescent period over which 

the X -ray luminosity was a t high sta te  and the X-ray source was stable, while m ost of the 

E IN S T E IN  observations were carried out in the radio active phase at which the  source was 

flaring and its luminosity was low. This correlation then makes Band suggest th a t  two X-ray 

sta tes, quiescent with high lum inosity and active w ith low luminosity, m ay exist.

A m ultifrequency campaign to  observe SS 433 was conducted during the period from  1987 

M ay 17 to  1987 June 1 (Vermeulen, 1989), over which the GINGA  observations were made. 

W hile the  GINGA  observations suggested th a t the X-ray source of SS 433 was stab le  and 

the lum inosity was completely consistent with the EAOS'AT results, the sim ultaneous radio
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observations indicated th a t S S 433 was at its radio quiescent phase. At the very end of the 

GINGA  observations when the X-ray source reached to  its  lowest state , the radio flare was 

found to  sw itch on and a series of radio flaring events, each lasting several days, were observed. 

It is believed th a t the first of the  series of flare observed after the  end of GINGA  observations 

was related  to  events in or very close to the core of SS 433 (Vermeulen, 1989). Before the 

onset of the  radio flare, a dip in the to ta l radio flux was observed and this dip was almost 

coincident w ith the second decrease of the X-ray in tensity  a t 1988 May 2 2 .0 . Considering the 

correlated behavior in X-ray and radio bands, one m ay suggest th a t the second flux reduction 

seen by G ING A  in 1987 May was a transition which connected the X-ray quiescent s ta te  to 

the active X -ray state .

A lthough the  explanation of the  X-ray intensity drop a t post-eclipse phase is not clear, it 

is likely th a t  the  event is related to  the variation of the  in ternal physical condition of the 

accretion disc because the onset of the radio flare is correlated w ith the intensity decrease. 

The accretion disc could have suffered a pertu rbation  and was expanding or ejecting m aterial 

a t around 1987 M ay 2 2 . 0  so th a t part of the X -ray and radio radiation regions was obscured, 

or because of a decrease of the mass supply ra te  from  the optical companion star, the  accreted 

mass in the  accretion disc was insufficient to m ain tain  the  lum inosity of the system  and the 

stability  of the  disc.

Oscillation in a  thick inner accretion disc is one of the possibilities which could produce the 

above phenom enon. It is known th a t most of the rad iation  power comes from the region of 

about five Schwarzschild radius of the disc. This p a rt of the disc is unstable w ith respect to 

therm al and viscous perturbations when accretion rates are in  the range 1 0 “  ̂ <  (M /M e) < 

1 0  ̂ (where M e is Eddington lim it) (Abramowicz, Lasota & Xu 1986). Higher or lower 

accreting ra tes  give steady discs, and when the accretion ra te  falls within the instability  

region, the  disc experiences a quasiperiodic behavior, showing recurrent bursts, or switching 

between high and low states, or changing the ra tio  of therm al to  non-thermal emission.

Observations of SS 433 suggest th a t SS 433 is a super-Eddington accreting system  and the 

source is stable in  m ost periods, which imply th a t the accretion rate  must be (M /M e) >  1 0 ,̂ 

outside the instab ility  region. If the mass supply ra te  from the companion s ta r is higher 

than  this value, the accretion disc will be sta tionary  and thick. If, for some reason (not 

yet known), the  accretion ra te  falls in to  the instab ility  region, i.e., (M /M e) ^  1 0 ^, the  disc
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becomes unstable and the source switches from quiescent to active states. A t the same tim e, 

because of a shortage of fuel in the  disc, the source gradually dims.

If th is qualitative argum ent is righ t, the accretion ra te  of SS 433 m ust be not very far from 

(M /M e) — 1 0 .̂ Although the mass of the compact object is not certain, it is estim ated  to 

be in the range of 1 1 0 0  M@. W ith these values, the Eddington limit is M e ~  1 0 "^ —

1 0 ~® M© y~^, and the accretion ra te  of SS433 is then expected to  be in the range of M ~  

1 0 ~® — 1 0 “  ̂ M© y~^, which is completely consistent w ith the values derived from various 

observations and theoretical predictions of SS 433 (e.g. M > 10“ ® M© y “  ̂ by Calvani 

and Nobili 1981 and M > 2.5 x 10“  ̂ M© y “  ̂ by Leibowitz 1984; and also from the X-ray 

observations, Stewart et al. 1987).

4 .4 .3  Im p lic a t io n s  o f  V a r ia b le  L ine W id th  —  A g a in

During the GINGA  observations, the evolution of the Doppler energy shifted line was m oni­

tored in details over the periods of three X-ray eclipses. As shown in Fig. 4.7(b), Fig. 4.8(b) 

and Fig. 4.9(b), the line w idth does not change during the eclipses, but is consistent with

1 . 2  keV, 0.66 keV and 0.55 keV respectively, indicating th a t the line width only varies with 

the precession of the jets on a 163 day period. W hen expressed in term s of coordinates of a 

cylindrical system  with z along the  je t axis, it means th a t the line width is only a function 

of the  polar angle and independent of z and azim uthal angle.

As discussed in last chapter, Com pton scattering is one of the possible mechanisms which 

can m ake the observed line w idth vary with the polar angle. The X-rays are produced with 

narrow  emission lines in the je ts , and then Com pton scattered in a surrounding m edium  

or possibly in the jets themselves, thereby giving broadened lines with various w idths in 

different directions. According to  the calculation by Pozdnyakov, Sobol and Sunyaev (1979), 

for electron tem perature Tg =  10 keV, an optical depth  r  2 is required and for Tg =  1 keV 

r  7. An optical depth r  ~  2  corresponds to  a  column density ngr 3 x 10^^ cm “  ̂ with 

respect to  the Thomson scattering cross section.

From the spectral fitting the absorption column determ ined from low-energy cut-off is < 1 x 

1 0 ^̂  cm “ ^. The upper lim it to the iron absorption column is dependent on the assum ption on 

the continuum  and the shape of the emission line, b u t a conservative estim ate for an equivalent
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hydrogen column density for solar abundances is 1 0 ^  ̂ H atom s cm“ ^, which corresponds to 

r  ~  0.07. This is much sm aller than  the required optical depth for Tg < 10 keV when 

iron atom s are not fully ionized. On the o ther hand , if the scattering medium is hot and 

iron is fully ionized, the emission from the hot scattering  medium is not negligible and the 

therm al emission from this scattering media itse lf is L =  1.4 x 10~^^T^/^nggffV, where gff 

is the G aunt factor. Substitu ting  the volume V =  TrrJlj for a cylindrical geometry, where rj 

and Ij are radius and length of the scattering m edium  along the je t, and using the  column 

density for r  ~  2, L > 1 0 ®̂ x is obtained. The length of the je t should have a

sim ilar dimension to  the companion star or b inary separation i.e., ~  1 0 ^̂  cm. The expected 

lum inosity from the scattering medium is then a t least 1 0 ®̂ erg s“ ^, two order of m agnitude 

larger th an  the actually observed.

Summarizing above discussion, if the electron tem peratu re  in scattering medium is sufficiently 

low th a t  the  iron is not ionized, the  electron column density required for Compton broadening 

is larger than  the upper lim it obtained from the spectrum . If the electron tem pera tu re  is 

sufficiently high tha t the iron atom s are completely ionized, more X-ray emission from  the 

scattering medium is expected to  have been observed.

It is also difficult to  radiatively ionize the scattering medium. The UV radiation from  the 

accretion disc is too soft to  ionize oxygen or iron atom s. If the ionizing radiation is X-ray, its 

lum inosity should be observed, since a large fraction would be scattered isotropically. The 

ionization param eter ^ (K allm an and M cCray 1982) can be roughly estim ated by assuming 

th a t the  ionizing radiation has a  luminosity close to  the observed luminosity. W hen the 

je t is the  source of the rad iation , the ionization param eter =  L /(nr^)) is transform ed to 

7rL /(n rlj). From L ~  1 0 ®̂ erg s~^, n@r 3 x 1 0 ^̂  cm~^, and Ij ~  1 0 ^̂  cm, ^ =  1 is obtained, 

which is too low to fully ionized iron atoms, for which ^ =  lO'  ̂ is required. If the ionizing 

rad iation  is a collimated beam  which is not directly observed, a  scattered com ponent, which 

would be more intense than  the observed flux, should be still observed.

It is thus very difficult to  have hot plasma (presum ably continually reheated), or to  keep the 

scattering medium ionized by X-ray irradiation unless the  gas is photo-ionized a t th e  very 

base of the  je t near the com pact object and then ejected around the relativistic je t.

However, it is possible th a t the  iron lines are generated in the jets and scattered  also by 

the m ateria l inside the jets. Here, the contradiction between the observed column density
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and th a t required for broadening the line is no longer a real problem because the  derived 

column density does not represent the actual column of the  jets if the X-rays are produced 

everywhere in the  jets, both  along the jet axis and on the surface of the  je t. W hen the 

electron tem perature is sufficient high and the je t radius is reasonably large so th a t  suitable 

optical depth could be achieved, Compton scattering mechanism would give an acceptable 

explanation to  the 163 day m odulation on the line w idth.

If, the je t cylinder is very th in  and it could not provide required optical depth  to  m ahe the 

Com pton broadening possible, o ther scenarios, as suggested in last chapter, m ust be taken 

in to  considerations. Broadening of line emission from  the jet is expected if the rad ia l velocity 

of the source m aterial has dispersion. This is possible if, either the jet has a  large opening 

cone angle, or there is a dispersion in the bulk velocity w ithin the je t. The narrow  width 

of the optical emission line, consistent w ith an opening angle of 0.04 rad  (M argon 1984), 

precludes this scenario in general. The dispersion in the bulk velocity m ight conffict less 

w ith the optical narrow line as the X-ray and optical emission region are com pletely separate 

considering their large difference in size. If the X-rays were em itted from the je t while being 

accelerated to  the  relativistic speed, different velocities could be observed in various stage of 

acceleration. Thus a broad emission line would be seen a t the  precession phases w ith  large 

Doppler shift when the base of the jet could be looked deeply and the acceleration region 

could be more easily visible. However, the upper wing of the  broad emission line extends up 

to  1 0  keV, implying a much faster component in the  je t. This component would have to  be 

decelerated before it reaches optical emission region, which would then require th e  release a 

huge am ount of energy.

4.5 Summary

The X -ray intensity  of SS 433 was observed w ith the GINGA  X-ray satellite to  reduce a t 1987 

M ay 19.60 and 1988 May 19.85 for a  duration of 2.4 days. In the 1989 M ay observations, 

although the configuration of the  eclipse is not well constrained, an intensity varia tion  is seen 

around the prim ary optical m inim um  phase. Since these episodes occured in good agreem ent 

w ith the optically prim ary m inim a, similar to  those previously observed by E I N S T E I N  and 

E X O S A T  Observatory, they are most likely to be eclipses of an X-ray em itting region near 

the  compact object by the companion star. The eclipse duration is thus determ ined w ith the
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best-ever accuracy. The eclipse configuration is variable w ith the je t precession.

The X-ray spectra were m easured throughout the  eclipse episodes. The spectra axe approxi­

m ately  described by a com bination of a thin-therm al continuum  and an intense broad  emission 

line w ith its  line centre located at the position consistent w ith Doppler shifted line energy 

predicted from the ‘standard  kinem atic model’. As the to ta l intensity changed w ith  time, 

the  continuum  tem perature and  the line intensity  changed, while the energy and the width 

of the line as well as the absorption column rem ained relatively constant. The 1987 May 

eclipse profile of the Doppler shifted line confirms the eclipse of the relativistic je t itse lf with 

a dep th  of ^  50%. Although b o th  single and double line models m ay be allowed, a  large line 

w idth (G aussian ~  1 keV) is required in either case. This is probably due to  Com ptonization. 

The variation of the line w idth w ith respect to  the  je t precession phase is consistent w ith  the 

E X  O S A T  results.

A transition  period from X -ray quiescent to  active states m ay have been observed with 

GINGA  between 1987 M ay 2 2 . 0  and 1988 May 23.0. If this interpretation is correct, it 

implies th a t the accretion ra te  of SS 433 is in the range of 1 0 “ ® 1 0 “  ̂ M© y “ ^.
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Chapter 5

The G eom etric Param eters o f SS 433

—  constraints from th e EXOSAT & G IN G A  observations

5.1 Introduction

A general picture has been established for SS 433 (ref. Maxgon 1984). It is a  13 day bi­

nary  system which consists of a  massive early-type companion sta r and a com pact object 

surrounded by an accretion disc. In terms of the ‘s tandard ’ kinem atic model, a pair of weU 

collim ated jets axe oppositely ejected from the vicinity of the  accretion disc a t a  relativistic 

speed, and axe precessing in the  sky with 163 day period. From the observed photom etric and 

spectroscopic characteristics of SS 433 together w ith the spatial structure of the diffuse X-ray 

lobes, the system param eters like the periods of the  orbital m otion and je t precession, the 

precession cone angle, the je t speed and the inclination of the binary orbit, axe unambiguously 

determ ined, and various phenom ena observed can be alm ost universally in terp reted  w ithin 

the framework of this ‘s tan d ard ’ kinematic model. However, other im portan t param eters of 

the SS 433 system, such as the  orbital separation, the mass of the companion s ta r  and the 

natu re  of the compact object etc , remain unclear in this general picture.

E stim ating the param eters unspecified by the ‘s tan d ard ’ kinem atic model requires detailed 

inform ation for each component of SS 433. A lthough various assumptions and approxim ations 

can be made for modelling the  configuration and lum inosity distribution of each system 

component, the m ethods applied for the estim ation of these param eters axe either to  fit the
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whole light curve with m any free param eters (e.g. Leibowitz 1984) or to  consider only certain 

aspects of the light curve such as the shape of the eclipse (e.g. Stewart et al. 1987). In the 

X -ray energy range, the strong m odulation by the je t precession and the orb ital m otion of the 

X -ray properties of SS 433 found with the E X O S A T  dJià. GINGA  observations (see Chapters 

3&:4) makes it clear th a t the energy shifted iron line and X-ray continuum  emissions are 

associated with each other and come from the  same region -  the jets. Modelling the  system 

geom etry with the constraints from X-ray observations is therefore relatively easier and  more 

accurate because the assum ptions on the lum inosity distributions on the surfaces of the 

com panion star and accretion disc required for the  optical modelling need not be m ade.

Considering the w idth and depth  of the E X O S A T  ohseived eclipse, Stewart et al. (1987) have 

m odelled the system geom etry of SS 433. Due to  the  incom plete coverage of the eclipse with 

E X O S A T  and the inaccurate assum ption on the shape of the companion s ta r  and accretion 

disc, the uncertainty of the estim ated param eters was large. W ith  the GINGA  observations, 

th ree X-ray eclipses with much better sampling were obtained and the duration of the  eclipses 

ra th e r accurately determined. It then becomes possible to  model SS 433 system  w ith  more 

reliability.

In th is chapter, discussions on the geometry of SS 433 system  are presented. M athem at­

ics which can be generally employed to describe the system  geometry in fu ture  num erical 

calculations is established in section 5.3 using assum ptions and definitions m ade in  section 

5.2. C onstrain ts on the geometrical param eters of SS 433 are derived in section 5.4 w ithout 

specifying of the accretion disc shape. The comparison of the derived constrain ts on the 

system  geometry from the X-ray observations w ith  previous modelling results is m ade and 

the im plications of these results are discussed in section 5.5. Accordingly, several possible 

m odels are suggested in section 5.6 in order to  m ap physical param eters in the  je ts  of SS 433 

in chapter 6 . Section 5.7 gives a  summary of the discussion in this chapter.

5.2 A ssum ptions, Definitions and Constraints

The following assumptions and definitions are m ade in this chapter to  set up a  geom etrical 

m odel of SS 433 and derive constraints for its  param eters.
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1 The system consists of a compact object w ith mass M%, an optical companion s ta r

Ms, an accretion disc and a pair of well-collimated, anti-parallel jets. The m ass

ra tio  of the compact object and the companion s ta r  is assumed to be q =  M ^/M g.

2  The sta r Mg and compact object M% are ro ta ting  around each other in a  (nearly) 

circular orbit with a plane (roughly) orthogonal to  the orbital angular m om entum  

vector. The orbital separation is defined to  be a and will be used as a  un it of 

length in this chapter. The binary period is Py =  13*^.081 ±  0^.003 as given by 

Kemp et al. (1986) and the  orbital inclination i =  78.82° i  0 .1 1 ° is adopted from  

M argon (1984).

3 The companion is a ‘norm al’ OB star which fills its  Roche lobe and its shape is 

therefore approxim ated by an ellipsoid equipotential surface in the Roche m odel 

as given in Appendix B.

4 The norm al of the accretion disc coincides w ith the je ts ’ instantaneous direction.

T he disc is precessing along with the jets in space around an axis parallel to  the

orb ita l angular m om entum  vector at the same angular velocity. The period of the  

precession is defined as Pp and Pp =  162^ .̂5 ±  0^.25 from Kemp et al. (1986) is 

adopted. The half precession cone angle a  =  19.80° ±  0.18° is taken from M argon 

(1984). The precession sense of jets and disc is opposite to the direction of the  

binary  revolution (see Leibowitz 1984). In this chapter, the jets are assum ed 

to  precess clockwise and the star ro ta ting  counterclockwise about the com pact 

object as viewed from the top of the orb ita l plane.

5 The size of the accretion disc m ust not be greater th an  th a t of the Roche lobe of 

the  compact object.

6  The je t is approxim ated to  be a cylinder w ith radius Rf and length Lj. If one 

assumes th a t the jets are formed inside the funnel of the thick accretion disc, Rf 

should be equal to  the radius of the funnel exit from which the jet m ateria l are 

ejected at a  relativistic speed v; v =  0.2601 ±  0.0014 c from Margon (1984) is 

adopted.

7 The X-ray emission is from the jets and the eclipse located at around the optical 

prim ary minimum is due to  the occultation of the relativistic je t by the norm al 

star.
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The assum ption about the jet shape is from the argum ents th a t the energy shifted line is pos­

sibly broadened by the Com pton scattering (see C hapter 4) and the fact th a t the je t velocity 

dispersion is not very large. Assum ption 7 is from the X-ray observation results presented in 

C hapter 3 & 4 in this thesis. O ther assumptions above are based on the ‘s tandard ’ kinem atic 

model and used almost universally by most investigators (e.g. Leibowitz 1984; A ntokhina k  

Cherepashchuk 1987).

For convenience sake in the following discussions, the je t above the orbital plane is called 

upper (or top) je t and the  one below the orbital plane is nam ed as lower (or bo ttom ) jet.

The ephemeris adopted in this chapter is from Kemp et a i  (1986), in which the  following 

angles are defined,

j  = 9 0 - 2

6 = (5.1)

Ip = 2 . ( r - r ' )

where.

Tb =  J D 2 ,440,003.434 

=  M JD 40002.934 

Tp =  J D 2 ,440,017.9 

=  M JD 40017.4

(5.2)

Tb and Tp are so chosen th a t ^ =  0  implies the pha.se of prim ary optical m inim um , i.e., the 

norm al s ta r crosses the line of sight and occults the compact object, and ip = x  means a 

m axim um  blue-shifted line is observed, i.e., when the upper je t approaches the observer. T 

is the tim e in M JD.

Several C artesian coordinate systems, called Sky System, System 1 and System 2 , are used 

in this chapter and their definitions are given in A ppendix A.
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From  the 1987 GINGA observation, the following constraints are derived,

1 The eclipse duration is ~  2.4 ±  0 .1  days. The first contact tim e of eclipse is

T i =  MJD46934.6 and the  fourth contact tim e T ] =  MJD46937.0 for the obser­

vations at precession phase 0.58. They are determ ined from the light curves of 

the continuum and the emission line.

2  The eclipse fraction is ~  0.5 ±  0 . 1  for the eclipse a t the  phase when the upper je t 

is approaching at observers, as determined from the light curve of the emission 

line.

3 At mid eclipse Tm =  MJD46935.8, the s ta r completely covers the base of the je t,

but the top of the approaching je t is still visible.

T he param eters to  be determ ined in the following discussions are the mass ra tio  q, the  masses

Mx and Mg, the orbital separation a, the jet cylinder radius Rf and length Lj, the  size of the

companion star.

5.3 M athem atical D escription o f System  G eom etry

5 .3 .1  C o o r d in a te s  o f  SS  4 3 3  in  th e  S k y  S y s te m

a). The Jets

The coordinates of upper je t aods in System 1 is

A  =  L j

#1 =  0 (5.3)

(^1 =  0  or 27T

According to  the transform ation equation A.7 in A ppendix A, the corresponding coordinates

in the Sky System are
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X j  =  L j  sin a  cos <p2

y'j =  Xj(sin a  sin v?2 cos j  — cos a  sin j )  (5.4)

Zj =  jLj(sin a  sin sin J +  cos ct cos j )

W hen the energy separation of the Doppler-shifted lines becomes maximum, the  upper jet 

points toward the observer and its x-component should be equal to  zero and will become 

m inus, therefore, (p2 =  (2n + l)w + j j  (n =  0, ± 1 ,± 2 .. .) .  A t this phase, ip equals ipQ {ipQ =  tt).

W ith  the assum ption th a t the jets precess in the  direction opposite to  the s ta r ’s, (f2 becomes

^ 2  = (2n +  l)x  -h I  +  { ip o  -  ^ )  (5.5)

By substitu ting  (^2 in Equation (5.4) w ith (5.5), the  coordinates of upper je t axis in  Sky 

System  (i.e., the sky plane) are obtained.

Zj = L j  sin a  sin ip

yj =  — X j(c o s a s in j  — s in a c o s '^ c o s j)  (5.6)

Zj =  L  j  (cos a  cos j  sin a  cos Ip sin j )

Because of the sym m etry of jets, the lower je t axis has the  coordinates (—z^, —y j,  —z" ). 

T he angle between projected jet axis in the sky and x-axis is given by

_ Z j  cos a  COS j  4- sin a  cos ^  sin j  
tan  0  — — — ; : ; (5.7)

z^ sin a  sin Ip

The outline of the je t cylindrical surface projection onto the sky plane can be described by 

two straight line equations, they are.

zi = ta n G z; — R f V l  +  tan^ 0
__________ (5.8)

Zr =  tan  0 Zr +  R f V l  +  tan^ 0
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where (zf, zj) axe the coordinates of the jet cylinder projection on the left side of the cylinder 

axis and (z^, Zr) for the right side projection of the  cylinder.

b). The Accretion Disc

Using the circular cylindrical coordinates (R,a;,h), the coordinates of any point on the accre­

tion  disc m ay be w ritten  in System 1  as

A  = (R c o su j ,R sm u j ,h )  (5.9)

where 0 < R  < Yx, 0 < u  < 2x ,  and —Zx < h < Zx, i.e., R and h are not larger th an  the 

Roche lobe Yx, Zx of the compact object.

It is easy to  have the coordinates of the  accretion disc in Sky System by using transform ation 

relation A .7 and considering Equation (5.5). They are

Xd — R(cos ^  sin w — cos o: sin ^  cos w) 4 - sin a  sin ^

yd =  — J2(sin ip sin w cos j  -f sin a  cos w sin j  -(- cos a  cos ip cos w cos j )

—fi( COSO sin J — sin o cos ^  cos j )  (5.10)

Zd =  R (— s in ^ s in w s in j  4- s in o c o sw c o s j — c o s o c o s ^ c o s w s in j)

-f/i(cos a  cos j  -I- sin a  cos ip sin j )

c). The Star

The coordinates of the s ta r centre in  System 2  are

z^ =  a cos

y] =  a sin ^ 2  (5.11)

zl =  0

W hen p̂2 — | x ,  the star is crossing the line of sight and according to the definition of 0, 9

should be zero. So, (p2 can be replaced by ^ as
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V?2 — 2 ^  ^ (5.12)

and the coordinates of the sta r centre in Sky System m ay be w ritten

Xg = a sin 9

y, =  - a  cos ^ cos j  (5.13)

Zg =  —a c o s ^ s in j

A round ^ =  0, the  projected stellar disc on the  sky plane can be well approxim ated w ith an

ellipse of m ajor semi-axis a ,,  and m inor 6 , ,  th a t is

{ x - x g f   ̂ { z ~ Z g f  ^  ^

(“ •>

where a , equals to the m axim um  extent Yg of Roche lobe of the companion s ta r  in  the Y 

direction and 6 , ,  equals to  the m aximum  extent Z , along the Z-axis (see A ppendix B for 

definition).

5 .3 .2  E c lip se  C o n d itio n s

Eclipse by the accretion disc

Clearly, at any time, only th a t paxt of the accretion disc which is between the je ts  and the 

observer can cover the jets. M athem atically, this condition m ay be w ritten

^  -  ZL
(5.15)

Vd =  m in(% (w i),% (w 2))

where Wf and U2 are two phase angles at which Zj and z^ can satisfy the condition ^  

in the above equation.

The following calculations give the  values of and W2 .
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Case A: ^  0

W hen Xj is not equal to  zero, from  Equations (5.6), (5.10) and (5.15), a form ula th a t may 

be used to calculate u>i and wg in Case A is obtained, th a t is.

sin ^  .
tan a ; = --------------——:----   : (5.16)

cos o: cos ^  +  sin a  tan  J

Case B: z"  =  0

W hen Xj equals zero, Z j m ust be zero and Equations (5.6) yields conditions

sin =  0
(5.17)

cos ^  =  ± 1

Substitu ting  s in ^ , cosip in E quation  (5.10) w ith above values and considering x j  =  0 , there 

follows

sin a; =  0 (5.18)

Equations (5.16) and (5.18) yield two values of lj, i.e. lj \  and lj2 . The condition =

min{yd{LJi),yd{LJ2 )) in Equation (5.15) may be used to  choose a correct u  value th a t corre­

sponds to  the phase in which accretion disc eclipses jets.

Eclipse by the companion s ta r

W ith  assum ption 7 in section 5.2, when an X -ray eclipse is observed, the  companion star 

m ust be in between the observer and the jets and  the z-component of its  centre is less than 

zero, i.e.

z, <  0 (5.19)

The projections of jets in sky plane may be described by a  general straight line equation, 

which is
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z  =  SX +  c (5.20)

where

s =  tan  0 (5.21)

and

c =  <

— +  tan^ 0  for the je t left side 

0  for the central je t axis

R f V l  +  tan^ 0  for the je t right side

(5.22)

During the eclipse, the equation of the stellar disc and th a t of the je t projections m ust have 

common solutions.

=  1
(5.23)

and these equations give the coordinates of intersections between the star and the je ts , they 

are

Case A: tan  0  oo

Xi

Zl

X2

Z2

- [ 3 a ^ (c - z t ) -b lx t ] + a s b a ^ b ^ + a ^ s ^ - ( c - z ,+ s x t ) ^

=  SXi

(62+a2i2)

— SQC 2

(5.24)

Case B: tan  0  =  0 0

2:1,2

^1,2

= c
(5.25)
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Obviously, from Equations (5.19), (5.24) and (5.25), the conditions th a t an X -ray eclipse by 

the companion s ta r can happen are

Zg < 0

hi -I- als^ -  { c -  Zg-r sX g^  >  0 when tan O  ^  co (5.26)

a1 — ( c - X g ) ^  > 0  when tan  0  =  oo

The tim e th a t the  prim ary optical minimum occurs can be predicted by setting

e =  n2 x  (5.27)

and

To = Tb i-  nPb (5.28)

where n =  0, ± 1 , ± 2 , ± 3 ,...

W ith  the ephemeris given by Kemp et al. (1986),

To =  M  JD40002.934 -f n x  (13.0811 ±  0.003) (5.29)

and from the form ula of Gladyshev, Goranskii, and Cherepashchuk (1987):

To =  M JD46595.75 ±  0.04 + n x  (13.08201 ±  0.0007) (5.30)

5 .3 .3  D o p p le r  E ffect in  th e  J e ts  o f  SS  4 3 3

The wavelength of the Doppler shifted emission line arise from the relativistic m otion of the

em itting  m aterial in the jets of SS 433 can be expressed as (e.g. Milgrom 1981)
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=  Ao(l +  Z g)7(l± /3cosv?) (5.31)

where v? is the angle subtended to the line of sight by the je t axis along which the em itting  

m aterial is approaching to  the  observers at v =  0.26c, Aq is the laboratory  wavelength, 

Zg is the gravitational redshift which can be ignored in the case of SS 433, (5 = v jc  and 

7 =  ( 1 -

W ith  E =  hz/ =  hc/A, the Doppler shifted energy can be calculated by

rO

"  7 ( 1 ± /3 cosv)

where E° represents the rest photon energy and E^, E^ are the  observed Doppler red- and 

blue- shifted energies respectively.

According to  the definition in Appendix A and Equation (5.6),

cos tp =  —y^ f L j  =  cos a  sin j  — sin a  cos ip cos j  (5.33)

and

ïto
=  - r m r , --------- — — :-----------;— ^  (5 .3 4 )

7 [ 1  ±  p (c o s a s in j  — s in a c o s ^ c o s j) ]

W hile the  m aterial is moving along the jet axis a t a  relativistic speed, the Doppler boosting 

effect of rad iation  from the je t em itting m aterial has to  be considered. The boosting factor 

(or beam ing factor) is (see e.g. Begehnan, Blandford k  Rees 1984)

=  [ ------1--------_]3
7 ( 1  ±  cos y)

7 ^[l ±  /3 (cosasin j — sin o: c o s c o s  j)]^ (5.35)

The observed flux is then
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Fobs =  B^F b  +  B^^Fr  (5,36)

where F r  , F r  axe the unbeam ed fluxes from the approaching and receding jets respectively.

5.4 C onstraints on th e Param eters o f th e SS 433 G eom etry

W hile the  m inim um  flux was reached at axound Tm =  MJD46935.8 over the G ING A  1987

M ay observed X-ray eclipse, the  stellar disc covered the base of approaching (upper) jet

(constra in t 3 in section 5.2). Conditions (5.26) m ust be satisfied,

Fm =  (5g 4- — (Cm — > 0 (5.37)

and the z-coordinate of intersection of the stellax disc rim  and upper je t central axis m ust be 

greater th an  zero,

z::, =  >  o (S.38)

Using E quation  (5.24) and considering Cm =  0 , (5.38) becomes

t̂i _  4" 4“ (Zsm \  r» fr. on\
 ̂ -  (îîT^PàJ "■ -  (

W ith  the com bination of (5.37) and (5.39), the upper lim it of the mass ratio  is derived.

q < 9.0 (5.40)

which is independent of the assum ptions on the shape of jets and accretion disc.

Also from constrain t 3, i.e., the s ta r cannot completely cover the approaching je t , the  lower 

lim it of the  je t length is derived by using Equations (5.6) and (5.24),
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j m i n  _  4~ (Zam ( ^  A l \
 ̂ (62 + a2s^)siiiasinV ’m

which, is another model independent conclusion.

C onstra in t 2  indicates th a t the flux Fmin at Tm is about 50% of Fmax a t T i, which gives the 

ra tio  of je t lengths visible outside and inside the eclipse assuming constant emissivity, i.e.,

m m

where H f  is the height of the disc near the je t. W ith  a simple calculation, the  je t length is 

obtained.

L j  -  2 L f ^  -  H f  (5.43)

and the  upper lim it of the je t is

Lmax ^  (5 .4 4 )

A critical je t length Ty** is introduced in the following. W hen Xy’*** >  L j ,  the receding je t is

covered by the accretion disc and Xy** < L j ,  the receding je t is visible.

According to  Equation (5.10), the x-coordinate of the accretion disc which can cover the 

receding je t over the G I N G A  1987 May observed eclipse is

Zj =  R(cos ^  sin w — cos a  sin ^  cos w) +  sin o  sin ^

< l^ (co s '0 sin o ; -  c o sa s in  V^coso;) — ZajSinasinV’ (5.45)

and from  Equation (5.6), the  x-coordinate of the receding je t is

Zj = - L j  sin a  sin ip (5.46)
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thus, the  critical je t length can be defined as

,  c o s ÿ s m w - c o s a s m ÿ c o s w y ^
 ̂ sin a  sin “0

P lo ttin g  Xj**” , Xj*”^ and Xy** against mass ra tio  q in Fig. 5.1, the following m odel indepen­

dent constrain ts can be derived:

1 T h e  m a ss  r a t io  o f  SS 433 sy s te m  c a n n o t  ex c ee d  q < 9.0, w h a te v e r  th e  

s h a p e s  o f  th e  j e t  a n d  a c c re tio n  d isc  a re .

2  W h ile  q  is g r e a te r  t h a n  0 .566 , th e  r e c e d in g  j e t  w ill b e  o b s c u re d  b y  th e  

a c c re t io n  d isc; w h ile  q  is sm a lle r  t h a n  0 .174 , th e  re c e d in g  j e t  w ill b e  

d e f in i te ly  v is ib le .

3 T h e  j e t  le n g th  w o u ld  n o t ex ceed  0 .4 8 6 a  if  o n ly  o n e  j e t  is s e e n , a n d  

s h o u ld  b e  g r e a te r  t h a n  0 .350a  if  b o th  j e t s  a re  v is ib le  w h e n  q < 0.566.

W hen the eclipse by the companion star happens. Conditions (5.26) are satisfied and the 

value range of param eter c can be derived from

{b1 4- a^s^) — (c — Zg 4- sxg)^ > 0 (5.48)

th a t is,

-  4- ajs'^ + Zg -  sx ,  < c < yjbj + 4- z, -  sxg (5.49)

W hen the eclipse started  a t T i ,  the stellar disc began to  cover the left side je t  and c =

4- w ith Equation (5.49), the value range of Rf is

- \ J ^ l  4- a js l  -  Zgi 4- SiXgi Zgl + SlXgl

T T T i TTHi

A t Tm, the stellar disc covered both  sides of the upper je t, and there are,
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~̂ *rn'\~>TTiXgTn ^  n , ^
\A + ^  “   ̂ “  \ / i + ^

" v / f e j + Q f 1̂  J? <[■ 3m3r«m / g 51)
\ / ï + ^  “  ^ -  \ / î + ^

At the fourth  contact of the eclipse, T  = T2 , and the  sta r only covered the je t right side. Let

c =  i 2 / ^ l  +  5 j, Equation (5.49) yields

“ \/^2 +  ^2^2 +  ^«2 — -52a:a2 ^  ^  ^  \/^? +  <̂ 5̂ 2 +  ^^2 ~ <52Xs2
^  -K/ ^  -----------------/ (5.52)

W ith  the m ass ra tio  as abscissa, plotting the intersection o i R j  values calculated from  (5.50), 

(5.51) and (5.52) in Fig. 5.2, the  following conclusions are obtained,

1 W h e n  a  c y lin d r ic a l  s h a p e  is a s su m e d  fo r  th e  j e t s ,  t h e  m ass  r a t io  c a n n o t  

e x c e e d  1 .71 .

2 I f  th e  a s s u m p tio n  t h a t  th e  o b se rv e d  X - ra y  e c lip se  is o n ly  d u e  to  a n  

o c c u l ta t io n  b y  th e  c o m p a n io n  s ta r  i t s e l f  is v a lid  ( b u t  see  th e  d isc u s s io n  

b e lo w )  a n d  th e  re c e d in g  j e t  is in d ee d  n o t  v is ib le , t h e  X -ra y  j e t  o f  SS 433 

c a n  n o  lo n g e r  b e  r e g a rd e d  as a  th in  p e n c il  s h a p e , th e  w id th  o f  t h e  j e t  

s h o u ld  b e  c o m p a ra b le  w i th  th e  j e t  le n g th .  A  t h in  j e t  is p o ss ib le  o n ly  

w h e n  th e  m ass  r a t io  is sm a ll a n d  th e  r e c e d in g  j e t  is n o t co v ered  b y  th e  

a c c r e t io n  d isc .

In sum m ary, the  range of mass ra tio  can be divided in to  three groups: group A w ith g <  0.174 

in which the  receding jet is definitely visible; group B w ith mass ratio  between 0.174 and 

0.566, in  which the receding je t m ay be covered by the accretion disc depending on the disc 

geometry; group C with mass ra tio  greater than  0.566 bu t smaller than  1.71 over which only 

the approaching je t is observed. Accordingly, the  constraints on the system param eters axe 

discussed in  the  following.

1). masses of the system components

C ram pton’s Doppler analysis of the  ‘stationary’ H ell A4686 line indicates that its m odulation

128



CL

U93S sq  IH-M. P^H

o

g / l y  s u ip ^ H  ( l^ u u n ;  j o ) i-9f

cr̂
O

ri
.2
ri
a
ri
ri
f2
ri
1

I
I
coco

co
co
ri
o

ri

§
u
(N
lÔ
OH
&
p4

129



represents the orbital m otion of the compact object. The projected velocity (üQ equals 195 

km s“  ̂ w ith 150 km s“  ̂ as a lower limit. The m ass function (C ram pton & Hutchings 1981) 

is then

(5.53)

where the value in the brackets corresponds to  ÜT =  150 k m  s - 1

W ith  the mass ratio  in different groups, the m ass M% of the compact object and Mg of the 

companion s ta r are obtained by using the mass function, i.e.,

for group A:

for group B:

for group C:

Mg < 14.61M@(6.62M@) 

Mx < 2.54M@(1.15M@)

14.61M@(6.62M@) < M , < 25.99M@(11.77M@) 

2.54M@(1.15M@) < Mx <  14.71M©(6.66M©)

25.99M©(11.77M©) <  M . <  77.85M©(35.25M©) 

14.71M©(6.66M©) <  M , <  133.12M©(60.28M©)

(5.54)

(5.55)

(5.56)

2). the binary  separation a

The K epler’s law gives a  relation of the binary separation a  and the binary period P .

(5.57)

For b inary periods of the order of days like SS 433, the binary separation a can be expressed 

in the  form of (see Frank, King & Raine 1985)
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a =  2.9 X cm  (5.58)

With, the values of M% and q derived above, the binary  separation is

a < 4.15 X 10^^ cm  (3.19 x 10^^ cm) (group A) (5.59)

4.15 X 10^^ cm  (3.19 X 10^^ cm) < a < 5.54 X 10^^ cm  (4.25 X 10^^ cm)  (group B)

(5.60)

5.54 X 10^^ cm  (4.25 x 10^^ cm) < a < 9.58 x 10^^ cm  (7.36 x 10^^ cm)  (group C)

(5.61)

3). the stellar radius

From  the approxim ate form ulae of Paczynski (1971), if a star fills its  Roche lobe its shape is 

approxim ated by a sphere, the  radius of this s ta r will be

—  =  0.38 — 0.20 log ̂  (5.62)

w ith the mass ratio  in different region and choosing suitable orbital separation, the  stellar 

radius of SS 433 can be obtained by using the above formula.

4). the je t length and radius

The je t length Lj and radius Rf can be derived from Fig. 5.1-5.2, th a t is 

for group A:

0.350a < L j  < la  

0. < R f  < 0.233a
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for group B:

0.243a < L j < 0.701a
(5.64)

0.046a < R f  < 0.323a

for group C:

0.137a <  L j  < 0.486a
 ̂ (5.65)

0.161a < R f  < 0.342a

5.5 D iscussion

C onstrain ts on the system geom etry derived in the  last section strongly depend on whether 

or not the  receding jet is visible. Although the model fitting  to  the X-ray spectrum  from 

E X O SA T dJ id  GINGA  observations indicates th a t only one Doppler blue-shifted line (i.e., the 

one from  the  approaching je t)  is needed, the possibility th a t the  red-shifted line is submerged 

by the blue one still cannot be excluded. This uncertainty, therefore, makes the derived mass 

ra tio  region fairly large.

However, several im portant conclusions about the SS 433 system  can still be m ade from  the 

discussions in section 5.4. If the  receding je t is indeed visible during the X-ray observations, 

the  m ass ra tio  would not exceed 0.566; if, on the  o ther hand, the receding je t is actually 

covered by the accretion disc, the mass ra tio  would not be smaller than  0.174. W ith  the 

assum ptions m ade in section 5.2, it is concluded th a t in m ost cases, the radius of the je t can 

not be regarded as very small, instead, it should be comparable w ith the jet length , which 

indicates th a t the  opening angle of the X-ray je t could be very large and the je t is very fat. 

The th in  je t case, however, is possible only when the mass ratio  is smaller than  0.174 if the 

assum ption th a t the X-ray eclipse around the optical prim ary minimum is only due to  the 

occultation of the X-ray je t by a  companion star which fills its Roche lobe is valid.

Modelling the geometry of SS 433 has been previously done by several investigators using 

the optical light curve. Using the assumptions sim ilar to  those made in this chapter plus 

approxim ations on the configuration and surface brightness of both  companion s ta r  and
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accretion disc, Leibowitz (1984) fitted the whole optical light curve with 10 free param eters 

simultaneously. His results indicates that the  m ass ra tio  q is greater than  0.8 a t the  95% 

confidence level and can be as high as 30 at the same confidence level. The calculations in  the 

last section have excluded the possibility th a t m ass ra tio  can be higher than  9.0 and strongly 

suggest it located in the range of 0 ~  1.71, which partially  overlaps th a t of Leibow itz’s 

results. However, the assum ption of the cylinder shape for the  jets used in the calculation 

in  last section produces a  very conservative estim ate for the mass ratio . If a  cone shape is 

assum ed for the jets, the upper lim it of the mass ra tio  would be smaller than  1.71. So, the 

region of the  mass ratio  derived from the calculation in th is chapter should be regarded as 

more reliable th an  Leibowitz’s.

Leibowitz found th a t the precession should be retrograde, so th a t the sim ilarity between 

the predictions of the model and the observations can be achieved. The assum ption on the 

relative directions between the  companion sta r and je ts  m ade in  this chapter are directly from 

Leibowitz’s result. W ith  the m athem atics of the system  geom etry presented in section 5.3, it 

is eaisy to  prove th a t the phase th a t the companion s ta r m axim ally covers the jets is perfectly 

coincident w ith th a t of the optical prim ary m inim um  predicted from the ephemeris from  the 

optical observations, and is well centered at the X -ray eclipse observed with E X O S A T  and 

GINGA.  Changing the moving direction of the companion s ta r  into the same direction as the 

jet precession would shift the phase of the X-ray eclipse centre to the position la te r  th an  the 

predicted prim ary  optical m inimum . This confirms th a t the  precession is indeed retrograde.

A ntokhina and Cherepashchuk (1987) modeled the SS 433 geometry in a considerably more 

accurate way than  Leibowitz’s model. Instead of assum ing a  spherical shape for the  com­

panion s ta r  and cylindrical shape for the accretion disc, they used more accurate Roche 

lobe geom etry to  model the s ta r  and the disc. They also trea ted  the surface brightnesses of 

the system  components more accurately. W ith  6 independent param eters in the ir m odel to 

m atch the  whole light curve, A ntokhina and Cherepashchuk found th a t the norm al s ta r  fills 

its Roche lobe and th a t the equatorial radius of the  accretion disc was ‘touching’ the  Roche 

lobe of the compact object. The lower limit of the  mass ra tio  is 0.25 at the 99% confidence 

level. A lthough a mass ratio  q=0.4  cannot be ruled out from the model fitting, they preferred 

the solution of q=1.2 so th a t the  troubles in the  in terp re ta tion  of the observations can be 

avoided. Obviously, the mass ratio  range derived in the last section is consistent w ith  the 

results of A ntokhina and Cherepashchuk.
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However, contradictions exist between the optical observations and the logical consequences of 

the  results from the geom etrical model with constraints from the X-ray observations. Optical 

observations indicate th a t the  line widths of the Doppler shifted lines such as H a  correspond 

to  several thousands kilom eters per second, im plying an upper lim it for the opening angle 

of the je t of ~  0.1 rad 6°) (Zw itter et al. 1989). W ith  the  constraint on je t param eters 

from  the X-ray observations, the  je t with the  opening angle com patible to  the  optical one is 

possible only in the case of sm all mass ratio. If the  mass ratio  of SS 433 system is no t larger 

enough, the  accretion disc would be completely covered by the  companion s ta r  during the 

p rim ary  optical eclipse, which, in tu rn , contradicts the  optical evidence th a t the  accretion 

disc is only partially  obscured by the companion star.

I t  is believed th a t the s ta tionary  emission line H ell A4686 is formed close to  the  compact 

ob ject and its Doppler shifts represent the orb ita l m otion of the compact object (Zw itter 

et al. 1989). A t around the optical prim ary m inim um , the in tensity  of H ell A4686 is just 

m arginally  lower, which implies th a t the form ation region of H ell line never undergoes to ta l 

eclipse and this line is formed in  an extended region ra ther th an  in a well localized hot spot, 

possible candidates including corona or extended p a rt of the accretion disc. This m ay suggest 

error in mass function.

There are two possibilities th a t  can make the constraints on the SS 433 geometrical param eters 

derived in the  last section com patible to  the optical ones. If, for some reason, the  companion 

s ta r  does not fill its Roche lobe and its size is smaller than  its Roche lobe m odel, it will 

then  not completely cover the  accretion disc in the  case of the th in  je t with small m ass ratio . 

W ith  the  consideration of high accretion ra te  of SS 433, it is difllcult to imagine th a t  the 

com panion s ta r does not fully fill its Roche lobe. The results of A ntokhina and Cherepashchuk 

also suggest th a t the companion sta r does fill w ith  its  Roche lobe. The second possibility 

is th a t the  je t is indeed th in  w ith  an opening angle consistent w ith the optical upper lim it 

when the  mass ratio  is large, b u t the X-ray eclipse sta rts  and ends a t the occultation of the 

X-ray em itting  region by the m aterial flowing from  the companion star, i.e. the  assum ption 

th a t the  X-ray eclipse is sim ply due to  the companion s ta r m ay not be adequate. A dense 

stellar wind can indeed make the companion sta r look bigger than  its Roche lobe. The mass 

loss ra te  in the stellar wind of the normal s ta r is thought to  be ~  10“  ̂-  10"^ M© yr~^ from 

infra-red m easurem ents (Barlow h  Cohen 1977). The line of sight column of this wind a t 2R« 

is then ~  10^^ cm “ ^, sufiScient to  cause a significant reduction in the X-ray intensity. The
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non-observation of any ex tra  soft X-ray absorption a t ingress and egress, however, requires 

th a t  the wind be highly ionized. However, it should be noted th a t the low value of Nh seen 

outside eclipse also requires th a t  wind be highly ionized.

D espite these contraries, scenarios on a thin je t in  the small mass ratio  region or a fat je t in 

th e  high mass ratio  region, w ith  the companion s ta r  filling its Roche lobe as the m ain source 

acting  to  cover the X-ray je ts , are still possible. A lthough the in terpreta tion  of the origin of 

th e  HeH A4686 is widely accepted, it leaves some observational results unexplained (Zw itter 

et al. 1989). If the Hell A4686 line indeed originates in the  region close to  the com pact object, 

it should exhibit stronger precessional variations th an  the other sta tionary  lines which are 

form ed in the regions far from  the  central engine. However, no 163 day profile variation has 

been detected so far for the H ell A4686 other th an  other stationary  emission lines.

Three geometric models are developed in the section which follows in order th a t the  jet 

physical properties can be determ ined in chapter 6. Due to  the difficulty in m athem atics and 

the  lack of theoretical models, fat jets are not considered.

5.6 G eom etrical M odels of SS 433

T he configuration shown in Fig. 5.3 is assumed for the accretion disc of SS 433. It should 

be emphasized here th a t th is configuration does not represent the reality of the  disc bu t is 

equivalent to  what is seen during the observations. The purpose of adopting th is geometry 

is to  m ake it m athem atically simple to discuss the  je t physical conditions and to  decode 

inform ation of the system geom etry from the spectra  obtained during the period of the 

eclipse. This idea is also applied to  the configuration of the  companion sta r derived below.

W hen viewed along the je t axis as in Fig. 5.3(b), the accretion disc has radius R j ,  which is 

approxim ately equal to  the Roche lobe Y% (see A ppendix B for definition) of the  compact 

object (assum ption from the results of A ntokhina & Cherepashchuk, 1987). T he je ts  are 

ejected in a  region with radius Rf centered at the  accretion disc. W hen viewed edge-on as 

displayed in Fig. 5.3(a), the cross section of the disc from radius Rf to R j is a  trapezium . 

T he m inim um  thickness of the disc is Hf, which is near the jets at radius Rf. The m axim um  

disc thickness is H j, which is a t the edge of the disc. Angle (3q is a constant and satisfies the
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Figure 5.3: Configuration of the  accretion disc of SS 433, (a) disc edge-on; (b)disc face-on 

relationship of

(5.66)

angle the  opening angle of the  jets, satisfies

ta n ^  = (5.67)

Determ ination of Hd (or /3q) depends on w hether the  receding je t can be covered by the 

outerm ost disc when the je t axis is crossing the  line of sight, and on the fact th a t the 

innermost part of the disc a t the  approaching jet side m ust not be obscured by the  outer disc 

a t ihe same tim e. In the case of high mass ra tio  when the  receding jet is certainly occulted 

by the accretion disc, setting -0 =  0 and tt, and using the  m athem atics in section 5.3, the 

folbwing condition can be derived.
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L j  < i 2 d t a n ( a  -  j )  +  H d  

E d — H f
< t a n ( a - j )  (5.68)

Rd — R f
or ^ 0  < ( o ! - i )

T hree mass ratios, q=0.11, q= 0.4  and 1.2, are chosen to  model SS 433 geometry. q=0.11 is 

for the  case when the receding je t  is definitely seen in the 1987 observation (see Fig. 5.1) and 

the  com pact object is a neutron  star. The model w ith q=1.2 represents the case where the 

receding je t is definitely covered. The model w ith q=0.4  is selected to  be in term ediate between 

the  above two extreme cases. B oth q=0.4 and 1.2 suggest a  black hole com pact object. 

Choosing q=0.4  and 1.2 makes the results derived from the X-ray data  easily comparable 

w ith  those presented by A ntokhina and Cherepashchuk (1987), and Leibowitz (1984) (e.g. 

q= 0 .4 , 1.2 by A ntokhina & Cherepashchuk; q > 0.8 by Leibowitz).

T hree models for SS 433 are established in this section in term s of th in  jet type m odels. For 

m odel of q=0.11, the size of the  companion s ta r is assumed to  be equal to its Roche lobe and 

the  eclipse happens because of the  occultation by the edge of the stellar disc. For the  th in  jet 

models w ith  q=0.4,1.2, the eclipse of the X-ray je t by an oversized companion is considered. 

For simplicity, the  star is equated to  an ellipsoid w ith its m inor axis along the o rb ita l norm al 

equal to  its  Roche lobe and its  m ajor axis on the orbital plane larger than  its  Roche lobe. 

The opening angle /? for the th in  je t models, however, is fixed at /? =  2°.

The following m ethods are used for calculating a self-consistent model:

1 For a  given q, with the form ula in Appendix B, the  Roche lobe of the com panion 

s ta r  and compact object can be determined; the je t m inimum  length Lj™  ̂ can be 

calculated from equation (5.41).

2 W ith  the assum ption th a t the  eclipse sta rts  and ends both  at the approaching je t  

and by setting the coordinates of the intersection between the stellar disc and the 

je t sides equal to those between the accretion disc inner part (or funnel) and the 

je t sides, Rf and Hf can be calculated if q=0.11 is assumed, or in the case of high 

m ass ratio , a^ (the m ajor semi-axis of the equivalent ellipse of the companion s ta r  

and the accreting flow), Rf and Hf can be determined.
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3 Rf and Hf should be tested  to see if they are inside the Roche lobe of the com pact

object and if Hf is sm aller than  to  assure the eclipse does happen.

4  W ith  equation (5.43), the  je t length Lj can be calculated.

5 For models with high m ass ratio, H j and can be determ ined w ithin condi­

tion (5.68), and adjusted using the im plications of the GINGA  1988 & 1989 results 

th a t in the phase of 1988 May, the disc cannot completely cover L™" (otherwise 

no eclipse is observed in  1988 May) and the disc can alm ost obscure in  1989 

M ay observations (because a shallow eclipse was observed.)

Self-consistent solutions for each of the three models are tabu la ted  in table 5.1. The configu­

rations of these models at the  phases when the GINGA  observations were m ade are illustrated  

in  A ppendix D.

5.7 Sum mary

M athem atics for the  general description of the system  geometry of SS 433 has been established 

in  this chapter. W ith the constrain ts from the X -ray observations, it is concluded th a t  the 

m ass ra tio  of SS 433 will no t be higher than  9.0. This conclusion is independent of the 

configurations of the jets and accretion disc. It is likely th a t the system mass ra tio  is in  the 

range of 0.0 ~  1.71. W hen assum ing that the size of the companion star is less th an  or equal 

to  its Roche lobe, the jets can be no longer regarded aa th in  if the  compact object is a  black 

hole. Effects of the  accretion flow and the stellar wind, which m ay make the com panion star 

look bigger th an  its  Roche lobe, have to be considered during modelling the X -ray eclipse if 

the  je t configuration is assum ed to  be consistent w ith  th a t from optical observations. Three 

th in  je t type models which represent three different cases in Fig. 5.1, are suggested for the 

discussions in C hapter 6.
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Chapter 6

P hysical Properties o f  

th e X-ray Jets in SS 433

6.1 Introduction

In C hapter 5 the  discussions of the geometrical param eters of SS 433 were to  some extent 

inconclusive due to  insufficient inform ation on whether or not the receding je t is visible in 

the  observations made at around precession phase 0.6, the lack of the simultaneous optical 

observations and lack of knowledge of the structure of the companion sta r and accretion disc. 

Only the first and fourth contact times and the duration of the X-ray eclipse were used for 

modelling the geometrical param eters of SS 433. However, inform ation on the geometry is 

alm ost certainly coupled in the profiles of variation of the intensity  and spectra of SS 433 over 

the  eclipse. The physical properties of the jets thus become crucial to  help tighten up the 

param eter ranges of the system geometry and distinguish which geometrical model suggested 

in C hapter 5 is more consistent w ith the GINGA  observations made in 1988 and 1989, and 

w ith results from the observations in other electrom agnetic wave bands.

Discussions of the physical conditions of the SS 433 jets w ith the constraints derived from the 

X -ray observations are also very im portan t for solving the problems of the origin, acceleration 

and evolution of the jets (and the jets associated w ith other astrophysical objects through 

their sim ilarities). Although various theories, as introduced in Chapter 1, have been suggested 

for th is problem , none of them  can fuUy explain the observations of SS 433. The X-ray
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observations w ith E X O S A T  and GINGA  strongly indicate th a t the X-ray rad iation  is from 

the very base of the SS 433 jets. Thus, modelling this part of the jets will provide a key, or 

a t least a  strong h in t, for the solution of the problem  of the je t ’s form ation and evolution in 

the  SS 433 system.

In th is chapter, the je t is studied as a continuous fluid, having velocity v, tem pera tu re  T 

and density p defined a t each point along the je t axis. The je t flow can be assum ed to  be 

stable in any local region along the je t axis and the tem perature gradient in this region is 

regarded as very small so th a t therm al conduction can be ignored (the trea tm ent of therm al 

conduction would require a detailed knowledge of the structure  of any m agnetic field). Under 

th is assum ption, the  tem perature and electron density, as functions of the je t coordinates, 

are derived in Section 6.2.1 using the laws of conservation of mass, m om entum  and energy. 

The in tegral constants in these functions are determ ined in Section 6.3 for each chosen jet 

region along the axis of the je t w ith the technique described in Section 6.2.2. Thus, a 

m odel independent tem perature profile is derived for each suggested geometrical model. In 

Section 6.3.2, the model spectra and light curves corresponding to  the phases of the GINGA  

observations are created by using the tem perature and electron density profiles, and are 

com pared w ith the observations. Further constraints on the geometrical models of SS 433 

are derived in Section 6.4 by discussing the com patability of the model calculations w ith the 

observations. In this section, the  physical properties of the SS 433 je ts  are also discussed and 

the constrain ts on the je t form ation mechanisms are suggested. A sum m ary to  the results 

derived in this chapter is given in Section 6.5.

6.2 T heory and Technique D etails

6 .2 .1  T h e o r y

A steady, one dimension flow w ith no therm al conduction is assumed for any small region of 

the  je ts  in SS 433. By setting tim e derivatives equal to  zero, the three conservation laws of 

ma^s, m om entum  and energy given in Appendix C (see Appendix C for the definitions of the 

symbols used here) then become
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V ■{pv) = 0 (6.1)

p v - V v  =  - V P  +  /  (6.2)

^  = f  ' ^  ' ^rad (6.3)

Substitu ting  the first of these equations in the th ird  implies

p u - V ( i v ^ - f - e - t - P / p )  = / •  V -  V - P r a d  (6.4)

while the Euler equation shows th a t

f  • V = pv ' V ( i u ^ )  -|- V • V P  (6.5)

hence elim inating /  • v from E quation (6.4) and considering Equation (C.9) give

pu- [Ve +  P V (l /p ) ]  =  - C iT ^ / 2 ^ 2  (6.6)

Using the circular cylindrical coordinates (R,<p,z), where z-axis is coincident w ith  the jet 

ejection direction, and assuming th a t the variables v, T , p, only change along the z-direction. 

Equation (6.6) becomes

p v ^  -  — ^  =  - C iT '/2 „ 2  (6.7)
dz p dz  ® ^

Since the in ternal energy e is given by Equation (C.5) and the relation of pressure P  and p,

T is expressed by the perfect gas law (C.2), Equation (6.7) m ay be w ritten;

(6 .8)
2 p m j j  dz pruff dz

From  Equation (6.1), the z derivative of p is
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T  =  - - T  (6.9)dz V dz

A ssum ing that the jet velocity, which equals to  0.26c, keeps constant along the z-direction, 

gives

p =  po =  constant

therefore. Equation (6.8) reduces to

For a  fully ionized gas, the density m ay be approxim ated by

and  Equation (6.11) becomes

(6 .10)

<«."1

P ~  TUffUe (6.12)

(6.13)

T his gives the tem perature distribution along the jet

=  +  (6.14)

where Cq is an integral constant and will be determ ined la te r from the  observed spectra.

In tegrating  the emissivity given in Equation (C.8) over the je t volume, the photon spectrum  

of SS 433 is obtained.
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F { E ,  T )  =  /  4.2 X

^  4-2x i g . , ^  E - iT -i/2 n 2 e -^ /T p /y d Z

=  4.4 X / /2  E - ^ T - '^ l ‘̂ n le~^/ '^gf f d Z  {photons 5“  ̂ cm "^ keV~'^)
(6.15)

where d ~  bkpc =  1.54 X 10^^ cm is the distance of SS 433. By fitting the observed X-ray 

spectra  with Equation (6.15), n^ k. Co can be determ ined.

6 .2 .2  T ech n iq u e  D e ta ils

In th is chapter, the je t properties are discussed w ithin the frameworks of the three geom etrical 

m odels listed in table 5.1. The X-ray spectra of SS 433 obtained over the  period between 

the first contact tim e and the optical prim ary m inim um  in the 1987 M ay observations are 

adopted to  derive the param eters n@ and C q in the je t region where Equation (6.14) is valid.

As shown in the previous chapters, the X-ray spectrum  of SS 433 consists of two com ponents, 

a  therm al continuum  which can be well approxim ated with a therm al b rem sstrah lung , and 

a broadened Doppler shifted iron line. Both components originate in the same region — the 

je ts . To simplify the problem, the X-ray continuum and emission line feature are considered 

independently, and their relationship is not modelled. In the following, the continuum  spec­

tru m  of SS 433 is represented by the  summary of (6.15) integrated over each small je t  region 

and the emission line is approxim ated by a Gaussian profile.

Corresponding to  the tim e at which each spectrum  is obtained over the period of the  eclipse, 

the  length of the projected shadow of the companion sta r on the je t axis can be calculated 

for each given geometrical model. Thus, the jet is divided into several small regions (jet bins) 

along the je t axis according to  the projected lengths calculated. The param eters n@ and C q 

in any small region are determ ined from fitting the  X-ray spectrum  generated in th is region 

w ith (6.15) as the continuum . C onstant C% in Equation (6.14) is small, m eaning th a t  for 

sufficiently small je t bins the tem peratu re  within each je t bin can be considered as constant.

To determ ine the contribution of the X-ray radiations for each small jet region, the  following 

s tra tegy  is used. Suppose N num ber spectra are available over the period from the  s ta r t  of 

the  X-ray eclipse to  the minimum sta te  of the flux. If these spectra are labeled 1,2, ..., N in
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the  order of observational tim e, the je t regions should be num bered from the bcise to  the  top 

of the  je t. For spectrum  i, it m ust be the resu ltan t of the  X-ray emission from je t regions i, 

i - f l ,  ..., N. Therefore, the X-ray emission produced in je t region i alone can be obtained  by 

sub tracting  spectrum  i + l  from spectrum  i.

The determ ination of n^ and C q depends on the shape of the X-ray continuum  which m ay be 

affected by the X-ray emission line during the spectral model fitting. To reduce th is effect 

and to  make it easy for the  comparison of the results derived w ithin different geometrical 

m odels, the ‘observed’ continuum  in je t region i is kept unchanged for different geometrical 

models. This can be achieved by using the same param eters to  specify the line features in 

the SS 433 spectrum. The line param eters used are derived from fitting the spectrum  with 

a single brem sstrahlung as the continuum  plus a  neutral hydrogen absorption w ith  column 

density fixed at 8 X 10^  ̂ cm~^, which is consistent w ith the results of most X-ray observations 

presented in this thesis.

The Doppler boosting factor is also included in the  model fitting. W henever the  receding jet 

is possibly visible, the contributions from both je ts  are combined using Equation (5,36).

6.3 R esults

6 .3 .1  P a r a m e te r  D is tr ib u t io n  a lo n g  th e  X -r a y  J e ts  o f  SS 4 3 3

1) Model A

In th is model, the receding je t should be visible during the observations and the  observed 

X -ray emission includes the contributions from bo th  jets. W hen the spectra are fitted  with 

the m ethod described above to  determ ine n<. and C q, Equation (5.36) should be employed. 

However, including the rad iation  from the receding je t introduces excessive soft X -ray flux for 

the model spectrum  and this effect makes the spectral fit not acceptable. Thus the  param eter 

Ue and Co can not be well constrained in Model A. Fig. 6.1(a) shows the tem pera tu re  and 

electron density distributions in  which the tem perature  is so high th a t the line production 

m ay not be possible.

The case in which only approaching je t can contribute to  the X-ray emission is also considered
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here. W hile this is not physically realistic for symm etric jets it m ight apply if for some reason 

the jets are asymmetric. The chi square in the spectral model fit is much im proved in  this 

case but not as good as the following two models, B and C. The results are presented in 

Fig. 6.1(b) which shows the tem perature roughly exponentially decreases along the je t axis.

The electron density in Model A ranges from 3.5 ~  40 X 10^^ cm~^, implying the m ass loss 

ra te  along the two jets is

M  =  2 ' K B ? f m H n e V
^ (6.16) 

=  4.5 X 10  ̂~  5.2 X 10  ̂ M ^ j y r

2) Model B

M odel B represents the caxse in  which the receding je t is possibly visible during the  1987 

observations depending on the disc geometry. The geometrical param eters used here are 

such th a t the receding je t is visible before the s ta rt of the eclipse but it is not long enough 

to  make any significant contribution to the observed X-rays. Besides, once the eclipse sta rts , 

the  receding jet is quickly covered by the companion star. So, when the spectra are fitted  to 

m ap the tem perature and density distributions, the effect of the receding je t is ignored. In 

Model B, the Equation (6.15) can give an acceptable fit to  every spectrum  and param eters 

n« and Cq are very well determ ined.

The tem perature and density profiles are p lotted  in Fig. 6.2. The errors cited in the  figure 

corresponds to  the 90 per cent level in the local spectral fit and have not included the 

contributions from other spectra. The tem perature and electron density distributions can 

bo th  be approxim ated by exponential functions. The tem perature can be expressed as

r =  1400e-^/3.5xio“  (6.17)

and density

Tîe =  15 X ioi2e-*/9xio”  (cm -^) (6.18)
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where z is in centimeters. 

T he mass loss ra te  is

M  —  2 ' K R ' \ m j j n e V
^ (6.19)

=  (2 ~  4) X 10“ ® M ^ l y r

3) Model C

T he receding je t is definitely covered by the accretion disc in Model C. The spectrum  is weU 

fitted  by Equation (6.15) and no contribution from the receding je t is considered.

The tem peratu re  and density distributions along the je t axis are shown in Fig. 6.3. Sim ilar to 

the  results of Model B, the errors quoted in Fig. 6.3 only include those from local spectral fit. 

The profiles of the tem perature and density in Model C can be also weU fitted by exponential 

functions, i.e.,

the  tem perature:

T  =  2000e“ ^/®-2^i°“  {keV)  (6.20)

and the electron density

=  35 X ioi2e-^/5 .ix io“  (cm “ ®) (6.21)

where z is in centimeters.

The mass loss ra te  along the je t  axis in Model C is

M  =  2tt R'^^mu'neV

=  (2.6 6.3) X 10“ ® M Q fyr
(6 .22)
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6 .3 .2  Com parisons w ith  the Observations

1) the X-ray Spectrum

Several model spectra, corresponding to phases outside and inside the eclipses of the  GINGA  

1988 & 1989 observations, are created and displayed in Fig. 6.4 for Model A, in Fig. 6.5 for 

M odel B and Fig. 6.6 for Model C. The solid lines represent the model spectra, the  dashed 

lines are the model spectra norm alized to the d a ta  points.

The tem peratu re  and electron density distributions along the  jet axis of SS 433, as shown 

in Fig. 6.1(b), Fig. 6.2 and Fig. 6.3 were adopted to  establish the model spectra. The 

system  geometries presented in Chapter 5 are also used here and the Doppler boosting effects 

are included. The disc thickness Ha in each geometrical model is adjusted by m aking the 

predicted  model spectrum  close to  the spectrum  obtained inside the 1988 eclipse.

None of the  model spectra can fit the observations. In general, the spectra inside the  1988 

& 1989 eclipses are under-predicted while the spectra outside the eclipses axe over-predicted 

by the  models. Model B can give the closest fits to  m ost observed spectra than  o ther two 

models. Model C is be tte r th an  Model A. Details about the percentages in which the  model 

spectra  should be increased or decreased to  be normalized to  the observations are listed  in 

the  captions of Fig. 6.4-6.6.

A lthough adjusting the disc thickness Hd can make each model spectrum  close to  the  obser­

vation, no self-consistent solutions can be found for any of the  three models.

2) the  X-ray Light Curves

The model light curves are generated with the sim ilar m ethods used for producing the  model 

spectra, and are compared w ith  the GINGA  observations in 1987,1988 and 1989. Fig. 6.7-6.9 

corresponds to  the results of M odel A-C respectively. The solid lines in these figures are the 

m odel light curves.

The profiles of the tem peratu re  and electron density are derived from fitting the observed 

X-ray spectra  over the 1987 eclipse. It is then not surprising th a t the generated ligh t curves 

of Model A-C can reasonably well fit the da ta  of 1987 observations except for p a rt of the 

second intensity  decrease, which m ay be due to  the  intrinsic variations of the X-ray sources.
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Figure 6.4: Comparisons of m odel spectra (solid line) with the observations (M odel A, 

q=0.11). Spectra are under-predicted in the phase of inside eclipse w ith percentage of 21% 

(1988 M ay) and 44% (1989 M ay), and over-predicted in the period of outside eclipse of 47% 

(1988 M ay) and 44% (1989 M ay).
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Figure 6.5: Comparisons of predicted spectra (solid line) from Model B (q=0.4) w ith  the 

observations. The spectra inside eclipse are under-predicted of 19% (1988 May) and 66% 

(1989 M ay). For those outside eclipse of 1988 and 1989, they are over-predicted of 29%.
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Figure 6.6: Comparisons of model spectra (solid line) w ith the observations (Model C, q=1.2). 

The spectra  are under-predicted of 19% and 147% in the inside eclipse periods of 1988 May 

and 1989 May observations, and over-predicted of 30% (1988 May) and 33% (1989 M ay) in 

the  pha.se of outside eclipse.
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None of the models fit the observations in 1988 & 1989. For Model A, which has a  big 

com panion star and a small accretion disc, the model light curves have very sim ilar shapes 

over the  periods corresponding to  the observed eclipses. It is almost impossible for Model 

A to  generate light curves w ith highly variable eclipse shapes, as indicated by the results of 

th ree GINGA  observed eclipses, via adjusting the thickness of the accretion disc.

In con trast. Model B and C have a small companion star and a big accretion disc. A lthough 

m odel light curves shown here do not fit the GING A  observations in 1988 h  1989 either, it 

is possible to make the generated model light curves more closely resemble the observations 

by carefully adjusting the disc and stellar extension geometry used. W ith  a large accretion 

disc, it is clearly possible for M odel B and C to  have variable eclipse shapes by allowing the 

occultation of the X-ray source by the accretion disc. It is not a ttem pted  to  derive a unique 

solution in this work because of the lack of theoretical models for the exact disc, stellar wind 

and accurate flow geometry.

6.4 D iscussion

6 .4 .1  G e o m e tr ic a l M o d e ls  o f  SS 4 3 3  —  F u rth er  D isc u ss io n

The uncertain ty  on whether or not the receding je t  was visible in the period of the  GINGA  

1987 observations has led to  th ree possible regions for the  mass ra tio  of the  SS 433 system. 

As discussed in Chapter 5, a  m ass ratio  q < 0.174 is the region when the receding je t should 

have been visible in the 1987 G ING A  observations; while in the region of 0.174 < q <  0.566, 

w hether the receding je t was covered by the disc or not depends on the geom etry of the 

accretion disc; when q >  0.566, the  receding je t is definitely obscured by the accretion disc 

in the 1987 observations. M odel A, B & C discussed in this chapter, represent the system 

geometries representative of these three possible m ass regions.

The calculations in section 6.3 have shown th a t there are several problems w ith M odel A. 

In this model, the contribution of the receding je t to  the observed X-ray flux should be 

considered. However, the excessive soft X-ray radiations from the receding je t seriously 

d istort the  shape of the m odel spectrum  and m ake it hard  for the model to well fit the 

observations. On the other hand , the tem perature derived for this model is so high th a t the
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line production become very difficult. Model A also fails to  produce a variable eclipse shape 

a t different jet precession phase. Instead, as shown in Fig. 6.7, it  gives very sim ilar pa tte rn s  

for every eclipse. Therefore, Model A in which the  compact object of the SS 433 system  is 

of neutron  star mass is not suitable to in terpret the  observations.

M odel B and C give ra ther sim ilar results. A lthough neither of them  can provide acceptable 

fits to  the  X-ray light curves and spectra from the  GING A  observations, it is possible for the 

M odel w ith  the mass ratio  located in the region bracketed by Model B & C to  self-consistently 

in te rp re t the X-ray observations by carefully choosing a  set of suitable geom etrical param e­

ters. T he effect of the  accretion flow has been naively considered in Model B and C by simply 

extending the semi-m ajor axis of the ellipse disc of the companion star. D etailed modelling 

on the accretion flow or stellar wind is necessary to  fully define the feature of SS 433. How­

ever, th e  characteristics of the accretion flow are largely unknown, and it is impossible a t this 

stage to  set up a detailed m odel for the accretion flow and the structure of the ionized stellar 

wind.

Due to  the difficulty in m athem atics and its unknown properties in the x, y directions, the 

fat je t model has not been considered in this chapter. This does not affect the discussion of 

the  SS 433 component masses because the fat je t case is in any case only appropriate  for high 

m ass ratios.

6 .4 .2  P h y s ic a l P r o p e r t ie s  o f  th e  SS 4 3 3  J e ts

Tem perature and electron density profiles have been derived for the models am ong three 

typical mass ratio  regions. Com paring Fig. 6.1(b), Fig. 6.2 and Fig. 6.3, it is easy to  see th a t 

the tem perature  profiles for the  three models w ith  ra th e r different mass ratio  are surprisingly 

sim ilar. This sim ilarity indicates th a t the determ ination of the tem perature as a  function 

of the  je t coordinate is not sensitive to what geom etrical param eters are adopted. Indeed, 

when param eters n*. C q are derived from fitting  the eclipse spectra, varying the geometrical 

size of the  local je t bin does not change the value of C q, but slightly alters n@ and largely 

decreases (if the local je t bin becomes big) or increases (when the local je t bin is sm all) the 

norm alization factor.

The relationship between the X-ray emission line and continuum  has not been taken  into
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account during the calculations of je t tem perature and density. This approxim ation m ay be 

justifiable because in each local je t region, the radiative loss due to the Hue production is 

m uch smaller than  th a t of the brem sstrahlung. On the o ther hand, the drop of tem peratu re  

caused by other cooling effects such as adiabatic expansion and Com ptonization m ay be much 

larger th an  th a t by brem sstrahlung cooling (see the  discussion below).

The basic simplifying assum ption made in this chapter in the study of the je t p lasm a is 

th a t the  particle d istribution is therm al, i.e., the particles have a  Maxwell-Bolzmann velocity 

d istribu tion  characterized by one single param eter alone, the tem perature. The moving 

particles in the je t are assum ed to  instantaneously join the therm al distribution. This may 

not be the case in the actual situation , although the  high derived densities suggest a relatively 

short equilibration time.

Com bining the above argum ents, it can be concluded th a t the  tem perature profiles shown 

in Fig. 6.2-6.3 do well describe the real situation along the jets of SS 433 and the electron 

density profiles in these figures also approxim ately represent the reality.

As in Fig. 6.2-6.3, the tem peratu re  of the jet plasm a is in the range of 6-200 keV. W ith  these 

values, the  jet sound speed can be calculated as

n a d  _  / ' 5 F \ 1 / 2  _  ( 5 K T  \ l / 2
(6.23)

Of (1 8 )  X 10® c m /s

Com paring this speed w ith the bulk velocity of je t V =  7.8 x 10® cm /s indicates th a t  the 

X -ray je t of SS 433 is a  highly supersonic plasm a flow.

The je t plasm a becomes rapidly cools along the je t  axis. Assuming th a t a t the base of the 

X -ray je t, the highest tem peratu re  is ~  200 keV and the electron density 8 x 10^^ cm"®, 

the brem sstrahlung cooling tim e is (see Tucker P207)

i f f  = Z n ,K T jj{ T )

= 6 X 10i4TV2/a^ (6.24)

Of 1000 sec

which is about ten times longer than  the jet flow tim e tfiow =  L j / V  o: 100 sec.
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This calculation suggests th a t the radiative losses alone are insufficient to cool the je t plasm a. 

O ther effects such as adiabatic expansion, or Com pton cooling by UV photons from  disc 

and s ta r m ust be considered and may dom inate the  cooling of the je t plasm a. In fac t, the 

decrem ent of the electron density n@ along the je t  axis (see Fig. 6.2-6.3) m ay also im ply the 

slightly transverse expansion of the jet plasm a when moving outward. The above conclusion 

depends on the value of the je t filling factor f. Here f  is assumed to  be ~  1. This m ay be 

close to  the reality of the  X-ray jets according to  the  following discussion.

The m ass loss ra te  of SS 433 via the jet flow is 4 X 10~^Mq yr~^ for Model B and 6.3 x 

10“ ®M q yr~^ for Model C. This gives Model B a kinetic lum inosity of 2 x 10"*® erg  and 

3 X 10^® erg s~^ for Model C. These kinetic lum inosities are significantly higher th an  their 

respective Eddingdon lim its, 1 x 10®® erg s~^ for Model B w ith Mx — SM q  and 8 x 10®® erg  

for M odel C w ith Mx — 62M@. This conclusion is completely consistent w ith those drawn 

from  the properties of the Doppler-shifted optical lines (e.g. Milgrom 1981; Begelmann et 

al. 1980), the X-ray lobes (W atson et al. 1983), or the supernova rem nant W50 surrounding 

SS 433 (e.g., Zealey, D opita & M alin 1980).

The je t optical line regions are located in a  distance of 10̂ ® ~  10̂ ® cm from the compact 

object. O ptical observations indicate the rad ia ting  m atte r in  these regions has a  tem pera­

tu re  of ~  10^ K, as no highly excited lines of H ell and C III/N III are seen (Shaham  1981). 

Extrapolations of the tem perature  functions expressed in Equation (6.17) and (6.20) in to  the 

jet optical region fail to  m atch the results from  the optical observations. The ex trapolated  

tem pera tu re  is much lower th an  10'* K, which implies th a t when the jet plasm a tran s it from 

the X -ray region to  the optical region, the p lasm a cooling is slowing down. Photoionization 

and m echanical heating are two possible mechanisms which can stop the cooling of the  jet 

plasm a. From  the hot X-ray je t to  the cold optical region, energy can be transferred through 

photoionization by X-rays or therm al conduction. A large am ount of kinetic energy is stored 

in the  je ts  as indicated by the above calculations. In principle, only a small fraction of this 

energy is sufficient to stop the cooling of the je t plasm a and sustain the optical emission.

The optical jets  are clumpy and the optically rad iating  m aterial is confined in individual 

blobs (e.g. Kopylov et al. 1986). This idea is supported by the irregular fluctuations of the 

observed Doppler shifts and lim its on the overall energy output acceptable for a stellar object. 

Both theoretical and observational argum ents indicate th a t a  filling factor f  <C 1 is required
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for the  je t optical em itting region (see, e.g. Zw itter et al. 1989). It is hard  from the current 

calculations to distinguish if the  plasm a in the X-ray region, like its optical partner, stays in 

the  blob state . W hen the spectra  are fitted to  derive the je t tem perature and density profiles, 

the  norm alization factor is fixed a t one, which im plicitly assumes th a t the filling factor of the 

X -ray je t  is close to  one.

The form ation of blobs in the je ts  may be due to  variations in the mass ejection ra te  on 

tim e-scales longer than  the X -ray je t transit tim e tflow» or therm al instability  as suggested by 

Davidson and M cCray (1980) and  investigated in detail by Bodo et a i  (1985), B rinkm ann et 

al. (1988). In the first case, the filling factor of the X-ray je t should be close to  one. If therm al 

instab ility  does occur in the je t X-ray region, the blobs would not be efficiently form ed during 

the X -ray je t transit time. This is suggested by Outflow ~  10*° cm ~  Rf because the  scale of 

the  pertu rbation  m ust not be greater than the sound travelling distance. Therefore, it may 

be concluded th a t the filling factor of the X-ray je t is close to  one and the je t plasm a can be 

regarded as continuous flow.

6 .4 .3  J e t  A c c e le r a tio n  M ec h a n ism s

As discussed in Chapter one, supersonic collimated m aterial jets have recently been observed 

in  a wide range of celestial objects from powerful extragalactic sources to  galactic objects 

such as SS 433 and newborn stars. The jets of SS 433 display somewhat different features 

from the extragalactic ones in th a t  they are only m ildly relativistic, w ith v=0.26c, which has 

rem ained rem arkably constant to  6 v /v  < 1% (M argon 1981; Katz & P iran  1982) since the 

discovery of the moving lines. This constancy and uniform ity have been m aintained over a 

num ber of cycles of the 163 day period, many binary orb it periods, and an extrem ely large 

num ber of transit times (i.e., th e  tim e it takes a  fluid element to travel down the  length  of 

the je t and  out of the optical emission-line region). This constancy of the velocity places a 

powerful constraint on all models for the origin of the jets.

Among those mechanisms for the  in terpretation of the collimation and acceleration of astro- 

physical je ts , radiative acceleration mechanisms are widely discussed for the  je ts  of SS 433. 

The Line locking mechanism has the advantage of explaining the value, constancy and uni­

form ity of the observed je t velocity, however, it requires low tem perature (T  ~  10“* K) to 

avoid having H and He completely ionized. This requirem ent is basically ruled out by the
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X -ray observations presented in this thesis. Line locking in the Fe Lym an-alpha line, which 

m ay work at X-ray tem peratures, requires a very large Fe abundance in the jets. This is not 

allowed by the E X O S A T  ajid GINGA  observations which indicate th a t the Fe em ission has 

an  equivalent w idth close to the  expected value for m aterial w ith normal cosmic abundances. 

T he Line locking mechanism also requires the je t gas be highly clumped so th a t an efficient 

acceleration can be achieved. This is the case in the optical emission regions bu t no t in  the 

X -ray regions as discussed above.

Acceleration by radiation pressure in the funnels of a  thick accretion disc is the m ost prom ising 

m echanism  to explain the form ation of the SS 433 jets. Based on the suggestion by Lynden- 

Bell (1978), the model has been developed for optically th in  je t cases (Sikora & W ilson 1981; 

Bodo et a i  1985) and thick ones (Fukue, 1982, 1983, 1987; Calvani & Nobili 1983; Nobili et 

al. 1985). In the case of SS 433, the jets are probably closer to  the optically thick regim e, as 

suggested by the value of the je t density from observations. In fact, the optically th ick  jets 

are m ore efficient in transferring m omentum  from  the rad iation  field to the m atte r. In the 

scenario of this model, the je t flow in the funnels is accelerated hydrodynamicaUy th rough  the 

sonic point like a stellar wind un til a  relativistic asym ptotic velocity is achieved. The funnel’s 

opening angle provides the narrow  je t ’s collimation angle, aa required by observations. The 

energies stored initially as therm al, radiative, ro tational, a n d /o r magnetic forms are converted 

in to  the  final kinetic energy of je ts . After exiting the funnels, the jets move ballisticaUy with 

a negligible expansion, even w ithout pressure confinement by an external m edium , due to 

their high Mach num ber (~  60).

The results derived in this chapter are completely com patible w ith the above scheme. T he jet 

flow becomes highly supersonic before exiting the funnel. This will m aintain the constancy 

and uniform ity of the je t velocity over a  large num ber of transit times. The derived je t  density 

also indicates th a t the je ts  are optically thick. I t is of m ore interest th a t bo th  tem pera tu re  

and density exponentially d istribu te  along the je t axis. This is completely consistent with 

the theoretical predictions shown in Fig. 2-3 of Fukue’s paper (Fukue, 1987) in which the 

characteristics of the SS 433 je ts  are discussed w ithin the framework of the funnel acceleration 

theory.
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6.5 Summary

The physical properties of SS 433 jets have been discussed in this chapter w ith in  three 

possible geometrical models for SS 433 by directly m apping the tem perature and electron 

density  distributions along the je t axis. The derived tem perature and density profiles from 

the  1987 G ING A  observations carmot be ex trapolated  to  fi,t the observations m ade in  1988 

& 1989. This is mainly due to  the  uncertainty of the  geometrical param eters adopted  for 

the discussions. Fortunately, the  measured tem perature  and density profiles are not highly 

sensitive to  the geometrical m odels assumed, therefore, several conclusions can be draw n from 

these discussions.

Geom etrical models with a neutron  star as the compact object are not adequate in  explaining 

the  X -ray observations. The m ass ratio  of the SS 433 system  is thus lim ited in the  range of 

0.174 < q < 1.7 in which the compact object is a black hole (if the K velocity is correct). 

It is possible to  choose a set of geometrical param eters inside this mass ratio  region to  self- 

consistently explain the observations made w ith E X  O S A T  and GINGA  satellites. The X-ray 

properties of SS 433 are determ ined by three geom etrical effects, eclipse by the companion 

s ta r  and its  w ind/accretion flow, eclipse by the accretion disc and the je t precession.

The X-ray jets of SS 433 are a  continuous, supersonic plasm a flow w ith M ach num ber high 

enough to  m aintain  the constancy and uniform ity of the  je t velocity. The tem pera tu re  and 

density profiles obey an exponential function, which is consistent w ith the theoretical calcu­

lations by assuming the ad iabatic  expansion of je ts  once exiting the funnel by Fukue (1987). 

The je t m aterial is rapidly cooling down outw ard along the flow. However the rad iative losses 

m ay not be the m ain cooling effects as suggested by the  ra tio  of the brem sstrahlung cooling 

tim e and the X-ray je t flow tran s it time. A diabatic expansion may dom inate the  plasm a 

cooling of the  jets. This is supported  by the sim ilarities between the measured tem pera tu re  

profile and Fukue’s theoretical predictions. In the  transien t region of the X-ray and  optical 

em itting  je ts , the jet cooling is slowed down. Photoionization and mechanical heating  may 

be two possible candidates which can reheat the je t plasm a. The kinetic lum inosity of jets 

is largely higher than  the Eddington limit for a 1.4M© object, which is consistent w ith the 

conclusions from observations in  other energy bands and theoretical argum ents.

The m ost promising m echanism  for the collimation and acceleration of the SS 433 je ts  is the
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theory  of the je t acceleration inside the funnels of a thick accretion disc. The results derived 

in th is chapter are completely consistent w ith the predictions of this model and therefore 

provide strong support to  this theory.
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Chapter 7

T he Variable X-ray A bsorption  

and Soft X -ray Excess of  

th e QSO M R  2251 -  178

7.1 Introduction

M R 2251 — 178 is a low-redshift QSO which lies in the nucleus of a  galaxy having a gaseous 

component of high ionization, high tem perature (T  =  3 x 10^ K) and relatively low m etal 

abundance and is surrounded by a giant HII envelope observed in [O III] emission (Bergeron 

et al. 1983). It lies in the ou tsk irts of a cluster of approxim ately 50 galaxies (Phillips 1980). 

Radio da ta  show MR 2251 —178 to  be a weak, pointlike source of emission (Ricker et al. 1978) 

and the infrared colours are typical for low-luminosity QSOs (Glass 1981; Hyland h  Allen 

1982; Neugebauer et al. 1982; M cAlary et al. 1983). Spectrophotom etry of M R 2251 — 178 

(Canizares et al. 1978) shows a typical optical spectrum  for a  low-redshift QSO although 

the FW ZI of H a (23000 km s“ ^) is extreme. It has been observed to vary optically by at 

least two m agnitudes on time-scales from one m onth  to  about one year (Ricker et al. 1979). 

A weak and variable L ya absorption line, w ith equivalent w idth < 1 Â, observed by lU E  

(Ulrich 1988) is suggested to  arise in gas in the vicinity of the active nucleus.

As a relatively bright X -ray source, the QSO M R 2251 — 178 was first discovered in  the
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A R IE L  V  survey (Cooke et a l  1978) and was subsequently identified w ith the QSO by 

Ricker et a i  (1978) from observations with S A S-3 . The S A S -3  measurem ent reports a  flux 

in the  2-10 keV band of 2.5 ±  0.4 X 10“^̂  erg cm “  ̂ s“  ̂ (Ricker et a i  1978) and the  3A 

catalogue (McHardy et a i  1981) a mean flux of 3.7 ±  0.5 x 10“^̂  erg cm“  ̂ s~^. At a 

redshift of z =  0.0638 ±  0.0015 (Canizares et a i  1978), this implies a 2-10 keV lum inosity of 

~  10^5 erg s“  ̂ (Ho =  50 km s“  ̂ m pc” ^). Variability of the X-ray flux by a factor of about 

10 was suggested by Cooke et a i  (1978) but not confirmed in a  subsequent, more detailed, 

analysis of the A R IE L  V  d a ta  by M arshall, W arwick & Pounds (1981).

The X -ray spectrum  of M R 2251 —178 was first obtained by H alpern (1984) in 2 observations 

w ith  the  E IN S T E IN  M PC  (2-10 keV). For an assumed power-law spectrum  with low energy 

absorption he found photon indices of 1.52 ±  0.17 and 1.72(4-0.35, —0.30). A large variation 

in absorbing column density wais observed, with Nh changing from less than  5 x lO^i cm~^ 

to  23 ±  12 X lO^i cm~^ over the 1 yr interval between the observations. An excess soft X-ray 

flux below 1 keV was inferred in the  la tte r observation from the simultaneous m easurem ent 

w ith  the E IN S T E IN  R P l.

Intrinsic absorption is found to  be common, particularly  in low X-ray lum inosity AGN (Re­

ichert et a i  1985) and the E X O S A T  spectral survey has detected absorbing columns in 

the range of lO^i — 10^^ cm~^ in 18 of 35 emission line AGN (Turner Sz Pounds 1989). 

M R 2251 — 178 is the highest lum inosity object in which low energy absorption has been 

confidently detected. In several cases, including NGC 4151 (Yaqoob, Warwick iz  Pounds 

1989) and ESO 103-G35 (W arwick, Pounds & Turner 1988) this absorption is found to  be 

variable. Excess flux, below rv i  keV is also found in ~  30 per cent of the sources in the 

E X O S A T  spectra survey sample.

Three models have been proposed to  explain column density variations and excess fluxes 

below 2-3 keV:

(1) A  complex spectrum model. The X-ray spectrum  includes a separate emission com ponent 

dom inant below 1 keV (e.g. M kn 335; Pounds et a i  1986).

(2) The leaky cold absorber model. The variable absorption is caused by the random  passage 

of cold clouds across the line of sight to  the X-ray em itting region (e.g. NGC 4151; Holt et 

a i  1980).
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(3) The warm absorber m odel Changes of the ionization structure of the absorbing m aterial 

around the central source cause the changes in the X-ray absorption (e.g. this source; H alpern 

1984).

To further examine the X-ray spectrum  and variability of M R 2251 — 178, particu larly  in te r­

esting because of its high lum inosity, a series of EXOSAT observations were carried out over 

the  period 1983 October - 1984 December. In this chapter the results of these observations 

are presented and it is shown th a t  they can be best explained by the ‘warm  absorber’ model. 

The observations and d a ta  reduction are introduced in section 7.2 and the results are pre­

sented in  section 7.3. Model calculation results are given in section 7.4 and the im plications 

of these results are discussed in  section 7.5. The conclusion is drawn in section 7.6.

7.2 EXOSAT O bservations

M R 2251 — 178 was m onitored by E X O S A T o v e i  the period 1983 October to  1984 December 

in 15 separate observations. The observing log is given in Table 7.1. D a ta  were obtained  in 

the  energy range 0.03-2 keV using the E X O S A T  low-eneigy  (LE) telescope(s) (de K orte et 

al. 1981) and in the range 1-10 keV using the medium-energy (ME) detector array  (Turner, 

Sm ith &: Zimmermann 1981).

Count rates for the LE observations were extracted from a 100 x 100 arcsec^ cell centered 

on the source and the background count rates from adjacent source-free regions sub tracted . 

C ount-rate corrections for m irror vignetting, dead-tim e and scattering due to  the in strum en ta l 

response were also applied. T he M E count rates refer to  the  full on-source half-array after 

sub traction  of background count rates obtained either from stable slew da ta , from before or 

after each observation, or from stable offset half-array d a ta  w ith the appropriate  ‘difference 

spectrum ’ correction (Parm ar & Izzo 1986).

Spectra from  the argon chambers of the ME detectors were obtained by correcting background 

and dead-tim e. Spectral fits axe performed on the ME spectra and on the combined LE and 

M E m easurem ents for each observation. This was carried out by com paring spectral d a ta  

w ith the convolution of the instrum ent response function and input spectra of the  form
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Table 7.1: Observing log for M R 2251 -  178 (times in TJT)

No. Start End Instrument Exposure (secs)
1 279/83 12:22 280/83 12:26 ME Array (H2 on, HI on) 81550

(MJD45613.52) 3LX (Telescope 1,2) 37740
AL/P (Telescope 2) 22200
BOR (Telescope 2) 31980

2 288/83 21:25 289/83 00:47 ME Array (HI on) 11740
(MJD45622.89) 3LX (Telescope 2) 10740

3 300/83 15:16 300/83 21:20 ME Array (HI on) 20600
(MJD45634.64) 3LX (Telescope 1) 10380

AL/P (Telescope 2) 20220
4 310/83 18:03 310/83 20:29 ME Array (H2 on, HI on) 8280

(MJD45644.75) 3LX (Telescope 1) 3540
AL/P (Telescope 1) 3330

5 321/83 04:10 321/83 05:59 ME Array (HI on) 6370
(MJD45655.17) 3LX (Telescope 1) 6240

6 331/83 15:07 332/83 15:51 ME Array (HI on) 29870
(MJD45665.63) 3LX (Telescope 1) 17278

BOR (Telescope 1) 9968
7 343/83 05:22 343/83 06:50 ME Array (H2 on) 11100

(MJD45677.22) 3LX (Telescope 1) 5220
8 352/83 07:45 352/83 09:38 ME Array (H2 on) 6320

(MJD45686.32) 3LX (Telescope 1) 3960
AL/P (Telescope 1) 2640

9 361/83 19:28 361/83 20:59 ME Array (H2 on) 4100
(MJD45695.81) 3LX (Telescope 1) 3840

AL/P (Telescope 1) 780
10 191/84 23:59 192/84 03:16 ME Array (HI on, H2 on) 9960

(MJD45891.00) 3LX (Telescope 1) 1560
AL/P (Telescope 1) 2580
BOR (Telescope 1) 4080

11 292/84 19:07 293/84 04:14 ME Array (HI on, H2 on) 30920
(MJD45991.80) 3LX (Telescope 1) 4855

AL/P (Telescope 1) 7551
BOR (Telescope 1) 4749

12 307/84 02:59 307/84 10:13 ME Array (HI on, H2 on) 24310
(MJD46006.13) 3LX (Telescope 1) 11940

AL/P (Telescope 1) 5640
BOR (Telescope 1) 3720

13 316/84 02:14 316/84 10:27 ME Array (H2 on, HI on) 28670
(MJD46015.09) 3LX (Telescope 1) 10740

AL/P (Telescope 1) 16169
14 325/84 12:37 325/84 18:55 ME Array (H2 on, HI on) 21190

(MJD46024.53) 3LX (Telescope 1) 10240
AL/P (Telescope 1) 4380
BOR (Telescope 1) 5280

15 332/84 11:40 332/84 18:29 ME Array (H2 on, HI on) 23910
(MJD46031.48) 3LX (Telescope 1) 9880

AL/P (Telescope 1) 4740
BOR (Telescope 1) 8940
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Table 7.2: Count rates observed from M R 2251 -  178

Day

3LX

(ct s - i )

A L/P 

(ct s - i )

BOR

(ct s - i )

M E (2-6 keV)

(ct s~^ detector"^)

279/83 0.030 ±  0.002 0.020 ±  0.001 0.006 ±  0.001 0.509 ±  0.004

288/83 0.031 db 0.002 0.508 ±  0.010

300/83 0.030 ±  0.002 0.015 ± 0 .001 0.424 ±  0.010

310/83 0.027 ± 0 .004 0.015 ± 0 .003 0.489 ±  0.015

321/83 0.024 ±  0.003 0.428 ±  0.010

331/83 0.017 ±  0.002 0.004 ±  0.002 0.398 ±  0.007

343/83 0.030 ± 0 .012 0.514 ±  0.012

352/83 0.022 ±  0.004 0.019 ± 0 .004 0.535 ±  0.016

361/83 0.027 ± 0 .005 0.020 ± 0 .011 0.520 ±  0.017

192/84 0.029 ±  0.006 0.027 ±0 .005 0.002 ±  0.003 0.532 ±  0.012

292/84 0.007 ±  0.003 0.005 ±  0.002 0.004 ± 0 .003 0.285 ±  0.008

307/84 0.010 ±  0.002 0.004 ± 0 .002 0.003 ±  0.003 0.344 ±  0.008

316/84 0.012 ± 0 .002 0.009 ±  0.001 0.368 ±  0.008

325/84 0.017 ±  0.002 0.010 ±  0.003 0.007 ± 0 .003 0.498 ±  0.009

332/84 0.015 ±  0.003 0.004 ±  0.004 0.005 ±  0.002 0.447 ±  0.009

N {E )  =  A E  photon cm   ̂ s  ̂ k eV   ̂ (7.1)

where F is the  photon num ber index, Nh is the equivalent hydrogen column density which 

characterizes the effective absorption of cold gas w ith solar abundance and <j(E) is the  cor­

responding absorption cross-section (Morrison & M cCammon 1983).

7.3 R esults

No evidence for extended emission was detected in the LE. The upper lim it is consistent with 

the lum inosities of 10̂  ̂— 10^  ̂ and tem peratures of ~  2-3 keV found for nearby clusters of 

sim ilar richness (Kriss, Cioffi & Canizares 1983; Edge iz Stew art, in preparation), and implies 

th a t the X -ray emission discussed here comes solely from the active nucleus.
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Figure 7.1: X-ray light curves of M R 2251 -  178. From  the top, in the 2-6 keV M edium 

Energy band, in the LE telescope w ith thin Lexan filter, LE with alum inium  -|- parylene 

filter and LE boron filter.
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7.3.1 Intensity  V ariability

Table 7.2 lists the count rates observed from M R 2251 — 178 and Fig 7.1 shows the M E and 

LE light curves. Intensity variability can be seen over the period of the observations, with 

significant changes in the ME count ra te  over periods of ~  10 d, not untypical for an AGN 

of this lum inosity (e.g. B arr &: M ushotsky 1986). The ME and LE fluxes are m oderately 

well correlated bu t the variability in  the LE has a larger am plitude. W hile the ME intensity
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D:̂

M .04
<D
G

O
i n

.02

0 21 5 63 4 7 8
ME ( 2 - 6  kev)  F lux  ( c t s / s e c  )

Figure 7.2: The ra tio  of the th in  Lexan to  the 2-6 keV M E count rates as a  function of the 

ME count ra te

changes by a factor of about 2, the  LE (3LX filter) varies by a factor of about 5. Fig 7.2 

shows the ra tio  of the LE (3LX filter) count rates to  those m easured in the ME detector as 

a  function of the ME count ra te . A trend can be seen in th a t, a t higher flux levels, th is ratio  

is highest.
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7 .3 .2  X -ra y  S p e c tr u m

Table 7.3 gives the spectral fit details. Spectral fits to  the M E da ta  and to the combined 

M E + L E  da ta  with all param eters free yield values of the photon index F consistent, w ith in  

the  errors, w ith a  constant F ~  1.7 (Fig 7.3). The values derived for reduced indicate 

however th a t a simple power-law spectral form w ith absorption from neutral m ateria l is an 

inadequate description of the source spectrum.

The equivalent hydrogen column density Nh derived from fitted  M E (2-10 keV) d a ta  varies 

from  a value consistent w ith the line-of-sight column through the Galaxy of 6 x 10^° cm “  ̂

(Elvis, Lockman & Wilkes 1989) to  about 1.7 i  0.6 x 10^^ cm "^, (the error corresponds to  

the  90 per cent level for 2 param eters of in terest). This range is similar to th a t found by 

H alpern (1984) using the E IN S T E IN M Ÿ C  data . Column densities derived from the spectral 

fits w ith the combined LE and M E da ta  are, however, an order of m agnitude sm aller th an  

those derived from the ME spectral fits, implying th a t there is a soft X-ray excess below 1 

keV.

Fig 7.4 shows two examples of the m easured M R 2251 — 178 count spectra, one obtained on 

1984 October 18 when the m inim um  X-ray flux occurred and the other on the 1983 O ctober 

6 when the source was bright. E xtrapolating the best spectral fit found in the 2-10 keV band 

reveals a  significant excess a t low energies for the  1983 data .

7 .3 .3  V a r ia b ility  o f  X -r a y  A b so r p t io n

Because the underlying spectral slope did not change significantly during the E X O S A T  ob­

servations, further spectral fits w ith F fixed a t the value of 1.70, which is consistent with 

b o th  the mean value determ ined here of 1.64 ±  0.08 and the average value found for the 

E X O S A T  spectral survey objects, were made to  both  the M E and the combined LE-M E 

spectra, to  be tte r determine the  relationship between the absorbing column density and the 

source luminosity. The derived column densities for bo th  da ta  sets are shown as a  function 

of flux in Fig 7.5. The correlation between column density and luminosity is clear. As the 

source flux increases the derived absorbing column density decreases. The difference in the 

absorbing column density derived from fitting the M E spectra ajid the combined ME-I-LE 

spectra, which is a measure of the ‘soft excess’ also increases.
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MR2251-178 ( ME Spectra  )
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Figure 7.3: The spectra photon index F as m easured from (top) and ME d a ta  alone and 

(below) the M E and LE da ta  combined. The first are for bo th  column density and F as free 

param eters. The dashed line shows the average AGN spectral slope of 1.70.
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7.4 M odels

7 .4 .1  T w o  E m iss io n  C o m p o n e n t M o d e l

Several Seyfert galaxies have been found which exhibit a soft excess at energies below 1 keV 

(e.g. A rnaud et al. 1985; Pounds et al. 1986), commonly a ttribu ted  to emission from the hot, 

innerm ost regions of the accretion disc around the  central source. A good fit to  the  X-ray 

spectra of these objects can generally be obtained by including a second component, either a 

steep power-law or brem sstrahlung with kT-^ 0.2 keV being superimposed on the canonical 

power law AGN spectrum . However, a complex spectrum  w ith two power-law components 

fails to give good fits to  the observed spectra of M R 2251 — 178, unless both  the norm alizations 

and the power-law index of the second component are allowed to vary independently. The 

two component model also fails to  explain sim ultaneously the soft excess and the variable 

absorption observed and as it is an ad hoc model w ith  more complexity than  the o ther models 

discussed below it is not considered further.

7 .4 .2  L eak y  C o ld  A b so r b e r

A partial-covering model, such as those used to  explain the spectrum  of NGC 4151 (Holt et 

al. 1980) can be used to  fit the observed spectra w ith reasonable success. W ith  the  model 

suggested by Holt et al., where the variability in column density is caused by random  m otion 

of clouds in to  and out of the line-of-sight, a correlation between the apparent column density, 

soft X-ray excess and high-energy flux would not be expected, however, particularly  as the 

observed column is too small to  influence the spectrum  above ~  4 keV.

7 .4 .3  W a rm  A b so r b e r

The warm  absorber model (suggested to  apply to  M R 2251 — 178 by Halpern, 1984) can 

evidently explain the inverse relationship between column density and source flux, a t least in 

a  qualitative m anner. As the flux from the central source increases, the m aterial around the 

source becomes ionized and more transparent. M ore soft X-rays can then escape, producing 

a  soft X-ray excess and a reduced column density. In particular, if the ionization param eter
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a t the absorbing m aterial is close to  the value at which helium and other light elem ents up 

to  oxygen become ionized, then quite small changes in the source flux can be sufficient to 

radically  alter the opacity of the m aterial at energies between 0.1 and 1 keV, the energy range 

over which the E X O SA T  L'E telescopes were most sensitive.

An appropriate  photo-ionization code have been used to  investigate in more detail the  pa­

ram eter space over which an AGN spectrum would respond in the m anner observed for 

M R 2251 -  178.

1 ) T he C om puting Program m e

The calculations were performed using the CLOUDY com puter program me which was devel­

oped by Ferland (e.g. Ferland Sz T ruran 1981) to  generate realistic models of photo-ionized 

nebulae. The programme explicitly includes X-ray interactions with the m aterial. Once the 

ionizing continuum  and nebular characteristics are specified, the physical conditions in a 

photo-ionized nebula can be com puted. The nebula is divided into a  large num ber of spher­

ically sym m etric, optically th in  zones and the ionizing continuum  is then a ttenuated  by the 

photoelectric opacity of each zone. The emergent spectra are then fitted, in the sam e way as 

fitting  the  observed data, to  determ ine values of N fj.

2) T he Incident Ionizing C ontinuum

The ionizing continuum of MR 2251 — 178 was approxim ated by a single power law  w ith  photon 

index of 1.70. A range of lum inosities scaled to  the m inim um  and the m axim um  unabsorbed 

lum inosities in the 2-10 keV band was adopted. For simplicity, and because there  is no 

observational evidence for its existence or luminosity in M R 2251 — 178, a contribu tion  to 

the  ionizing continuum from the XUV ‘bum p’ observed in some AGN spectra and a ttrib u ted  

to  disc emission have not been considered. Examples are shown in Fig 7.6(a)-(b) for the 

incident/ emergent spectra in the cases of low and high ionization param eters.

3) T he A bsorbing M aterial

The aim  was to  seek appropriate ranges for the ionization param eter U, where
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such th a t, for a  range in lum inosity of a factor of ~  2 the changes in opacity are sufficient to 

m im ic the observed results. Q is the num ber of ionizing photons integrated over the  energy 

range 13 eV -  100 keV. Only the continuum  spectral d istribu tion  over the energy range of 

1-10 keV is known. It is assum ed for simplicity th a t F =  1.7 is appropriate for the entire 

ionizing continuum , and thus the  m easured flux can be used as a direct estim ate of Q. The 

critical unknown variables are then  the density of the absorbing m aterial, rig, and its distance 

from  the central source, r. c is the  speed of light.

One natu ra l model for the absorbing m aterial is th a t appropriate  for a ‘s tan d ard ’ BLR 

cloud (e.g. Kwan & Krolik 1981; Ferland &: M ushotzky 1982), w ith column density Nh ~  

Iq ‘22± i cloud density n^ ^  igs.sio.s c^n"^ and distance from the continuum  source,

r ~  5 X 10^^ cm, giving an ionization param eter L O G (U )~  —2 ±  1. Fig 7.7(a) illustrates 

the  results for this model over the observed flux range. W hile there is reasonable agreem ent 

between the observed and predicted column densities at the  highest luminosities the  ra te  of 

variation is smaller than  th a t observed.

The element which dom inates the  opacity near 1 keV is oxygen. The ionization param eter at 

which the K shell electrons are stripped is therefore likely to  be appropriate. Fig 7.8 shows 

the  fraction of oxygen in ionization states VI-IX (fully ionized). It can be seen th a t a t log(U) 

~  0 over 50 per cent of the oxygen has a filled K shell. However, as the ionization param eter 

increases bo th  K shell electrons are rapidly removed, so th a t by a value of Log(U) =  0.25, 

oxygen is alm ost fuUy ionized. It is therefore required th a t Log(U) is around this value if the 

w arm  absorber model is to  explain the results for M R 2251 — 178.

This ionization param eter is higher than  th a t appropriate  for m aterial in the canonical BLR. 

As the density of the m aterial and its radius are strongly coupled in the calculation of the 

ionization param eter, the tim e-scale of variability of M R 2251 — 178 has been used as an 

indication th a t the m aterial is closer to  the continuum  source, ra ther than  being more diffuse. 

Accordingly a second case where the m aterial is a t a radius r =  3 x 10̂ ® cm has been modeled. 

As can be seen from Fig 7.7(b) th is does indeed give a range of apparent column densities in 

b e tte r  agreement w ith th a t observed. It is noted th a t the to ta l am ount of m aterial involved 

is a  few xlO^^ cm~^, substantially  higher than  the diffuse envelope of optical emission-line 

gas observed a t larger radii from M R 2251 — 178.
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Over the ionization param eter range investigated here it would be expected th a t the K shells 

of the high Z elements, particularly  iron, would be filled. The low statistics of the  short 

E X O S A T  observations of MR 2251 — 178 meant only an upper lim it of ~  10 '̂* cm “  ̂ could be 

obtained for any solar abundance column absorbing a t ~  7 keV. For the longest observation 

(day 279, 1983), however, exam ination of the residuals from the  power-law fit did show 

evidence for a reduction in flux a t 7 keV (Fig 7.9(a)). Accordingly a further fit to  the 

ME spectrum  with additional absorption due to  the  K-edge of iron was attem pted. The best 

fit column density was SOOljoo X 10^  ̂ cm"^, consistent w ith the  to ta l column required to 

produce the photo-ionized absorption at lower energies. The improvement in the fit w ith  the 

inclusion of the K-edge opacity is significant (Fig 7.9(b)) w ith the reduced falling from  1.6 

to  0.9. The effective energy of the edge, 7.1 ±  0.5 keV, is poorly constrained. It is, however, 

consistent w ith the m ajority  of iron being in the  form of Fe XV, only slightly lower than 

the Fe XV III-XX expected for the  ionization param eter appropriate for the  flux level of 

this observation. The upper lim it to  the strength  of a  6.4 keV iron fluorescence line of 200 

eV is not strong enough to  place any limits on the  geometry of the absorbing m aterial.

7.5 D iscussion

Evidence is accum ulating for significant amounts of ‘cold’ m aterial close to, or perhaps within, 

the central continuum source of m any AGN. The soft emission components found in  the X- 

ray spectra of m any AGN in the E X O S A T  spectral survey (Turner & Pounds 1989) may 

well be therm al rad iation  from m aterial w ith a  tem peratu re  10® K. Recent reports of 

iron absorption features in several Seyfert galaxies (N andra et al. 1989; Pounds et al. 1989; 

M atsuoka et al. 1989) suggest significant columns of m aterial w ith N fj  ~  10^®, sim ilar to  the 

column found here for MR 2251 —178. Similar results to  those reported here have been found 

for the location and ionization of m aterial around NGC 4151 (Yaqoob, Warwick & Pounds 

1989).

MR 2251 — 178 is, by far, the highest luminosity object in which such m aterial has yet been 

detected and suggests th a t this m atte r is a common feature of AGN, as recently suggested 

from a theoretical standpoint by Ferland &: Rees (1988) and Lightm an k  W hite (1988). If 

M R 2251 — 178 is a black hole radiating at the Eddington lim it then it would have a mass 

of ~  1 0 ^ M q .  A t 10-100 Schwarz child radii the ionization param eter deduced above would
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require the m aterial to have a density of rv 10̂ ® — cm"®, very similar to th a t suggested

by Guilbert k  Rees (1988), to  be responsible for the production of the XUV bum p through 

reprocessing of the non-therm al continuum  radiation.

7.6 Conclusions

M R 2251 — 178 was m onitored on 15 observations over the period from 1983 O ctober to  1984 

December with the E X O S A T  Satellite. Significant in tensity  variability was observed by both 

the E X O S A T  LE and M E telescopes. The variations of ME and LE fluxes are m oderately 

weU correlated although there is an excess emission in soft X-ray band below 1 keV. The 

X-ray spectrum  of MR 2251 — 178 can be described w ith a  single power-law spectral form in 

which the photon index is consistent with the canonical value 1.70. A variation in absorbing 

column density is found and there are correlations between the soft X-ray excess, column 

density variability and source luminosity.

The behaviour observed in MR 2251 —178 can be explained by a model in which the absorbing 

m aterial is partially  ionized by the flux from the central source. Varying degrees of photo­

ionization caused by intrinsic lum inosity variations of the source give rise to  bo th  the soft 

X-ray excess seen in the LE a t tim es of high lum inosity and to  the variations in  absorbing 

column density inferred from the spectrum  above 1 keV. The am ount and location of the 

absorbing m aterial is similar to  th a t  inferred for a num ber of Seyfert galaxies, b u t on this 

occasion in an object of much higher luminosity.
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Chapter 8

Conclusions

8.1 Introduction

In th is thesis, two rather different objects, the galactic binary  source SS 433 and the  QSO 

M R 2251 — 178, have been studied. In Chapter 3 & 4, results of the  X-ray observations 

of SS 433 w ith the E X O S A T  and GINGA  satellites were presented. These have revealed 

m any characteristics of the X-ray spectrum  and the tim e variability of SS 433. Based on the 

E X O S A T  and GINGA  observations, some constraints on the  system geometry were derived 

in C hapter 5 and the physical properties of SS 433 jets discussed in C hapter 6. The results 

of the E X O S A T  observations of M R 2251 — 178 were reported  in C hapter 7, and a  photo­

ionization model adopted in explaining the variable absorption and soft excess in  the  X-ray 

spectrum  of the QSO MR 2251 — 178.

Here in the final chapter of this thesis, the work on the X -ray observations of SS 433 and 

M R 2251 —178 is summarized (Section 8.2). The problems left by the current study on SS 433 

and M R 2251 —178 are reviewed in Section 8.3 and future work required on these two objects 

are suggested. In Section 8.4, the relevance of SS 433 to  the  understanding of aatrophysical 

jets and active galactic nuclei is discussed.
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8.2 Sum mary o f the Work R eported  in This Thesis

8 .2 .1  SS  4 3 3

1) The X-ray Observations

SS 433 was intensively m onitored by both  the E X O S A T  3J0.d GINGA  satellites. In  the  period 

of 1983 O ctober-1985 October, a to ta l of 15 separate observations was made over the  various 

phases of je t precession and orb ital m otion of SS 433 using the LE telescopes, M E detectors 

and the Gas Scintillation Proportional Counter aboard the ÆX06v4Tobservatory w ith  a to ta l 

effective exposure tim e of 9 days. Three GINGA  observations of SS 433, each centered at 

the prim ary optical minimum and lasted for 5 days, were m ade in 1987 May, 1988 May 

and 1989 M ay with the GINGA  Large Area Counter. Except for the E X O S A T  G SVC  data, 

all these da ta  have been carefully analyzed and the results have been reported in  C hapter 

3 (for observations) and Chapter 4 (for GINGA  observations) of this thesis. The

theoretical modelling of the system  geometry and the physical properties of the X -ray jets is 

based on these observations.

M any features of SS 433 are revealed in the E X O S A T  and GINGA  observations. B oth  the 

X-ray in tensity  and spectrum  are found to  vary over the periods of the jet precession and 

orbital m otions.

Over the 163 day jet precession phase of SS 433, the X-ray source is a t its highest lum inosity 

when the top je t approaches the observer and the je t axis is in the  line of sight, and  reaches 

its lowest lum inosity when the je ts  change from edge-on to  the lower jet approaching the 

observer. Up to a  50% intensity decrease can be seen in each energy channel while the  source 

changes from high to  low luminosity.

An X-ray eclipse by the companion s ta r was observed five tim es by the E X O S A T  dJiA GINGA  

satellites. The eclipses occured a t the phase of the prim ary optical minimum and were at 

je t precession phases of 0.0, 0.06, 0.58, 0.62, 0.83 respectively. The sim ultaneous optical 

m onitoring of SS 433 over one binary cycle at je t precession phase around 0.6 together with 

E X O S A T  clearly showed that the X-ray eclipse was completely coincident with the  prim ary 

optical lum inosity drop. The GINGA  observations represent the three best sampled eclipses. 

These observations show th a t the configuration of the eclipse is variable over the je t precession
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phase.

The X-ray spectrum  of SS 433 consists of an underlying therm al continuum  and a  broad 

emission line feature. The spectrum  can be approxim ately described by a com bination of a 

th in-therm al brem sstrahlung as the continuum, a Gaussian profile for the line feature and 

neu tral hydrogen absorption. M odulation of bo th  the je t precession and orbital m otion on 

the X-ray spectrum  are found from the E X  O SA T  and GINGA  observations.

.7 2
3 5Over the 163 day je t precession phase, the brem sstrahlung tem perature varies from 1 6 .3 4 tj' 

keV a t phase 0.0 when the source is at low lum inosity to  25.54lJ;7g keV at phase 0.58 when 

the source is bright. All param eters, which describe the X-ray emission line feature, vary with 

the precession of jets. The Doppler energy shift profile of the X-ray iron line is completely 

consistent with the prediction from the ‘standard  kinem atic m odel’, suggesting th a t the  X-ray 

emission line comes from the je ts . The line flux changes following the variation of the  X-ray 

continuum  over 163 day cycle, implying th a t the  equivalent w idth of the line stays roughly 

constant and the X-ray continuum  is associated with the line emission. The line w idth 

becomes widest when the line energy is maximally Doppler blue-shifted and narrow  when the 

line energy is least Doppler-shifted. Large variations of the brem sstrahlung tem peratu re  and 

the line flux are observed over the 13 day binary cycle. The line energy and w idth, however, 

stay  fairly constant. The equivalent width of the  line is also constant over the eclipse, again 

indicating th a t the X-ray line and continuum are from the sam e regions.

There is no obvious m odulation on the equivalent neutral hydrogen absorbing colum n density 

by the je t precession and binary motion. It is consistent w ith 8 X  10^^ cm~^, lower th an  the 

value derived from the optical observations. This m ay suggest th a t the soft X -ray excess 

m ight present in the X-ray spectrum  of SS 433.

A possible transition  period from X-ray quiescent to  active states m ay have been observed 

between 1987 May 22.0-23.0 w ith GINGA, possibly implying th a t the accretion ra te  of SS 433 

is in the range of 10”  ̂ ~  10”  ̂ M@ y “ ^.

2) Geometrical Models

Based on the concepts of ‘standard  kinematic m odel’, a  general m athem atical description of 

the system  geometry is presented in this thesis. Detailed discussion of the configuration and
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param eters of the  SS 433 geom etry are carried out using th is m athem atics.

The uncertain ty  of the visibility of the receding je t leads to  the discussion of the  system  

geometry in three mass ratio  regions, q < 0.174, where the compact object is a  neu tron  sta r 

and the receding je t is definitely visible; 0.174 <  q <  0.566, in  which whether the  receding 

je t is visible or not depends on the  disc geometry; and 0.566 <  q < 1.7, where the receding 

je t is definitely covered by the accretion disc. The discussions in Chapter 6 ind icate  th a t 

geometrical models w ith a neutron  sta r as the compact object are not adequate in explaining 

the X-ray observations. The meiss ra tio  of the SS 433 system  is therefore lim ited in the  range 

of 0.174 < q < 1.7 in which the  com pact object is a  black hole, if the K-velocity m easured by 

C ram pton and Hutching (1981) is correct.

Unless occultations of the X -ray regions by the accretion flow, or by the stellar wind of the 

norm al companion are considered, the jet can not be regarded as thin. A fat je t would require 

a new mechanism for the large scale acceleration of jets.

3) J e t ’s Physical Properties

Model independent profiles of the  tem perature and electron density of jets  are directly derived 

from the GINGA  observations in th is thesis. These profiles pu t strong constraints on the  je t 

properties and je t form ation mechanisms.

The results suggest th a t the X -ray radiating m aterial are continuous supersonic platsma flow 

ejected from the funnels of the th ick  accretion disc. After exiting from the funnels, the  j e t ’s 

plasm a cools rapidly due to ad iabatic  expansion, Com pton scattering and rad ia tion  losses. 

In the tran sit region between the X-ray and optical em itting je ts , the jets are re-heated by 

photo-ionization and mechanical heating so th a t the je t cooling is slowed down.

4) General P icture of SS 433

A general scenario of the galactic binary source SS 433 becomes gradually clear through 

the work of this thesis. The b inary  consists of a  massive companion sta r and a black hole 

surrounded by a supercritical th ick  accretion disc, from whose funnels two opposite, well 

collimated jets are generated. B oth  X-ray continuum  and line emissions originate in  the  jets 

and are therm al in nature. The X-ray properties of SS 433 are greatly m odulated  by the 

relativistic m otion of the jet m ateria l, the jet precession and orbital m otion.
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8.2 .2  QSO M R  2251 -  178

M R 2251—178 was m onitored over the period of 1983 O ctober-1984 December in a program m e 

of 15 .EXOSAT observations. In this period, the hard  X -ray flux varied by factor of 2. W hile 

there is an overall correlation betw een the ME(2-10 keV) and LE(0.1-2 keV) fluxes the  pa tte rn  

of variability is such th a t it can not be described by simple intensity, absorption or slope 

variations. The source spectrum  also shows, when brigh t, an excess a t soft energies above 

th a t which would be predicted by extrapolating the power-law and absorption found from 

the M E spectrum .

It is found th a t it is possible to  explain all the observed features by adopting the  ‘w arm ’ 

absorber model in which the absorbing m aterial is partia lly  ionized by the flux of extreme 

ultra-violet and X-ray photons from the central continuum  source. The opacity  profile of 

the  absorbing m aterial is then a function of the source luminosity. Using a photo-ionization 

code and adopting appropriate param eters for MR2251-178, it is found th a t the  observed 

correlation of opacity w ith source luminosity can be reproduced.

The preferred location of the absorbing m aterial is close to  the central continuum  source. 

The recent evidence for ‘cool’ m aterial in the very centre of Seyfert galaxies is thus extended 

to  include an object of significantly higher luminosity.

8.3 Future Prospects

8 .3 .1  F u tu re  O b se r v a tio n s  o f  SS 4 3 3  & M R  2 2 5 1  — 178

1) SS 433

Two m ain uncertainties exist in the X-ray data  obtained w ith E X O S A T dijuà. GING A  satellites. 

The first one is on the structure  of the X-ray iron lines; the  second is on the n a tu re  of the 

soft X-ray emissions.

The constraints on the geometry of SS 433 strongly depend on the ratio  of the emission lines 

from the approaching and receding jets. W hether or not there is a signature of the  Doppler 

red-shifted line in the X-ray spectrum  of SS 433 during the GINGA  1987 M ay observations
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leaves the system mass ratio  and geometrical param eters uncertain. Observations w ith  better 

energy resolutions around 7 keV in the future will be crucial in distinguishing the  n a tu re  of 

the compact object and to  determ ine the geom etrical param eters of SS 433. In  addition, 

a clear picture on the X-ray iron line will be im portan t in  fully determining the  physical 

conditions in the jets of SS 433.

The behaviour of the soft X-ray emissions from SS 433 is largely unknown. A lthough th e  E X ­

O S A T  LE  telescope made observations over several cycles of the je t precession, the  E X O S A T  

filter d a ta  were insufficient to  accurately characterize the  spectrum  of SS 433 betw een 0.1-2 

keV. Observations presented in this thesis indicate a  soft X-ray excess may exist in  th e  X-ray 

spectrum  and this affects the determ ination of the  na tu re  of the ME spectrum  of SS 433. 

In the  GINGA  observations m ade in 1988 and 1989 May, the  soft X-ray flux rem ains fairly 

constant over the eclipse, which is difficult to  completely understand. Future investigations 

in the  soft X-ray emissions from the central objects and the lobes of SS 433 are necessary 

to  understand the natu re  of the X-ray radiations and the interaction of the je ts  w ith  the 

am bient medium.

2) M R 2251 -  178

Evidence for the cold absorption of the iron K-edge is found in the spectrum  of M R 2251 —178. 

However, due to  the poor statistics of the data , the column density and the effective energy 

of the edge are poorly constrained. From the results of the  E X O S A T  observations, it  is not 

possible to  accurately locate the  ionized m aterial, which is responsible for the absorp tion  of 

the  soft X-ray flux. Observations using an instrum ent w ith a good resolution around 7 keV 

are im portan t to  determ ine the intrinsic continuum  of the  QSO and understand th e  physical 

conditions of MR 2251 — 178. Observations over the  soft X-ray energy band will determ ine 

the characteristics of the soft X-ray spectrum  of M R 2251 — 178 and provide inform ation 

about the accurate location and physical conditions of the  ionized cloud.

3) Possible Facilities for the Future Observations

In summ ary, studies of both  SS 433 and MR 2251 — 178 require further observations with 

good energy resolution at around 7 keV and covering the  energy band below 2 keV. T he X-ray 

satellites R O S A T  and SP E C T R U M -X  are two facilities which satisfy these requirem ents.
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R O SA T ,  the German X-ray satellite, is currently scheduled for launch in M arch 1990. Its 

general objects are to perform an all-sky in the X-ray and XUV bands and to conduct pointing 

observations. The payload of the  satellite contains the  Germ an X-ray Telescope (X R T ), which 

operates in the soft X-ray band (0.1-2 keV), and the  UK W ide Field Cam era (W F C ), which 

operates in the XUV band (0.02-0.2 keV). It is hoped th a t R T o b s e r v a t i o n s  of SS 433 h  

M R 2251 — 178 wiU provide valuable inform ation on the na tu re  of these two objects over the 

energy band which is largely unknown.

The USSR X-ray satellite S P E C T R U M -X  is due for launch in  1993. The combined response 

of this project extends over the range of 20 eV-100 keV. The Jo in t European X -ray Telescope, 

JE T -X , is one of the core instrum ents aboaard the satellite and covers energy band of 0.15-10 

keV. The spatial resolution of JE T -X  is 30 arcsecond or be tte r. The telescope is designed 

w ith particu lar emphasis on high sensitivity and spectral resolution ( ^  > 50) around the 

7 keV Fe-line complex, which is well suited to study the spectral features of SS 433 and 

M R 2251 -  178.

8 .3 .2  F u tu r e  T h e o r e t ic a l M o d e llin g  o f  S S  4 3 3

1) Geom etrical Modelling

A lthough the future observations will provide im portan t inform ation about the system  geom­

etry, it is theoretically possible, by using the current E X O S A T dJià. GINGA  d a ta , to  establish 

a self-consistent geometrical m odel for SS 433. To do th is work, a  detailed study  on the 

structu re  of the companion star, the effects of the stellar wind and the  structure of the  accre­

tion flow is necessary. Once a good understanding of these problem s is reached, the  system 

param eters, such as the mass ratio , the sizes of the  companion s ta r and accretion disc, the 

dimensions of jets  etc, can be obtained by fitting the X -ray light curves over each energy 

channel. A good understanding of the physical conditions in  the je ts  of SS 433 m ay be nec­

essary. However, the tem perature and electron density profiles to a  good approxim ation can 

be assum ed to  be an exponential function.

2) Physical Modelling

The approxim ation of the  X-ray iron line with a  Gaussian profile is not fully adequate.
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Searching for a  good model to  describe the line profile is necessary. If the line broadening is 

due to  the  X-ray line photons scattered by high energy electrons, the broadened line profile 

can be regarded as two power laws with different index. In fact, the X-ray spectrum  of SS 433 

from the  GINGA  observations has been fitted by a com bination of a brem sstrahlung and two 

power law located around the predicted iron line energy. The model can achieve a considerable 

reduction in the  and be tte r fit to the line feature. A detailed physical model in which 

the X -ray lines are broadened due to  the Compton scattering should be developed. This will 

be im portan t in explaining the 163 day m odulation of the line width and understanding the 

physical conditions inside the SS 433 jets. A t the  same tim e the relationship of the  X-ray 

continuum  and line radiations in the jets of SS 433 m ust be modeled.

D etailed physical processes involved in the jets of SS 433 should be investigated in  the  future. 

The tem peratu re  profile derived in  this thesis can be regarded as a basis for th is m odelling.

8.4 SS 433, A strophysical Jets and A G N

As shown in chapter one, well-collimated, jet-like outflows axe widely observed from  extra- 

galactic objects to  galactic sources. Although there are im portan t differences am ong the  jets 

from SS 433, newborn stars and active galactic nuclei, their struc tu ra l analogies suggest th a t 

sim ilar hydrodynam ic phenom ena m ay underlie the  dynamics of the flow over a  wide range 

of spatia l scales.

The je ts  in SS 433 and extragalactic objects are both  well-collimated plasm a, m oving at 

relativ istic  velocity. Radio observations indicate th a t the  radio jets of SS 433 are tw isted 

due to  the precession of the direction of ejection, which m ay explain some sim ilarly shaped 

extragalactic  sources. Furtherm ore, the jets of SS 433 extend over an enormous range of length 

scales. Their in teraction w ith the  ambient medium and w ith  W 50 produce some phenom ena 

which m ay also occur in the broad and narrow line regions of active galactic nuclei and in 

their ou ter radio lobes. In the  X-ray energy range, although the SS 433 spectrum  turns 

out to  be therm al, it is of interesting to point out th a t when the continuum is fitted  w ith  a 

power-law model, the photon index varies in the range of 1.4 2.0, very sim ilar to  the  case

of an AGN spectrum . Jets sim ilar to  those in SS 433 could thus be the intrinsic rad iation  

source in AGN.

195



Of m ore im portan t is th a t sim ilar physics is involved in the acceleration, in itial collim ation of 

je ts  of SS 433 and AGN. The je ts  originate in the funnels of a  thick accretion disc, as a  result 

of the accretion of m aterial onto a compact object. The configuration of such a th ick  accretion 

disc w ith two narrow funnels along its ro ta tion  axis can be obtained both  for supercritical 

accretion rates, leading to  dense, rad iation  supported bright discs (Calvani and Nobili, 1983), 

and subcritical accretion rates, leading to  tenuous, cool, ion-pressure-supported discs (Rees 

et al. 1982). In la tte r  case, m a tte r  can be accelerated inside the funnels by electrom agnetic 

processes and only non-therm al radiations are generated.

The close distance of SS 433 offers a  chance to study  this galactic binary in m uch greater 

details th an  distant AGN. The m odulations on the  radio, optical and X-ray p roperties of 

SS 433 by its  163 day precession and 13 day orb ital periods make it possible to  derive strong 

constrain ts on the binary system , its  jets and finally, its  central engine so th a t the  physics 

involved in SS 433 and AGN can be understood. Studying of SS 433, as a scaled-down version 

of active galactic nuclei, will therefore help us in gaining an insight in AGN phenom ena which, 

to  some extent, are still m ysterious.
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A ppendix  A

Transform ation of  

C oordinate System s  

U sed  for A nalysis o f SS 433

A .l  Coordinate System  in th e Plane o f Sky

z

Y (line of sight)

►  X0

Figure A .l: Sky System

A cartesian coordinate system (called the Sky System, hereafter) in the plane of sky can be 

defined to  quantitatively describe the motion of SS 433. As shown in Fig A .l, the origin of 

the  coordinates is chosen to be the compact object, the x-z plane represents the sky plane,
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and the y-axis is the  line of sight.

A .2 Coordinate System  Centered on the A ccretion D isc

Zi

Xi Figure A .2: System  1

As shown in Fig A.2, consider a  right-handed coordinate system (z i ,  2/1 , w ith its  origin 

a t the  centre of the  compact object of SS 433, the  x i-y i  plane on the accretion disc and the 

zi-axis along the direction of the upper je t. If yi,  and z\ are defined as the un it base 

vectors, an arb itra ry  vector A  in this system, called System 1, thereafter, m ay be w ritten

A  =  (A sin c o s^ i, A sin ^ i siny>i, A co s^ i) (A .l)

where the ranges of values of the  radial distance A , the polar angle 9i and the azim uth angle 

(fi are 0 <  A < 0 0 , 0 < < x, and 0 < < 2x and are shown in Fig A.2.

A  3 Coordinate System  Centered on the Orbital P lane

Similar to  the definition of System 1, another right-handed coordinate system  (called System 

2, hereafter) is set up on the orb ital plane and illustrated  in Fig A.3. Here the centre of 

com pact object is still taken as the origin, the o rb ita l plane is assumed as the Z2 -2/2 plane,
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Z2

Figure A 3: System 2

and the orbital angular m om entum  vector as the  ^2 -axis direction. For simplicity, it is 

assum ed th a t the  line of sight is perpendicular to  the  X2-axis, i.e., inside the y2~Z2 plane.

By the choice of definitions of 6 2 , the  polar angle, and </?2 , the azim uth angle, a vector B  in 

System 2 is

B  = (B  sin 6 2  cos (̂ 2 , B  sin 6 2  sin y 2 , B  cos 6 2 ) (A.2)

where B is the  rad ial distance.

A .4 Transformation o f System  1 To System  2

To a very good approxim ation, the  jets and accretion disc only precess around the  orbital 

angular m om entum  vector, i.e. the  Z2 -axis. Therefore, it is adequate to fix the  yi-axis of 

System 1 in the X2~y2 plane of System 2. If y 2 is defined as the angle subtended by the 

projected z\  in the X2-y2 plane to  ^ 2 -axis and a , as the angle between zi-axis and Z2~axis, 

i.e., the  half precession cone angle of the jets, then in the System 2, the unit ba.se vector x i ,  

y i , i l  of System 1 m ay be w ritten
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x \ =  ( —COS a  COS <^25 — COS a  sin ^ 2  j sin a )

yi =  (s in <̂ 2 , - c o s (^2 , 0 )

z \  =  (sinacos</?2îSinasinv?2jCosa)

(A.3)

and the vector A  becomes

A  = ^ A  sin 9i cos (pi A  sin 9i sin cpi A  cos 9i ^ 

— cos a  cos (f2 — cos a  sin v?2 sin a  

sin v?2 — cos (p2 0

y sin a  cos (p2 sin a  sin (fi2 cos a  y

where %2 , 3/2 , ^2 the unit base vectors of System 2.

A .5 Expressions o f Vectors A and B in Sky System

(A.4)

Y (line of sight)

/ //

Figure A.4: System 2 to  Sky System

The Sky System m ay easily be obtained by ro ta ting  the coordinate axes 7/2 aJid Z2 of System 

2 about the Z2-axis clockwise through an angle j.

As illustrated  in Fig A.4, the unit bzise vectors of System 2 m ay be w ritten  in Sky System as
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X2 = (1,0,0)

h  = (O ,c o s j,s in j)  

h  =  (0 , - s in j j c o s j )

(A.5)

So, it is convenient to  write vector B  of System 2 in the unit base vector x, y, z  of Sky System 

like

= (B  — { B  sin 02  cos (p2 B  sin &2 sin yg B  cos $2

1 0 0

0 cos j  sin j

 ̂ 0 -  sin j  c o s j  y

(A.6)

Com bining Equations (A.4) and (A.5), vector A  of System 1 m ay be w ritten

=  ( A  sin 01  cos (fi A  sin 0i sin ipi A  cos 0

(  \  — cos a  cos v?2 — cos a  sin sin a
. )

sin (p2 — cos (P2 0

 ̂ sin o: cos ^ 2  sin a  sin (^2 cos a  y

1 0  0 

0 cosj  s in j  

0 - s i n j  co s j y

(A.7)
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A ppendix B

C alculation o f the R oche Lobe 

of a B inary System

Consider a  binary system  with, a compact object of mass and a companion s ta r  of mass 

Ms, and set up a Cartesian coordinate system w ith its origin at M%, X-axis along the  line of 

centres of M% and Mg, Z-axis along the vector of the orb ita l angular m om entum , the  to ta l 

potential of a  binary system in the Roche approxim ation can be expressed as (e.g. Pringle 

1985)

$  = ----------Ê & ------------------------------ +  y2] (B .l)
( x 2 - I - y 2  +  z 2)2  [(x  -  a )2  +  y 2 -1- z 2]2 2

where G is the G ravitational constant, a and fZ are the orb ita l separation and angular speed,

H =  Mg/(Mx +  Ms).

The coordinate of the Lagrangian points can be calculated from

=  0
(B.2)

y = Z  = 0

From Kepler’s law, the binary period is
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and angular speed fZ becomes

« = g = [G ^ 7 T M :) i ' '

W ith  the  definition of mass ra tio  q =  Mx/Mg and using form ula (B.4), equations (B.2) yield 

a rela tion  for the inner Lagrangian point Xl and mass ra tio  q,

q(XL — 1)(X l — 1)^ +  Xl [(Xl — 1)^ -f- 1] — 0 (B.5)

where the  orbital separation a is taken as the unit distance and 0 <  X l <  1.

The Roche potential as a function of the inner Lagrangian poin t Xl can be w ritten  as

-

(B.6)

where

Com bining form ula (B .l)  and (B.6), the equation of the Roche lobe of the binary  system  is 

obtained in the form of

+  =  (B.8)
( x 2 y 2 - f  z2 ) 2  [(x — a)2 4 - y2 +  z2]2  2 1 4- q

Let X =  z =  0 in (B.8) and define A =  2(1+ ^  +  the m axim um  extent of the  Roche lobe 

of the com pact object Mx in the Y  direction can be calculated from the following form ula
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(A Y , +  q ) ( l  +  Y l ) i  +  Y , +  i ^ Y j ( l  +  Y l ) i  = 0 (B.9)

Taking x  =  y =  0, Equation (B.8) gives a relation for the mass ratio  q and the m axim um  

extent of the Roche lobe of M% in the Z direction as

(AZx +  q )(l +  Zx) 2  -f Zx — 0 (B.IO)

Similarly, by taking x =  1, z =  0 and x =  1, y =  0 in (B.8) and defining B =  the

equations used to  calculate the  m axim um  extents of the Roche lobe of the com panion star 

Mg in the Y and Z directions are obtained.

(BY, +  ! ) ( !  +  Y^)& +  qY. +  ^ Y ^ ( l  +  Y l ) i  = 0 (B .l l)

{BZg -f* 1)(1 +  -f qZg =  0 (B.12)

The values of X l ,  1 — X l  (inner Lagrangian point for Mg), Yx, Yg, Zx, Zg for different mass 

ratios q are tabulated  in table B .l .
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table B .l Values of Roche lobe as a function of q

q Xl Yx Zx 1 — Xl Yg Zs 1/q
0.00 0.000000 0.000000 0.000000 1.000000 1.000000 0.666667 oo
0.01 0.141475 0.096129 0.092304 0.858525 0.777774 0.628678 100.00
0.02 0.175443 0.119901 0.115210 0.824557 0.730678 0.609775 50.00
0.03 0.198521 0.136252 0.130973 0.801479 0.699934 0.595306 33.33
0.04 0.216440 0.149071 0.143332 0.783560 0.676735 0.583293 25.00
0.05 0.231255 0.159756 0.153633 0.768745 0.657986 0.572912 20.00
0.06 0.243963 0.168990 0.162531 0.756037 0.642205 0.563717 16.67
0.07 0.255135 0.177161 0.170403 0.744865 0.628557 0.555436 14.29
0.08 0.265130 0.184516 0.177486 0.734870 0.616523 0.547887 12.50
0.09 0.274190 0.191220 0.183939 0.725810 0.605754 0.540940 11.11
0.10 0.282487 0.197393 0.189877 0.717513 0.596008 0.534499 10.00
0.11 0.290148 0.203121 0.195384 0.709852 0.587105 0.528490 9.09
0.12 0.297270 0.208471 0.200525 0.702730 0.578911 0.522857 8.33
0.13 0.303928 0.213495 0.205349 0.696072 0.571320 0.517552 7.69
0.14 0.310182 0.218234 0.209898 0.689818 0.564252 0.512538 7.14
0.15 0.316080 0.222723 0.214203 0.683920 0.557638 0.507783 6.67
0.16 0.321664 0.226989 0.218292 0.678336 0.551424 0.503262 6.25
0.17 0.326966 0.231055 0.222187 0.673034 0.545566 0.498952 5.88
0.18 0.332014 0.234942 0.225907 0.667986 0.540025 0.494834 5.56
0.19 0.336834 0.238665 0.229469 0.663166 0.534770 0.490892 5.26
0.20 0.341444 0.242240 0.232886 0.658556 0.529773 0.487110 5.00
0.25 0.361924 0.258267 0.248176 0.638076 0.507932 0.470218 4.00
0.30 0.379133 0.271935 0.261169 0.620867 0.490014 0.455942 3.33
0.35 0.393986 0.283886 0.272490 0.606014 0.474855 0.443589 2.86
0.40 0.407052 0.294526 0.282532 0.592948 0.461746 0.432715 2.50
0.45 0.418717 0.304127 0.291562 0.581283 0.450217 0.423013 2.22
0.50 0.429248 0.312882 0.299768 0.570752 0.439944 0.414265 2.00
0.55 0.438845 0.320934 0.307288 0.561155 0.430694 0.406307 1.82
0.60 0.447657 0.328392 0.314229 0.552343 0.422290 0.399016 1.67
0.65 0.455800 0.335339 0.320674 0.544200 0.414599 0.392293 1.54
0.70 0.463366 0.341844 0.326687 0.536634 0.407516 0.386061 1.43
0.75 0.470429 0.347960 0.332321 0.529571 0.400959 0.380258 1.33
0.80 0.477050 0.353732 0.337622 0.522950 0.394858 0.374831 1.25
0.85 0.483278 0.359197 0.342625 0.516722 0.389159 0.369739 1.18
0.90 0.489156 0.364388 0.347360 0.510844 0.383816 0.364944 1.11
0.95 0.494720 0.369330 0.351855 0.505280 0.378789 0.360417 1.05
1.00 0.500000 0.374046 0.356131 0.500000 0.374046 0.356131 1.00
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A ppendix C

H ydrodynam ic Equations

W ith  the definitions of v, p, T  as functions of position, r, and time, t , conservation of mass 

is described by the continuity equation:

• ^  +  V- ( p u )  —0 (C .l)

Because of the therm al m otion of its particles the gas has a  pressure, P, a t each point. For 

most astrophysical gases, the equation of s ta te  of the perfect gas can be used to  relate  this 

pressure to  the density and tem perature, th a t is:

P  =  p k T l u m n  (C.2)

where A; =  1.60 x 10~® e r g /k e V  is Boltzmann constant, m n  rrip is the mass of the  hydrogen 

atom  and p, is the mean molecular weight, which equals to  1 for neutral hydrogen, |  for fully 

ionized hydrogen, and som ething in  between for a  m ixture of gases w ith cosmic abundances, 

depending on the ionization sta te .

If the  force density, f, represents unspecified forces (o ther than  gas pressure) acting on the 

gases, conservation of m om entum  for each gas element then the Euler equation gives:

+  • V i T = - V P  + /  (C.3)
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The energy conservation law for the gas may be w ritten:

-f pe) +  V  • +  pe +  P ) ^  =  /  . u -  V  • Frad -  V • 5  (C.4)

where e is the in ternal energy per unit mass, which depends on the tem perature T  of the gas, 

Frad is the radiative flux vector, and q is the conductive flux of heat.

For a  m onatomic gas, the in ternal energy is

e =  ^ k T / p m f f  (C .5 )

In reality, cosmic gases are not quite monatomic but in practice Equation (C .5 ) is usually a 

good approxim ation.

The term  —V • Frad iii the  energy equation gives the  ra te  a t which rad ian t energy is being lost 

by emission, or gained by absorption, by unit volume of the gas. In the case of th in  je t  where 

the gas may be assumed to  be optically th in  and radiation escapes freely once produced in 

the  gas, the radiative losses —V  • Frad can be approxim ated quite simply,

-  V  • F r a d  -  ~  J  j s d E  (C .6 )

where jE  {erg s~^ cm~^ keV ~^)  is the emissivity of the gas and E represents photon energy 

in keV. If therm al brem sstrahlung is assumed in the hot gas rad iation , the em issivity (see 

Tucker, P 2 02- 2 0 6 , here frequency u E(keV), T (k) T(keV )) is

jg ( E ,T )  =  4 . 8 x 1 0  { e r g s   ̂ cm  ^ keV  ^)

=  3.0 X Z^nçri2 e ~ ^ g f f  {photons 3 “  ̂ cm~^ keV~^)

where g f f { E , T )  is a velocity averaged Gaunt factor, n ^U z  are electron and ion densities, 

and Z is ion charge num ber.

For a fully ionized gas (tem perature  above 0.01 keV, roughly) w ith cosmic abundances, 

EZ^n^nz =  1.4ng, the therm al brem sstrahlung emissivity m ay be w ritten
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jE {E ,T )  =  6.8 X 10-2‘‘T-V2n2e-®/î'jyy (erg s~  ̂ cm'^ keV~^)

=  4.2 X (photons cm~^ keV-^)

Since the tem perature in the X -ray je t of SS 433 is m uch higher than  0.01 keV, the  radiative

losses in the je t m ay be obtained by integrating Equation (C.8) over all frequencies, thus

- V  • Frad =  -  5  j s d E
=  6 .8  X 1 0 - 2 4 t i /2 „ 2  (2^)

(C.9)
~  —8.1 X 10~^'*T^/^n^ (when T  > 0.1 keV, g j j  =  1.2 ±  0.1)

=  —CiT^/^7%g {erg s~^ cm~^)

where

Cl =  8.1 X 10-24 (C.IO)

The therm al conduction flux, q, which measures the ra te  of therm al energy tran sp o rt by the 

gas particle random  m otions, is proportional to  the  tem perature gradient V T . In m any cases, 

V T  is small enough th a t this term  can be om itted from energy equation.
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A ppendix D

Configurations of Three Suggested  

G eom etrical M odels o f SS 433

The configurations of the three self-consistent geometrical models of SS 433, suggested in 

C hapter 5 (see table 5.1 for detailed param eters of the models), are illustrated  graphically in 

this Appendix. The configurations of each model are shown for the binary phases of before, 

a t and after the prim ary optical minimum at the  je t precession phases when the  upper jet 

approaches the observer (1987 M ay), the jets are edge-on (1988 May) and the lower je t  points 

to  the observer (1989 M ay). The orbital separation a  is used here as the unit of length.

Model A represents the case where the mass ratio  of SS 433 is 0.11 and the com pact object is 

a  neutron star. Fig. D.1-D3 give the configurations of the star, disc and jets in the  eclipses of 

1987 May, 1988 May and 1989 May. The size of the  s ta r is th a t of the Roche lobe. Fig. D.4 

gives the  projections of the s ta r  and disc on the je t axis.

Model B & C are the cases where a black hole is suggested for the compact ob ject. The 

configurations are p lotted  in Fig. D.5-D.8 for Model B w ith mass ratio  q=0.4, and in  Fig. D.9- 

D.12 for Model C w ith q=1.2. The effects of the stellar wind and accretion flow are considered 

in  these two models when modelling the companion sta r, and the companion s ta r  therefore 

looks bigger than  its Roche lobe.
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Figure D .l: Configurations of Model A (q=0.11) in 1987 May (jet precession phase =  0.58).

Top: a t binary phase 0.90; Mid: at 0.99: Bottom: at 1.08. The size of the star equals its

Roche lobe.
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Figure D.2: Configurations of Model A (q=0.11) in 1988 May (jet precession phase: 0.83).

Top: at binary phase 0.91; Mid: at 0.99; Bottom: at 1.12. The size of the s ta r  equals its

Roche lobe.
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Figure D.3: Configurations of Model A (q=0.11) in 1989 May (jet precession phase: 1.0).

Top: at binary phase 0.90; Mid: at 1.00; Bottom: at 1.10. The size of the sta r equals its

Roche lobe.
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Figure D.4: Projections of the star and the accretion disc onto the jet sods. Model A, q=0.11. 

Here the solid line represents the jet length, the dot-long-dash line is the projection of the 

sta r on the top jet and the dot-short-dash line, the star projection on the bottom  je t. The 

long-dash and the short-dash lines indicate the projections of the accretion disc onto the top 

and bottom  jet respectively.
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Figure D.5: Configurations of Model B with q=0.40 in 1987 May (jet precession phase: 0.58).

Top: at binary phase 0.90; Mid: a t 0.99: Bottom: at 1.08. The effects of the stellar wind and

accretion flow make the star appear bigger than its Roche lobe.
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Figure D.6: Configurations of Model B with q=0.40 in 1988 May (jet precession phase: 0.83).

Top: at binary phase 0.90; Mid: at 0.99: Bottom: at 1.07. The effects of the stellar wind and

accretion flow make the star appear bigger than its Roche lobe.
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Figure D.7: Configurations of Model B with q=0.40 in 1989 May (jet precession phase: 1.0).

Top: at binary phase 0.88; Mid: at 1.00; Bottom: at 1.12. The effects of the stellar wind and

accretion flow make the star appear bigger than its Roche lobe.
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long-dash and the short-dash lines indicate the projections of the accretion disc onto the top 
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Figure D.9: Configurations of Model C with q=1.20 in 1987 May (jet precession phase: 0.58).

Top: at binary phase 0.90; Mid: at 0.99; Bottom: at 1.08. The effects of the stellar wind and

accretion flow make the star appear much bigger than its Roche lobe.
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Figure D.IO: Configurations of Model C with q=1.20 in 1988 May (jet precession phase;

0.83). Top: at binary phase 0.87; Mid: at 0.99; Bottom: at 1.11. The effects of the stellar

wind and accretion flow make the star appear much bigger than its Roche lobe.
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Figure D .l l :  Configurations of Model C with q=1.20 in 1989 May (jet precession phase: 1.0).

Top: at binary phase 0.86; Mid: a t 1.00; Bottom: at 1.13. The effects of the stellar wind and

accretion flow make the star appear much bigger than its Roche lobe.
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X-RAY OBSERVATIONS OF SS 433 AND THE QSO MR 2251 -  178

Hongchao Pan

ABSTRACT

This thesis reports the results of the X-ray observations of the galactic binary source 
SS 433 and the QSO MR 2251 — 178 made with the E X O S A T  and G I N G A  X-ray 
satellites.

The E X O S A T  and G I N G A  study of SS 433 shows that both the X-ray intensity and 
spectrum of the binary vary over the periods of the 163 day jet precession and the 13 
day binary m otion. The X-ray lum inosity of SS 433 is high at the phase corresponding 
to the maximum separation of the Doppler-shifted optical lines, and low when the  
jets become edge-on. An intensity decrease of up to 50% can be seen in each energy 
channel while the source changes from high to low luminosity. Over the 13 day 
binary cycle, the X-ray sources are eclipsed by the companion star at the phase of 
the primary optical minimum. Five such events were observed by the E X  OS A T  and 
G I N G A  satellites at different phases of jet precession. The X-ray spectrum of SS 433 
consists of a thermal continuum and a Doppler energy shifted broad emission line. 
It is proved, in  this thesis, that the X-ray emission of SS 433 originates in  the jets 
and is thermal in nature. The X-ray sources of SS 433 are stable an d  its properties 
are strongly modulated by the relativistic motion of the X-ray em itting material in  
the jets, the jet precession and the binary motion. W ith the constraints from the 
X-ray observations, a general picture of the X-ray jets of SS 433 is established in this 
thesis. The X-ray jets are a continuous super-sonic plasm a flow and are generated  
inside the funnels of a thick accretion disc located around a black hole.

Variable X-ray absorption and soft X-ray excess are found in the X-ray spectrum of 
M R 2251 —178 w ith the E X  OS A T  observations. W hile there is an overall correlation 
between the M E(2-10 keV) and LE(0.1-2 keV) fluxes the pattern of variability can 
not be described by simple intensity, absorption or slope variations. It is shown, in  
this thesis, that it is possible to explain all the observed features by adopting the 
‘warm’ absorber m odel in which the absorbing material is partially ionized by the 
flux of extreme ultra-violet and X-ray photons from the central continuum source. 
The preferred location of the absorbing material is close to the central continuum  
source. The recent evidence for ‘cool’ material in the centre of Seyfert galaxies is 
thus extended to include an object of significantly higher luminosity.




