
Title The X-ray Spectrum of Cygnus X-3

Author(s) Kitamoto, Shunji

Citation 大阪大学, 1985, 博士論文

Version Type VoR

URL https://hdl.handle.net/11094/34623

rights

Note

Osaka University Knowledge Archive : OUKAOsaka University Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

Osaka University



The X-ray Spectrum of Cygnus X-3 

by 

Shunji Kitamoto 

DISSERTATION IN PHYSICS 

THE OSAKA UNIVERSITY 

GRADUATE SCHOOL OF SCIENCE 

TOYONAKA,OSAKA 



ABSTRACT 

The X-ray binary Cygnus X-3 was observed in September 1983 

and in September 1984 by the SPC (scintillation proPortional 

counters) aboard Tenma. 

The X-ray spectral shape as well as the flux reveals 4.8-

hour modulation. The modulation can not result from the 

variations of absorption column density either of the neutral gas 

or of the He-like partially ionized gas. One of the possible 

cause is Comptonization by a hot plasma. 

Iron feature from Cygnus X-3 was detected at an energy of 
0') 

about 6.7 keV. Its flux ltiaS 0.01 - 0.03 counts/sec/cm~ and 

appeared to have no 4.8-hour modulation. The flux of the feature 

correlated well with the average flux in the energy range 9 to 10 

keV during the 4.8-hour period. In addition. the spectra showed 

a shalloltJ dip around 9-10 keV. vlhich might be an absorption edge 

of FeXXV. These facts suggest that the emission mechanism of 

iron lines is a fluorescence of plasma (-10 6h) exposed to X-

rays. and that this plasma is not influenced by the cause of 4.8-

hour modulation. 

From our observations and previous observations. we propose 

the following model for Cygnus X-3. Cygnus X-3 is a binary 

system containing a neutron star with 4.8-hour orbital period. 

X-rays arid r -rays are emitted around the neutron star. The 

system is enshrouded with matter. whose center is shifted toward 

the companion star. The electron scattering depth of the matter 

from the surface of the companion star to infinity is several. 

In the inner region. 011 the binary orbital scale ( ....... 10 11 cm), the 



, 

ionization is complete and the temperature is about several tens 

keV. The iron lilIes come from the outer region of the plasma. 

which is cooler than the inner region. 

It will be shown that thi5 model can explain alOlost all the 

characteristic of Cygnus X-3. from radio to X-rays. 

/ 
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CHAPTER I. INTRODUCTION 

Since the first discovery of an extrasolar X-ray source in 

1962 (Giacconi et al. 1962), X-ray astronomy has developed 

rapidly. Now it is one of the important wave bands for the study 

of heavenly bodies together with radio. infrared, and visible 

bands etc. 

X-rays have been observed from clusters of galaxies. 

quasars. active galaxies. supernova remnants. and most types of 

stars. Apart from the Crab Nebula. the most luminous galactic X

ray sources are close binary systems which contain a neutron star 

(or black hole). and a normal stellar companion. These sources 

can be roughly divided into two groups. One is the X-ray 

pulsars. which exhibit a regular periodic variation of X-ray 

intensity. The optical counterparts of many of these have been 

identified with normal massive stars. The pulsars are generally 

thought to consist of a strongly magnetized neutron star (_10 12 

gauss at the surface) and a normal star. usually a young giant 

star of Population I. The normal star supplies matter for the 

neutron star either by Roche-Lobe overflow or from the stellar 

wind. The matter accretes onto the neutron star. where the 

gravitational energy is released as X-radiation. A strong 

magnetic field. which is thought to be mis-aligned with the 

rotation axis of the neutron star. funnels the accreting matter 

and produces anisotropic radiation. This results in X-ray 

pulsation as seen by distant observers. For a comprehensive 

accounts. see the recent review article by Rappaport and Joss 

( 1981) . 
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Another group is the so-called "galactic bulge" sources. 

Some of them occasionally exhibit X-ray bursts. The blackbody 

radius of the X-ray burst is about 10 km (van Paradijs. 1978. 

Ohashi et al. 1982). consistent with the theoretical radius of a 

neutron star (Arnett and Bowers 1977). The bursts are very 

likely due to a thermonuclear flash which occurs in a blanket of 

accreted matter on a neutron star (Joss 1978). The optical 

counterparts of several of these sources have been identified 

with faint late-type stars. Therefore, many authors assume that 

they also contain a neutron star (or black hole) and an optical 

companion (usually unseen) which approximately fills its critical 

Roche-lobe and supplies gas for the compact object via an 

accret i on di sk. Mi tsuda et al. ( 1984) , Hayakawa et al. (1984) 

and Hirano et al. (1984) proposed a model in which the X-rays 

are emitted from the surface of a weakly magnetized neutron star 

and from an optically thick accretion disk. 

Cygnus X-3 was first discovered as an X-ray source by 

Giacconi et al.(1967) during a survey of the Cygnus region made 

with an X-ray instrument on an Aerobee rocket launched in 1966. 

Usually Cygnus X-3 is classified into the latter group. i.e. the 

so-called "galactic bulge" sources. However, Cygnus X-3 exhibits 

many types of behavior different from other X-ray sources. 

Cygnus X-3 is not only an X-ray source but also a radio, 

infrared, r -ray and probabl y cosmi c-ray source. Someti mes giant 

radio outbursts of Cygnus X-3 occur. and at these times it 

becomes one of the strongest compact radio sources in the sky. 

As an X-ray source. Cygnus X-3 is rather bright source and 

exhibits a particularly· intense iron line emission. Pravdo 

2 



(1979) stated that "The iron line of Cygnus X-3 is the "Sco X-I" 

of iron lines." (Sco X-I is the brightest X-ray source in the 

sky.) The X-ray and infrared flux from Cygnus X-3 show a smooth, 

nearly sinusoidal variation havihg a period of 4.8 hours. The 

4.8-hour period is an order of magnitude longer than X-ray 

pulsar periods (69 ms - 835 sec). Such periods are known to 

occur in U Gem systems and novae. but the luminosity of these 

sources is about two orders of magnitude lower than that of 

Cygnus X-3. It is difficult to imagine that Cygnus X-3 belongs 

in the same category. Two X-ray sources, 4U1822-37 and 4U2129+47, 

have similar periodic modulation of their X-ray intensity, whose 

periods are about 5.7 hours and 5.2 hours, respectively. They 

display an unusual partial X-ray eclipse. White and Holt(1982) 

thought that Cygnus X-3 belongs in the same category with these 

sources. 

The detection of fluxes of r -rays with energy E>10 8eV and 

E> 10 12eV from the direction of Cygnus X-3 have been reported. 

Recently, Samorski and Stamm (1983) reported the detection of 

hi gh energy quanta, presumabl y r -rays, ~Ji th energ~r E)2xl 0 15 eV 

from Cygnus X-3; The detection of r -rays in this energy range 

have been reported from only two sources; Cygnus X-3 and Vela X-I 

(Protherore and Gerhardy, 1984). 

Hjellming (1973) referred to " An Astronomical Puzzle called 

Cygnus X-3". 

The second Japanese X-ray astronomy satelli te. "Tenma", 

observed Cygnus X-3. Tenma is equipped with gas scintillation 

counters with twice the energy resolution of conventional 

proportional counters. giving superior spectral data. In this 
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work. we show the results of data analysis for Cygnus X-3. and 

present a new model for Cygnus X-3 based upon the new results 

and previous observations. In Chapter IT. we revievJ these 

previous observations and the proposed models. I n Chapter ill • 

the Tenma satellite is described. In Chapter N, we describe the 

observations of Cygnus X-3 and the data analysis procedures. 
, 

Detailed analysis and results are given in Chapter V. In 

Chapter VI • we descr i be the i nterpretat ions of the resul ts and 

our speculations. and critically examine previously-proposed 

models. Finally, we propose a new model. the "hot gas model". 
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CHAPTER IT. Rev i ew . 

Since the discovery of Cygnus X-3, many observations of 

radio, infrared, X-rays and r -rays have been carried out. A 

composi te spectrum of Cygnus X-3 from radio to r -rays is shown 

in fIgure-I. Many models to explain the complex behavior of 

Cygnus X-3 have been proposed on the basis of these various 

observations. However, none of these models can explain fully 

all of the behavior of Cygnus X-3. In this chapter, the 

observed results in each wave band are reviewed and some of the 

previously proposed models are described. 

IT-I. Radio. 

The flux of radio from Cygnus X-3 is usually several 

hundreds mJy (1 JY=10- 26 W/m2/Hz). Although no evidence for the 

4.8-hour period seen at infrared and X-rays has been found, 

irregular flux variations have been reported (Hjellming et al. 

1974) . A number of strong radio flares (10-20 Jy) from Cygnus 

X-3 have been observed. Woodsworth (1983) searched for 

periodicities in the large amplitude radio flaring, but with no 

positive result. The radio outbursts in September 1972 were 

extensively observed by· many groups (Hjellming 1973. and 

references therein). From the results of many different wave 

bands. it was shown that the spectral variation during a flare 

could be explained by synchrotron radiation from an expanding 

cloud of relativistic electrons (Gregory et al. 1972). Such an 

outburst provides an opportunity to obtain a distance estimate by 

observing absorption by galactic neutral hydrogen at 21 cm, and 

the resulting lower limit for the distance to Cygnus X-3 is 11.6 
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kpc (Dickey 1983. Chu and Bieging, 1973, Lauque et al. 1972). The 

column density of neutral hydrogen along the line of sight is at 

least 1.7xl0 20 
Ts cm -2 where Ts is line spin temperature in 

degree K. which is about 100 0 K (Chu and Bieging. 1973). 

Geldzahler et al. ( 1979) observed Cygnus X-3. with very long-

baseline interferometer (VLBI). and reported the angular size to 

be 0.0013 ± 0.0002 arcsec. If the distance to Cygnus X-3 is 12 

kpc from the sun. then the corresponding linear diameter is about 

2X10 14 cm. Geldzahler et al. (1983) reported that they observed 

jetlike emission expanding with the speed of ~0.35c after 

outburst occurred in 1982 September. 

IT -2. Infrared and optical. 

Infrared radiation from Cygnus X-3 was discovered by Becklin 

et al. (1972), The flux density of the infrared. which at 2.2 

urn is about 10-20mJy. shows a 4.8-hour modulation synchronized 

with the X-ray flux (Becklin et al. 1973). If the source is taken 

to be at a distance of 12 kpc. its 2.2 U m absolute magnitude is 

brighter than -3.6. This makes it at least as bright as an early 

o star. From joint X-ray. infrared and radio observations 

(Beckli n et al. 1973. Beckl in et al. 1974. Mason et al. 1976). it 

was shown that there is no simple radio-infrared correlation. 

Several types of behavior in the infrared flux variations were 

reported (a) short time variations with time scales on the 

order of 2 minutes. (b) longer time scale outbursts with time 

scales on the order of 1 to 2 hours. (c) an apparent absence of 

regular periodic structure. and (d) long-term variability. 

Westphal et al.(1972) searched for·a visible counterpart at 
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the radio position. but no visible object was detected. The 

upper limit of the flux is about 2 ........ 6X10- 6 Jy (V~2:3.9 mag.). The 

extinction in the direction of Cygnus X-3 is about 1.5 mag. at 

2.2 11 m on the bas i s of the observat i on of infrared flux (Beckl in 

et al. 1973). corresponding to 10-20 mag at visual wavelengths. 

which means that the column density of neutral hydrogen is about 
.').') .') 

2 ........ 5xlO-- atoms/cm-.. If ~jJe assume the distance to Cygnus X-:3 is 

12 KPC. the at-solute magnitude is fainter than -1.5 ....... -11.5 mag. 

in visual wavelengths. 

II -3. X-raYs. 

Since the discovery of X-rays from Cygnus X-3 (Giacconi et 

al.196?). many observations have been carried out with rockets. 

balloons and satellites. 

Parsignaul t et a1. (1972) and Sanford et a1. (1972) found the 

intensity vaI'iatiol1 to.be periodic IrJith a period of 4.8 hours. 

The period is extremely stable and its derivative is about 10-9 

!3cc/.c;ec (Elsner et a!. 1980. van der I\:lis and Bonnet-Bidaud. 

1981 ) . This s1l9gests thClt the pe)'iodic va)'iation )'esults fI'om 

OI'bital motion In d bln(ll'Y system. Hm,leVel'. the X-ra~' bebaviour 

of Cygnus X-3 does not resemble that of most other X-ray 

binaries. The X-ray light curve is unique in that it does not 

show the typical eclipse shape with a zero level. flat minimum. 

Rather. it reveals a nearly sinusoidal curve. and the ratio of 

Imax to I min is about 2 or 3 (Parsignault et al. 1972) in the 

several-keV range. In the several tens of keV range. the 

amplitude of the modulation is smaller or non-existent (Ulmer et 

a!. 1974. Baity et a1. 197:3>. The detailed properties of this 
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nearly sinusoidal light curve are compiled here from several 

authors: 

(1). The average 4.8-hour X-ray light curve is asymmetric 

with a sharp fall to X-ray minimum followed by a gradual 

rise O.lason et a1. 1976) and this shape is stable over 

several years (Elsner et al. 1980). 

(2). The shape of the light curve is variable from one 
'. 

cycle to the next (van del' Klis and Bonnet-Bidaud. 1982). 

(31. Variations occur mainly around the maximum of the 

light curve (van der Klis and Bonnet-Bidaud. 1982). 

(4). The amplitude of the 4.8-hour modulation is correlated 

\;i i th the average source level and varies more than 

proportionally (Bonnet Bidaud and van del' Klis. 1981). 

(5). There are quasi-periodic variations in the X-ray flux 

(van del' Klis and Jansen 1984). 

CygllUS X-3 exhibits longer term variations. Leach et 

al. (1975) reported that there are two distinct flux levels in the 

2-6 keV range. The "high state" is about an factor 3 brighter 

than the "10\'1 state". I.-!hich has a harder spectrum. A period of 

34.1 days in the X-ray intensity was reported by Holt et 

al.(1979) and Uolteni et al.(1980). However. this period is not 

confirmed. Bonnet-Bidaud and van del' Klis reported that a 

variation was found in the phase of arrival of the minimum of the 

light curve. suggestive of a ...... 20 day periodicity. Parsignault et 

al.(1977) searched for periodicity shorter than 4.8 hours. but no 

periodicity in the range 2 sec - 30 min. was found. 

Uany authors reported the spectrum of Cygnus X-3. but their 

results are quite variable. Especially. there is a great 

8 



difference between the spectra of the high and low states. 

The continuum spectrum in the range 2-10 keV. in the high 

state. is roughly a blackbody spectrum tJith kT - 1.2 to 1.4 keV 

(Serlemitsos et a1. 1975. Sanford et a1. 1975. \tJhite and Holt. 
0)0) 0) 

1982). The column density is (2 - 5)xl0-- H atoms/cm- and this 

value agrees reasonably with the radio measurements (Chu and 

Bieging. 1973). At energies greater than 10 keV. the observed 

spectrum exhibits an excess from an extrapolation of the black 

body spectrum fitted in the low energy region. White and Holt. 

(1982) assumed that this component is a power lav spectrum with a 

photon index of about 1 .6- 1 .9. The spectrum in the low 

intensity phase of the 4.8-hour modulation tends to become 

flatter' than in the high intensity phase. However. no variation 

in absorption across the modulation is observed (Blissett et a1. 

1981. White and Holt. 1982). The upper limit to any phase-related 
~~ 0 

change in absorption is < 1.5xl0-- H atoms/cm- (\tJhite and Holt. 

1982). If the distance to Cygnus X-3 is 12 kpc. the luminosity 

of X-rays is several times""" 10:38 erg/sec. 

In the low state. the continuum spectrum is harder than in 

the high state .and it is roughly represented by a power law 

spectrum with a photon index of 1-1.5 (Becker et a!. 1978. \t1hite 

and Holt. 1982) ItJith a break at -18 keV. above \/jhich energy the 

spectrum falls "1ith e-folding energy of --16 keV. The 
.').') ~ 

photoelectric absorption is -7xl0-- H atoms/cm-. The spectrum 

in the low intensity phase of the 4.8-hour modulation is also 

harder than in the high intensity phase. Secker et al. ( 1978) 

reported that there exists a less-modulated low energy component: 

if this is a thermal bremsstrahlung spectrum. the temperature is 
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about 3 keV. White and Holt. (1982) also reported that there is 

a soft thermal component modulated differently than the higher 

energy component. but its energy is about 0.3 keV and they 

pointed out that this soft component may be not intrinsic to 

Cygnus X-3. but rather may come from confusion with Cygnus OB 2 

(Harnden et al. 1979). Assuming the 12 KPC distance. the 

luminosity of X-rays is about 5Xl0 37 erg/sec. 

The spectrum in the range la - 100 keV is roughly a power 

ImJ spectrum t;}ith a photon index of 4-2 (l.1eegan et al. 1979. 

Reppin et al. 1979). The spectral variation between the high 

state and the ImJ state is not clear. 

The iron feature of Cygnus X-3 is extremely strong. Since 

the report of Sanford et al.(1975) and Serlemitsos et al.(1975). 

many observations have been carried out. The intensity of the 
..) 

iron feature is about 0.01-0.05 photons/cm-/sec. and the central 

energy· is 6.5 ........ 6.8 keV. The equivalent vlidth is 300 ........ 700 eV in 

the high state and 1000-1500 eV in the low state. Uany authors 

concluded that the equivalent width appears to be phase-

independent. Becker et al.(1978) reported that the centroid of 

the iron feature shifts ........ 0.2 keV in phase ItJith 4.8-hour cycle. 

with its center at 6.7 and 6.5 keV at phase 0.0 and 0.5. 

respectively (\.Ale use the convention that the phase 0 corresponds 

to the X-ray minimum when the light curve is fitted to a 

sinusoidal curve). Blissett et al. (1981l also observed the same 

behaviour. \llhite and Holt. (1982). Serlemitsos et al. (1975) and 

Blissett et al. (1981) reported that the line ItJidth cF\JIHf.n is 

about 1 keV. but Sanford et al. (1975) concluded that its width 

is less than 1 keV. Kestenbaum et al. (1977.1978) observed the 
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iron feature of Cygnus X-:3 IIJith a crystal spectrometer. Thei"r 

resul ts are that the energy is 6.52 ± 0.08 keV and 6.84 ± 0.17 keV. 
? 

the i ntens i ty is 0.0097 ± 0.004:3 and 0.020 ± 0.008 photons/cm- Isec. 

the IIJidth is ~ 200 eV and ~ 600 eV. in the 10l;;J state and the high 

state. respectively. 

Elsewhere in the X-ray spectrum. \tihite and Holt. (1982) 

detected 5i and 5 lines by the Einstein (HEAO 2). 

n -4. r -rays. 

Lamb et al. ( 1977) reported the detect i on of r -rays from 

Cygnus X-:3 at energies above 35 !:leV I.dth a .:l.8-hour periodicity. 

At these energies. the modulation is significantly larger than 

that seen in the X-ray and infrared light curves. The data are 

consistent with zero flux near phase O. However. Bennett et al. 

(1977) could not detect a significant flux in this energy range. 

Hermscn (1984) reported that the upper limit of the r-ray flux 
- 6 0') 

for 70 !.le" < E < 5000 l.IeV IIIas 1.0xl0 photons/cm-/sec. 

Ncshpor et al. ( 1979) observed r -rays from Cygnus X-3 at 

enel'g 1 es above 1 0') 

10 -eV. Danaher et al. (1981>. Lamb et al. 

(1982). Weekes (1983) and Dowthwaite et al. (1983) also reported 

the detection of r -rays in this energy range. The flux of r-

rays in this energy range has a 4.8-hour periodicity and is 

composed of two narrow pulses around phases 0.2 and 0.8. 

Recently. 5amorski and 5tamm (1983) have reported and Lloyd-

Evans et al.(1983) have confirmed the detectioh of high-energy 

quanta. presumably r -rays. with energy E)2XIO I5 eV from Cy-gnus 

X-3. 
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IT - 5 . Uod e 1 s . 

The 4.B-hour period of Cygnus X-3 is very stable. with a 

period derivative of about 10-9sec/sec. This variation 

presumably results from orbital motion in a binary system. If 

this period was instead the rotational period of an X-ray star. 

it would not be so stable period because of the momentum carried 

by the matter transferred from the companion star. Assuming the 

orbital period to be 4.B hours. we can estimate the separation as 

o . B x 1 0 I 1 n.lx /U © + t.1 If.! '5' ) 1 1 3 cm 
0·...., c ~ 

ItJhere. I.Ix is the mass of the X-ray st'ar. I.1 c is the mass of the 

compan i on star ,::nd fJ © is the sol ar mass. I f both the masses are 

about 1 !.1©. the separation is about 1011cm. 

Uany models have been proposed to explain the complex 

behavior of Cygnus X-3. 

Gregory et al. (1972) proposed the following model for the 

radio outburst. Cosmic-ray particles are ejected from a very 

small region. These relativistic particles begin an expansion 

which carries along magnetic fields that originally surrounded 

the system. The radio outburst is the synch~otron radiation from 

an expanding bubble of relativistic particles and magnetic 

fields. Peterson (1973) calculated on the basis of this model 

that a maximum mass of 0.76XIO- BU© I.<laS injected over a period of 

1.2 day for the outburst in September 1972. 

The quiescent radio emission from Cygnus X-3 was explained 

by the following model (Seaquist and Gregory. 1977. Vestrand. 

19B3) .' The compact star emi ts r -rays If}i th energi es more than 

loB eV. These r -rays interact with the enshrouding matter which 

extends to radii R > 10 14 cm. and electrons and positrons are 
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generated. The synchrotron radiation of these electrons and 

positrons is the observed radio emission. 

Vestrand and Elchler. (1982) explained that the r -rays I,;]i th 

E > 10 12 eV result from the companion's atmosphere acting as 

target material for particles accelerated near the X-ray star. 

This model can reproduce the observed light curve composed of two 

narrow pulses at X-ray phase about 0.2 and 0.8. 

Wany models have been proposed to explain the behavior at X-

ray and infrared wavelength. In all models. Cygnus X-3 is a 

close binary system containing a neutron star and a normal 

stellar companion. having 4.8-hour orbital period. 

'1) Rcflection model. 

This model. proposed by 8asko et al. (197-ll. is that the 

ncut]'on stll]' cmits ha]'d X-rays. We do not observe the X-rays 

di]'cctly. but instead observe the reflection at the surface of 

the companion star. Since the reflection occurs only the 

h;:mi sphere exposed to the X-rays. the observed region ref 1 ect I ng 

X-rays changes as the system revolves. The expected light curve 

corresponding Lt':' inclination - 15 0 resembles the X-ray light 

curve of Cygnus X-3. 1f the distance to Cygnus X-3 is 12 kpc. to 

explain the observed X-ray luminosity of about 10 38 erg/sec. the 

X-ray luminosity of the primary source should be more than 10 39 

erg/sec. This value strongly exceeds the Eddington limit. 

LE- 1038 (Llx/U©) erg/sec 

which is likely to be an upper limit for the X-ray luminosity of 

the accreting neutron star. Thus. the assumption of an 

accreting neutron star as the X-ray source in Cygnus X-3 meets 



severe difficulties. Basko et al.(1974) assumed that the X-ray 

star in Cygnus X-3 is a non-accreting young pulsar (similar to 

that in the Crab Nebula). vlith a very short period .P~O.Ol sec. 

@ Stellar ~Jind model. 

Pringle (1974) proposed a model in which the mass loss from 

the companion surrounds the system with a dense wind. A similar 

model was proposed by Davidsen and Ostriker (1974). If the cloud 

is not both perfectly spherical and centered on the X-ray source. 

the X-ray flux will nonisotropic. because photons will escape 

most readily in the direction of minimum scattering depth. For a 

fixed observer. the scattering depth to the X-ray star changes 

ltJi t h 

leads 

the 

to 

orbital motion. 

the change of the 

This change of the scattering depth 

X-ray intensity. Thert=f ore. ~!e 

observed the 4.8-hoUI' modulatiOl1. This model IiJas elaborated. in 

[.Jonte Carlo simulatiollS by Hertz et al. (1978). Ghosh et al. 

(1981) assumed that the asymmetry in the 4.8-hour X-ray light 

curve results from an elliptical binary orbit and determined the 

orbital parameters in this model. 

{3) Co COO}) model. 

;.1 i 1 gl'om (1976) and :.11 1 grom and Pines. 

model which consists of an ordinary X-ray 

(19781 proposed a 

binary system at the 

center of a spherical shell of gas. the radius of which is 

sufficiently larger than the separation. Except for a cap ~hich 

is shaded by the companion. the shell is exposed to the X-raY 

flux from the compact member. This flux is scattered by free 
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electrons in the shell or is absorbed and reemitted. With the 

orbital motion. the shade scans the equator of the shell. For a 

fixed observer. an X-ray mini~um will be seen when the shade 

faces the observer. Hertz et al. (1978) examined this model with 

1.I0nte Carlo simulations. In their results. the absorption in the 

shade resembles the light curve of Cygnus X-3. if the radius of 

companion is less than 0.6 times the separation. Ghosh et al. 

(1981) determined the orbital elements in this model. Their 

results implies that the companion's size exceeds that of its 

critical lobe. and they suggest that the dense stellar wind can 

form a "dress" around the "bat'e" companion. mimicking a star 

bigger than it.s critical lobe. 

@ Accretion disk corona (A.D.e.) model. 

White and Holt (1982) proposed the following model. They 

thought that there was an accretion disk around the neutron star. 

and at the edge of the accretion disk there was a bulge which was 

caused by the inflowing material. The central X-ray source in 

this system is diffused by a large Compton-thick accretion 

corona (A.D.C.). The quasi-sinusoidal modulation can 

reconciled with the partial occultation of the A.D.C. bv 

disK 

be 

the 

bulge. In the lov} state. the optical depth to the central X-ray 

object is about 5 and the high state can be reconciled with an 

increase in optical depth to ~ 10 that may be associated ItJith an 

increase in the central source luminoSity. 

(9) An elliptical orbit model. 

Elsner et al. (1980) and Ghosh et a1. (1981) discuss the 
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possibility that the X-ray source is in an elliptical orbit alld 

some. or all. of the observed period derivative may be due to 

apsidal motion. They thought that the nearly sinusoidal light 

curve is explained by the stellar wind model or the cocoon model. 

Further. the elliptical orbit hypothesis explains the observed 

asymmetry in the average X-ray light curve and leads to the 

conclusion that the most likely companion to the X-ray source is 

a helium star ( van den Heuvel and de Loore. 1973). possibly with 

a light hydrogen envelope. 
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CHAPTER ID. TENLlA. 

ill-I. The Tenma Satellite. 

Tenma. the eighth Japanese scientific satellite. was 

successfully launched on February 20. 1983. by the Institute of 

Space and Astronautical Science (ISAS). It was placed into a 

near circular orbit with an apogee of 501 km. a perigee of 497 km 

and an inclination of 31.5 D
• The orbital period is about 94.5 

minutes. 

Figure 2 schematically shows the structure of Tenma. The 

spacecraft body is an approximate cube of 89.5 cm height and 

110.4 cm width. weighing about 218 kg. Four solar paddles 

provide electric power of 150 W at maximum. The direction of the 

z-axis (normal to the upper panel) with respect to the sun must 

be betliJeen 120 0 and 1 GO 0 to obtai n enough pOlt!er and to protect 

the battery from over charging. which restricts the observable X

ray sources in a given part of year. 

Tenma is a spin-stabilized satellite. However. its major 

angular momentum can be carried by a bias momentum Itlheel vJith the 

spacecraft body rotating slowly. In the freely spinning mode 

with the momentum wheel inactive. the rate is kept between 1.5 

rpm and 2 rpm. The total angular momentum of the spacecraft is 

adjusted by torquing against the earth's magnetic field. using of 

magnetic unloading coils. ~utation of the satellite is 

suppressed by means of a pair of nutation dampers (dissipation in 

a viscous fluid). 

The satellite attitude is measured with sun. geomagnetic. 

horizon. and star sensors. Fine attitude ItJith an accuracy of a 

few arc minutes is obtained by the star sensor. The position of 
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the X-ray sources referred to satellite coordinates can be 

measured with some of the X-ray detectors. The spin axis is 

maneuvered to the desired direction of the sky by means of the 

magnetic torquing coil. which generates a magnetic moment aligned 
? 

with the spin axis of 10 ATm~ at maximum. The optimum magnitude 

and polarity of the magnetic moment are selected every 2 minutes 

bv delayed commands from an on-board programmable timer. The 

optimum sequence of delayed commands is calculated with the 

ground-based computer simulation. 

An on-board data processor accumulates all the data (X-ray 

data. housekeeping data. attitude data etc.) and edits them into 

a telemetry format. The telemetry format consists of major and 

minor frames. A major frame comprises 64 minor frames. The data' 

processor sends the data to a telemetry and to a data recorder. 

In the high bit rate (8 kbps) mode. major and minor frames 

correspond to 8 sec and 125 msec. respectively. and in the low 

bit rate (2 kbps) mode. 32 sec and 500 msec. respectively. 

The on-board data recorder can store the data for 160 

minutes in the low bit-rate mode and for 40 minutes in the high 

bit-rate mode. The data recorder is controlled by an on-board 

programmable timer and changes of the reading mode every ? 

minutes are possible. The stored data are dumped during ground 

contact at 32 kbps for about 10 minutes duration. Ground 

contacts are available in five successive orbits out of 15 orbits 

a day. 

Four high energy astrophysical experiments are conducted on 

Tenma. Their characteristics are summarized in table and 

figure 3 shows the field of view of each experiment. The major 
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experi ment is the spectral and temporal study of cosmi c X-.ray 

sources in the range 2-60 keV with gas scintillation proportional 

counters (the SPC system). which has twice the energy resolution 

of conventional proportional counters. The study of very soft X

ray sources in the range 0.1-2 keV is performed with XFC (X-ray 

Focusing Collector). TSU (transient Source Monitor) consists of 

one-dimensional Hadamard masks (Hadamard X-ray Telescope HXT) 

and fan beam scanning counters (ZY Telescope ZYT). and which 

monitor a wide-field sky. RBLVGBD (Radiation Belt tJonitorlr-ray 

Burst Detector). two small scintillation counters. are equipped 

as a moni tor of non X-ray background. and the detect i on of r -ray 

bursts. A detailed description of Tenma is given by Tanaka et 

al. (1984l. 

III-2. The SPC system. 

The X-ray spectra and their temporal variations are measured 

by the SPC (gas scintillation proportional counter) system 

developed at ISAS. 

The SPC system consists of the ten identical units of gas 

scintillation proportional counters. Figure 4 illustrates the 

the SPC for Tenma schematically. It consists of a ceramic gas 

volume filled with one atm of Xe and 0.2 atm He. and a phototube. 

and have a lOO /l.ITl dome-shaped Be entrance \ijindov} vJith 13 cm 

diameter. The gas volume is divided into 3 regions by two 

spherical electric grids normally supplied with about 800V and 

7000V. respectively. An X-ray photon produces an electron cloud 

above the first grid (drift region). The electron cloud drifts to 

the first grid and ~roduces a number of UV photons through gas 

19 



scintillation betliJeen the first and the second grids 

(scintillation region). The UV photons are converted into 

visible light by a terphenyl wavelength shifter. then into an 

electric signal by the phototube. Figure 5 shows the effective 

area including the collimator transmission and energy resolution 

as a function of X-ray energy. Theoretical pulse height 

distributions for several monochromatic incident radiations are 

shown on figure 6. 

I noue et al. (1982). 

Additional details on the SPC are found in 

The SPC system consists of three groups: SPC A. Band C. 

The SPC A and B comprise four counters each and are equipped with 

honeycomb collimators with fields of view of 3.10 and 2.5 0 

F\lJHt.J) . respect i vel y. The t~IO count ers of SPC-C are equ i pped \:i i th 

bigrid rotating modulation collimators (RMC) of 34' and 43' with 

the g1' i d I ines of the H'JO perpend i cuI ar to each other. The 

fields of view are defined with honeycomb collimators of 3.8 0 

(FWH~I). The collimator response functions are shown in figure 7. 

The background counts are reduced by rise-time 

discriminatol'S. About 70% of the non X-raY events are rejected. 

while 98% of the X-rays are accepted. On board calibration of 

the energy scale is performed employing Cd I09 radioisotope (22.1 

keV) installed in the window assembly of each counter. which 

yields a continuous flux of a few counts per second. Various 

energy ranges can be covered by changing either the high voltage 

of the counters or the phototubes. as well as by changing the 

coarse gains of the amplifiers. Adjusting the fine gains of the 

amplifiers. we can make the energy scales of the counters 

coincide with each other within an accuracy of 1%. 
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The X-ray signal is pulse-height analyzed into 256 channels 

with a pseudo-logarithmic scale (the channel width is constant 

for channels 0-127. twice as wide for 128-191 and four times as 

wide for 192-256). The pulse-height spectrum of an SPC is 

transmitted either in PH (pulse-height) or in MPC (multi-channel 

pulse-counting) mode. In the PH mode. each detected X-ray event 

is tagged with 8 bits of pulse-height information and occupies 

one data word. The 8 bit pulse-height data are sampled 6 times 

per counter in every minor frame. Since each data word is 

occupied by only one event. this mode is subject to significant 

dead time. The maximum read-out rate per counter is 48 and 12 

counts/sec for high and low bit rate. respectively. The total 

counting rate is also transmitted twice in each minor frame for 

dead time cOlTection. The LlPC mode has four different sub-modes. 

the 128ch. C128ch. 32ch and C32ch modes. The number of energy 

channels are reduced to 128 or 32. and counts of all channels are 

read out successively. In the C128ch and C32ch mode (these two 

sub-modes are for SPC A and B only). the data of four counters in 

the same group are combined together. In table 2 the time 

resolutions of each mode are summarized. The performance and its 

verification of SPC system were described by Koyama et al. 

(1984). 

III-3. Data acquisition. 

Tracking operations are carried out -at Kagoshima Space 

Center (KSC)' Institute of Space and Astronautical Science 

(ISAS). in Uchinoura. Kagoshima prefecture (131. 0 08 E. 31. (> 25 

N). Ground contacts are available in five consecutive orbits out 
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of 15 orbits a day. Commands are sent through a 137 MHz up-Ijnk. 

whereas the real-time and stored data are transmitted through 400 

1:1Hz U-band and 2280 IJHz S-band dOl/m-links. Most of the command 

operations. for example for the performance of the data recorder. 

for the attitude control. for the bit rate and for other 

instruments are decided previously at ISAS. in Tokyo. by duty 

sci enti sts. 

At KSC. all the data received from the satellite are 

recorded on magnetic disks. and mini-computel's display on CRT the 

housekeeping data. attitude data such as direction of the sun. X-

ray counting l'ate and the pulse height spectrum. in real time. 

The operating status of the various instruments. housekeeping 

data and X-ray data are dumped out and all the data are saved on 

magnetic tapes. after the ground contact. 

All the data are directly transferred to ISAS through a 

digital data transmission (DDX) line. and are stored in a 

computer data base system. Duty scientists at ISAS take care of 

the satellite. determining the attitude. plotting the time 

histories of all the data from each instrument as well as 

preparing the command list. 



CHAPTER IV. OBSERVAT IONS. 

Cygnus X-3 was in the field of view of the SPC system in 

1983 September 13-18. and in 1984 September 11-14. 

The spectra in 1983 were abo~t a factor of 1.5 brighter in 

the range 2-6 keV and softer than that in 1984. Therefore. we 

think that during the observation in 1983 and in 1984. Cygnus X-3 

was in its high state and its low state respectively. 

In 1983. the data were obtained by the SPC A. Band C. with 

the C128ch mode. having the energy range of 2-60 keV. The time 

resolution was 0.5 sec and 2 sec for the high and the low bit 

rate. respectively. In 1984. the data were obtained by the SPC A 

and C. with the 128ch mode and roughly in the same energy range. 

The time resolution ~as 2 sec and 8 sec for the high and the low 

bit rate. respectively. The attitude of the satellite was 

det erm i ned by the SPC-C (R;JC) and the star sensor for the data in 

1983. and by the SPC-C. the sun sensor and the distance from 

Cygnus X-2 using the ZYT for the data in 1984. The accuracy of 

the attitude is about 0.10 for 1983 and 0.3 0 for 1984 .. Figure 

8 and figure 9 show the time history of the locus of the spin 

axis in the sky during the observation in 1983 and 1984. 

respectively. 

The data obtained in the sky region near Cygnus X-3. where 

there are no known bright X-ray source. were used for the 

background data. Figure la and figure 11 show the spin axis 

history during the background observations. Sometimes. some 

known week X-ray source were in the field of 'view during the 

observation of Cygnus X-3 and the background. The X-ray flux of 

these sources ~re summarized in table 3. The observed background 
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') 

flux was about 0.1 counts/sec/cm- (2 - 25 keV). arid the flux of 

(ygnus X-3 in the range 2-6 keV. during the observation in 1983 
') 

and 1984. was about 0.75 and 0.5 counts/sec/cm-. respectively. 

Comparing these results with the value of table 3. the flux of 

each sources for the contamination is estimated to be less than 

10% of the flux of the background and about 2% of the flux of 

Cygnus X-3. above 2 keV. Therefore. the influence of these 

sources is ignored. 

From the raw data transferred from KSC. applicable data were 

first selected. The background counts due to cosmic rays are 

found to be reproducible from the cutoff rigidity if it is 

greater than 10 GeV/c. At smaller cutoff rigidity. less than 10. 

the data are removed. because the background count rate can not 

be rePl'oduced successful 1 y (Koyama et al. 1984) . The electron 

background. which is not predictable. is checked by the RBW/GBD. 

The data with larger counting rate of RBM/GBD than usual (about 

25 counts/sec) are removed. The data during the earth 

occultations and for Cygnus X-3 near the horizon (angle between 

the field of view and the direction of the earth's center less 

than 80 0 
) are removed. The observed times of the selected data 

are shown in figure 12. which also gives the phase of the 4.8-

hour period. which ~'Jill be determined in Chapter V -1. To 

determine the energy scale. the spectrum over a small energy 

range (19-28 keV) is fitted by two Gaussian functions (for the 

Ka and K/3 lines of the calibration source Cd 109 ) together Hith 

an exponential function (for the continuum). After the 

determination of the energy scale. the count.ing rates 

attributable to the calibration source were subtracted. 
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The spectral data and the background data are arranged 

according to the cutoff rigidity. and integrated in each rigidity 

bin of 1 GeV/c. The energy scale of the background data are 

adjusted to coincide with those of the data of the observation of 

the Cygnus X-3. From the data in each rigidity bin. the 

background corresponding to that bin were sUbtracted. After the 

correction of the transmission of the collimators. they are 

added. 
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CHAPTER V. Data Analysis and Results. 

V-I. Li ght curve and the Ephemer is. 

Figure 13 shows the light curve after the background 

subtraction and the correction for the satellite attitude in the 

ranges 1-3 keV, 3-6 keV, 6-9 keV and 9-21 keV. The data in 1983 

show the 4.8-hour modulation as well as a decrease in the mean 

level and in the amplitude of the modulation. In this section. we 

determine the time scales of the decrease of the mean level and 

the amplitude. and the time of X-ray minimum (Tminl. using the 

data in 1983. Finally. we determine the ephemeris of 4.8-hour 

modulation. 

Our data sequences are too short to observe a full cycle of 

the 4.8-hour modulation. Furthermore. variability of the shape of 

the light curve from one cycle to the next one has been reported 

(Leach et al. 1975. Mason et al. 1976. Parsignault et al. 1977. 

van der Klis and Bonnet-Bidaud. 1982). Therefore. the 

determination of the period from our data alone is difficult. We 

used two fixed values for the period at Oh Om 13 Sept. 1983 (UT): 

O. 1996885 ± 0.0000011 day (17253.086±0.095 sec) 

ephemeris of van der Klis and Bonnet-Bidaud 

from 

(1981). 

the 

and 

0.1996900 ± 0.0000026 day (17253.22 ± 0.22 sec) from Elsner et al. 

(1980). The validity to use these periods is found as follows. 

The period at Oh Om 13. Sept. 1983 (UT) derived from our final 

ephemeris is 0.1996882±0.0000002 day (17253.051±0.017 sec). 

which is shown later. The difference between this and the assumed 

period is 0.0000018 day. Since the entire data interval is about 

30 cycles, the influence of the difference between these periods 
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upon the value of Tmin is about 2.3 seconds (-0.0001 cycles) 

which is smaller than the error(0.008 cycles). Other parameters, 

such as the time scales of the decrease of the mean level and the 

amplitude, are also insensitive to the exact value of period in 

this case. 

Using the two assumed periods, a least squares fit of the 

data in the range 1-9 keV was performed to a function of the 

form: 

I ( t) = AO exp C - C t - to) / T 1) + 

A1exP C-ct-t o l! T 2)sinC2n: (Ct-tOl/P-~) . 

where to is a time origin fixed at Oh Om 13. Sept. 1983 (UT). t 

is the time from to' ~ is the phase at t=to and P is the period 

of the modulation fixed at 0.1996885 day and 0.1996900 day. The 

first term is the mean level decreasing with the time constant of 

T 1 and the second term is the sinusoidal curve with the 

ampli tude decreas i ng wi th the time constant of T 2' 

parameters are Ao' T I' AI' T l' and ~. 
') 

The free 

The X .... statistics was used to establish the best fit 

(Lampton et al. 1976), which is given as 

2 = ~ ( _ )2/ 2 
X ..... xioxit U i 

1 

where x io is the ith observed data point. 

corresponding value of the fitting function and 

the 

U i is the 

uncertainty of x io ' The fit were performed with the data binned 

in intervals of 80 sec. \lIi th the a i 2 set equal to the vari ance 

due to counting statistics, an extremely poor fit was obtained, 

x 2 per degree of freedom being of the order of 800. This is not 

surprising since Cygnus X-3 is known to be variable on a wide 

variety of time scales and to show apparent fluctuations in the 
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shape of the light curve from cycle to cycle. The poor fit to 

the data was therefore taken to imply that our choice" for (1 i 

grossly underestimate the fluctuations. 

We then adopted the following procedure to take account of 

the observed variability. First we fitted the data with (1.2 set 
1 

equal to the variance due to counting statistics. Next we 

calculated the root mean square deviation, (1rms' of the data 

about the best fit curve, obtaining (1 rms -... 51.437 counts/80sec 

and 51.431 counts/80sec for the period of 17253.216 sec and 

17253.086 sec. respectively. Finally we refitted the data. 

replacing (1i with (1rms Thi s chose for (1 rms slightly 

overestimates the fluctuations because the shape of the light 

curve intrinsically differs from sinusoidal. Then the errors of 

derived parameters are slightly overestimated. 

In table 4, we list the best fit parameters in the energy 

range 1-9 keV. The values of the parameter !:::. for both the 

periods are the same. The other parameters ·are also the same 

within the errors. The best fit curve for the period of 

17253.216 sec is shown in figure 14. The curve for the period of 

17253.086 is quite similar to figure 14. The corrected Tmin 
referred to the barycenter of the solar system is 

Tmin(Tenma) = JD 2445590.3923 ± 0.0016 , 

where the error is 1 (1 level (X 2 min+5.9) according to Lampton et 

al. (1976). (In this section, all errors are 1 (1 level according 

to Lampton et al.(1976).) The decay time scale of the mean level 

( T 1) and that of the ampl i tude (T 2) are about 11 days and 6 

days, respectively. This fact means that the amplitude of the 

4.8-hour modulation varies more rapidly than a simple 
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proportional to the average source level. which was already 

pointed out by Bonnet-Bidaud and van der Klis (1981). 

To make an ephemeris for Cygnus X-3. we compiled the data 

gathered by Elsner et al. (1980) from several satellite 

experiments (Leach et al. 1975. Parsignault et al. 1976. Manzo et 

al. 1978. Lamb et al. 1979). the Copernicus results published by 

Mason and Sanford (1979) and the Cos-B result by van der Klis and 

Bonnet-Bidaud (1981). These data are summarized in table 5. 

These measurements all refer to. or were corrected by the authors 

to refer to (column 5 in table 5). the Tmin of the best fit sine 

wave to.the full light curve. 

Adding the present Tmin measurement, we performed a least 

squares fit to all the data with a constant period hypothesis: 

1> = (t-To)/P • 

where 1> is the phase at time t from a time origin To' which is 

defined as the nearest X-ray minimum time to the first time of X

ray minimum reported by Leach et al. (1979), and P is the period. 

The results are 

TO = JO 2440949.8868 ± 0.0004 

P = O. 1 9968561 ± 0 . 0 0 0 0 0 0 0 4 day 

X 2/0 . 0 . F. = 215.9/59 

The results of a parabolic fit of the form 

are 

TO = JO 2440949.8979 ±. 0.0005 

P = O. 1 996831 4 ± O. 00000005 day 

P = (1.08 ± 0.03 ) x 10 -9 seclsec 

X 2 10.0. F. = 80.3/58 
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The value of X 2 is large even if we use the parabolic formula. 

Mason and Sanford (1979) determined the minimum intenSity time 

using about 2 cycles. Since variability in the shape of the 

light curve has been reported, it is possible that their data 

have larger errors than those cited by them. 

excepting their data, we recalculated the fitting. 

of the constant period hypothesis are 

TO = JD 2440949.8890 ± 0.0007 

P = 0.19968559 ± 0.00000005 day 
2 

X ID.O.F. = 115.8/19 

Therefore, 

The resul ts 

This hypothesis is rejected with 99.5 % confidence level. Using 

the parabolic formula. the results are 

TO = JD 2440949.9038 ± 0.0009 

P = 0.19968260 ± 0.00000006 day 

P = (1.20 ± 0.03 ) x 10-9 seclsec 

X 2 /D • O. F. = 13.97/18 

Figure 15 and figure 16 show the residuals from the best-fit 

curves for the constant· period and the paraboli~ formula, 

respectively, except for the Copernicus data (Mason and Sanford. 

1979) • 

Through this work. the phase of the 4.8-hour period is 

derived from this ephemeris and phase 0 means the minimum 

intensity phase. 

Figure 17 shows the folded light curves' in the range 3-6 keV 

and 6-9 keV and the hardness ratio (intensity in the range 6-9 

keV I intenSity in the range 3-6 keV). with this period. From 

this figure, we found that: 

<D Around the phase 0, the spectra are harder than the 
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other phase. 

@ In 1984, the spectra are harder than that in 1983. 

@ The light curve is asymmetric with a sharp fall to X-ray 

minimum followed by a gradual rise as pointed out by 

previous authors. 

@ The intensity around phase 0.5 shows a large scattering~ 

This is due to the decreases of the mean level and the 

amplitude of the modulation. 

V-2. Spectra and Spectral variations. 

In order to analyze the spectral variation depending on the 

4.8-hour modulation. the data were integrated for the phase 

intervals, 0.875-0.125. 0.125-0.375. 0.375-0.625 and 0.625-0.875 

over three parts of the data. the first half (before Sept. 16 Oh 

Om UT). the latter half (after Sept. 16 Oh Om UT) in 1983 and in 

1984. respectively. Figure 18 shows the observed spectra after 

background subtraction and aspect correction. which were 

convolved with the detector response. The following facts may be 

drawn from figure 18 : 

m There is a strong excess around 6-7 keV. 

@ There appears to be a shallow dip around 9 keV. 

A sensitive model-independent indicator of the spectral 

variability is the ratio of the-count rate in each energy channel 

of one spectrum to that of another one (PHA ratio). Figure 19 

shows the PHA ratios of the spectra in the phase 0.875-0.125. 

0.125-0.375 and 0.625-0.875 to that in the phase 0.375-0.625, 

which is the approximate phase of the X-ray maximum intensity in 

the 4.8-hour cycle. in the first half in 1983. Figure 20 and 
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figure 21 show the same PHA ratios of the spectra in the latter 

half of 1983 and in 1984. From these, we can find the following 

facts : 

~ There is a relative excess around 6-7 keV in the phase 

0.875-0.125. 

® The amplitude of the modulation is maximum around the 

energy 3 keV. 

~ There is a large difference between the spectral shapes 

of the phase 0.875-0.125 and that of the phase 0.375-0.625. 

® The spectral shape above 15 keV varies, and its variation 

appears to be independent of the phase. 

The fact ~ indicates that the equivalent width of this feature 

is larger in the phase 0.875-0.125 than the other phases. 

Figure 22 and figure 23 show the PHA ratios between the data 

in the first half and that in the latter half of 1983 and 

between the spectra in 1984 and the averaged spectra of the first 

and the latter half of 1983, for each phase interval, 

respectively. From figure 22 and 23, we found that: 

~ The difference between the spectral shape of the first 

the half and that of the latter half in 1983 is mainly 

decrease of the intensity below 6 keV, excepting the 

irregular change above 15 keV. 

~ The spectra in 1984 are harder than that in 1983. 

® The PHA ratios of the data in 1983 to those in 1984 show 

an excess around 6-7 keV comparing the neighbouring region. 

This means the equivalent width of the feature around 6-7 

keV in 1984 is larger than that in 1983. 

To compare these spectral variation with some physical 
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phenomena. figure 24 shows simulated PHA ratios, derived from the 

variation of the absorption column density both of (a) the 

neutral gas (Brown and Gould 1970 and Fe I), and of (b) the 

partially ionized gas of He-like Mg, Si,S, A, Ca, Cr, and Fe 

with cosmic abundance (ALIen 1973) and Comptonization by the 

electrons of the temperature of 10 keV. In this simulation, the 

incident spectrum was assumed to be a blackbody spectrum of the 

temperature of 1 keV which roughly represents the spectral shape 

in 1983. Although the partially ionized gas assumed above is not 

self consistent ionization state, this will roughly resemble the 

expected PHA ratios resulting from the variation of the 

absorption column density of the actual ionized gas in the short 

energy ranges for 2-5 kev (mainly due to Si and 5) and above 7 

-=-··--keV (mainly due to Fe), separatelY. - From the-'comparlsonbetween 

the data and the simulation, the following results are found: 

@ The observed PHA ratios of the phase 0.875-0.125 to the 

phase 0.375-0.625 show the gradual increase in the range 

from 3 keV to 15keV against the steep increase in the range 

from 3 keV to 9 keV of the simulated PHA ratios derived from 

the variations of the absorption column density of the 

neutral gas and the partially ionized gas. Therefore the 

spectral variation corresponding to the 4.8-hour modulation 

can not result from the variations of absorption column 

density in either the neutral gas or the He~like partially 

ionized gas. One possible cause of this change above 3 keV 

is Comptonization by a hot plasma. The increase of the PHA 

ratio below 3 keV suggests the existence of a low-energy 

component which undergoes less modulation (Becker et al. 
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1978, White and Holt 1982). 

QY The difference between the spectra of the first half and 

the latter half in 1983 resembles the difference resulting 

from the variation of the absorption column density of 

neutral gas. 

@ The difference between the spectral shape of the data in 

1983 and in 1984 can not be due to the change of the 

absorption column density in either the neutral gas or the 

He-like partially ionized gas. One possible cause of the 

variation except for the data above 15 keV is Comptonization 

by a hot plasma. 

V -3. Model fitting of the observed spectra. 

The model fitting was carried out according to the method 

described by Koyama et al. (1984). 

The spectrum of Cygnus X-3 shows an excess around 6-7 keV 

and a tendency toward a shallow dip near 9 keV, as shown in 

V -2. Therefore, in order to determine the continuum spectrum, 

the model spectra of combinations of the simplest models 

blackbody, power law and thermal bremsstrahlung spectra 

attenuated by photoelectric absorption (Brown and Gould, 1970 and 

Fe I assumi ng cosmi c abundance (All en, 1973) ) , were fitted to 

the spectral data , excepting the data of the energy range of 6-7 

kev and 9-12 keV, 

A black body spectrum is given as, 

I (E) = (S/41r D2 )0.988xl0 3241r r 2 (E2/(exP(E/kT)-1» 

photons/sec/keV, 

where 5 is the area of the detector, D is the distance to Cygnus 
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X-3. kT is the temperature of the emission region. which is 

assumed to be a sphere of the radius r. and E is the energy of a 

photon in keV. 

as. 

A power law spectrum is given as. 

I (E) = (514 n D2) A E- a photons/sec/keV. 

Thermal bremsstrahlung spectrum is given by Matteson (1971) 

I (E) = (S/4n D2)V 3.03xl0-15nenz(z2/(kT)1/2)g 

exp(-E/kT) (1/E) photons/sec/keV. 
-0. 19 

g = 1.04(kT/l00)0.125(E/kT)-0.31(kt/l00) 

where V is the volume of the emission region. ne and nz are the 

density of electrons and ions. Z is the mean ion charge. Tucker 

and Gould (1966) showed !le1.1zZ2 ~ .. 1 .. ~.~~e2_fo.r a~_. ~J:>ject with 

cosmic abundance. The formula using this fitting includes 

slight correction of the electron-electron thermal bremsstrahlung 

in the non-relativistic limit (Maxon and Carman. 1967). 

Tabl e 6 shows the tr i al models and X 2 values. To 

investigate the general variation of the X-ray spectrum. the 

fitting with a complex model is not useful. because the increase 

of· the number of the parameters of the model obscures the general 

trend of the variation. Among the one-component models. the black 

body spectrum gives the smallest X 2 values to the data in 1983. 

If we exclude the data above 9 keV. the black body spectrum can 

also roughly represent the data in 1984. Therefore we fitted 

the blackbody spectra to all the data below 9 keV. excepting the 

data of energy range 6-7 keV. 

Figure 25 shows the best fit parameters and in table 8 we 
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summa.rize those as well as X 2 values. We can find that: 

W The radius of the black body is modulated by a factor of 

about 2. __ The radius in 1984 is less than that in 1983. 

@ The temperature shows 4.8-hour modulation and is highest 

around phase O. The temperature in 1984 is higher than that 

in 1983. 

@ The phase related change in absorption column density is 

about 2Xl0 22 H atoms/cm2 and the column density is small 

around phase O. The column density in the latter half in 

1983 is larger than that in the first half in 1983. -and that 

in 1984 is the smallest among the three parts. 

The modulation of the absorption column density changes the 

spectral shape (figure 24.). However, the smaller absorption 

column density at phase 0 should give a softer spectral shape at 

the phase 0 than that at the other phases. This is contrary to 

the observed spectral variation. 

V -4 Iron lines 
--

It is natural to assume that the excess around 6-7 keV is 

due to iron emission lines, because iron has its large cosmic 

abundance among the chemical elements which emit X-ray lines 

around 6""'" 7 keV. In this section, the intensity, the central 

energy and the width of this iron feature will be determined. 

Since the parameters are sensitive to the assumed continuum 

spectrum, we must use as a good model spectrum for the continuum 

one as possible. 

As shown in table 6, one-component or two-component spectra 

cannot sufficiently simulate the spectrum of Cygnus X-3. In the 
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three component model (black body + power law + thermal 

bremsstrahl ung) , the reduced X 2 val ues range from about 1 to 5. 

Therefore, we use the three component model for the continuum 

spectrum. The best fit parameters of the three component model 

are summarized in table 7. The best fit three-component model 

spectra and the observed data as well as the residuals from the 

model spectra are shown in figure 26. We can easily find the 

excess around 6.7 keV and the shallow dip near 9-10 kev. 

To get the intensity, the central energy and the width of 

the iron feature, the three component models plus a Gaussian 

distribution for the iron feature were fitted to the spectral 

data excepting the data of energy range 9-12 keV, because of the 

tendency toward a shallow dip. In this fitting, the temperatures 

of the black body and the thermal bremsstrahlung and the power 

law index are fixed to the values shown in table 6. Figure 27 

shows the data and the best fit model spectra. The best fit 

parameters for the iron feature and the continuum. counts rate at 

6.7 keV are shown in figure 28. The best fit parameters are also 

summarized in table 9. 

iron feature as follows 

We can summarize the properties of the 

~ The intensity appears to be phase independent. especially 

in 1983. 

@ The equivalent width is clearly modulated with the 4.8-

hour cycle. 

@ The central energy is 6.7 ± o. 1 keV. 

<ID The width is about 0.4 ....... 0.8 keV (FWHM). and shows a 

tendency to increase at phase 0.25. 

@ The intensity observed in 1984 is about twice that 
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observed in 1983. 

Although the intensity of the feature appears to be phase 

independent, it is not constant. Then, we reanalyze the iron 

feature properties. First, the data in 1983 observation are 

divided into -five parts, Ca), Cb), Cc), Cd) and Ce), as shown in 

figure 13, and then integrated over each part. The intensity, 

central energy and width are determined in like manner. The 

results are shown in figure 29. From this figure we can find 

that: 

® The intensity is variable on a time scale of less 

than one day, though the central energy and the width are 

almost constant. 

Second, in order to investigate more short time variability, the 

data of individual orbits of the satellite, lasting about 5 to 20 

minutes, are also analyzed in the same way. Figure 30 shows the 

history of the iron properties. The folded data with the 4.8-

hour period are shown in figure 31. Following facts may be 

inferred from figure 30 and figure 31: 

(j) The intensity is variable on a time scale of several 

hours. 

@ The centroid of the iron feature has a tendency to shift 

toward 6.65 keV at phase 0.0 and toward 6.75 keV at phase 

0.5. 

The centroid of the iron feature at 6.7 keV implies that the 

ionization state of the iron ion is mainly He-like. The emission 

could either be a thermal or via a fluorescence mechanism. The 

fact that the line intensity does not show the 4.8-hour 

modulation indicates that the main origin of the iron lines is 
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different from that of the continuum X-rays. This favors the 

fluorescence emission of the lines. If the emission mechanism is 

fluorescence, we can expect that the line intensity should 

correlate with the continuum intensity above 8.8 keV. Figure 32 

shows the relation between the iron feature intensity and the 

flux in the range 9-10 keV of the data divided into 4 phase 

intervals and three parts of the observation. They reveal a 
-

rough correlation. Further, we can expect the intensity of iron 

feature to correlate to the mean intensity averaged over 4.8-hour 

modulation above 8.8 keV, because there is no modulation of the 

iron feature intensity. The data divided into 5 parts, (a) to 

(e) in 1983 observation and an integrated data through the 1984 

observation were used. The mean intensity was determined by a 

least squares fit of the light curve in the range 9-10 keV to a 

sine curve. Figure 33 shows the relation between the iron 

feature intensity and the mean intensity in the range 9-10 keV, 

and we can find good correlation. This correlation strongly 

suggests that the emission mechanism of the iron lines is the 

fluorescence, and that the plasma emitting iron lines is not 

influenced by the 4.8-hour modulation except for the slight 

change of the centroid and the width. 

V -5. Absorpt i on Edge. 

It is reasonable that the emission mechanism of the iron 

line is the fluorescence, as shown in the previous section. The 

centroid of the iron feature is about 6.7 keV. Then, we think 

that the shallow dip around 9 keV is due to the absorption edge 

of He-like iron ions. The cross section of the He-like iron is 
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given by Bethe et al. (1957): 

a (E) = 2 x (6.3 x 10- 18 )/25.72 x (E /E)2.84 cm2 
th 

where Eth is the threshold energy of Kedge. Using this cross 

section and the three-component model, we perform a model fitting 

to the spectrum in the range 8-15 keV. The results are shown in 

figure 34. We can summarize the property of the absorption edges 

as follows: 

CD The column density assuming the cosmic abundance is 

about 1-0 23 . 4 ± 0.2 H atoms/cm2 and 10 23 . 4 ± 0.5 H atoms/cm2 

for 1983 and 1984, respectively. 

@ The edge· energy is about 9. 1 ± 0.2 keV and 9.2 ± 0.5 keV 

for 1983 and 1984, respectively. 

~ There are no clear phase dependence of the absorption 

column density and the edge energy. 

The relation of the absorption edge and the iron feature will be 

discussed in the next chapter. 
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CHAPTER VI. Discussion 

VI-I. Period change. 

The period derivative, p, of the 4.8-hour modulation Is -

10- 9 sec/sec. which is consistent with the values derived by van 

der Klis and Bonnet-Bidaud (1981) and by Elsner et al.(1980). The 

period, p, is -17253 sec. then PIP is -7XlO- 14 sec-I. In 

the X-ray binaries. the stable periodicity is due to either the 

orbital revolution or the rotation of nn X-ray star. X-raY 

pulsars arc generally believed that their pulses are due to the 

rotation of the X-ray star. They have been investigated in 

detail. The period and PIP of X-ray pulsars range from 0.03 sec 

to 835 sec (Bradt and McClintock. 1983) and from 10- 12 to 10- 11 

-(Nagase et al. 1984). respectively. In com~arison-with X-raY 

pulsars, the period of Cygnus X-3 is an order of magnitude 

longer and PIP is an order of magnitude shorter. From these 

facts, many authors believe that this period is due to the 

orbital motion. 

If we assume that the 4.8-hour period is due to the orbital 

motion, we can roughly estimate the radius of the orbit. The 

separation, a, is given by, 

a 3 = (1 I (2 7r ) ) 2 p2 (M + M ) x G , ( 1 ) 
x c 

where Mx and Mc are the mass of an X-ray star and a companion 

star, respectively, and G is the gravitational constant. If the 

compani on star is a mai n sequence star of Mc ~ 1. OM@. whi ch 

approximately fills its critical Roche lobe. and Mc/Mx<0.8, the 

radius of a companion star is (Robinson, 1976) 

( 2 ) 
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whcre M@ is the sol ar mass and R@ is the sol ar radi us. 

rcspectively. The radius of the critical Roche lobe is (Paczynski 

1971). 

Rc/a = 0.46 (Mc/(Mx + Mc»1/3. 

Then. we find that 

M -- 3.5xl0-5 P MlR\. c ~ 

Assuming the X-ray star is a neutron star. i.e. M --x 
the separation and the radius of the companion star are 

as. 

(3 ) 

(4 ) 

1. 4 M@. 

obtained 

a -- 1. 2 x 1 0 11 cm • ( 5 ) 

Rc -- 2. Bx 10 10 cm (6) 

These resul ts are uncerta i n because the assumpt ions. Mc ~ 1 . OM@ • 

Mc/Mx<O.B and a companion star of a main sequence star. have not 

been demonstrated explicitly by observations. 

If the period of 4.B-hour modulation is due to the 

orbital motion, what causes the period derivative. PIP -- 7x10- 14 

sec-I? The change of orbital period due to mass transfer between 

members of a binary system is given by (e.g. Pringle. 1975) 

(7 ) 

If the X-ray emission from Cygnus X-3 results from the accretion 

onto a neutron star. the mass accretion rate required to produce 

the observed luminosity (Lx -- 103B erg/sec) is 

Mc -- -5 x 10 17 gram/sec (B) 

Thus. the period change is, using Mc and Mx of 0.6 M@ and 1.4 

M@. 

P /P -- 7 x 10 -16. sec -1 • (9 ) 

and this value is too small. 
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, , 
When the system reveals the mass loss. the orbital period is 

changed. If we make the plausible assumption that the mass which 

is lost by the system carries away the angular momentum it had 

when it was part of the companinn star. the period change is 

given by (Davidsen and Ostriker, 1974), 

( 10 ) 

The mass loss rate required to explain the period derivative is 
-5 ...... -6 

Mc ...... -10M@/year.· ( 1 1 ) 

This value is too large for a main sequence star. Such a value is 

only revealed by some peculiar stars; Of stars and Wolf-Rayet 

stars etc. However. Davidsen and Ostriker (1974) argued that 

once the wind got started. electron scattering trapped photons. 

some of which found their way to the companion star and thus fed 
==--.-

the wind even if the companion star was a red dwarf. In the very 

thick wind. the companion star was illuminated by X-rays on all 

sides and was literally being boiled away. 
-6 the mass loss rate of ....... 10 ~"l@/year. 

And they introduced 

Another possibility of the period derivative of -10- 9 

sec/sec is the apparent change by the apsidal motion of an 

elliptical orbit. If the system is observed over a span of time 

shorter than the period of apsidal motion. P then the aps' 

periodic nature of these changes may not become apparent. Indeed. 

for a sufficiently short span of observations during certain 

parts of the apsidal cycle. these changes would appear as 

monotonic increases or decreases of period. This phenomenon was 

discussed by Elsner et a1. ( 1980) and Ghosh et a1. (1981) . They 

argued that the elliptic orbit hypothesis explained the observed 

asymmetry in the average X-ray light curve. 
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Our data show that the period appears as monotonic increase 

over about 10 years (figure-16.). The average X-ray light curve 

of our data also shows the similar asymmetry with previous 

. observations, i.e .• a sharp fall to X-ray minimum followed by a 

gradual rise (figure-17.). Therefore. if the period derivative 

is mainly due to the apsidal motion. the period of the apsidal 

motion, Paps' is larger than 40 years. As shown by Elsner et 

al. (1980) and Ghosh et al.(1981). this period rules out all main 

sequence companion stars and the most plausible companion star 

is a pure helium star. 

VI-2. Emission region of iron lines. 

The strong iron feature of Cygnus X-3 has been pointed out 

by many authors. Our results about iron lines from Cygnus X-3 

are summarized as follows: 

~ The intensity appears to have no modulation of 4.8-hour 

period. especially in 1983. 

@ The intensity correlates strongly with the mean 

intensity during the 4.8-hour period in the range 9-10 keV. 

@ The centroid of the energy is about 6.7 keV. and it 

has a tendency to shift toward 6.65 keV at phase 0.0 and 

toward 6.75 keV at phase 0.5. 

@ The wi dth is about 0.4 - 0.8 keV and shows a tendency to 

increase at phase 0.25. 

~ The intensity is about 0.015 counts/sec/cm2 in 1983 and 

about 0.025 counts/sec/cm2 in 1984. 

~ The intensity varies in the time scale of several hours. 

The spectra reveal the shallow dip around 9 keV. Assuming that it 
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was due to the absorption edge of He-like iron ions, following 

facts were derived in the previous chapter: 

cv The edge energy is about 9 keV. The energy is 

consistent with the energy of the K-edge of He-like iron 

ions. 

~ The column density of absorption edge of· He-like iron 

ions corresponds to about...;.... 10 23 . 4H atoms/cm2 wi th the 

cosmic abundance of iron. 

The facts, @ ,CV and @, suggest that the emission 

mechanism of the iron feature is fluorescence of the plasma 

irradiated by X-rays. The iron feature intensity, by 

fluorescence of an open uniform gaseous shell located at a radius 

r from the neutron star and subtending a sol id angle Q, is 

estimated according to Basko (1980), in appendix A. The results 

show that the intensity of the iron feature emitted by the plasma 

has the upper limited value* given by 
00 

I Line -- 30 S I( £ )/£2.84 d£ TTQYFe 
Eth 

(photons/sec) , (A-12) 

where I ( £) is the spectral shape, TT is Thomson scattering 

depth of the shell and YFe is the ratio of the iron abundance of 

the plasma to the iron cosmic abundance. 

We think that the:spectrum·in the phase 0.125-0.375 reveals 

the mean spectrum of Cygnus X-3. The spectrum in the range 8-15 

keV resembles by 

I( £) = 1.1 x 103 x £ -4.9 x41lD2 photon/sec/keV , (12) 

for the data in 1983, and 

* The value is the upper li mi t by two reasons: (1 ) all iron 
atoms are assumed to be in He-like ions, (2) it is assumed that 
all the li ne photons f i naIl y es cape as K - et photons. 

45 



I ( ~) = 3.69 x ~ -2.28 x4 1C. D2 photons/seclkeV, <13 ) 

for the data in 1984, where D is the distance to Cygnus X-3. 

The column density of the absorption edge due to the He-like 

iron ions corresponds to about 10 23 •4 H atoms/cm
2 assuming that 

the abundance of the He-like iron ions is the cosmic abundance. 

This value is derived neglecting the Lyman continuum emission. 

This emission makes the depth of the absorption edge smaller. 

Taking account of this effect, we simulate the relation of the 

observed column density and the edge energy to a true column 

density. If we assume the spectral shape (12) and (13) and the 

true absorption column density of He-like iron ions, we can 

simulate the expected spectra using the photoelectric cross 

section given by equation (A-9) and the Lyman continuum 

intensity given by equation (A-13). The absorption column 

density and the edge energy expected to be observed are estimated 

by the least square fit of the simulated data assuming that the 

shallow dip is due to only the absorption edge. In figure 35, 

the resul ts • in cas e of Q = 4 1C., Y Fe = 1, are shown. From the 

figure 35. we can find that the true column density is about 

1023 . 5 H atoms/cm2 • This figure also explains the edge energy 

observed about 9 keV. 

These absorption column density was derived from the 

absorption edge around 9 keV assuming the cosmic abundance. When 

we take account to YFe • we should write NH/YFe ........ l023.5. Using 

the equation (A-12), the spectral shapes (12) and, (13) and the 

column density NH/YFe ........ l023.5. the expected iron feature 

intensities of the plasma with Q= 41C. are 

ILine/(41C.D2) ........ 0.007 counts/sec/cm
2 
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ILine/(47ID2) - 0.011 counts/sec/cm2 • 

for 1983 and 1984. respectively. This value is about half of the 

observed intensity. In this discussion. we assume that the 

emission and the plasma are both spherical symmetric. However. 

since there is a companion star. the plasma may not be spherical 

symmetric. The density may be denser near the companion star. so 

that the plasma near the companion star can emit the iron lines 

more efficiently. If we assume that the typical Thomson 

scattering depth. TT' is about 2 and the solid angle from the 

,compact star is about 0.lx47I. the observed intensity of the iron 

feature can be explained. 

In the following. we examine the structure of the plasma 

emitting the iron lines. The column density is about 10 23 . 5 H 

atoms/cm2. This means that 

nR - 1023 . 5 • (14 ) 

where n is the number density and R is the thickness of the 

plasma. The centroid of the feature with about 6.7 keV and the 

energy of the absorption edge of about 9keV imply that the 

ionization state of the iron ions is mainly He-like. The 

ionization state for an optically thin gas irradiated by a point 

source of X-rays is approximately specified by a single parameter 

( Tarter et al. 1969), 

.; = L / ( nR · 2 ) • x 
(15 ) 

where Lx is the luminosity of the X-ray source. R' is the 

distance from the X-ray source. In the region where the iron 

ions are mainly Fe XXV. the value of .; is about 102 . 5 - 3 . 5 ( 

Kallman and McCray 1982). Assuming Lx-1038 erg/sec. we obtain 

nR · 2 _ 1 034 . 5 - 35 . 5 . ( 1 6 ) 
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In case of R-R', we can get the density and radius as 

R - R' - 1 0 11 - 1 2 cm ( 1 7 ) 

n - 1 0 1 2 • 5 - 11 • 5 cm - 3 ( 1 8 ) 

Since the separation is about 1011cm. the radius 10 11 - 12 cm is 

consistent with the no modulation of the intensity of the iron 

feature if we assume that the cause of the 4.8 hour-modulation is 

the orbital motion. If a fraction of the iron feature is emitted 

from the matter near the companion star, it may also show little 

modulation in the model described in VI-4, because the 

enshrouding matter is nearly spherical sYmmetric from the center 

of the companion star. The modulation of the centroid of the iron 

feature will be discussed in VI-4. 
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~-3. Spectral variation and previous proposed models. 

The spectral variation according to the 4.8-hour period is 

shown in figures 19. 20 and 21. This variation is not due to the 

change of the absorption column density. but is rather due to the 

change of the temperature when we fit the spectrum with a black· 

body spectrum. Before this work. the observation of the spectral 

variation according to the 4.8-hour period was poor. and the 

previous proposed models have not yet been examined sufficiently. 

on this point of view. In this section. we examine the several 

proposed models comparing with our results. 

<D Ref 1 ect i on model 

This model was proposed and investigated by Basko et al. 

(1974). The expected spectrum reveals a large iron absorption 

edge around 7.2 keV and K-a emission feature around 6.6 keV. In 

our data. the iron absorption edge around 7.2 keV is not clear. 

They consider two components of the spectrum. the reflection on 

the surface of the companion star and the scattering at the hot 

extended layer which is the evaporating gas produced by the 

interaction of X-rays with the atmosphere on the companion star. 

Their calculation shows that the scattered component is softer 

than the reflected components below 20 keV. Since the fraction 

of the scattered component may be larger near the phase O. the 

expected spectrum near the phase 0 must be softer than the other 

phase. This is inconsistent with our results; the spectrum 

around phase 0 is harder than that at other phase. 
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@ Stell ar wind model. 

Pringle (1974) and Da~idsen and Ostriker (1974) proposed 

this model. Both of them predicted that the absorption column 

density must be variable, i.e. the absorption column density is 

maximum at the phase O. The present observation shows that the 

absorption column density is rather minimum at phase O. when we 

fit the spectrum with a black body spectrum. 

Hertz et al. (1978) performed the Monte Carlo simulation for 

this model of the five case of the cloud with different density 

distribution and ionization state. They showed that for the 

cloud vIi th 0 I and Fe I the expected spectrum reveals a large 7.1 

keV absorption edge and the light curve in the range 1-3 keV 

shows a narrower maximum than that in the higher energy range. 

Our data do not reveal these features. 

For the cloud including Fe XXVI. with a scattering depth 

of about unity. which is measured from the surface of the 

companion star to the point of 4 times larger than the 

separation. the expected light curve resembles the observed one, 

and the expected spectrum shows an iron feature around 6.9 keV 

and an absorption edge around 9.2 keV. Although the equivalent 

width of the iron feature reveals to be slightly enhanced in the 

phase around O. the variation is smaller than that of our 

observation, which shows the modulation by a factor of about 2. 

For the cloud including only Compton scattering, the light 

curve of Cygnus X-3 can be explained when the scattering length 

of the cloud is greater than about unity. 

If the cloud is fully ionized and has a high 

(about several tens keV) in the inner region on 
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it is expected that the iron lines emitted in more outer 

layer and its intensity is not modulated. The spectral 

variation. harder spectrum around phase O. also can explain by 

Comptonization of the hot cloud. This model will be discussed in 

the next section. 

@ Cocoon model. 

Milgrom (1976) and Milgrom and Pines (1978) proposed this 

model. and Hertz et al. (1978) examine this model with a Monte 

Carlo simulation. Hertz et al.(1978) showed that a comparable 

shape of the modulation of the Cygnus X-3 light curve was 

obtained. when the scattering length was greater than 2. the 

companion radius was 0.6 times the separation and the 

photoelectric absorption occurred within part or all of the 

shell. 

If there is the photoelectric absorption within all of the 

shell. and the scattering length is greater than 2, the 

absorption column density is greater than 1024 H atoms/cm2 . This 

is inconsistent with our results. 

On the other hand, when the absorption occurs within a part 

of the shell. i.e. a shade of the shell, it is expected that the 

absorption column density at the phase 0 is larger than that at 

the other phases. This is also inconsistent with our results. 

@) Accretion Disk Corona (A.D.C.) model. 

White and Holt (1982) proposed this model. They said that 

the broad iron feature (- 1 keV) was one of the consequence of 

the presence of the optical thick A.D.C .. If the iron lines are 
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emitted from the A.D.C .. the flux of the iron feature must be 

modulated as the continuum flux. In other words. the equivalent 

width of the iron feature is expected to show no 4.8-hour 

modulation. This is inconsistent with our results. Therefore. 

most of the iron lines should not be emitted from the A.D.C. but 

from a more extended region than the A.D.C .. for example. in 

order to have less modulation by the eclipse by the bulge of the 

disk. 

The spectral shape variation of the 4.8-hour modulation was 

not considered by them. If we take account of only the eclipse 

by the disk bulge. the spectral shape can not be modulated. To 

explain the spectral variation of the 4.8-hour modulation. we 

must introduce another mechanism. For example. the A.D.C. is 

asymmetric by some reason. and has a higher temperature than the 

X-ray emitting region of the neutron star. Comptonization in the 

A.D.C. makes the spectrum become harder when the X-rays escape 

from the A.D.C. The spectral variation of the 4.8-hour 

modulation is due to the change of the scattering depth of the 

asymmetric A.D.C. 

As shown above. without some modification. none of these 

models can explain the observed behavior of Cygnus X-3. The 

stellar wind model and the A.D.C. model are most plausible among 

these models. In the next section. we will propose and discuss 

the hot gas model which improves the previous stellar wind model 

(Pringle. 1974 : Davidsen and Ostriker. 1974). 

vl-4. Hot gas model. 

One model for the sinusoidal light curve of Cygnus X-3 is 

.,-
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that the binary source Cygnus X-3 is enshrouded with matter which 

have the scattering depth of order of unity. The constant iron 

feature intensity in the 4.8-hour period suggests that the. cloud 

emitting the iron lines is not influenced by the cause of the 

4.8-hour modulation which may be the orbital motion. The harder 

spectrum around the phase 0, which can not be resembled by the 

change of the absorption column density with either a neutral gas 

or a partially ionized gas, implies the presence of high 

temperature cloud which is modulated in the 4.8-hour period. 

Therefore, we present the following model. Cygnus X-3 is a 

close binary system containing a neutron star and a normal 

companion star which has the separation of about 1011cm. The 

system is enshrouded with the matter, whose scattering depth from 

the surface of the companion star to infinity is several. The X

rays and r -rays are emitted around the neutron star. The matter 

in the inner region on the orbital scale is fully ionized and has 

a high temperature (several tens keV) by the energy supply of 

mainly r -rays. The iron lines are emitted from the outer region 

of the orbital size and from the matter near the companion star. 

The scattering by the enshrouding matter makes the light curve of 

the X-rays sinusoidal. Around the phase 0, we see mainly the 

scattered component by the hot gas and the spectrum is harder 

than the other phase. 

In the following, we discuss this model in more detail. 

<D Enshrouding matter. 

Davidsen and Ostriker (1974) assumed that the density 

distribution of the gas cloud is spherically symmetric with 
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respect to the companion star and decreases as 

the distance from the center of the companion star. Furthermore, 

we assume the scattering depth from the point of r*-10 11 cm to 

infinity is about 2, in order that the X-ray light curve is 

modulated as we observed (Hertz et al. 1978). Therefore, we can 

write the density distribution as 
. 13 2 3 

n (r) - 3x 10 /r * 11 cm - . (19 ) 

1 1 
where 10 r*11 = r*. 

One of the possible origin of the enshrouding thick matter 

is a large mass loss rate. M_l0- 5 --6 M@/year, of the companion 

star. which can explain the period derivative of -10-9 sec/sec, 

by some mechanisms for example evaporation by the X.-ray 

illumination (Basko et al. 1977), 

Second possible origin of the enshrouding matter is the 

hydrogen rich envelope of a He-star companion (van den Heuvel and 

de Loore, 1974). This assumption can also explain the period 

derivative by the apsidal motion, as shown by Elsner et al.(1980) 

and Ghosh et al.(1981). 

Third possible mechanism is the Roche lobe overflow, whose 

rate is too large to accrete the neutron star. The matter lost 

by the primary is expected to suspend around the system and to 

enshroud the entire system. 

Although we can not decide the origin of the enshrouding 

matter, we assume the density distribution of equation (19) in 

this discussion. 

@ X-ray heating. 

This matter is always irradiated by X-rays and r -rays 
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emitted from around the' neutron star. 

For an optically thin gas irradiated by a point source of X-

rays, the ionization state and the temperature of any local 

region is roughly determined by a single parameter (Tarter et al. 

1969) 

(20) 

where LxiS the luminosity of the X-ray source, n is the local 

atomic number density of the gas and r is the distance from the 

X-ray source. Assuming the density distribution of equation (19), 

the atomic number density is given by 
2 2 

n(r) = nx D Ir* 

'"'- 3Xl0 13 (D/l0 11 )-2 cm-3 • 

( 21) 

(22) 

where nx is the ion number density at the orbit of the X-ray 

source, D 1s the separation. and r* is the distance from the 

center of the companion star. According to the definition of 

Hatchett and McCray (1977). 
2 

~ = Lxi (nxD ) q , 

q = (r*/r)2 

(23) 

(24) 

Therefore. the value ~ is determined by the variable q. The 

lines of a constant q in the orbital plane are illustrated in 

figure 36. Assuming Lx '"'- 2xl038erg/Sec. we obtain 

~ ...... 0.6 x 103 q (25) 

At q ...... 0.5 - 5, the value of ~ is about 10 2 . 5 ...... 3 . 5 and the 

ionization state of iron ions is there mainly He-like and lower Z 

elements are almost fully ionized (Kallman and McCray 1982). The 

temperature is about 106K. In the nearer region to the X-ray 

source (q > 5), the iron ions are almost fully ionized., 

The modulation of the centroidof the iron feature, which 

55 



has a tendency to shift toward 6:65 keV at phase 0.0 and toward 

6.75 keV at phase 0.5,(figure 31) can be qualitatively recognized 

by figure 36. The hemisphere containing the companion star has 

smaller value of q, and in that the iron ions are less ionized. 

Around phase 0, we observe Cygnus X-3 from the hemisphere 

containing the companion star, so that the iron lines from the 

hemisphere containing the companion star are mainly observed, 

because the iron lines emitted from the farther hemisphere will 

escape most readily in the opposite direction to the observer by 

the scattering, and then the centroid of the iron feature is 

lower than that in other phase. 

In above discussion, the effects of Compton scattering and 

pair production by r -rays are neglected. As shown in -the next 

subsection, when we take account of these effects, the plasma 

near the neutron star becomes hotter and the fully ionized region 

becomes larger. However, in the more outer region, the effects of 

Compton scattering and pair production by r -rays are smaller 

than that of the free-free, bound-free, free-bound and bound

bound transition, so that the ionization state of the plasma can 

be determined by the variable q. After all, the energy shift of 

the iron feature is still expected. 

@ r -ray heating. 

In this subsection, the effect of Compton scattering and 

pair production by r -rays are examined, including the effect of 

the thermal bremsstrahlung. 

The observed r -ray spectrum was gi ven as (Samorski and 

Stamm ,1983) 
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N ( )E) = ( 6 . 4 ± 3. 6) xl 0 ~ 7 (Ell 09 ) -1 . 108 ± 0 . 021 

Photons/cm2/sec. (26) 

Assuming that the distance to Cygnus X-3 is 12 kpc, we obtain 

ICE)"'" 4.0 x 10 41 (E/I0keV)-2.1 photons/sec/eV (27) 

However, Hermsen(1984) reported that the upper limit of the r

ray flux at 70 MeV < E < 5000 MeV was 1.0 x 10-6 Photons/cm2/sec. 

This value is one order of magnitude smaller than the. value 

derived from the equation (26). Further, the X-ray spectrum in 

the range of 10keV ..... 1 MeV shows the variable power law index 

from one observation to the others. but the flux at about 10 keV 

is relatively stable (Reppin et al. 1979). Then, we assume that 

the power law index of equation (27) is variable and the spectrum 

is written as 

I (E) -.... 4.0 x 10 41 (E/10keV)- Cl. photons/sec/eV . (28) 

The plasma near the Cygnus X-3 is heated by the higher 

energy photons than the temperature of the plasma and is cooled 

by the lower energy photons. The plasma is also cooled by the 

thermal bremsstrahlung of the plasma itself. In Appendix B, the 

energy exchange rate in this plasma is discussed, and the results 

are used in the following. 

If we fix the density of the ·plasma of about 3x10 13 cm- 3 

from equation (19), the energy supply rate by pair production 

(equation (B-10» and Compton scattering (equation (B-12), within 

a certain radius of r from the neutron star, is determined by the 

r-ray spectrum of equation (28), i.e. by its index, CI.. When Cl. 

is small, the energy supply rate is large. On the other hand, 

the cooling rate (equation (B-15» by Compton scattering is 

determined both by the luminosity. L, of the X-rays with energy 
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lower than the temperature of the plasma and by the temperature 

of the plasma, kT. The cooling rate by the thermal 

bremsstrahlung (equation (B-16» is determined by the temperature 

of the plasma. 

Fi rst. we choose the parameters. a and L. so that the 

heating is relatively small and cooling is large; i.e. a =2.5 and 

L=2xl0 38 erg/sec. In this case at r<1010-11 cm , Compton cooling 

and Compton heating are dominant on the energy exchange and they 

balance each other at the plasma temperature of about 9 keV, as 

.shown in figure 37 (a). Next, we choose the parameters a and L, 

so as to be an opposite condition; a=2.1 and L=0.5xl0 38 

erg/sec. In this case, Compton cooling and heating balance each 

other at r<1011-12 cm , at the temperature of the plasma of about 

100 keV. In this hot region, the plasma is almost fully 

ionized, so that the effect of bound-free. free-bound and bound-

bound transitions is negligible. Therefore, in this hot region, 

the discussion about the X-ray heating in the previous subsection 

should be corrected and the temperature is determined as shown 

above. 

After all, in the case of n ........ 3xl0 13cm-3 , we can expect that 

the exchange of energy, at r<10 10 - ll cm, is mainly due to Compton 

cooling and heating and they balance at the temperature of about 

several tens keV. 

The flux of X-rays and r -rays decrease in proportion to the 

square of the distance from the X-ray star, so that the energy 

exchange rate by Compton scattering decrease as the same. On the 

other hand, the cooling rate by the thermal bremsstrahlung is 

proportional to the square of the density of the plasma. In the 
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region cm, we can roughly assume that the density 

is constant, so that the cooling rate of the thermal 

bremsstrahlung 

star. Thus, 

is 

at 

independent of the distance from the X-ray 

the more distant region (r>lOlO ...... llcm), the 

temperature is determined by the energy balance among Compton 

heat! ng, Compton cooling and the cooling by the thermal 

bremsstrahlung. -Hence, th-e temperature of -the plasma at 

r>lolO ...... llcm becomes lower than that of the inner region. When 

the temperature decreases to several keV, bound-free, free-bound 

and bound-bound transitions play an important role. Therefore, 

ionization state is estimated by the parameter ~, whose value 

can be obtained from the variable q shown in figure 36. 

Therefore the discussion for the iron lines emission region in 

VI-2 is still valid in this region. 
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® The observations and the explanations 

If we assume that the existence of r -rays and the 

enshrouding matter of the density distribution given by equation 

(19), the hot gas region is naturally derived. In the following, 

we show that this model can explain almost all the behavior of 

Cygnus X-3. 

The quiescent radio emission is explained by Vestrand (1983) 

~Jl th the model. having the same matter distri bution and r -rays as 

ours. The relativistic electrons and pOSitrons are produced by 

pa i r product ions of r -r ays vJ i th therma lions, or Compton 

collisions of r-rays with thermal electrons. They emit the 

synchrotron radiations, which are observed as the quiescent radio 

emission. 

The free-free opt i cal depth of infrared (11 ....... 10 14 Hz ) is 

given by 

-2 -3 
14 r 1l (29) 

where fff is the opacity of the free free transition. l06T6 = T, 
14 10 11 14 = 11, and g is the mean Gaunt factor, .vJhich is of the 

order of unity. Then, the free-free optical depth is less than 

unity from the surface of the companion star to infinity. The 

black body radiation from the surface of the companion star, 

assuming its temperature of 104K and its radius of 3X10 10 cm, is 

given as. 

Ib ....... 1.6x10 17 (exp(h 1I/kT)-1)-1 11 143 erg/sec/Hz. (30) 

The free-free radiation from the optically thin region is, 

If ....... 2.2xl0 20 9(kT)-1/2exp (-E/kT) r 11 - 1 erg/sec/Hz. (31) 

If we assume the temperature is 10 6K, 11 _10 14 Hz and the distance 
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to Cygnus X-3 is 12 kpc, the value derived from equatton (31) is 

comparable with the observed infrared flux. Further, if the 

enshrouding matter is due to the stellar wind, it is possible 

that the evaporation of the matter from the surface of the 

companion star facing the X-rays star is greater than that of 

the opposite surface, because of the X-ray irradiation. 

Therefore, the cloud in the hemisphere containing the X~ray star 

may be denser than that in the another hemisphere. so that the 

infrared flux reveals a small modulation. 

If we assume the radius of the companion star is 3xl0 10 cm 

and the density distribution given by equatIon (19). the 

scattering depth from the surface of the companion star to 

·infinity is about 7. In this scattering depth. we can expect. as 

shown by Hertz et al.(1978), that the tight curve of X-ray 

reveals nearly sinusoidal. Furthermore. around the phase 0, 

since we mainly observe the scattered components by the hot gas, 

the spectrum is expected to be harder than the other phase. In 

other words, the temperature around phase 0 is higher than that 

at the other phase, when we fit the spectrum with a black body 

spectrum. 

Figure 38 shows a schematic illustration of our model. We 

performed a Monte Carlo simulation assuming the density profile 

of 3xl013rl1-2 separation·of 1011 cm. and the hot plasma, whose 

center is at the X-ray star, having the temperature of 10 keV and 

radius of 1011cm. The incident X-ray spectrum. from the neutron 

star is a black body spectrum with the temperature of 1 keV. The 

energy transfer per Compton scattering is roughly given by E(4kT

E)/mC2 , where E is the photon energy, kT is the temperature of 
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electrons and m is the electron rest mass. Thus, in the hot 

region, the energy transfer per Compton scattering is larger than 

that in the outer region. Therefore, we neglect the energy 

transfer of the scattering in the outer region. Figure 39 and 40 

show the light curve of the energy of several keV and the PHA 

ratios, respectively. They resemble the observed results. 

The difference between the spectral shape in 1983 and that 

in 1984 can be explained by the change of the scattering length 

in the hot plasma as pointed out in V-2. The spectrum in 1984 is 

similar to that of the low state. Therefore, the spectral 

variation between the high state and the low state may be 

considered to be due to the change of the scattering length of 

the hot region. 

The asymmetry in the 4.8-hour X-ray light curve may 

from an elliptical binary orbit as suggested by Elsner 

(1980) and Ghosh et al.(1981). 

result 

et al. 

The EXOSAT data shows that the flux of the iron feature is 

modulated (van der Klis, 1985). In their data, the flux of the 

iron feature is stronger than our data by the factor of 2 or 3. 

This fact is explained as follows. When the enshrouding matter 

becomes denser, the radius of the hot region~becomes smaller, 

because Compton cooling and heating rate are proportional to the 

density and the cooling rate by the thermal bremsstrahlung is 

proportional to the square of it. Then the region emitting iron 

lines approaches to the X-ray star, so that the flux of the iron 

lines are modulated. At the same time, the denser matter can 

emit more intense iron lines. 

Our model does not explain the radio outbursts and the 

62 



I 

origin of the r -rays. Gregory et al.(1974) and Petersen et al. 

(1973) explained the radio giant outburst by the ejection of 

relativistic particles. Vestrand 'and Eichler (1982) proposed the 

model for the r-rays with E)10 12 eV, and the implications of the 

r-rays with E) 10 15 eV were discussed by Eichler and Vestrand 

(1983), Hillas (1984) and Porter(1984). They argue that the 

neutron star, which may be ~ young pulsar whose period is an 

order of msec, accelerates relativistic particles by some 

mechanism. However, these phenomena remain to be highly 

puzzling. (In our model, even if there is a young pulsar, we can 

not detect its pulsation because the large scattering length 

would smear out the pulsations.) 

VI-5. Concluding remarks. 

We observed the detailed spectra of Cygnus X-3 with the SPC 

aboard Tenma. The spectra show the strong iron feature around 

6.7 keV and the shallow dip, presumably the absorption edge of 

He-like iron ions, around 9 keV. We found that the iron feature 

intensity strongly correlates with the mean intensity during the 

4.8-hour modulation in the range 9-10 keV. This fact suggests 

that the emission mechanism of the iron lines is the 

fluorescence. The iron feature intensity appears to have no 

modulation at the 4.8-hour period. 

The nearly sinusoidal light curve suggests that Cygnus X-3 

is enshrouded with the matter with the scattering depth of 

several. The variation of the spectrum according to the 4.8-hour 

modulation, which shows the harder spectrum at the phase 0 than 

the other phases, can not be resembled by the changes of the 
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absorption column density either of the neutral or of partially 

ionized gas. This suggests that the enshrouding matter is highly 

ionized and is a high-temperature gas which is modulated in the 

4.8-hour period. 

From these facts, we propose a new model for Cygnus X-3as 

follows. Cygnus X-3 is a close binary system containing a 

neutron star and a normal companion star, and the system is 

enshrouded wi th matter. The neutron star emi ts X-rays and r -

rays. The enshrouding matter in the inner region on the orbital 

size has a high temperature (several tens keV) by the energy 

suppl y of mai nly the r -rays. 

This model can explain almost all the phenomena of Cygnus X-

3, ~'firi~' radio to X-rays wavelength. To recognize the radio 

outburst and the origin of the r -rays, we must awai t further 

observations of them and theoretical developments. 
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APPENDIX A. The estimation of the intensity of the iron lines 

emitted by the fluorescence. 

We examine the intensity of the iron lines emitted by the 

fluorescence, according to Basko (1980). We consider an open 

uniform gaseous shell located at a radius r and subtending a 

solid angle Q as seen from an X-ray source. Under the 

assumption that all the resonance photons created in the shell 

ultimately escape, the expression for the intensity, ILine , can 

be written as 
2 ILine = f3 nenFCQr {) (photons/sec), (A-I) 

where f3 is the excitation coefficient, ne and nFe are the number 

.dens i ty of el ectron and iron ion, {) is the geometr i caLc : . 

thickness of the shell. The iron number density nFe is 

represented as 

nFe = 4Xl0- 5 nHYFe (A-2) 

where YFe is the ratio between the iron abundance and the iron 

cosmic abundance (AlIen, 1973). The geometrical thickness of the 

shell is represented as 

(A-3) 

where T T is Thomson s ca t ter i ng I ength and a T is Thomson cross 

section. Then we can rewrite equation (A-I) as 

(photons/sec) . (A-4) 

If the iron is predominantly in the form of He like. 

f3 -- f3 24 = a 24 X 25( 1- a 24/ a 24 (sec-I) (A-5) 
tot 1 tot • 

24 24 a 1 /a tot -- 18%, (Basko,1980) -(A-6) 

where a 124 Ca tot 24) is the radiative recombination coefficient 

to the ground state (summed over all states) of FeXXV, X 25 is 
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the fraction of FeXXVI. and /3 24 is the excitation coefficient 

of FeXXV. In the steady state. 

24 24 24 25 r X = a tot neX • (A-7) 

vJhere r 24 is the photoionization rate for FeXXV I.t!hich given 

by 

"4 ? 00?4 -1 r" = ( 1 / ( 4 it r"'» S Etlf'" (£ ) I ( £) d £ (s ec ) . (A-8) 

where I( £) is the spectrum of the X-rays, Eth is the threshold 

energy of K edge and (J 24 ( £) is the photoel ectr i c cross sect i on 

of Fe XXV ~]hich is given by 

')4 
(J" (£ ) (A-g) 

Thus. 
00 

r 24 = 0.73X10- 18/r2 S J( £ )/£2.84 d£ (sec-I). (A-10) 
Eth 

In the case x 24 _1. from the equations (A-5).(A-6).(A-7) and 

(A-IO). 

/3 - /3 24=o.60x10- 18/(r 2n ) 
00 e 

S l( £ )/ E: 2.84 d £ (sec-I). (A-1 I ) 
Eth 

Then. we arrive at a conclusion that the intensity of the iron 

feature emitted by the plasma limited by the value 

I
Line

- 30 S~(£)/£2.84 dE: LTQY
Fe 

(photons/sec)'(A-12) 
Eth 

In the same time. we can estimate the Lyman continuum intensity. 

, 24 24 
chang 1 ng ( 1- a 1 / a tot ) in the equation (A-5) into 

24/ 24 d 't ' a 1 a tot • an 1 00 1 S 

I - 6. 6 S I ( £ ) / £ 2.84 
LYman Eth 

(photons/sec) . (A-13) 
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APPENDIX B. The energy exchange rate of the matter 

near the r -ray emi tting neutron star. 

As shown in the text. we assume the r -ray spectrum as 

I (E) - 4.0 Xl0 41 (E/I0keV)- a photons/sec/eV. (B-1) 

These r -rays supply the plasma wi th energy. The r -rays wi th 

energies E > 1 MeV generate pairs of an electron and a positron. 

The total cross section of a r -ray for pair production in the 

energy range ( E » 2 mc2 ). is given as (Heitler .1954). 

up = (1/137) r
e

2 ((28/911n(2E/(mC2 )-(218/27». (B-2) 

where re is the classical electron radius. m is the electron mass 

and c 'is the light velocity. The pair production rate in the 

material of the constant density n. within the radius r from the 

neutron star. is given by , 

00 

S 4.0 x 1041 (E/I0keV)- a nr up dE (B-3) 
IMeV 

Interaction of the electrons. with the thermal material and 

magnetic field. causes the ionization. the bremsstrahlung and the 

synchrotron emission losses. 

The synchrotron emission loss. Es' of an electron of the 

energy of E is given by 

E = s 2.48 x 10- 2 (B2 /87t) (E/mc2 )2 eV/sec • (B-4) 

where B is the magnetic field strength. 

The bremsstrahlung loss. Eb , for an electron of the energy 

E in the plasma of density n is 

Eb = 1.4 x 10- 16 E (In(E)+14.38) n eV/sec . (B-5) 

The ionization loss rate is given as (Gold ,1972), 

dEi 4 2 dx = ( 4 7t ne I ( mv » r , (B-6) 
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r = In ( ( r -1 ) 112 f3 mc2 (2 0 ) 1/2 Ih W ) + 
-p 

(1/2)(1+(2r-1)/r 2 Hn(1-o) + (1/2)(0'/(1-0'» + 

(1/4)(r-l)/r)2 0 t 

where 0 = c'6.Elab)max/((1/2)mv2). (.6.E lab )max is the maximum 

energy exchange in the lab frame. v is the electron velocity, wp 

is the plasma frequency, e is the electron charge, h is the 

Planck's constant, f3 = v/c and r = (1- f3 2)-1/2. 

If we assume that the mean energy of the electron and 

positron is several MeV. plasma density is about 3 x 10 13 
the 
-3 cm 

from equation (19) and the magnetiC field strength is -10 3 

gauss, which was the value used to explain the quiescent radio 

from Cygnus X-3 by Vestrand (1983), we obtain 

Es - 4 x 103 eV/sec , 

Eb - 10 4 eV/sec , 
dEl -5 6 
d~ - 7 x 10 eV/cm (i .e. Ei - 10 eV/sec) 

(B-7) 

(B-8) 

(B-9) 

For a positron similar calculation can be performed. 

Therefore. almost all of the energy of the electron and positron 

is given to the plasma. Each electron and positron produced by 

a photon of energy E, roughly supplies the plasma in the radius r 

with the energy whose value is smaller one between E/2 and 

(4 7t ne4/(mv 2 » r r. Thus the energy supplied by pair production 

in the radius r from the neutron star is given by 
00 

S 2x4.0x10 41 (E/10keV)- a nr er p 
IMeV 

Min( (4 7t nee4 /(mV2 » r r,E/2)dE. (B-10) 

Compton scattering by the r -rays suppli es the plasma wi th 

energy. The exchanged energy of one collision is - E2/(mc2+E), 

and the cross section is given by 

er - er c T (E( 10keV) • 
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...... eT T (1- (5/8')( E-1 OkeV) 1 (mc2 ) ) (1 OkeV(E(mc2 ) , 

...... eT
T 

(3/8)(mC2 /E)On(2E/(mC2 »+(1/2» (mc2(E). (B-11) 

The electron scattered by a r -ray also mainly loses the energy 

by ionization process. The energy supplied by Compton scattering 

in the radius r from the neutron star is given by 

00 

S 4.0x10 41 CE/10keV)- ex 
Emin 

Min((E2/(mc2+E».((47tnee4)/(mv2»rr) Cl cnrdE . (B-12) 

where. we will set Emin equal to the plasma temperature. 

Next, we examine the energy loss of the plasma. The plasma 

is irradiated by the X-rays with lower energies than the plasma 

temperature. The energy exchange at one collision with the X-ray 

photons with average energy (E) is 

(4kT e/mc2) (E) • 

where kTe is the temperature of the plasma. 

collision is given by 

(B-13) 

The rate of 

(L/(E» nrCl T • (B-14) 

where L is the luminosity of the X-rays with E(kTe in erg. Then 

the loss rate by Compton scattering is given by 

Lnr Cl T(4kT e /(mC2 » erg/sec 

= 6.2 x 10 11 LnrCl T(4kT e /(mC2 » eV/sec (B-15) 

The energy loss rate by the thermal bremsstrahlung is given 

by 

(47tr3/3)n2g 3X10- 12 (kT )1/2 eV/sec (B-16) e . 

where g is the mean Gaunt factor. which is of order of unity. 
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949.9201 
987.6624 
988.4555 
991.6625 

1022.9995 
1024.7890 
1025.7605 
1031.1685 
1107.6697 
1304.3573 
1450.1143 
1566.319 
1579.897 
1569.679 
1608.851 
1697.1296 
1816.123 
1906.781 
1907.384 
1929.145 
1929.545 
1930.150 
2187.344 
2307.747 
2309.546 
2311.740 
2313.738 
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2314.740 
2315.132 
2315.731 
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2316.938 
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2318.129 
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Table - 5. 
Summary of Observations used to determine a ephemeris. 

Energy Bandwidth 
of Detector Phase Mln.# 

Reference 
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Leach et al.(1975) 
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Leach et al.(1975) 
Leach et al.CI975) 
Leach et al.CI975) 
Leach et al.(1975) 
Leach et a1.(1975) 
Leach et al.CI975) 
Leach et al.CI975) 
Leach et al.CI975) 
Mason and SanfordCl979) 
Mason and SanfordCl979) 
Mason and SanfordCl979) 
Mason and SanfordCl979) 
Leach et ai.(1979) 
Mason and SanfordCl979) 
Mason and Sanford(1979) 
Uason and SanfordCl979) 
Mason and SanfordCl979) 
Mason and Sanford(1979) 
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Mason and SanfordCl979) 
Mason and Sanford(1979) 
Mason and Sanford(1979) 
Parslgnault et al.CI976) 
Uason and Sanforrl(19791 
Mason and Sanford(19791 
Mason and Sanford(19791 
Mason and Sanford(1979) 
Manzo et al.(1978) 
Mason and Sanford(19799 
Mason and Sanford(1979) 
Mason and Sanford(19791 
Mason and Sanford(1979) 
Mason and Sanford(1979) 
Mason and Sanford(1979) 
Lamb et a1.(1979) 
Lamb et a1.(1979) 
Mason and Sanford(1979) 
Mason and Sanford(1979) 
E1sner et a1.(1980) 
van der K11s et a1.(1981) 
This work 

CkeV) Ccycle) 

2-10 
2-10 
2-10 
2-10 
2-10 
2-10 
2-10 
2-10 
2-10 
2-10 
2-10 
3-8 
3-8 
3-8 
:3-8 
2-10 
3-8 
3-8 
3-8 
3-8 
3-8 
3-8 
:3-8 
3-8 
3-8 
3-8 
3-8 
3-8 
3-8 
3-8 
3-8 
3-8 
:3-8 
3-8 
3-8 
3-8 

1.4-7.2 
1.4-7.2 
3-8 
3-8 
3-8 
3-8 

1.4-7.2 
3-8 
3-8 
3-8 
3-8 
2-12 
3-8 
3-8 
3-8 
3-8 
3-8 
3-8 

1.5-6 
1.5-6 
3-8 
3-8 

1.1-22 
2-12 
1-9 

0.0 
189.0 
193.0 
209.0 
366.0 
375.0 
380.0 
407.0 
790.0 

1775.0 
2505.0 
3097.0 
3155.0 
3204.0 
330U.0 
3742.0 
4348.0 
47!)z.0 
4795.0 
4904.0 
4906.0 
4909.0 
619".0 
6800.0 
6809.0 
6820.0 
68:30.0 
6832.0 
6835.0 
6837.0 
6840.0 
6842.0 
6846.0 
6850.0 
6852.0 
6855.0 
7119.0 
8025.0 
8567.0 
8572.0 
8592.0 
8597.0 
8954.0 

10065.0 
10070.0 
10075.0 
10097.0 
11785.0 
12143.0 
12148.0 
12153.0 
12155.0 
12158.0 
12163.0 
12859.0 
12965.0 
14390.0 
14393.0 
14567.0 
17165.0 
23239;0 

Corections$ 
(cycle) 

+0.0200 
+0.0741 
+0.0521 
+0.0541 
+0.0225 
+0.0516 
+0.0506 
-U.0366 
+0.0841 
+0.0511 
+0.0571 
+O.Uf)OO 
+0.0000 
+0.0000 
+0.0000 
+0.0486 
+U.OOOO 
+(J.1J()00 
+0.0000 
+U .IJOOO 
+U.OOOO 
+0.0000 
+0.0000 
+O.UOOO 
+().OUOO 
+O.OOIlO 
+0.0000 
+O.UUOO 
+1l.OUOO 
+1).0000 
+0.0000 
+(J.OOIIO 
+1l.0000 
+0.0000 
+(J.OUOO 
+U.OOOO 
+0.0150 
+U.OI50 
+(J.UOOO 
+0.01l00 
+0.0000 
+ll.lllIlJO 
+U.0150 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0045 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 

# The cycle number from the first data (Leach et al. 1975) at JD 2440949.9201 
$ To be added to the previous column to produce the corrected phase. 

These corrections were obtained from E1sner et a1. (1980). 

79 

Error In Phase 
(cYcle) 

0.081 
0.019 
0.032 
0.046 
0.070 
0.029 
0.074 
0.079 
0.056 
0.047 
0.025 
0.010 
0.010 
0.010 
0.010 
0.030 
0.010 
0.015 
0.010 
0.010 
o.oln 
0.015 
0.010 
0.010 
0.010 
0.010 
0.010 
0.015 
0.010 
0.010 
0.010 
0.015 
0.010 
0.010 
0.011l 
0.015 
0.013 
0.025 
O.OIU 
O.UIO 
0.01() 
0.010 
0.050 
0.010 
0.010 
0.010 
0.010 
0.0060 
0.010 
0.015 
0.020 
0.015 
0.020 
0.020 
0.017 
0.045 
0.010 
0.020 
0.0054 
0.0035 
0.008 
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Figure Captions 

F l!Jure I. 1\ cumpos i te spectrum of Cygnus X-3 from rad i 0 to r-

FI(ItIl'C! 2. The schematic structure'of Tenma. 

F I ~11I1' C 3. The fields of vi eli! of three high energy astrophys i cal 

experiments on board Tenma. 

Figure 4. The schematic illustration of the SPC on board Tenma. 

Figure 5. The effective area and the energy resolution (FWHM) of 

the SPC as a function of energy. 

Figure 6. The theoretical pulse height distributions for several 

monochromatic incident radiation. The each cllr've \.!as 

normalized to the total area of one. 

Figure 7. The collimator response functions for SPC A. Band C. 

Figure 8. The locus of the Spill axis in the sky during the 

observation in 1983. The light solid line and the dashed 

line are the loci during the attitude IIIJnellVer and the 

natural drift. respectively. The heavy solid lilie is the 

locus during the observation. 

Figure 9. Same as figure 8 for the observation in 1984. 

Figure 10. Same as figure 8 for the observation of the ba.ckground 

in 1983. 

Figure 11. Same as figure 8 for the observation of the background 

In 1984. 

FICJlIJ'c 12. The observed times of the selected data. The phase is 

del'l \lcd from the ephemer i s determi ned in V-I. The phase 0 

Illf:;) 11.'; the X-I'ay minimum phase. 

Figure 13. Thc light curve after background subtraction and 

COlTcctlon fOl' the satellite attitude in the range 1-3 }:eV. 
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3-6 keV. 6-9 keV and 9-21 keV for (a) 1983 observation and 

(b) 1984 observation. The intervals (a). (b). (c). (d) and 

(e) indicate the data intervals for the analysis of iron 

line properties. 

Figure 14. The light curve in the range 1-9 keV and the best fit 

sinusoidal curve including the decrease in the wean level 

aud in the amplitude of the modulation. for the period of 

17253.216 sec. The error bars are urms (51.437 counts/sec). 

The horizontal axis is the tirne (sec) frollJ Oh 0111. Sept. 13. 

1983. 

Figure 15. The residuals from the lineal' fit of the data 

summarized in table 5 except fol' the COPcl'niclls data. 

Figure 16. The resldllals from the quadratic fit of the data 

slIlIllIlarlzcc! In table 5 except for the Coperniclls data. 

Figure 17. The folded light curves in the range 3-6 keV and 6-9 

keV and the hardness ratio ( intensity in 6-9 keV/ intensity 

in 3-6 keV) for (a) 1983 observation and (b) 1984 

observation. 

Figure 18. The spectra of Cygnus X-3 after background subtraction 

and aspect correction. All the data ~ere divided into three 

parts. the first half (before Oh Om Sept. 16 UT). the latter 

half (after Oh Om Sept. 16 UT) in 1983 and in 1984. and then 

integrated for phase intervals. 0.875-0.125. 0.125-0.375. 

0.375-0.625 and 0.625-0.875 over each of three parts. (a)

(d) are .the spectra of four phase intervals of the first 

half in 1983. (e)-(h) and (i)-(l) are that of the latter 

half in 1983 and in 1984. respectively. 

Figure 19. The PHA ratios of the spectra in the phase intervals 
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0.875-0.125. 0.125-0.375 and 0.625-0.875 to it in the phase 

Interval 0.375-0.625. in the first half in 1983. 

Figure 20. Same as figure 19 in the latter half in 1983. 

Figure 21. Same as figure 19 in 1984. 

Figure ')') ...... The PHA ratios between the data in the first half 

the latter half of 1983. for each phase interval. 

and 

Figure 23. The PHA ratios between the spectra in 1984 and the 

averaged spectra of the first and latter half of 1983 for 

each phase interval. 

Figure 24. The simulated PHA ratios derived from the variations 

of the absorption column density both of neut)'al gas and of 

partially ionized gas of He-like Mg. Si. S. A. Ca. Cr and Fe 

with cosmic abundance. The indicated numbers are the 

Hydrogen column densities assuming the cosmic abundance. 

Comptonization by the 10 keV plasma is also shown. The 

indicated numbers are Compton scattering depths of the 10 

keV plasma. 

Figure 25. The best fit parameters of a black body model for each 

of four phase intervals of three parts. The data in the 

range 1-9 keV except for 6-7 keV were used. The black body 

radius derived assuming the distance to Cygnus X-3 is 12 

kpc. 

Figure 26. The best fit simulations with the three-components 

model and the residuals. (a)-(b) show the data for four 

phase intervals in the first half in 1983. (e)-Ch) and (i)-

(1) show those in. the latter half in 1983 and in 1984. 

respectively. The histograms. A. B. and C. are the blackbody 

component. the. thermal bremsstrahlung component. and the 
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pm-Jcr lal,.} componcnt. respectively. 

Fi9UI'C '27. Thc bC!il fit 5imulations of the observed spectra of· 

thc llll'cc-component model wi th the Gauss i an line for the 

II'on fcnlure. (a)-(d). (e)-(h) and (i)-(l) show that of each 

pha!ic Interval integrated over each of three parts, the fast 

hnlf.the later half in 1983 and 1984. respectively. 

figure '28. The properties of iron feature of the data of four 

phase intervals integrated over each of three parts. 

Figure 29. The properties of iron feature of the data in 1983 

divided into five parts la) - (e) as shown in figure 13. 

Figure 30. The properties of iron feature of the data of 

individual orbits of the satellite. for (a) 1983 observation 

·and Cb) 1984 observation. 

Figure 31. The folded properties of the iron feature of the data 

of individual orbits of the satellite. for (a) 1983 

observation and (b) 1984 observation. 

Figure 32. The correlation of the iron feature intensity with the 

flux of the range 9-10 keV for the data of four phase 

intervals integrated over each of three parts. 

Figure 33. The correlation of the iron feature intensity with the 

mean intensity in the range 9-10 keV for the five parts 

intervals. (a) - (e). in 1983, and 1984 data. 

Figure '34. Two dimensional projections of the 90%. and 99% 

confidence contours for the fitting, assuming the absorption 

edge of He-like iron ions of the four phase intervals over 

each of three parts, the first half in 1983 ((a),(b),(c) and 

(d». the latter half in 1983 ((e), (f), (g) and (h» and 

in 1984 «i). (j), (k) and (1». The parameters are the 
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edge energy and the column density assumed the cosmic 

abundance. 

Figure 35. The ~Imulation of the relation between the true column 

den~; Ily and the observed column densi ty and the observed 

cd(JC' t!ncl'gy when the Lymann cont i nuum in the case of Q =4 1! 

.IIHI Yre=l is taken into account. The absorption edge is 

a~~lImcd to be due to the absorption of the He-like iron 

lOll!> at 8.8 keV. In Ca) and (b)' the spect rum Ls assumed the 

power' law spectrum. of the index of -4.90 corresponding to 

the spectrum of the 198:3 obsel'\.'ation. In Cc) and (cll. the 

spectrum is assumed the pmJer 1 a~,; spectrulII of the index of -

2.28 con:espond i ng tot ha t of the 1984 obsel'va t ion. 

Figure 36. The lines of constant q in tbe orbital plalle. q = 
') 

(r*/r)-. \OJhere r* is tbe distance from the center of tbe 

companion star and r is the distance from the X-ray star. 

Figure :37. The energy exchange rate of the plasma irradiated by 

X-rays and r -rays in the cases of Ca) 11=3Xl0 13 . kT=9keV. 

and the pO\oJer 1 a\oJ index Ca) =2.5 of the '( -ray spectrum and 

the X-ray luminosity of 2xI0 38erg/sec. and Cb) n=3XIO I3 . 

kT=100keV. the pO\o:er la\o} index( a )=2.1 and the X-ray 

luminosity of O.5Xl0 38erg/sec. 

Figure 38. The schematic illustration of the hot gas model. 

Cygnus X-3 is a close binary system containing a neutron 

~lar and a normal companion star which has the separation of 

about lOllcm. The system is enshrouded with matter. which is 

not. shown in the figure. The X-rays and r -rays are emi tted 

;u'olll1<1 the neutron star. The matter in inner region on the 

orbital scale is fully ionized and has high temperature 
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(scvm"nl tcns kcV) by the energy supply of mainly r -t'ays. 

which 1!J !Jhmm by a dashed circle. 

FIgur'c 3D. The montc carlo simulation of the light curve of the 

cncr~y of scveral keV for the density distribution of 

;) x I 0 1 3 I' 1 1 -:2 

FlcJlIl'c ·10. The monte carlo simulation of the PHA ratios of the 

modcl illustrated in figure 38 having the density 

dIstribution of 3Xlo13r11-2 and the temperature of the hot 

region of 10 keV. The open circles are the simulated data 

and the cross symbols are the observed data. Ca) is the PHA 

ratio of the intermediate intensity phase to the maximum 

intensity phase. Cb) is that of the minimum intensity phase 

to the maximum intensity phase. 
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