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4 4 
Thee Wolf-Rayet counterpart of Cygnus X-3 

Summary.. We present orbital-phase resolved I and K-band spectroscopy of 
Cygnuss X-3. All spectra show emission lines characteristic of Wolf-Rayet stars of 
thee WN subclass. On timescales longer than about one day, the line strengths show 
largee changes, both in flux and in equivalent width. Also, the line ratios change, 
correspondingg to a variation in spectral subtype of WN6/7 to WN4/5. We confirm the 
findingg that, when the emission lines are weak, they shift in wavelength as a function of 
orbitall  phase, with maximum blueshift coinciding with infrared and X-ray minimum, 
andd maximum redshift half an orbit later. Furthermore, we confirm the prediction -
madee on the basis of previous observations - that, when the emission lines are strong, 
noo clear wavelength shifts are observed. We describe a simplified, but detailed model 
forr the system, in which the companion of the X-ray source is a Wolf-Rayet star whose 
windd is at times ionised by the X-ray source, except for the part in the star's shadow. 
Withh this model, the observed spectral variations can be reproduced with only a small 
numberr of free parameters. We discuss and verify the ramifactions of this model, and 
findd that, in general, the observed properties can be understood. We conclude that 
Cygg X-3 is a Wolf-Rayet/X-ray binary. 

Keyy words: Binaries: close - Stars: individual: Cygnus X-3 - Stars: Wolf-Rayet -
X-rays:: stars 

4.1.. Introductio n 

Cygnuss X-3 is a bright X-ray source that is peculiar among X-ray binaries by its huge 
radioo outbursts, the presence of relativistic jets, the smooth orbital modulation of its 
X-rayy light curve, the rapid increase of the orbital period on a timescale of 600000 
years,, the presence of a very strong iron line in its spectrum, its brightness in the 
infrared,, and the large number of claims of detections at very high energies (for a 
revieww of its observed properties and references, see Sect. 4.2). 

Onee of the first models for Cyg X-3 was put forward by Van den Heuvel & De 
Looree (1973). These authors suggested that the system is composed of a helium star of 
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86 6 Thee nature of Cygnus X-3 

severall  solar masses and a compact object, and that it represents a later evolutionary 
stagee of massive X-ray binaries (the so-called 'second Wolf-Rayet phase'; Van den 
Heuvell  1976). Massive helium stars have been observationally identified with the 
groupp of 'classical', or population I Wolf-Rayet stars (Van der Hucht et al. 1981). 
Suchh stars have strong winds, which in Cyg X-3 would be the underlying cause for 
thee X-ray modulation (due to scattering of the X rays), the increase of the orbital 
periodd (due to the loss of angular momentum) and the brightness in the infrared (due 
too free-free emission in the wind). In the course of further evolution, the helium star 
iss likely to explode as a supernova. If the system is not disrupted, a binary such as 
thee Hulse-Taylor pulsar PSR1913+16 could be formed (Flannery & Van den Heuvel 
1975). . 

Inn this model, it is predicted that the optical/infrared spectrum shows Wolf-Rayet 
features.. This prediction was confirmed by Van Kerkwijk et al. (1992, hereafter Pa-
perr I), who found strong, broad emission lines of He I and He n in I and K-band spectra 
off  Cyg X-3, as expected for a Wolf-Rayet star of spectral type WN7. In subsequent 
observations,, it was found (Van Kerkwijk 1993, hereafter Paper II) that large changes 
inn the absolute and relative strengths of the emission lines occur. Furthermore, orbital-
phasee dependent wavelength shifts of the emission lines were found, with maximum 
blueshiftt occurring at the time of infrared and X-ray minimum, and maximum redshift 
halff  an orbit later. 

Itt was shown that these wavelength shifts could be understood if the Wolf-Rayet 
windd were almost completely ionised at the time of the observations, except in the 
partt shadowed by the helium star. It was found that both the wavelength shifts and 
thee modulation of the infrared continuum could be reproduced with a detailed model 
(withh only a small number of free parameters). Based on the model, it was predicted 
thatt when strong emission lines are present in the infrared spectra, there will be littl e 
modulationn of the lines and the continuum, and the X-ray source should be in its 
loww state (low flux, hard spectrum), whereas, conversely, when the emission lines are 
weak,, there wil l be a clear modulation of the lines and continuum, and the X-ray source 
shouldd be in its high state (high flux, soft spectrum). Furthermore, it was predicted 
that,, for the latter case, high-resolution spectroscopy would show that the line profiles 
hadd two components. 

Inn this paper, we first briefly review the observational characteristics of Cyg X-3 
(Sect.. 4.2). Next, in Sect. 4.3, we describe the procedures used for making and reducing 
thee observations, both for the observations presented in Papers I and II, and for a 
numberr of additional observations. We present the observations in Sect. 4.4, and point 
outt the characteristic similarities and differences shown by the spectra. In Sect. 4.5, 
wee describe in detail our model for the system, and use it to calculate light curves and 
linee profiles as a function of orbital phase. Furthermore, we qualitatively interpret the 
long-termm changes, and verify some of the predictions of Paper II mentioned above. In 
Sect.. 4.6, we estimate the velocity in the wind, and discuss different estimates of the 
mass-losss rate. We discuss the ramifications expected for a more realistic treatment of 
thee windin Sect. 4.7. In Sect. 4.8, we estimate the infrared flux distribution of Cyg X-3, 
andd compare it with the one predicted for our model, and with the ones observed for 
otherr Wolf-Rayet stars. We draw conclusions about the nature of Cyg X-3 in Sect. 4.9. 
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4.2.. Observational properties of Cygnus X-3 

Thee X-ray source Cygnus X-3 was discovered during a rocket flight in 1966 (Giacconi 
ett aL 1967; for a review, see Bonnet-Bidaud & Chardin 1988). It was identified with 
aa radio source in early 1972 (Braes & Miley 1972), but did not draw much attention 
untill  later that year, when it was found to be the source of a huge radio outburst, during 
whichh it was for several days the brightest source on the sky (Gregory et al. 1972; see 
thee special issue of Nature Phys. Sci., vol. 239, Oct. 23, 1972). Using the precisely 
determinedd radio position, Cyg X-3 was identified in the infrared with a source of 11th 

magnitudee in K. At the time of the radio outburst, it was found that the X-ray flux was 
modulatedd with a period of 4Ï8 (Parsignault et al. 1972; Sanford & Hawkins 1972). 
Inn view of its stability, this modulation is generally believed to reflect binary orbital 
motion. . 

Duringg the 1972 radio outburst, spectra of the 21 cm HI absorption line were taken. 
Thesee revealed two absorption components, coincident in velocity with background 
emissionn from the local and Perseus arms, from which a distance larger than 8 kpc was 
inferredd (Lauqué et al. 1972; Branson et al, 1972). In further studies (Chu & Bieging 
1973;; Lauqué et al. 1973; Dickey 1983), absorption from an arm further outward was 
detected.. From the velocity of this absorption feature, Dickey (1983) derived a lower 
limitt to the distance of (11.6-12.8)(n70/lOkpc)kpc, where m® is the galactocentric 
radiuss of the Sun, and where the quoted range in distance reflects mainly the uncertainty 
off  the Galactic rotation curve. For 7r0 = 8.5 kpc, the current IAU best estimate (Kerr 
&&  Lynden-Bell 1986), the limit is ~ 10 kpc. In this paper, we will use this value for the 
distancee to calculate luminosities. 

Thee X-ray flux varies by an order of magnitude, with the maximum flux corre-
spondingg to a 2-12 keV luminosity of ~ 21038 erg s_l (Bonnet-Bidaud & Van der Klis 
1981;; Priedhorsky & Terrel 1986; see also the review by Van der Klis 1993). The flux 
variationss occur rather gradually, on a timescale of weeks to months. With the flux, 
alsoo the hardness of the X-ray spectrum varies, the hardness being anti-correlated with 
thee source intensity (Serlemitsos et al. 1975; White & Holt 1982). 

Superposedd on the long-term variations is a smooth modulation with the 4̂ 8 period. 
Thee minima and maxima of this modulation can practically always be identified, even 
thoughh the light curve shows considerable variations from one orbital cycle to the next 
(Vann der Klis & Bonnet-Bidaud 1982; see also Van der Klis 1993). However, averaged 
overr intervals of a week or more, the light curve is remarkably stable, showing a slow 
riserise to a broad maximum, and a steep fall to a narrower minimum. The relative depth 
off  the modulation varies with the mean X-ray intensity, the modulation getting deeper 
withh increasing intensity (Bonnet-Bidaud & Van der Klis 1981; Molnar & Mauche 
1986).. At very high intensities, the shape of the light curve changes too, towards a 
moree symmetrical form (Bonnet-Bidaud & Van der Klis 1981). Both the amplitude and 
thee shape of the light curve are different at different X-ray energies, the modulation 
becomingg less deep and moree symmetric towards higher energies (Molnar & Mauche 
1986;; Molnar 1985). [Towards energies of £> 2keV, the observed amplitude seems 
nott to increase any more, or even to decrease (e.g., Willingdale et al. 1985), However, 
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Molnarr & Mauche (1986) have shown that this is due to the phase smearing caused by 
interstellarr scattering.] 

Thee most prominent feature of the X-ray spectrum is the exceptionally strong iron 
line,, for which equivalent widths ranging from 300 to 1500eV have been reported 
(e.g.,, Sanford et al. 1975; Van der Kli s et al. 1985; Kitamoto et al. 1987). Other 
spectrall  features that have been reported are sulphur and possibly sillicon emission 
liness (White & Holt 1982), and an absorption edge at 9 or lOkeV (Willingdale et 
al.. 1985; Kitamoto et al. 1987; Nakamura et al. 1993). The various authors (see 
referencess quoted above) found that the continuum spectrum can not be fitted with a 
simplee model. Usually, at least a power-law, often with high-energy cutoff, plus low-
temperaturee thermal bremsstralung, plus interstellar absorption are needed, but some 
authorss also find it necessary to include a low-temperature black-body. In part, the 
complexityy at low energies is probably due to the phase-smearing effect of interstellar 
scatteringg (Molnar & Mauche 1986), which has been taken into account by only few 
authorss (e.g., Nakamura et al. 1993). Furthermore, for detectors with fields of view 
off  the order of degrees, a soft-X-ray contribution from nearby stars in the Cyg OB2 
associationn may be present (cf. Harnden et al. 1979). 

InIn 1978, an analysis of the arrival times of the 4*?8 modulation revealed that 
thee period is slowly increasing (Manzo et al. 1978). This result was confirmed by 
laterr studies (Kitamoto et al. 1992, and references therein), with the most recent 
determinationn indicating a time scale P/P of 7.35(7) 105yr. It is possible that a 
second-orderr derivative of the period is also present. Both Van der Kli s & Bonnet-
Bidaudd (1989) and Kitamoto et al. (1992) found that a cubic ephemeris provides a 
formallyy very significant (99%) improvement in the fit  to the observed arrival times. 
However,, these authors caution that the intrinsic scatter in the arrival times is not fully 
understood,, and that the arrival times have historically been estimated in a number of 
differentt ways. In this paper, we will calculate X-ray phases <f>x  using the quadratic 
ephemeriss (i.e., without a second-order period derivative) of Kitamoto et al. (1992). 
Noticee that, for historical reasons, phase zero in this ephemeris refers not to the time 
off  X-ray minimum, but to the time of minimum of the sinusoid that best fits the X-ray 
lightt curve (e.g., Mason & Sanford 1979). The genuine X-ray minimum occurs, on 
average,, at phase <f>x  — 0.96 (Van der Kli s & Bonnet-Bidaud 1989). 

Upp to 1985, 28 radio flares with an intensity greater than 1 Jy were recorded 
(Johnstonn et al. 1986). During the largest flares, the flux rises on a timescale of hours, 
reachingg maximum values of up to 20 Jy, and then declines on a timescale of weeks 
(Gregoryy et al. 1972; Geldzahler et al. 1983; Spencer et al. 1986). The evolution of the 
radioo outbursts varies with frequency, the maximum being lower and occurring later at 
lowerr frequencies. Molnar et al. (1984, 1988) found that, in the low radio state, small 
flaresflares occur, which can be described well as scaled-down versions of the large flares. 
Thesee small flares increase and decrease in flux on a timescale of a few hours. 

Fromm the distribution of the 28 strongest radio flares, a possible periodicity of 
~~ 120 days is suggested (Johnston et al. 1986), but the significance of this periodicity 
iss low due to the large gaps in the radio coverage and to the complex structure of 
mostt flares. Woodworth (1983) did not find any significant periodicity in the range 
10-500 days. A possible 4l!95 periodicity in the low-level flaring has been suggested by 
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Molnarr et al. (1984) and Molnar (1988). However, this result could not be confirmed 
byy Johnston et al. (1986), who, for their data, derived an upper limit of 50mJy to the 
amplitudee of a modulation with a period of 4*?8 or 4fJ95. 

Evidencee for a relativistic jet was first found during the large 1982 and 1983 flares, 
whenn the source was observed to be expanding with a rate of about Of.'01 per day, which 
correspondss to a velocity of ~ 0.35c at a distance of 10 kpc (Geldzahler et al. 1983; 
Spencerr et al. 1986). Relativistic expansion is also reported by Molnar et al. (1988), 
whoo observe a gradual elongation in VLBI observations of the source during two low-
amplitudee flares. These authors find that the velocity is within the range 0.16-0.3 lc, 
andd that the transverse velocity is 0.13 . Strom et al. (1988) report the detection 
off  an arcsecond-scale double radio source around Cyg X-3, which they suggest to be 
relatedd to the relativistic jet. 

Wendkerr et al. (1991) have found that, at larger scales, Cyg X-3 is surounded by 
ann extended source, which is somewhat offset to the south-west from Cyg X-3 itself. 
Thiss extended source has a flux density of 50  10 mJy, and is approximately Gaussian 
withh an extent of 2' (at 1420 MHz). Wendker et al. (1991) suggest that the source is an 
Hl ll  region surrounding Cyg X-3. 

Inn the infrared, Cyg X-3 was first detected in the H (1.65 /xm) and K (2.2 itm) bands 
(Becklinn et al. 1972). Later, it was also found in the infrared J (1.24/xm), L (3.8 itm) 
andd M (4.7 /on) bands (Molnar 1988; Joyce 1990). In the optical wavelength band, 
thee large interstellar extinction hinders observations, but the source has been detected 
inn the near-infrared I (0.9 /xm) band (Wagner et al. 1989), and in the R (0.7 itm) band 
(Wagnerr et al. 1990). In die latter, it is a source of 23rd magnitude. The infrared 
spectrumm shows Wolf-Rayet emission features (Paper I, Paper II, this paper). 

Thee flux in the K band is often, but not always, found to be modulated with the 4I)8 
periodd (Becklin et al. 1973, 1974; Mason et al. 1976, 1986; Paper II). The depth of 
thee modulation is less than at X-ray wavelengths, but when scaled to the same relative 
depth,, the light curves can look strikingly similar (Mason et al. 1976,1986). However, 
forr simultaneous observations obtained in two consecutive cycles, Molnar (private 
communication)) found that the K-band and X-ray light curves could not be brought to 
thee same relative depth with a scaling factor that was the same for both cycles. In the 
otherr infrared bands, the modulation is also apparent. Molnar (1988) finds no colour 
changess with orbital phase in JHK photometry, but Fender &  Bell-Burnell (1993) find 
matt the modulation is deeper at H than at K. In the I band, the variations seem to be 
ratherr erratic (Wagner et al. 1989; cf. Sect. 4.4). 

Thee occasional occurrence of (series of) short-duration flares in the infrared light 
curvee has been reported by Becklin et al. (1973,1974) and Mason et al. (1986). These 
authorss find that the flares typically last from 2-10 minutes and can have rise times as 
shortt ass one minute. Fender & Bell-Burnell (1993) find even shorter rise times, down 
too 14 s, in high-speed H and K-band photometry. They find that, during the flares, 
thee source becomes slightly more red. From all studies, it follows that the flares do 
nott occur at any preferred 4*?8 phase. Furthermore, no correlation has has been found 
withh flares occurring in the X-ray band. A longer-duration outburst (~ 1 hour) was 
reportedd by Becklin et al. (1974). At that time, the radio flux was also highly variable, 
butt the X-ray light curve only showed the normal sinusoidal variation. In the other 
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sett of simultaneous radio, infrared and X-ray observations, presented by Mason et 
al.. (1976), no strong outbursts are evident in either infrared or radio, so a possible 
correlationn between radio and infrared flares could not be confirmed. 

Att millimeter wavelengths, the source has been detected at an intensity level of up 
too several Jy by Pomphrey & Epstein (1972) and Baars et al. (1986). The latter authors 
obtainedd light curves during two nights, which showed several flares, with a typical 
durationn of about one hour. 

Detectionss of Cyg X-3 at very high energies (tens of MeVs to PeVs), have been 
claimedd by a large number of groups (see the review by Bonnet-Bidaud & Chardin 
1988,, and references therein). However, there is no general agreement on the reality 
off  these detections (for reviews, see Chardin & Gerbier 1989; Weekes 1992). Recent 
observationss with instruments much more sensitive than those used earlier, have failed 
too confirm the detections both in the MeV range (EGRET; Michelson et al. 1992) and 
inn the TeV range (Whipple Observatory; O'Flaherty et al. 1992). 

4.3.. Observations and data reduction 

Thee present study is based on 371-band and 16 K-band spectra, obtained in 1991,1992 
andd 1993. A log of the observations is given in Tables 4.1 and 4.2. Below, we discuss 
thee procedures used for making and reducing the observations. 

4.3.1.4.3.1. The I-band observations 

Thee I-band spectra were obtained with the William Herschel Telescope (WHT) on La 
Palma,, using the red arm of the Intermediate-dispersion Spectroscopic and Imaging 
Systemm (ISIS) at the Cassegrain focus. In all runs, a 158 l/mm grating, blazed at 6500A, 
wass used in first order, combined with an OG530 (1991) or RG630 (1992,1993) filter 
too block the higher orders. The central wavelength was set to 0.8730//m in 1991, and 
-- in order to look for He I Al .083 - to 1.01 /*m in 1992 and 1993. The detector was an 
EEVV CCD with 1242x 1152 pixels. The pixel size of this detector is 22.5 pm, which 
correspondss to OY33 on the sky. With this configuration, a wavelength range of 0.34 /xm 
iss covered at ~ 2.7 A/pixel. In 1992, we tried increasing the chip temperature in order 
too boost the near-infrared response. However, we found that the slight increase in the 
sensitivityy was offset by an even larger increase in the noise (due to the dark current). 

Speciall  care was taken to align the CCD properly with the slit, since, in the near 
infrared,, the accuracy of spectroscopy of a faint source is limited to a large extent by 
thee accuracy with which the sky emission can be determined and subtracted. The slit 
widthh was set to 2" (except for the first observation in 1992, when a slit of 1'.'5 was 
used).. This slit width corresponds to 6 pixels, or about 16 A. 

Inn 1991, the slit was placed over two nearby stars - stars A and C on the I-band 
findingg chart of Wagner et al. (1989) - in order to ensure that Cyg X-3 was actually 
observedd (at 20th magnitude in I, it can not be seen using the slit-viewing camera). 
However,, inspection of the J, H and K-band images of Joyce (1990) revealed that with 
thiss set-up Cyg X-3 is actually offset by about l'/2 to the southeast from the centre of 
thee slit. In order to correct for this offset, in the 1992 and 1993 runs the slit was set 
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Tablee 4.1. The I-band observations 

JPnnd.. «p Exp. time fo4 

(-2440000)) (min.) 
2012120121 June 1991,0.72-1.OS tun 

8428.6899 30 0.635 
.7622 27 0.744 

24125-2612724125-26127 July 1992, 0.85-1.10 ftm 
8828.463 3 

.496 6 

.527 7 

.560 0 

.597 7 

.624 4 

.654 4 

.685 5 

8829.467 7 
.499 9 
.530 0 
.560 0 
.592 2 
.622 2 
.654 4 
.683 3 

8830.445 5 
.475 5 
.506 6 
.535 5 
.569 9 
.599 9 
.629 9 
.659 9 

40 0 
40 0 
40 0 
40 0 
40 0 
40 0 
40 0 
40 0 

40 0 
40 0 
40 0 
40 0 
40 0 
40 0 
40 0 
40 0 

40 0 
40 0 
40 0 
40 0 
40 0 
40 0 
40 0 
40 0 

0.609 9 
0.776 6 
0.932 2 
0.096 6 
0.256 6 
0.416 6 
0.569 9 
0.725 5 

0.641 1 
0.798 8 
0.954 4 
0.107 7 
0.267 7 
0.417 7 
0.573 3 
0.723 3 

0.538 8 
0.687 7 
0.840 0 
0.990 0 
0.157 7 
0.306 6 
0.459 9 
0.609 9 

12113,13/1412113,13/14 June 1993, 0.85-1.10 /xm 
9151.580 0 

.612 2 

.646 6 

.675 5 

.706 6 

9152.561 1 
.590 0 
.621 1 
.651 1 
.683 3 
.709 9 

40 0 
40 0 
40 0 
40 0 
40 0 

40 0 
40 0 
40 0 
40 0 
40 0 
33 3 

0.704 4 
0.868 8 
0.038 8 
0.181 1 
0.337 7 

0.618 8 
0.764 4 
0.917 7 
0.067 7 
0.227 7 
0.355 5 

**  Using the ephemeris of Kitamoto et al. 
1992 2 
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Tablee 42. The K-band observations 

JUmid.. exp 

-2440000) ) 
Obs.. time* 
(min.) ) 

2929 June 1991,2.0-2.4 urn 
8437.104 4 20 0 
2020 July 1991,2.0-2.4 fun 

8458.099 9 27 7 
2929 May 1992,2.0-2.4 /im 

8771.930 0 
.950 0 
.976 6 

2.008 8 
.022 2 
.053 3 
.090 0 
.105 5 

22 2 
20 0 
20 0 
20 0 
20 0 
30 0 
20 0 
20 0 

Tot.. exp. time" 
(sec.) ) 

16x6x5 5 

16x6x10 0 

12x6x10 0 
12x6x10 0 
12x6x10 0 
12x6x10 0 
12x6x10 0 
18x6x10 0 
12x6x10 0 
12x6x10 0 

(<h(<hc c 

0.776 6 

0.916 6 

0.507 7 
0.608 8 
0.740 0 
0.897 7 
0.970 0 
0.123 3 
0.308 8 
0.382 2 

2424 July 1992,2.03-223 nm 
8828.0244 30 20x6x10 0.415 

1515 July 1993,2.03-223 tun 
9183.9299 30 20x6x10 0.700 

.9622 30 20x6x10 0.868 

.9855 32 22x6x10 0.979 
4.0155 21 16x6x10 0.134 
.0722 30 20x6x10 0.418 

**  Time spent on source 
bb Number of integrations times the number of expo-
suress per integration times the exposure time of one 
exposuree (see Sect. 4.3.2) 
cc Using the ephemeris of Kitamoto et al. 1992 

byy first placing it over stars A and C, and then rotating it anticlockwise around star A 
byy 2? 3 (i.e., closer to the direction north-south). In this way, star A will be observed 
simultaneouslyy with Cyg X-3, and can be used to correct for telluric absorption features 
(seee below). For comparison with the spectra of Cyg X-3, a number of spectra of Wolf-
Rayett stars and of low-mass X-ray binaries were taken in 1992 and 1993 (these will 
bee published elsewhere by Van Kerkwijk et al. and Bunn et al., respectively). 

Thee reduction process contained the usual steps of bias subtraction, flat-field cor-
rection,, sky subtraction, and order extraction, all performed using the MIDAS reduction 
packagee and additional routines running in the MIDAS environment. In view of the 
faintnesss of the source, special attention was paid to the sky subtraction and the order 
extraction.. The former was performed by fitting, for each dispersion position, a third-
orderr polynomial to the sky in between the stellar spectra. After a first fit, the pixel 
deviatingg most was excluded if it deviated by more than 2.5 standard deviations, and 
aa new fit was made. This process was iterated until no bad pixels were left. We found 
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thatt the results obtained with this procedure were highly satisfactory: no systematic 
residualss could be found in any of the frames. 

Forr the extraction of the spectra, we used the optimal extraction technique devel-
opedd by Home (1986). With this method, a spatial profile of the starlight along the 
slitt is constructed, and the total flux at each wavelength position is determined by 
makingg a weighted average of the flux estimates obtained from the individual pixels, 
withh the weighting factors chosen such that the variance on the final result is minimal 
(thee weighting method is equivalent to fitting the spatial profile to the individual fluxes 
-- taking into account their uncertainties - with the total flux as the only free param-
eter).. Compared to a simple addition of the fluxes from a selected range of pixels, 
thee optimal extraction technique allows one to achieve a substantial increase in the 
signal-to-noisee ratio (by up to a factor 1.7 for background-limited spectra like ours; 
seee Home 1986). An additional advantage is that cosmic-ray events are detected and 
accountedd for efficiently. 

AA problem that arose, however, was that, in our 1992 observations, the Cyg X-3 
spectraa were so noisy that no reliable spatial profile could be formed. On the suggestion 
off  Home (private communication), we tried extracting the spectrum using the spatial 
profilee of star A (which was, by virtue of the method used for the acquisition of Cyg X-3 
(seee above), always observed as well). By coincidence, the spatial separation between 
starr A and Cyg X-3 turned out to be close to an integer number of pixels, so that the 
spatiall  profile of star A could be used directly (i.e., without need for interpolation 
inn between pixel positions). For verification, we compared, for the 1991 and 1993 
spectra,, the results with those obtained with the extraction using the spatial profile 
determinedd from the spectrum of Cyg X-3 itself. We found that they were virtually 
indistinguishable,, apart from a slightly higher signal-to-noise ratio for the spectra 
extractedd with the spatial profile of star A. An additional advantage of extracting the 
Cygg X-3 spectra with the spatial profile of star A is that it allowed us to also extract the 
long-wavelengthh part of the Cyg X-3 spectrum (A £ 1.05 fim), where the spectrum of 
starr A is still exposed well enough to allow the spatial profile to be determined, while 
thee spectrum of Cyg X-3 is not. For all runs, we therefore used the spectra extracted 
withh the spatial profile of star A. 

Afterr the extraction, the spectra were visually inspected for remaining cosmic-ray 
events.. If suspect events were present, they were cross-checked with the sky-subtracted 
framee and with a frame in which the events detected by the extraction routine were 
indicated.. Events considered genuine, were substituted with a linear interpolation 
betweenn adjoining pixels. 

Thee wavelength calibration was done using Cu/Ar frames taken interspersed with 
thee observations of Cyg X-3. It was found that the wavelength zero point changed 
systematicallyy by up to one pixel with changing telescope position. This shift was 
alsoo apparent in the positions of the night-sky emission lines in the stellar exposures. 
Inn order to obtain the highest relative accuracy within a night, the pixel to wave-
lengthh transformation was performed using the calibration from one Cu/Ar frame, 
afterr correction of the pixel coordinate for a systematic shift as determined from the 
skyy spectrum (by cross-correlation). 
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Figuree 4.1. The I-band spectrum of star A. The lower curve shows the average of the 
spectraa observed on the 13th of May, 1993. The identifications of the stellar features -
memberss of the Paschen series and the Call triplet - are indicated. The upper curve 
showss the spectrum after the removal of these features and the substitution of the noisy 
long-wavelengthh part by a polynomial (for details, see text). With such 'cleaned' spectra, 
thee spectra of Cyg X-3 have been corrected for the telluric water-vapour absorption lines 

Eachh extracted spectrum was corrected for telluric water vapour absorption by 
dividingg it by the spectrum of star A taken in the same exposure. For this purpose, the 
strongestt stellar features of star A - the Ca II triplet and Paschen lines P6-P16 - were 
removedd (the relative strengths of the lines indicate spectral type F5-G0; for such a 
spectrall  type no other strong features are expected). In each spectrum, the Can lines 
weree substituted with a linear interpolation between the adjoining continuum parts. For 
thee Paschen lines, first for each average of the spectra taken in one night, the lines not 
blendedd with telluric features (P7, PI 1, P12) were fitted with Gaussians. Then, from 
thesee fits the average width, strength and wavelength shift were determined, and with 
thesee values, all Paschen lines were corrected in the individual spectra. For simplicity, 
itt was assumed that the equivalent widths of the Paschen lines were proportional to 
ƒƒ ~n, where n is the upper level of the line, and ƒ a factor determined from the three 
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fittedd lines. As a final correction, for the spectra of star A obtained in 1992 and 1993, 
thee long-wavelength part - which is dominated by Poisson noise rather than telluric 
featuress - was replaced by a best-fitting second-degree polynomial. For the individual 
spectra,, the range with A £ 1.01 /*m was replaced, and for the average spectra, the 
rangee with A £ 1.04 /un. After this substitution, the spectra were again inspected by 
eye,, andd (slight) discontinuities between the substituted and non-substituted part were 
correctedd for by smoothing the spectra locally. An example of the final result is shown 
inn Fig. 4.1, 

432.432. The K-band observations 

Thee K-band spectra were obtained with the United Kingdom Infrared Telescope 
(UKIRT)) on Mauna Kea, Hawaii, using the Cooled Grating Spectrometer CGS4. 
Onn the 29th of June, 1991, a first service time spectrum was taken in good weather con-
ditionss (paper I). The 751/mm grating was used in first order, combined with a filter to 
blockk the higher orders. The detector was an SBRC InSb array with 58x62 elements. 
Thee 150 mm focal-length camera was used, for which the pixel size corresponds to 3'.' 1 
onn the sky. The slit width was chosen to match the pixel size. The wavelength range 
coveredd with this setup is 2.0-2.4 /xm, at 0.0063 /xm/pixel. 

Inn 1991, another service observation was made on the 20th of July under reasonably 
goodd conditions, using the same instrumental setup. In the night of the 29th of May, 
1992,, Cyg X-3 was observed for almost one complete orbital period (Paper II). That 
nightt and the next, also a number of spectra of Wolf-Rayet stars and low-mass X-ray 
binariess were taken for comparison (Van Kerkwijk et al. and Bunn et al., respectively, 
bothh in preparation). In both nights, the observing conditions were very good. On the 
24thh of July, another service observation was taken under mediocre conditions. At that 
time,, the optics of the camera had been changed, so that the projected pixel size on 
thee sky was reduced to 1'.'5 (the slit width was set accordingly). With this setup, the 
wavelengthh range 2.03-2.23 /an was covered, at 0.0032 /un/pixel. The same setup was 
alsoo used in 1993, on the 15th of July, to observe Cyg X-3 another time for close to a full 
orbitall  period. During this night the weather conditions were again rather mediocre. 

Inn all runs, an observation typically consisted of the sum of 6 to 11 pairs of 
integrations,, taken on two different positions on the chip. The two integrations in a 
pairr are combined by subtracting the second from the first, so that the contribution from 
thee sky is cancelled, and one is left with a frame containing two spectra, a positive one 
andd a negative one. The individual integrations are composed of 6 exposures, taken at 
detectorr positions offset in the dispersion direction by multiples of one third of a pixel 
(soo that the slit is sampled at different positions). The advantage of this procedure is that 
itt allows one to obtain an effective resolution determined by the size of one pixel (rather 
thann two, as would be the case for a non-moving detector). However, the disadvantage 
iss that, due to small differences in seeing, atmospheric transparency, etc., the different 
exposuress show systematic differences in exposure level. These differences show up 
ass a periodic ripple in the combined spectrum, for which one has to correct afterwards. 

Thee reduction process consisted of the following steps: (i) bias correction, if 
necessary;; (ii) flat-field correction; (iii ) combination of exposures into integrations, 
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integrationss into pairs, and pairs of integrations into observations; (iv) extraction of 
thee positive and negative spectra, and subtraction of the negative one from the positive 
onee (thus eliminating any remaining emission from the sky); (v) ripple correction, if 
necessaryy (by determining - in a spectral region free of strong lines - the deviation 
fromm the mean for each of the six detector positions); (vi) wavelength calibration using 
Argonn spectra obtained at the start of the night (or after a change of wavelength); and 
(vii)) flux calibration. Of these, steps (i) to (iii ) are performed on-line during the night. 
Biass subtraction is only necessary for exposures of bright stars. For these, the charges 
builtt up in the detector are read out once after the (short) integration time has passed, 
andd then the count rate is determined by subtracting the bias and dividing by the flat 
field.. For less bright objects, the detector is read out repeatedly during the exposure, 
andd the count rate is determined from the rate of increase of the charge (corrected for 
pixel-to-pixell  sensitivity variations using the flat field). 

Forr the spectra obtained in 1991 and in May 1992, the projected pixel size of 
3""  ensured that most of the star light fell into one row of the detector. However, in 
19911 the detector array was not perfectly aligned, so that at the long-wavelength side 
thee spectra were not entirely within one row any more. Therefore, we rereduced the 
19911 spectra using the optimal extraction method of Home (1986). A problem that 
arosee was that the error estimates provided by the automated previous reduction steps 
weree not well-suited for use with the extraction procedure (these estimates are based 
onn the standard deviation from the mean of the different integrations, and they suffer 
fromm the effects of small-number statistics). Since the observations of Cyg X-3 are all 
background-limited,, we therefore decided to use constant errors. (For the extraction of 
thee spectra of the flux standards, the result is that the extracted spectra are slightly more 
noisyy than is strictly necessary. However, the influence on our final results for Cyg X-3 
iss entirely negligible.) We found that the results obtained in this way were satisfactory. 
Comparedd to the June 1991 spectrum presented in Paper I, the only differences are that 
thee signal-to-noise ratio has slightly increased and that, at the long-wavelength side, 
thee flux is slightly higher (making the overall continuum somewhat straighter). 

Forr the May 1992 spectra, it was not necessary to use optimal extraction, since the 
chipp was aligned very well. For the extraction of the July 1992 spectrum, where the 
projectedd pixel size was l'/5, we also extracted only the row with the largest flux. For 
thee 1993 spectra, we tried both extraction of the row with the highest flux and optimal 
extraction.. We found that the continua of the latter spectra were somewhat straighter. 
However,, the signal-to-noise ratio was only marginally higher, and therefore we did 
nott rereduce the July 1992 spectrum. 

Inn all runs, spectra of bright stars of spectral types F and A, taken interspersed with 
thee observations of Cyg X-3, were used for the correction for telluric water-vapour 
andd carbon-dioxide absorption features, and for flux calibration. In spectra of stars of 
spectrall  type F and A, the only strong stellar feature is HI Br7. For the calibration, this 
featuree was removed. In 1991, HR7796 (F8I, K = 0.72) was used for both spectra. 
Thiss star has a right ascension that is somewhat less than that of Cyg X-3, so that 
whenn it is observed before Cyg X-3, it is observedd at approximately the same airmass. 
Inn May 1992, we used HR8028 (A1V, K = 3.80), which has a slightly larger right 
ascension.. Hence, the observations of HR 8028 following those of Cyg X-3 were used 
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forr the reduction. In July 1992, we again used HR7796, while in 1993 we used both 
HRR 7796 and, to check the calibration, HR 7847 (F5I, K = 3.51). 

Thee correction for telluric absorption features proved to be highly satisfactory for 
almostt all spectra. The only exceptions are found in those spectra taken on the 29th of 
May,, 1992 (most notably the first), that were taken at rapidly decreasing airmass. The 
fluxflux calibration is reliable (better than ~ 5% in the absolute level) only for the spectra 
takenn in good conditions, i.e., those taken on the 29th of June, 1991, and on the 29th of 
May,, 1992. For the other runs, we expect, from a comparison of different observations 
off  the flux standards, that the absolute fluxes are accurate to ~ 20%. 

4.4.. The spectra 

4.4.1.4.4.1. The I-band spectra 

Itt was found in Paper I that the continuum of the 1991 I-band spectrum could be 
welll  represented by a power law of the form FX/FA = C\&. We found that this 
wass also the case for the 1992 and 1993 spectra. Among the spectra, the best-fitting 
constantt of proportionality C varies, but the power-law index (3 is very similar, with 
ann average value of 13.1 (in the range 0.85-1.0/xm, but excluding He II (8 - 5)). For 
thee representation in the figures, we divided the spectra by A131 (A in fim), so that 
thee spectra appear horizontal, and spectral features are more easily recognised. The 
averagess of spectra taken in one night are shown in Fig. 4.2. 

2121 June 1991. In this spectrum, presented also in Paper I, the most prominent emission 
linee is of Hell(5 — 4) at 1.0123/xm. Weak emission seems to be present also in 
Hee II (8 — 5), at 0.9345 fim. Furthermore, the spectrum shows an absorption feature at 
0.8344 fim, whose reality is confirmed by the presence in the other I-band spectra. This 
featuree is due to the interstellar bands at 0.8620 and 0.8649 fim (Herbig & Leka 1991). 
Noticee that the flux relative to star A is probably underestimated for this spectrum, 
sincee the source was observed offset from the centre of the slit (see Sect. 4.3.1). 

25-2725-27 July 1992. The source was very weak, and the only detectable features are 
Hee II (5 —4) in emission and the interstellar bands in absorption. The continuum level of 
thee individual spectra, as determined from the power-law fits described above, is shown 
ass a function of X-ray phase in Fig. 4.3. It appears that the continuum is modulated, 
withh the minimum occurring close to the time expected from infrared photometry (i.e., 
thee time of X-ray minimum) in the second and third night, but much later in the first 
night.. In order to check the reality of the observed variations, we inspected the raw 
countt rates of star A in all our spectra. We found that these were consistent with the 
expectedd variation due to changes in airmass for all but one spectrum, namely the 
sixthh taken on the 25th of July, 1992, for which the count rate was exceptionally low. 
Therefore,, we regard the corresponding point in Fig. 4.3 as unreliable. We estimate 
thee uncertainties on the other points to be ~ 10%. 
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Figuree 4.2. The average Tband 
spectraa of Cyg X-3. The spec-
traa shown are corrected for tel-
luricc features by dividing them 
byy spectra of star A in which 
thee stellar features are removed 
(seee text, Fig. 4.1). For clar-
ity,, the ratio spectra were mul-
tipliedd with (A/l/xm)" 131, and 
forr the 1992, spectra the noisy 
long-wavelengthh portion was 
omitted.. At the top of the fig-
ure,, the identifications of the 
strongestt lines are indicated. 
Alsoo indicated are some weaker 
liness that seem to be present in 
thee 13-June-1993 spectrum. For 
these,, only a number is given, 
whichh refers to the upper level 
off  Hen (n - 6) 
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Figuree 4.3. The 0.925 /xm continuum flux of Cyg X-3 relative to that of star A. The 
differentt nights are indicated by different line types, and are labelled in the figure. Notice 
thatt the 25-July-1992 curve is not passing through the sixth point, since we consider 
thatt point unreliable (see text). The other points are accurate to about 10% 

1313 June 1993. At this date, the continuum was about 30% higher than in 1992. 
Emissionn is clearly present at He II (5 - 4), and possibly at He II (8 - 5). The profiles 
off  He II (5 - 4) for the individual spectra are shown in Fig. 4.4 (left-hand panel). 
Thee centroid wavelength of the profile shows a clear modulation, going from the rest 
wavelengthh at the beginning of the night to a maximum blueshift of ~ 1300 km s_1 

inn the third spectrum, and then shifting back, ending at a slight redshift in the last 
spectrum.. The lines are much less broad than in the following night and in 1991. The 
phasingg is similar to what we observed in the K band in May 1992, in that maximum 
blueshiftt occurs approximately at the time of X-ray minimum (Paper II ; see also 
below).. The continuum level is also changing during the night (see Fig. 4.3), showing 
ann ill-defined mimimum near X-ray phase 0. 
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1414 June 1993. In comparison to the previous night, the spectrum has changed drasti-
cally.. The Hen(5 - 4) and (8 — 5) emission lines are much stronger, and even lines 
correspondingg to transitions of He II (n — 6) are present. But most striking is of course 
thee appearance of a strong line at 1.083 i*m, which we identify with He 12p 3P° - Is3 S. 
Comparingg the spectrum with spectra of WN stars obtained by Vreux et al. (1990) 
andd by ourselves (Van Kerkwijk et al., in preparation), we find that the line ratio of 
Hee i Al .083 and He II Al .0123 indicates a subclass of WN6 or WN7. In WN stars, the 
Hee I line often shows a P-Cygni profile, with a strong emission component and a weak 
absorptionn component (see, e.g., Vreux et al. 1989). Unfortunately, the signal-to-noise 
ratioo of our spectrum is such, that we cannot determine whether a similar absorption 
featuree was present in Cyg X-3. 

Inn Fig. 4.4 (right-hand panel), the individual profiles of He n (5 - 4) are shown. 
Contraryy to the previous night, no systematic wavelength shifts are apparent, although 
thee profile does seem to vary. The continuum level is slightly higher than the previous 
night,, and is modulated, showing a minimum around <f>x  = 0 (see Fig. 4.3). 

4.42.4.42. The K-band spectra 

Thee averages of K-band spectra taken in one night are shown twice, in Figs. 4.5 
andd 4.6. In the former, linear scales are used, and the limits are chosen to allow the 
differentt lines to be seen most clearly. In the latter, a logarithmic scale is used that is 
thee same for all spectra, so that the changes in the line strengths and in the slope of the 
continuumm can be best appreciated. 

2929 June 1991. In this spectrum, first presented in Paper I, a number of He I and He II 
emissionn lines are present, as well as the N V (11 - 10) line at 2.100 pm (not identified 
inn Paper I). The spectral type as indicated by the relative strengths of He IA2.112 and 
Hee II (10 - 7) is WN7. However, the He I line at 2.058 i*m is anomalously strong. This 
mayy be due to an absence of absorption rather than an excess of emission, since WN 
starss show - if the line is present- a P-Cygni profile with a strong absorption component 
(Hillierr 1985, Williams & Eenens 1989; Van Kerkwijk et al., in preparation) 

2020 July 1991. Compared to the first spectrum, the emission-line spectrum is quite 
different.. The He I line at 2.058 /xm has disappeared and the other He I lines have 
weakened,, while the equivalent widths of the He n lines are similar. On close inspec-
tion,, it seems that while the He II lines appear close to their rest wavelengths, the He I 
liness are blue-shifted by about 700km s_1. 

AA difference between this spectrum and all other K-band spectra is that the con-
tinuumm is much redder (see Fig. 4.6).. We believe this difference is genuine, despite 
thee fact that the spectrum was taken under mediocre weather conditions (which may 
affectt the level of the continuum, but is expected to affect the shape of the spetrum 
onlyy near the strongest telluric features, i.e., shortward of 2.1 /xm). The redness of 
thee continuum may be related to the fact that Cyg X-3 was undergoing a huge radio 
outburstt at the time (Molnar, private communnication). Dr. Coe kindly provided us 
withh J, H, K and narrow-band L photometry taken at UKIRT on the 6th, 14th and 16th of 
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Figuree 4.7. The K-band spec-
traa obtained on the 29"1 of May, 
1992.. The tickmarks indicate 
thee rest wavelengths of N v 
(ll-10)A2.100,Heii(14-8) ) 
A2.165,, Hen (10 - 7)A2.189 
andd Hen (13 - 8) A2.347. 
Thee numbers in the upper 

2-44 right-hand corner indicate the 
mid-exposuree X-ray phase 

August,, 1991. In these nights, the K-band magnitude was, respectively, 11.16, 11.91 
andd 11.85 , J - K was 3.48, 3.31 and 3.42 , H - K 1.39, 1.29, and 
1.255 , and K - L 1.53, 1.38 and 1.06 . These data, which appear to 
showw the decline of an outburst, seem to indicate that the source is getting less red 
whilee becoming less bright. 
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2929 May 1992. The series of spectra obtained in this night has been presented in 
Paperr II. Compared to the earlier spectra, the lines are much weaker (see Fig. 4.6). 
Thee He i lines have disappeared, while the Nv line at 2.100j«n and the Nm line 
att 2.116/4m are much stronger. One feature in the spectra that we could not readily 
identifyy is the emission line at 2.278 /un (see Fig. 4.5). In the spectra of WN stars 
thatt we have available (Van Kerkwijk et al., in preparation), there is also an emission 
featuree at this wavelength, which we attribute to N iv (15 - 12), but in all spectra it is 
weakerr than the neighbouring He n (21 - 9) line. However, compared to the spectra of 
WNN stars (Hillier et al. 1983; Van Kerkwijk et al., in preparation), also the N v line is 
exceptionallyy strong relative to the He n lines. Therefore, we tentatively indenufy the 
2.2788 pan feature with N iv (15 - 12). 

Inn Fig. 4.7, the individual spectra are shown. As discussed in Paper II, there are 
clearr wavelength shifts during the night, with maximum blueshift coinciding with in-
faredd minimum (<j>x  ^ 0.9), and maximum redshift half an orbit later. The modulation 
off  the continuum is similar to what has been found previously from photometric stud-
ies.. The good observing conditions allowed us to determine a light curve (Paper II, 
Fig.. 3;; Fig. 4.13) from the individual pairs of integrations that form the spectra (see 
Sect.. 4.3.2). 

2424 July 1992. In this spectrum, the lines are somewhat stronger than in May, and the 
degreee of ionisation is somewhat lower, although not as low as in 1991. The lines 
aree all shifted by about 800km s_1 to the red. The profile of He n (10 - 7) is rather 
asymmetric,, with a blue wing. Notice that the continuum of this spectrum is not as 
straightt as that of the other spectra. This would probably be improved if the reduction 
weree redone using optimal extraction (see Sect. 4.3.2). The night was not photometric, 
andd the uncertainty in the flux level is about 20%. 

1515 July 1993. A striking difference between the spectra obtained in this night and the 
otherr K-band spectra is the appearance of He I A2.058 in absorption. In the individual 
spectraa (Fig. 4.8), an absorption feature at ~ 2.05 pm is clearly seen in the second 
andd third spectrum (close to X-ray phase 0) and possibly in the fifth. Williams & 
Eenenss (1989) have used such absorption features to derive lower limits to the terminal 
velocitiess of the winds of a number of Wolf-Rayet stars. For our second and third 
spectrum,, we find a centroid velocity of -1200  100, km s_1. The full widths at half 
maximumm are 800  150 and 1000  200km s_1, respectively. A stronger limit to 
thee terminal velocity of the wind can be derived from the blue edge of the absorption 
feature.. For our spectra, we find, after correction for the resolution of the spectra 
(~~ 500km s-1), -1500  200 and -1600  250 km s- 1 for the second and third 
spectrum,, respectively. For the possible He I feature in the fifth spectrum, the centroid 
velocity,, full width at half maximum, and blue-edge velocity are -800  100,900 0 
andd -1200  250 km s_1, respectively. 

Thee line strengths shown in the spectra taken in this night, are similar to those 
observedd in July 1992. The lines are modulated, phased in a similar fashion as in 
Mayy 1992. The line profiles show marked asymmetries, as is most clearly seen in 
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Figuree 4.8. The K-band spec-
traa obtained on the 15*  of 
July,, 1993. For comparison, 
thee spectrum taken on the 24th 

off  July, 1992, is shown in 
thee top panel. The tickmarks 
indicatee the rest wavelengths 
off  He i A2058, N v ( l l - 10) 
A2.100,, He ii (14 - 8) A2.165 
andd Heii(10 - 7) A2.189. No-
ticee that the scales have been 
chosenn such that the relative 
scalee is the same for each panel, 
contraryy to Fig. 4.7. This is be-
causee due to the mediocre ob-
servingg conditions, the absolute 
fluxesfluxes are not reliable for these 
spectra a 

thee He II (10 — 7) line. The shapes of the lines in the fifth spectrum are similar to 
thosee observed in July 1992, at the same X-ray phase (see Fig. 4.8), even though the 
equivalentt widths of the lines are somewhat smaller at the latter date. In addition to a 
modulationn in wavelength, also the shape of the lines seems to be modulated, the line 
widthh being smallest at the time of maximum redshift. From the fluxes, it seems that 
thee continuum level is modulated as well, reaching minimum near <j>x  = 0. Notice, 
however,, that due to the mediocre observing conditions the uncertainty on the flux 
levelss is about 20%, Therefore, it is not possible to construct a light curve as could be 
donee for the May 1992 data. 
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4.44.4 3. Characteristics of the variations 

Fromm Fig. 4.2 and 4.5, it is clear that, on timescales longer than a few orbital periods, 
thee spectral appearance of the source is highly variable. Still, in all spectra, most of the 
emissionn features can be readily identified with features expected for Wolf-Rayet stars 
off  the nitrogen-rich WN subclass, i.e., with a large number of lines of He n, and with 
aa few lines of He I and different ions of nitrogen. The identifications and equivalent 
widthss of the lines found for the different runs are listed in Tables 4.3 and 4.4 (see also 
thee figures). 

Whenn the lines are strong, the spectrum is similar to that of a Wolf-Rayet star of 
spectrall  type WN6/7, although the lines are somewhat weaker than average. Comparing 
thee spectra with spectra of normal WN stars (Hillier et al. 1983; Hillier 1985; Vreux 
ett al. 1989, 1990; Van Kerkwijk et al., in preparation), we find that most of the line 
equivalentt widths are similar to those of WR78 (WN7), WR153 (WN6-A; here, the 
suffixx A indicates a subclass of WN stars that show weak - equivalent width smaller 
thann 40A - emission at He IIA5411) and WR 155 (WN7). Notice that both WR 153 
andd WR 155 are binaries (see Vreux et al. 1990), so that their line strengths may be 
somewhatt smaller due to the continuum contribution of the companion. The line that 
iss different is He I A2.058. In WN stars, this line, if present, usually has an absorption 
componentt that is stronger than the emission component (Hillier 1985; Williams & 
Eenenss 1989; Van Kerkwijk et al., in preparation), while in Cyg X-3 it was observed 
stronglyy in emission on the 29th of June, 1991, and in absorption near X-ray phase 0 
onn the 15th of July, 1993. 

Whenn the lines are weak, their relative strengths indicate an earlier subclass than 
whenn they are strong, namely about WN4/5. However, the line-strength ratios are 
inconsistentt with this spectral type in that the nitrogen lines are too strong relative to 
thee He II lines. In both the I and the K-band spectra, the equivalent widths of the He n 
liness are about a factor ten smaller than is found for normal WN stars (Hillier et al. 
1983;; Vreux et al. 1989,1990; Van Kerkwijk et al., in preparation). The N v (11 - 10) 
linee at 2.100 ym is about a factor 3 to 4 weaker than in WR 5 (WN5; Hillier et al. 1983) 
andd in WR128 (WN4; Van Kerkwijk et al., in preparation). The line at 2.279 /«n, 
whichh we have tentatively identified with N iv (15 - 12), is about as strong as it is in 
WRR 128. In the spectrum of WR 5 presented by Hillier et al. (1983), the feature does 
nott seem to be present. 

Whenn the lines are weak, they shift in wavelength as a function of orbital phase, 
withh maximum blueshift occurring at X-ray and infrared minimum (<f>x  - 0.9), and 
maximumm redshift half an orbit later. The shape of the lines seems modulated as well, 
thee profile at maximum redshift being narrower, higher and more asymmetric than at 
otherr phases. 

Fromm the spectra, we find that the level of the continuum between different obser-
vationss varies by up to a factor 2, while the slope of the spectrum is rather constant 
(exceptt on the 20th of June, 1991; see above). The average continuum level appears to 
bee correlated with the line strength, the level being lower when the lines are weaker. 

Thee variations of the continuum level as a function of phase that we observed in 
thee K-band on the 29th of May, 1992, are consistent with earlier photometric results 
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(Becklinn et al. 1973,1974; Mason et al. 1976,1986; sec Paper II). For the other series 
off  K-band spectra, taken on the 15th of July, 1993, we can only state that the time of 
thee minimum is consistent with the expected phase. In the I band, the light curves we 
findfind are more irregular than those in the K band, but mostly of similar appearance. We 
doo not find such irregular light curves as those obtained by Wagner et al. 1989 from 
I-bandd photometry. 

4.5.. An X-ray ionised Wolf-Rayet wind 

Inn Paper II the wavelength shifts shown in the spectra taken on the 29th of May, 1992, 
weree interpreted in terms of the helium-star model proposed by Van den Heuvel & De 
Looree (1973; see Sect. 4.1). It was proposed that both the weakness of the lines and the 
wavelengthh shifts result from the fact that the Wolf-Rayet wind of the helium star is 
highlyy ionised by the X rays from the compact object, except for the part in the X-ray 
shadoww of the helium star, and that the line emission originates mostly from the latter, 
shadowedd part of the wind. In this way, one naturally obtains the observed phasing of 
thee wavelength shifts, since at X-ray minimum, which occurs at superior conjunction 
off  the X-ray source, the shadowed part will be moving towards us, and hence we will 
observee a blueshift. Similarly, at X-ray maximum, we will observe a redshift. 

Thee spectra presented in this paper confirm the proposed model in two ways. First, 
bothh in the I and the K band, we observe similar wavelength shifts in additional series 
off  spectra that show weak lines. And second, for the one series of spectra that show 
strongg lines, we find that such wavelength shifts are not present. 

Itt was argued in Paper II that the observed orbital modulation of the infrared 
fluxx of Cyg X-3, as well as the virtual independence of the average infrared flux on 
thee temperature, could be understood as a result of the fact that free-free absorption 
dominatess the infrared opacity. In the Rayleigh-Jeans tail of the spectrum, the free-
freee absorption coefficient, corrected for stimulated emission, is proportional to T~3/2. 
Since,, in the Rayleigh-Jeans tail, the source function is proportional to the temperature, 
thee total flux will be proportional to T~1/2 for an optically thin cloud of matter. For 
aa wind that is optically thick at the base, as is the case in the infrared for Wolf-Rayet 
windss (e.g., Hillier et al. 1983), this anticorrelation with temperature of the flux emitted 
perr unit volume is compensated by the fact that the fraction of the wind contributing 
too the observed infrared flux increases with increasing temperature (since more of the 
windd is optically thin). In fact, from an analytical derivation, Wright & Barlow (1975; 
seee also Davidsen & Ostriker 1974; App. 4.A) found that for an isothermal wind that 
iss expanding with a constant velocity, the free-free flux is to first order independent of 
thee temperature. 

Givenn this first-order independence of the flux on the temperature, one expects that 
forr Cyg X-3 the average infrared flux will not depend strongly on whether or not a large 
fractionn of the wind is hot due to the X-ray ionisation (for a more detailed discussion, 
seee Sect. 4.7 below). However, the more opaque, cool part of the wind in the shadow 
off  the helium star can (partly) obscure the smaller but brighter hot part. This will lead 
too a modulation of the infrared flux as a function of orbital phase, with a minimum 
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occurringg when the cool part is in front, i.e., at the rime of maximum blueshift of the 
liness and of X-ray minimum. 

Inn order to test the ideas presented above quantitatively, one should calculate the 
effectss of the presence of the X-ray source on the Wolf-Rayet wind in a self-consistent 
way.. This would be an iterative process, since, for instance, the ions that are responsible 
forr the acceleration of the wind could be brought to a higher degree of ionisation by 
thee X rays so that the acceleration stops, which would cause an enhanced wind density 
that,, in turn, might influence the X-ray luminosity. Numerical calculations of this sort 
havee been made for X-ray binaries such as Vela X-l , in which the companion is an 
OBB supergiant (e.g., Blondin et al. 1990,1991). From these calculions, it follows that 
gravity,, rotation, radiation pressure and X-ray heating all influence the flow of the 
windd past the compact object, leading for instance to unsteady accretion wakes. At 
thee present time, similar calculations for an X-ray source in a Wolf-Rayet wind do 
nott seem feasible, if only because it is not yet known how to calculate the wind of a 
singlesingle Wolf-Rayet star in a self-consistently way. Therefore, we have chosen instead to 
constructt a model in which only the essence of the idea is kept, viz., that the continuum 
andd lines are formed in a dense wind that has a two-temperature structure. 

45.1.45.1. Description of the model 

Thee assumptions that we have made for our model are (see also Fig. 2 in Paper II): (i) 
thee cool part of the Wolf-Rayet wind is confined within a cone with a given opening 
anglee and with the helium star at the vertex; (ii) the temperature of the wind is constant 
withinn both the hot and the cool parts of the wind; and (iii ) the wind originates at the 
centree of the helium star, and expands at a constant velocity that is the same in the hot 
andd the cool part of the wind. In essence, assumptions (i) and (iii ) mean that we assume 
thatt the size of the system and the size of the region where the windd is accelerated are 
negligiblee compared to the size of the region where the bulk of the flux originates. A 
qualitativee discussion of the effects of the assumptions is given in Sect. 4.7 below. 

Forr the calculation of the continuum flux, we assume that the dominant opacity 
sourcee is free-free absorption, i.e., we neglect the contribution of bound-free absorption, 
ass well as the effects of electron scattering. The bound-free absorption cross-section 
iss more strongly anti-correlated with the temperature than the free-free absorption 
cross-section,, and thus its contribution will be most important in the cool part of the 
wind.. Taking 3 104 K as a lower limit to the temperature in the cool part, we find that, 
inn the K band, the contribution of the bound-free opacity to the total opacity is at most 
25%% of that of the free-free opacity (Hillier et al. 1983). Hence, in the K band, the 
assumptionn that the bound-free contribution is negligble, is reasonable (the expected 
effectss at smaller wavelengths will be discussed in Sect. 4.7.3). 

Thee effects of electron scattering are expected to be most pronounced in the hot part 
off  the wind, since the scattering cross-section is independent of the temperature (for the 
temperaturess discussed here), while the free-free absorption cross-section decreases 
withh increasing temperature. In general, the hot part will appear to be somewhat larger 
duee to the effects of electron scattering. However, without making a statement about 
thee mass-loss rate and wind velocity, it is not possible to discuss the importance of 
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electronn scattering relative to free-free absorption detail, since the former depends 
linearlyy on the density, while the latter goes with density squared. We will , therefore, 
postponee this discussion to Sect. 4.7.4. 

Forr the calculation of the line profile, we use the Sobolev approximation (Sobolev 
1960;; Castor 1970). Furthermore, we assume that the line is in local thermodynamical 
equilibriumm (LTE) throughout the wind. For lines that arise from high levels of exci-
tationn - such as the He n and N v lines - this assumption is reasonable, since, under 
thee prevailing conditions, the population of these levels relative to the population in 
thee next ionisation stage wil l be close to the population expected in LTE (Griem 1963; 
Hillie rr et al. 1983). We also assume that the fraction of the ions that is in the next 
ionisationn stage, is the same in the hot and the cold part of the wind. For the He n lines, 
thiss assumption is reasonable, since helium is already almost fully ionised in normal 
Wolf-Rayett winds, and thus - assuming that the same holds for the cool part of the 
windd - the fraction of helium that is in the form of He in cannot be much higher in the 
hott part. However, for the N v lines this assumption may break down. (Notice that the 
assumptionn of LTE is almost certainly invalid for the He I lines, since these arise from 
loww levels of excitation. Hence, we will not try to model these.) 

Withh the above-mentioned assumptions, most of the integrations necessary to cal-
culatee the continuum flux and the line profile can be done analytically. The derivations 
aree similar to those given by Wright & Barlow (1975; continuum) and Hillier et 
al.. (1983; line profile) for the case of an isothermal, constant-velocity, spherically-
symmetricc wind (hereafter, we wil l refer to such a wind as a 'one-temperature' wind). 
Detailss about the derivations are given in Appendix 4.A. One point to note is that 
thee free-free opacity scales as X - 3/2, while the line opacity is proportional to T~5/2. 
Hence,, the equivalent width of a line is anticorrelated with the temperature (see Hillier 
ett al. 1983; App. 4.A). 

Forr a one-temperature wind, a continuum energy distribution of the form Fv oc t/2/3 

-- where Fv is the flux in frequency units - is predicted for the Rayleigh-Jeans part of 
thee spectrum (Wright & Barlow 1975). This result has been confirmed observationally 
bothh in the radio and infrared bands (Abbot et al. 1986 and references therein). From 
aa recent study of the continuum energy distributions between 0.1 and 1 fim of a large 
samplee of Wolf-Rayet stars by Morris et al. (1993), it appears that also at smaller 
wavelengths,, the continuum energy distribution is similar. Morris et al. (1993) found 
thatt longward of 0.15 fim the continua could be well described by a power-law of the 
formm F„  oc I A They found that the frequency distribution of the values of (3 was 
approximatelyy Gaussian, with a mean value of f3 of 0.85 and a standard deviation of 
0.44 (which they attribute to instrinsic star-to-star differences). Thus, the assumptions 
wee make in our model seem to be reasonable for the infrared continuum. 

Too check the applicability of the assumptions underlying the line-profile calcula-
tions,, we fitted the K-band spectrum of WR134 - a Wolf-Rayet star of spectral type 
WN66 that has broad, well-resolved lines - using a power-law for the continuum, and 
linee profiles as expected for a one-temperature wind (Hillieret al. 1983; App. 4. A). The 
fittedd parameters are the level and power-law index of the continuum, the wind velocity, 
thee velocity shift due to the radial velocity of the star (as well as to possible errors in the 
wavelengthh calibration), and, for all lines, values for the scaling paramater KUne that 
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Figuree 4.9. The K-band spectrum of WR 134 (WN6), with the fit  by an isothermal, 
constant-velocity,, spherically symmetric wind superposed. The difference between the 
observedd spectrum and the fit  is shown on a magnified scale in the lower panel. The part 
off  the spectrum shortward of 2.14 /xm has not been fitted, since for the He I and N m 
liness present there, the assumption that the lines are in LTE is most likely invalid (see 
text) ) 

determiness the line strength (ifhne is proportional to the line opacity; see App. 4.A; 
noo attempt has been made to determine the values of Ktine from the condition of LTE, 
sincee the main purpose here is to demonstrate that the observed line profile can be 
reproducedd with the one-temperature model). Furthermore, the interstellar reddening 
too the source (EB-V = 0.47  0.02; Morris et al. 1993), the seeing and the detector 
pixell  size are taken into account. The result is shown in Fig. 4.9. For the slope of the 
continuum,, we found a value of (3 ~ 0.8, consistent with the value of 0.76  0.10 
foundd by Morris et al. (1993) for A < 1 fim. The velocity of the wind that we find is 
~~ 1700km s~\ similar to the 1900km s_1 listed by Schmutz et al. (1989) and Prinja 
ett al. (1990). As can be seen in Fig. 4.9, the line profiles are satisfactorily reproduced. 
Wee conclude that the assumption that the He n lines are in LTE is adequate for the 
two-temperaturee calculations for Cyg X-3. 
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4545 2. Model results and comparison with the observations 

Forr the calculation of the free-free flux arising in a two-temperature wind, the following 
parameterss are needed (see App. 4.A): (i) FIT, the flux that a one-temperature wind 
wouldd produce; (ii) i, the inclination of the system; (iii ) 0, the opening angle of the 
conee within which the wind is cool; and (iv) QT, the temperature ratio between the 
hott and the cold parts of the wind. For die line profiles, the extra parameters are (v) 
t>w,, the velocity of the wind; and (vi) Ktine, a scaling parameter proportional to the line 
opacityy (see App. 4.A). Furthermore, to compare the predicted fluxes and line profiles, 
onee also needs (vii) <o, the time of superior conjuntion of the X-ray source. 

Ass an example, we show in Fig. 4.10 (bottom panel) die modelled line plus con-
tinuumm flux, relative to the continuum flux expected for a one-temperature wind, for a 
numberr of orbital phases (measured with respect to the time of superior conjunction 
off  the X-ray source), with the parameters taken from Paper II (Q = 7, i = 74° and 
00 = 34°). Also shown (top panel) is the modelled continuum surface brightness that 
onee would observe if one were able to resolve the source. In the latter, one can see 
that,, in the centre, the hot part of the wind (the one which extends over a larger angle) 
iss brighter (blacker) than the cool part. This is due to the fact that in tiiese dense 
regionss of the wind, the optical depth is large both in the hot and in the cool part, 
soo that the surface brightness is determined by the Planck function (i.e., proportional 
too the temperature in the Rayleigh-Jeans tail). Far away from the centre, the surface 
brightnesss in the cool part is slightly larger (this is just noticable in, e.g., the right-hand 
sidee of the third panel), since at these distances the wind is optically thin, and the 
lowerr temperature is more than compensated by the higher optical depth. (Notice tiiat 
diee higher brightness of the cool part at large radii is canceled by die lower brightness 
att small radii, so that, as mentioned above, for a one-temperature wind die flux is 
indepenentt of the temperature.) In die leftmost panel, one can see the blocking of the 
brightestt region of die hot part of die wind by the much more opaque cool part. 

Thee line profile is composed of two components diat shift in velocity with orbital 
phase.. The broad and low component arises in die hot part of die wind, and die sharp 
andd high one in die cool part. The latter is rather weak at maximum blueshift, and the 
linee profile even shows a small absorption feature. This is due to die fact tiiat, in the 
line,, die opacity in die cool part of die wind is higher, and hence die absorption of the 
continuumm emission from die hot part of die wind is more effective (see Fig. 4.11). 
Conversely,, at maximum redshift, the cool component of die line is ratiier strong. In 
fact,, at die very red side it is stronger tiian would be die case if die whole wind were 
cool.. This results from the fact tiiat the intervening continuum opacity in the hot part 
off  die wind is lower tiian would be die case for a completely cool wind (Fig. 4.11). 

InIn Fig. 4.12, die predicted infrared light curves are shown for a range of values 
off  die parameters (Q, i ,0 ). For comparison, the light curve derived from the May 
19922 spectra is overdrawn (see Paper II) , using Ffc = 11.373 mJy and to = 11.975 UT 
ass derived from fitting die lightcurve to die model witii Q held fixed at 7 (Paper II) . 
Thee best-fit values of tiiese two parameters hardly vary with die choice of (Q,t, 0 ). 
Fromm die figure, it is clear tiiat die infrared light curve does not uniquely determine 
Q,Q, i and 0. The parameter combinations tiiat yield die most satisfactory fit  to die 
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Figuree 4.11. The hot and cool components of the line profiles. In the left-hand panel 
thee profiles for orbital phase 0 are shown (i.e., cool part in front). The profiles labelled 
HH and C show the emission from, respectively, the hot and the cool part of the wind, 
thatt one would observe if the other part of the wind were not present. The curve labelled 
H'H' shows the emission from the hot part, as observed through the cool part. The curve 
labelledd H' + Cis the combined profile that is also shown in Fig. 4.10. In the right-hand 
panel,, similar curves are shown for orbital phase 0.5 (hot part in front). Here, the cool 
partt is partly obscured by the hot part (curve C') 

observedd light curve are those with with (Q,i,Q) = (4,90°,41°), (7,74°,34°) and 
(15,66°,30°). . 

Inn Paper II it was shown that the wavelength shifts observed in May 1992 could 
bee reproduced with the model. The wavelength shifts shown in the other observations 
aree very similar to these, and therefore we will not discuss these further, but rather 
focuss on the line shapes predicted by the model, and compare these with the profiles 
observedd in the higher resolution K-band spectra that we now have available. 

Inn Fig. 4.13, we show the observed profiles for maximum redshift and maximum 
blueshift,, and compare these with the predicted profiles. The latter were calculated 
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Figuree 4.12. The model infrared light curve. In the panels, light curves are drawn for Q = 4,7 
andd 15 for different values of i and 0 (as indicated). The observed light curve, as obtained from 
thee May 1992 K-band spectra (see Paper II), is overdrawn. For this purpose, it was divided by 
11.3733 mJy, the best-fit value of FfT for Q = 7, i = 74°, and 0 = 34° (for the other sets of 
parameters,, the best-fit value of FfT is not very different). The observing times were converted 
too phase using a time of superior conjuction t0 = 11.975 UT (the best-fit value of to is virtually 
independentt of the other parameters) 

forr the three parameter sets that produce the best fits to the observed light curve (see 
above),, as well as for two other sets that produce adequate fits and that represent 
somewhatt different positions in parameter space. From the figure, one notices that 
thee modelled lines are weaker at maximum blueshift than at maximum redshift, as 
discussedd above for the example shown in Fig. 4.10. Small absorption components 
att maximum blueshift are found in three cases. These absorption components are not 
numericall  artefacts, but reflect the geometry of the model. In general, we find that 
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Figuree 4.13. Observed and modelled line profiles at maximum blueshift (lower curves) and at 
maximumm redshift (upper curves). In the rightmost panel the observed maximum redshift and 
maximumm blueshift He n (10 — 7) profiles are shown (taken from Fig. 4.8). The fluxes of the 
threee profiles have been divided by 9, 8 and 9 10~15 Wm_2/im~\ respectively, and for the 
conversionn to velocity, a wind velocity of 1500 km s-1 was used. In the other panels, model 
profiless are shown for five different sets of parameters (as indicated). The drawn curve reflects 
thee model results, and the histogram the results smoothed and binned to the resolution of the 
observationss (no smoothing over phase was applied). With the line strength that was chosen, the 
linee would peak at ~40% above the continuum if the whole wind where cool (Q = 1) 

theyy are present for values of 0 slightly larger than (90° - i), i.e., for the case in 
whichh a significant fraction of the cool matter moving almost directly towards us, is 
seenn projected against the hot part of the wind (for larger 0, the optically thick central 
regionn of the cool part of the wind intervenes). 

Inn comparing the modelled profiles with the observed ones in more detail, one 
shouldd keep in mind that Khns, which determines the strength of the line, has been 
keptt the same for all models. For the value chosen, the line would peak at 40% above 
thee continuum if the whole wind were cool. The equivalent width would be 0.6 i>w, or 
~~ 70(uw/1500 km s_1) A at He II (10 - 7) (where 1500 km s_1 is the velocity indicated 
byy both the He I and He n line profiles; see Sect. 4.6 below). In WN6/7 stars, equivalent 
widthss ranging from 30 to 130 A are observed, with the stronger lines occurring in 
WN66 stars (Hillier 1985; Van Kerkwijk et al., in preparation; see also Fig. 4.9). Hence, 
differencess in the line strength of the order of a factor 2 are to be expected. Keeping 
thiss in mind, a couple of conclusions can be drawn from the comparison with the 
observedd profiles. Most notably, the relative strength of the lines at maximum redshift 
andd their relative weakness at maximum blueshift that the model profiles show, is also 
shownn in the observed He n profiles (see Sect. 4.4), both in the series of K-band spectra 
obtainedd in 1992 (Fig. 4.7) and the one obtained in 1993 (Fig. 4.8). Furthermore, the 
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asymmetryy of the observed profiles is consistent with that expected from the two-
temperaturee structure of the wind. 

Fromm a closer comparison (Fig. 4.13), one sees that the observed profiles - which 
aree clearly resolved - are best reproduced for relatively large values of the opening 
anglee and for values of the inclination not too close to 90° (notice, however, that, given 
thee integration times of 20-30 minutes, the observed profiles represent averages over a 
rangee of about 0.1 in orbital phase, and thus are expected to be somewhat broader than 
thee modelled ones). From the different profiles somewhat different conclusions about 
thee temperature ratio Q are inferred. The lower of the two maximum-redshift profiles 
inn Fig. 4.13 shows hardly any blue-shifted emission, and from this profile one would 
thuss infer a high value of Q. In contrast, the maximum-blueshift profile (taken in the 
samee run) and the other maximum-redshift profile (taken a year earlier) show profiles 
fromm which a lower value Q would be indicated. However, given both the difficulty in 
determiningg the observed ratio due to the uncertainty in the continuum level, and the 
simplicityy of the model, it seems that differences like these are to be expected, and that, 
inn general, the characteristic variations shown in the observed profiles (Sect. 4.4.3) can 
bee adequately reproduced. 

4.6.. Wind velocity and mass-loss rate 

Forr a constant-velocity, isothermal wind, the free-free flux depends only on the ratio of 
thee mass-loss rate M and the velocity vw of the wind (lM/vw oc F®/*;  Wright & Barlow 
1975;; see App. 4.A). In Paper II, the relations given by Wright & Barlow (1975) and 
Hillierr et al. (1983) were used to estimate the mass-loss rate in Cyg X-3. With the 
parameterr Ffj determined from the fit to the May 1992 infrared light curve, corrected 
forr 1.5 magnitudes of interstellar extinction, and the wind velocity determined from the 
wavelengthh shifts, a mass-loss rate Ms = 410"5 M© yr-1 was derived (for a distance 
off  lOkpc, and assuming completely ionised helium (i.e., % = 2, Z = 2), and a gaunt 
factor̂ ^ of unity; see App. 4.A; cf. Hillier et al. 1983). 

Anotherr estimate of the mass-loss rate can be made on the basis of the ob-
servedd increase of the orbital period. In Paper I, it was found that, under the as-
sumptionn that the specific angular momentum carried away by the wind is equal 
too that of the helium star, this dynamical argument leads to an estimate of Mdyn = 
0.88 lO"5(M tot/lOM©)M 0yr~1, where Mtot is the total mass of the system. Hence, 
forr reasonable values of the mass of the helium star (~ 10 M©) and the compact object 
(1.44 M©), Kfoyn is smaller than Kfff by about a factor of 4. This discrepancy may well 
bee larger, since, as shown below, the present observations indicate that Kfff has been 
underestimatedd in Paper II. 

Inn Paper II, a velocity of the wind of 1000 km s"1 was used to estimate Aïff. 
Fromm the observations presented here, it is possible to derive a more accurate estimate 
off  the wind velocity. The most reliable estimate is probably obtained from the Hei 
absorptionn features seen in the K-band spectra taken on the 15th of July, 1993 (Fig. 4.8). 
Fromm the two spectra that showed these features clearly, velocities of 1500  200 and 
16000  250 km s"1 were derived (Sect. 4.4). 
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Anotherr estimate of the wind velocity can be obtained from the widths of the lines 
att times that they do not show an orbital modulation. In Paper I, it was found that 
thee Hell lines in the 1991 I and K-band spectra had full widths at half maximum 
(FWHM)) consistent with a single value of 2700 km s-1, with an estimated uncertainty 
off  200 km s - 1. For the He n (5 - 4) lines in the spectra taken on the 14th of June, 1993, 
wee find a FWHM of 2800  300 km s_1. In order to find the velocity to which these 
widthss correspond, we have to make an assumption about the intrinsic line profile. 
Torress et al. (1986) find that, for a line with a parabolic shape, the conversion factor 
Cvdd = Vw/FWHM equals 0.71, while for a line with a rectangular profile, it is 0.5. For 
thee profile of a line in LTE arising in a one-temperature wind, we find that Cyd = 0.57. 
Off  course, these estimates only apply for well-resolved lines. For our spectra, with 
aa resolution of ~ 500kms_1 in the I band, and ~ 900km s- 1 in the K band, we 
findfind that Cvei for the one-temperature profile should be increased to ~ 0.6. Using 
Cvdd = 0.6  0.1 as a conservative estimate, we find that the observed FWHMs of the 
Hee II lines correspond to a wind velocity vw = 1650  300 km s-1. 

Thee maximum velocity shown by the modulated profiles can also be used to 
estimatee the wind velocity. In the 1993 K-band spectra, (Fig. 4.8; also Fig. 4.13) 
emissionn is seen out to a redshift of 1500  150 km s-1. After correction for the 
resolutionn of ~440 km s_1, we find a velocity of 1450  150km s-1. 

Thee estimates mentioned above indicate a wind velocity of ~ 1500km s_1, rather 
thann the 1000 km s- 1 used in Paper II. With the new velocity, the mass-loss rate 
mentionedd above will increase by a factor 1.5 (if the assumption that the velocity is 
constant,, is valid). 

Anotherr uncertainty in the estimate of the mass-loss rate stems from the variability 
byy about a factor 2 of the phase-averaged infrared intensity of the source. From the 
spectraa that we have available now, it seems likely that the intensity of the source is 
systematicallyy lower when the lines are weak. In terms of our model, the wind is most 
'Wolf-Rayett like' when the lines are strong, and therefore the mass-loss rate might be 
underestimatedd if one uses, as in Paper II, the flux estimate derived from the weak-line 
Mayy 1992 spectra. If we would use instead the flux as observed in the June 1991 
spectrum,, the inferred mass-loss rate would increase by another factor 1.5. 

Forr the interstellar extinction A% in the K band, a value of 1.5 magnitudes was 
used.. This vaue was derived by Becklin et al. (1972) from the infrared colours of 
Cygg X-3, under the assumption that the intrinsic colour H — K £> 0.3. However, as we 
wil ll  show below (Sect. 4.8), the shape of the infrared continuum indicates AR ^ 2.0. 
Hence,, the intrinsic flux may have been underestimated in Paper II. For an increase of 
0.55 magnitudes in AR, the estimate of the mass-loss rate increases by a factor 1.4. 

Inn summary, the estimate of the mass-loss rate MR given in Paper II should be con-
sideredd as a lower limit. If all three corrections mentioned above apply, Mfr increases 
byy a factor 3, to 1.210-4 M© yr_1, and becomes an order of magnitude larger than the 
dynamicall  estimate Afdyn-

Interestingly,, for the one other Wolf-Rayet binary for which a dynamical estimate 
off  the mass-loss rate is available, namely WR139 (V444 Cyg), the dynamical estimate 
iss lower by about a factor 3 than the estimates based on the free-free radio emission 
andd on the modelling of the infrared spectral lines (St-Louis et al. 1993, and references 
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therein).. Far this system, St-Louis et al. (1993) find additional evidence for the lower 
mass-losss rate from polarisation measurements. They suggest that the discrepancy 
mightt result from inhomogeneities in the wind. Since the free-free and (non-resonance) 
linee emission processes depend on the square of the density, these inhomogeneities 
wouldd lead to enhanced free-free and line fluxes, and hence, when the inhomogeneities 
aree neglected, the mass-loss rate will be overestimated. In contrast, the estimates based 
onn the polarisation depend linearly on the density, and thus are independent of these 
inhomogeneitiess (provided the wind is optically thin to electron scattering). 

Additionall  evidence that the mass-loss rates in Wolf-Rayet stars may be lower 
thann is inferred from line and free-free continuum fluxes, comes from the profiles 
off  strong He II lines (e.g., He n (3 - 2) A1640, He n (7 - 4) A5411). For these lines, 
thee electron-scattering wings predicted by model calculations tend to be stronger than 
thosee observed by a factor of ~ 2 (Hillier 1990). Hillier (1990) suggests that this 
discrepancy,, like the one mentioned above, reflects the presence of inhomogeneities 
inn the wind, due to which the line emission processes - which scale with the density 
squaredd - are enhanced, while the electron scattering process - which scales linearly 
withh the density - is not. In order to test this expectation, Hillier (1991) performed 
exploratoryy model calculations on an inhomogeneous wind. He found that, indeed, 
liness as strong as those obtained for a homogeneous wind, but with electron-scattering 
wingss in accordance with the observations, could be obtained, for a mass-loss rate that 
wass about half that needed for a homogeneous wind. 

Fromm the above, we conclude that the mass-loss rate Mg of ~ 10~4 M© yr_1 that 
iss inferred from the infrared flux, should be regarded as a highly uncertain estimate of 
thee genuine mass-loss rate Jlïiiue. From the cases discussed above, it follows that Mtme 
mayy be smaller than Jlifff by a factor of 2-3. For Cyg X-3, it seems not unlikely that the 
differencee is even larger, since possible inhomogeneities may well be enhanced as a 
resultt of its variable nature. Notice diat the conclusions drawn in the previous section 
aree not necessarily affected, provided the inhomogeneity of the wind is similar in both 
thee hot and the cold part of the wind. 

4.7.. Ramifications 

Inn this section, we will discuss qualitatively the complications that arise for cases in 
whichh one or more of the assumptions underlying our model are invalid. We will start 
withh the main assumption, viz., that the size of the continuum and line emitting regions 
iss much larger than both the orbital separation and the size of the regions of the wind 
wheree significant velocity and temperature gradients are present (Sect. 4.5.1). There-
after,, we will briefly discuss the effects of the rotation of the system, of the contribution 
off  bound-free processes to the absorption opacity, and of electron scattering. 

4.7.1.4.7.1. The size of the continuum and line emitting regions 

Wrightt & Barlow (1975) define the characteristic radius of the free-free emitting region 
byy the condition that the integrated flux emitted exterior to that radius (i.e., without 
optical-depthh effects) equals the flux from the whole wind (including optical-depth 
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effects).. At this radius, the radial optical depth to infinity is 0.244. It is given by 

»?? - 8 8 f M« V /3 (—^—) " 2/3 x VV _ 8 ,8 ^lO- 4M 0yr- V 11500kms-1/ 
// A \ 2 / 3 / T \~1 /2 

ÜSS ijwi)  Re> (41) 

wheree the numerical values for the mass-loss rate Mn and the wind velocity vw 

weree taken from Sect. 4.6, and the value for the temperature T is an estimate of the 
temperaturee in the cool part of the wind. Notice that we have, on purpose, used the 
mass-losss estimate Ms, since, for the estimate of the free-free radius, we want to 
includee the possible effects of the inhomogeneities (Sect. 4.6). We note in passing that 
thee effective radius of the wind, defined by F  ̂ = 4TrB(T)Rla> is at a radial optical 
depthh to infinity of 0.05 (Hillier et al. 1983), and that it is a factor 1.7 larger than the 
characteristicc radius defined above. 

Fromm the temperature dependence of the characteristic radius, it is clear that the 
assumptionn that it is large compared to the other relevant sizes, will break down first 
inn the high-temperature part of the wind. Taking the size of the Roche lobe of the 
heliumm star - 1.7 R© for a 10 M© helium star and a 1.4 M© compact object (Paper I) 
-- as an optimistic estimate of the value of the characteristic radius below which the 
assumptionss will break down, we find that the critical value Qcnt of the temperature 
ratioo is 27 in the K band (for the values of Kfg, vw and T used in Eq. 4.1). As a more 
pessimisticc estimate, the orbital separation can be used, which, for the masses quoted 
above,, is 3.2 R©. The value of Quit corresponding to this radius is 8. For the I band, 
thee values for the two cases are Qmt = 8 and 2.3, respectively. 

Thee estimates of the critical values of Q are within the range of values that we have 
usedd for our model. Hence, it is likely that deviations from the model results discussed 
abovee occur. For the wind of the helium star, one expects that both the assumption that 
thee wind is isothermal, and the assumption that is has a constant velocity, will not be 
validd close to the star. Furthermore, the assumption that the shadow can be represented 
ass a cone with the helium star at its apex, will break down. We will discuss these three 
pointss in turn. 

Temperature.Temperature. Close to the surface of the helium star, where the X rays cannot pen-
etrate,, the temperature of the wind will be determined by the helium-star properties 
alone,, and thus be lower than assumed in our model. To obtain a crude estimate of the 
consequencess this has, we consider the case where outside of a certain radius R*, the 
windd is strongly heated, and within that radius not at all. At very large wavelengths, 
thee heated part of the wind will be optically thick, and our model assumptions apply. 
However,, going to smaller wavelengths, the heated part will become optically thin, 
andd the cooler layers below will become visible. In these layers, the optical depth is 
muchh higher, and thus these layers will effectively appear as a blackbody of radius Rb, 
withh the temperature determined by the helium star properties. Hence, the spectrum 
wil ll  flatten, until, at still smaller wavelengths, the wind will cease to contribute, and 
thee spectrum will be that of a black body. 
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Velocity.Velocity. For high values of Q, one will observe the deeper, accelerating layers of the 
wind.. Since the velocity in these layers is lower, the density and thus the free-free 
opacityy will bee higher. In consequence, the effects will be opposite to those discussed 
forr the temperature above: the flux will be higher, and, since this effect will be stronger 
att smaller wavelengths, the spectrum will be steeper than is expected for a constant-
velocityy wind. 

GeometryGeometry The assumption that the wind is confined within a cone with the helium star 
att its vertex, will also cease to be realistic for high values of Q. From trial calculations 
onn a two-temperature wind with a genuine shadow, we found that, indeed, for high 
valuess of Q, the light curves differ significantly (mostly showing a wider minimum). 
Mostt of the difference is due to the fact that the very dense parts of the wind, well 
withinn a stellar radius of the star, now become shadowed and thus cool. However, since 
closee to the star also the assumption of a constant temperature and a constant velocity 
willl  be invalid (see above), we do not consider these results as better than the ones 
obtainedd with our model in its simplest geometric form. 

4.72.4.72. Rotation 

Duee to the orbital motion in the system, the matter in the wind of the heliumm star will 
startt to trail the star at larger radii. Hence, in assuming that the cool part is within a 
cone,, we implicitly assume that both the cooling in the shadow, and the X-ray heating 
outsidee are very fast. If this is not the case, the cool part of the wind will be lagging 
att larger radii. An observational indication that this may in fact happen, is that the 
X-rayy light curve shows an asymmetric minimum, with a rather steep ingress and a 
moree moderately-sloped egress. In the infrared, a similar effect may be present. For 
instance,, the infrared light curve observed by Mason et al. (1976), shows an ingress 
thatt is steeper than the egress. The K-band light curve we observed, is more symmetric 
(Fig.. 4.12), but from the points in the phase interval -0.26 to -0.2, it does appear that 
ingresss is somewhat faster than egress. 

4.73.4.73. Bound-free opacity 

Anotherr effect that we have neglected in our model, is the contribution of the bound-free 
processs to the opacity. Since its contribution decreases with increasing temperature, 
onee may expect that, going from a one-temperature to a two-temperature state, the 
infraredd flux will decrease. As mentioned in Sect. 4.5.1, the effect is not very large in 
thee K band, the contribution of the bound-free opacity to the total opacity being less 
thann 25% of that of the free-free opacity (Hillier et al. 1983; the percentage applies 
att a temperature of 3 104 K, a reasonable lower limit for a spectral type of WN6/7). 
Hence,, going from a wind that is completely cool to a wind that is strongly heated, 
thee flux will decrease by at most 20%. In the I band, the decrease in flux should be 
larger:: up to 40% is expexted from the relative contribution of the bound-free opacity 
listedd by Hillier et al. (1983). The observed changes in the I-band continuum level are 
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consistentt with these values, but in the K band, the observed changes (up to 50%) are 
tooo large. 

Apartt from a change in flux depending on the state of the wind, the contribution of 
thee bound-free opacity should also be reflected in an increased depth of the modulation, 
since,, due to its contribution, the cool part of the wind should be more opaque, while the 
hott part should not. Given the wavelength dependence of this contribution, this effect 
shouldd be stronger at smaller wavelengths. Hence, one would expect that the depth 
off  the modulation would increase going to smaller wavelengths. The observational 
evidencee on this is confused: Fender & Bell-Burnell (1993) find that the depth of the 
modulationn is larger at H than at K, but Molnar (1988) finds that there are no colour 
changess with orbital phase. 

4.7.4.4.7.4. Electron scattering 

Electronn scattering will be important for radii at which T^ ~ 1. For constant-velocity, 
spherically-symmetricc mass loss, this radius is given by 

^ = 9 6( Ï F 4 ^ ) ( ^ Ö ^ ) " 1 R -- (42) 

Hence,, for the free-free mass-loss rate of ~ 10~4 M 0 yr_1 (Sect. 4.6), electron scat-
teringg will be important in the hot part of the wind for all Q. However, as discussed in 
Sect.. 4.6, the genuine mass-loss rate Mm*, with which the electron scattering optical 
depthh scales, is most likely lower by at least a factor 2-3. For such a lower estimate, 
.Ress ~ 3-5 R©, and hence electron scattering will be important in the hot partt of the 
windd for Q ^ 3-8. Due to the electron scattering, the hot part of the wind will appear 
moree extended. Hence, the depth of the modulation will decrease somewhat, and the 
minimumm will become somewhat wider. 

Att the radial distance of the X-ray source (a ~ 3R©; see above), the electron 
scatteringg optical depth to infinity will be £ 1 even when the mass-loss rate estimate 
iss decreased by a factor 2-3. Thus, the X-ray source will effectively be larger, and 
thee shadow of the helium star will become less well-defined, especially at larger radii. 
Onee may expect that, in these less shadowed regions, the degree of ionisation will be 
increased.. This may explain the absence of He I emission in the spectra with weak, 
modulatedd lines. 

4.8.. The continuum energy distributio n 

Iff  the idea that the infrared continuum and lines in Cyg X-3 originate from a Wolf-
Rayett wind, is correct, it is to be expected that the continuum energy distribution is 
similarr to that observed in Wolf-Rayet stars, i.e., that it can be described by a power-law 
off  the form Fv oc I A For normal Wolf-Rayet stars, Morris et al. (1993) found that the 
frequencyy distribution of the values of /? was approximately Gaussian, with a mean 
valuee of 0.8, and a standard deviation of 0.4. For our model, 0 = 2/3 is expected. 

Inn order to test the expectation of a power-law flux distribution, and also to test 
forr possible deviations that might result from the break-down of the assumptions 
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underlyingg our model (as discussed above), we collected photometric data from the 
literature,, and combined these with the our spectroscopic results. For this purpose, the 
K-bandd spectra can be used directly, since these are flux-calibrated This not the case 
forr our I-band spectra. However, since these were reduced relative to the nearby star A 
(seee Sect. 4.3.1), for which photometry is available, we can obtain an estimate of the 
fluxesfluxes using star A as a local standard. 

Forr star A, Westphal et al. (1972) list V = 15.05, B - V = 0.98 and U -
BB = 0.43. From our spectra, we found that the spectral type is in the range F5 
too GO (Sect. 4.3.1). From the observed colours, we conclude mat the star cannot 
bee a supergiant. For main-sequence stars of the above-mentioned range in spectral 
type,, the effective temperatures range from 6400 to 5900 K, and the intrinsic colours 
{(U{(U  - B)0,(B - V)0,(V - /)<,}  range from {0.00,0.43,0.64}  to {0.11,0.59,0.81} 
(Johnsonn 1966). With the interstellar extinction law given by Mathis (1990), the EB-v 
andd EU-B colour excesses correspond to values of the interstellar extinction at J 
rangingg from Aj = 0.48 to 0.34, and from Aj = 0.52 to 0.39, respectively. [Notice 
thatt the interstellar extinction law of Mathis (1990) is normalised at J. This band is 
chosenn because longward of ~ 1 /xm the extinction law is virtually identical in all lines 
off  sight.] Hence, the expected Johnson I magnitude ranges from 13.52 to 13.59. 

Forr the flux calibration, we assume that, in the wavelength range covered by our 
spectra,, star A can be represented by a black body of 6000 K, reddenedd by interstellar 
extinctionn corresponding to Aj = 0.4, and scaled to produce an I-band magnitude of 
13.555 (these values are appropriate for spectral type F8). To estimate the accuracy 
off  this procedure, we also calibrated the I-band spectra of the Wolf-Rayet stars, and 
comparedd these with our J-band spectra obtained at UKIRT. We found that the flux 
calibrationn was accurate to ~ 20%, with no obvious systematic offsets. More impor-
tantly,, the differences in the power-law slope /? of the spectra were found to be less 
thann ~ 0.1. 

Figuree 4.14 shows the observed flux distribution derived from our spectroscopy, 
andd from photometry in JHKL by Molnar (1988), in I by Wagner et al. (1989), and in 
RR by Wagner et al. (1990). Regarding the I-band photometry published by Wagner et 
al.. (1989), we note that it is not quite clear to what effective wavelength the magnitude 
off  Cyg X-3 refers (details about the filter set have not yet been published). For star A, 
theyy list I' = 13.78. Given the magnitudes mentioned above, an effective wavelength 
off  \\' ~ 0.85 pirn seems indicated. For this wavelenth, / ' = 20 for Cyg X-3 would 
correspondd to a flux of ~ 0.026 mJy (using Johnson 1966), which is within the range 
off  fluxes that we find (see Fig. 4.14). However, given the uncertainty about this filter, 
wee have not used this magnitude further. 

Inn Fig. 4.14, we also show the flux distributions corrected for three different 
amountss of interstellar extinction, corresponding to Aj = 4, 5.5, and 7. As above, 
wee used the reddening law of Mathis (1990). For wavelengths longward of 0.8 j*m, 
thiss extinction law is equivalent to A\ oc X~a, with a = 1.7. For the R band, Mathis 
(1990)) lists two values of the ratio AK/AJt one for 'diffuse dust' (2.66, close to what 
iss expected from extrapolation of the A _1 -7 law), and one for 'outer-cloud dust' (2.43). 
Forr comparison, we also show the I, J and K-band spectra of WR134 (WN6), dered-
denedd using Aj = 0.69 (EB-v = 0.47; Morris et al. 1993). 
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Figuree 4.14. The continuum flux distribution. Shown are the fluxes derived from pho-
tometryy collected from the literature, and from our spectra. The lower set of points and 
curvess (Aj = 0) reflects the observed data. The JHKL points are connected by a dashed 
linee to indicate that they were obtained simultaneously. Two K-band spectra are shown, 
thee spectrum with strong lines obtained on the 29*  of June, 1991, and the weak-line 
averagee spectrum obtained on the 29*  of May, 1992. In the I-band, the strong-line 
averagee spectrum obtained on the 14*  of June, 1993, is shown, the weak-line average 
spectrumm obtained on the 25*  of July, 1992, and, to extend the wavelength range to 
smallerr wavelengths, the strong-line spectrum obtained on the 21$l of June, 1991 (notice 
that,, for the latter, the flux level may be underestimated; see Sect. 4.3.1). The other sets 
off  points and curves reflect the data corrected for the interstellar extinction for three 
differentt values of Aj (as indicated). The extinction law we used was that of Mathis 
(1990).. For the IJHKL bands, this extinction law gives A\ <x A - 1 7. For the R band, 
wee show both the flux dereddened using AR/AJ = 2.66 (applicable for 'diffuse dust'; 
filledd points), and that found using A^/Ai = 2.43 ('outer-cloud dust'; open points). For 
comparison,, the flux-calibrated I, J and K-band spectra of WR 134 (WN6), corrected for 
interstellarr extinction using Aj = 0.69 (Morris et al. 1993), are shown at the top (shifted 
upwardd by 0.5 dex for clarity) 
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Fromm the figure, it is clear the shape of the intrinsic flux distribution of Cyg X-3 
iss very sensitive to the assumed amount of interstellar reddening. In order to obtain a 
fluxflux distribution that neither starts to fall at small wavelengths, nor becomes steeper 
thann the Rayleigh-Jeans tail of the Planck funtion, the value of Aj should be larger 
thann 4 and smaller than 7. From more detailed plots, we find that, in order to have 
-0.33 £ fa & 2 for the I-band spectra, one needs 5 £ Aj ^ 6. [Here, /? = -0.3 
correspondss to optically thin free-free emission.] For this range, the power-law index 
ass derived from the largest wavelengths (i.e., K, L), varies from 0K-L = 1.2 to 1.6. For 
AjAj = 5.5, the whole flux distribution longward of R is consistent with /?A>O.8 = 1.4. 
Forr all values of Aj, the R-band flux is only consistent if the 'outer-cloud' value of 
-AR/AJJ is used. 

Ann uncertainty in the above derivation is introduced by the uncertainty of about 
0.11 in the index a used in the extinction law (Mathis 1990). We find that, to have 
-0.33 £ A £ 2 for a = 1.8, the range in Aj has to decreased by ~ 0.1, /3K-L by 
~0.2,, and /?A>O.8 by ~0.2. For a = 1.6, the range in As has to be increased by ~0.3, 
andd PK-I by ~0.1. For this value of a, we find that it is not possible to fit the whole 
spectrumm well with a single power-law. The least-bad value of /?A>O.8 is ~ 1.9. 

Inn summary, under the assumption that -0.3 £ A £ 2, we find that A} = 5.5 , 
Thiss value corresponds to a K-band extinction of AK = 2.1  0.4. For As ~ 5.5, the 
fluxflux distribution for A > 0.8 /zm has a power-law shape, with 0A>O.8 = 1.4  0.3, This 
valuee is higher than predicted by our model, but not inconsistent with the values found 
forr normal Wolf-Rayet stars. In the sample of 78 Wolf-Rayet stars studied by Morris 
ett al. (1993), 6 have (3 > 1.4, and 20 have j3 > 1.1. Since we do not see a strong 
variationn in slope between the strong and the weak-line spectra (Figs. 4.14, 4.2 and 
4.6),, the large slope we observe is unlikely to be related to the breakdown of the model 
forr high values of the temperature ratio Q. Instead, it more likely reflects the fact that, 
inn general, the model is too simple to provide a detailed description of a Wolf-Rayet 
wind. . 

4.9.. Discussion and conclusions 

Thee first infrared spectroscopic observations of Cyg X-3 (Paper I) showed the presence 
off  Wolf-Rayet emission features in the infrared spectrum of Cyg X-3, which indicate 
thatt a strong, dense, helium-rich wind is present in the system, in which both the infrared 
liness and continuum originate. In follow-up observations, the emission lines were much 
weaker,, and they shifted in wavelength as a function of orbital phase (Paper II). It was 
arguedd that this could be understood in the context of the helium-star model, if, at 
times,, the Wolf-Rayet wind is strongly ionised and heated by the X rays originating 
fromm the compact object. Furthermore, it was argued that, if this were the case, the 
observedd modulation of the infrared continuum would follow as a natural consequence. 
Inn support of this argument, it was shown that observed variations could be reproduced 
withh a simple model of the system, in which the wind has a two-temperature structure. 

Inn this paper, we have presented a number of additional observations. These ob-
servationss confirm the prediction, made in Paper II, that the emission lines show 
wavelengthh shifts as a function of orbital phase if they are weak, but not if they are 
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strong.. We have described the model used in Paper II in detail, and presented model 
continuumm light curves and model line profiles for various combinations of the param-
eters.. From these results, we have found that not only the wavelength shifts, but also 
thee fact that the line profiles at maximum redshift are stronger and narrower than at 
maximumm blueshift, follows naturally from the assumption of a two-temperature wind. 

AA problem that we have encountered, is that the estimate of mass-loss rate inferred 
fromm the infrared flux, is an order of magnitude larger than the estimate inferred 
fromm the rate of increase of the orbital-period. Also, we have found that the observed 
fluxflux distribution is not consistent with the model. However, since similar deviations 
aree found for normal Wolf-Rayet stars, we believe that these discrepancies reflect the 
simplificationss made for our model, and that they do not invalidate the main conclusions 
off  our work, viz., that the continuum and the lines arise in the wind of the helium star, 
andd that the modulation of both lines and continuum results from the fact that the wind 
iss highly ionised by the X-ray source, except in the helium star's shadow. 

Theree is one possibly major problem, however, that, so far, has been addressed only 
brieflyy (in Paper I). This is the fact that the radii of Wolf-Rayet stars that are derived 
fromm model fits to Wolf-Rayet spectra (e.g., Schmutz et al. 1989), are much larger than 
thee radius of the Roche lobe in Cyg X-3 (Paper I; Conti 1992). Schmutz (1993) has 
triedd to model the 1991 I and K-band spectra of Cyg X-3 using the Wolf-Rayet wind 
modell  described by Hamann & Schmutz (1987) and Wessolowski et al. (1988). He 
foundd that the stellar parameters were typical for a Wolf-Rayet star of spectral type 
WN7,, but that, given the absolute K magnitude, the photospheric radius was larger than 
thee orbital separation by a factor 3. In order to resolve this discrepancy, he suggested 
thatt the distance to Cyg X-3 was much smaller than lOkpc, so that the luminosity, and 
thuss the mass and radius, were much smaller. He suggests that the 21 cm absorption 
features,, on which the 10 kpc distance is based, may be due to circumstellar shells. 

Althoughh the suggestion of a lower distance is tempting in that it would also 
resolvee the discrepancy between the different estimates of the mass-loss rate, we 
believee that it is asking too much from coincidence to have circumstellar shells at 
suchh velocities and with such strengths that they produce an absorption profile which 
correspondss closely with the combined emission profile of the Local, Perseus and 
Outerr arms (for references, see Sect. 4.2). Instead, we believe it more likely that the 
estimatee of the radius derived from the model-atmosphere fits is wrong. We stress, 
likee in Paper I, that these estimates are based on an assumed velocity law, which 
iss used to extrapolate inward from the regions where the continuum and lines are 
formed,, to the so-called 'zero-velocity' radius. Usually, for this velocity law, a /?-law 
iss used (v = Voo(l - R*/r)P). This velocity law has been found to be a reasonable 
approximationn for O stars, but there is no reason to assume it is valid for Wolf-Rayet 
starss as well, especially close to the star, where the core-halo description used for O 
stars,, is not valid (for a more thorough discussion, we refer to Kudritzki & Hummer 
1990). . 

Ann observational indication that the radii of Wolf-Rayet stars are actually quite 
smalll  comes from eclipse light curves. For instance, Cherepashchuk et al. (1984) found 
thatt the eclipse light curve of V444 Cyg indicated a core radius (electron-scattering 
opticall  depth unity) of only 2.8 R0. Hamann & Schwartz (1992) argue that this estimate 
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iss not unique, and that the radius of the Wolf-Rayet star could be much larger. However, 
fromm the polarisation measurements, St-Louis et al. (1993) find that radii larger than 
~~ 4 R0 are excluded. From this observational evidence, it seems that the radii of Wolf-
Rayett stars are not unlike the radii expected from stellar model calculations (e.g., 
Langerr 1989). For such radii, the helium star would fit well inside the Roche lobe in 
Cygg X-3 (Paper I). 

Fromm the above, we conclude that, at the present time, there is no reason to reject 
thee idea that the companion of Cyg X-3 is a massive Wolf-Rayet star. Instead, Cyg X-3 
shouldd be regarded as an interesting system, in which a Wolf-Rayet wind can be probed 
throughh the combined effects of occultation and variable ionisation by X rays. 
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4.A.. Free-free and line emission from a two-temperature wind 

AA solution to the equations of radiative transfer for the free-free emission arising from 
aa spherically-symmetric, radially expanding, constant-velocity, isothermal wind has 
beenn obtained by Wright & Barlow (1975). Here, we wil l first briefly follow their work 
inn order to introduce the nomenclature, and then generalise it for a two-temperature 
windd as discussed in Sect. 4.5. Furthermore, we will derive expressions for the emission 
off  a line in local thermodynamic equilibrium (LTE). 

Forr our derivations, we will use a cylindrical coordinate system (p,<p,z) with the 
wind-emittingg star at the origin and the observer in the direction of z = -oo. In this 
coordinatee system, the flux received by an observer at distance D is given by 

FvFv = Ta \ / J*(-°o)i»dpdp, (4.3) 

wheree J„  is the specific intensity in the direction of the observer. For brevity, we have 
heree and below not explicitly indicated the dependence on p, (p. The specific intensity 
iss given by 

r„(-oo)== / S„(z)e-r"<*>dT„(z) , 
JJ z~~ oo 

(4.4) ) 

wheree S„ is the source function and T„ the optical depth to the observer. 
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4A.1.4A.1. Free-free emission 

Forr free-free emission, the source function equals the black-body intensity BV(T). 
Hence,, for an isothermal wind one finds from Eq. 4.4 that 

J*(-oo)) = B„{T)  ( l - e-
r?( + o o )) . (4.5) 

Thee free-free optical depth is given by 

TJ(+OO)) = r ° ° an
v[T) (l - c-hv/hT) lenfdz, (4.6) 

wheree r^ is the ion number density, 7e = ne/nj the number of electrons per ion, and a£ 
thee free-free absorption cross-section. The term (1 — t~hvlkT) corrects for stimulated 
emission.. The free-free absorption cross-section is given by (Allen 1973) 

wheree g  ̂ is the free-free Gaunt factor, and the other symbols have their usual meaning. 

Forr a spherically-symmetric wind that is radially expanding with a constant velocity 

uw,, the ion number density is related to the mass loss rate M by 

MM 1 

47r/xmH'uww p2 + z2' 

wheree //. is the mean atomic weight, and TTIH the mass of a hydrogen atom. Combining 
Eqs.. 4.8 and 4.6, and solving the integral (substitute (' = arctan z' /p), one finds 

* ° ° ) = 2"7"^ -- (49) 

Here,, we have defined 

* « m . a ï mm ) 7 k ( s ^ - ) 1 . (4,o) 

Withh Eqs. 4.5 and 4.9, Eq. 4.3 can now be integrated (substitute y = 
(7rürff /2p3)-1/3,, and use /y~ y(l - t~y~3)dy = - r ( - 2 / 3 ) / 3 ). This gives the follow-
ingg relation for the total flux arising from a one-temperature wind 

^.^Sgl^cnf.^.^Sgl^cnf. ,4,,) 

VoxhvVoxhv < JfcT, valid at infrared wavelengths, BV(T) oc Tand K%(T) oc T~3/2. Hence, 
thee total flux is independent of the temperature. 
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Noww consider a line of sight where the temperature is T^ from the observer to 
aa boundary at z = z\, T  ̂ from z = zx to z = z% and T  ̂ again from z = z2 on to 
infinity.. Then, the equivalent of Eq. 4.5 is 

I„(-oo)) = Bv(Tte) (l - e - * * > ) + 

^ ( r c o o l ) ( e - r ^ ) - e - ^ ( ^ )) + 

S*(r,„ )) ( e " ^ - e-^(+oo)) . (4.12) 

Followingg Eqs. 4.6-4.10, one finds that the optical depths are given by 

tfri)) = fif ̂ P*), (4.13) 

*?<-*>> = r ^ 0 + (t2-*i)?^§^and 
22 p3 

T ff f-I.rt ^^  - - r ^ , U M * N y ^ ( J h o t ) 
22 p3 

wheree th2 = (sinft)2cos Ci,2 + Ci,2 + f ) /*  with Ci,2 = arctanfo^/p). 
Forr the case that *i and t2 are independent of p, the integral over p in Eq. 4.3 

cann again be solved. Making use of the fact that in the infrared Sv(7j,ot) ~ 
(WTcooO^CTcoo!)) and J^ ( rt e) ~ (T^/T^r^K^T^X and writing Q = 
Tbot/Toooi,, it follows that 

r ( - | )) ^ (Tooo j ) fir „ - „ N2/3 

(4.14) ) 

(4.15) ) 

Iftt . 2 7 r i ^ ^ - ) (f ̂ Oi-))VJ x 

£s{«-«(^ y y 2/3 3 

'v>=oo '~ 

( i - Q ) ( * i O " 3 / 22 + («a-«i)) 2 /a + 

<?? ((*i +1 - h)Q-3/2 + (t2 - *i)) 2/3}  (4.16) 

Here,, we have neglected possible effects due to the temperature dependence of -ye and 

Fromm Eq. 4.16, it is clear that the flux from a slice of the two-temperature wind 
cann be expressed as the flux expected for a one temperature wind, modified with a 
geometricc factor that depends on the temperature ratio. In order to derive the total flux, 
thee integration over <p in Eq. 4.16 has to be done numerically. Here, one has to take 
intoo account that a line of sight can also cross only one boundary or no boundary at 
all.. For those cases, t\ and/or t2 should be set to zero or one, as appropriate. 

44 A 2. Line emission 

Forr the inclusion of line emission in the wind, we use the Sobolev approximation 
(Sobolevv 1960), i.e., we assume that there is little physical change in the medium across 
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thee distance in which the Doppler displacement at the frequency of the line changes by 
ann amount equal to the width of the line absorption profile. For the optical depth this 
impliess that, going from infinity to the observer, it will at first steadily increase due 
too the continuum opacity, then show a stepwise increase when the position is crossed 
wheree the (Doppler shifted) line is formed, and then increase smoothly again. Castor 
(1970)) has shown that with the Sobolev approximation the specific intensity due to 
linee emission alone is given by 

J?"(*)) = S%*M (l - e ^0 0* * ' * - " ) . (4.17) 

Here,, y(z) is a function that changes rapidly from 0 to 1 at z = ZQ, the position where 
thee Doppler shifted rest frequency VQ of the line matches the observing frequency v. 
Thee position ZQ is given by the following relation 

„ ww zo u_-u,^ ( 4 J 8 ) 

y/p*y/p* + 4 "o "o 

Onee can easily verify that, for an isothermal wind, the specific intensity arising 
fromm both free-free and line emission is given by 

ƒ„<-«>)) = B¥(T)[(l-*-***)  + 

fg- i f (*o )) _ e-*f(+«> A  c-rJj-(+oo) j  + 

Sf(«ö)) ( l - e-^<+ o o )) e " * 1 ». (4.19) 

Here,, the first term is the part of the free-free emission that is not attenuated by 
absorptionn due to the line opacity, the second term is the attenuated part of the free-
freee emission, and the third term is the line emission attenuated by some free-free 
absorption.. For a line in LTE, Sjj1*  = BV(T). Hence, 

I„(-oo )) = BV(T) (l - e-^<+0O>-*?"<+«») . (4.20) 

Castorr (1970) derived an expression for the line optical depth in the Sobolev 
approximationn for a spherically-symmetric, radially expanding wind. Assuming fur-
thermoree that the velocity of the wind is constant, one finds for a line from excitation 
levell  / to u and ionisation level j 

r ^ (+oo)) = o j " (mj - ^ n t t i i ) V + V * (4.21) 
VV  9u,j J i>öVw/c ( l - z j / p 2 + ^ ) 

wheree a1™ is the line absorption crosssection. For a line in LTE, the second factor 
reducess to n,t i ( l - e~

hvo/kT) (Mihalas 1978, Eqs. 7-1 and 7-3). The LTE population 
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off  excitation level I can be calculated using the following form of Sana's equation 
(Mihalass 1978, Eq. 5-14) 

''  = 2 ( w r ) ^ ' J - » - " " T - ^ . - . (4.22) 

wheree xij is the excitation energy and xi,j the ionisation energy from the ground 
level. . 

Similarr to Eq. 4.10, we define 

**WW = * (. - .-«/«) *,,OW ( ^ ) 2 , (4.23, 

wheree -yi+ \ = no, J+i /nj, and $/, j (T) contains the factors in Eq. 4.22 that do not depend 
onn the number densities. With Eqs. 4.8,4.18,4.22 and 4.23, Eq. 4.21 reduces to 

MD"w w 
(4.24) ) 

Withh the relations for the specific intensity (Eq. 4.20) and for the free-free and line 
opticall  depths (Eqs. 4.6 and 4.24), one can integrate Eq. 4.3 to obtain 

' - ^ ¥ ( f ^ r « « 
ll +*!<*<¥) l^f-(^r^) I  (4.25) 

Thee concept given above can be adapted easily to a two-temperature wind by adding 
TJJ1**  to the appropriate T J in Eqs. 4.13-4.15. Notice, however, that from Eqs. 4.22 and 
4.233 it follows that K  ̂ oc T~^2 for hv < kT (neglecting possible changes in ye, 
7i+ii  and *i f i (T)). Hence, K^T^) = Q-^K^T^).) 
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