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Spectroscopicc and photometric variabilit y of 
Cygnuss X-3 

Summary.. I present orbital-phase resolved K-band spectra of Cyg X-3. These show 
emissionn lines that shift in wavelength during the orbit, with maximum blueshift 
coincidingg with X-ray and infrared minimum, and maximum redshift half an orbit 
later.. I propose that this is due to the fact that during the observations the wind of the 
heliumm star was almost completely ionized by the X-ray source, except for the part 
shadowedd by the helium star. With this hypothesis one can also understand the orbital 
modulationn of the infrared continuum flux, as well as the fact that it is modulated 
inn phase with the X-ray flux. I present numerical calculations on a simple model for 
thee source, and show that for reasonable parameters it is possible to reproduce the 
observedd spectroscopic and photometric orbital modulation. 

3.1.. Introductio n 

Cygnuss X-3 is unique among X-ray binaries by its copious X-ray emission 
(~1038ergs~1;; Giacconi et al. 1967; Dickey 1983), its brightness in the infrared 
(M KK < - 5; Becklin et al. 1972), its large non-thermal radio outbursts (Gregory et 
al.. 1972), its orbital period of only 4.8 hours (Parsignault et al. 1972; Sanford & 
Hawkinss 1972), and the rapid increase of the orbital period on a timescale of 600,000 
yearss (Manzo et al. 1978; Kitamoto et al. 1992). The recent discovery of Wolf-Rayet 
emissionn features in its infrared spectrum (Van Kerkwijk et al. 1992; hereafter Paper 
I)) provides strong support for the idea that the companion is a helium star (Van den 
Heuvell  & De Loore 1973). In this paper, I present orbital-phase covered K-band spec-
troscopy.. In Sect. 3.2 I describe the observations and give a qualitative interpretation 
inn terms of a partly ionised wind of the Wolf-Rayet star. In Sect. 3.31 describe a simple 
modell  for the system, and use that to fit the observed photometric and spectroscopic 
modulation.. In Sect. 3.41 discuss the results, draw some conclusions, and make some 
predictionss that could be tested by future observations. 
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3.2.. Observations and interpretation 

Cygnuss X-3 was observed almost continuously from 10:10 to 14:40 UT on 29 May 
19922 with the United Kingdom Infrared Telescope (UKIRT) on Hawaii. Eight K-band 
spectraa were obtained using the Cooled Grating Spectrograph CGS4 with the low-
resolutionn grating (resolving power ~ 900 km s- 1) . Each spectrum is composed of 6 
too 9 pairs of 30 second integrations, taken on two different positions on the chip. In 
Fig.. 3.1 a grey-scale representation of the reduced, flux-calibrated spectra is shown, 
ass well as the average of the spectra and, for comparison, the spectrum taken in 1991 
(Paperr I). (Full details about the observations and the data reduction will be given 
elsewhere.) ) 

Inn Fig. 3.1 three main features are apparent: (i) the continuum emission is modu-
latedd (as expected from earlier photometric studies (Becklin et al. 1973, 1974; Mason 
ett al. 1976,1986); (ii) the emission lines undergo wavelength shifts; and (iii ) from 1991 
too 1992 the continuum level has decreased by a factor 1.7, the lines have become much 
weakerr (also relative to the continuum), and the degree of ionization has increased (as 
indicatedd by the disappearance of the He I lines, and the increase in relative strength 
off  the N v line). 

Thee range of wavelength variations seen in the 1992 spectra corresponds to a range 
inn velocity of ~ 1000 km s"1. Maximum blueshift occurs in the fourth spectrum (see 
Figs.. 3.1 & 3.4), at approximately 12:10 UT, which corresponds to X-ray phase 0.9 
(Kitamotoo et al. 1992). At this phase the X-ray flux reaches a minimum (tradition-
ally,, X-ray phase zero is defined by the minimum of the sinusoid that best fits the 
X-rayy lightcurve; e.g. Mason & Sanford 1979; Van der Kli s & Bonnet-Bidaud 1989). 
Maximumm redshift occurs about half an orbit later. 

Thee amplitude and phasing of the velocity variations are hard to square with 
orbitall  modulation of the radial velocity of the helium star. Instead, I propose that the 
wavelengthh shifts as well as the weakness of the lines arise from the fact that in 1992 
onlyy the part of the wind in the shadow of helium star was emitting significant line 
emission,, the remainder being too highly ionized by the X-rays originating from the 
compactt object. In this case, the wavelength shifts reflect the orbital variation of the 
line-of-sightt component of the outflow velocity in the shadowed part of the wind, and 
maximumm blueshift (when the line-forming matter is moving towards us) is expected 
too coincide with superior conjunction of the X-ray source, when the X-ray flux reaches 
minimumm due to the large optical depth towards the observer. A similar model has 
beenn used by Hertz et al. (1978) to fit  the X-ray lightcurve. 

Thee implied difference in temperature between the two parts of the wind also 
affectss the infrared continuum emission. The latter is due to free-free emission, which 
getss less efficient with increasing temperature. Hence, the hot part of the wind will 
bee less opaque than the cool part. However, it wil l not emit less infrared emission 
(perr unit solid angle), since its smaller effective emitting area is compensated by its 
higherr temperature. (In fact, it has been shown by Wright & Barlow (1975) that for 
aa constant-velocity, spherically symmetric, isothermal wind the infrared luminosity 
dependss only very weakly on the temperature.) 
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Figuree 3.1. The K-band spectra of Cyg X-3. In the bottom panel a grey-scale represen-
tationn of the spectra as function of time is shown. The darker the shade, the higher the 
intensityy (see the box to the right of the upper panel). At the righthand side the spectra 
aree numbered for reference with Figs. 3.3 and 3.4. The tickmarks indicate the times 
thee individual pairs of integrations were taken that form the spectra. In the top panel, 
thee average of the eight spectra and, for comparison, the spectrum obtained in 1991 are 
shown.. The identifications of the strongest lines are indicated 
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Figuree 3.2. The model of Cyg X-3. In the left-hand figure, a schematic representation 
off  the system is drawn. The compact object is indicated by a black dot and the helium 
starr by an open circle. The arrows indicate the (accelerating) wind of the helium star. 
Thee region not ionized by the X-rays originating from the compact object is bounded 
byy the long-dashed curve. The opening angle with respect to the X-ray source is 0. 
Thee short-dashed curves indicate the characteristic radii of the 2.2/itn emitting region. 
Inn the right-hand figure, the simplified model used for the numerical calculations is 
shown.. The assumptions are that the helium star and its wind can be represented as a 
constant-velocityy wind originating in the centre of the helium star, and that the shadowed 
partt of the wind can be assumed to be within a cone with opening angle 0 which has its 
topp at the centre of the helium star 

Becausee the cool part of the wind is more opaque, it can obscure the brighter but 
smallerr hot part. This leads to a decrease in flux when the cool part is in front, i.e., 
whenn the X-ray source is at superior conjunction. At that time the X-ray flux will show 
aa minimum as well, and thus this idea provides a natural explanation for the fact that 
thee infrared and X-ray fluxes vary in phase (Becklin et al. 1973, 1974; Mason et al. 
1976,, 1986). 

3.3.. A model for  Cygnus X-3 

Inn order to test the idea presented above quantatatively, I have made numerical calcu-
lationss for a simple model of the system (see Fig. 3.2): a constant-velocity wind that 
iss cool within a cone with a certain opening angle (with its top in the centre of the 
heliumm star), and hot outside. The emission processes I consider are free-free emission 
(generalizingg the formalism of Wright & Barlow (1975) for a two-temperature wind), 
andd line emission for a line in local thermodynamical equilibrium (LTE; under the 
prevailingg conditions, this assumption is reasonable (Griem 1963; Hillieret al. 1983) 
forr lines formed from high levels of excitationn such as He n (10 -7) and N v (11 —10)). 
Thee shape of the line profile is calculated using the Sobolev approximation; see e.g. 
Sobolevv 1960; Castor 1970; Hillier et al. 1983). (Full details about the procedure will 
bee given elsewhere.) 

II  used a two-step approach, first fitting the continuum lightcurve, and then calculat-
ingg the line profiles. For the lightcurve, I determined the average flux in the wavelength 
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intervall  2.22 to 2.28 fim (which is free of strong lines) for all 51 pairs of integrations 
thatt form the eight spectra shown in Fig. 3.1. The result, shown in Fig. 3.3, is similar 
too what has been found by Becklin et al. (1973,1974) and Mason et al. (1976, 1986). 

Forr the fit  to the lightcurve, the following parameters need to be set: (i) the flux 
.FITT that a one-temperature wind would produce; (ii) the inclination i with which we 
vieww the system; (iii ) the opening angle 0 of the cone within which the wind is cold; 
(iv)) the ratio in temperature QT between the hot and the cold part; and (v) the time to 
off  superior conjunction of the X-ray source. 

II  made fits to the lightcurve for a range of values of the temperature ratio QT- I 
foundd that it was possible to produce adequate fits for any ratio QT £ 4 (Fig. 3.3). 
Inn the fits, the flux and time of superior conjunction are approximately the same at 
(FITT = 11.34mJy,<o = 11^975 UT), while the opening angle and inclination change 
from(ii  ~ 90°,0 ~ 40°)for<?T = 4to(i ~ 65°,0 ~ 30°)forQT £ 15.ForQT £ 4, 
thee model can not reproduce the amplitude of the modulation that is observed, while 
forr QT £ 15 the fit  becomes a geometric artefact in the sense that the inclination and 
openingg angle have to be chosen very precisely in order to find a good fit. 

Inn view of the large range in parameters allowed by the fits to the continuum 
lightcurve,, I only tried whether it was possible to reproduce the observed changes in the 
linee profiles for a more or less arbitrarily picked value QT = 7 (=> i ~ 74°, 0 ~ 34°). 
II  found that with a wind velocity v^nni = 1000 km s_1 the wavelength shifts could be 
reproducedd quite well (see Fig. 3.4). 

3.4.. Discussion and conclusions 

Thee value of the opening angle I find is consistent with the idea that it should reflect 
halff  the angular size of the helium star as seen from the compact object (see Fig. 3.2). 
Also,, the time of superior conjunction is close to the expected time of X-ray minimum 
(itt corresponds to X-ray phase 0.85  0.03; Van der Klis & Bonnet-Bidaud 1989; 
Kitamotoo et al. 1992). Furthermore, for QT = 1 (i.e., a one-temperature wind) I find 
matt the equivalent widths and line shapes are comparable to what is observed in normal 
Wolf-Rayett stars. 

Thee flux FIT and velocity of the wind Vwind can be used to estimate the mass-loss 
ratee (Wright & Barlow 1975; Hillier et al. 1983). For a distance of lOkpc (Dickey 
1983)) and 1.5 magnitudes of interstellar K-band extinction (Becklin et al. 1972) I find 
MM ~ 410"5 M© yr~\ consistent with the ~ lO~5(Af/lOM 0) M0 yr"1 (where M is 
thee total mass of the system) estimated from the rate of change of the orbital period 
(Paperr I). Using the mass-loss rate and the velocity one can estimate the characteristic 
radiii  of the 2.2/im emitting region (Wright & Barlow 1975). For temperatures of 5 104 

andd 3.5 105 K in the cool and the hot part of the wind, respectively, I find 6.3 and 2.4 R0. 
Thesee radii are consistent with the assumption that the infrared emission originates 
mainlyy in the wind of the helium star, since the radius of the helium star is only 
~~ IR® (Langer 1989; see Paper I for a comparison with radii derived from Wolf-Rayet 
model-atmospheree fitting). However, they indicate that the assumption of a constant-
velocityy wind might not be valid (this will be discussed in more detail elsewhere). The 
mass-losss rate and velocity correspond to an electron-scattering optical depth of ~ 6 
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Figuree 3.3. The infrared continuum light curve of Cyg X-3. Shown are the fluxes derived 
fromm the 51 individual pairs of integrations (filled symbols) that form the eight spectra 
shownn in Fig. 1. For clarity, the lightcurve is displayed 1.5 times (open symbols). The 
numberss and tickmarks at the top refer to those in Fig. 1. The fluxes are derived from 
averagingg the flux in the wavelength region 2.22-2.28/im. They were converted to 
milli-Janskyss to ease comparison with earlier photometric work. The observing times 
weree converted to phase with <j>  = (t — 11.975)/4.792415, where t is the observing 
timee in hours UT. Phase zero corresponds to X-ray phase . The drawn curve 
reflectss the result of amodel calculation for F IT = 11.4mjy, i = 74°, 0 = 34°, QT = 7 
andd to = 11*975 (see text) 

Figuree 3.4. The wavelength shifts (right-hand page). The top panel shows a greyscale 
representationn of the continuum-subtracted spectra as a function of phase (defined as in 
Fig.. 3) in the wavelength region near the N v (11 —10) line. Superposed is a contour plot 
off  the modeled line profiles, with contour levels at one third and two thirds of maximum 
intensity.. In the middle panel the same is shown for the Hen(10—7) line. The model 
profiless were calculated using F) T = 11.4 mJy, i = 74°, 0 = 34°, QT = 7, t0 = 111975, 
andd Uwind = 1000 km s- 1. (see text). As an example, the Hell(10-7) profile from the 
seventhh spectrum is shown in the lower panel (histogram). Superposed is the predicted 
profilee (full line). It has two components, the sharp, high one arising in the cool part of 
thee wind, and the broad, low one in the hot part. Unfortunately, this structure can not be 
resolvedd at the resolution of the spectra (dashed line) 
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fromm where the surface of the helium star would be (at ~ 1R©) to infinity. For this 
opticall  depth, it was shown by Hertz et al. (1978) that the X-ray lightcurve could be 
adequatelyy described by a model similar to the one presented here. (Notice that the 
electronn scattering optical depth between the observer and the compact object is not 
ass large: it is — 3 at ascending and descending node (Paper I).) 

II  conclude that with the simple model presented above one can understand the 
orbitall  modulation of the emission lines and the continuum in the infrared, their 
phasingg relative to the X-ray modulation, and, from the modeling by Hertz et al. 
(1978),, the X-ray modulation itself. It is not yet clear what is the cause of the change 
betweenn the 1991 and the 1992 observations. It could be related to a difference in X-ray 
statee (Serlemitsos et al. 1975; White & Holt 1982), which caused the X rays to be able 
too ionize only a small part of the wind in 1991, and a large part in 1992. The higher 
degreee of ionization shown in 1992 would then indicate that even in the shadowed part 
off  the wind the X-rays have some effect, possibly due to scattering around the helium 
star. . 

II  expect that simultaneous observations wil l show that when strong emission lines 
aree present - like in 1991 - there wil l be littl e modulation of the lines and the continuum, 
andd the X-ray source wil l show a hard spectrum. Conversely, when the emission lines 
aree weak, the line and continuum modulation should be similar to what is presented 
here,, and the X-ray spectrum should be soft. In the latter case, I expect that high-
resolutionn infrared spectroscopy will show that the line profiles have two components 
(seee Fig. 3.4). 

Acknowledgements.Acknowledgements. I thank Jan van Paradijs, Michiel van der Klis, Larry Molnar and Peter 
Contii  for useful discussions, and Tom Geballe for his assistance with taking and reducing the 
data.. The United Kingdom Infrared Telescope on Mauna Kea, Hawaii, is operated by the Royal 
Observatory,, Edinburgh, on behalf of the Science and Engineering Research council. 

References s 

Becklinn E.E., Kristian J., Neugebauer G., Wynn-Williams C.G., 1972, Nature Phys. Sci. 239, 
130 0 

Becklinn E.E., Neugebauer G., Hawkins F.J., et al., 1973, Nature 245, 302 
Becklinn E.E., Hawkins F.J., Mason K.O., et al., 1974, ApJ 192, LI 19 
Castorr J.I., 1970, MNRAS 149, 111 
Dickeyy J.M., 1983, ApJ 273, L71 
Giacconii  R., Gorenstein P., Gursky H., Waters J.R., 1967, ApJ 148, LI 19 
Gregoryy P.C., Kronberg P.P., Seaquist E.R., et al., 1972, Nature Phys. Sci. 239,114 
Griemm H.R., 1963, Phys. Rev. 131,1170 
Hertzz P., Joss P.C., Rappaport S., 1978, ApJ 224, 614 
Hillierr D.J., Jones T.J., Hyland A.R., 1983, ApJ 271, 221 
Kitamotoo S., Mizobuchi S., Yamashita K., Nakamura H., 1992, ApJ 384, 263 
Langerr N., 1989, A&A 39, 61 
Manzoo G., Molteni D., Robba N.R., 1978, A&A 70, 317 
Masonn K.O., Sanford P.W., 1979, MNRAS 189,9p 
Masonn K.O., Becklin E.E., Blankenship L., et al., 1976, ApJ 207, 78 
Masonn K.O., Cordova F.A., White N.E., 1986, ApJ 309, 700 



Spectroscopicc and photometric variability 83 3 

Parsignaultt D.R., Gursky H., Kellogg E.M., et al., 1972, Nature Phys. Sci. 239, 123 
Sanfordd P.W., Hawkins F.H., 1972, Nature Phys. Sci., 239, 135 
Serlemitsoss P.J., Boldt E.A., Holt S.S., Tothschild R.E., Saba J.L.R., 1975, ApJ 201, L9 
Sobolevv V.V., 1960, Moving Envelopes of Stars. Harvard University Press, Cambridge 
Vann den Heuvel E.P.J., De Loore C, 1973, AAA 25, 387 
Vann der Kli s M., Bonnet-Bidaud J.M., 1989, A&A 214,203 
Vann Kerkwijk M.H., Charles P.A., Geballe T.R., et al., 1992, Nature 355,703 (Paper I) 
Whitee N.E., Holt S.S., 1982, ApJ 257, 318 
Wrightt A.E., Barlow M.J., 1975, MNRAS 170,41 



84 4 Thee nature of Cygnus X-3 


