A&A 392,563-574 (2002)
DOI: 10.1051/0004-6361:20020927
© ESO 2002

A8§tronomy
Astrophysics

The evolved early-type binary HDE 228766 revisited™

G. Rauw!, P. A. Crowther?, P. R. J. Eenens?, J. Manfroid""**, and J.-M. Vreux!

! Institut d’ Astrophysique et de Géophysique, Université de Liege, Allée du 6 Aoiit, Bat. B5c,

4000 Liege (Sart Tilman), Belgium
2 Department of Physics & Astronomy, University College London, Gower Street, London WC1E 6BT, UK
3 Departemento de Astronomia, Universidad de Guanajuato, Apartado 144, 36000 Guanajuato Gto, Mexico

Received 6 May 2002 / Accepted 18 June 2002

Abstract. We use an extensive set of spectroscopic observations to reinvestigate the properties of the massive binary
HDE 228766. Conventional classification criteria suggest that HDE 228766 consists of an O7 primary and an Of* secondary.
However, several spectral features of the secondary, such as the simultaneous presence of N, N 1v and N v emissions, make it
a rather unusual object. We find that the orbital motion of the secondary is probably best described by the radial velocities of the
narrow N 11 emission lines. Our orbital solution yields 7, sin® i = 31.7 and m; sin® i = 25.5 M, for the primary and secondary
respectively. The He 1 14542 absorption in the secondary’s spectrum appears considerably blue-shifted with respect to the nar-
row emission lines, indicating that the absorption is probably formed in the accelerating part of the secondary’s wind. We use a
tomographic technique to investigate the profile variability of the broader emission lines. In addition to a strong emission from
the secondary, the He line displays a weak emission feature that is probably associated with a wind interaction region located
near the surface of the primary star. Finally, our analysis of the spectrum with a non-LTE code indicates that the secondary
is an evolved object that exhibits some CNO processed material in its atmosphere and has a large mass loss rate. Assuming a
distance of 3.5kpc (which follows from adopting My, = —6 for the secondary) we infer M ~ 10~ My yr~! for the secondary.
Our results suggest that HDE 228766 could be in a post-Roche lobe overflow stage. The secondary may be classified as WN8ha

and is currently in a transition stage between a “normal” Of star and a WNL-type Wolf-Rayet star.
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1. Introduction

HDE 228766 (=BD+36° 3991) was first reported to be a spec-
troscopic binary with a period of about 10.6d by Hiltner
(1951). In addition to absorption lines of Hi, He 1 and He,
the spectrograms collected by Hiltner revealed the presence of
emission lines of He 1 14686 and N 1v 14058 and this author
classified HDE 228766 thus as “WN7 or slightly earlier”. The
Wolf-Rayet classification of this system was soon questioned
by several authors. In fact, Roman (1951) noted that the emis-
sion lines in the spectrum of HDE 228766 were rather narrow,
unlike what was observed for typical Wolf-Rayet stars, and
therefore Roman suggested that HDE 228766 should be called
an Of star. Hiltner & Schild (1966) reclassified HDE 228766
as an Of-type system and this result was also supported by
Walborn (1973) who suggested that the system consists of an
early Of star and a rapidely rotating late O supergiant. Very re-
cently, Walborn et al. (2002) classified the combined spectrum
of HDE 228766 as O3.5 If*.
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A leap forward in the study of this system came with the
work of Massey & Conti (1977, hereafter MC77). These au-
thors derived an O7.5 + 05.5f classification for the primary
and secondary respectively. More importantly, they succeeded
for the first time to resolve some of the absorption lines in the
spectrum of HDE 228766 into two components. In fact, earlier
investigators (Hiltner 1951; Hart 1957) failed to resolve these
lines and assigned the entire absorption spectrum to the late
O primary star. The older orbital solutions hence only provided
upper limits on the true orbital motion of the late O component.
MC77 found the apparent systemic velocity of the secondary’s
absorptions to be considerably blue-shifted relative to the pri-
mary, while the He 1 14686 emission line appeared red-shifted.

Beside its interest for our understanding of stellar evolu-
tion, HDE 228766 could also be considered a promising target
for studies of stellar wind interactions. The fact that this binary
was quoted as a moderately bright X-ray source (Chlebowski
et al. 1989) makes it indeed a good candidate for a colliding
wind phenomenon. These considerations prompted us to re-
investigate the properties of this binary system with a particular
emphasis on the search for phase-locked emission line profile
variability that is often associated with a wind-wind collision.

In this paper, we present an extensive set of new spectro-
scopic observations of HDE228766. In Sect. 3, we discuss
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the spectral features of HDE 228766. Radial velocity measure-
ments are used in Sect. 4 to derive new orbital solutions. The
emission line profile variability is analysed in Sect. 5. Finally,
a discussion of the fundamental parameters of this system and
of the wind interaction phenomenon is presented in Sect. 6.

2. Observations and data reduction

The bulk of our observations were collected during several
observing campaigns at the Observatoire de Haute-Provence
(OHP). We used the Carelec and Aurélie spectrographs re-
spectively attached to the 1.93 and 1.52 m telescopes at OHP.
Table 1 provides a summary of the various spectral ranges cov-
ered and the corresponding reciprocal dispersions.

For the Carelec observations until 1990, we used a thin
back illuminated RCA CCD with 323x512 pixels of 30 um
squared. In 1995, the detector was a Tektronix TK512 CCD
with a pixel size of 27 um. Aurélie was equipped with a
Thomson TH7832 linear array with a pixel size of 13 ym until
1999. From 2000 on, the detector of the Aurélie instrument was
replaced by a 2048x1024 CCD EEV 42-20#3, with a pixel size
of 13.5 um squared.

All the data were reduced in the standard way using the
IHAP (for data taken before 1995) and MIDAS softwares de-
veloped at ESO.

We derived a template of the telluric absorption spectrum
that affects the spectral ranges centered on Ha and He 1 4 5876
from observations of a rapidely rotating star obtained at very
different airmasses. This template was then used to achieve a
first order correction of the telluric features on the spectra of
HDE 228766. Finally, the spectra were normalized using prop-
erly chosen continuum windows.

Three spectra of HDE 228766 were obtained in October
2001 with the echelle spectrograph at the 2 m telescope of
the Observatorio Astronémico Nacional of San Pedro Martir
(SPM). The detector was a Site CCD with 1024x1024 pixels
of 24 pm squared. The slit width was set to 150 um corre-
sponding to 2” on the sky. The data were reduced using the
MIDAS echelle package and the wavelength-calibrated spectra
were rectified using the SPEFO code (Horn et al. 1996).

3. The spectrum of HDE 228766

As already pointed out by previous investigators, the spec-
trum of HDE 228766 displays a fair number of emission lines
(see Fig. 1) that are essentially associated with the secondary
(see Sect. 4). The most prominent ones are He nm 114686,
10124; He 1 A 10830; Ha; N m A4 4379, 4634, 4641;
N 1v A1 4058, 7103-11, 7123-29 and Si 1v 11 4089, 4116. The
spectral region from 4500 to 4540 A displays numerous faint
N m emission lines, but we find no trace of the two “unidenti-
fied Of” emission lines at 4485 and 4504 A that were recently
associated with S 1v transitions (Werner & Rauch 2001). The
Hp and He 1 A 5876 lines consist of a mixture of absorption
and probably P-Cygni type emission lines. The presence of
the N v A1 4603, 4620 lines is also a remarkable feature sug-
gesting a very early spectral type (O3—04) for the secondary
(e.g. Walborn & Fitzpatrick 1990; Walborn 2001). Beside
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Table 1. Overview of our observing campaigns. The second column
indicates the instrument used for the observations: A = Aurélie at the
OHP 1.52 m, C = Carelec at the OHP 1.93 m, SPM = echelle spectro-
graph at the SPM 2 m telescope. N yields the number of nights when
HDE 228766 was observed.

Campaign Inst. Spectral range Recipr. disp. N
A) (Amm™")
Aug. 1989 C 6500-10 400 260 1
Sep. 1989 C 8350-11 150 260 1
Aug. 1990 C 6780-7200 33 1
Aug. 1990 C 8300-11 100 260 1
Jul. 1995 C 45304720 17 1
Jul. 1999 A 4100-4950 33 7
Aug. 1999 A 4100-4950 33 13
Sep. 2000 A 4455-4905 16 9
Sep. 2000 A 6340-6790 16 9
Sep. 2000 A 5580-6030 16 2
Sep. 2000 A 39804440 16 1
Sep. 2001 A 6340-6790 16 7
Oct. 2001 SPM 3700-7370 10 3

the “typical” O-star absorption lines (e.g. Hy; He 1 A 4471,
He u A4 4200, 4542; ...) there are a number of interstellar
absorptions as well as diffuse interstellar bands (DIBs). The
strongest interstellar lines in our data are Na1 44 5890, 5896;
CH™* 24233 and CH 2 4300.

The near-IR spectrum of HDE 228766 reveals a rather
prominent and probably variable He m A 10124 emission feature
that was first reported by Vreux & Andrillat (1979). Whereas
this line is commonly observed in emission in the spectra of
Wolf-Rayet (WR) stars, He 1 A 10124 is usually seen in absorp-
tion in the spectra of Of stars. Emission in this line has been re-
ported only for some of the hottest and most luminous Of stars.
These include Of* stars (Vreux & Andrillat 1979), several
Olafpe transition objects (Crowther & Bohannan 1996) as well
as peculiar objects such as the Oef stars { Pup and A Cep and
the high mass X-ray binaries Cyg X-1 (Conti & Howarth 1999)
and HD 153919 (Bohannan & Crowther 1999). The strong
He 1 A 10830 emission was first noted by Andrillat & Vreux
(1979) and is also indicative of a large mass loss rate or an ex-
treme wind extension (Conti & Howarth 1999).

The equivalent width (EW) ratios of the usual O-star
classification lines He 1 1 4471 and He m A4 4542 (W' =
EW(He 1 14471)/EW(He 1 14542), Conti 1973) point to-
wards an O7 spectral type for both components (log W’ =
—0.03 £ 0.07 and log W’ = —0.04 £ 0.16 for the primary and
secondary respectively). The presence of Si v A4 4089, 4116
in emission in addition to the “classical” N m A4 4634-41 and
He 1 A 4686 Of emission lines indicates an Of* classification
(see e.g. Walborn & Fitzpatrick 1990) for the secondary star.
Though these results are in crude agreement with the classi-
fication proposed by MC77 (O7.5 + 05.5f) based on photo-
graphic spectra, we caution that the spectral types are rather
uncertain due to the serious blending of the classification lines
of both stars. Moreover, an O7 classification for the secondary
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Fig.1. Composite spectrum of HDE 228766 from the near ultraviolet to the near infrared. All the observations shown here were taken in
September 2000 except for the spectral ranges 7030-7150 and 8600-10 900 that were observed in August 1990. The most prominent stellar
and interstellar features are identified. The @ symbol indicates spectral regions that are considerably affected by telluric absorptions and for

which no first order correction was applied.

is obviously at odds with the early spectral type implied by the
presence of the N 1v and N v lines (see also Sect. 6.1).

At this stage, it is worth pointing out that the He 1 1 4471
absorption is likely to be affected by wind emission. In fact,
the He 1 A 5876 line appears as a mixture of emission and ab-
sorption features and a slightly weaker emission at He 1 41 4471
could essentially remain undetected though it would affect the
EWs of this line in the spectrum of both stars. The He 1 A 4542
line in the spectrum of the secondary might not be of purely
photospheric origin either. Indeed, our orbital solution (see the
forthcoming Sect. 4) reveals a surprisingly large difference of
150 km s~! between the apparent systemic velocities of the two
stars with the secondary being the star with the more negative
. Since most of the emission lines are also associated with the

secondary, the blueshift of the secondary’s He m A 4542 ab-
sorption could be the result of the strong wind of this star. In
this context, Crowther & Bohannan (1997) showed that in ex-
treme Of stars, the usual diagnostic lines such as He 1 A1 4542,
5412 are significantly affected by wind contamination and as a
consequence the distinction between the most extreme Of stars
and the least extreme WN stars becomes a rather tricky issue.
It is worth noting that Hackwell et al. (1974) did not find a sig-
nificant infrared excess in the spectrum of HDE 228766. Such
an excess is often seen for Wolf-Rayet stars and is attributed
to free-free emission from the dense stellar wind. The relative
weakness of the infrared free-free emission in HDE 228766 is
consistent with an Of or a weak-lined WN spectral type for the
secondary.
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Fig. 2. Examples of the blue-violet spectra of HDE 228766 as a func-
tion of phase illustrating the severe blending of the absorption lines
even around ¢ = 0.2. Note also the numerous weaker N m emis-
sion lines.

4. Orbital solution

The most extensive and most accurate compilation of radial
velocities (RVs) of HDE 228766 in the literature concerns the
He o A 4686 emission line. We measured the RVs of this line
on our spectra by fitting a Gaussian. Adopting the orbital pe-
riod of 10.7424 d as derived by MC77, we used our He 1 1 4686
RVs to determine a new orbital solution for this line (see Rauw
et al. 2002). Apart from a small phase-shift, this new solution
is in excellent agreement with the results of Hart (1957) and
MC?77. This finding prompted us to take advantage of the en-
tire RV dataset of He m 1 4686 available in the literature to
derive a better estimate of the orbital period of HDE 228766.
We applied the generalized spectrogram technique of Heck
et al. (1985; see also Gosset et al. 2001) and the trial method
of Lafler & Kinman (1965) to this timeseries and both meth-
ods consistently yield 10.7426d as the best estimate for Poyy,.
Assuming that the uncertainty on this result amounts to one
tenth of the natural width of the peak in the periodogram, we
estimate an uncertainty of 6x 10~* d. Therefore, our new orbital
period confirms the previous determinations. In the following,
all the orbital solutions are computed adopting our new value
of 10.7426 d.

A close inspection of our data reveals that most of the ab-
sorption lines of the binary components remain blended over
the main part of the orbital cycle (Fig. 2). The only absorption
feature that seems reasonably well suited to establish an or-
bital solution for both stars is the He m A 4542 absorption line.
The He 1 4 4471 and Hy absorptions are seldom completely
deblended and suffer most probably from a contamination by a
variable wind emission.

To determine the radial velocities of the He n A 4542 ab-
sorption lines, we have built a template of the line in the spec-
trum of each star by fitting two Gaussians to the blend around
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Fig. 3. Radial velocity curve of the HDE 228766 binary system as
derived from the He 1 A 4542 absorption line (see Table 3). Open
circles and filled triangles stand for the primary and secondary RV's
respectively.

maximum separation. At the other orbital phases, we used these
templates within a cross-correlation like technique to deblend
the lines of the two components. We define phase 0.0 as the
phase of conjunction with the secondary star being in front of
the primary and we adopt the 10.7426 d orbital period derived
above.

Allowing for an eccentric orbital solution yields e = 0.06
0.02 for the RV's derived from the He i1 2 4542 absorption lines.
However, the radial velocity curves of the He m A4 4686 and
N m A1 4634, 4641 emission lines all indicate an eccentric-
ity below 0.03 with correspondingly large errors (~0.01, 1 o).
Therefore, although we cannot completely rule out a very small
eccentricity, in the following we assume e = 0.0.

Our He 11 A 4542 radial velocity measurements yield a sig-
nificantly larger mass ratio (¢ = 1.50) than the value (¢ =
1.04) obtained by MC77. This larger mass ratio results from
a slightly lower K; (134 vs. 150 km s~') and a significantly
larger K> (200 vs. 156 km s!). We find a huge difference of
150 km s~! between the apparent systemic velocities of the
two components of the system with the secondary line being
blue-shifted with respect to the primary. Our non-LTE analy-
sis of the spectrum of HDE 228766 (Sect. 6.1 below) confirms
that this shift of the apparent y-velocities can be ascribed to
wind contamination of the secondary’s helium lines. This blue-
shift of the secondary’s absorption was already discovered by
Massey & Conti (1977) but these authors reported a difference
of “only” 45 km s~!. MC77 used the mean RV’ of several ab-
sorption lines to derive their orbital solution. Due to the severe
blending problems, these authors cautioned that their RV mea-
surements of the absorption lines on their photographic plates
were at least partly subjective. Our RVs obtained through a
cross-correlation technique are in principle less subjective, but
refer to the sole He m A 4542 line thus rendering a direct com-
parison of our y velocities with the ones of MC77 difficult.
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Table 2. Journal of observations of HDE 228766 in the blue-violet range obtained with the Carelec and Aurélie spectrograph at OHP. The
orbital phases are computed with respect to HID 2451822.052 with a period of 10.7426 d (see Table 3). The last column yields the equivalent

width of the He 1 4 4686 emission line integrated from 4665 to 4705 A.

HID-2 440 000 ¢ He 1 14542 N 14634 N m 14641 He 11 14686
RV, (kms™") RV, (kms™!) RV (kms™) RV (kms™) RV (kms™) EW (A)

9917.412 702 164.2 -299.4 -224.6 -222.0 -190.2 -5.33
11373.492 245 -91.3 96.7 221.3 196.6 283.8 -5.61
11374.379 327 -68.2 24.0 178.6 168.6 254.7 -5.72
11375.415 424 —48.7 -9.3 96.1 67.3 159.7 -5.49
11376.425 518 20.3 -161.4 -19.9 -47.1 32.5 -5.22
11377.428 .611 119.0 -250.7 -153.0 -171.2 -107.5 -5.60
11378.417 703 168.3 -293.9 -224.0 -244.5 -187.2 -5.74
11379.494 .803 154.7 -314.1 -220.2 -236.7 -172.6 -5.57
11396.488 .385 -87.6 34.3 142.3 125.5 214.3 -5.49
11397.543 484 27.5 -124.5 9.9 -14.9 80.6 -4.99
11398.473 570 116.4 -207.1 -107.2 -120.4 -50.2 -5.66
11399.486 .664 165.6 -253.7 -207.7 -218.1 -159.3 -5.36
11401.537 .855 135.2 -264.2 —185.8 -207.2 —141.1 -5.53
11402.465 942 493 -214.9 -98.6 -118.9 -36.5 -5.34
11403.524 .040 -0.6 -96.5 39.3 15.2 119.0 -5.36
11404.518 133 -57.0 51.7 1514 124.8 236.3 -543
11405.514 226 -67.2 94.4 207.7 189.3 298.0 -5.52
11406.500 317 —-64.2 54.5 208.5 190.8 266.5 -5.61
11407.503 411 -97.5 31.1 106.0 88.3 197.9 -5.24
11408.503 504 474 —-150.7 -6.5 -30.5 54.6 -5.21
11409.517 .598 123.0 -236.8 —138.5 -163.3 -101.8 -5.88
11810.440 919 99.7 -231.7 -122.5 -123.3 -71.4 -5.88
11811.408 .009 -12.6 -132.8 2.5 -34 96.1 —4.36
11812.427 104 -52.5 5.6 122.8 120.8 191.0 -5.81
11813.484 202 -79.2 77.9 200.9 202.5 281.1 -5.78
11814.469 294 —66.2 64.5 210.3 210.0 279.2 -5.92
11815.473 .388 —86.2 31.3 142.1 137.8 216.9 -5.77
11819.453 758 163.8 -306.2 -234.4 -2333 -202.2 -5.99
11820.460 .852 176.8 -273.4 -194.9 —180.0 —143.2 -5.71
11820.487 .854 143.7 -293.3 -186.9 -181.3 —144.4 -543
11821.461 945 18.2 -201.0 -89.4 -87.7 -20.5 -5.66

We have measured the radial velocities of the N 1 A1 4634,
4641 and He u A 4686 emission lines (Table 2). The lines
appear to follow closely the orbital motion of the secondary
star without any significant phase lag (Table 3). The semi-
amplitude of our N m RV-curves overlap within 3 km s~
with previous results, whereas the semi-amplitude of our
He 1 A 4686 RV-solution (244 km s7!) is intermediate be-
tween the values of 218 and 260 km s~! obtained respectively
by MC77 and Hart (1957). It is worth mentioning that the ab-
sorption components of the N v A4 4604, 4620 lines as well
as the N v 1 4604 P-Cygni emission also follow the motion of
the secondary star with a semi-amplitude of 223-227 km s~
(see also Table 4 below).

A tricky question that occurs frequently for binary systems
harboring Wolf-Rayet or extreme Of stars is which of the spec-
tral lines reflects the actual orbital motion of the WR or Of star.
In the case of HDE 228766, it seems likely that the absorp-
tion lines of the secondary are formed in the stellar wind rather
than in the photosphere. The y velocity of the He m 4 4542

absorption is blue-shifted by more than 100 km s~! with re-
spect to the RV-curve of the N nr emission lines. This blue-shift
suggests that the absorption forms in the wind, where the out-
flow has already reached larger velocities than in the formation
area of the narrow emission lines. This situation is reminiscent
of the case of the WN7ha + O binary WR 22 for which the H9
absorption appears blue-shifted by 80 km s~ with respect to
the N v 1 4058 emission (Rauw et al. 1996). For WR 22, it
was found that the narrow N 1v emission provides the best in-
dicator of the orbital motion of the WN7ha star. It seems likely
that the same holds for the N m, N 1v and N v emission lines
of the secondary in HDE 228766. Indeed, the various narrow
emission lines yield the same K and their y velocities are in
reasonable agreement with that of the primary’s He m A 4542
absorption line.

The line formation region of the He m A 4686 emission is
probably more extended and hence more affected by the pres-
ence of the primary and/or by a wind interaction phenomenon
than that of the nitrogen lines.
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Table 3. New orbital solutions for HDE 228766. The RV's of the emission lines vary almost perfectly in phase with the RV of the secondary’s
He 1 A 4542 absorption line. T refers to the time of conjunction with the primary being behind. Ry, stands for the radius of a sphere with a
volume equal to that of the Roche lobe computed according to the formula of Eggleton (1983).

He m 14542 N m 14634 N 14641 He 1 14686
Primary Secondary
P (days) 10.7426 (fixed) (fixed)
e 0.0 (adopted) 0.0 (adopted)
Ty (HID-2450000) 1822.052 + 0.305 1822.081 + 0.044 1822.034 + 0.100 1822.040 + 0.072
v (kms™) 314+7.3 —-119.0 £8.2 -10.1 £0.7 -224+1.5 520+1.2
K (kms™) 133.7+7.6 200.2 +£10.9 2249 +£1.0 222.1 £2.1 2445+ 1.7
asini (Ry) 284+ 1.6 425+23 47.7+£0.2 47.1+04 51.9+04
q=mi/my 1.50 +0.11
msin’ i (M) 248 +1.8 16.6 +2.4
Ryy sini (Ro) 293+15 24412
7‘ L B o This line displays no significant phase-locked line profile
,ﬁ‘"“‘ /* variations contrary to what is observed in several other interact-
i / ﬁﬁt\ /‘ q ing wind Of binary systems (e.g. Rauw et al. 1999; Sana et al.
<00 i /‘ }ﬁ//*k \’Q\X . / /;% 2001). There are however some intensity variations. We have
. : " ’/E% %%\ o N J{ / : measured the eq?ivalent width of the line integrated between
T N 7,// \,\k‘/ NI 4665 and 4705 A. There is a large scatter in the data points,
’ i \/\F/’/ - e /i i without any clear dependence on the orbital phase (though the
g 0r g/ J \\ Z/»%\h #7\\ n lowest EWs correspond to the two conjunction pohases). The
: f/ . // ;N\ /,é/ AN mean EW of the He u 1 4686 emoission is —=5.52 A with vari-
o~ N ./ g - Q\. /# 7 ations between —4.36 and —5.99 A (see Table 2). Despite this
K / ; Zg'i\biq,f e ) large peak to peal§ variation, the 1 o dispersion on the mean
—=00 v/ \%h'g/g} N EW is only 0.32 A, i.e. 6%. This result is in good agreement
j,.“ L 7 with the assertion of Massey & Conti (1977) that the EW of
- L L L 7 this line does not show variations of more thap 15%. .
Though the emission peak follows the orbital motion of the
0 0.5 1 . L . .
& secondary, there could be higher order variations in the line

Fig. 4. Radial velocity curves of the N m A 4634 (open squares),
N m A 4641 (stars) and He o A 4686 (black dots) emission lines in
the spectrum of HDE 228766. The He n A 4542 orbital solutions of
the primary (dashed line) and secondary (dotted line) are shown for
comparison.

Therefore, we suggest that the true K, =~ Knm
225 km s~!. Adopting this value yields a mass ratio of ¢ =
1.67, a projected separation of (a; + ap) sini = 76 Rg
and minimum masses of m; sin®i = 31.7 and my sin®i =
25.5 Mg, for the primary and secondary respectively. The rather
large minimum masses suggest that the inclination i could be
large and HDE 228766 might display photometric variability.
Unfortunately, it seems that there has been no photometric in-
vestigation of this system so far and no light-curve is available
that could allow to constrain i.

5. Line profile variability
5.1. He 1 A1 4686

The He 1 14686 line appears as a strong emission with a nearly
symmetric profile, the blue wing being only slightly steeper
than the red wing. The full width at half maximum of the line
amounts to about 7 A (i.e. ~450 kms™).

profile reflecting an interaction with the primary. Unveiling
such variations requires an analysis of the entire profile. For
this purpose, we have applied a Doppler tomography technique
to map the line formation region of the He 1 1 4686 emission
line in velocity space (see e.g. Thaller et al. 2001 for an ex-
ample of the application of this method to early-type binaries).
Our method uses a Fourier filtered back projection algorithm
(Horne 1991). The radial velocity of any gas flow that is sta-
tionary in the rotating frame of reference of the binary can be
described by a so-called “S-wave” relation:

v(p) = —vy cos2mp) + v, sin(2m ) + v, )

¢ stands for the orbital phase, whereas (vy, v,, v;) are the veloc-
ity coordinates of the gas flow. The S-wave relation assumes
that the x-axis runs between the stars, from the primary to the
secondary, whilst the positive y-axis points in the direction of
the secondary’s orbital motion. Finally, the z-axis is perpendic-
ular to the orbital plane. The Doppler map consists of a projec-
tion of the S-wave relation on the (vy, v,) plane. Therefore, each
pixel in a Doppler map, specified by its velocity coordinates is
associated with a particular S-wave (see e.g. Horne 1991 for a
detailed discussion of the method).

Our data were weighted so as to account for the uneven
sampling of the orbital cycle. The resulting Doppler map
(Fig. 5) reveals an extended line formation region centered
on the secondary without any obvious trace of a structure that
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Fig. 5. Doppler map of the He 1 A 4686 emission line in the spectrum
of HDE 228766. The crosses correspond to the RV's of the center of
mass of the primary and secondary as derived from the He i1 4 4542
absorption and N mr A 4634 emission respectively. The shape of the
Roche lobe in velocity-space (thick dashed line) has been calculated
for a mass ratio of 1.67. The black dot and the black square correspond
to the RV curves of the secondary’s He 1 A 4542 absorption and the
peak of the He i A 4686 emission line respectively. The Doppler map
was computed with v, set to 52 km s7!.

could be attributed to a wind interaction or a Roche lobe over-
flow. Therefore, it seems likely that the bulk of the He 1 1 4686
emission arises in a relatively unperturbed part of the stellar
wind of the secondary.

5.2 HB

The profile variations of the HB line are clearly phase-locked
and stable over time scales of at least two years. The line dis-
plays a weak P-Cygni emission component between phases
¢ = 0.0 and ¢ = 0.5, i.e. when the lines of the secondary
are red-shifted (see Fig. 6). The emission component van-
ishes when the secondary’s lines are blue-shifted. This situa-
tion strongly suggests that the emission component is associ-
ated with the secondary star and that the bulk of the profile
variations result from blending effects with the primary’s ab-
sorption line.

5.3. Ha

Figure 7 reveals Ha emission consisting of at least two com-
ponents. The stronger component roughly follows the orbital
motion of the secondary whilst the weaker component moves
roughly in anti-phase. The two emission components are best
seen at quadrature phases.

MCT77 reported the presence of a blue-shifted absorption
feature in the Ha line near ¢ ~ 0.3. Although we do not observe
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Fig.6. Normalized profile of the HB line in the spectrum of
HDE 228766 as observed in July and August 1999. The various spec-
tra have been binned into phase intervals of 0.1. The broad absorption
around 4880 is due to a diffuse interstellar band.

an absorption feature that goes below the continuum level,
we note that the double-peaked structure of the line around
¢ ~ 0.3 could be interpreted as a blend of a blue-shifted ab-
sorption (associated with the primary) with a red-shifted emis-
sion (belonging to the secondary). However, in this case, we
would expect the Ha profile to display a double-peaked pro-
file with a roughly central absorption at conjunction phases,
which is not observed. Therefore, it seems more likely that
the weaker component seen near quadrature corresponds to a
genuine emission component that moves independently of the
stronger component.

The Doppler map of this line (Fig. 8) reveals a more com-
plex structure than in the case of He i 4 4686. The bulk of the
emission still follows the secondary star though with a signif-
icantly larger RV amplitude. There is a secondary “peak” in
the map associated with the weaker emission component seen
in the spectra. This structure does not seem to belong to any
of the stars. The equivalent width of this feature usually corre-
sponds to less than 15% of the EW of the total Ha emission.
The remaining ~85% of the flux follow the motion of the sec-
ondary star.

Finally, we have also carried out a simple S-wave analysis
of the RVs of the peaks of the various emission lines in the
spectrum of HDE 228766, i.e. we fitted the RV's of the peaks
following Eq. (1). The results are given in Table 4. We note
that the weaker Ha component is the only spectral feature that
presents a significant v, component and has a negative v,. All
other lines investigated in Table 4 display an orbital motion
consistent with line formation in the wind of the secondary.
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Fig.7. Montage of the Ha line profile variability. All data are from
the September 2000 campaign apart from the spectra at ¢ = 0.418
(Sep. 2001) and ¢ = 0.519,0.611 (Oct. 2001).
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Fig.8. Same as Fig. 5, but for the He emission with v, set to
—8.3 km s~!. The symbols have the same meaning as before except
for the filled square and the filled triangle that stand for the S-waves
of the dominant peak (filled square) and the secondary peak (filled
triangle) of the Ha profile.

6. Discussion
6.1. The fundamental parameters of HDE 228766

Massey & Conti (1977) inferred the relative brightness of the
components of HDE 228766 from the ratio of the intensities
of their H8 and H9 lines. In this way, they derived a roughly
equal brightness (Amy < 0.5 mag). We used the EWs of the
He 1 14471 and He 11 A 4542 lines as measured on the spectra
of maximum RV-separation and compared them with the EW's
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Table 4. Summary of the S-wave analysis of the RVs of the peaks of
various emission features in the spectrum of HDE 228766. The ab-
sorption components of the N v P-Cygni profiles are also included.
The (v,, vy, ;) velocity components and the mean |O — C| residuals are
given in km s~!.

Line Uy v, v, 0-C
Ha (strong) -29.1 202.2 -8.3 23.2
Ha (weak) -225.3 -426.3 -51.2 60.3
He 11 14686 -1.7 244.5 52.0 9.1
N 214511 16.1 224.6 0.4 8.3
N m 14515 10.3 220.1 0.0 10.9
N m 14634 3.8 224.9 -10.1 5.1
N m 14641 =23 222.1 -22.4 11.5
N v 14604 (A) 4.0 226.5 -37.6 9.1
N v 14604 (E) 5.8 222.8 165.8 9.9
N v 14620 (A) 3.2 223.3 -12.6 11.4

of single O-stars quoted by Conti & Alschuler (1971). The re-
sults depend of course on the (rather uncertain) spectral types
adopted for each star, but they essentially confirm the results of
MCT77: the line ratios suggest in fact that both stars have more
or less the same brightness with the secondary being somewhat
brighter (my,, — my, ~ 0.3).

Unfortunately, the distance of HDE 228766 is extremely
uncertain. Popova & Kraicheva (1984) associated the system
with the open cluster Dolidze 3. Zakirov (1999) determined a
distance of 1.9 kpc for the eclipsing binary KV Cyg near the
center of Dolidze 3. However, the membership of HDE 228766
in Dolidze 3 seems questionable since the system lies at ~38’
from the cluster center (according to Ruprecht et al. 1983).
On the other hand, HDE 228766 lies in the region of the sky
spanned by the Cyg OB1 association for which Humphreys
(1978) quoted a mean distance of 1.82 kpc. Let us start by as-
suming that HDE 228766 lies indeed at a distance of 1.9 kpc.
Adopting the V = 9.14 magnitude and B — V = 0.65 colour
(Ep-v = 0.95) quoted by Hiltner (1956) and assuming a ratio
of total-to-selective extinction R = 3.2, we find that the abso-
lute magnitude of HDE 228766 should be —5.29. Note that the
magnitude (9.15) and colour (0.60) found by Demers & Fernie
(1964) yield an absolute magnitude of —5.12. These absolute
magnitudes are at odds with the idea that HDE 228766 consists
of two O-type giants or supergiants which should rather have
a combined absolute magnitude of ~—6.6 to ~—7.2 (Schmidt-
Kaler 1982). It appears rather unlikely that a peculiar extinc-
tion law could account for the entire discrepancy. Therefore, it
seems more plausible that the actual distance of the system is
larger than 1.9 kpc. For instance, if we assume an absolute mag-
nitude of My, = —6.0 for the secondary and My, = —5.7 for
the primary, we obtain a distance of 3.5 kpc for HDE 228766.

To determine the stellar properties of HDE 228766 we have
modelled the combined spectrum of HDE 228766 by means of
model atmosphere codes. For the primary’s photospheric spec-
trum we have adopted a TLUSTY non-LTE model (Hubeny &
Lanz 1995) corresponding to the O8 III star A Ori. The relevant
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model parameters are Teg, = 36 000 K, R., = 16 Ro (Lvolp =
380000 L), logg = 3.5and v sini = 200 km s~!. At this stage,
it is worth emphasizing that the value of the projected rota-
tional velocity of the primary has to be significantly larger than
100 km s™! (the value that matches the secondary, see below)
to achieve a good fit of the primary’s lines.

For the secondary, we have utilised the non-LTE code of
Hillier & Miller (1998) which solves the radiative transfer
equation subject to the constraints of statistical and radiative
equilibrium, in a spherical, extended atmosphere. Line blan-
keting is incorporated directly through the use of a super-level
approach. We use a similar atomic model to that employed by
Crowther et al. (2002) in their study of early-type O super-
giants, including H1, He 1-11, C m-1v, N mi-v, O m1-vi, Si 1v, P 1v-
v, S 1v-vi and Fe 1v-vi (see Crowther et al. for further details).

The velocity in the supersonic part of the wind is described
by a standard S-law:

R..\
v(r) = Voo (1— *’b)
-

whilst the atmospheric structure, connecting the spherically ex-
tended hydrostatic layers to the 8-law wind is achieved via a pa-
rameterized scale height, & (see Hillier et al. 2002 for details),
for which & = 0.001 yields a reasonable match to He 1 and
Balmer line wings, consistent with logg = 3.5.

The synthetic photospheric spectrum of the primary and the
synthetic photospheric + wind spectrum of the secondary are
combined allowing for the visual brightness ratio (my, —my, =
0.3) and the parameters of the secondary model are fine-tuned
to match the observed line profiles. We adjust the stellar tem-
perature! and mass-loss rate of an individual model until the
“photospheric” He 1 A 4542 and He 1 A4 4471 lines are repro-
duced. Simultaneously, we vary the mass-loss rate until Ha is
also matched. The exponent of the B-law is adjusted until the
shape of Ha is well reproduced — for HDE 228766 we find
B ~ L.5. Since HDE 228766 is very heavily reddened and no
UV spectra are available, we adopt a representative terminal
wind velocity of v, = 1800 km s~!. Our calculations assume a
microturbulence vy, = 10 km s~ and, due to the severe blend-
ing of the lines, we nominally adopt v sini = 100 km s~! for
the secondary.

As discussed by Hillier et al. (2002), it is extremely diffi-
cult to determine accurate He/H abundances in O supergiants.
Consequently, we adopt He/H = 0.2 by number, whilst C
and N abundances are varied until diagnostic optical line pro-
files are reproduced. In Fig. 9, we present selected optical line
profile fits. Overall, agreement for Teg = 38000 K is good.
He 1 A 4471 provides our main temperature constraint since
other blue optical He 1 lines are weak or absent. Alternatively,
we considered using He 1 4 5876 (or He 1 A4 10830) together
with the He 1 A4 4686 line. However, this method (followed by
Crowther & Bohannan 1997) yields significantly (~4000 K)
lower stellar temperatures, and suffers from inconsistencies
involving the ionization balance of UV/optical metal lines.

! Defined, as is usual for an extended atmosphere, as the effective
temperature corresponding to the radius at a Rosseland optical depth
of 20.
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Table 5. Summary of the main parameters of our non-LTE analysis of
the spectrum of HDE 228766.

Primary Secondary
Ter (K) 36000 38000
log (Lyoi/Lo) 5.58 5.74
R.(Ro) 16 17
logg 35
M (Mg yr™) 1073
v sini (kms™!) 200 100

Therefore, we have greater confidence in our adopted diagnos-
tics, which do not suffer from such problems.

A reasonable fit of the combined spectrum is achieved for
R.s = 17TRs (Lpors = 550000 Ly). Assuming the secondary to
solely contribute to the Ha and He 1 1 4686 emission, its mass-
loss rate is 107 Mg, yr~!. We note that our value of the mass
loss rate is in perfect agreement with the estimate of MC77 who
used the strength of the Ha line to infer M = 107> My yr~!.
Moderate clumping would reduce this value by a factor of ~2.

Our primary nitrogen abundance diagnostics is
N m A1 4634-41 which implies ey = 6ene. Carbon is
somewhat more difficult to constrain, with an upper limit to the
strength of C m A1 4647-51 of ¢ = 0.08 eco. As discussed
elsewhere (e.g. Hillier et al. 2002), oxygen is exceedingly
difficult to constrain in mid-O supergiants due to the lack of
suitable optical diagnostics.

While the synthetic model fits the H1 Balmer,
He 1 (including He m A4 10124), N m and N 1v lines pretty
well, the fit of the He 1 A 4471 profile is less good and the
model fails to reproduce the observed He 1 24 5876, 10830
emission profiles as well as the N v A1 4604, 4620 lines. To
match the He 1 profiles, the temperature of the model would
have to be much lower and would therefore be in disagreement
with the value derived from the optical nitrogen lines. While
a significant fraction of the He 1 emission could be associated
with the primary wind (He 1 4 10830 emission is common
among O supergiants, e.g. Andrillat & Vreux 1979) or with an
interaction region, our S-wave analysis clearly indicates that
the N v lines belong to the same star (i.e. the secondary) as the
N m and N 1v lines. The effective temperature of the secondary
indicates an O6-7 spectral type, in agreement with the results
derived from the EW ratio of the He 1 14471 and He u A 4542
lines. However, the puzzling presence of the N v A4 4604,
4620 lines cannot be explained by this temperature. A higher
temperature of approximately 40000-42000 K would be
needed to fit the N v lines. However, the temperature cannot
be much larger than 38 000 K because otherwise the N 1v line
gets too strong.

The spectrum of HDE 228766 is remarkably similar to that
of the O4If* star HDE 269698 in the LMC. HDE 269698 also
displays N, N v and N v lines in its spectrum and Crowther
et al. (2002) derive T = 40000 K for this star, which also
provides a good match to He 1/He 1, UV, and far-UV lines.

The structure of the secondary’s atmosphere in
HDE 228766 could be intermediate between the winds of
HDE 269698 and of the WN7ha star in WR 22. The latter star
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Fig. 9. Fit of the spectrum of HDE 228766 as observed in September 2000 (except for the N 1v A4 7103-29 lines observed in August 1990)
with a non-LTE model atmosphere code. The combined synthetic model is shown by the dotted line, whilst the observations are displayed by
the continuous line. The individual normalized synthetic spectra are shown by the dashed lines offset by —0.1 and +0.1 for the primary and the
secondary respectively. The synthetic spectra have been shifted in velocity to match the radial velocities of the two components at the orbital

phases of the observations.

also displays N m, N 1v and N v emission lines in its spectrum
(Rauw et al. 1996). Note that an analysis of the H 1, He 1
and He m spectrum of WR 22 with a non-LTE code yielded a
rather low stellar temperature (7. = 31900 K, Crowther et al.
1995), whereas the He m, N m and N 1v lines profiles were
reasonably well reproduced using a higher stellar temperature
(T. = 36500 K, Crowther et al. 1995).

Combining the results of our tomographic analysis, the
mean EW of the He 1 A 4686 line in the observed spectrum of
HDE 228766 and the optical brightness ratio we infer that the
EW of the intrinsic He m A 4686 emission in the secondary’s
spectrum is of order ~10 A. This puts the secondary’s intrin-
sic emission strength beyond the nominal Of range, but below
that of regular WNL stars. However a WNLha classification
(see Smith et al. 1996) could account for the observed line

strength. In fact, comparing with the observed spectra of the
presumably single WNLha stars WR 25 (WN7ha) and WR 108
(WN9ha), we find the secondary in HDE 228766 to be inter-
mediate in excitation between these two objects, but similar in
wind strength. These results suggest that a WN8ha classifica-
tion might be appropriate.

6.2. Evolutionary status

Although the parameters derived hereabove depend on the un-
known distance of HDE 228766 and the poorly constrained op-
tical brightness ratio, our analysis clearly reveals an evolved
secondary star as witnessed by the large mass loss rate and
the peculiar abundances. The secondary star in HDE 228766
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appears therefore most likely as a kind of transition object at
the beginning of the WR stage.

Adopting the parameters inferred hereabove, we can com-
pare the properties of the stars in HDE 228766 with the evo-
lutionary tracks of Schaller et al. (1992). The most stricking
feature is that the secondary appears to be the most evolved
component and is clearly overluminuous for its present-day
mass. Hence, the secondary must have been the initially more
massive component of the system. The only way to account for
this situation in the framework of single star evolutionary mod-
els would be if the secondary were moving bluewards after an
excursion towards the lower temperature regime. Note that in
this case, the evolutionary model suggests that the secondary
would be a fully developed WN Wolf-Rayet star.

Alternatively, the evolution of the whole system could have
been influenced by mass exchange. Evolutionary tracks from
Vanbeveren & de Loore (1994) and de Loore & Vanbeveren
(1994) could indeed account for the overluminosity of the
secondary. The initially more massive component could have
undergone mass loss through Roche lobe overflow (RLOF)
and would now be the less massive star. We note also that
the primary has broader lines and seems to be rotating faster
than the secondary. If the stars were in synchronous rotation,
they should roughly have the same v sini. In the framework
of a binary evolution model, the larger v sini of the present-
day primary could be due to spinning up through accretion
(Vanbeveren & de Loore 1994). It seems therefore plausible
that HDE 228766 is in a post RLOF stage. The evolutionary
tracks of Vanbeveren & de Loore (1994) indicate that the sec-
ondary should be in the WNL stage.

6.3. A wind interaction in HDE 2287667

Our data reveal a weak Ha emission feature that could be
an indication of a wind interaction in the optical spectrum
of HDE?228766. A colliding wind phenomenon could also
produce a signature in the X-ray domain through a phase-
dependent excess X-ray emission (e.g. Stevens et al. 1992).
We have therefore searched the ROSAT archive for obser-
vations of HDE 228766. Unfortunately there is only a single
pointed observation (rp500248a01) where the star happened to
lie within the field of view of the ROSAT-PSPC (though it was
outside the inner ring of the PSPC detector). Using our new
ephemeris we find that the orbital phase of HDE 228766 at the
time of the PSPC observation was ¢ = 0.64. We extracted a
background corrected spectrum using the XseLECT software. We
have fitted this spectrum with an absorbed single-temperature
optically thin plasma model (Raymond & Smith 1977) within
the xspec software. Fixing the neutral hydrogen column density
at the interstellar value of N3M = 0.53 x 10*2 cm™2, we obtain
a best fitting temperature k7 = 0.88:%2 keV. The correspond-
ing dereddened X-ray flux in the energy band 0.1-2.0 keV is
1.6 x 10712 erg cm™2 5! yielding an unabsorbed X-ray lumi-
nosity? of Lx = 2.34 x 10® erg s™! for a distance of 3.5 kpc.
If the total bolometric luminosity of the binary amounts to

2 We caution that our fit does not account for any intrinsic — i.e.
circumstellar wind — absorption.
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Fig. 10. Schematic view of the Hae emission region in the HDE 228766
binary system. The projection of the line of sight onto the plane of
the orbit is indicated at four orbital phases. The bulk of the emission
arises in the wind of the secondary star. An additional contribution
comes from the small shaded area close to the primary’s surface. The
arrows indicate the direction of the orbital motion of the stars and of
the velocity of the material in the small emitting region.

Lvs = 9.3 x 10° L, (see above), we obtain log Lx/Lyor =
—6.18. The Lx /Ly ratio appears a factor ~3.6 larger than ex-
pected from the empirical relation for single O-stars given by
Berghofer et al. (1997). Although the snapshot ROSAT obser-
vation does not provide any information about the variability of
the X-ray flux, it seems tempting to associate the X-ray “over-
luminosity” with a binary interaction.

Adopting the mass ratio g = 1.67 derived in Sect. 4, we can
estimate the minimum radii of the Roche lobes of the compo-
nents using the formula of Eggleton (1983). In this way we find
Rgy, sini = 32.2 and 25.5 R, for the primary and secondary
respectively. From our non-LTE model hereabove, we infer a
radius of 17 Ry, for the secondary. Therefore it appears rather
unlikely that any of the components currently fills up its criti-
cal volume. The interaction in HDE 228766 is therefore more
likely associated with a wind collision rather than an ongoing
Roche lobe overflow.

Since the secondary wind is by far more energetic than that
of the primary, it is likely that the former crashes onto the sur-
face of the primary star. Such a shock could in turn compress
the primary wind resulting in a high density region near the
point of head-on wind collision, where the weak Ha emission
would be formed through recombination. Figure 10 illustrates
a possible model for the location of the Ha emitting material
in HDE 228766. While the bulk of the emission is produced in
the stellar wind of the secondary, the weaker emission compo-
nent could arise in a plasma volume which is passing by the
primary’s surface. This geometry could at least qualitatively
account for the double-peaked line shape observed near the
quadrature phases.
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6.4. Final remarks and conclusions

Our analysis of HDE 228766 suggests that the secondary star
is the most evolved component of the system and accounts for
almost all the emission features seen in the spectrum. The only
exception to this rule comes from a weak He emission com-
ponent that moves in anti-phase with the secondary and arises
most probably in a wind interaction region near the surface of
the primary.

HDE 228766 offers the unique opportunity to study the fun-
damental properties of a massive star which is just in the tran-
sition between an Of* and a WNL Wolf-Rayet star. However,
a couple of crucial ingredients are missing that prevent us from
deriving absolute values for some parameters. The most ob-
vious parameter that needs to be determined is the distance.
Future astrometric observations (e.g. with ESA’s planned GAIA
satellite) will hopefully allow to solve this problem. Moreover,
a photometric monitoring of the binary over an entire orbital
cycle is badly needed to clarify whether or not the system dis-
plays photometric eclipses. Our orbital solutions suggest that
the orbital inclination i might be large enough for such eclipses
to occur. If this is the case, then an analysis of the light curve
should allow to constrain not only the inclination, but also the
radii of the stars and their relative brightness. This would make
HDE 228766 a cornerstone for our understanding of massive
star evolution.
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