**TITLE** ASP Conference Series, Vol. **VOLUME**, **PUBLICATION YEAR** **EDITORS**

Visible Spectroscopy of Colliding Wind Systems to be Observed with XMM^1

Sana H., Rauw^2 G., Gosset^3 E. & Vreux J.-M.

Institut d’Astrophysique et de Géophysique, Université de Liège, Avenue de Cointe 5, B-4000 Liège, Belgium. E-mail contact: sana@astro.ulg.ac.be

Abstract. We present the very first results of a visible spectroscopy campaign targeting colliding wind candidates of the young open cluster NGC 6231 that are going to be observed with the XMM satellite as part of the Liège Project for Guaranteed Time Observations. We derive new improved orbital solutions and we discuss the spectral characteristics of these systems. A special attention is paid to the binary star HD 152248. We investigate its He ii λ4686 and Hα lines and their profile variability. We discuss the probable signature of a wind interaction process in order to derive constraints on the properties of the shock region.

1. Introduction

Massive O stars have strong stellar winds associating large mass loss rates and high terminal velocities. Within a binary system, we expect that the winds from both stars interact, leading to the formation of a shock region (Stevens, Blondin, & Pollock 1992). This interaction can manifest itself through enhanced X-ray emission which can show phase locked variability due to the variation of the column density of absorbing matter along the line of sight. The recent launch of ESA’s X-ray Multi Mirror (XMM) satellite offers now the prospect of substantial breakthroughs in the field of colliding winds. But the search for wind collision signature is not limited to the X-ray domain. The enhanced density in the shock region can also contribute to the formation of optical emission lines through the recombination process. When analyzing XMM observations, optical spectral information and accurate ephemerides will be of major importance. We focus here on the massive binary systems of the young open cluster NGC 6231 that are going to be observed with XMM.

Situated at a distance of 1.99 kpc (Baume, Vasquez, & Feinstein 1999), the NGC 6231 cluster is considered as the nucleus of the rich Sco OB 1 association.

1Based on observations collected at the European Southern Observatory (La Silla, Chile) and at the Cerro Tololo Inter-American Observatory (CTIO).

2Postdoctoral Researcher FNRS, Belgium

3Research Associate FNRS, Belgium 1

2 Sana H., Rauw G., Gosset E., & Vreux J.-M.

It harbors an interesting sample of single O-stars as well as massive O-star binaries and a Wolf-Rayet binary (WR 79). NGC 6231 will be observed with the XMM satellite for a total duration of 180 ksec. The pointing will be centered on the massive binary HD 152248. Four other known massive binaries lay within the XMM field: HD 152218, HD 152219, CPD −41^∘7733 and CPD −41^∘7742.

This paper is organired as follows. After a brief description of the observations, we provide new orbital solutions and new spectral types for some of the studied systems. Next we discuss the previous X-ray observations of the cluster by the ROSAT satellite. Finally we consider the HD 152248 system more into details and we focus on its He ii λ4686 and Hα lines and their profile variability.

2. Observations

An extensive observing campaign spread over the last few years has allowed us to obtain spectra for most of the O stars surrounding HD 152248. The data were collected using several instruments at the European Southern Observatory (ESO) and at the Cerro Tololo Inter-American Observatory (CTIO). Table 1 summarizes the main features of the instrumental configurations and of the observations. We refer to a forthcoming paper for a more detailed description.

Table 1. Instrumental configurations and observations

Telescope Instrument Spectral Range Resolution ObservedSystems

ESO 1.5m Boller&Chivens 3790-4765Å 4000 a ESO CAT^1 CES^2+LC^3 4450-4490Å 60000 a CES+LC 4665-4705Å a CES+VLC^4 4460-4480Å 75000 a, b, c, d, e CES+VLC 4675-4795Å a ESO 1.5m FEROS 3650-9200Å 48000 a, b, c, d, e CTIO 1.5m BME^5 3850-5790Å 45000 a, b 1. Coudé Auxiliary Telescope a. HD 152248 2. Coudé Echelle Spectrograph b. HD 152218 3. Long Camera c. HD 152219 4. Very Long Camera d. CPD −41^∘7733 5. Bench-Mounted Echelle spectrograph e. CPD −41^∘7742

3. Orbital Solutions and Spectral Types

We measured the Doppler shifts and radial velocities (RVs) from the He i λ4471 line and we derived improved periods using both the Lafler and Kinman method (Lafler & Kinman 1965) and a Fourier analysis. We then adopted the value that yields the lowest rms scatter of the RVs around the orbital solution. The latter were obtained using an improved version of the Wolfe, Horak and Storer

Visible Spectroscopy of Colliding Wind Systems to be Observed with XMM 3

algorithm (see Wolfe, Horak, & Storer 1967 for the method and Rauw et al. 2000 for the modifications implemented). Table 2 presents preliminary orbital solutions for some of the observed systems.

We emphasize that the CPD −41^∘7742 system was previously reported as an SB1 system. Howewer, we were able to disentangle the spectra of the primary and secondary stars and, for the first time, we present here a preliminary orbital solution for both components of the systems.

We further notice that our orbital solution for HD 152248 yields a larger value of the longitude of periastron than the value (76.9^∘) previously derived by Stickland et al. (1996). This could be due to apsidal motion.

Table 2. New orbital solutions based on the He i λ4471 absorption lines. The usual notations have been used for the orbital elements. T_0 is the time of the periastron passage.

SB2 Systems HD 152248 HD 152218 CPD −41^∘7742 Spectral Types O7.5III+O7III O8.5V+O9.5? O9V+O9.5? P (days)[fixed] 5.8116083 5.55679 2.4408 e .130 ± .007 .269 ± .038 .092 ± .038 ω(^∘) 86.6 ± 5.6 118.8 ± 9.9 157.7 ± 15.4 T_0(JD 2003.912 ± .085 1387.707 ± .138 1348.397 ± .097 -2450000) γ_1 (km s^{−1}) −28.6 ± 1.8 −21.0 ± 6.2 −21.9 ± 3.5 K_1 (km s^{−1}) 219.4 ± 1.5 165.8 ± 5.4 171.6 ± 3.9 γ_2 (km s^{−1}) −29.1 ± 4.7 −49.2 ± 17.2 −26.8 ± 13.0 K_2 (km s^{−1}) 215.4 ± 5.5 214.0 ± 19.5 300.2 ± 15.3

With respect to the forthcoming X-ray data, other precious information that can be obtained from the optical spectra are the spectral types and the luminosity classes. We respectively used the criteria of Conti (1973) and Mathys (1988; 1989) and Table 2 lists the preliminary classification we derived.

4. X-ray data

The NGC 6231 cluster has also been observed in the X-ray domain with the ROSAT satellite. One observation was obtained with the High Resolution Imager and three others were done with the Position Sensitive Proportional Counter (PSPC). Some results from these pointings were presented by Corcoran (1996; 1999). It clearly appears from these data that most of the O-stars of the cluster are detected at X-ray energies. We retrieved the PSPC data from the HEASARC archive and we reprocessed them using the xselect software. We fitted the PSPC spectra with an absorbed single-temperature Raymond- Smith model (Raymond & Smith 1977) keeping the H i column density at N_{H,ISM} = 0.311 × 10^{21} cm^{−2} (corresponding to an extinction of A_V = 1.4). Our analysis reveals that all the binaries in our sample display an enhanced L_X/L_{bol}

4 Sana H., Rauw G., Gosset E., & Vreux J.-M.

ratio compared to the L_X ≃ 10^{−7} L_{bol} relation valid for single OB stars (e.g. Berghöfer et al. 1997) and are therefore good colliding wind candidates.

5. HD 152248

The brightest X-ray source in NGC 6231 is the eclipsing, double line spectroscopic binary HD 152248 (Mayer, Lorenz, & Drechsel 1992). The orbital inclination i is about 72^∘ (Penny, Gies, & Bagnuolo 1999). The components of HD 152248 have previously been classified as supergiants. Howewer this luminosity class is not consistent with the presence of He ii λ4686 and Hα in absorption in the spectra of both components and we thus prefer a giant classification as mentioned in section 3.

5.1. The He ii λ4686 and Hα lines

The He ii λ4686 and Hα lines are constituted by two absorption components superimposed on a broader emission. A first analysis reveals that the absorption components closely follow the orbital motion and can thus be attributed to the primary and secondary stars.

In an attempt to isolate the emission component, we first model the He ii λ4686 line by fitting three gaussians (two for the absorption components and one for the emission) on a spectrum where both absorption lines are well separated. We then shifted the templates of the absorption lines according to our orbital solution and to the phase of the observation and we subtract them from the raw spectra. This crude ‘restoration’ method yields rather good results between ϕ ≃ 0.1 and 0.4, but at other phases, we notice some artefacts which probably result from slight intensity variations of the absorption components in a way similar to what we observe in the He i λ4471 line.

Figure 1. Left: Full width of the base of the emission component of the He ii λ4686 line as measured on reconstructed spectra. Right: EWs of the He ii λ4686 line as measured on raw spectra. Different symbols refer to different instruments: triangle=BME, square=B&C, diamond=CES, circle=FEROS.

Visible Spectroscopy of Colliding Wind Systems to be Observed with XMM 5

Nevertheless we used the reconstructed spectra to measure the width of the base of the emission component. The results displayed in Fig. 1 show a strong phase locked variation. The emission appears broader near phase 0.25 and 0.75 and narrower near conjunction phases. One could object that this is an artefact due to the reconstruction method, as the separation between primary and secondary line is wider near ϕ = 0.25 and 0.75 and narrower near 0.0 and 0.5. To check this, we have carried out the same measurements on the raw spectra and we recovered a similar pattern of variations.

We also measured the equivalent widths of the He ii λ4686 line from 4676Å to 4696Å on the raw spectra (see Fig.1). Though there is a larger scatter in the measurements, it is clear that absorption is dominating near ϕ = 0.5, and in a less clearly cut way near ϕ = 0.0, and that emission is dominating near ϕ = 0.8.

The same techniques have been applied to the Hα line, which is much stronger than the He ii λ4686 line. Though our Hα data are much less numerous, a clear similitude appears between the properties of the Hα and He ii λ4686 lines.

5.2. A colliding wind model

The components of HD 152248 being rather similar, we expect that the interaction takes place at equal distances from both stars and the contact surface between the winds should be roughly planar. This simple model can match the general properties of the emission components of the He ii λ4686 and Hα lines, assuming they originate from the interaction region. Indeed, we expect the radial velocity distribution of the particles in the shocked region to be wider near ϕ = 0.25 and ϕ = 0.75 because our line of sight is approximately aligned with the shocked region. Near ϕ = 0.0 and ϕ = 0.5, our line of sight forms an angle i ≃ 72^∘ with the plane of the interaction region and the distribution of the radial velocities of the particles should then be narrower.

Similarly it also explains that absorption is dominating near ϕ = 0.0 and ϕ = 0.5 because we expect that the interaction region is (at least partiallly) occulted near conjunction phases. The difference between the two peaks near ϕ = 0.0 and 0.5 might result from the difference of depth between the photometric eclipses of the system.

6. Conclusions

We have derived new orbital solutions and spectral types for several massive binaries of the young open cluster NGC 6231. A complete orbital solution for both components of the CPD −41^∘7742 system has been derived for the first time. From previous ROSAT PSPC observations, we show that the studied systems are X-ray overluminous making them good colliding wind candidates. Finally we show that the He ii λ4686 and Hα lines of the HD 152248 system present phase locked variations that are compatible with a colliding wind model. The comparison of these results with the forthcoming XMM X-ray data will be extremely exciting. In fact, multiwavelength observations, including ‘oldfashioned’ optical spectroscopy, will provide an important complement to the

6 Sana H., Rauw G., Gosset E., & Vreux J.-M.

X-ray data and we hope that they will lead us towards a better understanding of the colliding wind process.

Acknowledgments. One of us (HS) wishes to thank the FNRS of Belgium and the Patrimoine de l’Université de Liège for supporting him to attend the workshop. He is also indebted to the SOC and LOC for accomodation support. This research is supported by contract P4/05 “Pôle d’Attraction Interuniversitaire” (SSTC-Belgium) and through the PRODEX XMM-OM Project.

References

Baume, G., Vázquez, R.A., & Feinstein, A. 1999, A&AS, 137, 233 Berghöfer, T.W., Schmitt, J.H.M.M., Danner, R., & Cassinelli, J.P. 1997, A&A, 322, 167 Conti, P.S. 1973, ApJ, 179, 181 Corcoran, M.F. 1996, RevMexAA Conf., 5, 54 Corcoran, M.F. 1999, RevMexAA Conf., 8, 131 Lafler, J., & Kinman, T.D. 1965, ApJS, 11, 216 Mathys, G. 1988, A&AS, 76, 427 Mathys, G. 1989, A&AS, 81, 237 Mayer, P., Lorenz, R., & Drechsel, H. 1992, IBVS, 3765, 1 Penny, L.R., Gies, D.R., & Bagnuolo, W.G.Jr. 1999, ApJ, 518, 450 Rauw, G., Sana, H., Gosset, E., Vreux, J.-M., Jehin, E., & Parmentier, G. 2000, A&A, in press Raymond, J.C., & Smith, B.W. 1977, ApJS, 35, 419 Stevens, I.R., Blondin, J.M., & Pollock, A.M.T. 1992, ApJ, 386, 265 Stickland, D.J., Lloyd, C., Penny, L.R., Gies, D.R., & Bagnuolo, W.G.Jr. 1996, The Observatory, 116, 226 Wolfe, R.H.Jr., Horak, H.G., & Storer, N.W. 1967, in Modern Astrophysics, ed.

M. Hack (New York: Gordon—Breach), 251