AN XMM-NEWTON STUDY OF 9 SGR AND THE LAGOON NEBULA

G. Rauw^1, R. Blomme^2, W.L. Waldron^3, Y. Nazé^{1?}, T.J. Harries^4, J.M. Chapman^5, M.F. Corcoran^6, A. Detal^1, E. Gosset^{1??}, J.M. Pittard^7, A.M.T. Pollock^8, M.C. Runacres^2, H. Sana^{1?}, I.R. Stevens^9, S. Van Loo^2, and J.-M. Vreux^1

1Institut d’Astrophysique, Université de Liège, Allée du 6 Août, Bât B5c, B-4000 Liège (Sart Tilman), Belgium 2Royal Observatory Belgium, Avenue Circulaire 3, B-1180 Brussels, Belgium 3Emergent Technology Services, Space Sciences Sector, 1801 McCormick Drive, Suite 170, Largo, MD 20774, USA 4School of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, UK 5Anglo-Australian Observatory, P.O. Box 296 and Australia Telescope National Facility, P.O. Box 76, Epping, NSW 2121, Australia 6USRA/HEASARC Goddard Space Flight Center, Greenbelt, MD 20771, USA 7Department of Physics & Astronomy, University of Leeds, Leeds LS2 9JT, UK 8Computer & Scientific Co. Ltd., 230 Graham Road, Sheffield S10 3GS, UK 9School of Physics & Astronomy, University of Birmingham, Edgbaston Birmingham B15 2TT, UK

Abstract We report preliminary results of an XMM-Newton observation of the O4 V star 9 Sgr (= HD 164794). 9 Sgr is one of a few single OB stars that display a non-thermal radio emission attributed to synchrotron emission by relativistic electrons. Inverse Compton scattering of photospheric UV photons by these relativistic electrons is a priori expected to generate a non-thermal power-law tail in the X-ray spectrum. Our EPIC and RGS spectra of 9 Sgr suggest a more complex situation than expected from this ‘simple’ theoretical picture.

Furthermore, soft-band EPIC images of the region around 9 Sgr reveal a number of point sources inside the Lagoon Nebula (M 8). Most of these sources have optical counterparts inside the very young open cluster NGC 6530 and several X-ray sources are associated with low and intermediate mass pre-main sequence stars. Finally, we also detect (probably) diffuse X-ray emission from the Hourglass Region that might reveal a hot bubble blown by the stellar wind of Herschel 36, the ionizing star of the HG region.

Key words: Radiation mechanisms: non-thermal – Stars: early-type – Stars: individual: 9 Sgr – Stars: pre-main sequence – X-rays: stars

1. Introduction

Single O-stars display thermal X-ray emission that is usually attributed to hydrodynamic shocks produced by instabilities in their stellar winds (see e.g. Feldmeier et al. 1997). These shocks are also believed to be efficient sites for the acceleration of relativistic electrons through the first order Fermi process (e.g. Chen & White 1994). Indeed, the existence of a small population of relativistic

? Research Fellow FNRS (Belgium) ?? Research Associate FNRS (Belgium) electrons is revealed by the non-thermal synchrotron emission that is observed at radio wavelengths in a particular subset of O-stars (e.g. Bieging et al. 1989).

Given the enormous supply of photospheric UV photons in the winds of OB stars, inverse Compton scattering is expected to become the major energy loss mechanism for relativistic electrons and substantial levels of non-thermal X-ray and low energy γ-rays should be generated, resulting approximately in a power-law spectrum from keV to MeV energies (Chen & White 1991).

We selected the probably single O4 V((f)) star 9 Sgr (= HD 164794) to investigate this phenomenon. 9 Sgr is known to display a variable non-thermal radio emission. The star is located in the Lagoon Nebula (M 8) and has been extensively studied at UV and visible wavelengths.

2. Observations and data reduction

We obtained a 20 ksec AO1 observation of 9 Sgr with XMM-Newton (JD 2451976.978 – 2451977.239). We used the sas version 5.1 to reduce the raw EPIC data while the RGS observations were processed with version 5.0.1 of the sas software. The EPIC data are significantly affected by single mirror reflection photons from the low-mass X-ray binary Sgr X-3 (GX 9 +1)located at ∼ 1^∘ from the center of the field of view. The spectrum of the straylight features near 9 Sgr can be fitted with a heavily absorbed blackbody model with N_H = (3.1 ± 0.3) × 10^{22} cm^{−2} and kT = 1.04 ± 0.05 keV. The straylight photons are therefore rather hard and there is nearly no contamination of the EPIC data in the soft energy range E ∈]0.2, 1.5[ keV.

We accumulated the EPIC spectra of 9 Sgr over a radius of 45^{′′} excluding the intersection with a small circular region centered on a faint point-like source (XMMU J180350.5-242110). The background spectra for the different data sets were obtained over rectangular areas selected to avoid the straylight features. We have also tested a different background subtraction technique using the back-

Proc. Symposium ‘New Visions of the X-ray Universe in the XMM-Newton and Chandra Era’ 26–30 November 2001, ESTEC, The Netherlands ESA SP-488, August 2002 eds. F. Jansen & TBD ground files provided by the XMM-SOC. The background subtracted spectra of 9 Sgr obtained in either way do not show any significant difference.

3. X-ray emission from 9 Sgr

3.1. The EPIC spectrum

The background corrected spectra of 9 Sgr were analyzed using the xspec software (version 11.00). We considered a couple of rather simple spectral models. In these fits, we always fixed the interstellar H i column density at 2.2 × 10^{21} cm^{−2} (Shull & van Steenberg 1985).

To start, we tested absorbed two-temperature mekal and absorbed 1-T mekal + power-law models (see Fig. 1). In our first attempt, the column densities derived from the spectral fits refer to the circumstellar (i.e. wind) material considered here to be completely neutral. Two problems emerge from this simple analysis:

• The best fitting parameters yield a column density for at least one model component that is extremely small.

• The 1-T + power-law fits are usually better than the 2-T fits. However, these fits yield systematically large photon indices (α ≥ 3.8), much larger than the ∼ 1.5 value expected from the Chen & White (1991) model. The reason for this steep power-law is that the 1-T thermal component fails to account for the observed flux at energies below 0.5 keV and the power-law has to provide the flux to compensate for this. Such a steep power-law can however be ruled out by the RGS data. In fact, the RGS spectra display strong line emission (see Fig. 2) and the X-ray emission of 9 Sgr must therefore be thermal at lower energies.

Figure 1. EPIC-pn spectrum of 9 Sgr together with the bestfitting 1-T mekal + power-law model.

To solve the first problem, we fitted the EPIC spectra with wind absorption models (see Waldron et al. 1998).

These models are computed using stellar and wind parameters appropriate for 9 Sgr and account therefore for the ionization of the stellar wind. The EPIC spectra of 9 Sgr can be fitted with a 3-T model although the highest temperature component (kT_3 ∈ [6, 8.6] keV) is not well constrained by our data.

3.2. The RGS spectrum

The RGS spectrum of 9 Sgr is reminiscent of that of ζ Pup (Kahn et al. 2001). The most prominent features are the He-like triplets of Ne ix and O vii, the Lyα lines of Ne x, O viii and N vii as well as several L-shell lines of Fe xvii (see Fig. 2).

Figure 2. First order RGS 1 + 2 spectrum of 9 Sgr. The strongest emission lines are identified.

In the presence of the strong ultraviolet radiation field of an O-star, the ratio R = f/i of He-like triplets is determined by the intensity of the UV radiation (e.g. Waldron & Cassinelli 2001). In the case of 9 Sgr, the observed R ratio of the Ne ix line (∼ 0.4) suggests that this line forms rather far out in the wind.

Our data also reveal a systematic blue-shift of the line centroids in all strong lines. Such a blue-shift is expected for lines formed in an accelerating stellar wind since radiation from the approaching side of the wind should be less attenuated by continuum opacity than that from the receding part (Owocki & Cohen 2001).

3.3. Simultaneous VLA radio observations

We observed 9 Sgr with the NRAO VLA (Very Large Array) simultaneously (JD = 2451977.012–.037) with the XMM-Newton observations. Data were collected at 3.6, 6 and 20 cm. The data reduction was done using the Astronomical Image Processing System (AIPS), developed by the NRAO. Due to the presence of other bright sources in the field, the main source of error in the fluxes is the uncertainty in the background subtraction.

The resulting spectral indices (α_{3:6−6} = −1.0) clearly indicate the non-thermal character of the radio emission

Figure 3. DSS optical image centered on 9 Sgr. X-ray contours (corresponding to the combined MOS1 + MOS2 data) are overlaid on this image. The different contours correspond to 2, 4, 8, 16 and 64 counts over the 0.2 – 1.5 keV range in the X-ray image.

from 9 Sgr and the fluxes are on the high side of the range covered by values in the literature (Bieging et al. 1989).

4. X-ray sources inside the Lagoon Nebula

The combined MOS1 + MOS2 soft (0.2 – 1.5 keV) X-ray image around 9 Sgr reveals 71 point-like sources down to an observed flux of 6 × 10^{−15} erg cm^{−2} s^{−1} over this energy range. Most of the fainter sources are located in the region of the very young open cluster NGC 6530 which is embedded in the Lagoon Nebula (M 8). One rather bright and apparently diffuse source (to the south-west of 9 Sgr) is associated with the Hourglass Region.

43 X-ray sources out of these 71 have a single optical counterpart (within a radius of 12^{′′}) from the catalogue of Sung et al. (2000). The X-ray brightest objects in this category are HD 164816 (O9.5 III-IV) and SCB 731. The light curve of SCB 731 reveals a strong X-ray flare towards the end of our observation (see Fig. 4).

We have plotted the X-ray sources with a single optical counterpart in a (B − V, V ) colour-magnitude diagram. Apart from a group of rather bright (V ≤ 12) stars that are probably early-type OB stars, we find a group of objects lying to the right of the ZAMS (by about 0.5 in B − V ). Three of these objects display Hα emission and are classified as pre-main sequence (PMS) stars (Sung et al. 2000).

There are 32 X-ray sources that have optical counterparts fainter than 12th magnitude and we suggest that these are good candidates for weak-line T Tauri stars. The fact that only a few X-ray selected PMS candidates display an Hα emission is in agreement with the theoretical picture that the X-ray bright PMS stars are more evolved objects without a prominent circumstellar disk.

Our EPIC data also unveil an extended X-ray emission from the Hourglass Region in M 8. This emission is probably due to the contributions of the young stellar object Herschel 36, the UC Hii region G 5.97 −1.17 and possibly a diffuse emission from a hot bubble created by the wind of Herschel 36.

5. Conclusions

Our XMM observations indicate that there exists a hard X-ray component in the spectrum of 9 Sgr. The exact na-

Figure 4. EPIC-MOS light curves of the X-ray source XMMU J180435.5-242729 associated with SCB 731. We have also extracted the light curve of a nearby background region. The latter does not show any variability.

ture of this component is however not clear and our data seem at odds with the predictions of the model of Chen & White (1991). Though radio observations clearly reveal the presence of relativistic electrons, it remains to be seen whether inverse Compton scattering can account for the properties of the observed hard X-rays. Quantitative theoretical models as well as more XMM-Newton data on non-thermal radio emitting O-stars are badly needed. The RGS spectrum of 9 Sgr displays strong line emission reminiscent of the RGS spectra of other early-type O-stars such as ζ Pup. The properties of these lines suggest that the emitting plasma is distributed throughout the accelerating stellar wind.

Soft-band EPIC images of the Lagoon Nebula reveal many point sources. Most of these sources have optical counterparts inside the very young open cluster NGC 6530 and a few are associated with known low- and intermediate mass PMS stars. From their location in a colourmagnitude diagram and from the flaring behaviour of the brightest source, we suggest that many of our new sources correspond to weak-line T Tauri stars.

A more detailed analysis of the XMM observation of 9 Sgr and the Lagoon Nebula will be presented in a forthcoming paper.

Acknowledgements We are grateful to Barry Clark for kindly scheduling the VLA radio observation simultaneously with the XMM observation. The Liège team acknowledges support from the Fonds Na-

Figure 5. Colour-magnitude diagram of the X-ray sources in the field of view of the very young open cluster NGC 6530. The reddening vector with R = 3.1 is indicated and the solid line shows the ZAMS relation with a distance modulus DM = 11.25 and reddened with E(B � V ) = 0.30. Open symbols stand for stars from Sung et al. (2000) without Hα emission, asterisks stand for pre-main sequence stars or PMS candidates from Sung et al. and the filled diamonds indicate two stars classified as Be stars by van den Ancker et al. (1997).

tional de la Recherche Scientifique (Belgium) and through the PRODEX XMM-OM and Integral Projects. This research is also supported in part by contract P4/05 “Pôle d’Attraction Interuniversitaire” (SSTC-Belgium). WLW was supported in part by NASA contract # NAG 5-10113.

References

Bieging, J.H., Abbott, D.C., & Churchwell, E.B. 1989, ApJ, 340, 518 Chen, W., & White, R.L. 1991, ApJ, 366, 512 Chen, W., & White, R.L. 1994, Ap&SS, 221, 259 Feldmeier, A., Puls, J., & Pauldrach, A.W.A. 1997, A&A, 322, 878 Kahn, S.M., Leutenegger, M.A., Cottam, et al. 2001, A&A, 365, L312 Owocki, S.P., & Cohen, D.H. 2001, ApJ, 559, 1108 Shull, J.M., & van Steenberg, M.E. 1985, ApJ, 294, 599 Sung, H., Chun, M.-Y., & Bessell, M.S. 2000, AJ, 120, 333 van den Ancker, M.E., Thé, P.S., Feinstein, A., et al. 1997, A&AS, 123, 63 Waldron, W.L., Corcoran, M.F., Drake, S.A., & Smale, A.P., 1998, ApJS, 118, 217 Waldron, W.L., & Cassinelli, J.P., 2001, ApJ, 548, L45