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Abstract. We report the results of a multi-wavelength investigation of the O4V star 9 Sgr (= HD 164794). Our data include
observations in the X-ray domain with XMM-Newton, in the radio domain with the VLA as well as optical spectroscopy. 9 Sgr is
one of a few presumably single OB stars that display non-thermal radio emission. This phenomenon is attributed to synchrotron
emission by relativistic electrons accelerated in strong hydrodynamic shocks in the stellar wind. Given the enormous supply of
photospheric UV photons in the wind of 9 Sgr, inverse Compton scattering 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 reveal a more complex
situation than expected from this simple theoretical picture. While the bulk of the thermal X-ray emission from 9 Sgr arises
most probably in a plasma at temperature ~3 x 10° K distributed throughout the wind, the nature of the hard emission in the
X-ray spectrum is less clear. Assuming a non-thermal origin, our best fitting model yields a photon index of >2.9 for the power
law component which would imply a low compression ratio of <1.79 for the shocks responsible for the electron acceleration.
However, the hard emission can also be explained by a thermal plasma at a temperature >2 x 107 K. Our VLA data indicate
that the radio emission of 9 Sgr was clearly non-thermal at the time of the XMM-Newton observation. Again, we derive a low
compression ratio (1.7) for the shocks that accelerate the electrons responsible for the synchrotron radio emission. Finally, our
optical spectra reveal long-term radial velocity variations suggesting that 9 Sgr could be a long-period spectroscopic binary.
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1. Introduction

X-ray emission from single early-type stars consists mainly of
thermal emission from hot plasma at a few million Kelvin lo-
cated within the stellar wind. Although the origin of the thermal
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X-rays is still not fully established, most of the current models
focus on shock structures resulting from the line-driven insta-
bility as possible loci of the emitting plasma (see Feldmeier
et al. 1997 and references therein).

However, the EINSTEIN-SSS spectra of three Orion belt
stars, revealed X-ray fluxes above 2 keV that were apparently in
excess of the thermal flux (Cassinelli & Swank 1983). This led
Chen & White (1991, hereafter CW91) to propose that this hard
X-ray emission might reflect a non-thermal X-ray component
produced through inverse-Compton scattering.

The most prominent indication of non-thermal processes
in stellar winds comes from the radio domain (e.g. Bieging
et al. 1989). The bulk of the radio emission of luminous OB
stars is attributed to thermal free-free radiation produced in
the optically thick stellar winds of these objects. However,
a subset of OB stars display an often variable non-thermal
component on top of their free-free wind emission (see e.g.
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Williams 1996). In wide massive binaries, non-thermal radio
emission is likely to arise in the region of stellar wind colli-
sion (Eichler & Usov 1993). In the case of single stars, the
non-thermal component is believed to result from synchrotron
radiation associated with a small population of relativistic elec-
trons accelerated by Fermi processes in shocks located in the
outer regions of the stellar wind (e.g. Chen & White 1994).
Non-thermal radio emission, if due to synchrotron radiation,
is consistent with surface magnetic fields of the order of a hun-
dred Gauss (Chen & White 1994). However, synchrotron radio-
emission is expected to account only for a small fraction of
the total non-thermal energy budget. In fact, given the enor-
mous supply of photospheric UV photons in the winds of OB
stars, inverse-Compton scattering becomes the major energy
loss mechanism for relativistic electrons and substantial levels
of non-thermal X-ray and low energy y-rays should be gen-
erated, resulting approximately in a power law spectrum from
keV to MeV energies (CWI1).

The non-thermal X-ray and radio emissions probably arise
in distinct regions of the wind. Indeed, the optical depth to hard
X-rays throughout the wind is small and inverse-Compton scat-
tering is expected to be most efficient within a few stellar radii
where the UV radiation density is highest. On the other hand,
as a consequence of the large free-free optical depth at radio
frequencies, radio synchrotron emission can only be observed
from the outer regions of the wind (beyond about fifty stel-
lar radii). The properties of the non-thermal emission at differ-
ent energies thus reflect the radial distribution of the relativistic
electron spectrum throughout the wind. Detailed models of this
distribution rely on stellar parameters, most of which can be
well determined from observations in the optical domain. The
most noticeable exception in this respect is the stellar magnetic
field B.!.

In this context, 9 Sgr (= HD 164794) appeared as a promis-
ing target to search for non-thermal X-ray emission. 9 Sgr
was considered a probable single O4 V((f)) star by Garmany
et al. (1980, but see also Sect.6). Abbott et al. (1984) discov-
ered non-thermal radio emission with a spectral index? of @ =
—0.8. This non-thermal radio emission varies on ill-determined
time scales (Bieging et al. 1989). 9 Sgr has been extensively
studied at UV and visible wavelengths and has well determined
wind properties. Table 1 lists the parameters adopted in our
analysis. Note that the mass loss rate (M = 2.4 X 10 Mg, yr‘l)
taken from Lamers & Leitherer (1993) was obtained from the
Ha recombination line rather than from the radio flux which
is dominated by the non-thermal emission. Finally, previous
X-ray observations of 9 Sgr revealed that this is a relatively
bright X-ray source (e.g. Berghofer et al. 1996).

To search for hard non-thermal X-ray emission in the spec-
trum of 9 Sgr, we obtained a 20 ksec observation of this tar-
get with the XMM-Newton observatory. Simultaneously, 9 Sgr

! So far, magnetic fields have only been detected for a few early-
type OB stars (~360G in 8Cep and ~1100G in 6' Ori C see Donati
et al. 2001, 2002). For most OB stars, the non-detection of the Zeeman
effect puts an upper limit of order ~100 G on B, (Mathys 1999).

2 The radio spectral index « is defined by F, o v*. Purely thermal
sources have o =~ 0.6 (Wright & Barlow 1975).
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Table 1. Relevant model parameters for 9 Sgr adopted in this paper.
The numbers are taken from Conti & Ebbets (1977, CE), Bohannan
et al. (1990, BVHA), Lamers & Leitherer (1993, LL) and Shull &
van Steenberg (1985, SvS).

Parameter Ref.
Uror Sini (kms™1) 128 CE“
Ter (K) 43000 BVHA
R. (Ro) 16 BVHA
log Ly (ergs™) 3949 BVHA
d (kpc) 1.58 BVHA
Voo (kms™h) 2950 LL
M (Myyr™") 24x107° LL
log Niism (cm™2) 21.34 SvS

¢ Note that Penny (1996) derived a somewhat lower v, sini of
102 km s~2, but this does not alter any of our conclusions in the
following.

was observed at radio wavelengths with the Very Large Array
(VLA). A preliminary analysis of the data from this cam-
paign was presented by Rauw et al. (2002). In Sect. 2 of the
present paper, we introduce the data from our multi-wavelength
campaign including radio, optical and X-ray observations.
Sections 3 and 4 deal with the RGS and EPIC spectra of 9 Sgr
while the radio and optical data are analysed in Sects. 5 and
6 respectively. Finally, we discuss the overall picture of 9 Sgr
that emerges from our campaign and present our conclusions
in Sect. 7.

2. Observations
2.1. X-ray data

9 Sgr was observed with XMM-Newton (Jansen et al.2001)
during revolution 228 on March 8, 2001 (JD2451976.978—
2451977.239). The two EPIC MOS instruments were operated
in the full frame mode (Turner et al. 2001) whilst the EPIC-
pn camera was used in the extended full frame mode (Strtider
et al. 2001). All three EPIC instruments used the thick filter to
reject optical light. The two RGS instruments were operated in
the default spectroscopy mode (den Herder et al. 2001).

We used version 5.1 of the XMM-Newton Science Analysis
System (sas) to reduce the raw EPIC data. For the MOS
(resp. pn) observations only events with pattern 0—12 (resp. 0)
were considered (Turner et al. 2001). No indication of pile-up
was apparent in the data.

The RGS observations were processed with version 5.0.1
of the sas. Appropriate response matrices were generated using
the “rgsrmfgen” sas task.

The EPIC data are significantly affected by straylight pho-
tons from the LMXB GX9 +1 (= Sgr X-3) located at 1° from
the center of the FOV. For the pn detector the straylight fea-
tures appear as arcs that are not exactly concentric due to the
slight imperfections of the mirror module alignment. On the
MOS images the arcs are truncated because of the Reflection
Grating Assemblies (RGAs) which are mounted on the mirror
modules associated with the MOS instruments. In addition, the
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Table 2. Effective exposure times and background corrected count rates of 9 Sgr as measured with the instruments onboard XMM (see the text
for details on the source and background extraction). The count rates for the EPIC instruments are given in the energy range 0.2-10 keV.

MOS1 MOS2 pn RGS1 RGS2
Exp. (s) 21880 21881 17474 23100 23100
Rate (ctss™!)  0.269 £ 0.004 0.280 £0.004 0.819 £0.007 (3.61 £0.39) x 1072 (5.16 + 0.51) x 102

straylight arcs in the MOS images display some extended tails.
The intensity of these tails decreases with increasing angular
distance from GX 9 +1 (see Fig. 1).

The straylight is produced by photons that are singly
reflected by the mirror hyperbolas. Although the straylight
collecting area is only a few square centimeters (Stockman
et al. 1998), the brightness of GX 9 +1 compared to the sources
in our field of view leads to a serious contamination of our data.
The straylight photons are rather hard. In fact, images extracted
in the soft energy range PI € 1200, 1500[ (~E € ]0.2, 1.5[keV)
reveal a negligible contamination level (see Fig. 2).

Because of the complex reflection pattern, one can expect
the spectrum of the straylight features to be distorted com-
pared to the actual spectrum of GX9+1. Schulz (1999) fit-
ted the ROSAT spectrum of GX 9 +1 using a blackbody model
with Ny = 1.36 x 10?>cm™2 and kT = 0.98 + 0.06keV. The
spectrum of the brightest straylight arc in the MOS1 detector
is shown in the left panel of Fig.2. Generally speaking, the
best fitting spectral parameters depend slightly on the instru-
ment and on the location of the straylight feature considered.
In all the cases the straylight spectrum is best fitted by a heav-
ily absorbed blackbody model with Ny in the range 2.05 x 10?2
(MOS2) — 3.46 x 10*2cm™ (pn) and with a temperature kT
between 0.99 (pn) and 1.21keV (MOS2).

2.2. Radio data

We observed 9 Sgr with the NRAO Very Large Array (VLA)
simultaneously (JD 2451977.012—.037) with the XMM-Newton
observations. Data were collected at 3.6cm (X-band), 6 cm
(C-band) and 20cm (L-band). At each wavelength, we ob-
served the flux calibrator 3C 286 = 1331+305 (J2000). The ob-
servation on 9 Sgr took 8 min for each wavelength, and was
preceded and followed by an observation of the phase calibra-
tor 1751-253 (J2000). All observations were made in two side-
bands (denoted IF1 and IF2), each of which has a bandwidth of
50 MHz. The VLA was in the B configuration, with the antenna
at position N 32 missing.

The data reduction was done using the Astronomical Image
Processing System (arps, version 31DECO01), developed by the
NRAO. From the observed visibilities of the calibrators, the in-
strumental gains are determined and discrepant points flagged.
The gains are interpolated in time and applied to the 9 Sgr
visibilities. Applying the Fourier transform to these calibrated
visibilities turns them into an intensity map (called the dirty
map). The weighting scheme used is robust uniform (Briggs
1995). The images are then deconvolved to remove the effect
of the beam, using the cLEAN algorithm as implemented in A1ps
(Cornwell & Braun 1989). In the reduction procedure we ap-

plied the available baseline corrections. The fluxes assigned to
the flux calibrator are given in Table 3.

Table 3. Fluxes of the flux calibrator 3C 286. The fluxes are based on
the 1995.2 VLA coefficients (Perley & Taylor 1999). The two values
for each entry correspond to the two 50 MHz sidebands (IF1 and IF2).

A Frequency Flux
(cm) (GHz) dy)
3.6 8.4351 5.2158

8.4851 5.1947
6 4.8351 7.5100
4.8851 7.4620
20 1.3851 14.9031
1.4649 14.5108

The major problem in the reduction of our VLA data is the
presence of other, high-intensity, sources in the field. First of
all, 9 Sgr is just in front of the Lagoon Nebula (M 8), which
appears as a spatially extended source with a high radio flux.
Due to the filtering properties of a radio-interferometer, a large
part of this flux will not be seen by the instrument. While ob-
servations made in the VLA A-configuration show almost no
residual background from M 8, our observations (made in the
B-configuration) do show some M 8 flux. As the spatial reso-
lution decreases with wavelength, this effect is worst at 20 cm.
Secondly, there are strong compact sources in the field (asso-
ciated with the Hourglass Hu region). The sidelobes of these
sources can be seen on the dirty map to extend beyond the posi-
tion of 9 Sgr. At 20 cm, sidelobes from TXS 1801-245 are also
important.

To eliminate the effect of the M 8 nebula, we dropped all
observational data taken on the shortest baselines (using the
keyword uvrange in the arps task “imagr”). To eliminate the
sidelobes of the Hourglass and TXS 1801-245 we made sure
that these sources were included in the field on which the clean-
ing algorithm was applied.

2.3. Optical data

A set of echelle spectra of 9 Sgr was gathered with the Fiber-
fed Extended Range Optical Spectrograph (FEROS, Kaufer
et al. 1999) attached to the ESO 1.52m telescope at La Silla,
during two observing runs in May 2000 and 2001. Typical ex-
posure times were of the order of five minutes. The spectral re-
solving power of the FEROS instrument is 48 000. The detector
was an EEV CCD with 2048 x 4096 pixels of 15 ym x 15 um.
For a detailed description of the spectrograph, we refer to the
paper of Kaufer et al. (1999). We used a slightly modified ver-
sion of the FEROS context within the Mipas package provided
by ESO to reduce the data.
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Fig. 1. EPIC MOS2 (left panel) and EPIC-pn (right panel) broad-band images around 9 Sgr. The images are displayed with a logarithmic scale.
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Fig. 2. Left panel: spectrum of the brightest straylight feature in the EPIC-MOS1 image. The energy distribution can be fitted with a heavily
absorbed (Ny = (3.1 +0.3) x 10?2 cm™2) blackbody model of temperature k7" = 1.04 + 0.05 keV. Right panel: combined EPIC MOS1 + MOS2
image extracted over the PI range from 200 to 1500. The image is displayed with a logarithmic scale. The faint sources near 9 Sgr are associated
with the young open cluster NGC 6530 inside the Lagoon Nebula. These sources are discussed in a separate paper.

3. The RGS spectrum of 9 Sgr Given the limited S /N of our RGS spectra, little can be said
about the detailed morphology of the emission lines. However,
we fitted the emission line profiles with Gaussians to determine
the line fluxes and centroids (Table 4). The continuum strength
was determined from fluxes on each side of the line. We caution
that unresolved blends of weak emission lines could mimic a
pseudo-continuum that would affect the net line intensities. In
this case, our fitted line intensities should provide lower limits
to the actual line fluxes.

At first glance, the RGS spectrum of 9 Sgr is reminiscent of that
of the O4 Ief star £ Pup (Kahn et al. 2001) and of the Chandra-
HETG spectrum of £ Ori (09.7 Ib, Waldron & Cassinelli 2001).
We observe the He-like triplets of Neix and Ovm, the Lya
lines of Nex, O vir and N vir as well as several L-shell lines
of Fe xvi. One difference between ¢ Pup and 9 Sgr concerns
the relative strength of the nitrogen and oxygen lines: while in
{ Pup, the N/O ratio is enhanced with respect to solar abun-
dances, we find no indication of such an effect in 9 Sgr.
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Table 4. Fluxes and centroid shifts of the most prominent emission
lines in the spectrum of 9 Sgr.

o
o
N

o

Flux Velocity shift
(photons cm™2 s7") (kms™)

Nex 112.13 (3.5+1.6)x 1073 —660 + 290

Fexvn A116.78-17.10 (8.1 £2.0) x 107> =730 + 280

Ovmr A 18.97 (8.2+1.5)x107° —540 + 230

Nvn 124.78 4.1+£1.7)x107 —60 + 600
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Fig. 3. Combined RGS1+2 first order spectrum of 9 Sgr.

The lines are broad with half widths at half maximum in the
range 500-1600kms~!. Our data reveal a slight blue-shift of
the line centroids in all strong lines. The 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).

Grating spectra obtained with XMM-Newton and Chandra
have provided new insight into the X-ray properties of hot
early-type stars. For instance, the He-like resonance (r), inter-
combination (i) and forbidden (f) lines have been used to infer
the location of the X-ray emitting material within the stellar
wind (see e.g. Waldron & Cassinelli 2001). In the presence of a
strong ultraviolet radiation field, as in the atmospheres of early-
type stars, the transition 23S — 2 3P is essentially excited by
the UV radiation. Hence the ratio R = f/i is no longer deter-
mined by the density of the plasma but rather by the intensity
of the UV radiation (e.g. Porquet et al. 2001).

In the case of 9 Sgr, the f component is clearly detected in
the Ne 1x triplet whilst it is not detected for O vi (Table 5). The
non-detection of the O vir f line leaves us with an upper limit
of 0.2 on the corresponding R ratio.

We compared the observed R ratio of Ne 1x with the theoret-
ical values of Porquet et al. (2001) corresponding to radiation
temperatures® of 30 000 and 40 000 K and an electron tempera-
ture of 3 x 10° K (consistent with the temperature inferred from
our EPIC spectra of 9 Sgr, Tables 6-8). This comparison sug-
gests that the Neix line forms at rather low values of the

3 Torres (1987) showed that the UV energy distribution of 9 Sgr can
be matched with model atmospheres corresponding to temperatures of
35000 and 40 000 K. A radiation temperature of 30 000 K thus proba-
bly yields a lower limit to the actual temperature.
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Table 5. Line intensity ratios of the He-like fir triplets in the RGS
spectra of 9 Sgr. The error bars correspond to the 90% confidence
ranges as determined from our fits.
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Fig.4. Upper panel: predicted dependence of the R = f/i ratio for
helium-like triplets of various ions in the stellar wind of 9 Sgr. The
heavy solid line indicates the 90% confidence range on R for the Ne 1x
triplet. Lower panel: radius of radial optical depth unity as a function
of wavelength. The wavelengths of various helium-like triplets are in-
dicated and the probable location of the Neix line formation region
(corresponding to the uncertainty range on the R ratio) is indicated by
the heavy line.

dilution factor w = 0.5(1 — 1 = R,/r) ~ 0.01 and thus far
out in the wind (probably beyond several R,).

We used the formalism outlined by Waldron & Cassinelli
(2001) to further constrain the location of the line emitting
plasma. The predicted radial dependence of the R ratios for
various ions in the wind of 9 Sgr was computed including the
effects of collisions and radiative transitions, accounting for the
photospheric UV flux at T.g = 43 000 K. The results are shown
in Fig. 4. The observed 90% confidence range of R for the Ne 1x
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triplet is displayed by the heavy line. The results of our analy-
sis suggest that the Ne1x line forms somewhere between 3 and
11R..

At radii below ~50R,, the R ratio of Ovm varies very
slowly as a function of radius (Fig. 4). Hence, the upper limit of
R < 0.2 is consistent with the oxygen triad forming anywhere
between the stellar surface and about 25 R,..

A word of caution is necessary though: in addition to
the Neix triplet, the spectral range 13.3 to 13.8 A harbors
a huge number of iron lines from various ionization stages:
Fexvm — xx1. Most of these lines have maximum emissivi-
ties that are more than a factor ten lower than those of the
Neix lines (see e.g. the line list of the SPEX plasma code
at http://www.sron.nl/divisions/hea/index.html,
Kaastra et al.2002). Although the EPIC spectra suggest a
multi-temperature plasma that could give rise to a rather broad
range of ionization stages, the RGS data only reveal strong
iron lines corresponding to Fe xvi. Blends with lines from
Fexx and Fexx1 probably do not have a significant impact
on the neon triplet since other iron lines of these species that
are expected to be strong are either absent or only marginally
detected. The strongest contamination could arise from the
Fexix lines at 13.51 and 13.52A that are blended with the
Ne1x intercombination line and have maximum emissivities
exceeding that of the i line. Conversely, the 13.73-13.74 A
lines of the Fexix ion affect the Neix f line but these lines
have maximum emissivities that are about a factor ten lower
than those of the lines at 13.51 and 13.52 A. In any case, the
lack of a significant Fe xix emission at 14.67 and 16.11A
suggests that the effect of this ion on the Ne1x R ratio should
be pretty low.

The bottom panel of Fig. 4 displays the radius of continuum
optical depth unity in the stellar wind of 9 Sgr as a function
of wavelength. The circumstellar opacity was computed using
the wind absorption model of Waldron et al. (1998) adopting
the parameters from Table 1 and assuming a homogeneous and
spherically symmetric wind. As can be seen from this figure,
the bulk of the Ne line emission arises from outside the radius
of radial optical depth unity. This result is quite similar to the
situation for other O-stars (see e.g. in { Pup, Kahn et al. 2001;
Cassinelli et al. 2001; £ Ori, Waldron & Cassinelli 2001).

Let us briefly return to the blue-shift of the lines seen in
Table 4. Within the large error bars, it is hard to uncover any
trend (e.g. between the velocity shift and the ionization poten-
tial of the specific ions): all velocity shifts are roughly con-
sistent with the same value. Our results from the fir analysis
above suggest that the bulk of the line emission will have to
come from radii beyond 7 = 1 (though not too far outwards
because of the dependence of the line emission measure on the
square of the density). From Fig. 4, it appears that 7 = 1 oc-
curs between ~3 and 7 R, for the four lines listed in Table 4.
However, there appears no correlation between the velocity
shift and R(7 = 1) neither. For instance, the N vir and Ne x lines
correspond roughly to the same R(t = 1) € [3,4]R. but have
different velocity shifts, although their error bars do overlap.
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4. The EPIC spectrum of 9 Sgr

The contamination of the EPIC data by the straylight consid-
erably complicates the extraction of the spectrum of 9 Sgr and
of the background. The worst situation is probably encountered
for the MOS1 camera.

For all three EPIC cameras, the source spectrum was ac-
cumulated over a radius of 45” excluding the intersection with
a small circular region centered on a faint point-like source at
RA = 18 : 03 : 50 and DEC = -24 : 21 : 10 (Equinox
2000.0). For the pn detector, the extraction region was further
truncated to avoid the gap between the CCDs. Let us recall that
the straylight is essentially concentrated in the arcs except for
the extended tails in the MOS images described in Sect.2.1.
Figure 5 reveals that the source spectrum of 9 Sgr should be
free from any contamination at least in the MOS2 and pn data.
However, a low level contamination of the MOS1 source spec-
trum of 9 Sgr cannot be fully excluded.

The background spectra for the different data sets were ob-
tained over rectangular areas trying to avoid the straylight fea-
tures (see Fig.5). We have also tested a different background
subtraction technique using the blank sky event lists provided
by the XMM-SOC. The resulting background subtracted spec-
tra of 9 Sgr do not show any significant differences compared
to those obtained with the technique described hereabove.

We adopted the redistribution matrices (rmfs) provided by
the EPIC instrument teams (versions available in May 2001)
and we used the sas to build the appropriate ancillary response
file (arf) for each EPIC instrument. The spectra were binned to
reach a minimum of 10 counts per channel and the background
corrected spectra were analyzed using the xspec software
(version 11.00). Because of the strong noise in the pn detec-
tor below 0.2 keV and the calibration uncertainties of the EPIC
instruments at low energies, we ignored the binned energy
channels below 0.2 keV for the xspEc fits.

4.1. Fitting simple models

We tested a couple of rather simple models. In these fits,
we always fixed the interstellar H1 column density at 0.22 X
102 cm™2. The latter value was adopted from the work of
Shull & van Steenberg (1985). These authors evaluated the
neutral hydrogen column density towards 9 Sgr using high-
resolution /UE observations of the interstellar Ly line. Their
result, Ngism = (0.22 + 0.03) x 10*22cm™2, is in fair agree-
ment with the observed E(B — V) colour excess of 9 Sgr as-
suming a “normal” gas to dust ratio and the results of a similar
study by Diplas & Savage (1994) who determined Ny sy =
(0. 19f8:8‘2‘) x 10?2 cm™2. As a first approximation, we modelled
the circumstellar (i.e. wind) absorption using neutral ISM
opacities®*.

The background-corrected EPIC spectra of 9 Sgr display a
break around ~2.5 keV with extra emission above it. Absorbed
single-temperature mekal models for optically thin plasmas
(Mewe et al. 1985; Kaastra 1992) hence do not provide

4 This is a crude approximation. Below we use a proper model to
simulate the wind absorption.
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Fig. 5. Zoom on the source and background regions for the three EPIC instruments. From left to right, the images correspond to the MOS1,
MOS?2 and pn data. Note that the images are displayed with a logarithmic scale. The small circular region around the faint point source to the

NW of 9 Sgr was excluded from the source region.

acceptable fits for any of the instruments. Two temperature
mekal models still yield a reduced x2 > 2 except for the pn
spectrum (y2 = 1.49). The best fit temperatures are about 0.23
and ~0.6keV for all three instruments. It should be noted that
the best-fit column density of the softest mekal component is
always zero. This is most probably a consequence of the poor
representation of the wind absorption by the neutral ISM opac-
ities.

The quality of the fits improves for 1-T mekal + power
law models (y2 between 1.31 and 1.79). However, these fits
systematically yield photon indices (I' > 3.8) much larger
than the value (~1.5) expected from the Chen & White (1991)
model. One reason for this steep power law could be that the
thermal plasma model underestimates the observed flux at en-
ergies below 0.5keV and the power law has to provide some
flux to compensate this. One should also note that the column
density of the power law component is again very close to or
equal to zero.

Note that requiring a value of I' = 1.5 in the 1-T mekal +
power law models yields an unacceptably large y? =~ 2 for
all EPIC spectra. We have also tested 2-T mekal + power
law models. Again requiring I' = 1.5, we obtain 2 = 1.64
for a simultaneous fit of the EPIC + RGS data set with two
temperatures of 0.22 and 0.59 keV. Allowing the photon index
to deviate from 1.5, a better fit (y2 = 1.34) is achieved for
I'=3.9,kT, =0.18 and kT, = 0.51 keV.

To simulate a possible contamination of the EPIC spectra
of 9 Sgr by the straylight, we have also tested models where
we included an absorbed blackbody with a column density be-
tween 2.0 and 3.5 x 10*2cm™2 and a temperature in the range
0.99-1.21keV. Including a straylight component in the fits does
not improve their quality and does not alter the best fitting pa-
rameters of the mekal and/or power law components.

Including the RGS spectra in the fits allows to better con-
strain the lower energy components of the model. However,
since our RGS data do not reveal any feature longwards of
~27 A (either because of the interstellar + circumstellar ab-
sorption or because of the intrinsic lack of lines in the source
spectrum at these wavelengths), they cannot help constrain the
contribution of the power law component to the flux at low en-
ergies (E < 0.5keV).

Since there could be some uncertainties on the EPIC cal-
ibration at lower energies, we have also repeated the spectral
fitting ignoring all the energy channels below 0.5 keV. The best
fitting mekal + power law model turns out to be rather in-
sensitive to these energy channels and we recover the same pa-
rameters as above.

Finally, we have also fitted 1-T mekal + broken power
law models. For the broken power law models, we adopted

for E < E)
for E > E,

n(Eo)
n(Eo) (E/Eo) ™!

n
n

where 7 stands for the spectral emissivity and I' corresponds to
the photon index of the power law above the low energy cut-off
Ey. Due to various cooling processes and the interaction with
thermal electrons, one expects the energy spectrum of relativis-
tic electrons in stellar winds to possess a low energy cut-off.
CWO1 argue that for O-star winds, this cut-off should translate
into an inverse Compton low energy cut-off of order 0.2keV.
However, the exact value depends on a number of stellar pa-
rameters and we can therefore not rule out the existence of a
low energy cut-off in the inverse Compton power law spectrum
within the energy range covered by our EPIC spectra.

We fitted the EPIC data setting Ey to 0.5, 1.0 or 2.0keV.
By requiring a flat spectrum below Ej, we strongly limit the
contribution of the non-thermal component to the flux at low
energies. For Ey = 0.5keV, we obtain a good fit (y2 = 1.26 for
the pn data set) with I' ~ 4.0 while the parameters of the ther-
mal component remain unchanged. For increasing values of Ej,
the value of I increases while the quality of the fit decreases.

4.2. Using a wind absorption model

To solve the problems due to the poor modelling of the cir-
cumstellar opacity, we have used a wind absorption model
(Waldron et al.1998) computed with the parameters from
Table 1. The EPIC spectra of 9 Sgr are fitted with models ac-
counting for the absorption by the ionized wind in addition
to the neutral ISM material (the latter corresponds to a fixed
column density of 0.22 x 10?> cm™2). The fits are obtained by
varying the temperature (or power law index), the wind column
density and the emission measure.
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We started by testing 2-T mekal models including the ef-
fects of wind opacity. The results are listed in Table 6 below.
The inclusion of the wind absorption cross section signifi-
cantly improves the quality of the fits at energies below 0.5 keV.
However, above 2keV the model still underestimates the ob-
served energy distribution.

We subsequently fitted the EPIC-pn spectrum of 9 Sgr with
a 1-T mekal + broken power law model. The results are
listed in Table 7. We note that the overall quality of the fits is
quite comparable to that of the 2-T fits. However, while the
power law models fit the high energy tail, the 2-T models yield
a better fit to the Sixm lines at ~1.86keV. Again, we note that
I' depends on the value of the low energy cut-off. However, the
values of I' > 2.9 obtained here are lower than those obtained
with the models that assume a neutral absorption column. The
inclusion of a proper wind absorption column allows to fit
the low energy part of the spectrum by the sole contribution
of the thermal component, while this was not the case for the
models in Sect. 4.1. Therefore in the current fits, the power law
component is far less sensitive to the low energy part of the
spectrum than in the fits of Sect. 4.1.

Finally, we note that the EPIC-pn spectrum suggests the
presence of an Fe Ke line, although this feature is not seen in
the MOS spectra and its existence needs thus to be confirmed
by other observations. The possible presence of an Fe Ka
line suggests that the hard X-ray continuum could be thermal.
These considerations prompted us to fit the EPIC spectra of
9 Sgr with 3-T thermal models. The derived best fit parameters
are roughly equal for all three instruments. The third, high tem-
perature, component is however not well constrained. In Fig. 6,
we used kT3 = 8.6keV and Nying3 = 4.5 x 10?2cm™2 (cor-
responding to the maximum wind column density for 9 Sgr).
These values provide the best fit, but from a statistical point of
view, the fit is not much different from that corresponding to
the lower limit values of Table 8.

In summary, we find that, provided the wind absorption is
properly treated, the EPIC spectra of 9 Sgr can be fitted equally
well either by a multi-temperature thermal model including
plasma at a temperature exceeding ~2 X 107 K, or by a model
including a non-thermal power law component with a photon
index I > 2.9.

5. Simultaneous VLA radio observations

We used the atps task “jmfit” to measure the flux on the cleaned
radio maps by fitting an elliptical Gaussian to the source. The
Gaussian has the same shape as the cleaned beam, so the posi-
tion and total flux are the only parameters fitted. A comparison
between the peak intensity and the flux resulting from the fit
shows that 9 Sgr is indeed a point source. Each flux determina-
tion is given an error bar equal to the rms in the field.
However, the major source of error in the fluxes is not the
statistical noise in the map, but rather the uncertainty in the
background subtraction. Various combinations of uvrange and
depth of cleaning (see Sect.2.2) give cleaned maps that are ac-
ceptably smooth, showing that all background and sidelobe ef-
fects have been removed (see Fig. 7). Rather than using a single
combination of uvrange and depth of cleaning to determine
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the flux, we opted to look at the whole range spanned by all
acceptable combinations. In doing so we did not clean deeper
than was necessary for a given uvrange (cleaning too deep can
easily lower the flux by 1 o). The resulting fluxes (see Table 9)
are then determined by taking the average of the highest and
the lowest value of the range. We added to the highest value its
rms, and we subtracted from the lowest value its rms. The re-
sulting error bar is given by the range between the average and
lowest/highest value. The error bars are sufficiently large that
we consider them to include the 1-5% calibration error.

To judge the robustness of our flux determination, we re-
peated the reduction, tapering the weights of longer baselines,
or using natural weighting instead of robust uniform weighting.
As almost all results fall within the error bar, we conclude that
the error bars we derived correctly reflect the accuracy of the
result.

The spectral indices (@) are given in Table 9, as well as the
error bars which were derived from the theory of propagation
of errors. For a thermal spectrum due to free-free radiation in
the wind, one expects @ =~ +0.6 (e.g. Wright & Barlow 1975).
The 9 Sgr spectral indices are negative, clearly indicating the
non-thermal character of the radio emission.

The radio flux of 9 Sgr is known to be variable (Bieging
et al. 1989). Our 6 cm flux is high compared to previous values,
but the error bar still overlaps the range covered by values in the
literature (see Table 9). Our value for 20 cm seems higher than
the Bieging et al. ones (3.6-3.9mly): however, when we re-
reduce their dataset, we tend to derive higher fluxes than they
did. As far as we know, no 3.6 cm fluxes have been published.
We did have a look at some of the 3.6 cm observations in the
VLA archive. The present observation falls within the range
of the archive data, but is again in the very upper part of that
range.

5.1. A simple model

In this section we attempt to fit the VLA observations of 9 Sgr
with a simple theoretical model. As pointed out in the intro-
duction, the non-thermal radio emission is believed to be syn-
chrotron radiation from relativistic electrons (White 1985). In
the presence of shocks and of a magnetic field, electrons are
accelerated to high energies (Bell 1978) through the first-order
Fermi mechanism (Fermi 1949), resulting in a power law dis-
tribution for the momentum p of the accelerated particles. The
radio flux originating from a distribution N(p, r) of relativistic
electrons, can be expressed as

Rinax 00
! f drdnr? f dpN(p. O PBO.p) (1)
R,

F, =
4xD? o
where P, is the emissivity for a single relativistic electron
(Rybicki & Lightman 1979), integrated over solid angle, B(r)
the magnetic field at radius » and D the distance to the star.
For the lower momentum cut-off of the power law, we took
po = 1 MeV/c (CW91). B(r) is related to the surface field B,
through
Urot R

B(r) =B, — —:
Voo T

2)
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Fig. 6. The EPIC spectrum of 9 Sgr together with different best-fitting models. The different panels illustrate the best fitting 2-T thermal model
with realistic wind absorption cross sections for the MOS?2 (upper left panel) and the pn (upper right panel), the 1-T + broken power law model
together with a wind absorption model (lower left panel) and the 3-T thermal model with wind absorption (lower right panel).

Table 6. Best fitting parameters of the 2-T thermal model fits with a wind opacity model (wabsigy*(Wabsying*mekal; +
wabsyin, *mekal,)). A fixed interstellar column density of 0.22 x 10?2 cm™2 has been applied to the model. The metallicity was fixed at
solar. EM is the emission measure defined by EM = fv ne ny dV where n. and ny stand respectively for the electron and proton density in the
X-ray emitting plasma. The observed spectral flux measured at Earth at energy E is then given by f(E) = ﬁ n(E,T)EM, where n(E, T)
stands for the emissivity as a function of temperature and energy. fx yields the observed (i.e. absorbed) flux integrated over the energy band
0.2-10.0keV (in units 1072 ergcm™2 s7"). The number of degrees of freedom is provided between brackets in Col. 8.

Inst. Nwind,l le 10g EMI

Nyind.2 kT, log EM, X»
(102 cm™?) (keV) (cm™) (102 cm™?) (keV) (cm™)

Jx

MOS1 034+0.16 0.26 £0.01 56.22 1.10+£0.71  0.78 £0.17 55.47 1.86(122)
MOS2  0.29+0.14 0.25+0.01 56.19 097+0.63 0.71 £0.15 55.56 1.44 (124)
pn 0.28 £0.09 0.26 +0.01 56.20 1.64+0.62 0.69 +0.27 55.79 1.19 (316)

1.64
1.71
1.84

Table 7. Same as Table 6, but for the best fitting parameters of 1-T mekal + broken power law fits to the EPIC-pn spectrum of 9 Sgr. I’
stands for the photon index of the power law above the low energy cut-off Ey (below E; the photon index is equal to 1), while K yields the
normalization factor of the broken power law (in photons s™' cm2keV~! at 1 keV).

Ey Ny, kT log EM

Nu

r K )(3

(keV) (10*2cm™2) (keV) (cm™) (102 cm™)

Ix

0.5 028 +0.09 0.26 £0.01 56.16
1.0 028 +£0.09 0.26 £0.01 56.19
2.0 028 +£0.09 0.26 +£0.01 56.20

<0.9
<13
<2.0

202+059 7.11x107 1.14(316)
340+0.80 8.17x10* 1.14(316)
433+£2.18 2.18x10™* 1.26(316)

1.84
1.83
1.81
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Table 8. Best fitting parameters of 3-T thermal model fit with a wind opacity model (wabsisy* (WabSying 1 *mekal; + wabsSying,*mekal, +
wabsying3 *mekals)). A fixed interstellar column density of 0.22 x 10?2 cm™2 has been applied to the model. The metallicity was fixed at solar.

2

Inst. Nwind,l kT] log EM] Nwind,Z sz log EMZ Nwind,3 kT3 log EM3 Xy
(102 cm™) (keV) (cm™) (102 cm™) (keV) (cm™) (10%cm™)  (keV) (cm™)
M1 0.34+£0.16 0.26+0.01 56.22 1.06 £0.68 0.71 £0.15 55.48 >0.63 >1.46 54.71 1.70 (118)
M2 0.29+0.14 0.25+0.01 56.23 0.86 £0.56 0.73+0.16 55.52 >0.63 >1.46 54.71 1.33(120)
pn 0.28 +£0.09 0.26 +0.01 56.22 1.65+0.62 0.67 +0.26 55.83 >0.63 >1.46 54.68 1.08 (312)
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Fig.7. Maps of 9 Sgr at 3.6, 6 and 20 cm (from left to right). Below each map the contour levels are listed. The negative contour is indicated
by the dashed line. The crosses indicate the optical position (ICRS 2000.0) from the Simbad database. The beamsizes are 1.4” x 0.5” (position
angle = 166°) at 3.6cm, 2.5” x 0.8” (PA = 163°) at 6¢cm and 8.4” x 2.6” (PA = 163°) at 20 cm. Note the different spatial scale for each of

the maps.

This expression, adopted from Weber & Davis (1967), is valid
only at large distances from the star (» > 10 R,), which covers
the region where the synchrotron radiation is emitted. We fol-
low White (1985) in assuming vy, = 250 km s~L. This value is
plausible, as vy sini = 128 km s7! (see Table 1). Free-free ab-
sorption in the wind is taken into account by setting the lower
spatial boundary to the effective radius R, of the radio emission
(Wright & Barlow 1975).

Besides the power law in momentum space (with expo-
nent n), we also assume a power law (with exponent ¢) for the
spatial dependence of the distribution:

n—1 -0
v s o2 (2]

MmeC
where f. and n; are the fraction of relativistic electrons and the
total electron number density at the stellar surface.

Equation (1) is to be integrated numerically. We take into
account the Razin effect, due to the presence of a background
plasma (Razin 1960). This effect causes synchrotron radiation
to be suppressed at higher wavelengths.

r

R,

3)

5.2. Fitting the observations

We adopt the stellar parameters listed in Table 1. For the surface
magnetic field we assume a value of B, = 100 Gauss (Chen &
White 1994). In Fig. 8 we present a model that fits our obser-
vations. We set 6 = 1, and then adapted n, f. and Rp,x, which
gives n = 5.5, Rypax = 160R, and f, = 4.5 X 1073, Of these pa-
rameters Ry,x appears to be the most critical. As expressed in

Table 9. A comparison of our radio flux determination with values
from the literature (Florkowski et al. 1985; Bieging et al. 1989). Our
error bars are dominated by the uncertainty in the background correc-
tion. The spectral indices derived from our data are also listed.

A Literature Our data Spectral
(cm) range flux (mJy) flux (mly) index
3.6 1.6 +04 11406
6 1.0(x0.4) — 2.5(x0.3) 2.8+04 04403
20 3.6(x0.3) —3.9(x04) 45+1.2 o

Eq. (1), Rmax sets the outer boundary of the synchrotron emis-
sion region. It has been shown by CW91 that, due to the effi-
ciency of Compton cooling, relativistic electrons cannot carry
much of their energy out of the region where they are acceler-
ated. Thus Ry« can be interpreted as the position of the termi-
nal shock. The index n is determined by the compression ratio y
of the shock: n = (y+2)/(x—1). A value of n = 5.5 corresponds
to weak shocks with a compression ratio of about 1.7.

Given the large number of parameters fitting a limited num-
ber of observations, the solution is not unique. For instance, a
model withé = 0.4, n = 4.5, Rpax = 165 R, and f, = 8.9x107°
fits the observations equally well.

At this stage, it is worth pointing out that Ry,.x is substan-
tially larger than the radius of the formation region of the Ne 1x
and O vu triplets. Although the VLA data tell us that the shocks
that produce radio emission exist out to large distances, these
shocks do not contribute a significant fraction of the thermal
X-rays. Since the emission measure of the X-ray line emission
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Fig. 8. Theoretical synchrotron radiation calculated with parameters
0=1,n=55 Rnx = 160R, and f, = 4.5 X 1073. The observations
are displayed as open diamonds.

scales with the square of the density, the observed X-ray emis-
sion is dominated by the densest regions that lie outside the op-
tical depth unity surface. The density in the outer shocks is ob-
viously too low to compete with the emission from the shocks
further in.

6. The optical spectrum

The optical spectrum of 9 Sgr displays a wealth of absorption
lines from H1, He1, He i as well as from some metal ions (e.g.
Om, Civ, Nm, N1v, Nv, ...). There are also a few narrow emis-
sion lines: Nm A14634-41, Cm 215696 and Si1v 14116.

The equivalent width ratio of the Her 14471 and
Hem 14542 absorption lines (W = EW(4471)/EW(4542) =
0.19) yields an O4 spectral type, while the strength of the
Hen 14686 absorption (EW = 0.75A) suggests a main-
sequence luminosity class. These classifications are in agree-
ment with results published in the literature (e.g. Mathys 1988).
The presence of Sitv in emission in addition to the N 1 emis-
sions and He 11 14686 absorption indicates an O4 V ((f*)) clas-
sification (see Walborn et al. 2002). The lack of any line at Si1v
14089 is usually interpreted as the 14089 absorption and emis-
sion canceling each other (see Walborn 2001).

We found no significant line profile variability in our spec-
tra of 9Sgr. This is in agreement with the conclusions of
Fullerton (1990) and Fullerton et al. (1996), who did not detect
profile variability in the C1v A 5801 and He11 5876 lines.

Garmany et al. (1980) investigated the multiplicity of 9 Sgr
from a set of eleven photographic spectra with a dispersion of
16.9Amm™". They concluded that 9 Sgr is probably single and
that the variations of about 30kms~! they detected arise most
likely in the atmosphere of the star.

We have measured the radial velocities (RVs) of the
strongest absorption lines in our spectra of 9 Sgr. We then
averaged the RVs of nine of them (Hem 144200, 4542,
4686, 5412; He1r 214471, 5876; Civ 445801, 5812 and
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Omr 45592). The results listed in Table 10 do not reveal any
significant RV changes. The mean RV averaged over the entire
data set amounts to 15.1 + 1.3kms™'. None of the individual
lines displays a 1 cRV dispersion over our data set exceeding
3.8kms~!. We conclude therefore that our data are consistent
with a constant RV in May 2000 and 2001.

However, our mean RVs of the C1v 15801 (W =232+
2.5kms™), Cv 15812 (ﬁ = 159 + 2.5kms™!) and He1
15876 (RV = 12.7 + 1.9kms™!) lines are about 42kms™!
more positive than the values quoted by Fullerton (1990) and
Fullerton et al. (1996)°. The data of Fullerton et al. were col-
lected over seven consecutive nights in June 1986 with a spec-
tral resolving power of ~25000 and their 1o dispersions on
the mean RV of individual lines are comparable to our values.
Therefore, although the time scale of the RV variations of 9 Sgr
is certainly poorly constrained, we conclude that RV variations
probably occur on time scales of several months or most prob-
ably several years.

Both datasets (i.e. Fullerton’s and ours) rule out RV varia-
tions on time-scales of a few days and probably up to several
weeks. This is in stark contrast with the results of Garmany
et al. (1980) who reported variations of 20kms~! within two
days that they ascribed to the stellar wind. Given the low am-
plitude of the RV variations, only high-quality, high-resolution
spectroscopic data are suited to probe the binarity of 9 Sgr and
a long-term monitoring of this star is clearly required to un-
veil RV variations such as those occuring over relatively short
time intervals around periastron passage in highly eccentric
binaries.

Fullerton (1990) already suspected 9 Sgr to be a spectro-
scopic binary and pointed out that the mean profiles of both
the C1v and Her1 absorptions were asymmetric, displaying a
prominent extension towards their red wing (see his Fig. A133).
We do not observe such an asymmetry in our data. The lack of
this feature in our data could indicate that we are indeed see-
ing a long-period double-lined spectroscopic binary which was
near conjunction in May 2000 and 2001, whereas it was near
quadrature in June 1986.

7. Discussion

Let us start by summarizing the most important results of our
multi-wavelength investigation of 9 Sgr. The present VLA data
show that at the time of the XMM-Newton observation, the ra-
dio emission of 9 Sgr was definitely non-thermal and the level
of emission was in the high end of the range hitherto observed
for this star. Our EPIC spectra reveal a hard X-ray component
that can be fitted equally well by a multi-temperature ther-
mal model including some plasma at kT > 1.46keV or by a
rather steep power law (I' > 2.9) component. Our RGS spec-
tra of 9 Sgr seem consistent with the overall picture of X-ray
emission due to shocks distributed throughout the stellar wind.
Finally, our optical spectra indicate no RV variations on time

> We can safely rule out that the velocity shift could be caused by
wavelength calibration uncertainties. Indeed, our mean RV of the in-
terstellar Nat1 15890 line (—12.3 + 0.2kms™") is in good agreement
with the mean of Fullerton’s (1990) data (—13.4 + 0.2kms™1).
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Fig.9. Upper panel: FEROS spectrum of 9 Sgr in the blue wavelength range. Lower panel: average FEROS spectrum of 9 Sgr around the
C1v 445801, 5812 lines and the He1 4 5876 line. Contrary to what happened in the data of Fullerton (1990), there is no outstanding asymmetry

in the red wing of these line profiles.

scales of weeks but reveal a significant RV change compared
to data taken fifteen years before.

7.1. Long term variability of the X-ray flux of 9 Sgr?

First, we briefly consider the issue of long term variability of
the X-ray emission of 9 Sgr. 9 Sgr was observed at three oc-
casions with the PSPC instrument onboard the ROSAT satel-
lite. The observations took place between 1991 and 1993. We
have extracted these observations from the archive and anal-
ysed them using the xSELECT software. The counts of 9 Sgr were
extracted within a radius of 36" and the background was evalu-
ated over an annulus around the source region. The background
corrected count rates are provided in Table 11. These data do
not provide evidence for strong variability of the X-ray flux.
Note also that converting the best fitting parameters of the
1-Tmekal + power lawmodeldiscussed hereabove into the-
oretical ROSAT-PSPC count rates yields 0.157 ctss™!. Given
the different sensitivities of the PSPC, EPIC and RGS instru-
ments, this value is in pretty good agreement with the observed
count rates. We conclude that the available data provide no in-
dication of a strong variability of the soft X-ray flux of 9 Sgr.

Table 10. Radial velocities of 9 Sgr as measured on our FEROS data.

Date RV
HID - 2450000 (kms™")

1669.718 149
1670.703 17.6
1671.710 15.5
1672.691 15.8
2037.731 14.6
2039.934 13.6
2040.694 14.1

7.2. What is the distribution of relativistic electrons

in the wind of 9 Sgr?

According to Bell (1978), a hydrodynamic shock with a com-
pression ratio y produces a population of relativistic electrons
with energies following a power law distribution of index n =
(r+2)/(x — 1). When these electrons undergo inverse Compton
scattering, they produce a power law spectrum of photon index
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Table 11. ROSAT-PSPC count rates of 9 Sgr as obtained from three
pointings of the star.

Sequence Duration Date PSPC rate
number (s) (ctss™h)
rp200194n00 1638 17 Mar. 1991  .173 £ .012
rp201261n00 4500 4 0Oct. 1992  .164 +.006
rp900374n00 10432 1 Apr. 1993  .160 +.004

I'=((m+1)/2 (CWI1). In their model, CW91 consider a distri-
bution of relativistic electrons with n = 2 (i.e. y = 4) resulting
in a power law spectrum with photon index I' = 1.5. Using the
parameters from Table 1 and Eq.(33) from CW91, we would
expect a flux of ~107%;/B, photonss~! cm™2 at 1 keV, where 1
stands for the ratio of the electron acceleration efficiency to that
of ions. This spectral shape is clearly at odds with our X-ray
observations of 9 Sgr.

Our data provide the tightest constraints on the properties
of a hard X-ray power law tail in an O-star so far. We note that
the EINSTEIN-SSS observations of the Orion Belt stars that
motivated the work of CW91 may have been affected by cal-
ibration issues involving the formation of ice on the entrance
window of this instrument. Indeed, subsequent ASCA observa-
tions of ¢ Ori failed to confirm the existence of a hard power
law tail in its X-ray spectrum (Corcoran et al. 1994).

Assuming that the I' > 2.9 power law component in our
spectral fits is indeed due to inverse Compton scattering by a
population of relativistic electrons, we find that n > 4.8 and
thus y < 1.79 are implied. It is interesting to note that our VLA
data also suggest a low compression ratio of y ~ 1.7. The latter
ratios are much smaller than the strong shock value y = 4 used
by CW91. Let us emphasize that the shocks responsible for the
acceleration of the electrons that produce the synchrotron radio
emission must be located at rather large radii. In fact, the sur-
faces of radial optical depth unity lie at 36, 53 and 125 R, for
emission at 3.6, 6 and 20 cm respectively (assuming a homoge-
neous, spherically symmetric, wind). On the other hand, hard
X-rays can arise from very close to the stellar surface and it
would thus not be too surprising to have different compression
ratios for the different energy domains.

Our results suggest that if the hard X-ray emission in the
spectrum of 9 Sgr is indeed due to a non-thermal phenomenon,
then the acceleration of relativistic electrons in the atmosphere
of this star cannot be described by the model of Chen & White
(1991). The theory of CW91 is based on a number of assump-
tions on the shock properties which may need to be revised.
The elaboration of such a model is beyond the scope of the
present paper and we defer this work to a future paper.

At this stage, let us stress that the compression ratios we
infer from the X-ray and radio data should be seen as typical
or average values. Rather than having one definite compression
ratio, the shocks in the wind are likely to have a distribution
of compression ratios, as is also suggested by hydrodynamical
models (e.g. Feldmeier et al. 1997). In this regard, it is natu-
ral that the values we find are lower than the maximum value
of y = 4.
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7.3. Is 9 Sgr a binary system?

Assuming instead that the high energy spectrum of 9 Sgr is of
thermal origin, a possible explanation to account for the strong
non-thermal radio emission and the lack of non-thermal X-rays
is to imagine that the radio emission arises from electrons ac-
celerated in a shock region far away from the photosphere of
the O4 star where inverse Compton scattering would be less
efficient. This could be the case if 9 Sgr were a binary system.
As pointed out above, our data hint at a variation of the RV of
9 Sgr over time scales of months or probably years.

Abbott et al. (1984) suggested that non-thermal radio emis-
sion might arise from accretion onto an undetected compact
companion in a so-called X-ray quiet binary system. However,
as pointed out by these authors, the extreme youth of 9 Sgr
(age ~1.5Myr, Sung et al. 2000) argues against this hypoth-
esis. In fact, even extremely massive stars of 120 My would
not have the time to complete their evolution and end up as a
compact object within 1.5 Myr (e.g. Maeder & Meynet 1994).
However, 9 Sgr may be a post mass-exchange binary, in which
the present-day primary was rejuvenated through mass accre-
tion and mimics a younger age. This possibility cannot be fully
discarded although one would probably expect some peculiar
abundances in the photosphere of the star. The analysis of
Bohannan et al. (1990) did not reveal evidence for such pe-
culiar abundances.

Another mechanism to produce non-thermal radio emission
in a binary system relies on the colliding wind scenario (Eichler
& Usov 1993). Dougherty & Williams (2000) showed that
seven out of nine non-thermal radio emitting Wolf-Rayet (WR)
stars are visual or spectroscopic binaries. Therefore, these
authors argue that most, if not all, of the Wolf-Rayet stars
that display non-thermal radio emission could be colliding
wind binaries. Could 9 Sgr be a colliding wind binary sys-
tem then? Let us point out that the X-ray luminosity of 9 Sgr
Lx ~ 1.4 x 103 ergs™! (corrected for an interstellar column
of 0.22 x 10*2 cm™2 and assuming d = 1.58kpc) is not excep-
tional for a star of this bolometric luminosity (e.g. Berghofer
et al. 1997). The ratio log (Lx/Lpo)) = —6.35 reveals no out-
standing excess attributable to a wind interaction. In order to
produce such a modest X-ray luminosity, a colliding wind bi-
nary would need to be either very wide (shocked winds adi-
abatic, see e.g. Pittard & Stevens 1997) or very close (winds
collide before they accelerate to large velocities). The latter
case can be ruled out because the wind collision region (and
hence the electron acceleration site) would be located deep in-
side the opaque radio photosphere making it very difficult to
observe any non-thermal radio emission. Also we would ex-
pect to observe substantial RV changes on time scales of a
few days or weeks, unless the orbital inclination would be al-
most zero degrees. The possible long-term RV variations that
we have uncovered suggest that this is not the case. Therefore,
it seems more likely that 9 Sgr is a wide long-period spectro-
scopic binary.

If the asymmetry in the C1v and Her lines reported by
Fullerton (1990) reveals indeed an SB2 binary at a phase
near quadrature, then the companion of the O4 V star must be
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another O-type star®. Of course more observations are needed
to ascertain this scenario, but it is worth pointing out that
the combined optical brightness of two main-sequence O-
stars may lead to an interesting problem with the distance of
9 Sgr. Throughout this paper we have assumed a distance of
1.58 kpc, while Sung et al. (2000) derived d = 1.78kpc for
the NGC 6530 cluster. Therefore, it remains to be seen whether
there is ‘enough room’ in the optical brightness of 9 Sgr for an
O-type companion.

Mason et al. (1998) performed speckle observations of a
sample of O-stars including 9 Sgr. The speckle camera used
by these authors can detect binaries with angular separations
in the range 0.035” < p < 1.5” and with an optical bright-
ness ratio of Amy < 3. Let us assume that the non-detection
of a visual companion by Mason et al. allows us indeed to rule
out the presence of a companion at more than 0.035”. At a
distance of 1.58 kpc, this corresponds to a linear separation of
55 AU. Now, assuming that 9 Sgr consists of an O4 V primary
of mass M ~ 55 Mg and an ~O8V secondary of M ~ 25 M,
we find that the non-detection of Mason et al. (1998) sets an
upper limit of 45 yrs on the orbital period of a binary seen at
quadrature phase and assuming a circular orbit.

Could a wind-wind collision in a long-period binary pro-
duce the observed X-ray spectrum? Wide colliding wind sys-
tems have an adiabatic wind collision where the X-ray lumi-
nosity scales as the inverse of the orbital separation. Most wide
systems (with orbital periods greater than one year) that we
know about are WR + O binaries, and the higher mass-loss rate
of the WR component helps to keep the X-ray emission fairly
strong (e.g. WR 140). However, in an O + O binary, the X-
ray luminosity should be drastically reduced (since Lx scales
as M?, Pittard & Stevens 1997). In an O + O binary with a
period of a few years or more, one expects that the soft X-
ray emission would remain dominated by the intrinsic emis-
sion from each star while the wind-wind collision would only
dominate at high energies (e.g. E > 3keV) where there is no
contribution from intrinsic wind shocks. We have carried out
hydrodynamic simulations (e.g. Pittard & Stevens 1997; Pittard
2000) of the X-ray emission of a colliding wind system consist-
ing of an O4 primary (log M = —5.6, v, = 2950kms™', M =
55 M) and an O8 secondary (log M = —6.6, v, = 2950km s,
M = 25 My,). For an assumed orbital period of 10 yrs (orbital
separation 20 AU) the hydrodynamic model predicts a lumi-
nosity of ~5 x 1032 ergs~!. The corresponding flux at 3keV
is 6.7 x 107" ergcm™2 57! keV~! which is about a factor 3 too
high compared to the observed flux of 9 Sgr. However, increas-
ing the orbital separation by the same factor 3 would reduce the
predicted flux to match the observed value, which would then
imply an orbital period of approximately 50 yrs. It can also be
seen that the simulated colliding wind spectrum (see Fig. 10)
does not fall off as fast as the hard energy tail of the observed
spectrum. Reducing the pre-shock wind velocity, particularly
of the primary star, would reduce this discrepancy.

We note that confirming the presence of an iron Kea line
in future observations would suggest that the hard X-ray

® The C1v lines are strongest at types O6 — O7 (Walborn 1980).
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continuum is thermal too and would lend further support to the
colliding wind interpretation.

Finally, let us point out that among the seven non-thermal
radio emitting O-type stars listed by Williams (1996), there are
at least three confirmed binary or multiple systems (HD 15558,
HD 167971 and Cyg OB2 No. 5). Cyg OB2 No. 5 consists of a
short period colliding wind binary (Rauw et al. 1999) with a
more distant third component. The non-thermal radio emission
has been resolved with the VLA and has been suggested to be
associated with the wind interaction zone between the short pe-
riod binary and the third component (Contreras et al. 1997).
HD 167971 (O81Ib(f)p) has the strongest non-thermal radio
emission among the OB stars detected in the survey of Bieging
et al. (1989). Leitherer et al. (1987) describe HD 167971 as a
close eclipsing O-star binary (Pyp = 3.32days) with a third
more distant and much brighter O8 I companion (which could
be a line of sight object). HD 15558 is the spectroscopic O-star
binary with the longest orbital period hitherto known (Poy, =
439.3 days, e = 0.54, Garmany & Massey 1981).

7.4. Conclusions and final remarks

Our multi-wavelength investigation of 9 Sgr confirms the non-
thermal origin of its radio emission. However, the X-ray data
do not reveal the E~! hard power law tail predicted by the
model of CWI1. Instead, we find that the X-ray spectra can be
fitted if we include a steep power law component in the fits. If
this model component is real, then the relativistic electrons that
produce it must be accelerated in weak shocks with a very low
compression ratio.

In this context, it is interesting to point out that Skinner
et al. (2002) reported the existence of a hard X-ray compo-
nent in the presumably single Wolf-Rayet star WR 110. This
hard component could be either thermal (kT > 3 keV) or non-
thermal emission. In the former case, Skinner et al. (2002) pro-
pose a model where the Wolf-Rayet wind crashes onto an as yet
undetected close companion. In the latter case, the hard com-
ponent can be fitted with a photon index I' = 2.2*04, not too
different from the theoretical value of CW91 corresponding to
strong shocks. Skinner et al. caution that the radio emission
from WR 110 yields no indication of a synchrotron compo-
nent. However, the lack of non-thermal radio emission does not
rule out the existence of a non-thermal X-ray emission since
the synchrotron radio emission formed within the wind could
be strongly absorbed by the huge free-free opacity. Therefore
it could be that non-thermal X-ray emission is actually more
common among early-type stars than expected from their radio
properties. More observations of both thermal and non-thermal
radio emitting early-type stars with XMM-Newton as well as
the elaboration of new theoretical models are needed to clarify
the nature of the hard X-ray emission component.

However, our optical data suggest that 9 Sgr could be a
long-period spectroscopic binary. Therefore, it seems that a
colliding wind scenario provides a plausible alternative and
that the hard X-rays could be emitted in a very hot thermal
plasma of a wind interaction region. A long-term high resolu-
tion spectroscopic monitoring of 9 Sgr is therefore indicated
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Fig.10. Simulated unabsorbed X-ray emission from a wind-wind
collision in an O4 + O8 binary system with orbital period 10 yrs.
Interstellar and wind absorption would greatly reduce the flux below
1keV, but the ISM column should only absorb a few per cent of the
flux at 3keV. See the text for details.

to unambiguously clarify the multiplicity of this star. Also
it would be valuable to perform a multi-wavelength monitor-
ing campaign to determine whether broad-band variations (like
those seen in the radio, IR and X-rays for WR 140) can be es-
tablished for 9 Sgr.
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