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ABSTRACT

We report the near-infrared (near-IR) identification of the likely counterpart to X1908+075,
a highly absorbed Galactic X-ray source recently suspected to belong to the rare class of
OB supergiant—neutron star binary systems. Our JHK,-band imaging of the field reveals the
existence within the X-ray error boxes of a near-IR source consistent with an early-type star
lying at d ~ 7 kpc and suffering Ay ~ 16 mag of extinction, the latter value being in good
agreement with the hydrogen column density derived from modelling of the X-ray spectrum.
Our follow-up, near-IR spectroscopic observations confirm the nature of this candidate and
lead to a late O-type supergiant classification, thereby supporting the identification of a new
Galactic OB-supergiant X-ray binary.

Key words: stars: early-type — infrared: stars — X-rays: binaries — X-rays: individual:
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1 INTRODUCTION

The class of high-mass X-ray binaries (HMXRBs) is defined as
systems made up of a compact object (generally a neutron star)
accreting material from the wind of an early-type companion, ei-
ther an OB supergiant or a Be star (in which case X-ray out-
bursts occur when the neutron star passes through the circumstellar
disc). Although the vast majority of the HMXRBs are identified as
Be/X-ray binaries, the few systems with an OB supergiant primary
are of particular interest. First, these objects might ultimately lead
to the formation of a neutron star-black hole system and are thus
important in the context of massive binary star evolution. Secondly,
the disturbance induced by the orbital motion of the collapsed object
through the primary stellar outflow can be used to probe the struc-
ture and physical properties of radiation-driven winds (e.g. Haberl,
White & Kallman 1989; Kaper, Hammerschlag-Hensberge &
van Loon 1993). To date, however, only a handful of OB-supergiant
X-ray binary systems have been optically identified (Liu, van
Paradijs & van den Heuvel 2000). Therefore, there is a need to
uncover other members of this important population.

The Galactic X-ray source X1908+4-075 was first detected using
the Uhuru satellite (Forman et al. 1978) and has been persistently
catalogued ever since by several X-ray missions. These observations
are summarized by Wen, Remillard & Bradt (2000, hereafter WRB)
who present a variability study of this source using the All-Sky
Monitor (ASM) onboard the Rossi X-Ray Timing Explorer (RXTE)
satellite. The X-ray power ({Lx) ~ 5 x 10% erg s~! in the 5-
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100 keV energy band for an adopted distance of 7 kpc and Ay ~
15 mag) showed a coherent, energy-dependent sinusoidal modula-
tion (£30 per cent in the 5-12 keV energy band) over 3 yr with a
period of 4.400 £ 0.001 d. This value is best interpreted as the orbital
period of a binary system, but seems too long to be associated with a
low-mass X-ray binary. The X-ray luminosity is also typical of other
HMXRBs, but the smooth and regular nature of the X-ray light curve
argues against a transient Be—neutron star binary system. These ar-
guments suggest that the mass-donor star is an OB-type supergiant,
while the hard X-ray spectrum supports a neutron star compan-
ion. Levine et al. (2004) recently discussed pointed observations of
X1908+075 carried out with the Proportional Counter Array (PCA)
and the High Energy X-ray Timing Experiment (HEXTE) onboard
RXTE. Their analysis confirmed the modulation of the X-ray flux
according to the 4.400-d orbital period, but also revealed the exis-
tence of pulsed emission with a period of 605 s. The location of
X1908+075 in the pulse period/orbital period plane clearly indi-
cates that it is a wind-fed accretion system (Corbet 1986). The mass
function derived from the Doppler delay curve, along with an esti-
mate of the orbital inclination angle derived from modelling of the
orbital phase-dependence of the X-ray flux (38° < i < 72°), led
to a mass of the primary in the range 9-31 M, and an upper limit
on its size of about 22R. After assumptions about the outflow
dynamics, the wind column density estimates were used to derive a
wind mass-loss rate, M, exceeding 1.3 x 10-° Mo yr’l. Based on
the inferred stellar parameters and high mass-loss rate, they further
hypothesized that the mass donor could be a Wolf—Rayet star.

The Einstein Imaging Proportional Counter (IPC) has localized
this X-ray source at 19" 10™ 46° and +07° 36’ 07" (J2000) with an
uncertainty of about 50 arcsec. Additional constraints on the position
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are provided by observations made with the modulation collimator
experiment (A-3) onboard the HEAO I satellite (see WRB).! This
relatively small error box offers promising prospects for seeking the
counterpart, although the very high dust obscuration resulting both
from the presumably large distance and from the location close to
the Galactic plane (b ~ —0.8°) prevents any follow-up studies in
the optical. Here we present near-infrared (IR) imaging and spectro-
scopic observations identifying the likely counterpart to this X-ray
source as a late O-type supergiant.

2 OBSERVATIONS AND RESULTS

2.1 Imaging

We obtained JHK,-band images of the field on service observing
mode on 2001 August 9 (JD 2452 131.50) with the IR camera
CAIN-II mounted on the Carlo Sanchez Telescope (TCS) at Teide
Observatory (Canary Islands, Spain). The observations were carried
out under photometric sky conditions and a seeing of about 1.6 arc-
sec. In the adopted configuration, the plate scale is 1 arcsec pixel ™'
and the field of view is 4.2 x 4.2 arcmin?.

Standard reduction procedures for near-IR imaging were applied
(multiplication by a bad pixel mask, bias subtraction, removal of
pixel-to-pixel sensitivity variations in the array). A mean sky frame
was created by applying a median filtering procedure to the data
frames themselves. After subtraction of this mean sky frame, the in-
dividual science images (which were obtained in a dither sequence
with a spatial offset of 64 arcsec) were aligned and mosaicked. The
astrometric calibration was achieved with reference to the positions
of 16 field stars in the USNO-A2.0 catalogue. The internal astro-
metric errors are of the order of 0.35 arcsec, as judged from the
residuals between the measured and catalogued positions of the ref-
erence stars. The near-IR images, along with an optical image taken
from the Digitized Sky Survey, are shown in Fig. 1. Our images
reach a limiting magnitude in all three bands comparable to the
2MASS data, but our resolution is considerably higher owing to the
poor weather conditions experienced during the 2MASS observa-
tions (seeing ~2.6 arcsec).

The stellar magnitudes were computed for the stars detected at
the 30 level using the task PHOT in the IRAF® photometric package
APPHOT. The stellar magnitudes were determined by integrating the
counts through a circular aperture with a fixed radius of 3 pixel. This
value provides a robust estimate of the stellar flux, while minimizing
the contribution of background noise. The local sky level was esti-
mated in a nearby, concentric annular region. The faint standard star
FS35 was used for calibration (Hunt et al. 1998).> A subsequent cor-
rection for atmospheric extinction was applied. The limiting mag-
nitudes for a 30" detection in the science frames are about 17.8, 16.5
and 16.5 mag in J, H and Kj, respectively. The counterpart is ex-
pected to be detected in all three bands if we consider an early-type

! Note that the position of the grid of HEAO I A-3 ‘diamonds’ in fig. 1 of
WRB is incorrect (L. W. Wen, private communication). See Fig. 1 for the
correct position.

2 [RAF is distributed by the National Optical Astronomy Observatories, op-
erated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

3 We transformed the K magnitude quoted by Hunt et al. (1998) into a K
magnitude using equation (8) of Carpenter (2001). Although this implicitly
assumes that the CAIN and 2MASS Kj;-band total responses are similar, the
errors arising from such an approximation are very small for a star with the
colour properties of FS35 (see, e.g. equations 16 and 26 of Carpenter 2001).

star with the distance and amount of interstellar absorption inferred
from the X-ray data.

The colour—colour and colour—-magnitude diagrams for the stars
in common between the Einstein and HEAO 1 error boxes are shown
in Fig. 2 (we also plot, using different symbols, the three brightest
sources to the south-east of the field lying within the HEAO 1 er-
ror box, but just outside the Einstein error circle). To isolate the
potential counterparts, we have indicated the expected positions of
two representative early-type stars (OS5 V and O9 I) lying at d =
7 £ 3kpc and suffering Ay = 15 £ 5mag of extinction (WRB).
These rather generous uncertainties are somewhat arbitrary and are
only intended to lead to a conservative pre-selection of the counter-
parts. Three candidates (hereafter A, B and C; see also Fig. 1 for
their positions) appear to have near-IR properties consistent with
the assumed distance and amount of visual extinction. Candidate
C, however, formally lies outside the intersection of the two X-ray
error boxes. The coordinates and near-IR magnitudes of these three
potential counterparts are quoted in Table 1.

2.2 Spectroscopy

Follow-up, medium-resolution HK-band spectroscopy of the two
prime candidates A and B was obtained on service observing mode
on 2002 May 24 with the near-IR spectrograph CGS4 mounted
on the United Kingdom Infrared Telescope (UKIRT). The sky was
photometric and the seeing in the range 0.4-0.6 arcsec. The obser-
vations were carried out at JD 2452 419.04, which corresponds to
an orbital phase ¢ ~ 0.07 according to the ephemeris of Levine
et al. (2004) for a circular orbit: P = 4.4006 + 0.0006d and T oy =
2452 643.8 (zero phase is fixed at minimum X-ray flux, i.e. at su-
perior conjunction of the neutron star). We used the 300-mm focal
length camera, a 0.6-arcsec wide slit and the 40 lines mm~' grating
in the first order (resolving power R ~ 800 at 2 um). The spectral
range covered in a single exposure is 1.60-2.24 um. The slit of the
spectrograph was oriented east—west, except for candidate B (PA =
—15°, i.e. nearly north—south) in order to avoid contamination from
a faint near-IR source immediately lying to the east (see Fig. 1).
Several background-limited exposures (for a total integration time
amounting to 150 and 300 s for candidates A and B, respectively)
were obtained while nodding along the slit.

Initial reduction tasks (application of the bad pixel mask, dark
and bias subtraction, as well as flat-fielding) were carried out with
the CGS4 data reduction pipeline ORAC-DR. Further reduction steps
were carried out with the IRAF software. The OH sky lines in the
science frames were removed by subtracting two-dimensional spec-
tra obtained at different slit positions. The spectra were optimally
extracted taking into account the data values and detector character-
istics. An argon lamp taken at the beginning of the observations was
used for the wavelength calibration. The spectra were subsequently
continuum-normalized by fitting a low-order cubic spline polyno-
mial to (pseudo) line-free regions. The removal of the telluric lines
was performed using spectra of the A3 star HD 179939 obtained
close in time (less than 50 min) and airmass (less than 0.03) to the
target observations. The spectrum of the A star can be considered,
to first order, featureless, except for the presence of the hydrogen
lines of the Brackett series (Br 10-12 and Bry in the H and K band,
respectively). The procedure for removing the atmospheric telluric
lines in the science spectra consisted of:

(1) interactively fitting the hydrogen lines in the telluric standard
using Gaussian or Voigt profiles, paying special attention not to
include the weak telluric features on both sides of the Brackett lines;

© 2004 RAS, MNRAS 356, 665-670
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Figure 1. Contour maps of the field in the optical (image taken from a POSS-II red plate), J, H and K| bands (the lowest contour is drawn at 30 above
the background noise, and then by steps of 60). The 50-arcsec error circle of the Einstein satellite (solid line), as well as the diamond-like error box of the
HEAO 1 satellite (dashed line) are overlayed. The IDs of the potential candidates (A, B and C, see text) are indicated in the lower, right-hand panel. North is

up and east is to the left.

(i1) subtracting the fitted profiles from the A-star spectrum; and
(iii) dividing out the target spectra by this template telluric
spectrum.

The typical signal-to-noise ratio estimated from the photon statistics
is 130 and 60 at Bry for candidates A and B, respectively. These
figures are likely upper limits, however, considering the significant
source of error arising from the unavoidably imperfect telluric cor-
rection. The HK-band spectra of the two candidates are shown in
Fig. 3.

Although some of the weak spectral features identified in candi-
date B might be spurious in view of the rather limited data quality,
this star clearly exhibits a large number of metallic lines absent ei-
ther in candidate A or in the spectrum of a G5 star (HD 179220)
taken during the same observing run (not shown). The identifica-
tion of the spectral lines was mainly based on the atlases of Meyer
et al. (1998) and Wallace & Hinkle (1996, 1997). The presence of
the luminosity-sensitive, second-overtone '>CO(6,3) band head at
1.619 um can be taken as evidence for a cool star (7 ¢ < 5000 K),
most likely of luminosity class I-III (Meyer et al. 1998; Ivanov
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et al. 2004). The marginal detection of candidate B in the optical
waveband suggests that it is a foreground source (Fig. 1).

The spectral morphology of candidate A is drastically different,
with only evidence for hydrogen, helium and nitrogen lines. Sev-
eral pieces of evidence unambiguously point to an early-type star
(Hanson & Conti 1994; Hanson, Conti & Rieke 1996; Hanson, Rieke
& Luhman 1998; Lenorzer et al. 2004; Hanson et al., in preparation):

(1) the emission-like N 111 A2.1155 pm line is only seen in O stars
and, in particular, in members of the ‘Of” class, defined as show-
ing the optical N1 AA4634, 4640 doublet in emission (Conti &
Alschuler 1971);

(i1) Bry is only in emission in O supergiant stars, not in O
dwarfs/giants or B-type stars; and

(iii) the absence of the Hen lines at 1.693 and 2.189 pm, as
well as the C1v lines at 2.069, 2.078 and 2.083 pm, rules out an
early O-type star; this assertion is supported by the detection of
He122.113 pm.

The measured strength of several diagnostic lines (see Table 2)
all converge to a classification as a late O-type star, while Bry in
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Figure 2. Colour—colour and colour—-magnitude diagrams for the stars in common between the Einstein and HEAO 1 error boxes (filled circles). Only stars
detected in the three bands are shown. The three brightest sources to the south-east of the field lying within the HEAO 1 error box, but just outside the Einstein
error circle, are also plotted (open circles). The position of candidates A, B and C is indicated. The diagonal lines in the left-hand panel and the boxes in the
right-hand panel show the expected loci of the near-IR counterpart to X1908+075, assuming an O5 V (dashed line) or an O9 I (solid line) star (see text). We
used the calibrated My values and near-IR colours of Vacca et al. (1996) and Koornneef (1983), respectively. The intrinsic colours of dwarfs (dashed line)
and supergiants (solid line) in the 2MASS photometric system are shown in the left-hand panel (we used the data of Koornneef 1983 and the transformation
equations of Carpenter 2001). An arrow indicates the effect of reddening (near-IR interstellar extinction law from Rieke & Lebofsky 1985).

Table 1. Coordinates and near-IR magnitudes of the three potential counterparts.

ID a (J2000)¢ 8 (J2000)* J (mag)” H (mag)” K, (mag)”

A 19" 10™485204 (21) +07°35'52/32 (26) 13.199 4+ 0.018 11.380 & 0.012 10.457 £ 0.018
B 19" 10465923 (18) +07°36'41713 (30) 13.492 4 0.021 12.054 & 0.014 11.399 4 0.021
C 19" 10m475713 (28) +07°35'20791 (26) 13.721 £ 0.025 11.432 4 0.012 10.387 £ 0.018

Notes. “The numbers given in parentheses are the 1o uncertainties in the last decimal places. They take into account the typical
astrometric uncertainty of the USNO-A2.0 catalogue (~0.25 arcsec), as well as differences in the relative position of the source in
the J, H and K frames. The coordinates of candidate A differ by ~0.7 arcsec from the values quoted in the 2MASS Point Source

Catalogue.

bNote that these values may be slightly affected by nearby, faint near-IR sources (see Fig. 1). The quoted errors are the 1o uncertainties.
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Figure 3. Continuum-normalized HK-band spectra of candidates A (top) and B (bottom). The spectrum of candidate A has been shifted along the ordinate axis
by 0.4 continuum units. The most prominent spectral features are labelled (uncertain identifications are indicated by a question mark). The line wavelengths
and EWs of the lines identified in candidate A are quoted in Table 2. The reader is referred to Lancon & Rocca-Volmerange (1992), Meyer et al. (1998) and
Wallace & Hinkle (1996, 1997) for further details regarding the features identified in candidate B. The @ symbols mark the position of the strong CO; telluric
lines. Some spurious features arising from an imperfect telluric subtraction can be seen at these locations.

emission diagnoses a supergiant (Hanson et al. 1996, 1998). Based
on these arguments, we propose a 07.5-09.5 If classification. The
K-band spectral morphology is reminiscent of HD 57060 (O7 lafp)
or HD 151804 (O8 Iaf; Hanson et al. 1996). Similarities are also

found with HD 123008 (ON9.5 Iab), for instance (Hanson et al.,
in preparation). The most conspicuous difference is the absence
in X1908+075 of the He1 A2.058 pum line, as observed in other
OB-supergiant X-ray binaries (e.g. Cyg X-1; Hanson et al. 1996).

© 2004 RAS, MNRAS 356, 665-670



Table 2. Line properties of X1908+075.

Line EW (A)
Br 12 11.6412 +1.4
Br 11 11.6810 +0.8
He111.7007 +1.9
Br 10 11.7367 +1.5
He1A2.1127 +12
N A2.1155 —0.6
He112.163 +0.7
Bry 12.1661 —1.4

Setting stringent limits on the strength on this feature is hampered
by the existence of a strong telluric band stretching from 2.045 to
2.080 pm. If present, however, the helium line is clearly very weak.
We note the lack of a clear relationship in O stars between the
strength of this feature and the spectral type (Hanson et al. 1996).
This peculiar behaviour may result from the sensitivity of this line
to the extreme UV flux, for instance (e.g. Najarro et al. 1994).

The question naturally arising is to what extent a classification
scheme based on ‘normal’ OB stars can be confidently used for
stars harbouring a compact object. Despite the fact that Hanson
et al. (1996) obtained K-band spectra of several HMXRBs and did
not find clear evidence for spectral peculiarities compared to single
stars with the same optical classification, we cannot certainly rule
out that the presence of the neutron star affects in some way our spec-
tral classification. However, the fact that all diagnostic lines yield
consistent results gives us confidence in our results. Furthermore, a
circular orbit would imply that our spectroscopic observations were
secured close to superior conjunction of the neutron star (see Sec-
tion 2.2). Were it to be the case, this fortunate circumstance would
imply that the spectral type we derive is not strongly biased by the
X-ray irradiated part of the photosphere of the primary.

3 DISCUSSION

Although phase-locked photometric variations might be expected in
X1908+075, our near-IR magnitudes appear to be compatible with
the 2MASS Point Source Catalogue data (observations obtained
at JD 2451394.61; designation 2MASS 19104821+40735516):
J =13.228 £0.021, H = 11.457 £ 0.027 and K; = 10.480 +
0.022 mag. Using the absolute magnitudes appropriate for an O9
I star (Koornneef 1983; Vacca, Garmany & Shull 1996) and the
near-IR interstellar extinction law of Rieke & Lebofsky (1985), we
obtain from our data: d ~ 7kpc and Ay ~ 16.5mag. WRB and
Levine et al. (2004) derived a column density of intervening inter-
stellar material to the source in the range Ny = 3.0-4.6 x 102
atoms cm~2 from a modelling of the X-ray spectrum. This trans-
lates into an amount of interstellar extinction, Ay = 16.0-24.6 mag
(Bohlin, Savage & Drake 1978). This range of values is in reason-
able agreement with our estimate considering the large uncertainties
involved, for instance, in the empirical transformation between the
hydrogen column density and the optical extinction in the V band.
X1908+075 is undetected on a POSS-II red plate going down to
R ~ 20mag (see Fig. 1), in accordance with our derived spectral
type, distance and amount of interstellar extinction (we expect R
~ 24.5 mag for Ay ~ 16.5mag, My = —6.5and V — R = —0.15;
Vacca et al. 1996).

Levine et al. (2004) estimated the following physical parame-
ters for the primary star based on RXTE data: M, = 9-31 M), R,
< 22Rp and M 2> 1.3 x 107° M yr~!. The constraint on the

© 2004 RAS, MNRAS 356, 665-670

A new OB-supergiant X-ray binary ~ 669

stellar radius, together with the high mass-loss rate inferred, led
them to propose that the massive component could be a Wolf—Rayet
star. This interpretation is, however, not supported by the lack in
X1908+075 of strong, broad emission lines (see, e.g. Morris et al.
1996; Figer, McLean & Najarro 1997). Because Wolf—Rayet stars
have absolute magnitudes and colours comparable to O-type super-
giants, it is likely that such an object would have been isolated by its
photometric properties (Fig. 2). Although perhaps not compelling in
itself, systems made up of a Wolf—Rayet star and a compact compan-
ion are expected to have short orbital periods following a spiral-in
phase (e.g. de Donder, Vanbeveren & van Bever 1997). A period of
4.8 hr is observed in Cygnus X-3, the prime candidate for such a
system (van Kerkwijk et al. 1996).

The most stringent constraint coming from the X-ray data is
the fact that the neutron star is accreting material well below the
Eddington rate. This implies that the companion is wind-fed and
lies within the Roche lobe, i.e. R, < 22R(. Optical radial ve-
locity curves have been combined with X-ray eclipse data by van
Kerkwijk, van Paradijs & Zuiderwijk (1995) to derive accurate
masses and radii for three BO-B0.5 supergiants in X-ray binaries.
They derived R, ~ 30R and M, ~ 24 M, for Vela X-1, while
R, ~ 15 R and M, ~ 15M¢ was found for 4U 1538-52 and
SMC X-1. This shows that a supergiant classification does not en-
ter in conflict with the upper limit on the stellar radius, although
it is likely that X1908+075 is close to filling its Roche lobe, as
commonly observed in these systems.

Mass-loss rates of late O-type supergiants measured from the ra-
dio free—free emission or from the strength of the He line typically
lie in the range 1-10 x 10~* Mg yr~! (e.g. Leitherer 1988; Lamers
& Leitherer 1993). Theoretical models of radiation-driven winds
predict an inverse dependence of the mass-loss rate with the stellar
mass (e.g. Abbott 1982). The value M > 1.3 x 10 Mg yr~! de-
rived by Levine et al. (2004) is thus entirely conceivable considering
that X1908+4-075 has a lower mass than the stars discussed above.
However, a comparable luminosity is required for this object: typi-
cally log (L./Lg) 2 5.2 (Vink, de Koter & Lamers 2000). We note
that the N1 A2.116 line in emission suggests an evolved O star
with a very high luminosity and a rather strong stellar wind (Conti
& Alschuler 1971).

4 CONCLUSION

The use of several diagnostic lines in the HK windows has led to a
robust classification of the likely counterpart to X1908+075 as a late
O-type star, while Bry in emission strongly points to a supergiant
(Hanson et al. 1996). The proposed 07.5-09.5 If spectroscopic
classification is internally consistent with the near-IR photometric
properties and also compatible with the stellar parameters indepen-
dently derived by Levine et al. (2004) from X-ray data, provided that
the star satisfies log (L,/L@) 2 5.2. As mentioned previously, the
X-ray data do not argue in favour of a Be/X-ray binary system. The
lack of strong near-IR emission lines in X1908+075 strongly sup-
ports this conclusion (Everall et al. 1993). Despite the prohibitively
high visual extinction, further advances in our understanding of this
system may come from radio or time-resolved near-IR observations,
the latter both in the photometric and spectroscopic modes. Further
X-ray observations with higher spatial resolution, as well as near-IR
spectroscopic data for other possible candidates in the field (notably
candidate C; see Figs 1 and 2), are also needed for an unambiguous
identification of the counterpart. In this regard, we point out that the
lack of evidence for an embedded young cluster in the line of sight
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to X1908+075 (Bica et al. 2003, and references therein) strengthens
the case for a correct identification.
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