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Abstract. High-resolution optical spectra of the high-mass X-ray binary 4U 1907+09 covering the wavelength range
4680—10400 A indicate that the X-ray pulsar’s massive companion is an O8/09 supergiant with a dense stellar wind. The
interstellar atomic lines of NaI and K1 of this strongly reddened source (E(5-y, = 3.45 mag) are used to set a lower limit to its
distance: d = 5 kpc, excluding the possibility that the massive companion is a Be star. We re-evaluate the system parameters;
the new spectral classification of 4U 1907+09’s O supergiant companion is discussed in the context of its similarity in X-ray
and orbital properties to Wray 15-977/GX 301-2. The Ha line shows variability similar to what is observed in other wind-fed
systems. A remarkable feature is the strong He 11 4686 A emission line, which possibly originates in the accretion flow towards

the X-ray pulsar.
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1. Introduction

The optical counterpart to the X-ray pulsar 4U 1907409 (also
referred to as 4U 1907+097) (Giacconi et al. 1971) is a heav-
ily reddened massive star (V = 16.4 mag) showing broad
Ha emission (Schwartz et al. 1980), identifying the system
as a high-mass X-ray binary (HMXB). The X-ray flux is pro-
duced by the accretion of material from the massive compan-
ion’s stellar wind onto the neutron star. HMXBs are divided
into two subclasses: the majority (~80%) of systems host a
Be star, a rapidly rotating B main-sequence star or (sub)giant
with a dense equatorial disk producing strong and variable
Ha emission. The corresponding X-ray sources are often tran-
sients showing a strong increase in X-ray emission when the
compact object in its eccentric orbit passes through the Be-star
disk. The second class comprises the OB-supergiant systems
where the compact object orbits through a dense stellar wind
(see Kaper 2001 for a review). As soon as the supergiant ex-
ceeds its Roche lobe, the mass-transfer rate increases signifi-
cantly, resulting in a much higher X-ray luminosity (~103 in-
stead of 10%73¢ erg s™!) and, if the compact object is a pulsar,
a much shorter spin period (seconds rather than minutes).
X-ray pulsations with a period of 437.5 s were discov-
ered in 4U 1907+09 with the Tenma satellite (Makishima et al.
1984). Subsequent pulse-timing analyses with EXOSAT (Cook
& Page 1987) and, more recently, with the Rossi X-ray Timing

* Based on observations made at the European Southern
Observatory, Paranal, Chile (ESO program 67.C-0281).

Explorer (RXTE) (In ’t Zand et al. 1998) have resulted in the
accurate determination of the X-ray pulsar’s orbital parameters:
orbital period Py, = 8.3753 d, and eccentricity e = 0.28. In the
orbital period vs. pulse period diagram (Corbet 1986; Waters &
Van Kerkwijk 1989) 4U 1907+009 is located in the region occu-
pied by the wind-fed OB supergiant systems; Be/X-ray binaries
tend to have much longer orbital periods (30-200 d) than those
with supergiants (1-10 d).

Whether the massive companion to 4U 1907+09 is an
OB supergiant or a Be star is still a matter of debate. The main
reason for this is that the strong reddening and faintness of the
source hamper the detection of its optical spectrum. Schwartz
et al. (1980) suggested that the massive star is an OB super-
giant. On the other hand, Iye (1986) proposed that it is a Be star.
Besides the spectral properties of the star, the latter author con-
sidered the periodic flaring in the X-ray light curve of the sys-
tem similar to what is observed in Be/X-ray binaries. A severe
problem with the Be-star classification is the strong interstellar
absorption spectrum towards the source, which is not consis-
tent with the relative proximity of the system (<1 kpc) when it
is a Be star and not a luminous OB supergiant. Extended opti-
cal spectroscopy of the system by Van Kerkwijk et al. (1989)
resulted in an almost certain classification of the massive com-
panion as a B supergiant.

In recent studies of the X-ray properties of 4U 1907409,
however, the Be-star nature of the optical companion has
been reconsidered, mainly in order to explain the periodic
flaring of the X-ray source just before periastron passage
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(In ’t Zand et al. 1998; Roberts et al. 2001; Mukerjee et al.
2001). In this respect it is interesting to mention Wray 15-977,
the massive companion to the X-ray pulsar GX 301-2, which
is classified as a B1.5 Ia+ hypergiant (Kaper et al. 1995; Koh
et al. 1997) and exhibits an X-ray flare close to periastron pas-
sage similar to 4U 1907+09. Obviously, a definite spectral clas-
sification of the massive companion to 4U 1907409 is required
to better understand the physical conditions in the system and
its similarity to Wray 15-977/GX 301-2.

Another reason to study the optical spectrum of
4U 1907+09 is its very rich interstellar spectrum. It can be used
to set a lower limit to the distance of the source based on the ra-
dial velocity interval covered by the interstellar absorption lines
and a model describing the differential rotation of the Milky
Way. Also, this heavily reddened object (Ez-y) = 3.45 mag,
Sect. 5.1) provides a nice opportunity to investigate the prop-
erties of the diffuse interstellar bands (DIBs) at unprecedented
strength. This line of investigation is discussed in a companion
paper (Cox et al. 2005).

In this paper we present high-resolution optical spectra
of the massive companion to 4U 1907+09 obtained with the
Ultraviolet and Visual Echelle Spectrograph (UVES) mounted
at the Very Large Telescope (VLT) of the European Southern
Observatory in Paranal, Chile. The dataset and the applied re-
duction procedures are described in the next section. The spec-
trum is used to perform a new spectral classification of the
massive star based on a comparison with state of the art model
spectra (Sect. 3), to set a lower limit to the distance of the sys-
tem and to re-evaluate the binary system parameters (Sects. 4
and 5).

2. Observations and data reduction

High-resolution (R ~ 40000) spectra of the optical compan-
ion to the X-ray pulsar 4U 1907+09 were obtained with the
UVES (Kaufer et al. 2000) on the VLT during the nights of 24
to 27 September, 2001. Observations were performed under ex-
cellent conditions at Paranal, with a relative humidity of less
than 10% and seeing between 0.4 and 0.8 arcsec. The total ex-
posure time was 9000 s, for four exposures on 4U 1907+09,
and 760 and 200 s on each of the telluric standard stars, re-
spectively. Table 1 lists some observational details, as well as
some properties of the optical companion to 4U 1907+09. Two
telluric standard spectra were taken at about similar airmass,
although not during the same night, nor at the same position on
the sky, to perform the correction for telluric absorption lines
in the red part of the spectrum.

The spectra were reduced using the UVES context within
the MIDAS reduction package (version 02SEPpl1.2), which al-
lows to apply the UVES data reduction pipeline software and to
adapt the standard procedures where required. The raw echelle
frames were first bias corrected; then the individual echelle or-
ders were traced using the Hough algorithm. Flatfield correc-
tion was done by extracting the flatfield and subsequent (or-
der by order) division of the science frame by the flatfield.
The orders were extracted with an optimal extraction rou-
tine and merged applying a running mean (the individual or-
ders can be accessed for cross-check purposes). The resulting
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Table 1. Properties of the observed target 4U 1907409 and the tel-
luric standards HD 165470 and HD 166934. The listed values were
obtained from the SIMBAD database, except E_v), v, sin i and spec-
tral type of the optical companion to 4U 1907+09 which are taken
from this study. The intrinsic colours for the quoted spectral types
are adopted from Schmidt-Kaler (1982). The ephemeris used to cal-
culate the orbital phase is taken from In ’t Zand et al. (1998): Py, =
8.3753(1) d; Tperi = T-30o = MID 50 132.00 (6). The instrument set-
tings are indicated by the selected central wavelength (in A) of the red
and blue arm of the UVES spectrograph, respectively.

4U 1907+09 HD 165470 HD 166934

RA (J2000) 1909379 1807 54.37 18 1340.8
Dec (J2000) +094949 3833555 -184930
[ (deg) 43.74 353.92 11.96
b (deg) 0.48 -8.79 -0.51
V (mag) 16.37 7.34 8.8
B-V 3.17 -0.17 -0.2
Spectral type 08-091 B2 1II B21V/V
(B=V) -0.27 -0.24 -0.24
E(5_v) (mag) 3.45 0.07 0.04
v sini (kms™!) 100 + 5 43 +3 54 +4
Exposure time (s) see below 200 760
UT at start (2001-09-23) see below  23:30:40  23:47:54
Airmass (sec z) 1.3-1.8 1.055 1.055

4U 1907+09

UT at start (2001) MJD
(—2400000)

Orbital phase UVES setting fexp (s) airmass

mm-dd-time

09-24/01:02:02 52 176.04422 244.06 437+860 2700  1.30-1.45
09-26/01:48:35 52 178.07656 244.30 346+580 2700 1.49-1.79
09-27/00:57:36  52179.04117 244.42 346+580 1800  1.32-1.42
09-27/01:28:32  52179.06263 244.43 346+580 1800 1.42-1.57

signal-to-noise ratio (S/N) ranges from 5 (green) to about 100
in the red continuum. Wavelength calibration is based on ThAr
arc spectra. For a calibration exposure over 1200 arc lines are
identified and fitted for each of the CCDs and set-ups. The typ-
ical root mean square for these fits is about 0.003 A in the blue
and 0.008 A in the red, i.e., better than one fifth of a pixel. We
found no significant quality differences compared to the prod-
ucts delivered by the pipeline. However, one should be cautious
with any features near the echelle order overlaps, since artifacts
are prone to emerge. Especially, for wavelengths longwards of
8000 A we had to inspect the individual orders for spurious
features, and since the quality of the first 5 to 10 A of the order
is poor, we clipped the edges.

Telluric lines mainly pose a problem in the wavelength re-
gion longwards of 6800 A. This part of the spectrum, with the
exception of regions free of telluric lines, was corrected for tel-
luric absorption lines. Note that the photospheric lines present
in the telluric standard star spectrum (of spectral type B) need
to be removed before applying the telluric correction. As two
telluric standards are available one can check for possible arti-
facts resulting from the division.

The original spectrum is divided by the telluric standard
raised to the power @, where we take the ratio of the airmass of
both observations as the initial guess. To improve the spectrum
further it may be necessary to shift the telluric standard spec-
trum by small amount, typically one or a fraction of a wave-
length bin. The optimum values for both the airmass correction
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factor @ and the wavelength shift (in fractions of bins) were ob-
tained using an iterative procedure that minimizes the residual
noise.

3. The photospheric spectrum of 4U 1907+09 ’s
massive companion

The photospheric properties of early-type stars are best stud-
ied in the ultraviolet wavelength domain where their spectral
energy distribution peaks, or in the blue part of the optical
spectrum where traditionally the OB-star spectral classification
is performed. However, due to the strong reddening towards
4U 1907+09, these spectral domains are severely attenuated
and practically inaccessible with state of the art instrumenta-
tion. With VLT/UVES it now has become feasible to study
the green (24600 A) and red spectrum of 4U 1907+09 at suf-
ficient spectral resolution to determine the photospheric and
wind properties of the faint early-type companion.

We show a selection of the observed stellar lines (Fig. 1)
that are most relevant for assigning a spectral type. The spec-
trum is shown in its entirety, for its rich complex of interstellar
features, in Cox et al. (2005). Due to the high reddening of the
line of sight towards 4U 1907409 the signal-to-noise is very
poor in the green part of the spectrum, although it is still suffi-
cient to show the presence of the He14713 A and Hp (4861 A)
lines. Moving towards the near-infrared the signal-to-noise im-
proves as the effect of interstellar extinction strongly reduces,
and the spectrum reveals a wealth of stellar and interstellar
features.

In the following subsections we describe the photospheric
spectrum of the OB-type companion to 4U 1907+09. A com-
parison to model spectra results in the determination of the stel-
lar parameters.

3.1. Description of the spectrum

The spectrum of the massive companion to 4U 1907+09 is
dominated by lines of hydrogen and helium, characteristic of
early-type spectra. The presence of Hell lines in the spec-
trum indicates that the spectral type is O rather than B. Several
HMXBs with OB-supergiant primary have Hell 4686 A in
emission (e.g. Cyg X-1, Gies & Bolton 1986), but this line is
more likely formed in the accretion flow rather than in the stel-
lar photosphere. Together with the detection of He1r 5411.5 A
(Fig. 1) and 10123.6 A (Fig. 1 in Cox et al. 2005) absorp-
tion lines, this clearly points to an O-type spectrum. Further
strong evidence in favour of an O7 to O9 type supergiant is
the C1V absorption at 5803 A and 5813 A (Fig. 1). However,
in order to further constrain the spectral type we compare the
observed spectrum with a grid of modelled atmospheric spec-
tra in the next section. In the stellar spectrum Ha shows strong
emission and the HB and He 15876 A lines have a P Cygni type
profile indicating a dense stellar wind. Figure 2 shows three
wind lines (Hell at 4685.7 A, Hel at 5875.7 A, and Ha at
6562.8 A) on a velocity scale at three different orbital phases:
(1) ¢ = 0.30, (2) ¢ = 0.42 and (3) ¢ = 0.43. The He1 5876 A
line remains almost constant while the Ha line exhibits clear
variability in its line center. Such variations are commonly
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Fig. 1. A representative sample of photospheric lines (solid) is shown
with two model spectra (O9 I = dotted and O8 I = dashed.). The pa-
rameters adopted for both stellar models are listed in Table 2. The
08 I model represents the observed spectrum very well, except for
the HeT line at 4923 A. Adopting a later type (i.e. 09 I) increases
the Hel absorption. Obviously, this decreases the strength of the
Hell lines at 5413 and 7178 A. On the other hand, the O9 I model
fits the C1v and C11I lines best.

observed in wind-fed systems similar to 4U 1907+09 (e.g.
Vela X-1) and are likely due to a photo-ionization wake trailing
the X-ray source in its orbit (Blondin et al. 1990; Kaper et al.
1994).

The most remarkable feature in the spectrum of
4U 1907+09 is the strong emission reaching nearly three times
the continuum level at the position of the Helr 4686 A line
(Fig. 2). At the red side of the line two other emission lines
are present, like the He I line varying in strength; equivalent
widths for the feature at 4697.2 A are 0.9 + 0.1, 0.4 = 0.2 and
0.7 + 0.2 A for the three orbital phases (0.30, 0.42 and 0.43),
respectively. For the other unidentified line at 4705.6 A the
corresponding equivalent width values are 0.5 + 0.2, 0.2 + 0.1
and 0.5 + 0.1 A. Although these emission lines could be red-
shifted He IT lines (at ~725 and ~1275 km s~!), their physical
nature is unclear. A possibility may be that these emission lines
are Raman scattered EUV emission lines originating near the
He Il Ly y transition at 243 A. He I1 ions in the stellar wind scat-
ter these EUV photons in the wing of the upper energy level of
the He 11 Pf « transition at 4686 A, such that the EUV photons
are transformed into blue photons near the downward transition
of He 114686 A. Raman scattering has been observed in another
O supergiant system (HD 153919/4U 1700-37), but here the
emission lines are found near the He 11 1640 A (Baa) transition
in the UV domain (Kaper et al. 1990).
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Fig. 2. Normalised spectra, on a local standard of rest (LSR) velocity
scale, of three spectral lines formed in the stellar wind of the com-
panion to the X-ray pulsar 4U 1907409 observed at the three different
orbital phases (Sect. 3.1): Ha (bottom), Hel at 5876 A (middle) and
He I at 4686 A (top). Two model spectra of type O8I and 091 (grey-
dashed) are shown on the same scale. All spectra are normalized to
unity, but plotted with a vertical offset for clarity. It is clear that the
standard model does not reproduce the wind lines as well as it fits the
photospheric lines. The arrow in the top panel indicates one of the two
unidentified emission features discussed in the text (Sect. 3.1).

3.2. Comparison with model spectra

To further constrain the stellar parameters of the optical com-
panion of 4U 1907+09 we used a grid of model spectra to com-
pare to the observed green and red part of the spectrum. The
spectral type is then derived by calculating the EW ratio of the
He14471 A and the He 11 4542 A lines (Mathys 1988) extracted
from the model that describes the red part of the spectrum best.

A grid of non-LTE unified photosphere/wind models
(Lenorzer et al. 2004) is used, calculated with the CMFGEN
code of Hillier & Miller (1998). CMFGEN solves the equations
of radiative transfer in an atmosphere with an outflowing stel-
lar wind subject to the constraints of radiative and statistical
equilibrium, while still using a complexity of input physics and
atomic models similar to the work of Lanz & Hubeny (2003).
For a full description of the applied techniques and physical
details of the model we refer to Hillier & Miller (1998). The
grid is calculated by one of us (MRM) and has been employed

N. L. J. Cox et al.: VLT/UVES spectroscopy of HMXB 4U 1907+09

for studies of optical and near-IR spectral features of O-type
stars (Lenorzer et al. 2004; Puls et al. 2005). It consists of
unified stellar atmosphere/wind models for early-type main se-
quence stars, giants and supergiants, for which the basic stellar
parameters (Teg, M, and R,) are taken from the calibration
of Vacca et al. (1996). In these models the hydrostatic photo-
sphere is smoothly connected to the stellar wind. For the ve-
locity structure of the wind a typical beta velocity law with
B = 1.0 is adopted (see Lenorzer et al. 2004). The adopted
mass-loss rate is based on the predictions by Vink et al. (2000,
2001). The wind terminal velocity v, (wWhich is usually derived
from UV resonance lines) was taken from the scaling relation
with the escape velocity ves (Lamers et al. 1995). For our com-
parison the Lanz & Hubeny O-star grid is not adequate since
it gives only spectral coverage until 7500 A, and thus does not
include the Paschen series. The latter is used by us to constrain
log g. More importantly, the Lanz & Hubeny hydrostatic/plane
parallel model can not take effects of mass-loss into account.
Therefore, it does not allow for a direct comparison of the wind
lines, nor for treating the filling in of photospheric lines by
wind emission (e.g. Fig. 5 in Mokiem et al. 2004).

In Fig. 1 (photospheric lines) we show the two models from
the model grid which, based on the hydrogen and helium lines,
reproduce the observed lines best. To facilitate a comparison
with the observed line profiles, the synthetic line profiles were
convolved with a rotational broadening profile. Given the pa-
rameter sampling of the model grid, the parameter which is
best constrained from these two models is the effective temper-
ature T.. For the spectral range investigated here this sampling
is ~1500 K. The relative strengths of the He T and He 11 lines re-
act strongly on this parameter and we find that models with T
lower than ~29 500 K or higher than ~31 500 K show large dis-
crepancies in these lines compared to observations. Given this
range in T.; we find that the gravity sensitive hydrogen line
wings are best fitted with a low value for logg ~ 3. This pa-
rameter is not as well constrained as 7., due to the course grid
sampling in log g. However, from our comparison we find that
this value is a good estimate for the surface gravity of the star.

In Table 2 we list the parameters of the two models for
which we find the best correspondence with the observed spec-
trum. Note that these models have been calculated adopting so-
lar abundances. As high-mass X-ray binaries have undergone a
phase of mass transfer, one might expect that the chemical sur-
face abundance of the mass gainer, i.e. the current O supergiant,
is enhanced with nuclearly processed material. In this context,
Blaauw (1993) suggested that OB runaways produced through
the binary supernova channel (these systems followed a sim-
ilar evolutionary path as HMXBs) have a higher helium sur-
face abundance and higher rotation rate than ordinary OB stars.
However, a recent analysis by Repolust et al. (2004) demon-
strates that the helium abundance of O stars shows a large
spread (helium abundance € ranges from 0.08 to 0.20, with an
average of 0.10), and the O runaways do not show a higher he-
lium abundance than the other O stars in their sample. Given
the correspondence between the models and observations of
4U 1907+09, we find no indications that its helium surface
abundance is significantly different from other O stars.
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Table 2. Parameters of the two stellar models from the stellar atmo-
sphere grid that match the observed spectrum best.

Stellar Parameter  Model #1 Model #2
O81Ia 0O91a
Te 31240 K 29760 K
log g 3.074 3.017
M, 27.9 M, 26.0 M,,
L, 5.5%10° Lo 4.8%x10° Lo
v, sini 100 km s~! 100 km s~
R, 254 R, 26.2 R,
M 9.2x 107 My yr™! 6.0 x 107 My yr™!
Voo 1730 km s~ 1690 km s~!

The adopted v, sin i is 100 km s~! and was estimated from
the observed width of the He I lines. This value is in accordance
with the determination by Iye (1986) and by Van Kerkwijk et al.
(1989) who found values of 92 + 15 km s~ and 80 + 9 km s/,
respectively, from Hel 5876 A line measurements. However,
the spectra used by these authors were of insufficient spectral
resolution to resolve the P Cygni shape of this line, which is
affected by the strong stellar mass loss. As a consequence, their
adopted FWHM value is too small. When using the observed
width of e.g. the photospheric Hel 10315 A line, we obtain
vsini = 100 £ 5 km s~!, taking into account the width of the
UVES instrumental profile (FWHM,y = 0.15-0.20 A).

The photospheric lines are best matched with OS8
(model #1) to O9 (model #2) supergiant spectra. The wind lines
(e.g. Ha, He1 5876 A) in these model spectra are, however, to
weak compared to the observations. In order to obtain a bet-
ter correspondence, models with a mass-loss rate enhanced by
a factor 2, 2.5 and 3 were calculated. Such an increase is still
in the range spanned by the difference between mass-loss de-
terminations (e.g. Puls et al. 1996) and mass-loss predictions
(e.g. Vink et al. 2000). With a 2.5 times higher mass-loss rate
the model fits the wind lines much better (Fig. 2). The observed
He 1 4686 A line is still much stronger than the models predict;
however, as we indicated before it is likely that the formation
mechanism of this line is different.

We note that a better agreement between the predicted and
observed strength of the wind lines can also be achieved by
modifying the velocity law. Namely, a higher value for S re-
sults in a more slowly accelerating wind and through the con-
tinuity equation in a higher density in the line forming region
of Her and He1 5876 A. In the case of a density sensitive line
like Ha, which strength scales with the density squared, one
would expect an increase in emission for higher values of £.
In Fig. 2 we also see that the shape of the observed He emis-
sion is not optimally reproduced by the model, indicating that
a larger value of 8 would be more appropriate. For a more ac-
curate determination of the mass-loss rate the velocity field of
the stellar outflow must be known more precisely. However, the
required ultraviolet part of the spectrum containing strong res-
onance lines formed in the stellar wind (e.g. Groenewegen &
Lamers 1989) is not accessible. We conclude that the mass-loss
rate of the optical companion to 4U 1907+09 is not too high for
a luminous (Ia) late-O supergiant.
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Both Be (main-sequence or subgiant) stars and OB super-
giants have Ha in emission. A main-sequence star model does,
however, not provide a good fit to the observed spectrum: the
line profiles are too narrow (i.e. logg must be small) and the
wind lines indicate a much higher (factor ~100) mass-loss
rate than common in main-sequence stars. Also, the FWHM
of the Ha emission is about 1200 km s~!, much larger than
typically observed in Be stars (Dachs 1987). Therefore, the
Ha profile also supports our interpretation that the companion
to 4U 1907+09 is a supergiant rather than a Be star. In the next
section we will provide additional arguments supporting this
conclusion.

4. Distance to the HMXB system 4U 1907+09

In this section we discuss methods to determine the distance to
the binary system 4U 1907+09. We use the velocity profile of
the interstellar atomic lines together with the galactic velocity
gradient that links radial velocity to distance, and thus provides
a lower limit to the distance of 4U 1907+09. Furthermore,
we use an extinction map and 2MASS IR photometry to de-
rive the extinction Ay, and subsequently Ry in the direction
of 4U 1907+09.

4.1. Distance to 4U 1907+09 from interstellar
absorption of Nal and K|

Of the different interstellar atomic species showing transitions
in the optical spectrum (Nal, Cal, Call and Cal) only K1 and
NaTl were detectable, since the signal in the blue part of the
spectrum (below 4500 A) is too low to detect any features.
The K1 line (at 7700 A) is shown in Fig. 3, the Na1 D2 line
(at 5889.95 A) can be seen in the middle panel of Fig. 2.
Both Na1 D lines are heavily saturated. The saturated doublet
lines D1 and D2 have a lower limit on the equivalent width
of 1.69 A and 1.72 A, respectively. Nevertheless, these lines
can still be used to derive a rough indication of the distance
to the system. Using d(pc) = 30.75 EW (Beals & Oke 1953),
with EW the equivalent width (in km s~!) of the NaI D line
(>85 km s~!), we obtain a conservative value for the distance
to the system, d ~ 2.6 kpc. Van Kerkwijk et al. (1989) de-
rive from the Na1 D lines, using the same relationship, a lower
limit of 2.1 £0.6 kpc, which agrees well. However, from the ra-
dial velocity gradient in this direction (Fig. 3) and the width of
the (saturated) NaT line (=70 km s~!) we derive a significantly
larger distance, d * 5—6 kpc.

For the total equivalent width of the KT line we obtain
0.836 + 0.05 A; fortunately, one of the two doublet components
is not affected by telluric lines. We have fitted the K1 profile
with a set of six Gaussians, which represents the profile, except
the substructure, fairly well.

The KT absorption line clearly shows the different velocity
components in the line-of-sight towards 4U 1907+09. We show
the galactic velocity gradient as a function of distance towards
4U 1907409 in the bottom panel of Fig. 3. The 57.6 km s~}
velocity component in the KT profile corresponds to a distance
of ~4 or ~8 kpc. Components with velocity <60 km s~ could,
in principle, also be situated beyond 8 kpc. We consider this to
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Fig. 3. The K1 line clearly shows the complicated velocity structure
in this line of sight. The different components are fitted with six
Gaussians. The main velocity components of K1 are at v = 3.7, 26.8
and 57.6 km s7!.

be unlikely, and we take component 5 to set the lower limit of
d > 4 kpc. A very weak component at 76 km s~ is seen, but it
is inconsistent with the computed rotational velocity curve, i.e.
the maximum velocity given by the latter is ~70 km s~!. The
accuracy of this simple model hinges on the adopted distance,
d = 8.5 kpc, to the galactic center (Eisenhauer et al. 2003, and
references therein) and the assumption of circular orbits (Brand
& Blitz 1993).

By studying the distribution of HII regions Russeil (2003)
constructed a revised model of the Galaxy indicating the lo-
cation of the different spiral arms. The line of sight toward
4U 1907409 grazes the Sagittarius-Carina arm over a distance
of several kiloparsecs, explaining the extended (velocity) struc-
ture of the interstellar medium.

4.2. Extinction and distance from extinction maps

From the spatial distribution of the interstellar extinction
we have an additional diagnostic to estimate the distance to
4U 1907+09. Cahn (1973) shows that at about 2 to 4 kpc
the line of sight crosses the Sagittarius Arm. From Fig. 9a in
Neckel et al. (1980) it appears that the line of sight suffers from
a relatively modest amount of visual extinction per unit dis-
tance (Ay/kpc < 1.0 mag kpc™!) for distances larger than 1 kpc.
The total extinction up to 3 kpc is Ay < 5 mag. Note that only
in few directions (e.g. Cyg OB2) an extinction of 10 mag (up
to d < 3 kpc) has been measured.

Recently, Drimmel et al. (2003) constructed a 3D extinction
model for the Galaxy based on COBE data. Galactic extinction
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can be estimated for any distance in any direction. From their
maps we retrieve for the direction of 4U 1907409 at a distance
of 4 kpc an Ay of 6.86 mag which would be consistent with
the measured Eg_v) (Sect. 5.1) if Ry = 2.0. For the calcula-
tion of the total extinction we adopted a rescaling of the disk,
rather than of the spiral structure, which is in better agreement
with observations in this direction (see also the top right panel
in Fig. 10 in Drimmel et al. 2003). This result implies an un-
comfortably low value of Ry. For a distance of 5 kpc the ex-
tinction map yields an Ay of 9.3 mag, implying that Ry = 2.7.
Apparently, the extinction increases strongly as a function of
distance for this line of sight.

We note here that adopting the observed 2MASS (Cutri
et al. 2003) infrared colours JHK (9.995, 9.242 & 8.774 mag)
together with intrinsic colours for O8/9 Ia type supergiants
from Wegner (1994) results, via the equations in Fitzpatrick
(1999), in Ry = 2.75 + 0.12, and subsequently Ay = 9.5 mag.
The error includes uncertainties in the intrinsic colours of su-
pergiant OB stars and in the empirical relationship between
colour excess and Ry. Clearly, this is in agreement with the
visual extinction derived from the galactic extinction map. The
three methods evaluated above indicate that the distance to the
system is ~5 kpc.

5. Evaluation of system parameters

In the following we investigate whether the stellar parameters
derived from the model comparison are consistent with other
observational constraints on the system, like the reddening, dis-
tance, X-ray luminosity, and Roche-lobe radius of the primary.
We adopt T = 30500 K and logg = 3.1 based on the model
spectra (spectral type O8-09 Ia, cf. Table 2).

5.1. Luminosity, mass-loss rate, radius
and spectroscopic mass of the O supergiant

The models used to fit the spectrum yield a luminosity of
4.8-5.5x 10° Ly, and a radius of 25.4-26.2 R, (Table 2). The
intrinsic colour of an 0O8-09 Ia star is (B — V) = —0.27 mag
(Schmidt-Kaler 1982); with the observed (B — V) = 3.17 +
0.06 mag (Schwartz et al. 1980) this results in a colour excess
E-v) = 3.45 mag. The severe reddening towards 4U 1907+09
makes the spectroscopic distance c.q. luminosity determina-
tion very sensitive to the precise value of Ry. Together with
Ry = 2.7, the distance d = 5 kpc and V = 16.37 + 0.02 mag,
this gives an absolute visual magnitude of the O supergiant
My = —6.3 £ 0.2 mag. Given the bolometric correction BC =
—3.05 = 0.14 mag (Schmidt-Kaler 1982), the luminosity of the
08-09 supergiant becomes L = 4.3 + 0.7 x 103 L, i.e. similar
to the luminosity corresponding to the model atmosphere.
Therefore, in the following we adopt a luminosity of 5 X
10° Ly. With logg = 3.1 and R = 26 R, one obtains a “spec-
troscopic” mass for the O supergiant of 27 M. The “evolu-
tionary” mass seems to be higher based on the position of the
companion of 4U 1907409 in the Hertzsprung-Russell diagram
(Fig. 4), on the order of 40 M, assuming that the massive com-
panion to 4U 19074009 is evolving to the red. If it were to come
back to the blue, the evolutionary mass is more consistent with
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Fig.4. The position of 4U 1907+09 (filled circle) in the
Hertzsprung-Russell diagram compared to other OB supergiant sys-
tems (open circles). The evolutionary tracks (from single stars)
are from Lejeune & Schaerer (2001); the initial mass is indicated.
The + symbol refers to the point of core-hydrogen exhaustion. Due
to mass loss the stellar mass decreases along the tracks (as shown by
the smaller font numbers). Assuming that 4U 1907+09 is evolving to
the red, its current evolutionary mass would be of the order of 40 M.

the spectroscopic mass, i.e. it would have decreased to about
25 M. The model radius of 26 R, is in accordance with the
current position in the HRD.

If 4U 1907+09 is on its way to become a red supergiant
and its mass is 27 My, the current position in the HRD indi-
cates that 4U 1907+09 is overluminous for its mass. Similar
behaviour has been observed for other HMXBs with an OB su-
pergiant companion (Conti 1978; Kaper 2001). This may be
due to the evolutionary history of the system including a phase
of mass transfer from the neutron star progenitor to the now
08-09 supergiant. In some systems evidence is also found for
nuclear enrichment of the OB companion, but in 4U 1907+09
we encounter normal elemental abundances (Sect. 3.2).

5.2. X-ray luminosity, Roche-lobe radius,
and radial-velocity orbit

According to In 't Zand et al. (1997) the mean X-ray luminosity
of 4U 1907+09 is Lx = 8 X 1034d§IDC erg s~'. At a distance of

5 kpc Lx becomes 2.0x10%¢ erg s7!; such a luminosity is typical
for wind-fed systems (e.g. Kaper 1998). The X-ray lightcurve
shows a strong peak at periastron passage (Marshall & Ricketts
1980). The predicted Bondi-Hoyle X-ray accretion luminosity,
adopting the parameters derived above (and a terminal wind
velocity of 1750 km s~! for a late O supergiant), is of the same
order of magnitude (~10%” erg s™! at periastron passage, ~35 X
103 erg s~! at apastron).

667

In a binary system with zero eccentricity and synchronous
rotation, the radius of the primary cannot exceed the Roche-
lobe radius:

~ 0.49a
S 0.6+¢2In(1+¢7/3)

Ry

with a the orbital separation between primary and secondary
and g = Mx /Mg the ratio in mass of secondary (compact X-ray
source) and primary (O supergiant). Adopting Mx = 1.4 M,
(canonical neutron star mass) and Mo = 27 My, the orbital
separation follows from Kepler’s third law and the orbital pe-
riod (P = 8.3753(1) d, In ’t Zand et al. 1998); then a = 54 R,
and Ry, = 43 Ry, i.e. larger than the adopted stellar radius. In
eclipsing HMXBs the radius of the primary can be derived from
the eclipse duration; it turns out that in those (five) systems the
primary radius is about equal to the Roche-lobe radius (Kaper
2001). In 4U 1907+09 we have to adopt a primary mass of
about 12 M, to have the primary fitting within its Roche-lobe.
However, 4U 1907+09 is an eccentric system (¢ = 0.28(4),
In ’t Zand et al. 1998) so that the “Roche-lobe radius” of the
primary at periastron passage is Ry = 31 Ry, which is close to
the adopted stellar radius of 26 R,.

The few spectra we obtained do not provide sufficient cov-
erage of the orbit to derive the radial-velocity amplitude Ko of
the primary (and, combined with the accurate orbit of the X-
ray pulsar a direct constraint on the mass of both components).
Van Kerkwijk et al. (1989) give it a try with their dataset using
the radial velocity of He 15876 A at orbital phase 0.61 and 0.06
(i.e. close to the descending and ascending nodes) and derive
a radial-velocity amplitude of 0 + 16 km s~!. Our VLT/UVES
spectra show that this He I line has a P Cygni type profile, dis-
qualifying the line as a proper diagnostic of the radial-velocity
orbit of the primary. The photospheric radial velocities we de-
rive (in the heliocentric frame) are: 7 + 6 km s~! at Gperi = 0.06
(He 17281 A and higher H I Paschen lines); 35 + 8 km sl at
Gperi = 0.30 (He 14922 and 5016 A, He 11 5412 A); 59 km 57!
at ¢peri = 0.42 (only He 1 4922 A, other lines are too weak).
Note that in the latter two spectra the (blue-shifted) absorp-
tion profile of the He 1 5876 A line is at 13 and 5 km s~!,
respectively. For Mx = 1.4 My, Mo = 27 Mg (adopted) and
Kx =229kms~! (observed) one predicts that Ko = 12 km s7h.
Our limited data indicate that the radial-velocity amplitude is
larger than zero, but for a proper determination more spectra
and better orbital coverage is needed.

5.3. Similarity to Wray 15-977 (GX 301-2)

At a distance of 5 kpc the observed parameters of 4U 1907+09
are in excellent agreement with the O8-O9 supergiant model
parameters, the predicted X-ray accretion luminosity, and bi-
narity constraints. An overview of the adopted and derived pa-
rameters is given in Table 3.

Based on the similarity of their X-ray lightcurves,
4U 1907409 and GX 301-2 have been compared in recent lit-
erature. Both sources show a strong peak in X-ray flux close
to periastron passage and (perhaps) a secondary peak near
apastron. Also, both systems have a considerable eccentricity
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Table 3. Overview of the adopted system parameters of 4U 1907+09.
The bottom part of the table lists the parameters of the X-ray source.

Parameter Value

Ter 30500 K

log g 3.1

R, 26 Ry

Mo (spectroscopic) 27 M,

Mo (HRD) ~40 M,

Lo 5% 10° Ly

v; Sin i 100 km s~!

M 7% 107 Mg yr!
d 5 kpc

Porb 8.3753 d

Ppin 440.341 s

e 0.28

Trp MIJD 50 134.76
w 330°

ax sini 83 light seconds
Lx 2.0x 10% ergs~!

(e = 0.28 and e = 0.47, for 4U 1907+09 and GX 301-2, re-
spectively). In ’t Zand et al. (1998) suggest that the wind of the
supergiants in these systems is not isotropic, but enhanced in
the equatorial plane, as suggested in other hot and bright super-
giants (e.g. Zickgraf et al. 1996; Ignace et al. 1996). The two
X-ray flares in the orbit may then be caused by the neutron star
traversing this plane twice per orbit in a sufficiently inclined or-
bit. Although Roberts et al. (2001) favour a Be-star companion,
which is excluded by our observations, they come to a similar
conclusion. The trailing stream they propose to account for the
observed changes in the absorption column towards the X-ray
source may be responsible for the variations we encounter in
the Ha profile. The optical spectrum of 4U 1907+09’s mas-
sive companion is not as extreme as that of Wray 15-977, the
B1 Ia+ hypergiant companion to GX 301-2 (Kaper et al. 1995).
Wray 15-977 has many more P Cygni-like features in its spec-
trum, while in 4U 1907409 only the strongest hydrogen and
helium lines have a P Cygni shape. Still, the estimated lumi-
nosity and mass-loss rate of the O8-0O9 supergiant companion
to 4U 1907+09 are high and both systems are positioned on
similar evolutionary tracks.

From an evolutionary point of view
Wray 15-977/GX 301-2 is an important system as it sets
a lower limit to the initial mass for black-hole formation in a
binary (Van den Heuvel & Habets 1984; Kaper et al. 1995;
Ergma & Van den Heuvel 1998; Wellstein & Langer 1999).
The neutron star was produced by the supernova explosion
of the initially most massive star in the system. Depending
on whether the mass transfer in the system was conservative
or not, the initial mass of the neutron-star progenitor is,
respectively, of the same order as the current mass of the
secondary (i.e. Wray 15-977) or lower (about 25 M, according
to Wellstein & Langer 1999). Apparently the initial mass of
the primary was not sufficient to produce a black hole. The
evolutionary scenario applied to Wray 15-977/ GX 301-2 by
Wellstein & Langer (1999) results in a relatively long orbital
period of the system, as is observed (P = 41.5 d). A shorter
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orbital period, like in 4U 1907+09, is difficult to accommodate
in such a scenario.
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