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ABSTRACT

Context. BD +60° 73 is the optical counterpart of the X-ray source IGR J00370+6122, a probable accretion-powered X-ray pulsar.
The X-ray light curve of this binary system shows clear periodicity at 15.7 d, which has been interpreted as repeated outbursts around
the periastron of an eccentric orbit.

Aims. We aim to characterise the binary system IGR J00370+6122 by deriving its orbital and physical parameters.

Methods. We obtained high-resolution spectra of BD +60° 73 at different epochs. We used the FASTWIND code to generate a stellar
atmosphere model to fit the observed spectrum and obtain physical magnitudes. The synthetic spectrum was used as a template for
cross-correlation with the observed spectra to measure radial velocities. The radial velocity curve provided an orbital solution for the
system. We also analysed the RXTE/ASM and Swift/BAT light curves to confirm the stability of the periodicity.

Results. BD +60° 73 is a BNO.7 Ib low-luminosity supergiant located at a distance ~3.1 kpc, in the Cas OB4 association. We derive
Ter = 24000 K and logg. = 3.0, and chemical abundances consistent with a moderately high level of evolution. The spectroscopic
and evolutionary masses are consistent at the 1-o- level with a mass M. ~ 15 M,,. The recurrence time of the X-ray flares is the orbital
period of the system. The neutron star is in a high-eccentricity (e = 0.56 + 0.07) orbit, and the X-ray emission is strongly peaked
around orbital phase ¢ = 0.2, though the observations are consistent with some level of X-ray activity happening at all orbital phases.
Conclusions. The X-ray behaviour of IGR J00370+6122 is reminiscent of “intermediate” supergiant X-ray transients, though its
peak luminosity is rather low. The orbit is somewhat wider than those of classical persistent supergiant X-ray binaries, which when
combined with the low luminosity of the mass donor, explains the low X-ray luminosity. IGR J00370+6122 will very likely evolve
towards a persistent supergiant system, highlighting the evolutionary connection between different classes of wind-accreting X-ray
sources.
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1. Introduction

X-ray binaries (XRBs) are systems that consist of a compact ob-
ject (neutron star or a black hole) orbiting an optical compan-
ion. High-mass X-ray binaries (HMXBs) are a subclass of XRBs
where the optical companion is an early-type (O or B-type) star
with a mass above ~8 My, i.e. a high-mass star. HMXBs are
strong emitters of X-ray radiation as a result of accretion of
matter from the OB companion onto the compact object. Based
on the type of the optical star, HMXBs are classified further
into supergiant X-ray binaries (SGXBs) and Be/X-ray binaries
(BeXBs).

In BeXBs, material from a circumstellar disc is accreted onto
the compact object. Most BeXBs have relatively wide orbits
(Pory ® 20 d), with moderate to high eccentricities (e > 0.3;
Reig 2011), and the compact companion spends most of its time
far away from the disc surrounding the Be star (van den Heuvel
& Rappaport 1987). In consequence, they are transient sources,
with the outbursts often occurring at regular intervals, sepa-
rated by the orbital period, and generally close to periastron

Article published by EDP Sciences

(Negueruela et al. 2001). Persistent BeXBs also exist (Reig &
Roche 1999), showing much less X-ray variability and lower lu-
minosities (Lx < 10% erg s7!; Reig 2011).

In SGXBs the optical companion is an OB supergiant.
Supergiant stars are known to suffer great mass loss in the form
of a radiation-driven stellar wind (Kudritzki & Puls 2000). The
compact star interacts with this wind, producing the persistent
X-rays observed in SGXBs (with typically Lx ~ 103 erg s7';
Nagase 1989) with occasional flaring variability on short time
scales (seconds), but rather stable in the long run. Almost
all these systems are X-ray pulsars, and orbital solutions ex-
ist for most of them. They have orbital periods ranging from
>3 d to ~15 d and present circular or low-eccentricity or-
bits (e.g. Negueruela et al. 2008), with the single exception of
GX 301-2, powered by a B1.51a* hypergiant. Many of them
display eclipses of the X-ray source.

One relatively recent discovery in this field is the existence
of systems having X-ray fast transient phenomena, generally
with a steeper rise and slower decay of the X-ray flux of several
orders of magnitude, and lasting from minutes up to a few hours
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(Sguera et al. 2006). Fast transients have always been identified
with supergiant companions (e.g. in’t Zand 2005; Negueruela
et al. 2006a; Blay et al. 2012), leading to the definition of
the supergiant fast X-ray transients (SFXTs, Negueruela et al.
2006b) as a sub-class of SGXBs. SFXTs spend most of their
time at X-ray luminosities between Lx ~ 10%? to 10** erg s7!,
well below the “normal” X-ray luminosity of SGXBs, with very
brief excursions to outburst luminosities of up to a few times
10%¢ erg s~! (e.g. Rampy et al. 2009; Sidoli et al. 2009; Sidoli
2012). The underlying mechanism that produces the fast X-ray
outburst in SFXTs is still not understood well.

A number of hypothesis have been put forward to explain
the different behaviours in SFXTs and “normal” SGXBs. Some
of the proposed models invoke the structure in the wind of the
supergiant companion that could produce sudden episodes of ac-
cretion onto the compact component. This structure could be
either in the form of clumping in a spherically symmetric out-
flow from the supergiant donor (in 't Zand 2005; Walter & Zurita
Heras 2007; Negueruela et al. 2008; Zurita Heras & Walter 2009;
Blay et al. 2012) or in the form of an equatorial density enhance-
ment in the wind from the supergiant, inclined at some angle to
the orbit of the neutron star (Romano et al. 2007; Sidoli et al.
2007). Another possible explanation is that there is an eccentric
orbit that could lead the neutron star to cross zones of large and
variable absorption (Negueruela et al. 2008; Blay et al. 2012).
Of course, a clumpy spherical wind can exist together with an
eccentric orbit (Blay et al. 2012), and this scenario would also
explain the quasi-stable X-ray luminosity of SGXBs, since they
have circular orbits. Furthermore, Bozzo et al. (2008) proposed
a model that makes use of transitions between accretion gating
mechanisms, such as centrifugal and magnetic barriers, brought
about by variations in the stellar wind, to explain the wide dy-
namic range in flux observed in this systems. Ducci et al. (2010)
propose a scenario that links all these mechanisms.

IGR J00370+6122 is a HMXB discovered in December
2003 during a 1.2 Ms INTEGRAL observation (den Hartog
et al. 2004, 2006). The error circle of this detection included
the ROSAT source 1RXS J00709.6+612131, which had been
identified with the OB star BD +60°73 = LS I +61°161
(Rutledge et al. 2000; Rutledge 2004). This source was origi-
nally classified as a B1Ib star by Morgan et al. (1955). Based
on an intermediate-resolution spectrum, Reig et al. (2005) clas-
sified BD +60°73 as a BNO.SII-III star, without any evi-
dence of a circumstellar disc. This spectral type would place
IGR J00370+6122 outside the two main divisions of HMXBs.
(It is neither a Be star nor a supergiant.)

Using data from the All-Sky Monitor (ASM) on RXTE,
den Hartog et al. (2004) find that the X-ray flux from
IGR J00370+6122 is very strongly modulated at 15.665 +
0.006 d. in’t Zand et al. (2007) interpret its behaviour as a se-
ries of outbursts separated by the orbital period. The light curve
is dominated by fast flaring and the absorption column is much
higher than the interstellar value, leading to the suggestion that
the system is powered by wind accretion in a very eccentric or-
bit (in 't Zand et al. 2007). Pointed RXTE/PCA observations de-
tected a very likely modulation at 346 + 6 s during a bright X-ray
flare, which was interpreted as the detection of the pulsar period
from a neutron star (in 't Zand et al. 2007). Grunhut et al. (2014)
have recently published an orbital solution that confirms the high
eccentricity expected for the system, and suggests a high incli-
nation of the orbit.

In this paper, we present high-resolution spectroscopy of
BD +60° 73 taken over more than three years (Sect. 2). Using
these data, in Sect. 3, we derive the astrophysical parameters of
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Table 1. Log of high-resolution optical spectra.

# Date MIJD Texp (s)  Instrument
1 30/10/2009 00:02:06 55 135.08 5400 HERMES
2 30/10/2009 23:06:02  55136.04 5400 HERMES
3 31/10/2009 22:27:40 55 137.02 5400 HERMES
4 01/11/2009 21:40:26 55 137.98 7200 HERMES
5 02/11/2009 22:15:30  55139.01 5400 HERMES
6 03/11/200923:11:47 55 140.05 5400 HERMES
T 04/11/2009 21:43:40 55 140.99 5400 HERMES
8 06/11/200923:34:06 55 143.06 5400 HERMES
9 09/11/2009 01:09:17  55145.13 5400 HERMES

10 14/06/2011 04:46:43  55726.70 1200 HERMES

11 17/06/2011 04:45:41  55729.70 1200 HERMES

12 19/06/201105:11:19  55731.72 1200 HERMES

13 20/06/2011 04:06:44  55732.67 1200 HERMES

14 11/09/201101:14:42  55815.56 1200  FIES

15 12/09/201101:42:40  55816.58 1200  FIES

16 08/11/201122:55:49 55 874.46 900 HERMES

17 26/10/201200:15:58 56 226.52 1200 HERMES

18  26/10/201223:13:34 56 227.47 1200 HERMES

19 28/01/2013 19:55:47 56 321.33 1200  FIES

20 29/01/2013 20:08:48  56322.34 900 FIES

21 30/01/2013 19:45:34 56 323.32 900 FIES

22 05/02/2013 20:40:58 56 329.36 1300 FIES

the mass donor by using a model atmosphere fit. We also de-
termine most orbital parameters by analysing the radial velocity
curve. Finally, we re-analyse the long-term X-ray light curves
taking this orbital solution into account. In Sect. 4, we discuss
the accuracy of our results and the constraints they impose on
the system properties. We then discuss the information that our
results provide for the general class of wind-accreting HMXBs.
We finish wrapping up with our conclusions.

2. Observations
2.1. Optical spectroscopy

Spectra of BD +60°73 were taken during different ob-
serving campaigns between 2009 and 2013 (see Table 1
for the observation log). The observations were obtained
with the High Efficiency and Resolution Mercator Echelle
Spectrograph (HERMES) operated at the 1.2 m Mercator
Telescope (La Palma, Spain) and with the high-resolution Flbre-
fed Echelle Spectrograph (FIES) attached to the 2.56 m Nordic
Optical Telescope (NOT; also at La Palma).

HERMES is a fibre-fed prism-cross-dispersed high-
resolution echelle spectrograph mounted in a temperature-
controlled room and fibre-fed from the Nasmyth A focal station
through an atmospheric dispersion corrector (ADC). A full
description of the instrument can be found in Raskin et al.
(2011). HERMES reaches a resolving power of R = 85000 (or
63 000 for the low-resolution fibre) and a spectral coverage from
377 to 900 nm, though some small gaps exist beyond 800 nm.

FIES is a cross-dispersed high-resolution echelle spectro-
graph, mounted in a heavily insulated building separated from
and adjacent to the NOT dome, with a maximum resolving
power of R = 67000. The entire spectral range 370-730 nm
is covered without gaps in a single, fixed setting (Frandsen &
Lindberg 1999). In the present study, we have used the low-
resolution mode with R = 25 000.
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The HERMES data were homogeneously reduced using ver-
sion 4.0 of the HermesDRS' automated data reduction pipeline
offered at the telescope. A complete set of bias, flat, and arc
frames obtained each night, was used to this aim. For wave-
length calibration, HERMES uses a combination of a thorium-
argon lamp equipped with a red-blocking filter to cut off other-
wise saturated argon lines and a neon lamp for additional lines
in the near infrared. The final HERMES spectra of BD +60° 73
have a signal-to-noise ratio (S/N) in the ~80-120 range. The
HermesDRS pipeline provides wavelength-calibrated, blaze-
corrected, order-merged spectra. We then used our own pro-
grams developed in IDL to normalize and correct the final spec-
tra for heliocentric velocity.

The FIES spectra were homogeneously reduced using the
FIEStool? software in advanced mode. A complete set of bias,
flat, and arc frames obtained each night, was used to this aim. For
wavelength calibration, FIES uses arc spectra of a ThAr lamp.
The final FIES spectra of BD +60° 73 have a S/N typically in the
~100-150 range. The FIEStool pipeline provides wavelength-
calibrated, blaze-corrected, order-merged spectra, and can also
be used to normalise and correct the final spectra for heliocen-
tric velocity. In total, we have a sample of 22 high-quality spectra
obtained at different epochs spanning more than three years of
observations.

2.2. X-ray data

The All Sky Monitor (ASM; Levine et al. 1996) on board
the Rossi X-ray Timing Explorer (RXTE) consisted of three
Scanning Shadow Cameras (SSCs) mounted on a motorized ro-
tation drive. Each SSC contained a position-sensitive propor-
tional counter (PSPC) that viewed the sky through a slit mask
covering a field of view (FOV) of 6° by 90° FWHM. Each SSC
was sensitive in the energy range of approximately 1.5-12 keV,
with on-axis effective areas of ~10 cm?2, ~30 cm?, and ~23 cm?
at2, 5, and 10 keV, respectively.

The ASM monitored the sky between January 1996 and
December 2011. The ASM light curves are publicly available?
in the form of light curves covering the 1.5-12 keV energy
band on two timescales: a series of 90 s exposures known as
dwells, and the “one-day average” light curves, where each data
point represents the one-day average of the fitted source count
rates from a number (typically 5-10) of individual ASM dwells.
Between 1996 January 5 (MJD 50087) and 2011 December 31
(MJD 55927), there are 82105 dwells on IGR J00370+6122 in
the “raw” light curve and 5407 data points in the “one-day aver-
age” light curve.

The Burst Alert Telescope (BAT; Barthelmy et al. 2005)
on board Swift, a NASA mission launched in November 2004
(Gehrels 2004), is a coded-aperture imager with a very wide
FOV of about two steradians, which operates in the 15-150 keV
band. The BAT angular resolution is 22" (FWHM).

The BAT continually monitors the sky, with more than about
70% of the sky observed on a daily basis. Results from this
survey are publicly available* in the form of light curves cov-
ering the 15-50 keV energy band on two timescales: a single

' http://www.mercator.iac.es/instruments/hermes/
hermesdrs.php

2 http://www.not.iac.es/instruments/fies/fiestool/
FIEStool.html

3 http://xte.mit.edu/ASM_lc.html

4 http://swift.gsfc.nasa.gov/docs/swift/results/
transients/index.html

Swift pointing (~20 min) and the weighted average for each
day. This BAT daily light curve contains 2690 data points
from IGR J00370+6122, obtained between 2005 February 15
(MJD 53416) and 2013 June 2 (MJD 56 445).

3. Data analysis and results

One of the highest quality spectra of BD +60°73 is shown in
Fig. 1, where line identifications are also provided. The spec-
trum was artificially degraded to a resolving power of R = 4000
for spectral classification. A large number of MK standards, ob-
served with the same instrumentation and subjected to the same
procedure, were used for comparison. The spectrum, which of
much better quality that those used in Reig et al. (2005), indi-
cates a slightly later spectral type B0.7 (based on the ratio of
Sitr and SiTVv lines, the main spectral type indicator) and some-
what higher luminosity. The best spectral type from direct com-
parison would be B0.7 Ib-II, with evidence of strong nitrogen
over-abundance. However, we note that the star is a very fast
rotator (vsini ~ 135 kms™!; see Sect. 3.2), and this is known
to generally lead to the assignment of lower luminosity, as the
standards rotate more slowlyS. In view of this, we take BNO.7 Ib.

3.1. Distance

Traditionally, BD +60° 73 has been considered a member of the
Cas OB4 association (Humphreys 1978). For this association
Humphreys (1978) gives a distance modulus DM = 12.3, while
Garmany & Stencel (1992) give DM = 12.2. Photoelectric UBV
photometry for BD +60° 73 is provided by Hiltner (1956) and
Haug (1970), who give essentially identical values, suggesting
no variability (V = 9.65). Therefore we can combine the optical
photometry of Haug (1970) with the near-infrared photometry
from 2MASS (Skrutskie et al. 2006). By using these data as in-
put for the y? code for parametrised modelling and characteri-
sation of photometry and spectroscopy CHORIZOS implemented
by Maiz-Apelldniz (2004), we found that the extinction to the
source can be reproduced well by a standard law with R = 3.1.

If we assume an intrinsic colour (B — V) = —0.20, (in-
terpolating in the calibration of Fitzgerald 1970), we obtain
E(B - V) = 0.77. The synthetic spectrum has the same intrin-
sic (B — V)y = —0.20. For a standard extinction law, Ay = 2.39,
and then my = 7.26. For a distance of DM = 12.3, this leads to
an absolute magnitude of My = —5.0 mag. This is a rather low
value for a supergiant, though it is marginally consistent with
the spectral type. Absolute magnitude calibrations for a B0.7 Ib
star would support a value close to My = —5.7 mag (e.g. Turner
1980; Humphreys & McElroy 1984). However, this luminosity
would place BD +60° 73, at a distance of ~4 kpc, which is far
away from any spiral arm in this direction (e.g. Negueruela &
Marco 2003).

Another way of estimating the distance to BD +60° 73 is to
make use of the interstellar lines in its spectrum to study the ra-
dial velocity distribution of interstellar material along its line of
sight. We calculate the velocity scale with respect to the local
standard of rest (LSR) by assuming that the Sun’s motion with
respect to the LSR corresponds to +16.6 km s~! towards Galactic
coordinates [ = 53°; b = +25°. In Fig. 2, we show the interstel-
lar Na1 D lines; both present identical morphologies, with two

> The number of Galactic early-B supergiants with projected rotational
velocities above 80 km s~! is marginal; most of them concentrate around
40-80 kms™! (see Fig. 14 in Simén-Diaz & Herrero 2014).
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Fig. 1. Spectrum of BD +60° 73 over the classification region, obtained with the FIES spectrograph on September 2011, 11.

well-separated components. The Ca1l K line is also shown, dis-
playing a very similar morphology.

In the Na1 D lines, one of the components is centred on
—4 kms~!, extending from low positive values to ~—12 kms™"'.
The second component is centred on —24 km s~! and has a shoul-
der extending to ~—35 kms~!. The K17699 A line, which is not
saturated, has two narrow components, centred on —8 km s~!and
—21 kms~'. These two components are readily identified with
absorbing clouds located in the Local Arm and the Perseus arm.

In Fig. 2, we also show the dependence of radial veloc-
ity with distance in the direction to BD +60°73 (I = 12192,
b —0125) according to two widely used Galactic rotation
curves. One is computed assuming circular galactic rotation and
adopting the rotation curve of Brand & Blitz (1993), with a cir-
cular rotation velocity at the position of the Sun (dgc = 8.5 kpc)
of 220 kms~!. The other one follows the rotation curve of Reid
et al. (2009). Along this line of sight, all LSR velocities should
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be negative and increase with distance. Absorption at positive
velocities must therefore be caused by clouds in the immediate
vicinity of the Sun. The nearby (I = 12028, b = +021) Blla
supergiant « Cas, located at a distance d ~ 1 kpc (Humphreys
1978), only shows the low-velocity component. Its lines have
exactly the same profile on the positive side, though they are
broader on the negative side and more saturated, because this
object is closer to the Galactic plane.

The core of the high-velocity component is located around
sk = —24 kms~!. This velocity corresponds to a distance
d ~ 2.5 kpc according to the rotation curve of Brand & Blitz
(1993) and ~1.8 kpc according to the rotation curve of Reid
et al. (2009). Both distances indicate that this component arises
from material in the Perseus arm. There are very large devi-
ations from circular motion in the Perseus arm (Reid et al.
2009), but we can use objects with independent distance deter-
minations to constrain the distance to the absorbing material.
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Fig. 2. Top left: interstellar Na1 D doublet (5890 A full line, 5896 A dashed line) in the spectrum of BD +60° 73. Bottom left: the Call K line at
3934 A, displaying a similar morphology, but somewhat lower S/N. Right: radial velocity with respect to the local standard of rest (LSR) due to
galactic rotation as a function of distance, using the rotation curve of Brand & Blitz (1993, black curve) and that of Reid et al. (2009, red curve).

Table 2. Diagnostic lines considered in the by eye individual-line anal-
ysis (see text for explanation).

Hp, Hy, H6
He14471, 4387, 5875, 6678
Sim 4552, 4567, 4574, Si1tv4116
0114661, Mg14481, C114267, N113995

The nearby Hil region Sh2-177 (I = 120°6, b = —0°1) has
vsr = —34 kms™!, while Sh2-173 (I = 11924, b = —(°8) has
vLsk = —35 kms™! (in both cases, undisturbed gas velocities;
Fich & Blitz 1984). Both H1I regions have published distances
compatible with the estimates for Cas OB4. More recently,
Russeil et al. (2007) have estimated a distance d = 3.1 kpc for
Sh2- 173 (DM = 12.5), which they also assume to be valid for
Sh2-172 and Sh2-177. We can assume that the material produc-
ing absorption in the feature centred on ~—33 km s~ must be at
the same distance. In view of this, BD +60° 73 must be at least
at the same distance and most likely not much further away.

There is some indication in all the interstellar lines of a weak
component at vpsg & —45 km s~!. However, the existence of
this component would not necessarily imply greater distance.
Along this line of sight, there are very large deviations from cir-
cular motion, and the nearby HII region Sh2-175 (I = 120%4,
b = +2°0), with a distance estimate of 1.7 kpc, has a velocity
vLsr = —50 kms™! (Fich & Blitz 1984). Therefore, if this weak
component at high velocities is real, it is likely to arise from fore-
ground material associated to this H1I region. In view of this, we
accept a distance of 3.1 kpc for BD +60° 73. This implies an
absolute magnitude My = —5.2 mag.

3.2. Model fit

We first applied the IACOB-BROAD IDL tool described in
Simén-Diaz & Herrero (2014) to estimating the projected ro-
tational velocity of the star and the amount of macroturbulent
broadening (®gr) affecting the line profiles. The analysis of the
Simm 4553 A line resulted in the combination (vsini, Ort) =
(135,67) kms~! providing the best fitting solution. While such
a large macroturbulent broadening contribution is commonly
found in early B supergiants, the projected rotational speed of

Table 3. Stellar parameters derived from the spectroscopic analysis
(upper panel) and calculated using the photometry of Haug (1970) and
assuming d = 3.1 kpc (lower panel).

vsini (kms™') 135+7
Ogr (kms™) 67+7
T (K) 24000 £ 1500
logg 29+0.2
& (kms™h) 15+5
Yhe 0.25+0.10
log QO —13.0 (assumed)
d(kpc) 3.1+03
My -52+0.3
R. (Ry) 16.5+2.3
log(L./Le) 491 +0.16
M. /Mg 10+£5

this star is very high compared to objects of similar spectral type
(e.g. Markova et al. 2014; Simén-Diaz & Herrero 2014, and ref-
erences therein).

A quantitative spectroscopic analysis was subsequently per-
formed by means of FASTWIND (Fast Analysis of STellar atmo-
spheres with WINDs; Santolaya-Rey et al. 1997; Puls et al. 2005),
a spherical, non-LTE model atmosphere code with mass loss and
line-blanketing. An initial analysis was done following the strat-
egy described in Castro et al. (2012), based on an automatised
x° fitting of synthetic FASTWIND spectra including lines from
H, Her1-m, Sitr-1v, Mgt, C11, N1I-11, and OTI to the global
spectrum between 3900 and 5100 A. The parameters and abun-
dances derived were then carefully revised by using a more re-
fined grid of FASTWIND models specifically constructed for this
study and a by eye comparison of the observed and synthetic
spectra for individual diagnostic lines of interest (see Table 2).
In both cases the value of the wind-strength Q-parameter was
fixed to a value logQ = —13.0, because Ha shows weak and
variable emission (see Fig. 8), rendering the determination of
wind properties rather uncertain. The line-broadening v sin i and
Ogr parameters were fixed to the values indicated above during
the analysis process.

The parameters obtained are summarised in Table 3. We
found very good agreement (within the uncertainties) between
the global-y? and the individual-line by eye solutions. The best
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Table 4. Chemical abundances in log( %) + 12 resulting from the

FASTWIND spectroscopic analysis of BD +60° 73.

Species BD +60°73  B-type stars Sun
Si 7.55+0.15 7.50+0.05 7.51+0.03
Mg 7.55+0.15 7.56+£0.05 7.60+0.04
C 7.75+0.15  833+0.04 8.43+0.05
N 8.40+0.15 7.79+0.04 7.83+0.05
O 8.75+0.15 8.76+0.05 8.69+0.05

Notes. We also include for comparison the set of chemical abundances
derived by Nieva & Przybilla (2012) for B-type stars in the solar neigh-
bourhood and the solar abundances from Asplund et al. (2009).

fit is obtained for T,z = 24000 K and logg = 2.90. The
temperature value is typical of the spectral type. The low effec-
tive gravity fully supports the supergiant classification. Because
of the high rotational velocity, the effective gravity has an im-
portant centrifugal contribution. When corrected for this effect,
the actual gravity becomes log g. = 3.00 (Repolust et al. 2004).

The He relative abundance (Yy. = N(He)/N(H)) is very
poorly constrained. Depending on the diagnostic line consid-
ered and the value of the microturbulence, the derived abundance
ranges from 0.15 to 0.30. Overall, the best fitting solution is ob-
tained for Yy = 0.25. This high He abundance is indicative of
a high degree of chemical evolution. The other abundances de-
rived (C, N, O, Si,Mg) are summarised in Table 4. We also in-
clude for comparison the set of chemical abundances for B-type
stars in the solar neighbourhood derived by Nieva & Przybilla
(2012) and the solar abundances from Asplund et al. (2009).
While Si, Mg and O abundances are compatible with the so-
lar ones and those proposed by Nieva & Przybilla (2012) as
cosmic abundance standard, the star appears N-enhanced and
C-depleted, suggesting a fair degree of chemical evolution, in
agreement with the He abundance. The values are similar to
those of very luminous (class Ia) early-B supergiants (Crowther
et al. 2006).

Stellar parameters can be derived by scaling the absolute
magnitude of the synthetic spectrum to the observed My. With
this method, and using the values found above for the effective
temperature and the effective gravity corrected for rotation, we
calculate the parameters listed in the bottom panel of Table 3.
Alternatively, the mass can be estimated by placing the star
on evolutionary tracks. In Fig. 3, we compare the position of
BD +60° 73 with the evolutionary tracks of Brott et al. (2011)
for the assumed distance d = 3.1 kpc. We show tracks with
both zero and high initial rotational velocity. The position of
BD +60° 73 is compatible with the tracks for an initial mass M,
in the 17—18 M, range close to the end of hydrogen core burn-
ing. Mass loss until this point is not very important, and so the
present-day mass should only be a fraction of a solar mass lower.
‘When the error bars are taken into account, we come to an evo-
lutionary present-day mass of 17 +2 M.

3.3. Orbital solution

The radial velocity points have been obtained by cross-
correlating the observed spectra with a FASTWIND synthetic
spectrum corresponding to the parameters and abundances in-
dicated in Tables 3 and 4. The IRAF routine fxcor was used to this
aim. For the cross-correlation hydrogen and helium lines, which
may be contaminated by residual wind emission in an early-type
supergiant (e.g. van der Meer et al. 2007), have been avoided,
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Fig.3. Evolutionary tracks and the position of BD +60°73 in the
Hertzsprung-Russell diagram. The evolutionary tracks are from Brott
etal. (2011), for initial v, = O (grey, continuous) and v, = 377 km 5!
(red, dashed).

Table 5. Radial velocities of BD +60° 73 sorted by phase.

#  Phase  0pg (kms™') O-C (kms™})
10 0.0055 —-102.1«5.5 3.9
20 0.0390 -98.8+64 -3.5
21 0.1018 -81.7+7.5 -2.2
11 0.1970 -67.1 1.6 4.3

1 0.2290 -73.5+0.8 -3.2

2 0.2938 =722 0.7 -3.2
12 0.3259 -68.4+2.1 0.2

3 03525 -68.0+0.7 0.4
13 0.3869 -693+19 -0.9

4 04143 -66.2 +0.8 2.3
16  0.4404 —-65.7+12 2.3

5 04797 -62.7+0.8 6.1
22 0.4875 -73.7+0.7 —4.8

6 0.5460 =722 +0.8 =-2.7

7 0.6060 -752+0.8 -4.6
14 0.6793 -70.3+0.8 2.1

8 0.7358 -72.0+0.7 2.6
15  0.7444 =799 +0.6 -5.0

9 0.8705 -84.4+0.9 0.3
17 0.9204 -923+1.3 0.8
19 09747 -107.1+1.1 -1.1
18 09815 -106.0+1.2 1.0

Notes. Column 1: number of the observation from Table 1; Col. 2: cor-
responding orbital phase according to orbital solution in Table 6; Col. 3:
residuals from the radial velocity curve (see Fig. 5) to the observational
data points.

and only the region of the spectrum between 4540 A and 4660 A
has been used. This region contains no HeT or HT lines, but nu-
merous metallic lines (mostly Silll, O1I, and N1I), which are
more suitable for radial velocity determinations, because they
arise in deep photospheric layers. The individual radial velocity
measurements are listed in Table 5.

We searched for periodicities within the radial velocity
points using different algorithms available in the Starlink pack-
age pErioD (Dhillon et al. 2001). All of them resulted in a
highest peak at values compatible within their errors and also
compatible with the periodicity found in the X-ray light curve
(den Hartog et al. 2004). Figure 4 shows the result obtained
with the algorithm cLEAN (implemented in pEriOD), which is
particularly useful for unequally spaced data. This algorithm
basically deconvolves the spectral window from the discrete
Fourier power spectrum producing a “clean” power spectrum.
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Fig.4. “Clean” periodogram of the radial velocity points obtained with
the PERIOD package within the Starlink environment.

A significance calculation of the value obtained was performed
using the siG routine of pErIOD, applying 1000 Monte Carlo sim-
ulations. The result of this significance calculation, representing
the probability that the period is not actually equal to the value
quoted, is FAP2 ~ 0.7%. Therefore we can assume that the pe-
riod of 15.66 d, which is found both from the X-ray observations
(den Hartog et al. 2004) and from the radial velocity of the opti-
cal component, is the orbital period of the binary system.

A radial velocity curve was obtained by fitting the radial ve-
locity points using sBop, which is an adaptation of the FORTRAN 11
computer program developed to solve spectroscopic binary sys-
tems by Wolfe et al. (1967). The fit is achieved by perform-
ing several iterations that refine a set of preliminary elements
by a differential correction procedure. The initial elements of
the orbit could be either supplied by the user or derived us-
ing the Russell-Wilsing method (Wilsing 1893; Russell 1902;
Binnendijk 1960), which is an approximation method based on
a Fourier curve-fitting procedure where the only parameter that
must be known is the orbital period. The differential-correction
procedure can be accomplished either with the method of
Lehmann-Filhés (1894) re-discussed by Underhill (1966) or
with the method of Sterne (1941) re-discussed by Hiltner (1962).
We fixed the period to the value obtained from the periodicity
analysis, and gave a set of initial parameters as variables for a
first iteration, assigning different weights (depending on their
uncertainties) to the different radial velocity points. Using the
solution of this iteration, we then utilised the Lehmann-Filhés
method implemented in sBop for single-lined systems. After sev-
eral iterations, we obtained convergence for most orbital param-
eters. We then freed the period while fixing other parameters
and repeated the procedure. Once we reached an accurate value
of the orbital period, we fixed it to that value, freed the other
parameters, and repeated again until all parameters converged.

The radial velocity curve obtained is shown in Fig. 5, where
the residuals from the observed data points to the theoretical
curve are also shown. The parameters of this best-fit curve are
shown in Table 6. The orbital period, P, = 15.6610+0.0017d,
is identical within the errors to the 15.665 + 0.006 d periodic-
ity found in the X-ray light curve by in 't Zand et al. (2007), but
slightly shorter and more precise. All parameters are well de-
termined with the exception of the mass function, which has an
error *30%.

The relatively large uncertainty is connected to the moder-
ately large residuals in the orbital fit. In other HMXBs, such as
Vela X-1, large residuals are also seen, showing a modulation at

-60 T T

-75

-90

Vrad (kms ™)

-105

0-C (kms™)

A o » @

0 0.2 0.4 0.6
Orbital phase

Fig. 5. Top: best-fit radial velocity curve and real data folded on the
15.661 d period derived from our data analysis. Phase O corresponds to
periastron. Bottom: residuals from the observed radial velocity points to
best-fit radial velocity curve.

Table 6. Orbital parameters of BD +60°73.

To(HID-2450000)  5084.52 +0.37
Py (days) 15.6610 +0.0017
e 0.56 +0.07
y (kms™") 773+14
Ko (kms™") 19.6+£1.9
w (degrees) 194+9
ao sini (km) (3.5+0.4) 10°
f(M) (M) 0.0069 +0.0023

Notes. Orbital parameters obtained by fitting the radial velocity points
using Lehmann-Filhes method implemented in SBOP.

multiples of the orbital frequency (Quaintrell et al. 2003). This
modulation led to the suggestion that the oscillations were tidally
induced by the companion. Strong radial velocity excursions are
also seen in the peculiar transient IGR J11215-5952 (Lorenzo
et al. 2014) and in the HMXB GX 301-2 (Kaper et al. 2006),
both of which have very massive and luminous counterparts.
Since macroturbulence is relatively strong in BD +60°73 and
a connection has been claimed between pulsations and macro-
turbulence broadening (e.g. Simén-Diaz et al. 2010), it is tempt-
ing to suspect that the large residuals in the fit to the radial ve-
locity curve may be connected to pulsations. We searched for
periodicities within these residuals, finding no obvious results,
though the number of measurements is probably too small to
rule out the possibility of tidally induced pulsations completely
in BD +60°73.

3.4. X-ray light curves

The X-ray light curves from the RXTE/ASM and Swift/BAT
have been searched for periodicities between 3 and 300 days,
using different algorithms available within the Starlink package
PERIOD and also using an epoch folding analysis implemented in
the software DEs7 (see Larsson 1996, for details on the method
implemented on this software). Analyses of the RXTE/ASM
dwell-by-dwell and daily-average light curves and the BAT light
curve give consistent results, finding values for the period (see
Fig. 6) that are compatible among themselves within their re-
spective error bars, compatible with the period found from the
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Fig.6. Examples of the period searching within the ASM and BAT
X-ray light curves of IGR J00370+6122. Top panel: SCARGLE peri-
odogram obtained with PERIOD for the “raw” (dwell by dwell) ASM
light curve. Bottom panel: epoch folding of the weighted-average daily

BAT light curve.

15.2

radial velocity points and also with the X-ray period published
in in 't Zand et al. (2007) or in den Hartog et al. (2004).

We performed the folding of these light curves on all the pe-
riods that we had found and also on the value of P = 15.6627 +
0.0042 d published by in’t Zand et al. (2007). All the foldings
are similar to each other in shape; the count rate has a clear max-
imum around ¢ = 0.2 (using the ephemeris from the radial ve-
locity curve solution) and presents a broad flat minimum around
apastron. All the foldings present some evidence of a flux drop
just before the maximum, close to periastron. The highest peak
is found for the folding on the orbital period derived from the
radial velocity curve (which also has the smallest formal error).
Therefore we interpret this as the most accurate orbital period.
Figure 7 shows the folding of the daily average ASM light curve
(top panel) and the folding of the BAT daily light curve (bottom
panel) over this period. In both cases, the folding was performed
with DEs7, and the individual points were weighted according
to their errors. Phase zero of these foldings corresponds to the
periastron passage, and the figure shows the time of eclipse ac-
cording to the sBop orbital solution.

The maximum of the folded RXTE/ASM light curve is
around orbital phase ¢ = 0.25 (~4 d after periastron). The
shape of the light curve is very similar to the one shown in
in’t Zand et al. (2007) for data taken until November 2006,
in spite of the slightly different folding periods. The maximum
of the Swift/BAT folded light curve is reached slightly before
¢ = 0.2, which means less than three days after periastron pas-
sage. This suggests that the maximum luminosity in the hard
X-rays (energy range 15-50 keV) may occur some time before
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Fig.7. Average folded light curves in two energy ranges over the or-
bital period (Pop = 15.6610 = 0.0017 days). Phase zero corresponds
to the periastron passage in the SBOP orbital solution. Red dashed
lines indicate the time of possible eclipse according to this solution
(¢€[0.86 — 1.06]). Top panel: weighted folded ASM light curve (from
daily average datapoints). Bottom panel: weighted folded BAT light
curve (from daily average datapoints).

the maximum in the softer band (energy range 1.5-12 keV). The
BAT light curve is very similar in shape to the ASM light curve
and also quite similar to the INTEGRAL/ISGRI light curve in
the 2045 keV range shown by in’t Zand et al. (2007), who also
found some difference in shape between the soft and hard X-ray
folded light curves, along with a delay between the maximum
flux of the ISGRI and ASM folded light curves, with the ISGRI
maximum taking place before the ASM one, which is also in
accordance with our results.

The minimum of the ASM light curve is at around 0.12 cts/s.
According to Remillard & Levine (1997), the ASM has a bias
of +1 mCrab and systematics make detections below 5 mCrab
difficult (corresponding to ~0.08 cts/s). Therefore the source is
very likely detected outside the outbursts, at a level ~10 times
lower than the peak luminosity, as anticipated by in 't Zand et al.
(2007). This seems to be borne out by the BAT light curve. In any
case, the pointed observations with the RXTE/PCA reported by
in 't Zand et al. (2007) show that these integrated fluxes represent
the average of many flares superimposed on a quiescence flux at
least ~50 times lower. Therefore, the folded light curves merely
represent the average behaviour, in the sense that the peaks of
some flares have much higher values than the peak of the folded
light curves.

Given the spectral parameters determined by in 't Zand et al.
(2007) and our value of the distance (3.1 kpc), we can estimate
the X-ray luminosity in both energy ranges. Assuming a power
law spectrum with an absorption column Ny = 7 x 10°> cm™2, a
photon index I = 2.3 for the ASM energy range (1.5-12 keV),
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Fig.8. Temporal evolution of the normalised He profile, sorted by or-
bital phase (left) or in time sequence, with the date indicated (right).

and a I’ = 1.84 for the BAT energy range (15-50 keV), we de-
termine the maximum and minimum luminosities of the average

: MIN 34 -1 7MAX ~
foldings as L\s" 5 .y ~ 9.7 x 107" ergs™, L', .y = 2.5 X

35 -1 7MIN - 34 -1 MAX ~
107 ergs™, Lis 5o ey ~ 8:5 X 107 ergs™, and Li5%5, oy ~

4.7x10% ergs™!.

3.5. Evolution of Ha

The X-ray behaviour of IGR J00370+6122 seems typical of
wind-fed accreting sources. The shape of Ha (Fig. 8), on the
other hand, is reminiscent of a Keplerian geometry and similar
to those seen in shell Be stars with very small or incipient discs
(e.g. 0 And; Clark et al. 2003). This kind of line profile, how-
ever, is also seen in OB supergiants (e.g. HD 47240; Morel et al.
2004). Since the neutron star must come quite close to the stel-
lar surface at periastron, given the high eccentricity, the presence
of weak emission components could be the result of mass being
lost from the B supergiant and settling into some kind of disc
configuration.

To explore this possibility, Fig. 8 shows the evolution of Ha
ordered by orbital phase. Very similar profiles are seen at differ-
ent phases, while relatively different profiles are seen at almost
the same phase. This suggests that the shape of Ha is not driven
by orbital effects. To quantify this assertion, we measured the
FWHM of the absorption trough by fitting a Gaussian profile to
the region between 6555 and 6570 A. The range was the same
in all spectra for consistency. Figure 9 shows the evolution of
the FWHM with time and with orbital phase. The changes in the
line shape seem to occur on a timescale of several days, and not
to depend on the orbital phase. Therefore we conclude that the
variability in He is mostly due to the stellar wind, and it does
not reflect episodic mass loss locked to the orbital period.

4. Discussion

We have determined the astrophysical parameters of BD +60° 73
and obtained an orbital solution for the IGR J0O0370+6122 binary
system. To understand its implications for the physics of wind-
accreting HMXBs, we must estimate the range of parameters
allowed by our solution.

4.1. Orbital parameters

The mass of the optical companion may be determined from
the atmosphere parameters. In many cases, supergiants show
a discrepancy between spectroscopic and evolutionary masses
(Herrero et al. 1992; Herrero 2007). For BD +60° 73, the dis-
crepancy is moderate. With a spectroscopic mass M, = 10 =
5 M, and an evolutionary mass M, = 17 = 2 M, the values are
compatible at slightly above 1o Since the spectroscopic value
has a very strong dependence on the value of logg, we favour
a mass ~15 Mg, which is fully within typical values for a low-
luminosity supergiant (e.g. Markova & Puls 2008). This mass is
lower than those typically found in calibrations for the spectral
type (e.g. 22 My, as assumed by Grunhut et al. 2014) owing to
its relatively low luminosity. The stellar radius, 16.5 R, is again
smaller than is typical of the spectral type for the same reason
(relatively low luminosity).

Unfortunately, we cannot constrain the mass of the neu-
tron star because a pulse phase analysis does not exist. Masses
of neutron stars in HMXBs range from 1.1 My in SMC X-1
(van der Meer et al. 2007) to 1.9 M, in Vela X-1 (Quaintrell
et al. 2003). Since the mass function has a large relative uncer-
tainty, we cannot impose strong constraints. Figure 10 shows the
range of possible masses for the neutron star as a function of
the mass of the companion and the inclination. A companion
mass ~15 M, rules out inclinations $45° (which would require
neutron star masses My ~ 2 M,), and indicates an inclination
not very far from i ~ 60° for a canonical Mx = 1.44 M. As
an illustration, Fig. 11 shows the range of possible mass values
allowed by the uncertainty in f(M) when we fix i = 60°. We
see that for a given value of the companion mass, for instance
M, = 15 M, a wide range of values is allowed for the neutron
star mass Mx = 1.3—1.6. In view of this, we assume a nominal
value of Mx = 1.44 M, for the rest of the paper.

A more stringent constraint on the inclination may be ob-
tained from the likely presence of an eclipse in the folded X-ray
light curves. Even though the detection cannot be statistically
significant, given the very low out-of-peak fluxes, all soft and
hard X-ray light curves show evidence for a drop in flux just
before the main peak. As shown in Fig. 7, this drop coincides
with the time of possible eclipse according to our orbital solu-
tion, therefore we consider the existence of an eclipse likely. If
this is actually the case, the inclination of the system must be
260°. In particular, for the canonical Mx = 1.44 M, and our
values of M, = 15 My and R, = 17 Ry, the inclination must be
i 2 71°. This inclination value agrees with i ~ 72° proposed by
Grunhut et al. (2014), even though they assume a much larger
radius (R, = 35Ry) than we derive (R, = 16.5Ry). Since we
cannot constrain the duration of the eclipse, we cannot constrain
the inclination any further, but values as high as i = 75° are eas-
ily compatible with the masses discussed here (see Fig. 10). With
these masses and the eccentricity found in Sect. 3.3, the perias-
tron distance is r = 36 Rg, i.e. 2.1 R,. The orbit corresponding
to these parameters is displayed in Fig. 12.

Comparing our orbital solution with the solution found by
Grunhut et al. (2014), all the parameters are compatible with

Al131, page 9 of 14


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423554&pdf_id=8

A&A 566, A131 (2014)

4.5} ° [ ° bl 4.5 . ] 4.5+ ® o ® o o
~ L L4 ° ~ ~ L4 °
& 42F , ° o T a2l . ] & 40l . o ]
= o = . = . o
\[71 [ L] EL'_, R L] EL'_, R (X ] Y
= 3.9; | . o 1 e 3.9 . . b = 3.9 o ° b
T 3.6F ] T 3.6F 1 T 36F 1
[ o o 4 .
300.0 600.0 900.0 1200.0 135.0 138.0 141.0 144.0 00 02 04 06 08 1.0
MJD-55000 MJD-55000 Orbital phase

Fig. 9. Full-width half-maximum (FWHM; in A) of the He line. Left: evolution with time for our whole data set. Middle: evolution with time in
the 2009 campaign with HERMES. Right: evolution with the orbital phase of the binary system.
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Fig. 11. Relation between the supergiant mass and the neutron star mass
for i = 60°. The shaded area represents the range of values allowed
within one standard deviation for our value of f(M).

each other within errors (mass function, systemic velocity, semi-
amplitude, etc.) except for the time of periastron passage. This
time in Grunhut et al. (2014) differs by ~0.1 phases (accord-
ing to our ephemeris) from our value. The two values, how-
ever, are consistent within errors at the 20 level, which repre-
sents good agreement if we take the ~133 orbital cycles into
account between the two dates. The values of the eccentricity
are compatible with each other, confirming the high eccentric-
ity. Grunhut et al. (2014) have fixed the orbital period value to
that of in "t Zand et al. (2007), while we calculated an orbital pe-
riod through a periodogram of the radial velocity measurements
and the X-ray light curves and refined the value via the fitting of
the orbital solution with SBOP. Therefore we expect our value
of the orbital period to be more accurate than that of in’t Zand
et al. (2007). In conclusion, Grunhut et al. (2014) find a totally
compatible orbital solution using a completely independent data
set. We can thus consider the orbital parameters of this HMXB
firmly determined.
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Fig.12. Relative orbit of the compact object around the optical star
in IGR J00370+6122 as seen from above the orbital plane. The posi-
tion of periastron is indicated and joined to the apastron by the straight
line depicting the major axis of the orbit. The shaded area signals the
approximate size of the supergiant, and the small ellipse inside it repre-
sents its orbital motion around the centre of mass. The coordinates are
in solar radii and represent projected distances.

4.2. Evolutionary context

The stellar properties of BD +60° 73, and in particular its high
level of chemical evolution, are rather unusual. The star displays
a very high vsin i for a supergiant. In addition, both the He abun-
dance and the N/C ratio are typical of stars displaying a high de-
gree of processing, such as B Ia supergiants (e.g. Crowther et al.
20006). It is possible to relate the high level of chemical evolu-
tion to the high rotational velocity, assuming that it is the result
of mass transfer from the progenitor of the neutron star prior
to its supernova explosion. In classical models for the forma-
tion of SGXBs, the original primary transfers mass to the sec-
ondary, leading to its “rejuvenation” (Podsiadlowski et al. 1992;
Wellstein et al. 2001; Langer 2012). If mass transfer is conser-
vative, the mass of the original secondary can grow until it be-
comes rather more massive than the primary initially was (e.g.
Wellstein & Langer 1999). After the primary explodes as a su-
pernova, the original secondary evolves to the supergiant phase,
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perhaps overluminous for its mass (Dray & Tout 2007), devel-
oping a strong wind that feeds the neutron star.

For a limited range of initial parameters, Pols (1994) found
that mass transfer could lead to a reversal of the supernova order.
The original secondary would receive the whole hydrogen-rich
envelope of the primary, becoming much more massive, and then
fill its Roche lobe, leading to reverse mass transfer and probably
a common-envelope phase. The explosion of the original sec-
ondary would occur while the original primary is still some sort
of He star. The observational characteristics of such a He star are
not known.

As explained in Sect. 3.2, the He abundance of BD +60° 73
is not well constrained, but is high. The most likely value is
Yre = 0.25, with a permitted range between 0.15 and ~0.3. The
He abundances of B supergiant are generally assumed to be close
to the solar value, Yy = 0.10 (e.g. Markova & Puls 2008). For
very luminous (luminosity class Ia) supergiants, Crowther et al.
(2006) assumed Yy = 0.20, indicative of some chemical evo-
lution, since they found N/C ratios similar to the one found for
BD +60° 73. For the blue hypergiants ¢! Sco and HD 190603,
which are expected to be in a more advanced stage of evolution,
Clark et al. (2012) find Yy = 0.20, while Kaper et al. (2006)
found Yy = 0.29 for the B1Ia* donor in the SGXB GX 301-2.

Therefore BD +60° 73 may be the B supergiant with the
second highest He abundance measured. Together with its rel-
atively high N/C ratio, very high rotational velocity, and perhaps
mild underluminosity (see Sect. 3.1), this evidence of chemical
evolution may indicate a non-standard evolutionary channel for
IGR J00370+6122. However, given the lack of a theoretical evo-
lutionary model that can reproduce these characteristics, we do
not try to infer the formation history of the system and stick to
the standard scenario.

Within this evolutionary scenario, a major observational con-
straint is given by the pulse period of the neutron star. in 't Zand
et al. (2007) observed IGR J00370+6122 on four occasions with
the RXTE/PCA, always close to the predicted time of maximum
X-ray flux, according to the RXTE/ASM light curve. The X-ray
flux detected was very variable, with evidence of strong flaring,
leading in 't Zand et al. (2007) to conclude that the ASM folded
light curves simply represent averages of many flares. During
the strongest of these flares, which took place on MJD 53 566,
reaching Lx(3-60keV) ~ 3.2 x 1036 ergs™! (in’t Zand et al.
2007; value scaled to our distance), the flux was strongly mod-
ulated. Timing analysis revealed a very probable pulsation at
Pgyin = 346 £ 6 s that cannot be considered certain due to
the brevity of the flare (in’t Zand et al. 2007). The combina-
tion of flaring behaviour and long spin period is typical of a
wind-accreting system, as expected for a supergiant companion.
Figure 13 shows the Pgyin/Pos diagram, where different kinds
of HMXBs occupy different positions according to its accretion
behaviour (Corbet 1986).

The position of IGR J00370+6122 in Fig. 13 is typical of
wind-fed supergiant systems, giving further support to the pu-
tative spin period. According to the classical interpretation (e.g.
Corbet 1984; Waters & van Kerkwijk 1989), the spin periods of
BeXBs binaries are equilibrium periods for the magnetized neu-
tron stars. The equilibrium is a consequence of spin-up episodes
during accretion and spin-down episodes when accretion is in-
hibited by centrifugal effects (see also Stella et al. 1986). In
the case of wind-fed systems, the observed spin periods are be-
lieved to be the equilibrium values reached when the donor was
still on the main sequence, because there is no effective way for
a new equilibrium to be achieved when the source is a super-
giant (Waters & van Kerkwijk 1989; Liu et al. 2011). In this
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Fig.13. The Pgn/Pow (Corbet’s) diagram for a large sample of

HMXBs. “Classical” HMXBs are fed through localised Roche-lobe
overflow and have very short spin periods. Be/X-ray binaries show a
moderately strong correlation between their orbital and spin periods
(Corbet 1984). Wind-fed systems have long spin periods, uncorrelated
to their orbital period. The position of IGR J00370+6122 is marked by
a Ccross.

scenario, detection of a pulse period typical of wind accretors in
IGR J00370+6122 has two immediate consequences:

— IGR J00370+6122 is not a young system. The supernova ex-
plosion of the progenitor to the neutron star took place when
BD +60° 73 was still close to the main sequence, since the
pulsar had time to slow down from its presumably very short
initial spin period to its current value.

— In spite of the fast rotation measured in BD +60° 73, the sys-
tem did not go through a BeXB phase before becoming a
SGXB. Liu et al. (2011) describe scenarios in which a BeXB
may turn into an SEXT as the donor star evolves off the main
sequence, but the spin period of the neutron star is not ex-
pected to slow down again. The SFXT IGR J18483-0311,
with a putative Py, = 21 s, was considered to be the best
candidate to have followed this evolutionary path, but this
spin period has recently been called into question (Ducci
et al. 2013). We note that no Be/X-rays binaries are known
with an orbital period as short as IGR J00370+6122. Only
the peculiar LMC transient A 0538—-66 has a similar Py, =
16.7 d, but this object does not seem to behave as a classical
BeXB, and the putative Py, = 0.069 s, detected only once,
sets it apart from all BeXBs.

That IGR J00370+6122 is not a young system indicates that it
might have had time to circularise. SGXBs with orbital periods
smaller than 8 d have negligible eccentricities. Vela X-1, with
Pov = 8.9 d and a B0.5Iab companion, has a low eccentricity
of e = 0.09, but 4U 1907+09, with P4, = 8.4 d, and a late-O
supergiant companion has e = 0.28’:8'%2 (in’t Zand et al. 1998).
EXO 1722-363, with an early B companion and Py, = 9.7 d
has an eccentricity less than e = 0.2 and perhaps negligible
(Thompson et al. 2007). This variety suggests that the birth of
neutron stars results in a measurable eccentricity in (almost) all
systems, but tidal circularisation reduces it in systems with small
orbits.

Observational data suggest that a binary containing stars
with an outer radiation zone will suffer substantial tidal effects
when the ratio between the semi-major axis and the stellar ra-
dius is smaller than ~4 (North & Zahn 2003). For typical val-
ues of mass and radius for an OB star orbited by a neutron star,
this corresponds to orbital periods shorter than ~10 d. Three
SGXBs with orbital periods longer than 10 d show measurable,
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but moderate eccentricity. With Py, = 10.4 d, OAO 1657-415
has ¢ = 0.11 (Barnstedt et al. 2008). With Py, = 11.6 d,
2S 01144650 has e = 0.18 + 0.05 (Grundstrom et al. 2007).
Finally, 1E 1145.1-6141, with an orbital period Py = 14.4 d,
has e = 0.20 + 0.03 (Ray & Chakrabarty 2002). The slightly
longer orbital period of IGR J00370+6122, together with its
much higher eccentricity, e = 0.56 + 0.07, supports the idea that
the system will not have time to circularise during the lifetime of
the optical companion. The wide-orbit SGXB GX 301-2, with
a B11Ia*™ donor and a P.y, = 46.5 d, has slightly lower eccen-
tricity, e = 0.46 (Kaper et al. 2006). Only the peculiar system
IGR J11215-5952, with P = 164.6 d, is likely to have higher
eccentricity (Lorenzo et al. 2014).

The systemic velocity of BD +60° 73 is vy = —77 km s7L,
corresponding to v sg & —70 kms~'. This systemic velocity
is perfectly compatible with the —81 + 3 kms~! addopted by
Grunhut et al. (2014), who obtained different values of this
parameter for their four different data sets. Our value is in-
deed equal to their y; value (see Table 3 of Grunhut et al.
2014). The few members of Cas OB4 with published veloc-
ities seem to cluster around vp ~ —50 kms™! (Humphreys
1978). Therefore the recoil velocity of the system after the su-
pernova explosion was ~—25 kms~! in the radial direction. The
tangential component was not very important either, because
it has no significant proper motions (—1.66 + 1.04 mas yr~!;
0.51 + 1.05 mas yr~!; van Leeuwen 2007). These values agree
with the average of other members of Cas OB4 (e.g. HD 1544
with —1.68 + 0.82 mas yr~!; =1.3 + 0.6 mas yr~! or BD +63°70
with —2.26+0.93 mas yr‘1 ; —0.9+0.74 mas yr" , which have the
smaller formal errors in the HIPPARCOS catalogue; van Leeuwen
2007). Therefore the supernova explosion that imparted a rather
high eccentricity to the system does not seem to have given it
a very high recoil velocity. With this peculiar radial velocity,
BD +60° 73 may have travelled 2.5 pc in 1 Myr, and therefore
cannot be very far away from its natal location.

4.3. The zoo of wind-fed X-ray binaries

The spectral classification of BD +60° 73, at the very limit of
the Ib luminosity class, and its low absolute magnitude sug-
gest that it is the least luminous of all mass donors in well-
studied wind-fed supergiant binaries, either SGXBs or SFXTs.
The relatively weak wind, combined with the rather wide orbit,
results in a low X-ray luminosity, with an average peak lumi-
nosity Ly ~ 10% erg s7!, below the average X-ray luminos-
ity of persistent SGXBs, but above the average X-luminosity
of SFXTs in quiescence. With most of the X-ray luminos-
ity being released in a small fraction of time, its flaring be-
haviour is reminiscent of SFXTs, and indeed could be consid-
ered similar to those of intermediate SFXTs with long orbital
periods, such as SAX J1818.6—1703 (Zurita Heras & Chaty
2009). IGR J18483—-0311, which has a similar orbital period
Py = 18.5 d, displays an INTEGRAL/ISGRI 2040 keV light
curve (Sguera et al. 2007) that is very similar in shape to that of
IGR J00370+6122 (in’t Zand et al. 2007), even if the peak lu-
minosity is much higher, at least five times brighter for a source
at approximately the same distance (Rahoui & Chaty 2008). The
maximum X-ray luminosity reported to date is that of the flare
detected by in "t Zand et al. (2007) with the PCA in MJD 53 566,
reaching Lx(3—-60keV) ~ 3.2 X 1036 erg s7! (in’t Zand et al.
2007, value scaled to our distance). Comparing this value to
the minimum X-ray luminosity of the folded X-ray light curves
(Fig. 7), we find a dynamical range for the X-ray luminosity of
IGR J00370+6122 of ~102, which is below the canonical value
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to define an SFXT (>10%; e.g., Walter & Zurita Heras 2007).
Therefore although the X-ray light curve of IGR J00370+6122
is dominated by flaring behaviour (contrary to the behaviour of
persistent SGXBs), this flaring does not achieve the dynamical
range of SFXTs.

These “intermediate” systems are supposed to represent
a link between sources where the X-ray emission is com-
pletely dominated by flaring (the SFXTs) and the persis-
tent (and brighter) canonical wind-fed SGXBs. Monitoring of
IGR J18483-0311 with Swift over a whole orbital period re-
vealed a dynamical range >1200 (Romano et al. 2010), well
above the threshold used by Walter & Zurita Heras (2007)
to classify an object as an SFXT. Romano et al. (2010) sug-
gested that the X-ray light curve of IGR J18483—-0311 could
be explained by an eccentricity ~0.4. Our orbital solution for
IGR J00370+6122, together with the orbital solution of Grunhut
et al. (2014) that supports ours, reveals very similar orbital pa-
rameters for this system.

We know that the SFXT behaviour cannot be primarily re-
lated to the orbital size or eccentricity. SFXTs with small or-
bits are known, such as IGR J16479—-4514 (Jain et al. 2009) or
IGR 17544-2619 (Clark et al. 2009), both with periods <5 d.
On the other hand, IGR J16465-4507 has a long orbital period,
Poy = 30.2 d, and a moderate dynamical range that make it more
like canonical SGXBs (La Parola et al. 2010; Clark et al. 2010).
Given the high eccentricity of IGR J00370+6122, the neutron
star must come as close to the donor star at periastron as in a
persistent system like 1E 1145.1-6141, which is much brighter
in the X-rays. The SFXT behaviour is also unlikely to be primar-
ily related to the spin period of the neutron star, since SFXTs and
SGXBs seem to have similar spin periods®.

This lack of a clear, immediate cause and the likely con-
nection of X-ray flaring with accretion of high-density clumps
of material in the wind (Rampy et al. 2009; Bozzo et al. 2011)
has led many authors to speculate on the possibility that clump
accretion is the primary cause of SFXT behaviour (in’t Zand
2005; Walter & Zurita Heras 2007). However, recent theoreti-
cal considerations (e.g. Oskinova et al. 2012) and observations
(e.g. Sidoli et al. 2013) strongly suggest that wind clumpiness
is not the only explanation for the flaring behaviour, leading
to the widespread idea that some “gating” mechanism medi-
ates the accretion onto the neutron star. Proposed mechanisms
include a magnetic barrier that prevents direct accretion (sub-
sonic propeller regime; Doroshenko et al. 2011) and a switch
in the polar beam configuration due to a variation in the opti-
cal depth of the accretion column (Shakura et al. 2013). The re-
cently proposed “accumulation mechanism” (Drave et al. 2014),
which may be a natural consequence of quasi-spherical accretion
and the changes in accretion configuration described by Shakura
et al. (2013), seems to be an excellent candidate for this gating
process because it removes the need for the accreting objects
in all SFXTs to be magnetars (e.g., Bozzo et al. 2008; Grunhut
et al. 2014).

In addition, recent observations of high variability and off
states in the canonical SGXBs 4U 1907+09 (Sahiner et al. 2012;
Doroshenko et al. 2012) and IGR J16418-4532 (Drave et al.
2013) help to blur the difference between persistent and transient

¢ However, we note that the published spin periods for
IGR J18483-0311 and IGR 17544-2619 have been recently called into
question (Ducci et al. 2013; Drave et al. 2014). Since the spin period of
IGR J00370+6122 cannot be considered to be completely certain, the
only SFXT left with an observed spin period is the intermediate system
IGR J16465-4507, with P, = 227 s (Walter et al. 2006).
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wind-accreting XRBs. The properties of IGR J00370+6122
make it intermediate between classical persistent SGXBs and
“intermediate” SFXTs, adding one more point to this contin-
uum. Moreover, as the donor star in IGR J00370+6122 evolves,
it will increase its luminosity, turning into a later-type, more lu-
minous supergiant, similar to the counterparts of 2S 0114+65
or 1E 1145.1-6141. We can therefore expect IGR J00370+6122
to evolve into a typical, persistent SGXB, showing that a given
source may move across the parameter space and pass through
both the SFXT and SGXB phases.

5. Conclusions

We have presented a detailed spectral analysis of BD +60° 73,
the optical counterpart to IGR J00370+6122, derived its astro-
physical parameters, and described its orbital motion. We classi-
fied BD +60° 73 as a BNO.7 Ib star just at the lower limit in lumi-
nosity for a supergiant and find 7. = 24 000 K and log g = 2.90.
At a distance of 3.1 kpc, the star may be slightly underluminous
for the spectral type and effective gravity found. However, the
absolute magnitude derived, My = —5.2, is within the margins
allowed by the error bars in logg and the uncertainty in spec-
tral type allowed by the very fast rotational velocity of the star,
vsini ~ 135 kms~'. The spectroscopic mass M, = 10 + 5 M, is
compatible with the evolutionary mass M. = 17 +2 M, leading
to an assumed value of M, = 15 M.

Abundance analysis reveals a high degree of chemical pro-
cessing, with a N/C ratio and a He abundance typical of highly
evolved stars, such as blue hypergiants. Together with the high
rotational velocity, this level of chemical evolution may be an
indication of a non-standard evolutionary channel or perhaps of
substantial accretion of processed material from the progenitor
of the neutron star.

The orbital solution reveals high eccentricity (e = 0.56 +
0.07) and suggests a periastron distance » ~ 2 R,. The X-ray
emission is strongly peaked around orbital phase ¢ = 0.2, though
the observations are consistent with some level of X-ray ac-
tivity happening at all orbital phases. With these parameters,
IGR J00370+6122 is the most eccentric HMXB with a super-
giant donor to date. Its X-ray light curve has a very similar shape
to that of the “intermediate” SFXT IGR J18483—-0311, but some-
what lower average luminosity. Though its whole X-ray flux ap-
parently consists of flares, with a very low quiescence level, the
integrated flux over many orbits seems to show only a moder-
ate contrast between the peak, centred at orbital phase ¢ = 0.2,
and other phases. In this sense, its behaviour could also be inter-
preted as a more extreme version of the light curves of persistent
SGXBs. The relatively wide orbit, high eccentricity, and low lu-
minosity of the companion (implying only a moderate mass loss)
contribute to explaining this low X-ray flux. The future evolution
of the mass donor, which must expand and become more lumi-
nous (thus presenting a higher mass-loss rate), will very likely
turn IGR J00370+6122 into a persistent SGXB.

The low average X-ray luminosity, together with the flaring
nature of the high-energy emission, prevents confirmation of a
possible eclipse, for which we find hints in all long-term folded
light curves slightly before periastron (located at ¢ = 0). The
possibility of the eclipse is reinforced by the fact that the mass
function suggests a high inclination i * 60°. Observations with
high-sensitivity missions are needed to confirm or reject this hy-
pothesis, which would imply an inclination i ~ 70°.

Aside from the inclination angle, the astrophysical param-
eters of IGR J00370+6122 are well constrained. Its properties
support the idea that the difference between persistent SGXBs

and SFXTs are unlikely to be explained by a single, simple fac-
tor, such as higher eccentricity or wind clumping, or even a
combination of both, and, together with other recent findings,
strongly point towards the existence of some gating mechanism
that controls the accretion flow on to the neutron stars in wind-
fed X-ray systems.
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