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ABSTRACT

We report on the results of the first XMM-Newton satellite observation of the luminous and helium-rich O-type subdwarf
BD +37° 1977 carried out in April 2014. X-ray emission is detected with a flux of about 4 x 107"* ergcm™2s7! (0.2-1.5 keV),
corresponding to a fx/ fyo ratio ~1077; the source spectrum is very soft, and is well fit by the sum of two plasma components at
different temperatures. Both characteristics are in agreement with what is observed in the main-sequence early-type stars, where the
observed X-ray emission is due to turbulence and shocks in the stellar wind. A smaller but still significant stellar wind has also been
observed in BD +37° 1977; therefore, we suggest that in this case the detected X-ray flux has the same origin.

Key words. stars: early-type — stars: individual: BD +37° 1977 — subdwarfs — X-rays: stars

1. Introduction

Among the hot subdwarf (sd) stars, which are evolved He-core
burning low-mass stars (Heber 2009), the sdO stars are those
that show the highest temperatures (T.g > 40 kK). Apart from
this characteristic, sdO stars (sdOs) are characterized by a wide
range of values for the surface gravity (log(g) = 4-6.5) and he-
lium abundance (-3.5 < log (nHenl‘_[') < 3). They form a rather
heterogeneous class of stars, which includes both He-poor and
He-rich stars (Heber & Jeffery 1992; Heber et al. 2006; Hirsch
et al. 2008), and luminous and compact stars, according to their
low or high surface gravity, respectively (Napiwotzki 2008).
This variety of properties is probably the consequence of dif-
ferent evolutionary histories (Heber 2009; Geier 2015): in the
case of the compact stars, the He-poor ones are post-EHB stars,
while the origin of the He-rich ones might be either the merg-
ing of two He-core or C/O-core white dwarfs (Iben 1990; Saio
& Jeffery 2000, 2002) or the so-called late hot-flasher scenario
(Brown et al. 2001); instead, the luminous sdO stars are post-
AGB stars. Evolutionary models suggest that most sdO stars are
the outcome of the evolution of single stars, but some of them
could descend from binary systems that underwent a common-
envelope phase; in this case it is possible that the sdO stars have
a compact companion, typically a white dwarf (WD).

Up to now, sdO stars have been deeply investigated in the
optical/UV domain, where several of them are rather bright; on
the other hand, only few of them are known as X-ray sources.
In the case of the binary HD 49798, the detection of pulsed
(P = 13.18 s) soft X-rays (Israel et al. 1997) indicates that this
emission originates from accretion onto a compact object, most
likely a massive WD (Mereghetti et al. 2009). For this binary we
also detected an evident X-ray emission when the compact com-
panion is eclipsed by the sdO star, suggesting the possibility of
intrinsic X-ray emission of the sdO star (Mereghetti et al. 2013).

Article published by EDP Sciences

Another sdO star recently detected at X-rays is BD +37° 442:
the XMM-Newton observation of this He-rich star revealed soft
X-ray emission, with a spectrum similar to that of HD 49798,
and a possible periodicity of 19.16 s (at 30~ confidence level),
which suggests that BD +37° 442 also has a compact companion
(La Palombara et al. 2012). In order to enlarge the sample of sdO
stars observed at X-rays, we performed with Chandra HRC-I
a survey of a complete flux-limited sample of sdO stars and
discovered three additional X-ray emitting stars (La Palombara
et al. 2014): the luminous and He-rich sdO star BD +37° 1977
(Jeffery & Hamann 2010), and the compact (log(g) > 6) and
He-poor stars Feige 34 and BD+28° 4211 (Thejll et al. 1991;
Zanin & Weinberger 1997).

In this paper we report on the results of a follow-up obser-
vation of BD +37° 1977, performed with XMM-Newton, which
allowed us to investigate in detail the spectral and timing prop-
erties of the X-ray emission discovered with Chandra. This
star was identified as an sdO star by Wolff et al. (1974), who
detected several emission He lines but no H lines in its blue
spectrum. Their spectroscopic analysis gave a surface gravity
log g < 4.5 and a temperature 7 < 50 kK; comparable val-
ues (T ~ 55 kK and log g ~ 4.0) were estimated from the low
resolution IUE spectrum (Darius et al. 1979), which also gave
an estimate of the star luminosity (log(Lpoi/Lo = 4.4)). There
is no evidence for a compact companion for BD +37° 1977. The
possible detection of an infrared excess at 20~ confidence level
(Ulla & Thejll 1998), if confirmed, could imply a companion
star of spectral type earlier than G4. Based on high-resolution
ultraviolet and optical spectra and on UV-optical-IR photome-
try, and using the latest generation of models for spherically ex-
panding stellar atmospheres, Jeffery & Hamann (2010) found
that BD +37° 1977 is characterized by a significant mass-loss
rate (M = 10782 Myy~"). Their analysis yielded revised and
better constrained spectral parameters, very similar to those of
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Table 1. Main parameters of the sdO stars BD +37° 1977, BD +37° 442, and HD 49798.

Parameter Symbol BD +37° 1977 BD +37° 442 HD 49798
Value  Reference Value Reference Value Reference
Surface gravity logg ~4.0 1 4.00 + 0.25 4 4.35 6
Luminosity (Lg) L 25000 1 25000 1 14 000 6
Effective temperature (K) Ter 48 000 2 48 000 2 46 500 6
Magnitudes U 8.67 3 8.57 5 6.76 7
B 9.93 3 9.73 5 8.02 7
Vv 10.17 3 10.01 5 8.29 7
Distance (kpc) d ~27 2 2,079 4 0.65 +0.10 8
Terminal wind velocity (kms™!) Voo 2000 2 2000 2 1350 9
Mass—loss rate (Mg yr~!) M 10782 2 10783 2 10783 6

References. 1) Darius et al. (1979); 2) Jeffery & Hamann (2010); 3) Jordi et al. (1991); 4) Bauer & Husfeld (1995); 5) Landolt (1973); 6) Hamann
(2010); 7) Landolt & Uomoto (2007); 8) Kudritzki & Simon (1978); 9) Hamann et al. (1981).

Table 2. Observations of BD +37° 1977 performed by XMM-Newton.

Revolution  Observation ID Start time Effective exposure
(YYYY-MM-DD hh:mm:ss) pn (ks) MOS (ks)
2627 0740140301 2014-04-14@15:00:25 42 8.5
2629 0740140501 2014-04-18@14:43:21 7.0 11.3
2630 0740140401 2014-04-20@15:45:37 7.9 10.0
2631 0740140601 2014-04-22@14:36:30 9.9 14.4
2632 0740140701 2014-04-24@14:06:44 5.5 6.8

BD +37° 442, the other X-ray detected He-rich sdO star. The
best-fit distance modulus obtained from this analysis is DM =
12.2, corresponding to a distance of ~2.7 kpc. Our observation of
BD +37° 1977 with Chandra HRC-I provided a detection with
a count rate CR = 3.6" ¢ ctss™!, which — assuming a spectrum
similar to that of HD 49798 and BD +37° 442 — implies an X-ray
luminosity Ly ~ 103! ergs™!. For comparison, in Table 1 we list
the main parameters of the three luminous sdO stars detected in
X-rays.

2. Observations and data analysis

BD +37° 1977 was observed with XMM-Newton in April 2014.
At that time the source was visible only for the first ~ 20 ks of
each XMM-Newton orbit: therefore, five different observations
were performed between April 14 and April 24 (see Table 2).
The three EPIC cameras, i.e. one pn (Striider et al. 2001) and two
MOS (Turner et al. 2001), were always operated in full frame
mode, with time resolution of 73 ms for the pn and 2.6 s for the
two MOS cameras; taking into account all the observations, the
total effective exposure time was, respectively, of ~34.5 ks and
~50 ks. For all cameras the medium thickness filter was used.
We used version 13.5 of the XMM-Newton Science Analysis
System (SAS) to process the event files. For the data analy-
sis we selected only the events with pattern in the range 0—4
(i.e. mono- and bi-pixel events) for the pn camera and 0-12 (i.e.
from 1 to 4 pixel events) for the two MOS. For each camera,
we merged the data of the five observations and accumulated the
images in various energy ranges. We found that BD +37° 1977
is significantly detected at the coordinates RA = 9" 24™ 26.4,
Dec = +36° 42’ 52.8”, which differ by 0.7 from the position
of BD +37° 1977. This difference is consistent with the ~2”” rms
astrometric accuracy of XMM-Newton'. In each of the five ob-
servations a point source is clearly detected below 0.5 keV, while
considering the five merged observations the source is detected
up to ~1.5 keV (Fig. 1). This implies that the source spectrum

' http://xmm2.esac.esa.int/docs/documents/

CAL-TN-0018.ps.gz
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is very soft. All the observations were partly affected by high
instrumental background. However, since the spectrum of the in-
strumental background is rather hard, the background contami-
nation has a limited impact on the source spectral analysis; there-
fore, we considered the whole data set without rejecting the time
intervals with the highest particle background. The source net
count rate in the 0.15—-1.5 keV range is (1.7 = 0.2) X 102 ctss™!
and (2.5 + 0.3) x 1073 ctss™! for the pn and both of the two
MOS, respectively.

For the timing and spectral analysis, we used the data of the
whole observation and the three EPIC cameras; we extracted the
source events from a circular region with radius 15” centred at
the source position, while the corresponding background events
were accumulated on circular areas free of sources and radii of
30" and 120" for the pn and the two MOS cameras, respectively.
We converted the arrival times to the solar system barycentre,
then we combined the three data sets in a single event list. The
background—subtracted light curve of BD +37° 1977 does not
show any variability on time scales from hundreds of seconds
to the observation length. We looked for possible periodicities
in the X-ray emission, but we found no evidence of periodic sig-
nals; this search was unsuccessful not only for the five individual
observations, but also when considering all of them together. In
all cases we estimated an upper limit of ~30% on the pulsed
fraction, for a sinusoidal modulation between 1 s and 5000 s.

For the spectral analysis we considered first the pn data,
since the source soft spectrum and the lower sensitivity of the
MOS cameras at low energies strongly reduced the count statis-
tics. We verified that the addition of the MOS data gave con-
sistent results. We generated the response matrix and ancillary
file using the SAS tasks rmfgen and arfgen. To ensure the ap-
plicability of the y? statistics, the spectrum was rebinned with
a minimum of 30 net counts per bin; then we fitted them using
XSPEC (V 12.7.0). We only used the energy range 0.2—1.5 keV
since at higher energies the background dominates and the
source flux is negligible. In the following, all the spectral uncer-
tainties and upper limits are given at the 90% confidence level
for one interesting parameter, and we assume a source distance
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Fig. 1. EPIC pn image of the sky region around BD +37° 1977 in the energy ranges 0.15-0.5 (left), 0.5—1.5 (centre), and 1.5-10 keV (right). The

green circle (15” radius) indicates the source position.

of 2.7 kpc (Jeffery & Hamann 2010); we adopted the results
of Anders & Grevesse (1989) for the solar abundances of the
atomic elements.

The source spectrum is very soft and we tried to describe
it with different models (see Table 3). The fit with an absorbed
power law (PL) is formally acceptable (y2 < 2), but gives a very
large and unrealistic photon index (I' =~ 5), while a fit with a
blackbody model is rejected by the data (y2 > 2). An absorbed
power law plus blackbody gives a good fit, but with unrealis-
tic values (for the power-law photon index) or unconstrained
values (for the blackbody normalization) of the model param-
eters. We note that while this model is physically motivated for
BD +37° 442, where the observed X-ray flux can be attributed
to accretion onto a compact companion, this is not the case for
BD +37° 1977, for which no evidence of a compact companion
has been found. For this reason, we consider in the following the
possibility that the X-ray emission detected in BD +37° 1977 has
the same origin as that observed in the normal, giant, and super-
giant early-type O stars.

For a large sample of this type of stars observed with
XMM-Newton the spectrum can be described by the sum of dif-
ferent thermal plasma components (MEKAL in XSPEC), with tem-
peratures between =0.1 and =5 keV (Nazé 2009). Therefore, we
tried to use the same approach also in the case of BD +37° 1977.
We clearly found that, assuming solar abundances, with this
model it was not possible to obtain an acceptable fit, even if
we considered the sum of two MEKAL components at different
temperatures (Fig. 2 and Table 3). Therefore, we modified the
model abundances by taking into account the values of the sin-
gle chemical elements considered by Jeffery & Hamann (2010).
Since there are no abundance measurements for BD +37° 1977,
they adopted the same overabundance of He, C, N, Si, and Fe
obtained by Bauer & Husfeld (1995) for BD +37° 442, which is
very similar from the spectroscopic point of view.

Assuming these abundances, a single thermal component
provides an acceptable fit (y2 < 2) but leaves large residuals
at the high energies. Hence, we considered a model composed
of the sum of two absorbed components at different tempera-
tures. We checked that the estimated interstellar absorption is
negligible and consistent with 0. Therefore, we fixed it at Ny =
10%° cm~2, which is the total absorption value across the Galaxy
in the direction of BD +37° 1977. In this way we found a good fit
(x? = 0.71 for 13 degrees of freedom, Fig. 3) with kT} = 120 +
30 eV and kT, = 8407330 eV. The total flux in the energy range

0.1

0.01 |

normalized counts s~! keV~!

0.2 0.5 1 2
Energy (keV)

Fig. 2. Top panel: EPIC pn spectrum of BD +37° 1977 with the best—fit
model composed of the sum of two thermal plasma components, with
solar abundances. Bottom panel: residuals (in units of o) between data
and model.

0.2-1.5 keV is fx = (4.0%03) x 107'* ergem™s™!; although
78 % of the flux is due to the low-temperature component,
the high-temperature component is significant at 30~ confidence
level. The measured flux corresponds to a source luminosity
Lx = (3.3*)3) x 10°! ergs™'. The fit leaves some residuals at
~650 eV, thus suggesting the presence of the O VIII emission line
(Fig. 3). This could be due to an underestimation of the real oxy-
gen abundance since in our model we fixed it at the solar value.
Therefore, we repeated the spectral fit with the same model but
leaving the oxygen abundance free to vary. In this way we ob-
tained an improvement of the spectral fit (Fig. 4) and we found
that the best-fit abundance value is 310 + 250 times the solar
value; although it is not well constrained, it is consistent with
the expected oxygen overabundance in BD +37° 1977.

3. Discussion

The XMM-Newton observation of BD +37° 1977 enabled us to
constrain the flux and spectrum of the X-ray emission recently
discovered by Chandra (La Palombara et al. 2014). The mea-
sured flux fx =~ 4 x 107 erg cm™ s~! confirms the estimate
provided by the Chandra detection. It implies a luminosity

Lx =~ 3.3 x 10°! ergs™!. Since the bolometric luminosity of
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Table 3. Summary of the best-fit parameters of BD +37° 1977 obtained
with different spectral models.

Parameter Unit Value
Power law
Ny cm™2 (3.5%39) x 10%
r - 5 .OfH
X2 - 1.76
Degrees of freedom - 14
Blackbody
Ny cm™? (0.9738) x 10%
kT eV 6712
X2 - 2.46
Degrees of freedom - 14
Power law + Blackbody
Ny cm™2 (2.0729) x 10%!
rPL _ 9+2 3
kTBB eV 221’}2
X2 - 0.76
Degrees of freedom - 12

Mekal + Mekal
(with solar abundances)

Ny cm™? (1.8 + 1.2) x 10%

kT, eV 81+

KT eV 80070

X2 - 2.15
Degrees of freedom - 12

Mekal + Mekal
(with abundances from Jeffery & Hamann 2010)

Nu cm™ 1 x 10% (fixed)

kT, eV 120 + 30

KT, eV 840330

X2 - 0.71
Degrees of freedom - 13

Mekal + Mekal
(with abundances from Jeffery & Hamann 2010)
(with free Oxygen abundance)

Ny cm™2 1 x 10% (fixed)

kT, eV 100*39

kT, eV 840*%8
Oxygen Abundance - 310 + 250

X2 - 0.64
Degrees of freedom - 12

BD +37° 1977 is Lyo; = 25000 Ly, (Darius et al. 1979; Jeffery &
Hamann 2010), the corresponding ratio is Lx /Lyo; ~ 1079, This
value is consistent with the canonical relation Lx ~ 1077 X Lo
obtained for the normal, giant, and supergiant early-type O stars,
which have long been known as X-ray sources (Pallavicini et al.
1981; Sciortino et al. 1990; Giidel & Nazé 2009). The hypoth-
esis of intrinsic origin for the X-ray emission of BD +37° 1977
is further supported by the spectral analysis. In fact, consider-
ing the likely possibility of non-solar composition, the spectrum
can be successfully described by the sum of two thermal plasma
components, as in normal early-type stars.

It is interesting to compare the properties of the three sdOs
for which X-ray spectral information is available (Table 4). The
spectrum of HD 49798 during the eclipse phase can be described
by the sum of three thermal plasma components (Mereghetti
et al. 2013). While the hottest component is required to account
for the significant emission above ~2 keV, the temperatures
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Fig. 3. Top panel: EPIC pn spectrum of BD +37° 1977 with the best-fit
model composed of the sum of two thermal plasma components, with
abundances from Jeffery & Hamann (2010). Bottom panel: residuals (in
units of o) between data and model.
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Fig. 4. Top panel: EPIC pn spectrum of BD +37° 1977 with the best—fit
model composed of the sum of two thermal plasma components, with
abundances from Jeffery & Hamann (2010) and free oxygen abundance.
Bottom panel: residuals (in units of o) between data and model.

of the two coldest components are very similar to those of
BD +37°1977. The 0.2—10 keV luminosity of HD 49798 during
the eclipse phase is Lx =~ 3 x 10% ergs™', i.e. one order
of magnitude lower than that of BD +37° 1977. However, be-
cause of its lower bolometric luminosity, for HD 49798 the
X-ray/bolometric luminosity ratio is also Lx/Lye ~ 1077. The
spectrum of the other X-ray emitting sdO star, BD +37° 442,
can also be fit with a similar thermal model with the He and
metal abundances derived for this star (Jeffery & Hamann 2010)
and the temperatures indicated in Table 4. Its flux fx =~ 6.4 X
107" ergem=2 57! implies a luminosity Lx ~ 2.9 x 103! ergs~!
(for a distance of 2 kpc), hence an X-ray/bolometric luminosity
ratio Lx /Loy = 10767,

These results indicate that the X-ray emission from these
three luminous sdO stars is similar to that of normal O-type
stars, which have luminosities up to a few 103 ergs™'. In these
stars the X-ray emission is due to turbulence and shocks in their
strong embedded winds (Lucy & White 1980; Owocki et al.
1988). Since the mass-loss rate in the radiation-driven winds of
early type stars scales with the bolometric luminosity, and the
X-ray emission originates in the stellar wind, a correlation be-
tween Lx and Ly is not surprising (see e.g. Owocki et al. 2013).
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Table 4. Summary of the best-fit parameters of the three sdO stars observed with XMM-Newton, when their spectrum is described with multi-

temperature thermal-plasma components (MEKAL in XSPEC).

Source kT, kT, kT; log(Lx/Lvo1) Reference
(keV) (keV) (keV)
HD 49798 (in eclipse) 0.13 +0.02 0.71f8;}3 5 (fix) -7.1 Mereghetti et al. (2013)
BD +37° 442 0.171’8:8% 0.72f8% - -6.3 This work
° 0.04 0.57 ;
BD +37° 1977 0.10%505 0.84%>% - -6.5 This work
100 = therefore the possible presence of intrinsic X-ray emission also
HD 49798 (utofeclipse) O - from the stars undetected so far cannot be excluded.
P i
e ] Acknowledgements. This work is based on observations obtained with
P XMM-Newton, an ESA science mission with instruments and contributions di-
7 i rectly funded by ESA Member States and NASA. P.E. acknowledges a Fulbright
q e Research Scholar grant administered by the US—Italy Fulbright Commission and
g - is grateful to the Harvard—Smithsonian Center for Astrophysics for hosting him
&0 10 s . . 8
5 r ~ . during his Fulbright exchange.
s [ 4% Feige 34 HD 49798 e
T 7 () BD+37442 (in eclipse) e ]
= - -
= 7 7 7
7 4
o T References
7 <>/ 7 B
Pt - i Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53, 197
R Bauer, F., & Husfeld, D. 1995, A&A, 300, 481
e ‘ ‘ Brown, T. M., Sweigart, A. V., Lanz, T., Landsman, W. B., & Hubeny, 1. 2001,
Lo P —- 1 3 ApJ, 562, 368

Bolometric magnitude

Fig. 5. Level of the X-ray flux (or its upper limit for the undetected
sources) of the sdO stars observed at X-rays, as a function of their bolo-
metric magnitude. The upper and lower blue lines (corresponding to
Fxlfoor = 10752 and fx/fos = 10772, respectively) include the range
of expected values for the main-sequence early-type stars; the red line
corresponds to fx/foo = 1077, which is the best-fit relation found by
Nazé (2009) for this type of stars.

In this respect it is interesting to note that the three X-ray emit-
ting sdOs are among the few hot subdwarfs for which evidence
of mass loss has been reported (Jeffery & Hamann 2010). Our
results indicate that, even if the winds of sdO stars are rather
weak (e.g. M = 10782 M, yr~! for BD +37° 1977 according to
the estimate of Jeffery & Hamann 2010), they can produce X-ray
emitting shocks as in more luminous O-type stars. In this frame-
work, we note that our findings for sdO stars are supported by
the methodology used and the results obtained by Cohen et al.
(2014), who investigated the X-ray spectra of O-type stars with
very low mass-loss rates.

The latest Chandra detections of sdO stars reinforce the hy-
pothesis that this type of stars is also a class of X-ray sources;
in this respect, the detection not only of the luminous stars, but
also of the compact stars is very promising. In addition, we also
note that in all cases the estimated Lx /Ly ratio agrees with that
found in the heavier early-type stars: therefore also in the com-
pact sdO stars the X-ray emission could be attributed to turbu-
lence and shocks in their winds. In order to provide an overview
of all the sdO stars observed at X-rays so far, in Fig. 5 we show,
as a function of their bolometric magnitude, the X-ray flux of
the detected stars and its upper limit for the undetected stars;
for HD 49798, BD +37° 442, and BD +37° 1977 the flux value
is based on the spectral fit provided by the XMM-Newton data,
while for the other sources it is based on the count rate value or
limit provided by Chandra HRC-I, assuming an emission spec-
trum similar to that of BD +37° 1977. For comparison, the two
dashed lines trace the region corresponding to the typical ratio
of X-ray to bolometric flux for the normal O-type stars. The plot
shows that almost all the observed stars are within this region,
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