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ABSTRACT

MWC 656 (=HD 215227) was recently discovered to be the first binary system composed of a Be star and
a black hole (BH). We observed it with XMM-Newton, and detected a faint X-ray source compatible with the
position of the optical star, thus proving it to be the first Be/BH X-ray binary. The spectrum analysis requires a
model fit with two components, a blackbody plus a power law, with kBT = 0.07+0.04

−0.03 keV and a photon index
Γ = 1.0 ± 0.8, respectively. The non-thermal component dominates above �0.8 keV. The obtained total flux is
F (0.3–5.5 keV) = (4.6+1.3

−1.1) × 10−14 erg cm−2 s−1. At a distance of 2.6 ± 0.6 kpc the total flux translates into a
luminosity LX = (3.7 ± 1.7) × 1031 erg s−1. Considering the estimated range of BH masses to be 3.8–6.9 M�,
this luminosity represents (6.7 ± 4.4) × 10−8LEdd, which is typical of stellar-mass BHs in quiescence. We discuss
the origin of the two spectral components: the thermal component is associated with the hot wind of the Be star,
whereas the power-law component is associated with emission from the vicinity of the BH. We also find that
the position of MWC 656 in the radio versus X-ray luminosity diagram may be consistent with the radio/X-ray
correlation observed in BH low-mass X-ray binaries. This suggests that this correlation might also be valid for
BH high-mass X-ray binaries (HMXBs) with X-ray luminosities down to ∼10−8LEdd. MWC 656 will allow the
accretion processes and the accretion/ejection coupling at very low luminosities for BH HMXBs to be studied.
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1. INTRODUCTION

MWC 656 was recently discovered to be the first Be star
orbited by a black hole (BH; Casares et al. 2014). This solves
the problem of the missing Be/BH binaries (Belczynski &
Ziolkowski 2009) and opens a window to study the behavior
of Be/BH binaries compared to Be/neutron star binaries.

Lucarelli et al. (2010) reported the detection of a new uniden-
tified transient point-like source by AGILE at energies above
100 MeV, AGL J2241+4454, with a position uncertainty of 0.◦6
and a flux F (E > 100 MeV) = 1.5 × 10−6 ph cm−2 s−1. How-
ever, Fermi/Large Area Telescope (LAT) did not detect emission
at HE (high energy) in subsequent observations. Williams et al.
(2010) pointed out the Galactic Be star MWC 656 as the possible
optical counterpart. These authors reported an optical photomet-
ric periodicity of 60.37±0.04 days for MWC 656, confirmed by
Paredes-Fortuny et al. (2012). Casares et al. (2012) established
the binary nature of the source through optical spectroscopic
observations. In a subsequent work, Casares et al. (2014) pre-
sented new data and a double-line solution to the radial velocity
curves of the two binary components, allowing them to obtain
physical parameters: eccentricity of 0.10 ± 0.04, periastron at
orbital phase φper = 0.01 ± 0.10 (phase 0 is defined at the max-
imum optical luminosity, corresponding to T0 = 2453243.3
HJD), and mass ratio M2/M1 = 0.41±0.07. They also updated
the spectral classification of the Be star to B1.5–B2 III, which
implies a Be mass in the range 10–16 M� and, therefore, a BH
companion of 3.8–6.9 M�. This makes MWC 656 the first Be
binary with a BH companion. The system is located at a distance
of 2.6 ± 0.6 kpc (Casares et al. 2014).

Flux upper limits of MWC 656 have been obtained at
different wavelengths. The source was observed in radio using

the European VLBI Network (EVN) at 1.6 GHz on 2011
January 25, February 15, and February 28, at orbital phases
0.82, 0.17, and 0.38, respectively (using the ephemeris reported
in Williams et al. 2010). However, the target was not detected
during this EVN campaign, with 3σ flux density upper limits in
the range 30–66 μJy (Moldón 2012).

In the X-ray domain, MWC 656 was observed by ROSAT in
1993 July 7–11 at 0.1–2.4 keV energies for a short time (∼3–6 ks
each day). Casares et al. (2014) obtained a 90% confidence
level (c.l. hereafter) flux upper limit of F (0.1–2.4 keV) <
1.2 × 10−13 erg cm−2 s−1, assuming a photon index Γ = 2.0
(typical of BH X-ray binaries (XRBs) in the quiescent state;
Plotkin et al. 2013) and an interstellar hydrogen column density
NH = 1.4 × 1021 cm−2. In addition, two 1 ks Swift/X-Ray
Telescope (XRT) observations performed on 2011 March 8
provide a 90% c.l. flux upper limit in the 0.3–10 keV energy
range of F (0.3–10.0 keV) < 4.6×10−13 erg cm−2 s−1 (Casares
et al. 2014). The ROSAT and Swift/XRT observations were
carried out at orbital phases 0.63–0.70 and 0.52, respectively.

In the high-energy gamma-ray domain we took all the
available Fermi/LAT data and analyzed it, finding no evidence
of a detection and deriving a 95% c.l. upper limit of F (E >
100 MeV) < 7.9×10−10 cm−2 s−1. Finally, MWC 656 has been
observed at very high energies using the MAGIC Telescopes in
2012 May and June, corresponding to orbital phase intervals
0.83–0.95 and 0.20–0.28, respectively. The source was not
detected in any of these observations. Preliminary integral upper
limits were set at 95% c.l., assuming a spectral index Γ = 2.5
at a level of F (E > 300 GeV) < 2.1×10−12 cm−2 s−1 (López-
Oramas et al. 2013).

In the present work we show the results obtained from our
recent XMM-Newton observations. We detect a faint source
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Figure 1. EPIC-pn camera image at the position of MWC 656 in the 0.3–5.5 keV
energy band smoothed using a Gaussian interpolation with a 2′′ kernel.

(A color version of this figure is available in the online journal.)

coincident with the position of MWC 656, making it the first
Be/BH binary ever detected in X-rays and thus confirming it as
a high-mass X-ray binary (HMXB). The spectrum can be fitted
with a thermal plus a non-thermal component. We discuss our
results in the context of wind emission from massive stars, the
quiescent state of BH XRBs, and the empirical BH radio/X-ray
correlation. This Letter is organized as follows: we present the
XMM-Newton observations and analysis in Section 2, the results
obtained and their discussion in Sections 3 and 4, and finish by
presenting our conclusions in Section 5.

2. X-RAY OBSERVATIONS AND ANALYSIS

We present here new X-ray observations of MWC 656
performed with XMM-Newton for 14 ks.6 The observations were
carried out in pointing mode in 2013 June 4, when the system
was at orbital phase 0.08 (close to periastron). The medium
thickness optical blocking filter and Full Frame mode were
used in the three EPIC detectors (pn, MOS1, and MOS2) for the
imaging observation. Analysis of the data was done using the
XMM-Newton Science Analysis System (SAS) version 12.0.1
and the set of ftools from HEASOFT version 6.14.7 In a first
step we cleaned the event files of the three EPIC detectors,
removing the flaring high background periods. For this purpose
we selected the Good Time Intervals in which the count rate
for the most energetic events (E � 10 keV) was below the
standard threshold for each detector. After this cleaning process,
the observation time that remained in each of the three detectors
was 10.1 ks, 13.4 ks, and 13.5 ks for pn, MOS1, and MOS2,
respectively.

A search for sources was performed using the edetect-
chain command in SAS, which concatenates a series of
tasks that produces exposure maps, detector mask images,
background maps, detected source lists, and sensitivity maps.
As a result, a list of detected sources, including MWC 656, was
obtained, which contained count rates, fluxes and positions, for
each detected source, among other information. We used the
cleaned event files for spectral analysis. The source spectrum

6 The observation ID is 0723610201.
7 http://heasarc.gsfc.nasa.gov/

Figure 2. MWC 656 XMM-Newton EPIC-pn spectrum in the 0.3–5.5 keV energy
range (data points) overplotted with the fitted absorbed blackbody (green dotted
line) plus a power-law (blue dashed line) model. The red solid line represents
the total flux. The lower panel illustrates the ratio between the observational
data and the total model.

(A color version of this figure is available in the online journal.)

was extracted from a 30′′ radius circle centered on the position
of MWC 656 whereas the background spectrum was extracted
from a source-free region on the same CCD chip, using a circle
of 90′′ radius. Response and ancillary files were obtained with
the SAS tools rmfgen and arfgen, respectively.

3. X-RAY RESULTS

We detect a faint source at 4.4σ c.l. coincident with MWC
656 (see Figure 1). The X-ray position is R.A. = 22h42m57.s1,
decl. = 44◦43′13′′, with a 3σ uncertainty radius of 7′′. This is
compatible with the Hipparcos position of MWC 656 at 2.4σ .
The source is only detected in the low-energy range of the
EPIC-pn detector, between 0.3 and 5.5 keV. In the MOS1 and
MOS2 instruments MWC 656 appears as a faint excess below
3σ c.l., probably due to the lower effective area at these energies.

The EPIC-pn spectrum (see Figure 2) was binned so that
there were at least 10 counts per bin. The binned spectrum
was analyzed using XSPEC version 12.8.1 (Arnaud 1996). The
low number of counts required the use of the cstat statistic
within XSPEC to estimate the best-fit parameters and their
associated uncertainties (Cash 1979). In all fits we introduced
a fixed interstellar photoelectric absorption through the wabs
model within XSPEC, with NH = 1.8 × 1021 cm−2. This
value was computed using the relations NH = 2.7 × 1021AV
(Nowak et al. 2012), and NH = (2.21 ± 0.09) × 1021AV
(Güver & Özel 2009) and taking the average value. For the
extinction we used AV = 0.74 ± 0.19 mag computed using
E(B − V ) = 0.24 ± 0.06 (Casares et al. 2014) and assuming
R = AV/E(B − V ) = 3.1.

A power law (pow) model fit yields a photon index Γ =
2.0+1.0

−0.8, similar to that found in other BH XRBs. However, the
model presents strong deviations from the data at ∼0.5, ∼1.0,
and ∼2.5 keV. A blackbody (bb) model is also unable to re-
produce the observed spectrum above 1.5 keV. For this reason
we decided to fit the data with a model including two com-
ponents: a blackbody plus a power law. This fit yields kBT =
0.07+0.04

−0.03 keV, photon index Γ = 1.0 ± 0.8, and a total unab-
sorbed flux F (0.3–5.5keV) = (4.6+1.3

−1.1) × 10−14 erg cm−2 s−1.
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Table 1
X-Ray Spectral Fit Parameters of MWC 656

Modela Parameters F (0.3–5.5 keV)/10−14 (erg cm−2 s−1) C-statistic Comments

kBT (keV) Γ Thermal Non-thermal Total

pow − 2.0+1.0
−0.8 − 2.3+0.8

−0.7 2.3+0.8
−0.7 14.6 Deviations at ∼0.5, ∼1.0, ∼2.5 keV

bb 0.12+0.07
−0.05 − 2.0+0.9

−0.8 − 2.0+0.9
−0.8 31.4 No good fit above 1.5 keV

bb+pow 0.07+0.04
−0.03 1.0 ± 0.8 2.6+3.0

−1.4 2.0+0.8
−0.7 4.6+1.3

−1.1 2.8 Good fit (used in this work)

diskbb+pow 0.09+0.04
−0.06 1.0 ± 0.8 2.7+3.4

−1.4 2.0+0.8
−0.7 4.7+1.4

−1.1 2.8 Good fit

Note. a Models correspond to power law (pow), blackbody (bb,) and multi-temperature disk blackbody (diskbb).

The contribution of each of the two components to the total
flux is Fbb = (2.6+3.0

−1.4) × 10−14 erg cm−2 s−1 and Fpow =
(2.0+0.8

−0.7) × 10−14 erg cm−2 s−1. A solution swapping the two
components, with the power law at low energies and the black-
body at higher energies, is also possible, although in this case
the photon index is unconstrained. On the other hand, a fit us-
ing a multi-temperature disk blackbody (diskbb; Mitsuda et al.
1984) plus a power law gives similar results.

We summarize the results of the most relevant fits in Table 1,
where the fluxes are unabsorbed. The uncertainties are quoted
at the 1σ level. Lower values of the C-statistic reflect better fits
(Cash 1979). The total fluxes obtained in the 0.3–5.5 keV energy
range in all fits are around one order of magnitude lower than
the upper limits obtained from previous ROSAT and Swift/XRT
observations (Casares et al. 2014). It is clear from the spectral
analysis that two components are required to fit our data (see
Figure 2). The fit with a blackbody plus a power law is more
realistic and simple and we will consider it throughout the next
sections. We note that a joint fit using both the EPIC-pn and
the EPIC-MOS1 and EPIC-MOS2 data sets provided the same
results within uncertainties.

We searched for a possible extension of the 0.3–5.5 keV
point source by adjusting radial profiles to the EPIC-pn image.
However, no significant extension was found. We also searched
for variability during the observation by obtaining a background
subtracted light curve of the source region but no significant
variability was found.

4. DISCUSSION

Our detection of the X-ray counterpart of MWC 656 allows
us to classify the Be/BH system as an HMXB, the first XRB of
this type.

The spectrum is best fit with a model that includes a
thermal and a non-thermal component, with the non-thermal
component dominating above �0.8 keV. Given the source
distance of 2.6 ± 0.6 kpc, the total X-ray luminosity is LX =
(3.7 ± 1.7) × 1031 erg s−1 in the 0.3–5.5 keV band. This
luminosity represents (6.7 ± 4.4) × 10−8LEdd for the estimated
range of BH masses of 3.8–6.9 M�. The thermal and non-
thermal contributions are Lbb = (2.1+2.8

−1.5) × 1031 erg s−1 and
Lpow = (1.6+1.0

−0.9) × 1031 erg s−1, respectively.

4.1. Origin of the Thermal Component

The X-ray spectrum in B-type stars is typically represented
by either a hot thermal component at about 1 keV or the sum
of two thermal components, one around 0.4 keV and another
one around 2 keV (Nazé 2009). In our case the best fit yields
a temperature of kBT = 0.07+0.04

−0.03 keV, which is not far from
that observed in B-type stars. We can also compare the results

of our fit with the correlation LX ∼ 10−7Lbol (see Berghoefer
et al. 1997; Cohen et al. 1997), where LX represents the thermal
X-ray luminosity. The bolometric luminosity of MWC 656 is
7 × 1037 erg s−1, considering MV = −4.1 and a bolometric
correction of −1.8 according to Straizys & Kuriliene (1981). In
our case, given the derived thermal X-ray luminosity, we find
LX/Lbol = 3 × 10−7, compatible within uncertainties with the
correlation quoted above. Although BH XRBs show a thermal
component at high accretion rates, this component disappears
in quiescence both due to the low accretion rate and to the
radiatively inefficient nature of the accretion disk, and only a
soft power law with Γ ∼ 2 is detected. Therefore, the detected
thermal component is not expected to arise in the vicinity of
the BH. Hence, the obtained results suggest that the thermal
component of our X-ray spectrum arises from the hot wind of
the Be star.

4.2. Origin of the Non-thermal Component

BH low-mass X-ray binaries (LMXBs) display a positive
correlation between the radio and X-ray luminosities which
is thought to be due to an accretion disk–jet coupling. This
coupling is invoked to explain the different state transitions
observed in BH binary systems (Fender 2010). At the beginning
of the outburst and during the outburst decay, the source is in
a hard state (Remillard & McClintock 2006). This hard state
is characterized by a power law spectrum with photon index
Γ ∼ 1.5, a luminosity below 0.1 LEdd, and the presence of an
active jet in the radio domain with an almost flat radio spectrum.
The X-ray emission is non-thermal and thought to be due to
Comptonization in a corona near the BH (Zdziarski et al. 1998;
Nowak & Wilms 1999) or to optically thin synchrotron emission
from the base of the jet (Markoff et al. 2005). At the end of the
outburst the X-ray emission decays again to a low/hard state
below 0.01–0.04 LEdd and eventually to a quiescent state below
10−5LEdd (Plotkin et al. 2013). The quiescent X-ray spectrum
is reproduced by a power law with an average photon index
Γ = 2.08 ± 0.07 (Plotkin et al. 2013). As in the low–hard state,
the quiescent spectrum is non-thermal emission from the corona
or the jet base, but slightly softer.

The non-thermal X-ray luminosity of MWC 656 in the
0.3–5.5 keV band is LX = (3.1 ± 2.3) × 10−8LEdd for the
estimated BH mass of 3.8–6.9 M� (Casares et al. 2014). This
luminosity is around three orders of magnitude below the
10−5LEdd threshold from Plotkin et al. (2013), making our
results compatible with MWC 656 being in quiescence.

In addition, the best-fit model gives a photon index Γ =
1.0 ± 0.8 which is roughly compatible with the results of Plotkin
et al. (2013) for BH LMXBs in quiescence. Nevertheless, poor
statistics in the spectrum prevent us to constrain the photon
index of MWC 656.
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Figure 3. Radio vs. X-ray luminosity diagram including the position of MWC 656 (blue square) according to non-simultaneous X-ray observation (this work;
accounting only for the non-thermal contribution) and the lowest radio flux density upper limit from Moldón (2012). The small blue dots indicate the region of the
parameter space where Cygnus X-1 has been detected in the low/hard state (Gallo et al. 2012). We also plot the radio/X-ray correlation for BH LMXBs of Corbel
et al. (2013) (red solid line plus light red shadow), together with data on the BH LMXBs GX 339−4 (red hexagons) and A0620−00 (empty red square) to display the
luminosity range of real sources. The gray dashed line separates the quiescent state region (left) from the other states (right) according to the threshold set by Plotkin
et al. (2013). The position of MWC 656 is very close to the one of the LMXB A0620−00 in quiescence, indicating that the radio/X-ray correlation might also be valid
for BH HMXBs down to very low luminosities.

(A color version of this figure is available in the online journal.)

4.3. MWC 656 Within the BH Radio/X-Ray Correlation

We can compare the X-ray flux obtained in this Letter
and the previous radio flux density upper limits with the
radio/X-ray correlation from (Corbel et al. 2013; see Figure 3).
The EVN radio flux density 3σ upper limits are in the range
30–66 μJy (Moldón 2012), although they are not simultaneous
nor at the same orbital phase as our XMM-Newton observation.
Converting the lowest radio flux density upper limit into
luminosity we obtain Lr < 2×1027 erg s−1 at 8.6 GHz assuming
a flat radio spectrum. The X-ray luminosity corresponding
to the contribution of the power law component of our fit,
once extrapolated to the 1.0–10 keV energy band, is LX =
(1.2 ± 0.6) × 1031 erg s−1. MWC 656 is located in the lower-
left side of the luminosity diagram (see Figure 3), very close
to A0620−00 and just above the correlation from Corbel et al.
(2013). The expected radio luminosity considering our X-ray
flux measurement and the Corbel et al. (2013) correlation is
Lr = (8.8 ± 3.1) × 1026 erg s−1, which translates into a radio
flux density of Sν = 13+5

−4 μJy at 8.6 GHz (or 8+6
−4 μJy using

the correlation from Gallo et al. 2012). The quoted uncertainties
account for the X-ray flux, distance, and correlation parameters
uncertainties. This result is not far from the upper limits we have
obtained up to now.

Gallo (2007) found a significant number of outliers in the
original radio/X-ray best-fitting relation (Gallo et al. 2003),
indicating that there might be a second track in the high
X-ray luminosity region with a steeper slope. Coriat et al.
(2011) suggested that these two tracks may collapse into a single
track for X-ray luminosities below 3 × 10−4LEdd, as it seems to
occur in the case of H1743–322. Gallo et al. (2012) studied the
case in detail adding newly discovered sources, as well as new
data from well-studied ones, and concluded that the two-track

scenario better explains the observational data. The radio flux
density upper limits for MWC 656 are consistent with both
tracks (assuming the lower one also extends toward lower X-ray
luminosities). For the lower track the expected radio luminosity
would be undetectable by the current radio telescopes.

So far, the only known HMXB containing a confirmed BH in
our Galaxy is Cygnus X-1. This system has an X-ray luminosity
in the range (1.0–7.0) × 1037 erg s−1 ≡ (0.8–3.0) × 10−2

LEdd for a ∼15 M� BH in the 1–10 keV range (Gallo et al.
2012; but see Zdziarski 2012). Its radio and X-ray fluxes also
fulfill the radio/X-ray correlation during the hard state, similar
to what is observed in LMXBs (Zdziarski 2012). In contrast,
the low X-ray luminosity of MWC 656 makes it comparable
to the faintest LMXBs, such as A0620–00 (see Figure 3 and
Plotkin et al. 2013), allowing the accretion processes and the
accretion/ejection coupling at very low luminosities for BH
HMXBs to be also studied.

5. CONCLUSIONS

We have detected the X-ray counterpart of the first BH
orbiting a Be star, MWC 656, confirming it to be an XRB
and thus classifying it as an HMXB. Due to the low number
of counts we cannot fully characterize its spectrum, although
thermal and non-thermal components seem to be required to
explain the low-energy and high-energy part of the X-ray
spectrum, respectively. These two components are interpreted
as the contribution from the hot wind of the Be star and the
emission close to the BH, respectively. The non-thermal X-ray
flux translates into a luminosity well below the threshold set
by Plotkin et al. (2013) for quiescent BH binaries. Using the
EVN radio flux density upper limits and our X-ray luminosity
we find that MWC 656 is located in the lower-left side of the

4



The Astrophysical Journal Letters, 786:L11 (5pp), 2014 May 10 Munar-Adrover et al.

luminosity diagram, in a region where it may be consistent
with and just above the correlation from Corbel et al. (2013).
Consequently, the radio/X-ray correlation might also be valid
for BH HMXBs. In this context, MWC 656 will allow the
study of accretion processes and of accretion/ejection coupling
at very low luminosities for BH HMXBs. Further deep X-ray
observations are needed to better characterize the spectrum and
constrain the spectral parameters to allow better interpretation.
Deep simultaneous radio observations are needed to study the
low luminosity accretion/ejection coupling in BH HMXBs.
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