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•Binary systems with the peak of 
emission at X-rays

•Low-mass X-ray binaries undergo a 
series of changes in their X-ray 
spectrum and luminosity associated 
to the accretion process and to the 
presence/absence of a radio jet.

•This is known as the 
a c c re t i on / e j e c t i on 
coupling.

Image credit: Sera Markoff

X-RAY BINARIES
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INTRODUCTION TO MWC 656
•Confirmed as a binary system by Casares et al. (2012), might be associated to 
AGL J2241+4454 (Lucarelli et al. 2010)

•MWC 656: Be star orbited by a BH (Casares et al. 2014) with a mass between 3.8 
and 6.9 M⊙.  The first known binary system of this class. Confirmed as a 
high-mass X-ray binary (Munar-Adrover et al. 2014)

•Radio detection at GHz (Dzib et al. 2015). Proof of variable nature and emission of 
high-energy particles
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The FeII and HeII lines both show 
radial velocity variations with a 
periodicity of 60 d (orbital period). The 
lines vary in antiphase, and the 
parameters reveal the same time of 
periastron and an ω offset around 180º, 
as expected if originated in two bodies 
orbiting each other (Casares et al. 2014). 

Discovery of MWC 656, the first Be/BH binary 

Munar-Adrover et al. (2014)Casares et al. (2014)

S. A. Dzib et al.: The radio source in MWC 656

Fig. 1. VLA images with radio emission at the MWC 656 position. Left: concatenated X-band data from Epoch 1 to 7. Center: Epoch 1. Right:
concatenated X-band data from Epoch 2 to 6. Contour levels are �3, 2.8, 3.2, 3.8, and 4.2 times the noise levels of the image (see Table 1). The
red ellipse at the bottom left is the corresponding synthesized beam. The blue cross indicates the optical position of MWC 656.

respectively. These values are also in agreement with those the-
oretically expected.

3. Results

A source with a peak 3.4 times the noise level was detected in
the first observation at orbital phase � = 0.49, i.e., at apastron
passage. The source is coincident with the position of MWC 656
(see Fig. 1, center). A Gaussian fit to the source (using imfit in
CASA) yields the flux density of the source to be 14.2 ± 2.9 µJy.
In the remaining observations, however, we do not detect any
peak above 2.6 times the noise level of the images (see Fig. 2).
By adding these six remaining observations, we detected a
source with a peak 3.4 times the noise level, which is coincident
in position with MWC 656 and with the source detected in the
first epoch (see Fig. 1, right). The flux density in this case was
3.7 ± 1.4 µJy. The two images of Fig. 1 (center, right) were pro-
duced with independent data sets, and support our detection of
the radio counterpart of MWC 656. Interestingly, the flux in the
first image (Fig. 1, center) has a flux density almost three times
higher than that in Fig. 1, right, and this increased flux is occur-
ring at apastron. We produce a final map by concatenating the
data of the seven observed epochs. The source is now detected
at levels of 4.4 times the noise in the image (Fig. 1, left). The
Gaussian fit to the source yields the flux density of the source
to be 4.5 ± 1.2 µJy, at the position RA= 22h42m57s. 305± 0s.005,
Dec=+44�4301800. 23± 000. 08, and is consistent with a point like
structure and parameters of Table 1. The source position is
in good agreement with the optical position of MWC 656,
RA= 22h42m57s. 30295, Dec=+44�4301800. 2525 (van Leeuwen
2007).

Finally, concerning the archived data (Table 1), we did not
detect the source in any single S -band epoch, nor in the final
image of concatenated observations at levels above 20 µJy.

4. MWC 656 in the context of the LX, LR relationship

The radio flux values of 3.7 ± 1.4 µJy and 14.2 ± 2.9 µJy at
10 GHz, for a distance of 2.6 kpc, and assuming a nearly flat
spectrum, corresponds to a LR at 8.6 GHz of 2.6 ⇥ 1026 erg s�1

and 9.9 ⇥1026 erg s�1, respectively. Munar-Adrover et al. (2014)
determined an X-ray luminosity of LX = 1.2 ⇥ 1031 erg s�1 from
an observation at� = 0.08. We report our new data of MWC 656
along with the measurements from Corbel et al. (2013). Figure 3

Fig. 2. VLA images from epoch 2 to 7. The red circle at bottom-left
is the synthesized primary beam. Contours are at �3, 2.6, and 3 times
the noise level. The blue cross at the center represents the position of
MWC 656. The source remains undetected in each single image. The
rms of the images and upper limits for the flux density of MWC 656 are
given in Table 1.

shows (square/black) the radio and X-ray luminosities for the
24 Galactic accreting binary BHs in the hard and quiescence
states reported in Fig. 9 of Corbel et al. (2013). The position
of MWC 656, given in red color, is rather close to the position of

L6, page 3 of 4

Adapted from 
Dzib et al. (2014)
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AGILE OBS. AGL J2241+4454
•AGILE detection of a gamma-ray flare (Lucarelli et al. 2010)
•Fermi did not confirm the detection (UL of 10-7 ph cm-2 s-1 at 95% c.l.)
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8.2. MWC 656, the first Be/BH system

Figure 8.5. Zoom around the bright quasar RX J2243.1+4441 that is detected in the field
of MWC 656. The image corresponds to the VLA observation conducted on 2012 October
15 at 3 GHz. The synthesized beam, shown on the bottom left corner, is 0.71ˆ0.54 arcsec2

with a PA of ´740.

143

FR-II radio galaxy
Be / Black hole binary

Munar-Adrover et al. (2016)
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• Searching for transient gamma-ray emission
• Blind search in 2-day bins (spinning and pointing)
• 10 flaring events registered by AGILE between 2007 and 2013
• follow up of the source

66
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TABLE 1
AGILE gamma-ray transient detections around the position of MWC 656.

tstart tend Flux √
TS

[UT ] [UT ] [×10−6 cm−2 s−1]
2007-11-23 UT00:00:00 2007-11-24 UT00:00:00 1.5 ± 0.5 4.5
2008-06-28 UT00:00:00 2008-06-30 UT00:00:00 0.6 ± 0.3 3.2
2009-01-04 UT00:00:00 2009-01-07 UT00:00:00 0.5 ± 0.2 3.1
2010-06-13 UT00:00:00 2010-06-14 UT00:00:00 1.4 ± 1.1 3.2
2010-06-30 UT00:00:00 2010-07-02 UT00:00:00 1.3 ± 0.6 3.1
2010-07-25 UT00:00:00 2010-07-27 UT00:00:00 1.4 ± 0.6 5.3
2011-04-09 UT00:00:00 2011-04-11 UT00:00:00 2.2 ± 1.1 3.1
2011-10-08 UT00:00:00 2011-10-10 UT00:00:00 2.5 ± 1.1 3.4
2013-03-07 UT00:00:00 2013-03-08 UT09:00:00 2.6 ± 1.4 3.1
2013-07-10 UT00:00:00 2013-07-12 UT00:00:00 3.2 ± 1.6 3.5

At all times, the central target source MWC 656 kept all
its spectral parameters free.
A systematic search in the Fermi/LAT data was car-

ried out searching for transient emission on a 2-day time
integration bins retrieving non significant events. The
time intervals of the 10 AGILE flares were also searched
and no detections arose, yielding upper limits at the level
of a few 10−7 ph cm−2 s−1. We have also performed a
search for periodic emission in the Fermi/LAT data by
folding the data with the orbital period of 60.37 days of
MWC 656. For this purpose we divided the orbit in 8
bins to ensure having enough statistics and repeated the
analysis procedure as explained. No detection arose at
any particular orbital phase and upper limits were ob-
tained at the level of ∼ 2 × 10−9 ph cm−2 s−1. In the
next Section we discuss the implications of these results.

5.2.1. Comparison between AGILE and Fermi/LAT data

Given the distinct results found by both gamma-ray
telescopes we wanted to investigate why this had hap-
pened, as it is not the first time that one event is seen
only by one of these telescopes. It is important to note
that the detectability of transient emission for a specific
source depends on the effective area (larger by a factor 5–
10 in Fermi/LAT compared to AGILE depending upon
energy in the range 100 MeV–1 GeV, and decreasing with
off-axis angle for both instruments), on the effective time
on source (depending on the observation mode, which
is different in the two telescopes) and marginally on the
spectral energy distribution of the emission (with AGILE
optimized in the 100-400 MeV channel and Fermi/LAT
optimized for higher energies).
For example, Figure 5 shows the time evolution of the

source off-axis angle - i.e., the angular distance between
MWC 656 and the field of view (FoV) center - for each in-
strument, during the event detected by AGILE on 2010-
07-25 (Lucarelli et al. 2010). We can note that - most of
the time - the source is inside the AGILE -GRID FoV at
small off-axis angles, whereas it transits at large off-axis
angles (or outside the FoV) in Fermi/LAT: MWC 656
is observed at angular distance lower than 50◦ in 41%
of the total time for AGILE and 25% for Fermi/LAT.
It is important to remark that, at high values of the off-
axis angle (> 50◦), the sensitivity of Fermi/LAT is poor
respect to the nominal on-axis value ( 50% smaller).
The other time intervals of transient emission detected

by AGILE are also marginally exposed by Fermi/LAT
and Figure 6 shows the fraction of time during which the
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Fig. 5.— Time-evolution of the MWC 656 off-axis angles, as
observed by AGILE and Fermi/LAT during the time interval re-
ported by Lucarelli et al. (2010).

source has been observed at a given interval of the off-axis
angle by AGILE and Fermi/LAT during all the events in
Table 1. AGILE has a much better angular exposition of
the source with respect to Fermi/LAT. The low exposed
Fermi/LAT observations, related to a reduced visibility
of the source, provides a flux UL of 2.6 ×10−8 cm−2 s−1

for the stacked analysis of all the events in Table 1, and
typical ULs of the order of ∼ 9 × 10−8 cm−2 s−1 for a
2-day integration time. Thus, these values are not con-
sistent with the AGILE results. However, these ULs are
related to average gamma-ray emission during the 2-day
time intervals. Nevertheless, short radio flares, possibly
related to the binary system activity, have been recently
observed (Dzib et al., 2015). Therefore in the follow-
ing we discuss the hypothesis that the flare duration is
shorter than the integrated time.
A soft spectrum flare with a short duration of about

∼3-4h could have been seen by only one telescope if the
arrival times of the (few) incident photons are within the
good time intervals (GTI) of that telescope. Alexander
& McSwain (2015) studied the discrepance between AG-
ILE and Fermi/LAT. In their Fig. 4, they show that,
during the time intervals of higher AGILE count rates,
Fermi/LAT was not in a GTI data-taking, and possibly
lost most of the photons detected by AGILE. In order to
discuss these cases, we carried out simulations of short
transient emission with gtobssim (Fermi/LAT Science
Tools). We simulated a source with the same flux as the
average flux seen by AGILE in the 2010 event (2.0×10−6

Munar-Adrover et al. (2016)

AGILE OBS. AGL J2241+4454
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• Spectral analysis stacking all the events:
•AGILE spectrum between 100 MeV and 3 GeV
• Integrating over all detected gamma-ray flares
•Spectral fit with photon index   Γ = 2.35 ± 0.16
•Best fit position: 

(l, b) = (100º.37, -12º.39) ± 0º.35

•Post trial analysis:
•909 2-day bins, min TS = 9

•  

•P = 6.8 x 10-7
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Fig. 3.— Photon spectrum between 100 MeV and 3 GeV of
MWC 656 as detected by AGILE/GRID by integrating all flaring
episodes in pointing and spinning mode. Dotted line represents the
best powerlaw fit, with a photon index Γ = 2.3± 0.2.

P (N, k) = 1−
k−1∑

j=0

(
N

j

)
pj(1− p)N−j

where p is the p-value corresponding to h which, for a
detection significance

√
TS ≥ 3 for a source below the

galactic plane whose counterpart might be known, is p =
1.3 × 10−3. For the N = 909 2-day bins in which we
searched for transient events the probability of the 10
detections being by chance is P (909, 10) = 6.8 × 10−7,
which translates into 4.97 Gaussian standard deviations.
Given this probability and the fact that the detections
are always compatible with the position of MWC 656,
we think that it might be reasonable to consider the 10
detected events as true transient gamma-ray sources.
With this result in mind, a stacked analysis of the 10

detections was carried out and yielded a best position for
our source of interest of (l, b) = (100.◦37, -12.◦39)± 0.◦35.
The spectrum, that is displayed in Figure 3, was binned
into four channels: 100–200 MeV, 200–400 MeV, 400–
1000 MeV and 1000–3000 MeV, and it was fitted with a
powerlaw obtaining a photon index Γ = 2.3 ± 0.2. The
overall significance for this stacked analysis is

√
TS =

8.9.

5.1.3. Search for gamma-ray periodic emission

Since the gamma-ray transient AGL J2241+4454 has
been proposed to be the counterpart of MWC 656 we
have conducted a search for periodicity in the gamma-
ray flares detected by AGILE. We have folded the tran-
sient detections with the period of MWC 656, in ac-
cordance with Casares et al. (2014) ephemeris, which
are displayed in Figure 7. The detected flares span be-
tween phase 0 and 0.8 approximately, leaving a small
gap without any gamma-ray detection. There is no evi-
dent periodic behaviour in the gamma-ray emission from
AGL J2241+4454 that might be associated to MWC 656.
This kind of emission, however, was not expected, since
the orbital parameters of the system seem to point at a
very small eccentricity (Casares et al. 2014).

5.2. Fermi/LAT data analysis
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Fig. 4.— AGILE detections plotted over time. The green data
point corresponds to the event published in Lucarelli et al. (2010).

For the purpose of this work, we used the Science
Tools provided by the Fermi satellite team1 on the Pass8
data around the position of AGL J2241+4454. The ver-
sion of the Science Tools used was v9r33p0 with the
P8R2 TRANSIENT010 V6 instrument response func-
tion (IRF). The reader is referred to Fermi instrumental
publications for further details about IRFs and other cal-
ibration details (Ackermann et al. 2012).
We have adopted the current Galactic diffuse emis-

sion model (gll iem v06.fits) in a likelihood analy-
sis and iso P8R2 SOURCE V6 v06.txt as the isotropic
model, and the Fermi/LAT 3rd point source catalog
gll psc v16.fit (Acero et al. 2015) has been used2. In
the modelisation of the data, the galactic background
and diffuse components remained fixed. We selected
Pass8 FRONT and BACK transient class events with
energies between 0.1 and 300 GeV. Among them, we lim-
ited the reconstructed zenith angle to be less than 105◦

to greatly reduce gamma rays coming from the limb of
the Earth’s atmosphere. We selected the good time in-
tervals of the observations by excluding events that were
taken while the instrument rocking angle was larger than
50◦.
In the model for our source we used a power-law model

for MWC 656 and used the make3FGLxml.py tool to ob-
tain a model for the sources within 25◦ region of inrerest
(ROI). To analyze the data we used the user contributed
package Enrico3.
We divided each analisys in two steps: in the first one

we leave all parameters of all the sources within a 10◦

ROI free, while the sources outside this ROI up to 25◦

have their parameters fixed. Then we run a likelihood
analysis using the Minuit optimizer, which determines
the spectral-fit parameters, and obtain a fit for all these
sources. In the second step, we fix all the parameters of
the sources in our model to the fitted values, except for
our source of interest, and run again the likelyhood anal-
ysis with the Newminuit optimizer to obtain a refined fit.

1 http://fermi.gsfc.nasa.gov
2 http://fermi.gsfc.nasa.gov/ssc/data/access/
3 https://github.com/gammapy/enrico/

from  Bulgarelli et al. (2012)

Munar-Adrover et al. (2016)

AGILE OBS. AGL J2241+4454
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• Searching for periodic gamma-ray emission

• Folding data with the 60.37 d period
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Munar-Adrover et al. (2016)
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AGL J2241+4454 LONG-TERM LIGHT-CURVE
• AGILE gamma-ray LC over 9 years

• 14 detections (4 new detections from 2014 to 2017!!!)
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X-RAY OBS. MWC 656
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NEW RESULTS:  Chandra reveals two X-ray sources

Ribó et al. (2017)
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NEW RESULTS:  Chandra reveals two X-ray sources

Ribó et al. (2017)
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X-RAY OBS. MWC 656
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NEW RESULTS:  Chandra reveals two X-ray sources

Ribó et al. (2017)
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Radio counterpart (variability)

Ribó et al. (2017)
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RADIO OBS. MWC 656

VLA simultaneous observation (6h, A config)

Flux density (10 GHz) = 3.5±1.1 µJy (marginal 
3𝜎 detection)
Compatible with the Chandra position

Compatible with the optical Gaia position

No detection of CXOU-1, flux density UL of 
3.2 µJy at 3𝜎 c.l.

Gyro-synchrotron emission produced by 
magnetic field in the Be star is discarded (too 
high magnetic field requested)

Origin: Synchrotron emission in a jet. 
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RADIO/X-RAY OBS. MWC 656

14

Comparing to the radio/X-ray correlation

Ribó et al. (2017)

The accreting BH in MWC656 could easily produce it through
synchrotron emitting electrons in a jet, as seen in many X-ray
binaries (e.g., Fender & Muñoz-Darias 2016 and references
therein). In contrast, the production of such flux density by
gyro-synchrotron radiation in the magnetic field of the Be star
would require high magnetic fields14 combined with relatively
high electron densities above the energy threshold of 10keV
(Dulk 1985; Güdel 2002). Therefore, in what follows we
consider that the detected radio emission in MWC656 has a
synchrotron origin in a jet.

We show in Figure 4 the radio versus X-ray luminosity diagram
for BH X-ray binaries. The simultaneous Chandra/VLA
observation of MWC656 allows us to place the source within
the diagram in a reliable way.15 MWC656 is one of the faintest
stellar-mass BHs ever detected in X-rays, together with

XTEJ1118+480, GS2000+25, XTEJ1859+226, GROJ0422+
32, A0620−00, and SwiftJ1357.2−0933, (Gallo et al. 2014;
Miller-Jones et al. 2011; Gallo et al. 2003; Gallo et al. 2006;
Plotkin et al. 2016), and the faintest one in X-rays also detected in
radio. The obtained luminosities for this quiescent BH HMXB are
fully compatible with those of the X-ray/radio correlations derived
from quiescent BH LMXBs at the low-luminosity end. Together
with CygnusX-1 at the high-luminosity end, it is now clear, for
the first time, that the accretion/ejection coupling in stellar-mass
BHs is independent of the nature of the donor star.
Finally, given the X-ray variability found in MWC656,

future simultaneous X-ray/radio observations should allow us
to trace the motion of the source in the radio versus X-ray
luminosity diagram, and directly check the slope of the
correlation at the low-luminosity end for the first time in
HMXBs.

We thank the anonymous reviewer for providing suggestions
that helped to improve the original version of the manuscript.
We thank S. Corbel for providing the data for LMXBs and E.
Gotthelf for useful discussions on the Chandra astrometry. The
scientific results reported in this article are based to a significant
degree on observations made by the Chandra X-ray Observa-
tory. This research has made use of software provided by the

Figure 4. Radio vs. X-ray luminosity diagram including the position of MWC656 (with 1σ uncertainties) obtained with the Chandra/VLA observation reported in
this work and the positions of a few additional significant sources from simultaneous observations. We plot the X-ray/radio correlations for BH LMXBs from Corbel
et al. (2013; solid red line with a light red shadow) and from Gallo et al. (2014; green dashed line with a light green shadow). To display the luminosity range of
LMXBs that follow the correlation we show data on the BH LMXBs GX339−4 (red hexagons), as well as the two faintest sources ever detected in radio and X-rays
simultaneously: A0620−00 (open red square; Gallo et al. 2006) and XTEJ1118+480 (light red diamond; Gallo et al. 2014). The faintest X-ray detections of LMXBs
without radio counterparts have also been plotted for reference. The small blue dots indicate the region of the parameter space where CygnusX-1 has been detected in
the low/hard state (Gallo et al. 2012). The hard-state radio-quiet outliers from the correlation have not been plotted. The gray dashed line separates the quiescent state
region (left) and the other states (right) according to Plotkin et al. (2013).

14 We note the following: 1) the rapid rotation of Be stars prevents the
existence of high magnetic fields in these objects; and 2) magnetism is less
present in massive binaries than in isolated massive stars (Schöller et al. 2014;
Neiner et al. 2015).
15 The position of MWC656 in Figure3 of Dzib et al. (2015) is based on their
VLA data obtained in 2015 Feb-Apr and the non-simultaneous XMM-Newton
data obtained in 2013 June. In addition, our Chandra observation shows that
the XMM-Newton flux corresponds to two sources and that the X-ray
luminosity of MWC656 is significantly variable.
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CONCLUSSIONS
• AGL J2241+4454 might be associated to the Be/BH binary system MWC 656. AGILE 

reveals 14 flares that allow for a spectral characterization of the gamma-ray source.  

• No periodic or persistent emission is observed

• Chandra revealed a possible decrease in the soft X-ray flux of almost one order of 
magnitude w.r.t 2013

• VLA simultaneous observation revealed a faint radio source compatible with MWC 
656

• For the first time we can study the source in the radio vs X-ray correlation with 
simultaneous data, and extend the correlation to HMXBs at very low luminosities. 
Correlation is independent of the nature of the donor star

• Discovery of a nearby X-ray source. Other possible counterpart of AGL J2241+4454?

15
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BACK UP

16
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Start Stop TS
UL

[cm−2s−1]
2009-01-04 12:02:12 2009-01-07 00:02:12 0.4 8.6×10−8

2010-06-13 12:01:06 2010-06-14 18:01:06 -2.5×10−5 6.4×10−8

2010-06-30 00:01:06 2010-07-02 00:01:06 1.05 1.3×10−7

2010-07-25 00:02:12 2010-07-27 00:02:12 -2.6×10−6 7.5×10−8

2011-04-09 00:02:12 2011-04-11 00:02:12 -6.4×10−5 2.8×10−8

2011-10-08 00:02:12 2011-10-10 00:02:12 0.6 1.2×10−7

2013-03-07 00:00:00 2013-03-08 09:00:00 0.005 1.1×10−7

2013-07-10 00:00:00 2013-07-12 00:00:00 – –

AGILE FLARES

Start Stop TS
UL

[cm−2s−1]
2009-01-04 12:02:12 2009-01-07 00:02:12 0.4 8.6×10−8

2010-06-13 12:01:06 2010-06-14 18:01:06 -2.5×10−5 6.4×10−8

2010-06-30 00:01:06 2010-07-02 00:01:06 1.05 1.3×10−7

2010-07-25 00:02:12 2010-07-27 00:02:12 -2.6×10−6 7.5×10−8

2011-04-09 00:02:12 2011-04-11 00:02:12 -6.4×10−5 2.8×10−8

2011-10-08 00:02:12 2011-10-10 00:02:12 0.6 1.2×10−7

2013-03-07 00:00:00 2013-03-08 09:00:00 0.005 1.1×10−7

2013-07-10 00:00:00 2013-07-12 00:00:00 – –

φ
UL

TS
[ph cm−2 s−1]

0.063 2.85×10−9 -0.0008
0.188 1.16×10−8 0.19
0.313 8.50×10−9 -9.9×10−5

0.438 1.24×10−9 -0.0019
0.563 9.50×10−0 -0.003
0.688 1.77×10−9 -0.0014
0.813 2.19×10−9 1.72
0.938 2.19×10−9 1.72

•Fermi likelihood analysis                                   
of each flaring event:

•Fermi likelihood phase 
folded analysis:

•Fermi likelihood analysis                                   
of stacking of the events:           
UL = 3x10-7 cm-2 s-1
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WHY FERMI DID NOT SEE THE FLARES?

18

•Fermi’s effective area decreases 
fast for zenith distance (ZD) > 
50º

•We checked the source ZD at 
any given moment for the whole 
Fermi mission

•During AGILE flares, MWC 656 
is almost always at ZD > 50º

http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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PHASE FOLDED LC
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