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Be stars 
•Be stars are B stars with spectral emission lines of hydrogen 
(Hα, Hβ, etc.) and a high projected rotational velocity (close to 
critical when de-projected). 

•It is well established that Be stars have a circumstellar envelope 
in the form of a quasi-Keplerian deccretion disk surrounding the 
star

INTRODUCTION
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of a quasi-Keplerian deccretion disk surrounding the star. 

Introduction 

Be stars are B stars with spectral emission lines of hydrogen (Hα, Hβ, etc.) 
and a high projected rotational velocity (close to critical when de-projected). 
 
After decades of observations and initially wrong models (still being cited…), 
now it well established that Be stars have a circumstellar envelope in the form 
of a quasi-Keplerian deccretion disk surrounding the star. 



P. Munar-Adrover CNOC IX         Osservatorio Astronomico di Roma, 22-25 Septembre 2015 4

Accretion-ejection coupling in XRBs 

•Low-mass X-ray binaries: changes 
in their X-ray spectrum and 
luminosity associated to the 
acc re t ion p roces s and the 
presence/absence of a radio jet.

•Known as the accretion/
ejection coupling.

Image credit: Sera Markoff
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•Discovered thanks to the AGILE detection of a gamma-ray flare (Lucarelli et al. 
2010)
•Fermi could not confirm the detection (UL of 10-7 ph cm-2 s-1 at 95% c.l.)
•Confirmed as a binary system by Casares et al. (2012)
•Be star orbited by a BH (Casares et al. 2014) with a mass between 3.8 and 6.9 M⊙

•MWC 656 is the first known binary system of this class

Casares et al. (2014)

than the broadHe I absorptions. The Fe II velocities were alsomodelled
with SBOP, fixing the period to 60.37 days. The eccentric orbital fit
results in orbital elements that are consistent with the Fe II orbit being
the reflex of the He II orbit, as expected from the motion of two com-
ponents in a binary system (see Methods and Extended Data Table 2).
Only the eccentricities are slightly discrepant, but just at the 1.6s level.
Consequently, we modelled the ensemble of Fe II and He II radial

velocities with a double-line eccentric binary orbit in SBOP. Figure 3
presents the radial velocity curves of the two emission lineswith the best
combined solution superimposed.The resultingorbital elements are listed
in Table 1. Our solution yields a mass ratio q5M2/M15 0.416 0.07,
which implies a rather massive companion star. A precise determina-
tion of the companion’s mass requires an accurate spectral classifica-
tionof theBe star. Accordingly, wehave compared theMercator telescope
spectrumwith a collection of observed B-type templates, broadened by
330 km s21 tomimic the large rotation velocity inMWC656 (Methods

and Extended Data Fig. 3). Using excitation temperature diagnostics
based on several absorption line ratios, we determine a spectral type of
B1.5–B2, and the strength of the metallic lines combined with the
moderate width of the Balmer absorption wings implies luminosity
class III (Methods). Our adopted B1.5–B2 III classification implies a
mass of 10–16 solarmasses (M[) for the Be star (Methods), and hence
a companion star of 3.8–6.9M[.
The large dynamicalmassof the companion to theBe starMWC656

is puzzling. A normalmain-sequence star with suchmasswould have a
spectral type in the range B3–B9 and its spectrum would be easily
detected in the optical range. Nor can it be a subdwarf, because these
typically have masses in the range 0.8–1.3M[ (ref. 15). The stripped
He core of a massive progenitor (that is, a Wolf–Rayet star) is also
rejected because it possesses strong winds which show up through
intense high-excitation emission lines, not present in our spectra. In

Fe II He II
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Figure 2 | Orbital evolution of the Fe II 4,583 Å and He II 4,686 Å emission
lines. a, Sequence of spectra folded into 15 phase bins using the photometric
ephemeris6. w indicates the binary orbital phase. Vertical dashed lines indicate
the central wavelength of each line. For the sake of clarity, the flux of the Fe II
line has been arbitrarily scaled by a factor of 2 with respect to He II. The He II
double peak is distorted by an S-wave component, typically associated with a
bright spot or asymmetry in the outer accretion disk22. b, Trailed intensity
image of the two lines constructed from the phase binned spectra. Two orbital
cycles are displayed for clarity. The colour scale indicates counts normalized to
the continuum, with the black colour corresponding to 0.98 and the white
colour to 1.08 in Fe II and 1.16 in He II.
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Figure 3 | The radial velocity curves of the Be star and its companion. Filled
circles indicate radial velocities of the Be star, as obtained from the Fe II 4,583 Å
line; open circles indicate those of the companion star, extracted from the
He II 4,686 Å line. Error bars, 1 s.d. The best combined orbital fit is overplotted.
The velocities have been folded with the photometric ephemeris6 as in Fig. 2.
A shift of130 km s21 was applied to the He II velocities to compensate for the
S-wave contamination (Methods andExtendedData Fig. 2). Two Fe II velocities
(not shown) were found to deviate by .2sf (where sf is the r.m.s. of the fit)
from the best solution andwere excluded from the fit, but they have a negligible
impact on the final orbital elements.

Table 1 | Orbital elements for MWC 656
Parameter Value

Porb (days) 60.37 (fixed)
T0 (HJD22,450,000) 3,243.7064.30
e 0.1060.04
v (degrees) 163.0625.6
c (kms21) 214.162.1
K1 (kms21) 32.065.3
K2 (kms21) 78.163.2
a1sini (R[) 38.066.3
a2sini (R[) 92.863.8
M1sin3i (M[) 5.8360.70
M2sin3i (M[) 2.3960.48
M2/M1 0.4160.07
sf (kms21) 16.7

The solution was obtained from a combined fit to the radial velocity curves of the He II 4,686 Å and Fe II

4,583 Å lines. The orbital period Porb has been fixed to the photometric value6. T0 is the epoch of
periastron (where HJD refers to heliocentric Julian date), e the orbit eccentricity, v the longitude of
periastron, c the systemic velocity, K the velocity semiamplitude, a the semimajor axis, i the binary
inclination,M the stellarmass and sf the r.m.s. of the fit. Subscripts 1 and 2 refer to the primary (Be star)
and secondary (companion) components, respectively. T0 implies that periastron passage occurs at
photometric phase 0.0160.10.

LETTER RESEARCH
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Image credit: Gabriel Pérez - SMM (IAC)

MWC 656
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•Observed with XMM-Newton (15 
ks)

•We detect a faint source at 4σ 
c.l. coincident with the position of 
MWC 656

•X-ray source position compatible 
with the Hipparcos position of 
MWC 656 at 2.4σ

•Detected only in the 0.3-5.5 keV 
range

•Spectrum with low number of 
counts (0.3-5.5 keV energy range) 

Munar-Adrover et al. (2014)

X-RAY DATA
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X-RAY LUMINOSITY vs RADIO 
LUMINOSITY CORRELATION

Corbel et al. (2013)

2512 S. Corbel et al.

Figure 9. Radio and X-ray (1–10 keV) luminosities for Galactic accreting binary BHs in the hard and quiescence states (see text for references). It illustrates
the standard correlation (defined by sources such as GX 339−4 or V404 Cyg with index ∼0.6) and the new correlation for the outliers (defined by e.g.
H 1743−322 or Swift J1753.5−0127 with index ∼1.4). The solid line illustrates the fit to the whole 1997–2012 sample of GX 339−4 (as discussed in Section
3.3.1) with an extrapolation to the quiescence state of BHs. The dashed line corresponds to the fit to the data for H 1743−322, one of the representatives for
the outliers (Coriat et al. 2011a). Upper limits are plotted at the 3σ confidence level. For a few sources, their distances are unknown.

(2011a,b) and reinforced here with the increased number of sources
(e.g. MAXI J1659−152 and XTE J1752−223; Ratti et al. 2012;
Jonker et al. 2012; Brocksopp et al., in preparation), at luminosity
below 4 × 1036 erg s−1 the outliers seem to leave the H 1743−322
track and join the standard correlation around 1035 erg s−1.

The spin of the BH (Fender et al. 2010), as well as the binary
parameters (orbital period, accretion disc size, inclination; Soleri &
Fender 2011), does not seem to play a role in defining the level
of jet power. By using a jet toy-model with an increasing bulk
Lorentz factor above 10−3 LEdd, Soleri & Fender (2011) were able
to reproduce the larger scatter for the brighter hard state (the zone
of the outliers). It is, however, clear from Fig. 9 that the outliers
are a separate population from the sources lying on the standard
correlation (see also Gallo et al. 2012). The radio/X-ray diagram is
not uniformly populated, as would have been expected if the two
populations were related to a uniform distribution of inclination
angle (and henceforth Lorentz factor). The existence of a critical
magnetic field (Casella & Pe’er 2009) has also been invoked to
explain the lower radio luminosity for the outliers, but then it also
needs to explain the existence of two populations as well as the
steeper correlation index. In order to find an explanation of the
outliers by a lower radio luminosity (or jet power), it may then
be necessary to invoke a different coupling between jet power and
mass accretion rate (see Coriat et al. 2011a for more details).

Instead of characterizing the outliers by fainter jet power (as in
Soleri & Fender 2011), one may instead consider these sources as

being more X-ray bright than the ones from the standard correlation,
meaning that the understanding of the correlations would be related
to the origin of the X-ray emission process(es). We would then
be left with two groups of sources above 4 × 1036 erg s−1 (one
with an index of ∼1.4 and the other one with the typical index
of ∼0.6). It seems apparent that only the ∼0.6 track exists at lower
radio and X-ray luminosities. Coriat et al. (2011a, and references
therein) have extensively discussed the nature of these two groups.
In that framework, the outliers would be consistent with the presence
of radiatively efficient BHs in the hard state (hot accretion flows
or accretion disc corona). The standard correlation would still be
related to a radiatively inefficient accretion flow (such as X-ray
jets or ADAF models). The difference between the two populations
could possibly be related to variation in the α viscosity parameter
(Xie & Yuan 2012).

4.2.3 Caveats on constraining the slope of the correlation using
portion of one individual outburst

The global results presented in this study for GX 339−4 or in
Coriat et al. (2011a) for H 1743−322 allow us to characterize the
evolution of the radio and X-ray fluxes correlation for a given
source along very different outbursts. While the global correlation
is maintained with a specific slope (∼0.6 for GX 339−4 or ∼1.4
for H 1743−322), we note that temporary deviations do exist. This
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Munar-Adrover et al. (2014)

X-RAY LUMINOSITY vs RADIO 
LUMINOSITY CORRELATION
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• Analysis strategy (AGILE and Fermi/LAT):

• Blind search in 2-days bins

• Search for periodicity

• Search for steady emission

• Stack detected events to get a spectrum
8

GAMMA-RAY OBSERVATIONS
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• Blind search:10 flaring events registered by AGILE between 2007 and 2013

from Le Hoang master thesis (2014)

AGILE DATA ANALYSIS
4

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

l b tstart tend Flux √
TS

[◦] [◦] [UT ] [UT ] [×10−6 cm−2 s−1]
100.28 -13.22 2007-11-23 UT00:02:10 2007-11-24 UT12:02:12 1.5 ± 0.5 4.5
100.22 -12.61 2008-06-28 UT12:03:15 2008-06-30 UT06:03:15 0.6 ± 0.3 3.2
101.74 -11.25 2009-01-04 UT12:02:12 2009-01-07 UT00:02:12 0.5 ± 0.2 3.1
100.94 -12.65 2010-06-13 UT12:01:06 2010-06-14 UT18:01:06 1.4 ± 1.1 3.2
99.27 -11.50 2010-06-30 UT00:01:06 2010-07-02 UT00:01:06 1.3 ± 0.6 3.1
99.96 -12.24 2010-07-25 UT00:02:12 2010-07-27 UT00:02:12 1.4 ± 0.6 3.8
99.94 -12.76 2011-10-08 UT00:02:12 2011-10-10 UT00:02:12 2.5 ± 1.1 3.4
101.70 -12.51 2011-04-09 UT00:02:12 2011-04-11 UT00:02:12 2.2 ± 1.1 3.1
100.38 -12.70 2013-07-10 UT00:00:00 2013-07-12 UT00:00:00 3.2 ± 1.6 3.5
100.34 -11.81 2013-03-07 UT00:00:00 2013-03-08 UT09:00:00 2.6 ± 1.4 3.1
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Fig. 5.— Angular distance of MWC 656 with respect the center
of the FOV of AGILE (blue) and Fermi/LAT (red) at 2010–07–25
(MJD 55402), the date of the first gamma-ray detection of transient
emission by AGILE. Similar results are observed for the remaining
flaring events.

emission for a specific source depends on the effective
area (larger a factor — in Fermi/LAT compared to AG-
ILE and decreasing with off-axis angle for both instru-
ments), on the effective time on source (depending on
the observation mode, which is different in the two tele-
scopes) and marginally on the spectral energy distribu-
tion of the emission (with AGILE optimized in the 100-
400 MeV channel and Fermi/LAT optimized for higher
energies). For example, we checked the angular separa-
tion between MWC 656 and center of the field of view
(FOV) of each satellite at the moment of the first de-
tection in 2010 and we see that while AGILE has the
binary system close to the center of the imaging instru-
ment, Fermi/LAT observes the binary system at a very
large angular distance, above 50◦ (see Fig. 5). At this an-
gular distance the Fermi/LAT sensitivity is much lower
than the nominal close to the center of the camera.
For the purpose of this work, we used the Science

Tools provided by the Fermi satellite team1. The ver-
sion of the Science Tools used was v9r33p0 with the
P7REP TRANSIENT V15 instrument response function
(IRF). The reader is referred to Fermi instrumental pub-
lications for further details about IRFs and other calibra-

1 http://fermi.gsfc.nasa.gov

tion details (Ackermann et al. 2012).
We have adopted the current Galactic diffuse emission

model (gal 2yearp7v6 v0.fits) in a likelihood analysis
and iso p7v6source.txt as the isotropic model, and the
Fermi/LAT 3rd point source catalog gll psc v14.fit
(Acero et al. 2015) has been used2. In the modelisation
of the data, the galactic background and diffuse compo-
nents remained fixed. We selected Pass7 transient class
events with energies between 0.1 and 300 GeV. Among
them, we limited 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 intervals 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 and obtain a new
fit for all these sources. In the second step, we fix all
the parameters of the sources in our model to the new
values and run again the likelyhood analysis with the
Newminuit optimizer. At all times, the central target
source MWC 656 kept all its parameters free.
A systematic search in the Fermi/LAT data was car-

ried out searching for transient emission on a 2-day time
integration......TO DO!. The periods of the AGILE
flares were also searched, however the source visibility
by Fermi/LAT for those periods is quite reduced due to
a low exposure of the region. Fig 6 shows for example
the angular distance of the source from the centre of the
field of view for both AGILE and Fermi/LAT during the
gamma-ray flare of the AGILE ATel (MJD 55402): the
MWC656 field was out of the field of view for Fermi/LAT
for most of time and in a very incovenient position for the
rest of it. The other periods of flares detected by AGILE
also have a very low exposure by Fermi/LAT and Fig
6 shows the overall time spent at each offaxis angle by
Fermi/LAT during the flares: the angular distance to the

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



P. Munar-Adrover CNOC IX         Osservatorio Astronomico di Roma, 22-25 Septembre 2015 10

Ephemeris from Casares et al. (2014)
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•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

11

Chapter 3. AGL J2241+4454, a possible counterpart of the black hole binary MWC
656 32

above position, has a photon index of � = 2.35± 0.16.

Figure 3.9: The photon spectrum between 100 MeV and 3 GeV of MWC 656 as
detected by the AGILE -GRID by integrating all flaring episodes in Table [C.2]. Power

law fit with photon index: � = 2.35.

To analyse the pattern of emission, the plot in Figure [3.10] shows the �-ray light curve

of AGL J2241+4454.

Figure 3.10: The �-ray light curve of AGL J2241+4454 from 26th May 2007 to 30th
June 2012 with the significance larger than 3.

A phase diagram has been generated by using these �-ray detections and folded at 60.37

days period, phase zero is the starting time is MJD 53242.8. We also perform a Kol-

mogorov–Smirnov test (Figure (D.1))with a flat phase model, with 10 detections, the

test model has 10 values distributes evenly in each bin.

from Le Hoang master thesis (2014)
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FERMI/LAT DATA ANALYSIS

•Blind search not ready yet…
•Steady emission: UL for 6 years 

integration: 8.0x10-10 cm-2 s-1 

•Stacking of AGILE detected 
flares: UL integrating all flares: 
3.0x10-8 cm-2 s-1

•Search for periodic emission
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COMPARISON: AGILE vs FERMI
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COMPARISON: AGILE vs FERMI

•Fermi and AGILE effective area 
decrease with zenith distance 
(ZD), specially above 50º

•We checked the source ZD at 
any given moment for the entire 
Fermi and AGILE missions

•During AGILE 2010 flare, MWC 
656 is almost always at ZD > 
50º for Fermi
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COMPARISON: AGILE vs FERMI
•Time spent by AGILE and Fermi/

LAT observing MWC 656 at 
diferent ZD

•Flares: 
•AGILE: more than 50% of time 

at ZD < 50º
•Fermi/LAT: only 20% of time 

at ZD < 50º
•Rest of time: 

•AGILE: on average 30% of time 
spent at ZD < 50º

•Fermi/LAT: on average 12% of 
time spent at ZD < 50º

0 10 20 30 40 50

off-axis angle [◦]

0.0

0.2

0.4

0.6

0.8

1.0

%
of

ti
m
e
sp
en
t

Agile

Fermi



P. Munar-Adrover CNOC IX         Osservatorio Astronomico di Roma, 22-25 Septembre 2015 16

CONCLUSIONS
• The first Be/BH system was discovered thanks to the AGILE detection of a 

transient gamma-ray flare (Lucarelli et al. 2010)

• Munar-Adrover et al. (2014) discovered the X-ray counterpart of MWC 
656. It is a high-mass X-ray binary. Two spectral components: thermal and 
non thermal. System at the quiescent state with very low luminosity

• AGILE detected 10 flares. Spectrum derived by stacking them. No sign of 
periodicity or recurrence

• Fermi/LAT does not detect the flares or any other episode of activity from 
MWC 656 field

• Reason of discrepancy might be diferences in off-axis position of MWC 656 
between AGILE and Fermi/LAT during the occurence of the flares
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Thank you
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• Joint Chandra/VLA observations to:

• Obtain good X-ray position and 
spectrum

• Detect the source in radio

• Check accretion/ejection coupling 
in the first quiescent HMXB

• 60 ks obs with Chandra + 6 h obs 
with VLA (8 -12 GHz)

• Expected radio flux density between 
9 and 18 µJy

WORK IN PROGRESS: JOINT CHANDRA-VLA 
OBSERVATION
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X-RAY DATA ANALYSIS

•The non thermal luminosity in the 0.3-5.5 keV range is 
LX=(1.6+1.0)x1031 erg s-1 ≡ (3.1±2.3)x10-8 LEdd

•The value of non thermal luminosity is well below the threshold 
of 10-5 LEdd set by Plotkin et al. (2013) to indicate the quiescent 
state of XRBs, making our results compatible with MWC 656 
being in quiescence

•This is the first case of a detection of a HMXB with a BH in 
quiescence

•Might be interpreted as an ADAF which leads to the low X-ray 
luminosity

-0.9 
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•Non thermal component

-Photon index  Γ = 1.0±0.8 compatible with Plotkin et al. (2013)

-Possible origin in the vicinity of the black hole
-The non thermal luminosity in the 0.3-5.5 keV range is 
LX=(1.6+1.0)x1031 erg s-1 ≡ (3.1±2.3)x10-8 LEdd

•Thermal component

-Might be arising from the hot 
wind of the Be star

-The luminosity of this component 
is compatible with the Lx/LBol~10-7 

relation from Cohen et al. (1997). 
Our results are  Lx/LBol~3x10-7

X-RAY DATA ANALYSIS


