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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 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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ACCRETION-EJECTION COUPLING IN XRBS

•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
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THE MISSING Be/BH SYSTEMS
•Binary population synthesis models predict a high number of Be/NS systems and a low 

number of Be/BH systems.  10 to 50 Be/NS for each Be/BH (Belczynski & Ziolkowski 
2009)

•Fate of MWC 656-like systems: they are potential progenitors of BH-NS binaries (77% 
probability)

•Need of more Be/BH systems to map the distribution of orbital periods and improve 
our understanding of BH natal kicks and inner workings of CE 

•Currently:184 Be/compact object binary system (119 NS, 1 BH)
•Latest work on binary synthesis and evolution (Gudzinska et al. 2015, code with several  

assumptions) conclude that:
- Be/BH progenitors experience common envelope (CE) phase
- 90% of the cases the companion star is an evolved star, increasing probabilities to 

eject the CE and survival of the binary
- 10 to 100 Be/BH binaries in the Galaxy at given time, but only ~1% of MWC 656-

like systems present
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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
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� = 0.97
0.90
0.83
0.77
0.70
0.63
0.57
0.50
0.43
0.37
0.30
0.23
0.17
0.10
0.03

457.5 458 458.5 459 468 468.5 469 469.5
Wavelength (nm) Wavelength (nm)

2

1.5

1

0.5

0

B
in

ar
y 

ph
as

e

–500 0 500 –500 0 500

Velocity (km s–1) Velocity (km s–1)

Fe II 4,583 Å He II 4,686 Å

a

b

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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Macmillan Publishers Limited. All rights reserved©2014

Image credit: Gabriel Pérez - SMM (IAC)

MWC 656
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AGILE FLARES
• 10 flaring events registered by AGILE between 2007 and 2014

• follow up of the source

Chapter 3. AGL J2241+4454, a possible counterpart of the black hole binary MWC
656 31

Table 3.4: Major �-ray flares detected by the AGILE -GRID in the period 5th Novem-
ber 2009 to 30th June 2012 with AGILE in the spinning mode. All detections have
a significance above 3 (

p
TS > 3). The highlight row is the detection discovered by

AGILE, Lucarelli et al. [2010]. Column one: Position of the transient given by the
likelihood analysis, Column two and three: period of detection in MJD, Column four:

significance of detection, Column five: photon flux.

Position Start Stop Gal Iso
p
TS Flux

(l,b) (photon cm�2s�1 )

(100.94,-12.65) 2010-06-13 12:01:06 2010-06-14 18:01:06 0.42 9.56 3.2 (142± 115)⇥ 10�8

(99.273,-11.50) 2010-06-30 00:01:06 2010-07-02 00:01:06 0.42 9.56 3.1 (131± 61)⇥ 10�8

(99.96,-12.24) 2010-07-25 00:02:12 2010-07-27 00:02:12 0.42 9.56 3.8 (141± 59)⇥ 10�8

(99.94,-12.76) 2011-10-08 00:02:12 2011-10-10 00:02:12 0.42 9.56 3.41 (255± 115)⇥ 10�8

(101.7,-12.51) 2011-04-09 00:02:12 2011-04-11 00:02:12 0.42 9.56 3.13 (216± 106)⇥ 10�8

(100.38,-12.70) 2013-07-10 00:00:00 2013-07-12 00:00:00 0.42 9.56 3.46 (320± 158)⇥ 10�8

(100.34,-11.81) 2013-03-07 00:00:00 2013-03-08 09:00:00 0.42 9.56 3.11 (260± 137)⇥ 10�8

3.5.2 Data Analysis

By integrating all flaring data, we found a �-ray source detected with a significance of

8.8 at the Galactic coordinate (l, b) = (100.3o,�12.5o) ± 0.3o(stat) ± 0.1o(syst), with a

photon flux of F (E > 100MeV) = (97 ± 15) ⇥ 10�8photons cm�2s�1. The integrating

map from these detection is given in Figure [3.8].

Figure 3.8: The stacking map obtained by collecting data from detections from Table
[3.3] and Table [3.4] yields a result of 8.8 in significance.

The photon index with its error is obtained with a spectral fit of the AGILE likelihood

by analysing 4 energy channels 100-200 MeV, 200-400 MeV, 400-1000 MeV and 1000-

3000 MeV, Figure [3.9]. The overall spectrum (10 detections together), calculated in the

Chapter 3. AGL J2241+4454, a possible counterpart of the black hole binary MWC
656 30

Table 3.3: Major �-ray flares detected by the AGILE -GRID in the period 26th May
2007 to 17th October 2009 with AGILE in the pointing mode. All detections have a
significance above 3 (

p
TS > 3). Column one: Position of the transient given by the

likelihood analysis, Column two and three: period of detection in MJD, Column four:
significance of detection, Column five: photon flux.

Position Start Stop Gal Iso
p
TS Flux

(l,b) (photon cm�2s�1 )

(100.28,-13.22) 2007-11-23 00:02:10 2007-11-24 12:02:10 0.5 8.3 4.53 (145± 48)⇥ 10�8

(100,22,-12,61) 2008-06-28 12:03:15 2008-06-30 06:03:15 0.5 8.3 3.23 (64± 27)⇥ 10�8

(101,74,-11,25) 2009-01-04 12:02:12 2009-01-07 00:02:12 0.5 8.3 3.11 (52± 22)⇥ 10�8

• 3. 1RXS J224336.6+444501 A non-identified X-ray source, the radio counter-

part of this object has been detected (2MASS J22433630+4445019).

3.5 AGILE observations and data analysis

3.5.1 Search for �-ray emission.

In this analysis, we use the whole AGILE -GRID data in the period 26th May 2007 to

17th October 2009 when AGILE was in pointing mode and in the period 5th November

2009 to 30th December 2013 when in the spinning mode. The analysis was carried out

with the Build 21 version of the AGILE team software, using calibrated filters applied

on the consolidated dataset. The main �-ray flares are detected with a significance above

3 (
p
TS > 3). We carried out a further check concerning the position of the recorded

flares in scanning field because, in case, the flares are located in the edge of scanning

field, the flares will be elongated. We found 10 events of intense �-ray emission apart

from the �-ray flare which is published Lucarelli et al. [2010], these detections are shown

in Table [3.3] and Table [3.4].

AGL J2241+4454’s location is almost 12o from the Galactic plane and hence the area is

not closely packed. Therefore there is a low probability that another sources which close

to MWC 656 could interfere to likelihood measurement. As I mentioned, the criteria

for choosing a detection is that the significance is higher than 3 (
p
TS > 3). During the

detection collecting process, we also obtains events that has the significance is higher

2.4. The value of 2.4 is the condition for the running of the likelihood program in order

for obtaining further result, which also give out a consistent results like positions and

suitable error box. In this thesis, I will use detections mentioned in Table [3.3] and Table

[3.4] to yield physicals results in the next section.

from Le Hoang master thesis (2014)
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AGILE FLARES
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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

9

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.

AGILE FLARES

from Le Hoang master thesis (2014)
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•Fermi likelihood analysis                                   
of each flaring event:
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WHY FERMI DID NOT SEE THE FLARES?

11

•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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WHY FERMI DID NOT SEE THE FLARES?
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WHY FERMI DID NOT SEE THE FLARES?
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•Observed once by XMM-Newton 
(15 ks)

•Standard analysis chain using SAS 
v12.0.1

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

•Detected only with the EPIC-pn 
detector in the 0.3-5.5 keV range

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

•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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•Non thermal component

-Photon index  Γ  = 1.0±0.8 roughly compatible with the average 
photon index for XRBs in quiescence from Plotkin et al. (2013)

-Possible origin in the vicinity of the black hole

•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
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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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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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AT TeV ENERGIES

10−6 10−4 10−2 100 102 104 106 108 1010 1012

E [eV]

1025

1027

1029

1031

1033

1035

1037

1039

E
2
d
F
/d

E
[
er
g
s−

1
]

Radio EVN, 2011 January-February

X-ray, 2013 June

AGILE, 2010 July

Fermi/LAT, 2010 July

Fermi/LAT, 3.5 years

MAGIC, 2013 June

•Observations with the MAGIC Telescopes contemporaneous to 
the XMM-Newton observation did not provide a detection at TeV 
energies (Aleksic et al. 2015)
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CONCLUSIONS
• The first Be/BH system was discovered thanks to the AGILE detection of a 

transient gamma-ray flare (Lucarelli et al. 2010). Nine more flares detected

• Fermi analysis of the system does not provide evidence of gamma-ray activity, 
neither during the detected flares by AGILE nor phase folding Fermi data

• Munar-Adrover et al. (2014) discovered the X-ray counterpart of MWC 656 
confirming it to be a high-mass X-ray binary. Two spectral components: thermal 
and non thermal. The system is at the quiescent state during the X-ray 
observation with a low luminosity

• MWC 656 compatible with the radio/X-ray correlation found by Corbel et al. 
(2013) and Gallo et al. (2012), allowing for the study of accretion/ejection 
processes in HMXBs at very low luminosities

• Evolutionary models predict low number of MWC 656-like systems. They might 
be progenitors of BH-NS systems

• 2015 joint Chandra/VLA observation might help us to better understand this 
system
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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


