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6 Rob Fender and Teo Muñoz-Darias

Fig. 3 Patterns of accretion:outflow in black hole X-ray binaries. The diagram presents X-ray
monitoring of the black hole binary GX 339-4, which completed the path A ! F on a timescale
of about one year. Hard X-ray states (to the right) are associated with (quasi-)steady jet production
and little or no winds. Conversely, the soft states to the left are associated with strong accretion
disc winds and no strong core jet. Transitions between hard and soft X-ray states are associated
with large, sometimes multiple, discrete ejection events. From Fender & Belloni (2012), to which
the interested reader is directed for more references in this area, and which combined primarily the
phenomenology first described in Fender, Belloni & Gallo (2004) and Ponti et al. (2012).

20 Rob Fender and Teo Muñoz-Darias

Fig. 12 Sketch representing the thermal wind scenario for the soft and the hard state. In the latter
case, no wind would be expected if the outer disc is not sufficiently irradiated (heated). From Ponti
et al. 2012.

we can estimate the mass carried away by the wind by simply using:
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which can be re-written (using Eq. 17) as:
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being mp the proton mass, vwind the outflow velocity and W the solid angle sub-
tended by the wind (i.e. W

4p is the wind covering factor). Typical values for the wind
velocity (vwind ⇠ 1000 km s�1) and the covering factor (opening angle ⇠ 30�; Ponti
et al. 2012) yield Ṁwind ⇠ 1019 g s�1, comparable to, if not larger, than the central
mass accretion rate inferred from the observed luminosity. Therefore, the corre-
sponding kinetic power carried by the wind would be of the order of Lwind ⇠ 1035

erg s�1, significantly lower than the luminosity radiated (see section 4 below).
Wind outflows more than an order of magnitude larger than the contemporaneous

central mass accretion rates have been estimated in GRS 1915+105 (at luminosities
close to the Eddington limit) by Neilsen, Remillard & Lee (2011). At least in this
case, the properties of the wind (e.g. velocity, column density) are found to be not
constant with time in response to just minor changes in the ionizing luminosity.

20 Rob Fender and Teo Muñoz-Darias
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V404 Cygni: a nearby and powerful BH transient

V404 Cyg is a ~10 M⦿ is black-Hole in a 6.5 day orbital period at 2.4 kpc
(Casares, Charles & Naylor 1992, Nature; Miller-Jones et al. 2009) 

̣Very large accretion disc with Rout ~ 30 light seconds (9 x 106 km)

̣ Orbital inclination from modulation studies: 65 to 70 deg.

̣In quiescence since 1989….back in outburst in June 2015

many orders of  magnitude in luminosity (1031 ~ 1039           )

accessible timescales ( < PhD project duration)

different accretion regimes               VERY COMPLEX

Fender & Munoz-Darias 2015

ergs/s
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OIR spectroscopy of GX 339−4 1611

Figure 1. Flux-calibrated spectra of GX 339−4 during HS1 (red), HS2 (grey) and SS1 (blue). The spectra are not corrected for the ISM extinction along the
LOS of the source.

have been due to more ‘exotic’ processes in the jet and/or corona
(Markoff, Nowak & Wilms 2005; Pe’er & Casella 2009; Veledina,
Poutanen & Vurm 2011).

The near-IR continuum was also found to be variable on 20 s time-
scales in both HS observations but constant during SS1, suggesting
a jet-related origin to these variations.

In this paper, we report on the second part of our study, which
focuses on the spectroscopic content in the optical and near-IR
domains and aims at (1) making the first detection of spectral lines
in the near-IR and (2) understanding the origin and properties of
the spectral features in both the HS and SS. The paper is organized
in the following way. Section 2 details the specific reduction of the
near-IR spectra we performed to avoid contamination by the telluric
standards. The spectra are presented in Section 3 and analysed in
Section 4. We discuss the results in Section 5 and conclude in
Section 6.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

The observations are presented in detail in Paper I (section 2) and we
refer the reader to that paper for an in-depth description of the data
reduction and flux calibration. Whereas Paper I focused primarily
on the continuum, here we investigate more specifically on the
OIR spectral features. In the near-IR, the data reduction process
introduces a contamination by the spectroscopic features of the
standard star, which must therefore be removed as much as possible
prior to the telluric division. The standard stars which were observed
are all giant or main-sequence B3–9, as characterized in infrared
spectrometer and array camera (ISAAC) low-resolution spectra by

the sole presence of the Paschen and Brackett series in their near-IR
spectra (see e.g. Wallace & Hinkle 1997; Meyer et al. 1998; Wallace
et al. 2000). In the J and K bands, Paβ and Brγ were isolated
enough from any atmospheric absorption dip to be simply removed
through interpolation with Gaussians. Unfortunately, this could not
be easily done in the H band because the presence of many Brackett
lines between 15 000 and 16 000 Å as well as the overlapping of
Br13 and Br15 with broad atmospheric absorption features made
the fitting of the continuum difficult. In the H band, the solution then
is to remove the spectroscopic lines of the standard stars by dividing
their observed spectra (including atmospheric contribution) by the
corresponding Kurucz ones normalized to unity (Kurucz 1979).
The Kurucz spectra were first rebinned to ISAAC resolution and
modified by limb darkening and rotational broadening (see Gray
2008) so that their Br10, Br11 and Br12 lines matched those in
the observed spectra. We then checked the resulting feature-free
standard star spectra to ensure no measurable residuals.

3 SPECTRAL DESCRIPTION

The resulting OIR flux-calibrated spectra are displayed in Fig. 1,
and the continuum-normalized ones in Figs 2 and 3. Likewise,
Table 1 lists all the detected lines and their characteristics. The full
widths at half-maximum (FWHMs) were quadratically corrected
for the instrumental broadening which we assessed from the arc
spectra, and the underlying continuum was locally assessed with a
first-order polynomial. The latter being the primary source of inac-
curacy, each measurement was repeated several times with different
continuum placements within the same wavelength range to obtain

MNRAS 442, 1610–1618 (2014)Downloaded from https://academic.oup.com/mnras/article-abstract/442/2/1610/1747234
by INAF Roma (Osservatorio Astronomico di Roma) user
on 09 November 2017
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1612 F. Rahoui, M. Coriat and J. C. Lee

Figure 2. Continuum-normalized optical spectra of GX 339−4 for SS1
(top), HS1 (middle) and HS2 (bottom). All the detected lines are marked,
and the atmospheric/ISM features were manually removed.

Figure 3. Continuum-normalized near-IR spectra of GX 339−4 for SS1
(top), HS1 (middle) and HS2 (bottom), in each band (J to K, left to right).
All the detected lines are marked.

a set of values that eventually averaged out. The uncertainties listed
in Table 1 are therefore the scatter to the mean rather than the real
errors.

3.1 The optical spectrum

The optical spectrum is consistent with those reported in previous
studies of GX 339−4. During SS1, we detect Hγ , Hβ, Hα and the
Paschen series, all in emission. There are also several signatures
of He I, He II, O II, N II and N III (including the Bowen blend at
4640 Å), although many are too weak to be properly measured.
The spectroscopic content in both HS is very similar to that during
SS1 but many of the higher ionization features are missing during
HS2. Moreover, several unidentified lines are detected, and two
very faint emission components shortwards of Hα appear to be
present during SS1 and HS1. One is centred at about 6474 Å and
has never been reported while the other, centred at 6505 Å, was
explained as either N II (Soria et al. 1999) or a violet-displaced
component of Hα attributed to a ‘jet feature’ (Cowley et al. 2002).
Given that we observe these lines in both the SS and HS, they
likely originate either in the disc or the irradiated companion star.
More importantly, we confirm the presence during SS1, HS1 and
to a lesser extent HS2 of an absorption trough longwards of Hβ;

its presence was already mentioned in Buxton & Vennes (2003) but
the authors did not conclude on its nature. This dip significantly
contaminates Hβ and gives the feature an inverse P-Cygni profile.
Because of this, we fit the emission (labelled Hβ+) and absorption
(Hβ−) components simultaneously with two Gaussians (see Fig. 4),
Hβ+ being centred at 4861 Å and Hβ− at 4872, 4880 and 4881 Å
during SS1, HS1 and HS2, respectively. All the spectral lines are
also variable from one observation to another. Compared to SS1,
their intrinsic fluxes are higher during HS1 and similar or slightly
lower during HS2, and their equivalent widths are a lot lower, a
hint that the continuum in the HS is dominated by a component that
does not significantly enhance line emission, likely the compact
jet. Moreover, the resolution of our spectra is too low to enable a
sufficient analysis of the profiles of most of the features, but Smith
et al. (1999), Soria et al. (1999) and Wu et al. (2001) reported several
double-peaked optical lines during the soft and quiescent states and
only one, He II λ4686, in the HS. In our case, one can argue that the
Bowen blend during SS1, He II λ4686 during HS1 and the Paschen
lines during all the observations are double-peaked. We do not see
any significant FWHM difference in the HS compared with SS1
with the exception of the Bowen blend, Hβ+ and Hβ− which are
narrower and Hα and He I λ6678 which are broader.

3.2 The near-IR spectrum

The near-IR spectrum of GX 339−4 is very rich. During SS1, we
detect emissions from (1) Paβ in the J band, (2) the whole Brackett
series (Br14 being likely blended with He I λ15 859), He I λ17 000
and He II λ16 243 in the H band and (3) He I λ20 586, 21 126 and
Brγ in the K band. Moreover, Br10, Br11, Br13 and Br14 are likely
double-peaked and this points towards the accretion disc as the main
contributor to the spectroscopic content.

In the HS, most of the aforementioned lines are present. Com-
pared with SS1, their fluxes are larger during HS1 and similar during
HS2, with the exception of Paβ which is significantly brighter in
both HS. In agreement with what we observe in the optical, their
equivalent widths are however a lot lower, confirming that the con-
tinuum is likely dominated by the compact jet. In the H band, Br10,
Br11, Br13 and Br14 may also be double-peaked. In the K band,
He I λ20 586 is absent during HS2 but present as a strong emission
in a relatively deep trough during HS1. Aside from Paβ which is
broader, there is no significant FWHM difference when compared
with SS1.

4 SP E C T R A L A NA LY S I S

The wealth of H I emission lines in the spectra of GX 339−4 allows
us to diagnose and compare the physical conditions of the source
for each observation. For this purpose, we selected 12 of the most
robustly measured optical and near-IR H I features detected in the
three spectra (bold in Table 1) and discuss their behaviour in the
subsequent sections.

4.1 The hydrogen decrements during SS1, HS1 and HS2

We list the Hα/Hβ+ (Balmer), Pa(n)/Pa11 (Paschen) and Br(n)/
Br10 (Brackett) decrements in Table 2; the fluxes were corrected
for the ISM extinction using the law given in Fitzpatrick (1999)
with AV = 3.25.

The decrements are sensitive to the physical conditions of the
plasma from which the lines arise, so that we can compare our

MNRAS 442, 1610–1618 (2014)Downloaded from https://academic.oup.com/mnras/article-abstract/442/2/1610/1747234
by INAF Roma (Osservatorio Astronomico di Roma) user
on 09 November 2017
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A peculiar accretion disk state
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de Martino et al. 2014 
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Ambrosino, Papitto et al. 2017 
Hakala & Kajava 2018 

Baglio et al. 2023
Baglio, M. C., et al.: A&A 677, A30 (2023)

Fig. 9. Schematic visual representation of the evolution of the inner flow
into an outflow at the switch from the high to the low X-ray emission
mode. When the system is in the high mode (top panel), a small-size
inner flow is present, together with a faint steady jet that is launched
along the pulsar rotational axis and gives rise to the observed low-level
radio and millimetre emission. As the pulsar rotates, the pulsar wind
(marked with solid green lines) wobbles around the equatorial plane
(see e.g. Bogovalov 1999) and shocks o↵ the electrons in the inner flow
at two opposite sides (red spots) at a distance that is slightly larger
than the light cylinder radius ('80 km). At each pulsar rotation, syn-
chrotron emission at the shock at X-ray, UV, and optical frequencies is
modulated at the spin period at one side (bright red spot), while it is
absorbed by material in the inner flow at the other side (light red spot;
Papitto et al. 2019). When the system makes a switch to the low mode
(bottom panel), a bright discrete ejection is launched along the pulsar
rotational axis on top of the compact jet, the inner flow disappears, and
the shock emission is quenched. For displaying purposes, only the inner
regions of the compact jet are represented in both panels.

from optically thick to optically thin (Bogdanov et al. 2018).
This emission component has a steep spectrum (↵ = �0.8+0.3

�0.4)
and provides an additional flux contribution above that of the
underlying optically thick emission from the compact jet at fre-
quencies below the millimetre band (see Figs. 1 and 3).

Eventually, the flow from the disc starts to refill the inner
regions just outside the NS light cylinder on a thermal timescale
(tens of seconds) due to its advection-dominated nature. The
refilling of the disc re-establishes the region of shock with
the pulsar wind, leading to increased emission and pulsa-
tions at X-ray, UV, and optical frequencies (Papitto et al. 2019;
Miraval Zanon et al. 2022; Illiano et al. 2023). The system thus
makes a switch back to the high mode.

As shown in Sect. 3.6, the low mode ingress and egress times
show a statistically significant di↵erence, with the average egress
time being longer than the average ingress time. In our picture,
the ingress in the low mode is caused by the ejection of the inner-
most regions of the disc. This will occur on a dynamic timescale.
We can estimate the distance at which the innermost edge of
the disc in J1023 must recede away from the NS at the high-
to-low mode switch by assuming that most of the X-ray emis-
sion in the low mode is due to the jet and hence imposing that
the luminosity of the synchrotron emission at the shock front is

at most, say, 10% of that observed in the low mode. This gives
a radial distance of rlow = [Lsd/(0.1LX,low)]0.5

rLC ⇡ 20 rLC ⇡
1600 km (Lsd = 4.43 ⇥ 1034 erg s�1 is the spin-down luminosity;
Archibald et al. 2013). This value should be considered as a lower
limit: at larger radii, the X-ray luminosity due to the shock would
be even smaller. The dynamic timescale is

p
r3/(GM) ⇠ 0.1 s at

20 rLC. Observations from XMM-Newton and NICER show that
current X-ray instruments are capable of probing mode switch-
ing in J1023 on timescales as short as ⇠10 s. In the future, pro-
posed X-ray missions that o↵er instruments with much larger
collecting areas, high throughput, and excellent time resolution,
such as the New Advanced Telescope for High-ENergy Astro-
physics (NewAthena; Nandra et al. 2013), the enhanced X-ray
Timing and Polarimetry mission (eXTP; Zhang et al. 2016) and
the Spectroscopic Time-Resolving Observatory for Broadband
Energy X-rays (STROBE-X; Ray et al. 2019), would be able to
sample the switch on a timescale of<10 s and test our predictions.

The ejection and replenishment of the inner flow in J1023
during the switches from high to low mode and from low
to high mode are reminiscent of the ejection of the X-ray
corona into a jet and subsequent replenishment observed in the
Galactic microquasar GRS 1915+105 (Méndez et al. 2022).
A previous study has demonstrated that, in the case of
GRS 1915+105, the outer disc steadily refills the central
part of the system on a viscous timescale (Belloni et al. 1997).
The rise time is the duration it takes for the heating front to
propagate through the central disc. By assuming a subsonic
velocity for the heating front, with the sound speed cS calculated
in the cool (.6⇥ 106 K) disc state, we can estimate the rise time
to be rlow/cS ⇡ 20 s for J1023.

In the above picture, we have assumed that the emission from
the compact jet remains relatively constant over time, but it is
also possible that the jet could be partially disrupted by the dis-
crete ejection of plasma at the switch from high to low mode.
However, if the ejection is not energetic enough to overcome the
magnetic fields and pressures within the jet, or if it is not dense
or well aligned enough to e↵ectively interact with the jet, then
the jet would quickly re-establish itself and appear as if it had
never turned o↵. In either case, the jet would still contribute the
same amount of flux in both modes, especially in the radio band
where the emission is produced at greater distances from the NS
(of the order of light-minutes to light-hours; Chaty et al. 2011)
and therefore any changes are on much longer timescales than
the mode switching.

4.1.1. Millimetre flares as the fingerprint of discrete ejecta

Starting from the timescales of the first millimetre flare that
occurred on the second night (which has more accurate start and
end times than the second flare) and the typical timescales of
the radio flares that occurred on the first night, we attempted to
reproduce the light curves of similar flares by assuming they are
caused by the motion and expansion of a blob of plasma accel-
erated near the pulsar. Following the work of Fender & Bright
(2019), we assumed that a typical discrete ejection expansion is
well described by the van der Laan model (van der Laan 1966)13.
Since no flare in this study was observed simultaneously at two
di↵erent frequencies, we are unable to properly constrain the
model parameters. However, we are able to check whether we
could reproduce flares with peak flux densities and durations that
13 The calculations we made are based on van der Laan (1966) and are
described in a Jupyter-notebook available at https://github.com/
robfender/ThunderBooks/blob/master/Basics.ipynb
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Engulfing of PSR J1023+0038 1789

Figure 6. Optical spectrum of J1023 obtained on 2013 Dec 4 with the
2.1-m telescope at the San Pedro Mártir Observatory. The most prominent
emission lines are marked. Double profiles are clearly visible in the lower
panel.

Table 5. Results of optical emission lines analysis.

Line EW FWHM Peak separation
(Å) (km s−1) (km s−1)

Hα −30.0 ± 0.2 1260 ± 110 720 ± 50
He I 5876 −17.3 ± 0.2 1300 ± 70 510 ± 200
He I 6678 −7.9 ± 0.2 1560 ± 970 760 ± 60
He I 7065 −4.9 ± 0.2 1350 ± 180 760 ± 170

disc. A fit with a constant plus sinusoid function provides a sys-
temic velocity γ = −20.6 ± 120.8 km s−1 and a radial velocity
K2 = 266.2 ± 28.8 km s−1 (see Fig. 7). Although the large un-
certainties (mainly due to the low statistics), these values are fully
consistent with the results obtained by Thorstensen & Armstrong
(2005) during the system quiescence.

5 SP E C T R A L E N E R G Y D I S T R I BU T I O N

J1023 was observed strictly simultaneously by Swift and REM
for ∼3 min on 2013 November 30, while it was at orbital phase
0.9 (near the neutron star superior conjunction). We extracted the
corresponding source and background X-ray spectra adopting as
extraction region a circle centred on the source with a radius of
15 pixels in the former case and a circle positioned in a location
free from known X-ray sources with a radius of 30 pixels in the lat-
ter. We created the ancillary response file for the extracted spectrum
with XRTMKARF, in order to correct the count rate for the presence
of bad pixels, vignetting and hot columns. Finally, we assigned

Figure 7. Radial velocity curve for J1023 computed using a G5 V spectral
template. Two orbital phases are shown for clarity. The best sine-wave fit
provides a systemic velocity γ = −20.6 ± 120.8 km s−1 and a radial velocity
K2 = 266.2 ± 28.8 km s−1.

the latest version of the redistribution files. Fluxes in the optical
and infrared bands were estimated through the aperture photometry
technique. The unabsorbed SED from the NIR to the X-ray bands
is shown in Fig. 8.

We attempted to account for the NIR, optical, UV and X-ray SED
with the simple model of an irradiated star plus the contribution of
a shock front. For the star component we assumed an irradiated
blackbody model (for the details of the modelling see equations
8– 9 of Chakrabarty 1998) which depends on the irradiating lumi-
nosity (Lirr), the source distance (D), the radius of the companion
star (Rc), the albedo of the star (η∗) and the binary separation (a).

We fitted the data by using Lirr as a free parameter and fix-
ing D = 1368 pc (Deller et al. 2012), Rc = 0.43 R⊙ (Archibald
et al. 2009) and η∗ = 0.1. The binary separation a = [G(MX +
Mc)(Porb)2/(4π)2]1/3 was obtained by fixing MX = 1.7 M⊙ and
Mc = 0.24 M⊙ (Deller et al. 2012). We modelled the shock
front component with a simple power law, by leaving free to
vary the normalization and the power-law index. The best fit
is obtained for Lirr ∼ 5 × 1034 erg s−1, consistent with the
estimated dipole spin-down luminosity of the ms radio pulsar
(Lsd = [4.43 ± 0.04] × 1034 erg s−1; Archibald et al. 2013). How-
ever, such model provides a rather poor fit to the data, particularly
in the UV region (χ2/d.o.f. = 46.6/10; see Fig. 8, left-hand panel).

To check for a more realistic solution, we tried to fit our data by
adding to the model the contribution of an irradiated accretion disc
by using Lirr and the internal disc radius (Rin) as free parameters
(equations 10– 15 of Chakrabarty 1998). We fixed the X-ray albedo
of the disc to 0.95 (Chakrabarty 1998) and the mass transfer rate to
10−11 M⊙ yr−1, as predicted by Verbunt (1993) for a short-period
X-ray binary with a main-sequence companion star and where the
mass transfer is kept going by loss of angular momentum from
the system. For each possible radius Rin, we assumed an outer
disc radius of 0.3a (where a is the binary separation). The fit im-
proves (%χ2 = 41.8 with respect to the star plus shock model; see
Fig. 8, right-hand panel) and we obtain an acceptable solution for
Lirr ∼ 1 × 1034 erg s−1 and an inner radius for the emitting region
Rin ∼ 2 × 109 cm. More sophisticated models are beyond the scope
of the paper.

6 EN S H RO U D I N G O F A R A D I O PU L S A R

Millisecond radio pulsars in binary systems can interact with the
companion star if the orbital separation is small enough. In recent
years an increasing number of the so-called spider radio pulsars
have been discovered (see Roberts 2011 for a review), following
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15 pixels in the former case and a circle positioned in a location
free from known X-ray sources with a radius of 30 pixels in the lat-
ter. We created the ancillary response file for the extracted spectrum
with XRTMKARF, in order to correct the count rate for the presence
of bad pixels, vignetting and hot columns. Finally, we assigned

Figure 7. Radial velocity curve for J1023 computed using a G5 V spectral
template. Two orbital phases are shown for clarity. The best sine-wave fit
provides a systemic velocity γ = −20.6 ± 120.8 km s−1 and a radial velocity
K2 = 266.2 ± 28.8 km s−1.

the latest version of the redistribution files. Fluxes in the optical
and infrared bands were estimated through the aperture photometry
technique. The unabsorbed SED from the NIR to the X-ray bands
is shown in Fig. 8.

We attempted to account for the NIR, optical, UV and X-ray SED
with the simple model of an irradiated star plus the contribution of
a shock front. For the star component we assumed an irradiated
blackbody model (for the details of the modelling see equations
8– 9 of Chakrabarty 1998) which depends on the irradiating lumi-
nosity (Lirr), the source distance (D), the radius of the companion
star (Rc), the albedo of the star (η∗) and the binary separation (a).

We fitted the data by using Lirr as a free parameter and fix-
ing D = 1368 pc (Deller et al. 2012), Rc = 0.43 R⊙ (Archibald
et al. 2009) and η∗ = 0.1. The binary separation a = [G(MX +
Mc)(Porb)2/(4π)2]1/3 was obtained by fixing MX = 1.7 M⊙ and
Mc = 0.24 M⊙ (Deller et al. 2012). We modelled the shock
front component with a simple power law, by leaving free to
vary the normalization and the power-law index. The best fit
is obtained for Lirr ∼ 5 × 1034 erg s−1, consistent with the
estimated dipole spin-down luminosity of the ms radio pulsar
(Lsd = [4.43 ± 0.04] × 1034 erg s−1; Archibald et al. 2013). How-
ever, such model provides a rather poor fit to the data, particularly
in the UV region (χ2/d.o.f. = 46.6/10; see Fig. 8, left-hand panel).

To check for a more realistic solution, we tried to fit our data by
adding to the model the contribution of an irradiated accretion disc
by using Lirr and the internal disc radius (Rin) as free parameters
(equations 10– 15 of Chakrabarty 1998). We fixed the X-ray albedo
of the disc to 0.95 (Chakrabarty 1998) and the mass transfer rate to
10−11 M⊙ yr−1, as predicted by Verbunt (1993) for a short-period
X-ray binary with a main-sequence companion star and where the
mass transfer is kept going by loss of angular momentum from
the system. For each possible radius Rin, we assumed an outer
disc radius of 0.3a (where a is the binary separation). The fit im-
proves (%χ2 = 41.8 with respect to the star plus shock model; see
Fig. 8, right-hand panel) and we obtain an acceptable solution for
Lirr ∼ 1 × 1034 erg s−1 and an inner radius for the emitting region
Rin ∼ 2 × 109 cm. More sophisticated models are beyond the scope
of the paper.

6 EN S H RO U D I N G O F A R A D I O PU L S A R

Millisecond radio pulsars in binary systems can interact with the
companion star if the orbital separation is small enough. In recent
years an increasing number of the so-called spider radio pulsars
have been discovered (see Roberts 2011 for a review), following
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Fig. 15 A comparison of the observed X-ray radiative luminosity with the kinetic powers produced
by the jet (hard state and state transition) and the wind (soft state). The kinetic power of the wind
is extremely small compared to both the radiation and jet kinetic power at their peaks; however it
may still play an important role in regulating the evolution of outbursts. Away from the peak of the
outburst, the source is predicted to enter ‘jet dominated’ states where the jet kinetic power exceeds
the radiative luminosity (Fender, Gallo & Jonker 2003).

low the peak radiation and jet powers, and is insignificant for the feedback of kinetic
energy to the ambient environment.

So what’s the integrated feedback? Fig 16 attempts to illustrate this by comparing
the total energy in hard and soft state radiation, and in kinetic feedback in the jet.
Before taking these results at face value, recall however, that:

• The kinetic power estimates, especially for the jet, are very uncertain (as you
should have learned from reading this review).

• This integrated power does not include the jet-dominated feedback during long
periods (years) of quiescence (although it seems likely that feedback is domi-
nated by the outbursts, at least for this type of system and behaviour).

• It may well be that it is far easier, per erg of feedback, for the jets to significantly
affect their environments than the radiation (obviously the case if the environ-
ment is entirely optically thin).

4.1 Where does this leave the energy balance?

Earlier in the review, we discussed how accurate measurement of the feedback terms
in equation [4] could potentially lead to estimates of the contributions from black
hole spin and advection. However (as forewarned), we see that in the analysis in
this section, we are forced to use the observed radiative luminosity to estimate the

Fender & Munoz-Darias 2015
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Fig. 12 Sketch representing the thermal wind scenario for the soft and the hard state. In the latter
case, no wind would be expected if the outer disc is not sufficiently irradiated (heated). From Ponti
et al. 2012.

we can estimate the mass carried away by the wind by simply using:

Ṁwind = 4pr
2
nmpvwind(

W
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) (18)

which can be re-written (using Eq. 17) as:

Ṁwind = 4pmpvwind(
L
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)(

W
4p

) (19)

being mp the proton mass, vwind the outflow velocity and W the solid angle sub-
tended by the wind (i.e. W

4p is the wind covering factor). Typical values for the wind
velocity (vwind ⇠ 1000 km s�1) and the covering factor (opening angle ⇠ 30�; Ponti
et al. 2012) yield Ṁwind ⇠ 1019 g s�1, comparable to, if not larger, than the central
mass accretion rate inferred from the observed luminosity. Therefore, the corre-
sponding kinetic power carried by the wind would be of the order of Lwind ⇠ 1035

erg s�1, significantly lower than the luminosity radiated (see section 4 below).
Wind outflows more than an order of magnitude larger than the contemporaneous

central mass accretion rates have been estimated in GRS 1915+105 (at luminosities
close to the Eddington limit) by Neilsen, Remillard & Lee (2011). At least in this
case, the properties of the wind (e.g. velocity, column density) are found to be not
constant with time in response to just minor changes in the ionizing luminosity.
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Fig. 16 Mass flow and feedback estimated for the outburst of GX 339-4 using the assumptions
stated in the text. The left panel indicates where the inflowing mass ended up; the majority was
lost in the accretion disc wind, and most of the central accretion occurred during the soft state.
Note that this figure is for the case of radiatively inefficient accretion in the hard state (c = 2) but
the results are not very different for efficient hard state accretion. The right panel summarises the
radiative and kinetic feedback integrated over the course of the outburst. Radiation, the dominant
fraction of which arises in the soft X-ray state, dominates over kinetic feedback from the jet. The
kinetic feedback from the wind is completely insignificant and is not plotted here.

accretion rate, thereby already relegating the spin and advection terms to (assumed)
minor significance. It is entirely possible (although theoretically unlikely), that the
Ladvected term is an order of magnitude larger than all the other terms in equation
[4], but we are simply unaware of this due to the (quasi-circular) assumptions made
in the above analysis. So the promise of measuring these important terms turns out
to have been a bit of an illusion, for now. How might we, in future, try to test these
terms?

The rate of mass accretion can, in principle, be estimated from the binary pa-
rameters of a system (e.g. Coriat et al. 2012 and references therein). Those esti-
mates seem to support the assumption that, during the phases when most of the
matter is accreted, it is done so in a radiatively efficient way (i.e. Ladvected is a mi-
nor term). This conclusion is supported, completely independently, by the ‘Soltan
argument’ where the cosmic X-ray background (a record of accretion onto AGN,
peaking 1  z  2) can be compared to the local space density of supermassive
black holes (e.g. Soltan 1982; Fabian 2012 and references therein).

What about the spin term? At present this also seems likely to be small contribu-
tor to the overall energy budget of outbursts. However, its role in producing powerful
jets has long been advocated for AGN (see e.g. Sikora, Stawarz & Lasota 2007) or
even just assumed (e.g. Ghisellini et al. 2014). For X-ray binaries, in recent years
‘direct’ spin measurements have emerged via two methods of X-ray spectroscopy
(e.g. McClintock, Narayan & Steiner 2014; Miller 2007; Reynolds 2014) and also,
most recently, X-ray timing (Motta et al. 2014a,b). It is not at all clear that the jet

6 Rob Fender and Teo Muñoz-Darias

Fig. 3 Patterns of accretion:outflow in black hole X-ray binaries. The diagram presents X-ray
monitoring of the black hole binary GX 339-4, which completed the path A ! F on a timescale
of about one year. Hard X-ray states (to the right) are associated with (quasi-)steady jet production
and little or no winds. Conversely, the soft states to the left are associated with strong accretion
disc winds and no strong core jet. Transitions between hard and soft X-ray states are associated
with large, sometimes multiple, discrete ejection events. From Fender & Belloni (2012), to which
the interested reader is directed for more references in this area, and which combined primarily the
phenomenology first described in Fender, Belloni & Gallo (2004) and Ponti et al. (2012).
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et al. 2012) yield Ṁwind ⇠ 1019 g s�1, comparable to, if not larger, than the central
mass accretion rate inferred from the observed luminosity. Therefore, the corre-
sponding kinetic power carried by the wind would be of the order of Lwind ⇠ 1035

erg s�1, significantly lower than the luminosity radiated (see section 4 below).
Wind outflows more than an order of magnitude larger than the contemporaneous

central mass accretion rates have been estimated in GRS 1915+105 (at luminosities
close to the Eddington limit) by Neilsen, Remillard & Lee (2011). At least in this
case, the properties of the wind (e.g. velocity, column density) are found to be not
constant with time in response to just minor changes in the ionizing luminosity.

Ponti et al. (2012)
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Fig. 1: P-Cyg profiles observed during days 2, 6, 7-to-9 and 10 in He I 5876 Å.  Normalized spectra 
are offset by 0, 0.6, 1.2 and 1.8, respectively. Profiles are formed when atomic material approaching the 
observer at -Vout scatters photons with frequency ν= ν0(1-Vout/c), while  receding ejecta are being 
illuminated by the central source.  Light yellow background indicates regions contaminated by interstellar 
absorption. We detect approaching material moving up to 3,000 km/s (blue filled absorptions). During 
days 7 to 9 and 10 the profiles are very shallow, in correspondence with high ionization states (see text). 
Simultaneously to blue-shifted absorption we detect red-shifted emission detached from the accretion disc 
component (see also Fig. 2). It reached similar amplitudes than those produced by approaching material, a 
feature indicating spherical geometry or at least large covering factor14. 
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Fig. 3: Spectral evolution towards the nebular phase. Average, normalized GTC spectra corresponding 
to days 9 to 11.  Log scale has been used due to the intense Hα emission, which reached equivalent width 
of 2,000 Å. An offset of 0.1 and 0.2 has been added to day 10 and day 11 spectra, respectively. The optical 
flux drops by 2 orders of magnitude in correspondence to the decay of the X-ray and radio outburst (ED 
Fig. 1). HeI and, Balmer lines become intense and broad as other transitions become evident (Si II, Fe II).  
The inset shows a zoom of the Hα region, where broad wings reaching ± 3,000 km s-1 become apparent.  
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are offset by 0, 0.6, 1.2 and 1.8, respectively. Profiles are formed when atomic material approaching the 
observer at -Vout scatters photons with frequency ν= ν0(1-Vout/c), while  receding ejecta are being 
illuminated by the central source.  Light yellow background indicates regions contaminated by interstellar 
absorption. We detect approaching material moving up to 3,000 km/s (blue filled absorptions). During 
days 7 to 9 and 10 the profiles are very shallow, in correspondence with high ionization states (see text). 
Simultaneously to blue-shifted absorption we detect red-shifted emission detached from the accretion disc 
component (see also Fig. 2). It reached similar amplitudes than those produced by approaching material, a 
feature indicating spherical geometry or at least large covering factor14. 
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Powerful thermal WIND 

from the outer disc 

regulating the outburst

Disk outflows from V404 Cyg 15

Figure 8. Schematic view of V404 Cyg, mostly based on the findings reported in this work, in Motta et al. (2017) and Sánchez-Fernández et al. (2017), but also
King et al. (2015) and Muñoz-Darias et al. (2016). The inner region of the accretion flow is inflated and originates the clumpy outflow producing the heavy,
non-uniform layer of absorbing material local to the source. The outer disk, instead, is responsible for the launch of the strong thermal wind seen at optical
wavelengths. Note that slim disk in fact refers to an accretion-flow that has a significant vertical extent compared to a thin disk. Note that the X-axis of the figure
is logarithmic. A colour version of this Figure is available on-line.

erties of the accretion flow. Instead, the covering/uncovering of a
bright central source by clumps of matter can easily explain fast
changes in luminosity. If this is the case, the super-Eddington flares
observed in V404 Cyg would correspond to times where the actual
emission produced by the source reaches the observer unabsorbed,
while the lower flux phases would be explained in terms of partial
or complete covering of the source. Such a scenario, while seldom
observed in BH binaries (see the case of V4641 Sgr, Revnivtsev et al.
2002 and SS 433, Fabrika 2004), is often observed in obscured AGN,
where the presence of a variable, patchy, neutral absorber (see, e.g.,
the case of NGC 4151, Zdziarski et al. 2002, de Rosa et al. 2007 and
NGC 1365, Risaliti et al. 2005) is thought to be responsible for most
of the fast spectral and flux variability. A particularly interesting
case is that of the Seyfert 1 galaxy NGC 5548 (Mehdipour et al.
2016), where changes in the covering fraction (ranging between 0.7
and 1) in an obscuring, weakly-ionised outflow close to the accre-
tion disk is the primary and dominant cause of variability in the soft
X-ray band.

4.1.3 The relations between the X-ray and radio flux

The most striking characteristic of both the radio and X-ray light
curves is the very strong variability (see e.g. Tetarenko et al. 2017),
characterised by hundreds of flares over a two-weeks period. Such
extreme variability is probably revealed due to the relative proximity
of the source and the exceptionally dense X-ray and radio coverage.
At present there is no clear simple relation between peaks in the radio
flux and the events in X-rays (i.e., in the accretion flow). This is most
likely because (i) the jet behaviour is more complex than previously
anticipated (Fender et al. in prep), and (ii) the effects of the strongly
variable absorption described above makes it very difficult to recover
the source intrinsic (i.e. accretion-driven) variations.

The times when a few ejection events occurred have so far

been inferred based on the modelling10 of a short-exposure (⇠ 4
hours) set of radio and sub-millimetre observations taken with the
Very Large Array, the Sub-millimetre Array and the James Clerk
Maxwell Telescope (see Tetarenko et al. 2017), which unfortunately
only marginally overlap with our Swift/XRT data. The radio and
sub-millimetre light curves display extraordinary flaring activity,
that can be ascribed to eight different discrete bi-polar ejections
(indicated by red arrows in Fig. 2), of which only two occur when
Swift /XRT was observing the source (spectra 470 and 484). The
results obtained by Tetarenko et al. 2017 show that even an extensive
multi-band modelling of radio and sub-mm light curves do not allow
to draw a clear one-to-one association between ejection events and
radio/X-ray flares.

Comparing the AMI radio light curve in Fig. 2, we note that
the largest flare observed in the hard X-rays (starting approximately
at MJD 57199 and clearly visible in the INTEGRAL/IBIS-ISGRI
light curve, see Fig. 2, top panel) is characterised by a higher
amplitude and a longer duration with respect to all the other flares
seen by INTEGRAL. Such an X-ray flare might be associated to
a major radio flaring event, starting at ⇡ MJD 57198 and likely
peaking around MJD 57198.5. Swift/XRT data simultaneous with
the INTEGRAL /IBIS-ISGRI data taken during such an X-ray flare
(spectra 941-968 in Fig. 2 and Fig. 4) show that the source intrinsic
flux is extremely high, while the local absorption has dropped to
values consistent with zero (except in three spectra). While it might
be possible that these phenomena are related and that a strong radio
ejection associated with the major radio flare has “cleared out” the
local absorber from the vicinity of the source, we would like to
stress that the poor overlap between the Swift/XRT and radio data
makes any association between the X-ray and the radio behaviour
very uncertain. While there is a significantly better overlap between

10 To date, the ejection times based on the detection of resolved ballistic
ejecta have not been reported.

c� 0000 RAS, MNRAS 000, 000–000

Motta et al. 2017

Munoz-Darias et al. 2016

Disc contains Mdisc ~ 10-5 M⦿

Matter accreted onto the BH ~ 10-8 M⦿

Matter transferred by the donor ~ 10-8 M⦿

Matter expelled ~ 10-8 - 10-5 M⦿       (transition time - calibrated from SNe)

tracking the matter
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The WIND from the outer disk 

is regulating the outburst

Munoz-Darias et al. 2017

this source was fainter…and was done with a 1.5m telescope

The accretion disc wind of V4641 Sgr 5
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Figure 3. 2002 spectrum (Jun 12) in the same format as in Fig. 2. The inset shows the Ha and He i–6678 transitions, respectively (dashed,
vertical lines). The vertical, blue bands mark the terminal velocity of the wind as measured in the P-Cygni absorption (1400 km s�1 ).

Rahoui et al. 2017). Near-infrared spectroscopy simultane-
ous with our September 17 spectrum (?Chaty et al. 2003)
also reveals broad He i and Brg emission lines, extending to
the same velocity (i.e. ±3000 km s�1 ) than that observed in
Ha (Fig. 2).

• The line profile is very complex, a property also ob-
served in other outbursts of the source (e.g. Lindstrøm et al.
2005). In particular, clear absorption troughs are observed
at �1300 km s�1 and �2200 km s�1 , but both features match
wiggles present in the quiescence spectrum (red line in Fig.
2). The latter throat is most likely due to a forest of telluric
lines present at 6514–21 Å (Kurucz 2006), while the origin
of the former (⇠ 6532–38 Å) is less certain and it might be
associated with a di↵use interstellar band centred at 6534 Å
(Hobbs et al. 2009). We note that observations were per-
formed at high airmass (2–3) favouring contamination by
telluric lines. On the other hand, we can distinguish a hump
in the red wing placed at ⇠ 1000 km s�1 with respect to Ha.

The September 18 spectrum shows much weaker Ha emis-
sion (equivalent width of 2.8±0.1 Å), which is heavily con-
taminated by the donor. Indeed, no Hb nor Hg emission is
recovered in the donor-scaled spectrum.

3.2 2002 outburst

We obtained an extensive coverage during the 2002 outburst
with 18 epochs of spectroscopy over 40 days (see Table 1
and Fig. 1). As it happened with the 1999 event, we missed
the outburst peak, but the photometric data available in-
dicates that the system displayed several flaring episodes
during the above time interval. The Ha line shows positive
equivalent widths (i.e. emission) only during 3 out of the
18 epochs, but this number rises to 14 in the donor-scaled
database. The remaining 4 spectra show weak emission lines
and blue-shifted absorptions, which are likely wind-related.
The strongest Ha emission is detected during our first spec-
trum (equivalent width of 9.3 ± 0.2 Å), which was obtained
only 0.5 days after a 2-magnitude flare (mid panel in Fig
1). However, the most interesting data were taken from Jun
12 onwards, when pronounced P-Cygni profiles are detected.
For these profiles the wind terminal velocity is taken as the
velocity measured from the left edge of the blue absorption
component. We estimate this method to be accurate within
100 km s�1 .

• On Jun 12 we observed the strongest P-Cygni pro-
files, with deep, blue-shifted absorption components in the
Balmer and He i emission lines (Fig. 3). The same feature
is also present in Fe ii at 5169 Å. We note that both Fe ii
and the He i transitions are not contaminated by companion
star-related features and therefore the observed and donor-

MNRAS 000, 1–10 (2018)

another object 

(V4641 Sagittari) 
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transitional MSPs

  

0  

Probes of the out+ow

Emission lines disappear during 
part of the orbit
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by the pulsar?

De Martino+ 2014
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de Martino+ 2014
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DISRUPTION AND FORMATION OF DISKS 
DURING GIANT OUTBURSTS IN HMXBS

ACCRETION AND EXCRETION DISKS IN HIGH-MASS XBS
Simulation of the disruption of the Be-star excretion disk and formation of the 
accretion disk around the compact object during type II outburst (Martin et al. 

2014).

no disk disk 
formation

warping
precession

disk disruption

Hypothetical cycle of Hα line from the excretion disk 
(Negueruela & Okazaki 2000). 

SOXS observations of transient HMXBs during 
the giant outbursts will allow us to track the 
possible formation of a transient acceretion disk, 
the disruption of the excretion disk in BeXRBs, 
and follow the impact of the outburst event to 
the local environment of the compact object 
through spectral line studies. 

Giant outbursts from SFXTs are rare and fast, and the mechanism 
producing the transient X-ray emission is still an open issue. 
SOXS will probe the changing stellar wind properties that could 
be the driving force of the SFXT outbursts. 

 

Romano et al. 2015
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The importance of  
MASSes

Is the gap real?

..or is it a bias?

Accretion processes
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Distribution of masses

Is the gap a bias due 
to systematics in the 
inclination 
measurements ?
Kreidberg et al. 2012

-Spectral type

-Relative size (q)

-Inclination value 
itself

Belczynski et al. 2012 

Belczynski et al. (2012)

The importance of  
MASSes

& 
SNe models

Is the gap real?

Accretion processes

Crucial for

..or is it a bias?
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1 You trust your X-ray spectral fitting

2 You trust your broad-band X-ray timing interpretation

HOW do you obtain a 
MASS?

18

3 You measure it

The importance of  
MASSes
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L96 DYNAMICAL EVIDENCE FOR BLACK HOLE IN GX 339!4 Vol. 583

TABLE 1
Log of Spectroscopic Observations of GX 339!4

Date
(2002) Telescope UT Range Spectraa

R
(km s!1)

Jun 6 . . . . . . . . . . . . AAT 10:35–15:11 12 70
Jun 8 . . . . . . . . . . . . AAT 10:46–14:46 7 70
Jun 9 . . . . . . . . . . . . NTT 00:37–09:34 24 (23) 60–90
Jun 9 . . . . . . . . . . . . AAT 12:01–19:40 10 70
Jun 10 . . . . . . . . . . . NTT 01:45–05:08 7 120
Jun 10 . . . . . . . . . . . AAT 09:31–10:35 3 70
Jun 10–11 . . . . . . . NTT 23:52–00:41 2 (2) 60–70
Jun 11 . . . . . . . . . . . AAT 09:59–11:03 3 70
Aug 9–10 . . . . . . . VLT 23:38–01:31 5 (5) 8
Aug 10–11 . . . . . . VLT 23:29–01:22 5 8
Aug 11–12 . . . . . . VLT 23:39–01:32 5 8
Aug 13 . . . . . . . . . . VLT 00:11–02:04 5 8
Aug 14 . . . . . . . . . . VLT 02:13–04:07 5 8
Aug 14–15 . . . . . . VLT 23:56–01:48 5 (2) 8

a The numbers in parentheses refer to the number of spectra showing
convincing sharp N iii components.

Fig. 1.—Examples of Bowen blend profiles from four different observations.
The left-hand two panels show profiles with sharp components; the right-hand
panels lack them. All spectra have been normalized and then continuum sub-
tracted, so fluxes are relative to the continuum level.

Pipeline optimal extractions were supplied and were of good
quality. Some spectra exhibited a narrow dip within the Bowen
blend; these appear spurious and were masked out of our fits.

3. RADIAL VELOCITIES AND THE ORBITAL PERIOD

3.1. The Sharp Bowen Components

The spectrum around 4640 Å is dominated by two or three
emission components (e.g., Fig. 1). These are N iii 4634, 4641,
and 4642 Å, which are always present, and C iii 4647, 4650,
and 4651 Å, which are sometimes as strong as the N iii lines
and sometimes nearly absent. This decomposition is the same
as suggested for Her X-1 (Still et al. 1997) and Sco X-1
(Steeghs & Casares 2002). We will refer to these lines as the
Bowen blend, although the C iii emission is not formed by
Bowen fluorescence. For a radial velocity analysis, we selected
only those spectra with sharp components. The resulting data
set comprised all the NTT red-arm spectra and seven of the
VLT spectra. No sharp components were detected in the AAT
or NTT blue spectra, nor were they present in the remainder
of the VLT spectra. In our “sharp component” spectra, we
measure average component FWHM of 270 km s!1 at the June
epoch and 350 km s!1 at the second, with no significant width
modulation within each epoch.
For each spectrum showing sharp components, we fit with

a model comprising two sets of Gaussian lines, corresponding
to N iii 4634, 4641, and 4642 Å and C iii 4647, 4650, and
4651 Å. The relative ratios within each species were fixed to
the values given by McClintock, Canizares, & Tarter (1975).
We allowed the relative strengths of the N iii and C iii groups
to vary and fitted for the N iii and C iii velocities. The C iii
velocities were discarded, as these lines were often barely de-
tectable, and the uncertain ratios of the unresolved 4647, 4650,
and 4651 Å components render the effective wavelength of the
C iii blend uncertain. The N iii velocities were always well
constrained, as the 4634 Å line is well separated from the
others. The most dramatic changes were in the NTT red-arm
data, for which we obtained a continuous night of data, about
9 hr. During this period we saw a monotonic trend spanning
∼300 km s!1. Such narrow components moving at high radial
velocity can be readily explained only as due to the orbital
motion of the companion star. The measured components’
widths are larger than the expected rotational broadening, in
particular during our VLT observations. Outflows driven by

the X-ray irradiation may be one source of additional broad-
ening mechanisms.
We combined all of the velocities and fitted sinusoidal radial

velocity curves as a function of orbital period. We used a grid
of trial periods from 0.1 to 2.5 days, with a separation of 10!4

days, enough to resolve individual minima. We plot the min-
imum x2 as a function of period in Figure 2a. There are clearly
many possible solutions, corresponding to periods around 0.7,
0.85, 1.2, or 1.7 days, but the 0.62 day period of Callanan et
al. (1992) is ruled out. As we argue, the preferred period is
1.7557 days, and the N iii velocities are folded on this period
in Figure 3a.

3.2. He ii Wings

To further constrain the orbital period, we applied the double
Gaussian method of Schneider & Young (1980) and Shafter
(1983) to trace the motion of the He ii line wings in the VLT
spectra. These may follow the orbit of the compact object, but
even if they are contaminated, then any motion still should be
on the orbital period. We use all of the VLT spectra for this
analysis. As for the N iii velocities, we fit a sinusoidal radial
velocity curve as a function of orbital period and derive the
periodogram shown in Figure 2b. The only periods common to
both the N iii data and the He ii line wings are around 0.7 and
1.7 days. We initially favored the former, as this value had been
previously suggested by Cowley et al. (2002). A significant dif-
ficulty with this period, however, is that nearly all the N iii
velocities measured correspond to blueshifts. For a 0.7 day pe-
riod, almost the full range of radial velocities should have been
sampled, and so the systemic velocity of the companion star
would have to be extremely large, ∼!150 km s!1. The systemic
velocity inferred from the He ii wings, however, is small, only
10 km s!1. This inconsistency led us to consider whether the
longer period might actually be the correct one, as this results
in consistent and small systemic velocities.

Hynes et al. (2003)

19

f(M) = 5.8 +/- 0.5 Mo

Outburst 
(here GX 339-4 with NTT & VLT in 2002)No. 2, 2003 HYNES ET AL. L97

Fig. 2.—The x2 of sinusoidal model fits as a function of orbital period. The
systemic velocity and radial velocity semiamplitude and phasing are allowed
to vary to obtain the best fit of each data set for a given orbital period. The
dashed line shows our preferred 1.7557 day period; dotted lines indicate the
0.62 and 0.7 day periods of Callanan et al. (1992) and Cowley et al. (2002),
respectively.

Fig. 3.—Radial velocity curves corresponding to the data used in Fig. 2,
folded on our preferred 1.7557 day period. Circles denote NTT red-arm data,
squares NTT blue-arm, triangles AAT, and stars VLT data. Where error bars
are not apparent, they are smaller than the points. No fit is shown for the third
panel, as this reflects changes in morphology more than actual motion, and
so the radial velocity curve has no physical significance, other than as a
diagnostic of the period. Note that (b) and (c) are derived from completely
independent sets of data.

3.3. Line Morphology Changes

An outstanding question is why only some N iii profiles
show sharp components, all corresponding to blueshifts. One
might naturally expect this to reflect orbital morphology
changes, but this is not the case for the 0.7 day period; in this
case, spectra showing sharp components overlap in phase with
those that do not. On the 1.7 day period, however, the two
types of profiles are cleanly segregated and do not overlap; this
supports the idea that we are seeing orbital motion of a com-
panion star that is visible or illuminated only at certain orbital
phases.
A related problem is that in the long NTT run, the He ii line

always showed a blueshifted peak. As for N iii, this is hard to
explain with a 0.7 day period, as other spectra at the same
implied orbital phase do not show this asymmetry. We can
quantify it by fitting a single broad Gaussian profile to He ii,
and this line is strong enough that we can use all of our first
epoch data. The derived radial velocity curve will not have
much physical significance, but this does provide a quantitative
way to assess which trial periods yield repeatable changes in
the line symmetry. The periodogram, derived as above, is
shown in Figure 2c. As for the appearance of sharp Bowen
components, the He ii symmetry changes are modulated on the
1.7 day period but not clearly on the 0.7 day one.

3.4. The Derived Orbital Period

We conclude that only a period close to 1.7 days is consistent
with the N iii velocities and appearance of sharp components,
the He ii wing velocities, and the changes in the He ii mor-
phology. This period has the advantage, unlike the others, that
a consistent and sensible (i.e., close to zero) systemic velocity
is derived for both N iii lines (which we believe trace the
companion star velocity) and He ii wings. Several aliases (from

the most precise Bowen fit) are consistent with the He ii data.
The best overall fit is for days, butP p 1.7557! 0.0004orb

days or days are also1.7104! 0.0006 1.6584! 0.0017
possible.

4. THE SYSTEM PARAMETERS

Having identified the best-fitting orbital period, we can now
fit for orbital velocities. The most straightforward is the N iii
modulation, which must originate from the companion star. We
show the fit to the data in Figure 3a. The limited phase coverage
obviously compromises the accuracy of our results, and we
find that there is a range of solutions with K2 and g positively
correlated. For the 1.7557 day period, the best fit is K p2

km s!1, where the error is a 1 j confidence region317! 10
with g left unconstrained. This best fit corresponds to g ∼ 30
km s!1, measured with respect to the local standard of rest. For
the 1.7104 day period km s!1 and for 1.6584K p 289! 102
days, km s!1. A more conservative constraintK p 241! 82
is to consider all three aliases as equally valid. We then derive
a 95% confidence lower limit on K2 of 226 km s!1, corre-
sponding to the 1.6584 day period. These values are all strictly
lower limits for K2, as N iii lines will be formed on the inner
irradiated face of the companion star. Thus, they do not trace
the motion of its center of mass but instead have a somewhat
lower velocity.
From these combinations of Porb and K2, we then derive

corresponding mass functions. Our best period corresponds to
M,, whereas the 95% lower limit isf (M) p 5.8! 0.5

2.0 M,. The best-fit mass function significantly exceeds the
canonical maximum mass of a neutron star (3.0 M,), and even
allowing for the shorter period alias, a black hole seems likely,
especially as K2 has probably been underestimated.

P ~ 1.76 days

Bowen blend 
emission lines 

from the 
irradiated donor

The importance of  
MASSes
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lower-resolution RHD simulations (see Figure 6). This
confirms that we are resolving the stellar absorption lines with
our instrumental setup under the prevailing seeing conditions.
We find that using a different limb darkening factor of 0.5
influences the v isin measurement by <5 km s−1. The best-
fitting templates are the T=3938 K RHD simulation, a K2III
star and the K1IV star; the K2III star HD 175545 has the lowest
minimal c2 of 278 (with 361 degrees of freedom), for an
optimum factor of 0.47±0.04. This template, and the
residuals of the optimal subtraction, are shown in Figure 5.
To obtain a reliable estimate of the uncertainty we follow the
bootstrapping approach by Steeghs & Jonker (2007): we
produce 1000 bootstrapped copies of the average GX 339−4
spectrum and repeat the optimal subtraction analysis with the 2
best-matched templates (HD 175545 and HD 165438) for each
of them. For every bootstrapped copy we find the value of
v isin that results in the minimum c2. We fit a Gaussian to the
resulting distributions of c2 values and adopt the mean and
standard deviation as the best estimate of v isin and its
uncertainty. For both templates we find that v isin =
64±8 km s−1, and the donor star contributes ~ –45% 50% of
the light in the NIR.

4. Discussion and Conclusions

For the first time we have detected absorption lines from the
donor star in GX 339−4. We observed the source 16 times
between 2016 May and September with VLT/X-shooter,
allowing us to reliably measure its RV curve (see Figure 3).
We find a systemic RV of 26±2 km s−1, in agreement with
the value found by Hynes et al. (2003), and our measurement
of =Porb 1.7587±0.0005 day confirms and refines the
preferred orbital period of Hynes et al. (2003). We measure
the radial velocity semi-amplitude to be K2 = 219±3 km s−1.

4.1. Discrepancy with Bowen Blend Measurement

Our measurement of K2 is significantly lower than the lower
limit of 317 km s−1 reported by Hynes et al. (2003) based on
the Bowen blend emission lines. One explanation for this
discrepancy could be that the absorption lines in our NIR
spectra are predominantly formed very close to the tip of the
Roche lobe, and our K2 measurement simply requires a larger
K-correction than the Bowen blend measurement. Following
the procedure for K-correction outlined by Muñoz-Darias et al.
(2008), taking the maximum acceptable value for f with
»q 0.18 based on our v isin measurement (see Section 4.2),

Figure 5. Normalized average spectra of GX 339−4 (red line), the K2III star HD 175545 (black line), and HD 175545 broadened by 64 km s−1 and including a 50%
contribution from an accretion disk (blue line). The spectra of GX 339−4 and the best-matched template are shifted upward by 0.2 for clarity. Shown are the spectral
regions around the Mg I line at 1.1828 μm and the Fe I line at 1.1883 μm, the Al I doublet at 1.3123, 1.3151 μm, and the Mg I line at 1.7109 μm; the lines are indicated
by dashed lines. Also plotted are the residuals after optimal subtraction of the best-matched template from the GX 339−4 spectrum (green line).

Figure 6. c2 distribution as a function of v isin (361 degrees of freedom)
obtained by optimal subtraction of templates from the average GX 339−4
spectrum. Results are shown for optimal subtraction of the T=3938 K and
T=4500 K RHD simulations at resolutions of both 40 and 56 km s−1, as well
as for several stars observed with X-shooter for the XSL project. The best
match is found for the K1IV and K2III stars and the T=3938 K RHD
simulation.

5

The Astrophysical Journal, 846:132 (8pp), 2017 September 10 Heida et al

spectra, and average them, weighted by their mean (S/N)2. In
the resulting spectrum, several absorption lines are detected,
mainly due to Al I and Mg I (see Figure 5). The lines are
weaker than those in the model spectra, indicating that the

accretion disk still contributes significantly to the detected NIR
continuum flux, and is broadened because of the rotation of the
tidally locked star.
To determine the projected rotational velocity v isin of the

donor star, and the contribution of the accretion disk to the NIR
emission, we use the optimal subtraction method (Marsh et al.
1994). In MOLLY, we broaden all templates by a range of
velocities (0—100 km s−1 in steps of 1 km s−1) with rbroad
and then use optsub, with a linear limb darkening coefficient
of 0.75, to subtract the broadened models from the average
GX 339−4 spectrum. For the optimal subtraction we use small
spectral regions containing the five strongest absorption lines in
the GX 339−4 spectrum. optsub subtracts a constant times the
template from the GX 339−4 spectrum, adjusting the constant
to minimize the residual scatter between the spectra. The scatter
is measured by computing the c2 between the residual
spectrum and a smoothed version of itself, produced by
convolving the subtracted spectrum with a Gaussian with a
FWHM of 25 pixels.
Apart from the two worst-matched templates, all c2

distributions yield consistent v isin values, with only small
differences between the results found using the higher- and

Figure 1. Average, normalized J- and H-band spectrum of GX 339−4. Here, the spectra are averaged without removing radial velocities, to emphasize the emission
lines. The J-band has the strongest emission lines (of He I and H Paschen), while the H-band is dominated by weaker, broad Brackett emission lines.

Figure 2. c2 of fits of a sinusoid to the RV points, as a function of period. The
dashed line indicates the 1.7557-day period that was preferred by Hynes et al.
(2003); the dotted lines indicate different periods of 0.62 (Callanan et al. 1992),
0.7 (Cowley et al. 2002), 1.6584, and 1.714 days (Hynes et al. 2003) that have
been suggested as the orbital period. We find a best-fitting period of
1.7587±0.0005 days, with a minimum c2 of 25.6 for 13 degrees of freedom.

Figure 3. Our 16 RV points folded on the preferred period of 1.7587 days. The
best-fitting sinusoid has an offset γ = 26±2 km s−1 (indicated by the dashed
line) and a semi-amplitude K2 = 219±3 km s−1. Phase 0 occurs at MJD
57529.397±0.003.

Figure 4. Hα emission line in our average normalized spectrum of GX 339−4
(red line) and the best-fit Gaussian (black line). Note that although we show the
average profile, the FWHM was obtained by fitting a Gaussian to the Hα line in
the individual spectra.

4
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lower-resolution RHD simulations (see Figure 6). This
confirms that we are resolving the stellar absorption lines with
our instrumental setup under the prevailing seeing conditions.
We find that using a different limb darkening factor of 0.5
influences the v isin measurement by <5 km s−1. The best-
fitting templates are the T=3938 K RHD simulation, a K2III
star and the K1IV star; the K2III star HD 175545 has the lowest
minimal c2 of 278 (with 361 degrees of freedom), for an
optimum factor of 0.47±0.04. This template, and the
residuals of the optimal subtraction, are shown in Figure 5.
To obtain a reliable estimate of the uncertainty we follow the
bootstrapping approach by Steeghs & Jonker (2007): we
produce 1000 bootstrapped copies of the average GX 339−4
spectrum and repeat the optimal subtraction analysis with the 2
best-matched templates (HD 175545 and HD 165438) for each
of them. For every bootstrapped copy we find the value of
v isin that results in the minimum c2. We fit a Gaussian to the
resulting distributions of c2 values and adopt the mean and
standard deviation as the best estimate of v isin and its
uncertainty. For both templates we find that v isin =
64±8 km s−1, and the donor star contributes ~ –45% 50% of
the light in the NIR.

4. Discussion and Conclusions

For the first time we have detected absorption lines from the
donor star in GX 339−4. We observed the source 16 times
between 2016 May and September with VLT/X-shooter,
allowing us to reliably measure its RV curve (see Figure 3).
We find a systemic RV of 26±2 km s−1, in agreement with
the value found by Hynes et al. (2003), and our measurement
of =Porb 1.7587±0.0005 day confirms and refines the
preferred orbital period of Hynes et al. (2003). We measure
the radial velocity semi-amplitude to be K2 = 219±3 km s−1.

4.1. Discrepancy with Bowen Blend Measurement

Our measurement of K2 is significantly lower than the lower
limit of 317 km s−1 reported by Hynes et al. (2003) based on
the Bowen blend emission lines. One explanation for this
discrepancy could be that the absorption lines in our NIR
spectra are predominantly formed very close to the tip of the
Roche lobe, and our K2 measurement simply requires a larger
K-correction than the Bowen blend measurement. Following
the procedure for K-correction outlined by Muñoz-Darias et al.
(2008), taking the maximum acceptable value for f with
»q 0.18 based on our v isin measurement (see Section 4.2),

Figure 5. Normalized average spectra of GX 339−4 (red line), the K2III star HD 175545 (black line), and HD 175545 broadened by 64 km s−1 and including a 50%
contribution from an accretion disk (blue line). The spectra of GX 339−4 and the best-matched template are shifted upward by 0.2 for clarity. Shown are the spectral
regions around the Mg I line at 1.1828 μm and the Fe I line at 1.1883 μm, the Al I doublet at 1.3123, 1.3151 μm, and the Mg I line at 1.7109 μm; the lines are indicated
by dashed lines. Also plotted are the residuals after optimal subtraction of the best-matched template from the GX 339−4 spectrum (green line).

Figure 6. c2 distribution as a function of v isin (361 degrees of freedom)
obtained by optimal subtraction of templates from the average GX 339−4
spectrum. Results are shown for optimal subtraction of the T=3938 K and
T=4500 K RHD simulations at resolutions of both 40 and 56 km s−1, as well
as for several stars observed with X-shooter for the XSL project. The best
match is found for the K1IV and K2III stars and the T=3938 K RHD
simulation.
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spectra, and average them, weighted by their mean (S/N)2. In
the resulting spectrum, several absorption lines are detected,
mainly due to Al I and Mg I (see Figure 5). The lines are
weaker than those in the model spectra, indicating that the

accretion disk still contributes significantly to the detected NIR
continuum flux, and is broadened because of the rotation of the
tidally locked star.
To determine the projected rotational velocity v isin of the

donor star, and the contribution of the accretion disk to the NIR
emission, we use the optimal subtraction method (Marsh et al.
1994). In MOLLY, we broaden all templates by a range of
velocities (0—100 km s−1 in steps of 1 km s−1) with rbroad
and then use optsub, with a linear limb darkening coefficient
of 0.75, to subtract the broadened models from the average
GX 339−4 spectrum. For the optimal subtraction we use small
spectral regions containing the five strongest absorption lines in
the GX 339−4 spectrum. optsub subtracts a constant times the
template from the GX 339−4 spectrum, adjusting the constant
to minimize the residual scatter between the spectra. The scatter
is measured by computing the c2 between the residual
spectrum and a smoothed version of itself, produced by
convolving the subtracted spectrum with a Gaussian with a
FWHM of 25 pixels.
Apart from the two worst-matched templates, all c2

distributions yield consistent v isin values, with only small
differences between the results found using the higher- and

Figure 1. Average, normalized J- and H-band spectrum of GX 339−4. Here, the spectra are averaged without removing radial velocities, to emphasize the emission
lines. The J-band has the strongest emission lines (of He I and H Paschen), while the H-band is dominated by weaker, broad Brackett emission lines.

Figure 2. c2 of fits of a sinusoid to the RV points, as a function of period. The
dashed line indicates the 1.7557-day period that was preferred by Hynes et al.
(2003); the dotted lines indicate different periods of 0.62 (Callanan et al. 1992),
0.7 (Cowley et al. 2002), 1.6584, and 1.714 days (Hynes et al. 2003) that have
been suggested as the orbital period. We find a best-fitting period of
1.7587±0.0005 days, with a minimum c2 of 25.6 for 13 degrees of freedom.

Figure 3. Our 16 RV points folded on the preferred period of 1.7587 days. The
best-fitting sinusoid has an offset γ = 26±2 km s−1 (indicated by the dashed
line) and a semi-amplitude K2 = 219±3 km s−1. Phase 0 occurs at MJD
57529.397±0.003.

Figure 4. Hα emission line in our average normalized spectrum of GX 339−4
(red line) and the best-fit Gaussian (black line). Note that although we show the
average profile, the FWHM was obtained by fitting a Gaussian to the Hα line in
the individual spectra.
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P ~ 1.76 days

f(M) = 1.91 +/- 0.08 Mo

better S/N in infrared

The importance of  
MASSes

Heida et al. (2017)

Quiescence 
(here GX 339-4 with X-Shooter)

absorption lines 
from the 

donor

Distribution of masses

Is the gap a bias due 
to systematics in the 
inclination 
measurements ?
Kreidberg et al. 2012

-Spectral type

-Relative size (q)

-Inclination value 
itself

Belczynski et al. 2012 

?
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WG3 : Transient X-ray Binaries, Magnetars, ULXs

/ 2822

- 1 obs / week        4-40     full outburst long-term evolution 
- 1 obs / day            3-7        initial stages (outer outflow) 
- 1 obs / day            5-20      bright transition (wind onset) 
- 1 obs / day            3-20      Ultra-luminous State (rare) 
- 1-2 obs / week     5-20      decay transition (jet onset) 
- if  short orbital period: 10-20 obs in 1 night

- 1 outburst / semester 
- outburst duration: few weeks - several months 
- each spectrum:  200s - 1500s (up to 1.5 hr extreme cases)

• MINIMUM = 100 hr • OPTIMAL = 900 hr

• REALISTIC = 300 hr

(very few goals on very bright targets) (all goals on all targets)

• Black Hole-Transients  

1 t
ar

ge
t

over 5 years:
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WG3 : Transient X-ray Binaries, Magnetars, ULXs

/ 2823

over 5 years:

1 t
ar

ge
t

• MINIMUM = 90 hr • OPTIMAL = 312 hr
(1 target, minimal coverage) (3 targets, optimal coverage)

• transitional MSPs

- 3 transitions (in 5 years) 
- each spectrum:  1 hr

- 1-2 obs / 3-5 days    10-20     SED evolution 
- 15 obs / day                 60         tomography, orbital, outflows 
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WG3 : Transient X-ray Binaries, Magnetars, ULXs

/ 2824

1 t
ar

ge
t

over 5 years:

• MINIMUM = 35 hr • OPTIMAL = 100 hr
(1 target) (3 targets)

• Accreting MSPs

- 1 x 10                10               SED evolution, outflows 
- 5 x 5                  25               tomography, orbital 

- 2-3 targets (in 5 years) 
- outburst duration: 1-2 weeks 
- each spectrum ~ 1 hr
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WG3 : Transient X-ray Binaries, Magnetars, ULXs

/ 28

• High-mass XBs

- 1-2 obs / day              < 25        rise (Z phase) 
- 2 obs / week               < 25          decay

• OPTIMAL = 10 hr (8 targets)

• MAXIMUM = 50 hours (over 5 years)

- 1-2 outbursts / year 
- each spectrum:  900 s

(over 5 years)

- 5 obs             1.25h         

1 target

• MINIMUM = ?

• Z-source   

- very rare: < 1 target / 5 year 
- each spectrum:  < 2 hr

25
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WG3 : Transient X-ray Binaries, Magnetars, ULXs

/ 28

• Magnetars     

- 2 obs / week               30        

• OPTIMAL = 10 hr

• OPTIMAL = 150 hours (over 5 years)

(over 5 years)

(5 targets)
1 target

- very rare: 1 target / 5 year 
- activity phase: a few days

(à la SWIFT J195509+261406)

• NS transients

- 1 outburst / year 
- each outburst duration: ~ 1 month 
- each spectrum:  ~3 hours

26
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WG3 : Transient X-ray Binaries, Magnetars, ULXs

/ 2827

   20 members (Italy, Finland) 
~25 ideas/proposals received WG3 

• MINIMUM = 750 hr

• OPTIMAL = 1600 hr

Black Hole-Transients 
Accreting Millisecond Pulsars 

New Transient X-ray pulsators 
Transitional Millisecond Pulsars 

Neutron-Star Transients 
Z-sources 

Magnetars 
High-mass X-ray Binaries 

Ultra-luminous X-ray Sources

over 5 years:
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WG3 : Transient X-ray Binaries, Magnetars, ULXs

/ 2828

- Systematically measure mass functions 
- Detect and study outflows (jets and winds) 
- Provide excellent spectra to track various components 
- Perform Doppler tomography 
- Identify and Classify unknown objects

V404 Cygni: a nearby and powerful BH transient

V404 Cyg is a ~10 M⦿ is black-Hole in a 6.5 day orbital period at 2.4 kpc
(Casares, Charles & Naylor 1992, Nature; Miller-Jones et al. 2009) 

̣Very large accretion disc with Rout ~ 30 light seconds (9 x 106 km)

̣ Orbital inclination from modulation studies: 65 to 70 deg.

̣In quiescence since 1989….back in outburst in June 2015

SOXS in 5 years CAN 
(for many new XBs & friends) 

The importance of 
OIR spectroscopy 

in the Universe 

• MINIMUM = 750 hr

• OPTIMAL = 1600 hr


