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RXTE/ASM 
2-10keV

GX 339-4

16 years

Low-Mass X-ray Binaries: Transient Sources

outburst rate: ranging from ~1/year to ~1/century 

outbursts duration: ranging from ~few weeks to …persistent 

a few hundreds sources (~60 BH candidates + ~200 NS)
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Low-Mass X-ray Binaries: Multi-Wavelength Variable Sources

Changing Accretion Morphology 

When does the disk 
evaporate/truncate? 

Changing Accretion Morphology 

When does the disk 
evaporate/truncate? 

Changing Accretion Morphology 

When does the disk 
evaporate/truncate? 

Changing Accretion Morphology 

When does the disk 
evaporate/truncate? 

2 years

Spectral variability of GX 339−4 231

This suggests that the corona becomes more compact as the disc
temperature increases. This would be consistent with the truncation
radius of the accretion disc moving closer to the black hole in the
HSS.

In order to consider the case of a hybrid plasma, the model
allows for a fraction lnth/lh of the power to be injected in the form
of non-thermal electrons rather than heating of the thermalized
distribution. The non-thermal electrons are injected with a power-
law distribution γ −Ginj , with Lorentz factors ranging from γ min =
1.3 to γ max = 1000. From our spectral fits, we infer Ginj values
in the range 2–3, as expected form shock acceleration models. We
found large non-thermal fractions in all spectra, including the HIMS
ones. This is in agreement with previous EQPAIR fits of Cygnus X-1
in intermediate states (Gierliński et al. 1999; Malzac et al. 2006).

However, we tried to fix lnth/lh = 0 for all spectra. It resulted
that only for the period 1 we obtained a good χ 2

ν (i.e. 0.98) with
remaining parameters consistent within the errors to the ones in
Table 3. For the other spectra, not negligible lnth/lh fraction is re-
quired. Unfortunately, the uncertainties on lnth/lh are quite large
and do not allow us to draw any conclusion regarding its evolution
during the spectral transition.

Another interesting free parameter is the Thomson optical depth
(τ es). It is related to the ionization electrons only. The total opti-
cal depth (τ t) is the sum of the optical depth of e+ e− pairs plus
τ es. In agreement with previous studies (Gierliński et al. 1999) our
fits show that the electron–positron pairs constitute only a small, if
not negligible, fraction of the Comptonizing leptons. An interesting
trend is that the Thomson optical depth of the corona decreases
significantly during the transition. This could be linked to the ‘com-
pactification’ of the corona inferred from the evolution of the soft
photon compactness and disc luminosity, if the electron density
remains constant while the size of the corona decreases.

The disc reflection component is calculated for neutral mate-
rial with standard abundances. We assumed an inclination angle
of 50◦. This component is then convolved with a general rela-
tivistic kernel assuming reflection on an accretion disc extending
from 6 to 1000 gravitational radii around an Schwarzschild black
hole.

We checked the need for the reflection component freezing %/2π
at 0. The results show that the χ 2 are consistently worst (F-test prob-
abilities <10−4), confirming that introducing the reflection compo-
nent improves significantly the fits. We can conclude that Compton
reflection is requested by the data. Our fits suggest that the reflection
component increases up to %/2π = 1 as the spectrum goes in softer
states. This is expected in the truncated disc model as the system
evolves from a geometry where the reflecting disc is truncated at a
large distance from the black hole (and therefore intercepts a small
fraction of the coronal radiation) to a situation where the accretion
disc is sandwiched by the illuminating corona. In periods 4, 5 and 7
the statistics was too low to constrain the reflection parameter and
we decided to freeze it to R = 1.

We used the XSPEC model DISKLINE to model the iron line (Fabian
et al. 1989). Because of the energy resolution and line sensitivity, the
iron line study cannot be performed with JEM-X. The line energy
was therefore imposed at 6.4 keV. The inclination angle, inner radius
of the disc and the disc emissivity law were fixed at the same values
as in the Compton reflection model. The normalization is therefore
the only free parameter for the iron line emission.

Spectra and models of the six different periods are shown in
Fig. 3. For a comparison between all the states, the LHS spectrum
observed in July (Joinet et al. 2007) has been plotted in the same
figure.

Figure 3. Joint JEM-X, IBIS and SPI (only data sets 1, 2 and 3 for the latter)
energy spectra of GX 339−4 during periods 1 (black), 2 (blue), 3 (red), 4
(yellow), 5 (green), 7 (orange). The data are fitted with the thermal/non-
thermal hybrid Comptonization model EQPAIR plus DISKLINE (see Table 3). In
order to give a comparison with a pure LHS spectrum, we show the averaged
spectrum collected during revolution 175 (violet) and reported in Joinet et al.
(2007).

5 TH E H I G H - E N E R G Y E X C E S S

During the LHS of the GX 339−4 outburst occurred in 1991, a
high energy excess (above 200 keV) was observed with Oriented
Scintillation Spectrometer Experiment (OSSE; Johnson et al. 1993;
Wardziński et al. 2002). In 2004 March, i.e. during the increasing
phase of the 2004 outburst, Joinet et al. (2007) observed a similar
feature with SPI when GX 339−4 was in its canonical LH state.
Similar features have been recently reported for other black hole
transients in LH states observed during the decreasing phase of the
outbursts (Kalemci et al. 2005, 2006). It is also more commonly
associated with state transitions (Malzac et al. 2006) and with soft
states (Gierliński et al. 1999) (in which case the non-thermal emis-
sion actually dominates over thermal Comptonization).

Such a hard tail is usually attributed to the presence of a small
fraction of non-thermal electrons in the hot Comptonizing plasma.
In the LHS and HIMS such a high energy excess could also be the
result of spatial/temporal variations in the plasma parameters (see
e.g. Malzac & Jourdain 2000). In the HIMS of our observations, i.e.
revolutions 222, 223 and 224.1, GX 339−4 shows a highly signif-
icant evidence of a cut-off around 70–100 keV. This indicates that
soft photons are Comptonized by a thermal electrons population
with a temperature kTe that can be measured by the cut-off energy.
In addition, we found non-negligible values of lnth/lh for revolu-
tions 223 and 224.1, indicating that a non-thermal emission is also
requested by the data.

In order to investigate further the possible presence of a non-
thermal component during the HIMS, IBIS and SPI spectra of the
three HIMS periods (revolutions 222, 223 and 224.1) have been
fitted with the COMPPS model of Poutanen & Svensson (1996) (see
Table 4). Using this thermal Comptonization model, some residuals
are present at high energy, especially in the spectrum of revolution
223 (Fig. 4). In order to mimic the presence of a non-thermal com-
ponent, we added a power law to the pure thermal Comptonization
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MAXI J1836−194 1395

Figure 2. Broad-band radio to X-ray spectra of MAXI J1836−194 taken during its 2011 outburst. Solid lines represent the XSPEC fits, irradiation of the outer
disc causes the slight excess in the IR to UV band. Dashed lines indicate possible ranges of parameters, where the dashed light blue line is the lower limit on
the spectral break frequency νb for September 12 and the dashed red lines are the lower and upper limits for the September 17 data. Horizontal bars denote the
uncertainty range for the spectral break from optically thick to optically thin synchrotron emission. Only four epochs of X-ray observational data (September
3, September 17, October 12 and October 27) are depicted to avoid crowding. The jet spectral break moves to higher (IR) frequencies following the transition
back to the hard state during the outburst decay.

upper limit dictated by the K-band detection and the lower frequency
IR band upper limits, allowing a minimum optically thin slope of
α > −0.70).

After September 17, the outburst faded as the source underwent
spectral hardening. MAXI J1836−194 transitioned back to the hard
state on September 28, following which the power-law component
hardened (to # = 1.78 ± 0.05 on October 27) and the disc contribu-
tion decreased, consistent with a typical transition from the HIMS
to the hard state (the disc temperature decreased to 0.10 ± 0.01 keV
and the inner disc radius increased to Rin = 20+4

−2 rg on October
27). Following the transition back to the hard state the spectral
index of the optically thick synchrotron spectrum remained fairly
constant, consistent with an inverted spectrum. As the system set-
tled in the canonical hard state we observed the jet spectral break
shift to much higher frequencies (over two orders of magnitude, to
∼5 × 1013 Hz by October 27) as the radio spectrum flattened to
αthick = 0.26 ± 0.03.

Our best-fitting spectral parameters are typical of LMXBs tran-
sitioning between the hard state and the HIMS (e.g. Homan &
Belloni 2005) and are in good agreement with those presented by
Ferrigno et al. (2012). Any discrepancy between them is a result
of differences between the data modelled, as well as differences
between the physical Comptonization model and a phenomeno-
logical model where the X-ray power law is not truncated at low
energies.

4.2.1 X-ray synchrotron model

For the epochs where we do not have any constraint on the po-
sition of the cooling break, we considered the possibility that the
synchrotron power-law component may have extended unbroken
into the hard X-ray band. Because of poor IR data constraints dur-
ing our September 12 and 17 observations there is a large possible
range of slopes for the optically thin synchrotron power law. As a
result the synchrotron component will either not contribute signif-
icantly to the X-ray emission (dominated by a Comptonized disc),
or may require a break in the X-ray band due to the observed
2–10 keV photon index being steeper than the optically thin syn-
chrotron slope. Therefore, we did not apply this model to these two
epochs.

For the final three observational epochs (September 26, October
12 and October 27) we fit the data without truncating the optically
thin synchrotron emission in the UV band (Table 2). For Septem-
ber 26, we cannot rule out the synchrotron power law extending
unbroken into the X-ray band. In that case we find that the syn-
chrotron component can account for ≈15 per cent of the 0.5–2 keV
emission, ≈40 per cent of the 2–10 keV emission and ≈72 per cent
of the 10–100 keV emission (the rest being due to Comptoniza-
tion). For the October 12 and 27 epochs, the slope and normaliza-
tion of the optically thin synchrotron emission and the high-energy
(hard) X-ray component are very similar. The unbroken synchrotron
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Figure 2. X-ray luminosity versus quasi-simultaneous monochromatic
NIR/radio luminosity for the three sources. Crosses are hard state data and
filled diamonds represent data in the soft state when the jet is quenched. The
NIR data are J band for 4U 1543−47 and H band for XTE J1550−564 and
GX 339−4. The data on the decline for GX 339−4 are radio 8.64 GHz from
a different outburst, not NIR (and is the only radio data we use).

β = 0.7. Interestingly, fitting the data after the aforementioned
NIR and X-ray breaks (and before the state transition) in the XTE
J1550−564 light curve yields the same slope: β = 0.7.

For GX 339−4 we have NIR rise data and radio decline data
from different outbursts (Homan et al. 2005; Nowak et al. 2005).
We therefore cannot compare the normalizations of the rise and
decline in this source even if we assume the two outbursts were
similar hysteretically; assumptions are required of the radio-to-NIR
spectral index. For 4U 1543−47 we have outburst decline data only,
but there is an increase in the NIR flux when the source enters the
hard state, as is expected from jet emission (Homan et al. 2005;
Russell et al. 2006).

We see from Fig. 2 that the NIR is enhanced at a given X-ray lu-
minosity on the decline compared to the rise for the only source with
both rise and decline data from the same outburst, XTE J1550−564
(based on the extrapolation of the X-ray data on the rise, as explained
above). The level of enhancement is ∼0.7 dex in NIR luminosity,
or a factor of ∼5. The NIR luminosity at a given LX (i.e. the nor-
malization) also differs between sources; this may reflect distance
and/or interstellar absorption uncertainties.

A striking observation from Fig. 2 is the similarity of the slope
of the LNIR–LX (or L radio–LX) relation in the low/hard state rise and
decline between sources. In Table 2 we tabulate the slopes measured
for each source. The slope of the relation for 4U 1543−47 and XTE

Table 2. Measured slopes of the LNIR–LX (or L radio–LX) relations. LNIR ∝
Lβ

X.

Source Data Slope β

4U 1543−47 Soft state 0.13±0.01
4U 1543−47 Hard state decline 0.5–0.8
GX 339−4 Hard state rise 0.55±0.01
GX 339−4 Hard state declinea 0.70±0.06
XTE J1550−564 Hard state rise 0.69±0.05
XTE J1550−564 Soft stateb 0.23±0.02
XTE J1550−564 Hard state decline 0.63±0.02

aThe slope here is measured from the five radio data points. bAll soft state
data are used for this fit except those above the apparent relation at the
beginning and end of the soft state phase (likely to be during state transition).
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Figure 3. The slope β of the LNIR–LX relation for the decline data of
4U 1543−47 and XTE J1550−564, as a function of the maximum LX of the
data used to infer the fit.

J1550−564 on their declines depends on which hard state data are
used, since there is an initial NIR rise after the transition to the hard
state. In Fig. 3 we show the inferred slope β as a function of the
range of data used to measure the fit. We use all the data at low X-
ray luminosity and impose a cut at a higher X-ray luminosity: Lmax

X .
We plot β versus log(Lmax

X ) in Fig. 3. There appears to be a smooth
relation between β and Lmax

X ; the slope becomes shallower when we
include the data at high LX because of the initial NIR rise as the
source declines in LX. The cut required to measure the LNIR–LX

relation once the two wavebands are positively correlated should
be at a value of LX after the NIR begins to drop. At this cut we
have β ∼ 0.5–0.8 and β = 0.63 ± 0.02 for 4U 1543−47 and XTE
J1550−564, respectively. From Table 2 we can see that generally,
the slopes in the hard state (β = 0.5–0.7) are in agreement with the
radio–X-ray and optical/NIR–X-ray correlations found from these
and other sources (Corbel et al. 2003; Gallo et al. 2003, 2006; Russell
et al. 2006).

In addition, Fig. 2 shows that all the NIR and radio data we use
are suppressed in the soft state, indicating its most likely origin in
the low/hard state is the jet, which is expected to be quenched (see
Section 1). In addition, the optical–NIR colours are red (γ < 0) in
all three sources in the hard state, indicating optically thin emission
(Jain et al. 2001; Buxton & Bailyn 2004; Homan et al. 2005). The
optical and NIR luminosity from the viscously heated accretion disc
should vary relatively smoothly across the state transition, as should
X-ray reprocessing in the disc unless it largely depends on the hard
spectral component (see Russell et al. 2006, for a more detailed
discussion of these and other sources). The emission may also not be
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Figure 1. The RXTE–PCA light curve of GX 339−4 over 11 yr. The flux is
the absorbed flux between 3–10 keV.

the normalization σ , and hence treat line components as significant
if their normalization differs from zero by at least 3σ . Both of these
two statistical tests have to be satisfied for the line to be used in
any further analysis. Using an F-test probability of P < 0.001 and
significance of the line normalization, results in 400 line detections.
We do note that some may be erroneous ‘detections’ but the majority
will be true features in the spectrum, see also Section 4 and Fig. 5
for higher signal-to-noise ratio spectra.

Any observation with a 3– 10 keV flux from the best-fitting model
of less than 1 × 10−11 erg s−1 was also discarded from further analy-
sis, as were ones where the flux was not well determined (the error on
the 3– 10 keV flux was larger than the flux itself). This resulted in a
final list of 628 observations, corresponding to 2.261 Ms, with well-
fitted spectra and high enough fluxes and counts. We extract a range
of parameters and fluxes for different bands and model components
which are presented and analysed further the following sections.

The full PCA light curve of GX 339−4 is shown in Fig. 1. There
are four outbursts covered in this period: Outburst 1 from MJD
−50000 = 0–1500, Outburst 2 from 2340–2800, Outburst 3 from
3040–3540 and Outburst 4 from 4000–. The MJD shown is for the
mid-point of each individual observation. The best sampled out-
bursts are the middle two, and these are the ones on which some
of the remaining analysis concentrates on as these have the most
observations.

Following the analysis in e.g. Homan et al. (2001); Belloni (2004);
Fender et al. (2004), we plot the X-ray observations in a hardness–
intensity diagram (HID) to show the state changes of GX 339−4 dur-
ing its outbursts. We extract the 3–6, 6–10 and 3–10 keV fluxes from
the spectra. The X-ray colour was calculated from S6–10 keV/S3–6 keV

and plotted against S3–10 keV in Fig. 2.
In Fig. 2 we show the X-ray colours of GX 339−4 where the

state transitions between the high-soft and soft-intermediate states,
as well as the hard-intermediate and low-hard states occur. The tran-
sitions have been determined by changes in the timing properties
of the source as calculated in Belloni et al. (2006) using data corre-
sponding to our Outburst 3 (see Section 4). Both transitions towards
and away from the soft state occurred between observations such that
a single X-ray colour could be used to delineate the state changes.

Belloni et al. (2005) study our Outburst 2 and the transitions
from the hard state and into the soft state are very similar to those
in Outburst 3 and so match those we use in this work. However,
the transition between the hard- and soft-intermediate states occurs

Figure 2. Top: The HID from all the observations. Power-law models
in squares, broken power-law models in circles, power-law + disc mod-
els in triangles – i.e. all triangular points require discs. X-ray colours of
0.225, 0.41 and 0.85 define the soft–soft–intermediate, soft–intermediate–
hard–intermediate and hard–intermediate–hard state transitions. Bottom:
The HIDs using a single continuum model only power law (PL), broken
power law (BPL) and disc + power law (DPL), left- to right-hand side. The
axes are the same scale as the main figure.

at a different X-ray colour. Also, there is no observation in soft-
intermediate state on the return to the low-hard state in Outburst 2.
The X-ray colour for the transition from the hard-intermediate to
the soft-intermediate state in Outburst 3 is S6–10 keV/S3–6 keV < 0.37.

There is no clear reason why the transition should occur at the
same X-ray colour for any two outbursts. The X-ray colour is deter-
mined by the temperature and photon index, and also by the relative
strength of the two components. The transitions towards the soft
state are very different between the two outbursts, and so we should
not expect the same X-ray colour to work for all three transitions.
As a single X-ray colour could be determined for the transition be-
tween the two intermediate states in Outburst 3 we show this in the
appropriate figures for Outburst 3, but do not show the equivalent
on figures for Outburst 2.

Initial investigations into the HID for the most recent outburst
(Outburst 4) whose transition into the soft state occurred at a similar
flux to Outburst 2, shows transitions between states calculated from
X-ray timing, at similar X-ray colours to Out brust 2 (Del Santo
et al., in preparation).

From now on we concentrate mainly on the soft and the hard
states as these are the best sampled (e.g. Belloni 2006). For the
remainder of this work we define the soft state when the X-ray
colour, S6–10/S3–6 < 0.22, and the hard state when S6–10/S3–6 >

0.87 unless stated otherwise (see Fig. 2), and the intermediate state
is not split in any discussions.

We also show the HIDs obtained for GX 339−4 using each of
these continuum models individually in Fig. 2. The basic shape
of the HID is recovered in all three cases, with the most similar
being the one for the disc + power law. There is a clear ‘pile-up’
of observations with an X-ray colour around 0.2, which is close to
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Key question 1: WHERE are there? 
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Spectral variability of GX 339−4 231

This suggests that the corona becomes more compact as the disc
temperature increases. This would be consistent with the truncation
radius of the accretion disc moving closer to the black hole in the
HSS.

In order to consider the case of a hybrid plasma, the model
allows for a fraction lnth/lh of the power to be injected in the form
of non-thermal electrons rather than heating of the thermalized
distribution. The non-thermal electrons are injected with a power-
law distribution γ −Ginj , with Lorentz factors ranging from γ min =
1.3 to γ max = 1000. From our spectral fits, we infer Ginj values
in the range 2–3, as expected form shock acceleration models. We
found large non-thermal fractions in all spectra, including the HIMS
ones. This is in agreement with previous EQPAIR fits of Cygnus X-1
in intermediate states (Gierliński et al. 1999; Malzac et al. 2006).

However, we tried to fix lnth/lh = 0 for all spectra. It resulted
that only for the period 1 we obtained a good χ 2

ν (i.e. 0.98) with
remaining parameters consistent within the errors to the ones in
Table 3. For the other spectra, not negligible lnth/lh fraction is re-
quired. Unfortunately, the uncertainties on lnth/lh are quite large
and do not allow us to draw any conclusion regarding its evolution
during the spectral transition.

Another interesting free parameter is the Thomson optical depth
(τ es). It is related to the ionization electrons only. The total opti-
cal depth (τ t) is the sum of the optical depth of e+ e− pairs plus
τ es. In agreement with previous studies (Gierliński et al. 1999) our
fits show that the electron–positron pairs constitute only a small, if
not negligible, fraction of the Comptonizing leptons. An interesting
trend is that the Thomson optical depth of the corona decreases
significantly during the transition. This could be linked to the ‘com-
pactification’ of the corona inferred from the evolution of the soft
photon compactness and disc luminosity, if the electron density
remains constant while the size of the corona decreases.

The disc reflection component is calculated for neutral mate-
rial with standard abundances. We assumed an inclination angle
of 50◦. This component is then convolved with a general rela-
tivistic kernel assuming reflection on an accretion disc extending
from 6 to 1000 gravitational radii around an Schwarzschild black
hole.

We checked the need for the reflection component freezing %/2π
at 0. The results show that the χ 2 are consistently worst (F-test prob-
abilities <10−4), confirming that introducing the reflection compo-
nent improves significantly the fits. We can conclude that Compton
reflection is requested by the data. Our fits suggest that the reflection
component increases up to %/2π = 1 as the spectrum goes in softer
states. This is expected in the truncated disc model as the system
evolves from a geometry where the reflecting disc is truncated at a
large distance from the black hole (and therefore intercepts a small
fraction of the coronal radiation) to a situation where the accretion
disc is sandwiched by the illuminating corona. In periods 4, 5 and 7
the statistics was too low to constrain the reflection parameter and
we decided to freeze it to R = 1.

We used the XSPEC model DISKLINE to model the iron line (Fabian
et al. 1989). Because of the energy resolution and line sensitivity, the
iron line study cannot be performed with JEM-X. The line energy
was therefore imposed at 6.4 keV. The inclination angle, inner radius
of the disc and the disc emissivity law were fixed at the same values
as in the Compton reflection model. The normalization is therefore
the only free parameter for the iron line emission.

Spectra and models of the six different periods are shown in
Fig. 3. For a comparison between all the states, the LHS spectrum
observed in July (Joinet et al. 2007) has been plotted in the same
figure.

Figure 3. Joint JEM-X, IBIS and SPI (only data sets 1, 2 and 3 for the latter)
energy spectra of GX 339−4 during periods 1 (black), 2 (blue), 3 (red), 4
(yellow), 5 (green), 7 (orange). The data are fitted with the thermal/non-
thermal hybrid Comptonization model EQPAIR plus DISKLINE (see Table 3). In
order to give a comparison with a pure LHS spectrum, we show the averaged
spectrum collected during revolution 175 (violet) and reported in Joinet et al.
(2007).

5 TH E H I G H - E N E R G Y E X C E S S

During the LHS of the GX 339−4 outburst occurred in 1991, a
high energy excess (above 200 keV) was observed with Oriented
Scintillation Spectrometer Experiment (OSSE; Johnson et al. 1993;
Wardziński et al. 2002). In 2004 March, i.e. during the increasing
phase of the 2004 outburst, Joinet et al. (2007) observed a similar
feature with SPI when GX 339−4 was in its canonical LH state.
Similar features have been recently reported for other black hole
transients in LH states observed during the decreasing phase of the
outbursts (Kalemci et al. 2005, 2006). It is also more commonly
associated with state transitions (Malzac et al. 2006) and with soft
states (Gierliński et al. 1999) (in which case the non-thermal emis-
sion actually dominates over thermal Comptonization).

Such a hard tail is usually attributed to the presence of a small
fraction of non-thermal electrons in the hot Comptonizing plasma.
In the LHS and HIMS such a high energy excess could also be the
result of spatial/temporal variations in the plasma parameters (see
e.g. Malzac & Jourdain 2000). In the HIMS of our observations, i.e.
revolutions 222, 223 and 224.1, GX 339−4 shows a highly signif-
icant evidence of a cut-off around 70–100 keV. This indicates that
soft photons are Comptonized by a thermal electrons population
with a temperature kTe that can be measured by the cut-off energy.
In addition, we found non-negligible values of lnth/lh for revolu-
tions 223 and 224.1, indicating that a non-thermal emission is also
requested by the data.

In order to investigate further the possible presence of a non-
thermal component during the HIMS, IBIS and SPI spectra of the
three HIMS periods (revolutions 222, 223 and 224.1) have been
fitted with the COMPPS model of Poutanen & Svensson (1996) (see
Table 4). Using this thermal Comptonization model, some residuals
are present at high energy, especially in the spectrum of revolution
223 (Fig. 4). In order to mimic the presence of a non-thermal com-
ponent, we added a power law to the pure thermal Comptonization

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 390, 227–234
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Figure 5. Spectral fit results of the combined PCA and HEXTE spectra
of GX 339−4 for two selected observations. For both spectra we used a
model consisting of an interstellar absorption component, a Gaussian line, a
smeared edge in order to account for the reflection component, a multicolour
DISKBB and a CUT-OFFPL. Top panel: observation 1 (LHS, right vertical
branch in the HID. 2). This observation shows the highest value of the cut-
off we can consider reliable (small errors). The high values we found during
the HSS presents too large error bands to be considered reliable. Bottom
panel: observation 19 (LHS, upper part of the right vertical branch in the
HID) shows one of the lowest values of the high-energy exponential cut-off
we observed in our data. The top panels in both the figures show a spectrum
fitted with a CUT-OFFPL model (see text), the middle panels show residuals
from a fit with a simple CUT-OFFPL model and the bottom panels show the
residuals for a simple power-law model.

35, from 40 to 42 and from 50 to 83) did not require a high-energy
cut-off. The average reduced χ 2 was 0.92 for 91 degrees of freedom.

The best-fitting parameters are listed in Table 3, while in Fig. 6
one can see the evolution of the main spectral components. The data
shown in all the panels in Fig. 6 come from a selection of 51 obser-
vations (from 1 to 51) covering the entire hard-to-soft transition of
the source. Fig. 7 shows the evolution of the best-fitting model.

Figure 6. Light curve and evolution of the main spectral parameters of the
source. For all the panels shown, we plotted the spectral parameters for a
selection of 51 observation (from 1 to 51) covering the entire hard-to-soft
transition of the source, coming from Table 3. From the top to bottom: light
curve, inner radius in km (assuming a distance of 8 kpc and an inclination of
60◦), disc temperature in keV at the inner radius, photon index and cut-off
energy in keV. The vertical lines mark the transitions and follow the same
convention as in Fig. 1. Points with a horizontal error band correspond to
spectra obtained averaging observations with similar hardness. The error
bar represents the time interval corresponding to the accumulation. In the
bottom panel, we used the values coming from Table 5.

Figure 7. Different models fitting the spectra in the LHS, HIMS and HSS.
The solid lines correspond to LHS observations (5, 7, 15, 19, 20), the dashed
line corresponds to an HIMS observation (25) and the dotted–dashed line
corresponds to an HSS observation (33). The bottom two curves are scaled
by a factor of 20 for clarity.
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Key question 1: WHERE are there? 

- Triggers needed, for large-facility follow ups
Key question 2: energy budget of accretion components 

- X-ray sensitivities: XGIS can track the hot inflow evolution
- X-ray sensitivities: SXI can track the soft disc evolution

Key question 3: jet launching, jet radiative properties 

- IR-sensitivities: IRT can track the jet spectral evolution
- IR/X-ray strict simultaneity: can pinpoint by itself jet-disk connection

Low-Mass X-ray Binaries: seen by THESEUS
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MAXI J1836−194 1395

Figure 2. Broad-band radio to X-ray spectra of MAXI J1836−194 taken during its 2011 outburst. Solid lines represent the XSPEC fits, irradiation of the outer
disc causes the slight excess in the IR to UV band. Dashed lines indicate possible ranges of parameters, where the dashed light blue line is the lower limit on
the spectral break frequency νb for September 12 and the dashed red lines are the lower and upper limits for the September 17 data. Horizontal bars denote the
uncertainty range for the spectral break from optically thick to optically thin synchrotron emission. Only four epochs of X-ray observational data (September
3, September 17, October 12 and October 27) are depicted to avoid crowding. The jet spectral break moves to higher (IR) frequencies following the transition
back to the hard state during the outburst decay.

upper limit dictated by the K-band detection and the lower frequency
IR band upper limits, allowing a minimum optically thin slope of
α > −0.70).

After September 17, the outburst faded as the source underwent
spectral hardening. MAXI J1836−194 transitioned back to the hard
state on September 28, following which the power-law component
hardened (to # = 1.78 ± 0.05 on October 27) and the disc contribu-
tion decreased, consistent with a typical transition from the HIMS
to the hard state (the disc temperature decreased to 0.10 ± 0.01 keV
and the inner disc radius increased to Rin = 20+4

−2 rg on October
27). Following the transition back to the hard state the spectral
index of the optically thick synchrotron spectrum remained fairly
constant, consistent with an inverted spectrum. As the system set-
tled in the canonical hard state we observed the jet spectral break
shift to much higher frequencies (over two orders of magnitude, to
∼5 × 1013 Hz by October 27) as the radio spectrum flattened to
αthick = 0.26 ± 0.03.

Our best-fitting spectral parameters are typical of LMXBs tran-
sitioning between the hard state and the HIMS (e.g. Homan &
Belloni 2005) and are in good agreement with those presented by
Ferrigno et al. (2012). Any discrepancy between them is a result
of differences between the data modelled, as well as differences
between the physical Comptonization model and a phenomeno-
logical model where the X-ray power law is not truncated at low
energies.

4.2.1 X-ray synchrotron model

For the epochs where we do not have any constraint on the po-
sition of the cooling break, we considered the possibility that the
synchrotron power-law component may have extended unbroken
into the hard X-ray band. Because of poor IR data constraints dur-
ing our September 12 and 17 observations there is a large possible
range of slopes for the optically thin synchrotron power law. As a
result the synchrotron component will either not contribute signif-
icantly to the X-ray emission (dominated by a Comptonized disc),
or may require a break in the X-ray band due to the observed
2–10 keV photon index being steeper than the optically thin syn-
chrotron slope. Therefore, we did not apply this model to these two
epochs.

For the final three observational epochs (September 26, October
12 and October 27) we fit the data without truncating the optically
thin synchrotron emission in the UV band (Table 2). For Septem-
ber 26, we cannot rule out the synchrotron power law extending
unbroken into the X-ray band. In that case we find that the syn-
chrotron component can account for ≈15 per cent of the 0.5–2 keV
emission, ≈40 per cent of the 2–10 keV emission and ≈72 per cent
of the 10–100 keV emission (the rest being due to Comptoniza-
tion). For the October 12 and 27 epochs, the slope and normaliza-
tion of the optically thin synchrotron emission and the high-energy
(hard) X-ray component are very similar. The unbroken synchrotron

MNRAS 439, 1390–1402 (2014)
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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
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Figure 5. Paβ fitted with one (left), and two (right) Gaussian(s) during HS1 (top) and HS2 (bottom). Uncertainties are given at 1σ .

Table 4. Derived parameters from two Gaussian (narrow+broad) fit to Paβ during HS1 and HS2. Uncertainties
are given at 1σ .

HS1 HS2

λc
a FWHMb Ẇ c Fluxd λc FWHM Ẇ Flux

12 815 2292 ± 510 3.32 ± 0.91 8.72 ± 1.25 12 809 1735 ± 486 2.00 ± 0.56 6.00 ± 1.13
12 818 515 ± 231 1.74 ± 0.91 4.40 ± 0.80 12 819 502 ± 256 0.89 ± 0.41 2.51 ± 0.54

aDerived wavelength (Å).
bFull width at half-maximum (km s−1).
cEquivalent width (Å).
dLine flux (× 10−15 erg cm−2 s−1).

with an accretion disc model extending close to the black hole and
we found Rin ∼ 3.9−13.2RS for i = 50◦, d = 8 kpc and a 10 M⊙
black hole mass. We thus rather propose that in the HS only, the
hard X-ray emission irradiates the chromosphere of the accretion
disc which eventually puffs up into a geometrically thick envelope
that can enshroud the region of the accretion disc from which Hβ−
originates. We estimate that the typical distance to the black hole
of the region that contributes the most to Hβ− during HS1 is about
(2.6 ± 1.2) × 104RS, to be compared to a typical radial extension
of the envelope of (1.4 ± 0.6) × 104RS and (2.5 ± 1.4) × 104RS

during HS1 and HS2, respectively. Two scenarios are thus possible
to explain the Hβ− detection during HS1 and its disappearance
during HS2, but the accuracy of our measurements prevents us
from disentangling between them:

(1) the envelope is optically thick during the two HS. Hβ− is
therefore undetected during HS2 because the envelope inflates and
enshrouds the region that contributes the most to the feature,

(2) the envelope enshrouds the Hβ− region during the two HS.
Hβ− is then detected during HS1 because the envelope is optically
thin, while it becomes optically thick during HS2.

Finally, it is likely that a significant fraction of Hα comes from this
envelope, which would then be optically thick to the Balmer series
(Case C recombination; Xu et al. 1992). Indeed, each Hβ and higher
Balmer lines would in this case be split into Hα plus some near-IR
recombination features such as Hβ→Hα+Paα, Hγ→Hα+Paβ,
etc. (see Soria et al. 2000 for a similar statement in the case of
GRO J1655−40). This would be in agreement with the brighter
Hα, fainter Hβ+ and larger Balmer decrements encountered in our
HS observations, especially during HS2.

5.3 A thermal accretion disc wind in the HS?

We showed in Paper I that the near-IR continuum was variable at
20 s time-scales during HS1 and HS2 but constant during SS1. It
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