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ABSTRACT
The black hole candidate MAXI J1836-194 was discovered in 2011 when it went into an
outburst, and was the subject of numerous, quasi-simultaneous, multi-wavelength observations
in the radio, infrared, optical, and X-rays. In this paper, we model its multi-wavelength radio to
optical spectral energy distributions (SEDs) with an internal shock jet model (ISHEM; Malzac
2014). The jet emission is modelled on five dates of the outburst, during which the source is
in the hard and hard intermediate X-ray spectral states. The model assumes that fluctuations
of the jet velocity are driven by the variability in the accretion flow which is traced by the
observed X-ray timing properties of the source. While the global shape of the SED is well
reproduced by this model for all the studied observations, the variations in bolometric flux
and typical energies require at least two parameters to evolve during the outburst. Here, we
investigate variations of the jet power and mean Lorentz factor, which are both found to
increase with the source luminosity. Our results are compatible with the evolution of the jet
Lorentz factor reported in earlier studies of this source. However, due to the large degeneracy
of the parameters of the ISHEM model, our proposed scenario is not unique.

Key words: accretion, accretion discs – black hole physics – relativistic processes – shock
waves – X-rays: binaries.

1 IN T RO D U C T I O N

In the early 2000s, the study of compact jets in X-ray binaries
(XRBs) boomed with the discovery of the characteristic flat -or
slightly inverted- radio spectra in the hard X-ray spectral state (see
Corbel et al. 2000; Fender et al. 2000; Corbel & Fender 2002a). This
observed flat radio emission is attributed to partially self-absorbed
synchrotron emission from a jet (Blandford & Königl 1979; Bland-
ford & Payne 1982). Specifically, the flat radio spectrum results
from neglecting the cooling of the electrons and, particularly, the
energy losses due to the adiabatic expansion of the jet in the external
medium. However, in the absence of an acceleration mechanism that
continuously compensates for the adiabatic energy losses along the
jet, cooling can result in a highly inverted radio spectrum, therefore

� E-mail: mathias.peault@gmail.com

inconsistent with the observations. Malzac (2013, 2014) showed
that internal shocks caused by rapid fluctuations of the jet veloc-
ity constitute an effective dissipation mechanism that can release
energy over a broad range of scales along the jet. In this model,
the dissipation profile along the jet and the resulting shape of the
SED are determined almost entirely by the power spectrum of the
velocity fluctuations. The other parameters of the model (such as
jet power and jet opening angle) can only shift the SED in photon
frequency or in normalization. Interestingly, the adiabatic losses are
totally compensated in the case of internal shock jet models where
shells of matter are ejected at the base of the jet with Lorentz factors
that follow flicker noise fluctuations (i.e., the power spectral density
is inversely proportional to the frequency, PSD ∝ 1/f), maintaining
the flat jet spectral slope that is usually observed. In XRBs, it turns
out that the X-ray light curve which can, in principle, act as a tracer
of the fluctuations in the accretion flow (or mass accretion rate),
often presents a power spectrum that is close to 1/f within a certain
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range of Fourier frequencies. This coincidence led Malzac (2013,
2014) to suggest that the fast fluctuations of the jet velocity causing
internal shocks might be driven by the variability of the accretion
flow.

Drappeau et al. (2015) first explored this idea by using the internal
shock code ISHEM (Malzac 2014) to show that an observed radio-
IR jet SED from the black hole binary GX 339-4 during the hard
state can be well-reproduced, under the assumption that the power
spectrum of the jet fluctuations is identical to the fluctuations in
the disc observed in X-rays. Drappeau et al. (2017) suggested that
the quenching of the radio emission in the soft X-ray spectral state
could be associated with the much weaker X-ray variability present
in this state. Dark jets could be present in the soft state carrying
a similar power as in the hard state, but weaker shocks due to the
smaller amplitude of the velocity fluctuations mean the jet would
be undetectable. While these results were encouraging, they need
to be applied to other sources and observations at various phases of
an outburst to test their universality.

The galactic black hole candidate MAXI J1836-194, first de-
tected on 2011 August 30 during an outburst (Negoro et al. 2011),
represents an interesting opportunity for modelling as it offers the
possibility to work with an excellent multi-wavelength coverage
ranging from radio to X-rays. Additionally, in most sources, the
optical emission is dominated by the accretion disc while MAXI
J1836-194 appears to be jet-dominated (Russell et al. 2014a) in
most states, making it an excellent target for jet studies.

Russell et al. (2014b) constrained the distance to MAXI J1836-
194 between 4kpc and 10kpc and its disc inclination between 4◦

and 15◦. The jet dominance is most likely related to the small angle
between the jet and the line of sight. The mass of the black hole was
estimated between 7.5 M� and 11 M� based on X-ray spectral
fitting using the TCAF model (see Jana et al. 2016, for details).
We note that these mass estimates are model-dependent. We will
nevertheless use it as a guide for lack of better constraints.

In this paper, we model the spectral energy distributions of the
compact jet of MAXI J1836-194 on five dates of its 2011 outburst
with the ISHEM code, using the quasi-simultaneously observed X-ray
power spectra as an input of the model. In Section 2, we present the
observations and describe the main features of the model, discussing
the influence of the parameters on the synthetic SEDs. In Section 3,
we show our resulting SEDs along with the final parameters. In
Section 4, we perform an in-depth exploration of the parameter
space and identify alternative solutions to match the observations.
Finally, in Section 5, we discuss our results by comparing them to
conclusions drawn in previous works.

2 ME T H O D S

2.1 Observations

The black hole candidate MAXI J1836-194 was intensively ob-
served during its 2011 outburst by numerous instruments in differ-
ent spectral bands (see Russell et al. 2013, 2014b, and references
therein). The large amount of collected data, ranging from the radio
domain to X-rays, makes this two-month period ideal for a multi-
wavelength study of its compact jet. In this work, we use observa-
tions presented in Russell et al. (2013) and in Russell et al. (2014b),
namely, radio data collected by the Karl G. Jansky Very Large Array
(VLA), submillimeter data obtained with the Submillimeter array,
mid-IR data collected by the Very Large Telescope (VLT), optical
observations obtained with the two 2-m Faulkes Telescopes and
with Swift UVOT (optical+UV) and finally X-ray data gathered by

Swift X-ray telescope (XRT) and the Rossi X-ray Timing Explorer
(RXTE). There were also optical + NIR observations collected with
GROND (Rau, Greiner & Sudilovsky 2011). All these observations
were taken during a failed hard-to-soft state transition (Brocksopp,
Bandyopadhyay & Fender 2004) that occurred between the begin-
ning of September and the end of October (Ferrigno et al. 2012).
During this period, the source went into a hard-intermediate state
(HIMS) but never reached the soft state and, instead, the outburst
‘failed’ and went back to the hard state.

An investigation of how the compact jet evolved during the two-
month outburst was performed by Russell et al. (2013, 2014b, 2015)
notably reporting the interesting behaviour of the break frequency
that marks the transition between the optically thick and the optically
thin part of the jet spectrum. This spectral break (also synchrotron
emission peak), already detected in some XRBs (Corbel & Fender
2002b; Gandhi et al. 2011; Russell et al. 2013), corresponds to
the base of the particle acceleration region in the jet (see Markoff,
Falcke & Fender 2001; Markoff, Nowak & Wilms 2005; Chaty,
Dubus & Raichoor 2011). As the source hardened during the decay
phase, the break moved to higher frequencies while the optical-IR
flux brightened and the radio flux faded, making the jet spectrum
more and more inverted. Studies of the evolution of the compact jet
in MAXI J1836-194 suggested the existence of a relation between
the break frequency and the hardness (see Russell et al. 2014b) and
even suggested that this shift, along with the IR fading/brightening,
could be driven by the jet quenching/recovery during the outburst
(Corbel et al. 2013; Russell et al. 2014b). Koljonen et al. (2015)
also showed that this jet break/hardness relation appears to be a
common feature in black hole X-ray binaries and low luminosity
active galactic nuclei.

We model five of the six epochs of multi-wavelength observations
(taken on 2011 September 03, September 17, September 26, October
12, and October 27) which trace each step of the failed transition
in order to track the jet evolution. The sixth epoch (September 12)
is not studied in this paper as there was no simultaneous RXTE
observations, therefore no X-ray PSD to use as input for our jet
model. MAXI J1836-194 was in the hard state on September 03,
then in the HIMS on September 17 and 26, and finally back in the
hard state on October 12 and 27 (Ferrigno et al. 2012).

2.2 Jet model

To reproduce the spectra of the compact jet in MAXI J1836-194,
we used the numerical code ISHEM presented in Malzac (2014). In
this model, the emission of the jet is powered by internal shocks.
These internal shocks appear when homogeneous shells of matter
are ejected at the base of the jet with variable velocities (Malzac
2014). Fast ejecta catch up with slow ejecta creating shock waves
that release a fraction of the bulk kinetic energy of the shells of
matter into the jet and cause the acceleration of electrons. This leads
to synchrotron emission and possibly inverse-Compton emission
that make the jet observable (presently, only synchrotron emission
is considered in ISHEM). Following Drappeau et al. (2015), the
fluctuations of the jet Lorentz factor are generated such that their
power spectrum is identical to the observed X-ray power spectrum.

To obtain information about the timing properties of the X-ray
emission during the outburst of MAXI J1836-194, we used X-ray
observations from the Proportional Counter Array (PCA) instru-
ment (Jahoda et al. 2006) onboard RXTE. We searched for X-ray
observations that were taken within a day of the observations at
other wavebands (the daily variations are slow in the hard state).
We extracted light curves with a time bin of 2−11 s from the single-
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Modelling a compact jet using disc-driven shocks 2449

bit mode data (SB 125us 0 249 1s) using HEASOFT 6.19. The
light curves were further analysed in ISIS (Interactive Spectral In-
terpretation System, Houck & Denicola 2000) using the SITAR
(S-lang/ISIS Timing Analysis Routines) package to form the PSD.
We calculated the PSD for every 512-s segments rejecting those
with data gaps and averaging all PSDs over the whole light curve.
The resulting PSDs were binned logarithmically with δf/f = 0.1, and
the Poisson noise and dead-time effects were removed by fitting a
constant to the Poisson noise-dominated part of the PSD and remov-
ing the constant from the X-ray power of each frequency bin. The
observed PSDs are limited to frequencies above 1/512 Hz. As ISHEM

requires also information on longer time scales, we extrapolate the
PSDs to lower frequencies as flat noise. The final X-ray PSDs used
as input in ISHEM and corresponding to the five observations are
shown in Fig. 1.

As usually observed in X-ray binaries in the hard state, the low-
frequency variability is gradually suppressed as the source gets
closer to softer states (the low break frequency in the PSD shifts
towards higher frequencies). In the framework of our model, this
evolution of the PSD impacts the shape of the radio-IR SEDs. For
the sake of clarity, the error bars on the five PSDs are not plot-
ted. Nevertheless, these error bars are significant and we therefore
studied their impact on the resulting spectra by running several
ISHEM simulations in which we randomly varied the PSDs within
the confidence intervals. It results in a minor impact on the SEDs,
insignificantly changing the parameter values.

2.3 Parameters

We used three different families of parameters in our study: pa-
rameters related to the global properties of the source, parameters
related to the jet itself, and parameters related to the distribution of
the radiating particles. The first family consists of the distance to the
source (D), the source orbital inclination with respect to the line of
sight (θ ), and the mass of the central black hole. The second family
includes the jet power (P), the jet opening angle (φ), and the pa-
rameters involved in the launching of shells of matter: radius at the
base of the jet, mass, bulk Lorentz factor (�av), volume filling factor
(fv). We also include the parameters that define how the energy is
liberated (sub/supersonic collisions, electron/proton equipartition)
or lost (radial/longitudinal losses). Finally, in the third family, we
define the parameters that characterize the distribution of the radiat-
ing particles. In these simulations, we only compute the synchrotron
emission from electrons with a power-law energy distribution. We
then include, in this family, the lower and upper energy limit (γ min

and γ max) and the index of the power law (p) of the electron distri-
bution.

Within these three categories, some simulation parameters are
well-constrained by the observations while others are not. Conse-
quently, certain parameters are left free but confined in physically
consistent intervals, while others are fixed because they have a neg-
ligible impact on the resulting SEDs. The impact of the simulation
parameters on the break flux and frequency can be estimated an-
alytically (see Malzac 2013, 2014). The relevant scalings for the
flux normalization and for the position of the break frequency are
as follows:

Fνbreak ∝ δ2 i5/(p+4)
γ

D2
kpctan(φ)

[
P

(�av + 1)�avβ

](2p+13)/(2p+8)

(1)

νbreak ∝ δ i2/(p+4)
γ

tan(φ)

P (p+6)/(2p+8)

[(�av + 1)�avβ](3p+14)/(2p+8) , (2)

where β = √
1 − �−2

av , δ = [�av(1 − βcosθ )]−1, and iγ = (2-
p)(γ 2−p

max − γ 2−p
min )−1. Fig. 2 shows the effect of the simulation pa-

rameters on the jet spectra.
Regarding the first family, the parameters are not well-

constrained by the observations (see Section 1). In ISHEM, the black
hole mass has an impact on the jet power (simply because the jet
power is expressed as a fraction of the Eddington luminosity, LE)
but also controls the initial radius of the shells of matter since the
latter is expressed in gravitational radii (Rg = GM

c2 ). Consequently,
it only has a small effect on the final SEDs. The distance to the
source, D, has a strong effect on the resulting flux densities but has
no impact on the location of the break frequency because it does
not affect the emission mechanism. As for the inclination, θ , due
to relativistic beaming, a small angle leads to high fluxes and to
high break frequencies. However, the shift in the break frequency
becomes only noticeable for high values of bulk Lorentz factor (see
Fig. 2, top left panel).

Jets are collimated ejections of matter, therefore their open-
ing angle, φ, should be small, approximately ≤10◦ (Miller-Jones,
Fender & Nakar 2006). In ISHEM, the value of φ has a strong in-
fluence on the flux normalization and frequency of the spectral
break (see Fig. 2, top right panel). Similar to the effect of a varying
inclination angle, a high opening angle shifts the final spectra to-
wards lower frequencies and lower fluxes since a wider jet leads to
a weaker magnetic field and, thus, to fewer energetic synchrotron
photons.

In this work, the jet power is left almost completely free (see
Section 3.3) as it may have varied a lot between the five observations
of MAXI J1836-194 as discussed in Russell et al. (2014b). This
parameter also has a strong influence on the resulting fluxes and on
the break frequency (Fig. 2, middle left panel). For a given index of
the power-law distribution of electrons, a more powerful jet makes
the emission mechanism more efficient resulting in more numerous
and more energetic synchrotron photons.

Regarding the ejecta itself, we have used the conclusions derived
in Malzac (2014), namely, we assumed a relativistic flow by setting
the adiabatic index to 4/3 and we used an initial volume filling factor
of fv = 0.7. The shells of matter are ejected with a radius equivalent
to 10 gravitational radii.1 They are launched with a constant mass
and are allowed to compress or expand. We chose to exclusively
accelerate the electrons and we only take into account the energy
losses due to radial expansion.

The bulk Lorentz factors of compact jets in XRBs are very poorly
constrained. Despite our lack of information on their exact values, it
is commonly assumed that �XRBs are smaller than in active galactic
nuclei �AGNs ∼ 10. Gallo, Fender & Pooley (2003) determined
�XRBs ≤ 2 using the LX ∝ L0.7

R correlation. However, it was later
shown by Heinz & Merloni (2004) that this correlation does not
exclude high values of �XRBs and that XRBs are clearly capable of
producing jets with Lorentz factors ∼ 10 (Miller-Jones et al. 2006).2

More recently, Casella et al. (2010) even found the exact opposite
constraint in the case of GX339-4 where the jet Lorentz factor was
constrained to be >2. Hence, we considered a range of �av ∼ 1–10.

1Typical dimension of the region of the accretion flow where a large part
of the accretion power is dissipated in the hard state (Plant et al. 2015). Its
impact here is negligible.
2The lack of strong constraints on XRBs Lorentz factors is also highlighted
in the case of Cyg X-1 for which Gleissner et al. (2004) and Zdziarski et al.
(2016) found different values of �av with, respectively, radio timing and a
model of the jet anisotropy.
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2450 M. Péault et al.

Figure 1. Power spectral densities provided as input to the ISHEM code and used to simulate the ejection of the shells of matter (plotted here in frequency∗power
on the y-axis for visual purposes). They have been computed using the quasi-simultaneous X-ray light curves measured for the five dates of the study with
RXTE. We observe variations in the shape of the PSDs during the observation period, notably at low frequencies, highlighting how necessary it is to use the
coinciding measure of the variability to ensure the accuracy of the outgoing jet spectrum.

This parameter had unquestionably the strongest influence in our
simulations (see equations (1), (2) and the middle right panel in
Fig. 2). Indeed, a small increase of �av in the model moves the peak
of the spectrum significantly towards lower frequencies and also
causes the decrease of the jet flux. This is due to the fact that shells
of matter with higher �av have a velocity closer to the speed of light.
At higher �av, the difference in shell velocities are smaller even if
the difference in Lorentz factor is large. Therefore, it takes longer
for the shells to catch up with each other and collisions occur at
larger distances in the jet, in a larger region with weaker magnetic
fields.

The limits on the electron distribution have an impact on the
jet power since they determine the properties of the population of
electrons. For the same amount of kinetic energy transferred to
the lepton distribution in shocks, a higher γ min increases both the
number of very energetic particles and the average energy of the
leptons leading to stronger and less absorbed emission (see Fig. 2,
bottom left panel). In our model, the lower limit was initially set
to γ min = 1 (electrons at rest) and the upper limit was frozen at
γ max = 106 (typical value for XRB, Malzac (2014)). The electron
distribution index, p, defines the slope of the optically thin part
of the synchrotron spectrum (Ne-(E) ∝ E-p; Fig. 2, bottom right
panel). Both shock acceleration theory (Krymskii 1977; Bell 1978)
and observations of GX 339-4 (Gandhi et al. 2011; Drappeau et al.
2015) suggest p ∼ 2.5.3

2.4 Fitting

The fits to the multi-wavelength data were performed in four steps.
The first step of the process involves computing, for each obser-
vation, a synthetic SED using the associated PSD and for a given

3Due to the high values of p > 2, γ max has not a significant impact on the
number of particles here.

set of parameters. In a second step, the resulting spectrum is used
as input in the X-Ray Spectral Fitting Package (XSPEC; Arnaud
1996, version 12.9.1p) via a local model, ish, with two independent
parameters: the break frequency and break flux. To fit the broad-
band spectrum up to the X-rays, we associate the ish jet model with
the irradiated disc model diskir (Gierliński, Done & Page 2008) to
take into account the accretion disc contribution. This model fits the
disc spectral signature as a standard disc blackbody and includes a
Comptonisation component in order to fit the hard X-ray power law
observed in XRBs. Moreover, diskir accounts for the irradiation
of the inner and outer discs preventing the underestimation of the
inner disc radius and fitting the reprocessed X-ray photons in the
optical-UV band (Gierliński et al. 2008). The estimation of the jet
contribution at high energies is done by extrapolating the optically
thin part of jet spectra using power laws with identical slopes and by
defining a high-energy exponential cut-off in the synchrotron emis-
sion. We chose to set the cut-off energy to 20 eV (UV), as in Russell
et al. (2014b) due to lack of constraints. We also take into account
the IR-optical and X-ray interstellar absorptions, respectively, with
the redden model (Cardelli, Clayton & Mathis 1989) and the tbabs
model (Wilms, Allen & McCray 2000). In the third step, once the
appropriate shift in normalization and frequency is found, we use
equations (1) and (2) to determine a new set of physical parameters
that would shift the initial SED by the required amount. There are
seven parameters appearing in equations (1) and (2), namely the dis-
tance to the source, the orbital inclination with respect to the line of
sight, the jet power, the opening angle, the mean Lorentz factor, the
electron distribution index, and the lower limit of the electron dis-
tribution. A large number of solutions/combinations exist causing
a large degeneracy in the ISHEM main parameters. Thus, we freeze
five parameters to reasonable values and solve the equations for
only two variables (see Section 3). We experimented with different
parameters and found that the jet power and the jet opening angle
produced the required changes in the SEDs for reasonable parame-
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Modelling a compact jet using disc-driven shocks 2451

Figure 2. The effect of a number of the main model parameters on the September 17 (red, highest �av) and September 26 (blue) calculated jet spectra. On
each panel, a unique parameter is altered from the parameters displayed in Table 1 and in its caption. (Top left) the source inclination angle. This effect is not
clearly visible on September 26 due to a too low value of �av, thus we use the epoch with the highest �av. (Top right) the jet opening angle, (Middle left) the
jet power, (Middle right) the mean Lorentz factor of the ejected shells of matter, (Bottom left) the lower limit of the electron distribution and (Bottom right)
the electron distribution index. The dotted lines show a range of input values.

ter ranges. In the last step, when a set of parameters is identified, we
use ISHEM to compute the corresponding spectrum and compare it
with the data. In general, the predictions of the analytic model are in
good agreement with the simulations. It is important to notice that
if no reasonable fit is found by shifting the initial synthetic SED,
then the model is simply unable to reproduce the observations for
any set of parameters since the shape of the SEDs are essentially
defined by the power spectra of the input fluctuations.

3 R ESULTS AND DISCUSSION

3.1 The minimal approach

As mentioned earlier, due to parameter degeneracies, there are a
large number of parameter combinations that allow us to reproduce
the observed evolutions of the SEDs shown in Fig. 3. Our approach
was to try to explain this sequence by varying the minimum number
of parameters across the five observations. As the mass of the central
black, the distance to the source and the inclination are not likely
to vary significantly over two months,4 these parameters were kept

4Inclination angles might actually change through jet precession. Here, we
assume no precession.

fixed. Our first attempt aimed at reproducing the observed jet evo-
lution with only one variable parameter. Unfortunately, explaining
the sequence with only one variable parameter (e.g., varying only
the jet power, �av, or the jet opening angle) is not possible because
it leads to simultaneous changes in both the flux normalization and
the spectral break frequency, both increasing or both decreasing (see
Fig. 2). Instead, Fig. 3 shows that we need the jet break frequency to
increase when the flux decreases to follow the observed jet evolution
during the outburst. This implies that we need to vary at least two
parameters in order to reproduce the observed sequence. Since the
jet power and the mean Lorentz factor are expected to significantly
change during the outburst due to the variation of the accretion rate,
we chose to try to reproduce the five dates of the outburst by varying
P and �av.

We chose to set the mass of the central black hole and the distance
to the source to reasonable values of their acceptable intervals,
namely M = 10.3 M� and D = 5kpc. These values were chosen
during preliminary tests as they provided acceptable fit to the data.
A wider range of masses and distances is explored in Section 4.
Using observational constraints on the width of the H α emission
line together with estimate of the disc size obtained from spectral
fit to the SED, Russell et al. (2014a) derived a relation between the
mass, distance, and inclination of the source. With the mass and
distance chosen above, we used this relation to fix the inclination
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2452 M. Péault et al.

Figure 3. [Upper panel] The best-fit spectral energy distributions determined with XSPEC for five of the multi-wavelength observational epochs of MAXI
J1836-194. Solid lines represent the jet contributions obtained with the ish model and extrapolated up to 20 eV. Dashed lines represent the ish + diskir models
used to account for the accretion disc contribution. [Lower panel] Fit residuals obtained with XSPEC (in terms of sigmas with error bars of size one, delchi
plots).

angle to 5.5◦. These three parameters all respect the constraints
established in Section 4. We obtained an electron distribution index
of 2.7 by fitting the optically thin part of the observations; however,
a somewhat steeper electron index of 2.9 was required to fit the data
set of September 17. We chose to freeze the jet opening angle at
φ = 1◦, consistent with the <2◦ upper limit reported for Cyg X-1
jet in Stirling et al. (2001).

3.2 Model spectra

Fig. 3 compares our best-fit model SEDs to the observed data. As
can be seen on this figure, the assumption that the jet fluctuations are
driven by the X-ray PSDs leads to SED shapes that are very close
to the observed ones. With only one exception (September 17), the
simulated SEDs are compatible with the source radio spectra. They
only depart from the observations in the NIR where the influence of
the accretion disc becomes significant (particularly on September
17 and on September 26 where the source is in the HIMS). The
discrepancy between model and data in the radio band could stem
from our poor knowledge of the X-ray power spectra. Indeed, in our
model, the shape of the radio part of the spectrum directly depends
on the low frequencies of the PSD of the fluctuations where we
do not have direct observation of the X-ray PSDs. The predicted
radio flux is sensitive to our assumption of a flat noise extrapolation
at frequencies below 1/512 Hz. Also, the non-simultaneity and the
radio variability (Russell et al. 2015) during the measurement period
are possibly substantial sources of error.

When the source is in the hard state, we observe a brightening in
the IR while the radio flux drops significantly. This causes the jet
break to shift towards higher frequencies. On September 03 and 26
the break is around 1012Hz while at the hardest epochs, on October
12 and 27, the break is near 1013Hz. This is in qualitative agreement
with the results of Russell et al. (2013, 2014b) especially in the hard
state.

The September 17 epoch could be modelled by two different
jet SEDs (see Fig. 4, described as first and second version) that are

Figure 4. The two versions of the September 17 spectral energy distribution
determined with XSPEC. Solid lines represent the jet contributions obtained
with the ish model. Dashed lines represent the ish + diskir models. See
Section 3.2.

statistically equivalent but that stand out from each other by the way
they pass through the data points. The first version represents the
best fit obtained with XSPEC when using all the data. It goes through
every radio point but does not go through the NIR point causing
the SED to peak at low frequency, near 2x1010Hz. In the second
version, we ignore the first two radio points to fit the NIR data point
leading to a frequency peak situated near 1012Hz. Since the first
version of the fit required much more extreme physical parameters
in order to produce the spectral turnover at cm wavelengths, notably
in terms of mean Lorentz factor (where �av > 30 was required, see
Fig. 2), we decided to focus only on the second version of the fit.

3.3 The minimal scenario

The diskir parameters and reduced chi-squares associated with our
best fits are listed in Table 1. We obtained reduced chi-squares
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Modelling a compact jet using disc-driven shocks 2453

Figure 5. Hardness–Intensity diagram of the 2011 outburst of MAXI
J1836-194 (adapted from Russell et al. 2013). 1:Sep 03, 2:Sep 17, 3:Sep
26, 4:Oct 12 & 5:Oct 27. The coloured circles use the same colour code as
in Fig. 1, Figs. 2 and 3. The black line shows the temporal evolution in the
direction of the arrows.

ranging from χ2 = 0.82 to χ2 = 1.27 that are practically equivalent
to the ones obtained in Russell et al. (2014b). Although these values
are good, it has to be noted that the goodness-of-fit measures are
essentially dominated by the X-ray data (see lower panel of Fig. 3
which shows the fit residuals obtained for the five dates of the study.)
The diskir parameters also appear to be nearly identical to the ones
obtained in Russell et al. (2014b), notably the temperatures of the
inner radius of the accretion disc. On the other hand, we tend to
find different values of the logrout parameter (ratio of the outer
disc radius in terms of the inner disc radius in logarithmic scale),
especially on October 12 and October 27.

It is possible to estimate the mean value of the jet power for the
five epochs of the outburst using the measured X-ray luminosities
(see Drappeau et al. 2015, and references therein):

P ≈ 43.6

[
LX2−10keV

LE

]0.5

per cent LE. (3)

These estimates are indicative only as we note that equation (3) is
based on the model of Körding, Fender & Migliari (2006) involving
several assumptions which are not necessarily true for MAXI J1836-
194. Namely, this assumes that the accretion flow is radiatively
inefficient, that the jet receives a constant fraction of the accretion
power, and that the jet power and the X-ray luminosity are equal
to each other at LX ∼ 20 per cent LE. With M = 10.3 M� and D
= 5 kpc, we computed the five 2-10keV X-ray luminosities using
XSPEC (see Table 1) and ended up with a range of luminosities
going from 0.05 per cent LE to 0.36 per cent LE which results in
a 0.96–2.62 per cent LE interval for the jet power to compare our
results with.

We obtain five parameter sets in which the jet power and the
mean Lorentz factor both increase with the source luminosity. The
associated parameters and the goodness-of-fit are listed in Table 1.
Keeping the minimum energy of the electrons γ min frozen to unity

implied jet kinetic powers that could be much larger than the es-
timates of ∼2.62 per cent LE provided by equation (3). We thus
used higher values of γ min in order to lower P (see Table 1). How-
ever, setting γ min too high can remove the particles that produce the
synchrotron emission at frequencies of interest (typically when the
leptons at energy γ min emit photons with frequency higher than the
synchrotron self-absorption turnover frequency). We checked that
the shape of the predicted SEDs is not affected as long as γ min is
below 8. If γ min is set to 8 rather than 1, the required jet power is
divided by a factor of 2–3 and remains below 25 per cent LE. The
jet power values obtained for γ min = 8 and γ min = 1 are listed
on the third and fourth row of Table 1. In the end, we obtained jet
powers ranging from 0.3 to 24.5 per cent LE and �av values ranging
from 1.05 to 17 for the five epochs of the study (P = 24.5 per cent
LE and �av = 17 being reached in the HIMS on September 17,
see Fig. 5). The maximum jet power value, P = 24.5 per cent LE,
still represents more or less 70 times the observed X-ray luminos-
ity and consequently requires 70 times more accretion power put
into the jets than radiated away in the disc. This raises some is-
sues for accretion disc models since an insufficiently heated disc
results in a X-ray spectrum dominated by thermal emission which
is inconsistent with the power-law shaped spectrum we observe.
Moreover, the jet power in the hard state (HIMS here) should be
released as radiative power in the soft state where the jet is quenched
and the accretion flow radiatively efficient. If the jet power is P ≈
70LX in the hard state, it implies that the X-ray luminosity should
sharply increase by a factor of 70 during state transitions. However,
such jumps of X-ray luminosity during transitions have never been
observed.

We failed to find any reasonable parameter set for the three epochs
of September by varying together only the jet power and the jet open-
ing angle as they would be unable to sufficiently shift the spectra
without using extreme values, namely, super-Eddington luminosi-
ties and φ > 60◦. We were also unable to reproduce the data with
lower jet powers or lower mean Lorentz factors, because it either
required unrealistic values for the other parameters or increased the
number of free parameters.

4 PARAMETER SPAC E

We have shown that jet emission powered by internal shocks driven
by the accretion flow variability can provide a good description of
the broadband data of MAXI J1836-194 (Section 3). However, due
to the large parameter degeneracy, it is not possible to simultane-
ously constrain all of the model parameters. Instead, only the jet
power and average jet Lorentz factor were allowed to vary while fit-
ting the five data sets, where the other parameters were kept fixed at
reasonable values. This notably led to jet power values that exceed
the estimation of equation (3).

In this section, we explore in more detail the parameter space
allowed by the data by changing the values of opening angle, mass,
distance, and inclination angle. Note that those parameters remain
fixed from one observation to another. The main objective being to
find fitting parameter sets using smaller �av and jet power values.

4.1 Opening angle

We first examine how the jet opening angle and the jet power vary
with the mean Lorentz factor, in particular for the first three obser-
vations of the outburst. We seek to reduce the interval of �av (1.05
to 17) obtained in Table 1 down to a more reasonable range, namely
with a maximum �av � 10. Fig. 6 shows the required values for φ
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2454 M. Péault et al.

Table 1. Main parameters of the simulations along with the diskir parameters obtained with XSPEC for a black hole mass of 10.3 M�, a distance to
the source D = 5 kpc, an inclination angle θ = 5.5◦, and an opening angle φ = 1◦. nH represents the X-ray absorption in terms of hydrogen column
density, logrout represents the log10 of the outer radius in terms of inner radius (minimum value when logrout = 3), and K refers to the normalization.
The electron temperature is here frozen at 100 keV, the IR/optical/UV extinction, E(B-V), at 0.53, and the jet high-frequency cut-off is set to 20 eV
due to lack of constraints (same as Russell et al. 2014b, for the last two parameters). Jet powers for γ min = 1 were calculated with slightly higher
�avs. The LX2−10 keV luminosities were computed with XSPEC and P equation (3) refers to the jet power estimations obtained for these luminosities
using equation (3). The second part of the table represents the reasonable mean Lorentz factors and jet powers we obtained studying the parameter space
(see Section 4).

September 03 September 17 September 26 October 12 October 27

Spectral state Hard HIMS HIMS Hard Hard
�av 10.8 17 7.7 2.2 1.05
P (LE) for γ min = 8 0.135 0.245 0.042 0.0135 0.003
P (LE) for γ min = 1 0.324 0.758 0.099 0.03 0.007
p 2.7 2.9 2.7 2.7 2.7
nH (x1022 cm−2) 0.197+0.017

−0.016 0.286+0.008
−0.008 0.231+0.025

−0.023 0.310+0.016
−0.016 0.394+0.143

−0.052
kT disk (keV) 0.239+0.007

−0.007 0.429+0.006
−0.004 0.232+0.011

−0.012 0.104+0.006
−0.007 0.103+0.026

−0.024
Power-law index 1.735+0.037

−0.034 1.957+0.062
−0.054 1.961+0.358

−0.312 1.743+0.041
−0.038 1.738+0.081

−0.053
logrout 4.085+0.224

−0.208 4.209 +0.101
−0.109 3.938 +0.163

−0.156 3.000+0.338 3.332+0.501
−0.332

K (x103) 20.511+3.778
−3.142 7.326+0.633

−0.574 19.810+7.731
−4.971 92.414+25.959

−18.475 92.037+129.925
−33.629

χ2/d.o.f. 529.31/444 581.25/490 389.62/478 419.58/331 264.17/275

LX2−10 keV (LE) 0.0021 0.0036 0.0016 0.001 0.0005
P equation (3) (LE) 0.0198 0.0262 0.0175 0.0141 0.0096

�avF 10.45 16 7.55 2.15 1.045
PF 0.047 0.039 0.0212 0.0114 0.0026

Figure 6. Evolution of the jet power and of the jet opening angle as a func-
tion of the mean Lorentz factor for the three first dates of the outburst. Each
point represents a parameter set that matches the observations. The colour
gradients illustrate the increase of �av. The squares depict the parameters
we obtained in Section 3.

and P when �av is varying from 1.1 to 20. All the other parame-
ters were kept at the same values as in Table 1. In this figure, each
point corresponds to a parameter set that fits the multi-wavelength
observations. We show that the decrease of the mean Lorentz factor
directly implies to the increase of the opening angle to compensate
for the frequency shift (see Fig. 2) and inevitably to the increase
of jet powers in order to maintain the correct fluxes. Allowing the
opening angle to increase up to the upper limit of its acceptable
range, namely about 10◦, it is possible to reduce the �av interval
to 1.05–9.1 (see Table 2). However, since our main goal is also to
approach the 0.96–2.62 per cent LE jet power interval, such an in-
crease in the values of the jet power turns out to be a very undesirable
effect.

Table 2. Possible reduction of �av values using wider opening angles and
more powerful jets. Values between square brackets refer to the parameters
displayed in Table 1.

�av φ P (LE)

September 03 5.7 [10.8] 9.77◦ [1◦] 0.273 [0.135]
September 17 9.1 [17] 9.91◦ [1◦] 0.34 [0.245]
September 26 4 [7.7] 9.88◦ [1◦] 0.112 [0.042]

4.2 Mass, distance, and inclination angle

We now seek to reduce our values of jet power by studying how the
jet opening angle and the jet power values change when modifying
the last three remaining main parameters of the simulation which
are the mass of the black hole, the distance to the source, and
the inclination angle. We first derive below some observational
constraints on these parameters in order to reduce the search space.

4.2.1 Inclination angle

The inclination angle of MAXI J1836-194 can be directly estimated
from the measure of the diskir logrout parameter (see 3.3 hereafter
referred as y) following equation (1) of Russell et al. (2014a):

sinθ = vout

√
10yRin

GM
= vout

√
Rout

GM
, (4)

where vout represents the rotational velocity of the outer disc, Rin the
physical inner disc radius and Rout the physical outer disc radius.
Assuming Rin = RISCO on the softest date of the outburst as in
Russell et al. (2014b) (see Miller et al. 2006; Reis, Fabian & Miller
2010), with RISCO = 6μGM/c2 (μ depends on the black hole spin:
μ = 1 for a Schwarzschild black hole and μ = 1/6 for an extreme
Kerr black hole, we obtain:

sinθ = vout

c

√
10y6μ = vout

c

√
Rout/Rin6μ. (5)
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Modelling a compact jet using disc-driven shocks 2455

Russell et al. (2014a) found that the Keplerian velocity of the disc
ring that gives the highest Hα contribution could be used as a good
approximation of the velocity of the outer disc and thus estimated
vHα

= vout = 130 km s−1. However, since the disc ring is not
necessarily at the outer edge of the accretion disc, we rather consider
vHα

as an upper limit, namely vHα
= 130 km s−1 ≥ vout. Similarly,

the Sep 17 data set (softest of the data epochs studied, see Fig. 5)
is in the hard-intermediate state, therefore the physical inner radius
is most likely further from the ISCO. In the hard state, the disc is
likely truncated at about 50–100 gravitational radii (Gilfanov 2010),
thus choosing an intermediate value of 10rg in the HIMS we have:
Rin = fRISCO, with 1 ≤ f ≤ 10. Equation (5) then simply becomes:

sinθ = vout

c

√
10y6fμ = vout

c

√
Rout/Rin6fμ. (6)

On this basis, we are only able to determine the upper limit of the
inclination angle corresponding to the case where vout = 130 km s−1

and fμ = 10 (Rin = 10RISCO for a Schwarzschild black hole). With
y = 4.209 (see Table 1), it leads to θ ≤ 25.29◦.

4.2.2 Mass–distance relations

Knowing the inclination angle, it is then possible to derive a relation
between the mass of the black hole and the distance to the source
from the measure of the diskir normalization parameter K. It is
defined as follows: K = (rin)2(10/Dkpc)2cosθ , where rin represents
the apparent inner disc radius, related to the physical inner disc ra-
dius according to Rin ≈ 1.19rin (Shimura & Takahara 1995; Kubota
et al. 1998; Soria 2007), and Dkpc the distance in kiloparsec units.
Assuming Rin = f RISCO, it becomes:

M

M�
=

√
K

cosθ

Dkpc1.19c2

60fμGM�
. (7)

With K = 7326 (see Table 1), it results in the following mass–
distance relation:

0.14
M

M�
≤ Dkpc ≤ 8.33

M

M�
. (8)

It is also possible to determine the mass–distance relation using
the constraints on the luminosities required for the source to transit
from the hard state to the HIMS (and vice versa). Dunn et al. (2010)
showed that the hard to HIMS state transition in black hole binaries
occurs for bolometric disc luminosities (disc + high energy power
law5) larger than 1 per cent LEdd (see fig. 10, lower panel). Therefore,
assuming that the softest point of MAXI J1836-194 outburst is
>1 per cent LEdd, we can write:

L

LEdd
= F4πD2

cm

1.26 1038 M
M�

> 0.01 (9)

with F the 0.1–100 keV flux expressed in erg cm−2 s−1 (calculated
from the XSPEC models) and Dcm the distance expressed in cm.
Using F = 8.28.10−9 erg cm−2.s−1, we get D2

kpc > 1.27 M
M� which

is more constraining that the left-hand side of equation (8).

4.2.3 Parameter map

To study the impact of the distance and of the inclination angle on
the jet power, we create a parameter map (see Fig. 7) that shows

5In Russell et al. (2014b) only the disc luminosity is taken into account,
leading to a different mass-distance relation.

the fitting values of jet power and opening angle calculated with
equations (1) and (2) when modifying D and θ on the September
17 data set. The main purpose is to identify, on the epoch requiring
the highest jet power, an area of parameter space for which the
jet power can be reduced down to the estimations obtained with
equation (3). In order to scan a large part of the parameter space,
we use distances ranging from 3.62 kpc (lower limit found using
D2

kpc > 1.27 M
M� ) to 10 kpc and inclination angles ranging from 0◦

to 25.29◦, setting the black hole mass to 10.3 M�. In Fig. 7, we
show that the intervals of distance and inclination angle proposed
in Russell et al. (2014a,b) inevitably lead to jet powers that are at
least two times higher than the estimations (orange area) or even
super-Eddington (hatched area) for high D and high θ . On the
contrary, jet power values compatible with the estimations (green
area) are obtained using low inclination angles and low distances
(excluding the values that do not respect the constraints we found
using equations (5), (8), and (9) in dark grey) that can be inferior to
the lower limits of those intervals. Allowing – arbitrarily – the jet
power to attain twice the value of PEq. 3, we can obtain reasonable
parameter sets for distances ranging from 3.6kpc to 5.8kpc and
inclination angles that are lower than 3◦, with M = 10.3 M�.
Keeping the opening angle set to 1◦ but decreasing the inclination
angle value down to 1◦ and the distance down to 4.7kpc, we were
able to make a new tracking of the compact jet evolution during
the 2011 outburst using reasonable jet power values (see the last
two rows of Table 1). In this new parameter set, we obtained jet
power values ranging from 0.26 per cent LE to 4.40 per cent LE and
a mean Lorentz factor interval of 1.045-16. The jet evolution is also
reproduced with �av and P increasing with the source luminosity,
in the hard state at least, since the maximum jet power is no longer
attained on September 17 but on September 03.

In a toy model proposed in order to explain MAXI J1836-194
odd LX ∝ L∼1.8

R , Russell et al. (2015) suggested that the distance
to the source should be superior to 8 kpc. In this model, the authors
investigated the possibility that variable relativistic beaming was
responsible for the steep correlation. According to fig. 9 of Russell
et al. (2015), the variable Doppler boosting cannot account for the
odd 1.8 correlation for distances lower than 8 kpc since it would
sometimes require boosting and deboosting at other times which is
not expected with such very low inclination angles. In our case, we
see that the maximum distances that can be reached for this specific
black hole mass are below the 8 kpc threshold and are paired with
inclination angles that are lower than 2◦. Interestingly we show, in
Fig. 8, that increasing the mass of the central black hole up to M
= 20 M� can shift the very limited region of interest toward the
high distances and high opening angles so that we can reach the
8–10 kpc interval suggested by Russell et al. (2015). However, such
a scenario implies even lower inclination angles. In both scenarios,
the use of low inclination angles makes MAXI J1836-194 a strong
microblazar candidate.

5 C O N C L U S I O N

In this paper, we have presented a method to fit the multi-wavelength
emission of jets in microquasars. The apparent small angle between
the compact jet of the black hole candidate MAXI J1836-194 and
the line of sight, along with the availability of excellent multi-
wavelength observations made this source an ideal candidate for our
study. The main result of this work is that an internal shock model
in which the shocks are driven by the accretion flow variability
can successfully reproduce the SEDs of the compact jet of MAXI
J1836-194 for five observational epochs during its 2011 outburst.
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2456 M. Péault et al.

Figure 7. Parameter map showing the evolution of the jet power and of the jet opening angle as a function of the distance and the inclination angle for M
= 10.3 M� on the softest data set of the outburst (September 17). Black dashed contours represent jet power values in Eddington units, blue dashed contours
represent opening angle values in degrees and red solid contours correspond to the ratio between P and PEq. 3. The hatched area represents the super-Eddington
domain (P > 100 per cent LE) while the dark grey zones depict the excluded values of distance and inclination angle obtained from equations (6) and (9). The
green area corresponds to the jet power values that follows the equation (3) estimation and the orange area corresponds to jet power values that are higher than
2∗PEq. 3. The red square represents the parameters from Table 1.

Figure 8. Parameter map showing the evolution of the jet power and of the jet opening angle as a function of the distance and the inclination angle for
M = 20 M� on the softest dataset of the outburst (September 17). The colours and lines are the same as Fig. 7.
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Modelling a compact jet using disc-driven shocks 2457

Our model is able to produce the observed shift of the jet break
(e.g. Russell et al. 2013, 2014b) in the SEDs by varying the jet
bulk Lorentz factor. The variation of the jet break with the source
hardness has been seen in other sources as well (e.g., in MAXI
J1659-152 where the break was at even lower frequencies when
this source was even softer van der Horst et al. 2013; Koljonen et al.
2015).

We showed that the evolution of the jet through the hard and hard-
intermediate state could not be fitted with only one variable param-
eter but with at least two parameters. We obtained consistent fits by
varying the jet power together with the jet mean Lorentz factor, with
both parameters increasing with the luminosity. This result corrob-
orates the toy model suggested in Russell et al. (2015) to explain
MAXI J1836-194 peculiar radio/X-ray correlation (LX ∝ L∼1.8

R )
with variable relativistic boosting requiring the jet mean Lorentz
factor to increase with the source luminosity (although, while their
toy model could work for MAXI J1836-194, it could not for all other
systems; Russell et al. 2015). The values of the jet bulk Lorentz fac-
tors in our minimal scenario are quite large with a maximum of
�av = 17 being reached on September 17 when the source had
the lowest hardness (HIMS). For the hard state epochs, the values
appear similar to those suggested by Russell et al. (2015), �av ∼
1 − 2. Fender, Belloni & Gallo (2004) suggested that the jet bulk
Lorentz factor increases as a black hole XRB softens over the hard
to soft state transition (see their figure 7, lower panel). The results
here seem to support this scenario. As for the jet power values, they
largely exceed the estimations obtained with equation (3) on the
first three epochs. The maximum being also reached on September
17 with P = 24.5 per cent LE.

However, we showed that this scenario is not unique due to the
degeneracy of the parameters of the ISHEM model. By allowing a
free jet opening angle, the interval of mean Lorentz factors could
be 1.05–9.1 using wider and more powerful jets. Our in-depth ex-
ploration of the parameter space performed in order to reduce the
jet power interval led to the determination of a very constrained
region where the jet powers are comparable to the X-ray luminosi-
ties and in agreement with phenomenological estimates. Reaching
it implies to use low distances, low opening angles, and particularly
low inclination angles. We managed to reduce the jet power interval
down to 0.26–4.40 per cent LE with the maximum no longer being
reached on September 17 but on September 03, most likely due
to the steeper electron energy distribution found on September 17
associated to a very low inclination angle. This suggests that the
increase of the jet power with the source luminosity occurs at least
in the hard state. The maximum value of the mean Lorentz factor is
reduced to �av = 16. Using a more massive central black hole, we
also showed that it is possible to shift this limited region towards
higher distances which appear to be required to explain the odd
LX ∝ L∼1.8

R behaviour.
Finally, we have determined a very narrow region of the param-

eter space in which we can use acceptable jet power values and
parameters that respect all the physical constraints. To track the
compact jet evolution through the 2011 outburst, we only need to
vary two parameters: the jet power and the mean Lorentz factor. The
latter increases with the source luminosity and decreases with the
source hardness for the five epochs of the study with a maximum
value of �av = 16. As for the jet power, it seems to follow this
behaviour in the hard state at least. Obtaining reasonable jet powers
at all epochs requires very small jet inclinations, of a few degrees at
most. This confirms that MAXI J1836-194 could be a microblazar
and explains the compact jet dominance up to the IR-optical. Fu-
ture tests of the model against other black hole X-ray binaries data

will help to establish whether our inferred evolution of jet Lorentz
factor during the outburst can be generalised to other objects. This
kind of studies requires multi-wavelength monitoring throughout
an outburst with good coverage not only in radio and X-rays but
also in optical, IR, and sub-mm bands.
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Cité (ANR-10-LABX-0023 and ANR-11-IDEX-0005-02). Thomas
D. Russell acknowledges support from the Netherlands Organisa-
tion for Scientific Research (NWO) Veni Fellowship, grant number
639.041.646.

REFERENCES

Arnaud K. A., 1996, in Jacoby G. H., Barnes J., eds, Astronomical Society
of the Pacific Conference Series Vol. 101, Astronomical Data Analysis
Software and Systems V. p. 17

Bell A. R., 1978, MNRAS, 182, 147
Blandford R. D., Königl A., 1979, ApJ, 232, 34
Blandford R. D., Payne D. G., 1982, MNRAS, 199, 883
Brocksopp C., Bandyopadhyay R. M., Fender R. P., 2004, New Astron., 9,

249
Cardelli J. A., Clayton G. C., Mathis J. S., 1989, ApJ, 345, 245
Casella P. et al., 2010, MNRAS, 404, L21
Chaty S., Dubus G., Raichoor A., 2011, A&A, 529, A3
Corbel S., Fender R. P., 2002a, ApJ, 573, L35
Corbel S., Fender R. P., 2002b, ApJ, 573, L35
Corbel S., Fender R. P., Tzioumis A. K., Nowak M., McIntyre V., Durou-

choux P., Sood R., 2000, A&A, 359, 251
Corbel S. et al., 2013, MNRAS, 431, L107
Drappeau S., Malzac J., Belmont R., Gandhi P., Corbel S., 2015, MNRAS,

447, 3832
Drappeau S. et al., 2017, MNRAS, 466, 4272
Dunn R. J. H., Fender R. P., Körding E. G., Belloni T., Cabanac C., 2010,

MNRAS, 403, 61
Fender R. P., Pooley G. G., Durouchoux P., Tilanus R. P. J., Brocksopp C.,

2000, MNRAS, 312, 853
Fender R. P., Belloni T. M., Gallo E., 2004, MNRAS, 355, 1105
Ferrigno C., Bozzo E., Del Santo M., Capitanio F., 2012, A&A, 537, L7
Gallo E., Fender R. P., Pooley G. G., 2003, MNRAS, 344, 60
Gandhi P. et al., 2011, ApJ, 740, L13
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