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Black hole low-mass X-ray binaries (LMXBs) are transient in nature, such that their luminosi-
ties and spectra evolve significantly over periods of weeks to months. Such changes are due to
physical alterations to the structure of the accretion inflow and gaseous outflows. LMXBs spend
most of their time in a hard state (wherein their X-ray spectra are power laws and thus dominated
by higher energies), with order-of-magnitude variations in luminosity. A key issue in physically
characterising this state is finding a way to dissect the components contributing to this power
law emission: this has up to now proved challenging due to degeneracies in spectral modelling.
Solving this issue of modelling degeneracy is vital in the broader context of understanding the
physics of accretion around black holes, solar mass and supermassive alike—this is a key factor
in the fields of active galactic nuclei feedback and supermassive black hole growth. It is also
required for the determination of black hole spin via X-ray reflection modelling, since the results
of such studies depend on the assumed geometry of the irradiator. In order to disentangle these
components, one needs to invoke all the available spectral and timing information, and build a
self-consistent physical picture. I will present work we have been doing on attempting to break
modelling degeneracies by fitting a semi-analytical outflow-dominated model to broadband ob-
servations of GX 339-4 from radio to X-ray, tracking the evolution of key model parameters with
the X-ray variability properties of the source. We jointly model the broadband spectra during
states of similarity in variability properties, and find key best fit parameters hold indistinguish-
able values. I will discuss further work we are doing to advance X-ray reflection modelling by
adding X-ray emission from the jet to current models.
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1. Introduction

Black hole X-ray binaries with low-mass companions (LMXBs) exhibit a wealth of well, but
not wholly understood, spectral and timing phenomena as they evolve through regular outburst
cycles [1, 2, 3, 4]. Despite the evidently complicated evolution of the spectral and timing prop-
erties of LMXBs, we are able to use some basic classifications to distinguish different states of
the systems. The two simplest yet non-encompassing catergories are soft and hard states, given
based on the hardness of the X-ray spectrum (the ratio of X-ray counts in a harder energy band,
typically > a few to tens of keV, to X-ray counts in a softer energy band, typically 0.1 to < a few
keV). LMXBs in the soft state are dominated by a multi-temperature blackbody spectrum from an
optically thick, geometrically thin accretion disc [5]. LMXBs in the hard state are dominated by
a hard power law spectrum, but the origin of the emission is less certain. Candidates for emission
mechanisms which can produce this power-law spectrum include inverse Compton scattering of
disc photons by hot electrons in an optically thin ’corona’ , synchrotron self-Compton scattering
within a jet/outflow (SSC), or optically thin synchrotron emission within a jet/outflow [6, 7, 8, 9].
Multiwavelength observing campaigns allow us to make progress in disentangling these compo-
nents, as well as time-variability studies, where the rms variability and time lag estimates allow us
to predict the size and location of the emission regions [2].

Radio and X-ray luminosity correlations indicate an intimate physical connection between the
X-ray emitting region close to the black hole, and the jet radio emission ≥ 104rg away from the
black hole [10, 11, 12, 13, 14, 15, 16, 17]. When we consider also the information on structure
evolution in the X-ray emitting regions which comes from time-variability studies, we can fur-
ther understand this connection. Fourier-domain studies of the X-ray variability of LMXBs show
low-rms variability in soft states, and high rms-variability in hard states. Sharp features seen in
the power-spectrum, known as quasi-periodic oscillations (QPOs), point to strongly variable com-
ponents in narrow frequency bands, currently best explained by precessing structures in the inner
regions of the accretion flow [18, 19]. The evolution of the broadband rms noise is best explained
by mass accretion rate fluctuations propagating through the flow on viscous timescales, giving rise
to the characteristic shape of the power spectrum [20].

[21] developed a novel state classification method of LMXB states which characterises their
frequency-dependent variability throughout the course of an outburst. A single variable, known as
the power-colour hue, represents the shape of the power spectrum, given by an angular position on
an annulus in a plot of one power-spectral ratio against another—shown in Figure 1. One can use
this information to track spectral parameters alongside timing characteristics.

In this work we investigate how the physical and spatial characteristics of the jet in GX 339-4
evolve alongside its changing time-variability properties. GX339-4 is a LMXB of great interest
due to the multiple outburst observations we have. It has an orbital period of ∼ 1.7 days [22], lies
a distance of 6–15 kpc away [23] (with an optimal distance of ∼ 8 kpc [24]), and the most recent
measurement of its mass function predicts ∼ 1.91±0.08 M� (Heida et al., in preparation).

GX 339-4 has a compact radio jet during the hard state [25], and the emission from this
jet dominates down to IR and likely optical wavelengths [26, 27, 28]. Correlations between the
optical/NIR/X-ray light curves during various GX 339-4 outbursts indicate a physical connection
between the inner accretion flow/corona/jet and the outer regions of the jet at ∼ 103–104 rg. GX
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339-4 has simultaneous NIR, optical and X-ray quasi-periodic oscillation (QPO) detections at 0.08,
0.08, and 0.16 Hz frequencies respectively [29]. Its IR and X-ray variability are strongly correlated,
with NIR photons lagging X-ray photons by > 100 ms. This points to a physical picture in which
variations propagating through the accretion flow towards the black hole subsequently propagate
through the jet, giving rise to delayed NIR variability.

Figure 1: Left: A conceptual plot showing how [21] integrate over four separate frequency bands in the
power spectra of their LMXB sample, taking the ratios PC1 = band C / band A, PC2 = band D / band B.
Right: The plot (taken from [21]) which follows from this analysis, allowing one to identify the variability
state of a LMXB by its angular position on the annulus, synonymous with hardness-intensity diagrams.

2. Broadband modelling

We model 20 separate quasi-simultaneous broadband observations of GX 339-4, covering a
15-year period (1997–2012). Radio data are taken from observations made with Australian Tele-
scope Compact Array (ATCA) [15], optical and near-infrared (NIR) data are taken from obser-
vations made with the SMARTS 1.3 m telescope (V, J, I, and H bands—dereddened using the
extinction law of [30] with E(B−V ) = 0.94± 0.19 [31], such that AV = 2.9± 0.6.) [32], and
archival X-ray data taken from observations made with the Rossi X-ray Timing Explorer (RXTE).
Observations are all contemperaneous to within a 24-hour window.

We use a semi-analytical, zonal jet model (see [9, 33, 34, 35]) based on early work by [36].
The model reproduces a broadband spectrum from radio-to-X-ray frequencies via several emis-
sion mechanisms: thermal and non-thermal synchrotron (due to thermal and accelerated electrons
respectively) in the optically thin and thick regimes, synchrotron self-Compton emission due to
inverse Compton scattering by synchrotron emitting electrons and of disc photons, and a multi-
temperature disc blackbody spectrum. The inverse Compton scattering treatment is a multiple
scattering routine, described in detail in Ceccobello et al. (in preparation). Table 1 shows the key
parameters and their physical descriptions.

3. Fitting method

All model fits are performed using the multiwavelength data analysis package ISIS [37], and
all models are forward-folded through the detector response matrices. The responses of all X-ray
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Table 1: A list of the main input parameters of the agnjet model
Parameter Description

N j the normalised jet power, in units of LEdd.
r0 (rg) the radius of the jet nozzle.

Θe (kTe/mc2) the electron temperature of the input distribution.
k the ratio of magnetic to electron energy density, UB/Ue, otherwise known as

the partition factor.
p the power-law index of the accelerated electron distribution.

zacc (rg) the distance from the black hole along the jet axis where particle acceleration
begins.

nnth the fraction of particles accelerated at a distance zacc from the black hole along
the axis of the jet.

fsc βsh
2/(λ/Rgyro) where βsh is the shock speed relative to the plasma, λ is the

scattering mean free path in the plasma at the shock region, and Rgyro is the
gyroradius of the particles in the magnetic field. In reality we do not require
a shock so this parameterisation can generally be seen as a measure of the
acceleration efficiency.

spectra correspond to those of the two X-ray instruments, the Proportional Counter Array (PCA)
and the High Energy X-ray Transmission Spectrometer (HEXTE), whereas for the radio and NIR-
optical data we assign "dummy" responses equivalent to a detector of effective area = 1m2—they
are loaded as flux measurements.

We model all broadband spectra energy distributions (SEDs) of GX 339-4 as the sum of ab-
sorbed, reflected jet and coronal components and a Gaussian Iron Kα line: tbabs × reflect(agnjet +
nthcomp + gaussian), where agnjet represents the jet component, and nthcomp represents a spheri-
cal corona in the inner regions of the accretion flow [38, 39]. The agnjet model includes a coronal-
like jet base which produces an SSC spectrum, but the key distinctions between this component
and a classical corona are 1) that the primary input photon distribution for scattering is synchrotron
emission from the jet, peaking in the optical bands, and 2) the electrons are treated purely relativisti-
cally, and thus have Θe ≡ kTe/mc2 > 511 keV, whereas typical coronae temperatures are ∼ 50–200
keV. This results in more curvature in the SSC spectrum, such that pure jet SSC emission is unlikely
to reproduce power-law spectra from a few keV up to 100s of keV.

4. Preliminary fitting results and conclusions

Here we show some preliminary model fitting results, with a full description to follow in
a forthcoming paper (Connors et al., in preparation). Figure 2 shows two individual fits to two
separate GX 339-4 broadband datasets. Key best fit parameters are also shown (though without
confidence limits), and we can say at least provisionally that there is no fundamental change to the
jet structure—a full markov chain monte carlo parameter exploration must be carried out in order
to ascertain the significance of the changes in parameters. In both cases the dominant emission
component in the X-ray is SSC, where the SSC can be seen to cut off, failing to reproduce a
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power law up to the highest X-ray energies seen in the data. The discrepancy is accounted for
by a high reflection fraction, such that the Compton hump (due to Compton scattering of the high
energy X-rays off cold electrons in the disc) contributes to approximate a power law spectrum,
with some contribution at higher X-ray energies from up-scattered disc photons. It is unlikely that
such a scenario produces an un-interrupted power law spectrum through the hard state of GX 339-
4. The early cut-off is due to the naturally high electron temperatures in our modelling, since the
electrons are solely relativistic—higher-order SSC components peak at energies at least an order
of magnitude beyond that of the 0th-order peak, producing a curvy spectrum with multiple peaks.
Coronal IC models on the other hand treat the electrons non-relativistically, with typical electron
temperature ≤ 150 keV. We will improve our treatment of the jet dynamics and radiation spectrum
in future works to include a trans-relativistic electron population, and investigate the effects of
electron heating on the resultant spectrum and the variability we may expect to observe.

5. X-ray reflection of jet emission

As shown by [40], the geometry of the X-ray irradiator in studies of reflection of LMXB
accretion discs (and indeed accretion discs in all accreting systems for which the disc sits within
∼ 100 rg of the compact object) is an important component to consider when performing such
spectral modelling (e.g. [41, 42, 43, 44, 45, 46]). However, what’s clear is that the geometry of the
irradiator must also be understood in terms of the spectral shape variations over space and time—
i.e. whether the irradiator is a coronal region close to the black hole, or an extended emission
region resembling a jet, the key to relating this to reflection is to understand the physics of these
regions. We are working on incorporating a jet (SSC) component into current reflection models,
where we can properly track how the physical state of the jet affects the reflection model’s spectral
components (the Iron emission line and its broadening, and the Compton hump) (van Eijnatten et
al., in preparation). The geometrical factor, which defines how much of the emitted X-ray radiation
strikes the disc, is significantly altered when we consider such an extended geometry. We propose
that spectral shape variations with height, due to both the extended geometry and electron heating,
are vital for interpreting the output of reflection modelling and thus also important if we to achieve
better estimates of black hole spin.
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