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ABSTRACT

We present the longest and the densest quasi-simultaneous radio, X-ray, and optical campaign of the black hole low-mass
X-ray binary GX 339—4, covering five years of weekly GX 339—4 monitoring with MeerKAT, Swift/XRT, and MeerLICHT,
respectively. Complementary high-frequency radio data with the Australia Telescope Compact Array are presented to track
in more detail the evolution of GX 339—4 and its transient ejecta. During the five years, GX 339—4 has been through two
‘hard-only’ outbursts and two ‘“full’ outbursts, allowing us to densely sample the rise, quenching, and re-activation of the
compact jets. Strong radio flares were also observed close to the transition between the hard and the soft states. Following
the radio flare, a transient optically thin ejection was spatially resolved during the 2020 outburst, and was observed for a
month. We also discuss the radio/X-ray correlation of GX 339—4 during this five year period, which covers several states
in detail from the rising phase to the quiescent state. This campaign allowed us to follow ejection events and provide
information on the jet proper motion and its intrinsic velocity. With this work, we publicly release the weekly MeerKAT
L-band radio maps from data taken between 2018 September and 2023 October.

Key words: black hole physics - radio continuum: transients — X-rays: binaries.

Roche lobe and therefore transfers mass to the compact star. The

1 INTRODUCTION infalling mass forms a rotating accretion disc (J. E. Pringle, M. J.

Low-mass X-ray binaries (LMXBs) are interacting binary stars
that contain a low-mass star (<3 Mg; the companion or donor
star), which feeds an accretion disc around a stellar remnant
(black hole or neutron star). The companion star usually fills its
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Rees & A. G. Pacholczyk 1973) and is accreted on to the compact
object. The rest of the matter is ejected back to the interstellar
medium through powerful energetic outflows (relativistic tran-
sient jets; P. A. Hughes, H. D. Aller & M. F. Aller 1991; I. F.
Mirabel et al. 1992; R. Fender et al. 1999; S. Corbel et al. 2002)
or disc winds (e.g. G. Ponti et al. 2012). The compact jets are
tightly connected to the accretion flow (disc—jet coupling; D. C.
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Hannikainen et al. 1998; S. Corbel et al. 2003, 2013), as revealed
by the non-linear radio/X-ray correlation which extends to active
galactic nuclei (AGNs) through the fundamental plane of black
hole activity (E. Gallo, R. P. Fender & G. G. Pooley 2003; A. Mer-
loni, S. Heinz & T. di Matteo 2003; H. Falcke, E. Kording & S.
Markoff 2004; P. Saikia, E. Kording & H. Falcke 2015; P. Saikia
et al. 2018). Analogous to AGN, the steady jets of black hole
LMXBs display a flat or inverted radio to infrared spectrum asso-
ciated with their emission (R. D. Blandford & A. Konigl 1979; R.
M. Hjellming & K. J. Johnston 1988; R. P. Fender 2001; S. Markoff,
H. Falcke & R. Fender 2001; R. P. Fender, E. Gallo & P. G. Jonker
2003; R. Fender 2006), while the relativistic discrete/transient
jets have spectra which evolve from optically thick to optically
thin (R. M. Hjellming & X. Han 1995; R. P. Fender, T. M. Bel-
loni & E. Gallo 2004; R. P. Fender, J. Homan & T. M. Belloni
2009). Unlike AGNs, X-ray binaries evolve through their duty
cycles on short time-scales, typically rising from their quiescent
state and undergoing entire outbursts over periods of days to
months. Hence, LMXBs are ideal targets to study the physics of
the accreting material within the system but also its interaction
with the interstellar medium via winds and discrete/transient
jets.

During the episodic phases of outbursts, the luminosities of
LMXBs may increase by orders of magnitude, sometimes reach-
ing close to the Eddington limit. A power-law component that
arises from inverse Compton emission dominates the spectrum
of the quiescent state and the early rise of the outburst (‘hard-
state’). This emission is associated with a geometrically thick, op-
tically thin, radiatively inefficient accretion flow (e.g. R. Narayan
& 1. Yi 1995) or alternatively from the jet base (e.g. S. Markoff,
M. A. Nowak & J. Wilms 2005). In this state, the radio emis-
sion originates from a steady, partially self-absorbed compact
jet (e.g. R. P. Fender 2001; R. P. Fender et al. 2004) that dis-
plays a flat to inverted radio spectral index (e.g. S. Corbel et al.
2000; V. Dhawan, I. F. Mirabel & L. F. Rodriguez 2000; T. D.
Russell et al. 2014; R. M. Plotkin et al. 2017; E. Tremou et al.
2020).

Matter in the outer part of the accretion disc flows inwards
toward the black hole, while the X-ray spectrum softens as it
becomes dominated by a multitemperature blackbody compo-
nent from the hot inner regions of an optically thick, geomet-
rically thin accretion disc. The system enters the ‘soft’ state
through the hard-intermediate (R. A. Remillard & J. E. Mc-
Clintock 2006; T. M. Belloni 2010) and subsequently the soft-
intermediate state. Prior to the the ejections, in the intermedi-
ate and soft states after the ejections, the radio emission from
the compact steady jets is usually quenched by >3.5 orders of
magnitude (R. Fender et al. 1999; M. Coriat et al. 2011; D. M.
Russell et al. 2011; T. D. Russell et al. 2019; F. Carotenuto et al.
2021a). The system is often observed to be flaring in radio, as the
powerful outflows are launched and travel away from the black
hole at relativistic speeds. The luminosity of the system will then
drop, and the outburst will decay until reaching the quiescent
level.

However, not all outbursts follow the complete outburst track
(‘full’ outburst) but instead spend their outburst only in the hard
state and eventually return to quiescence without completing a
successful transition to the soft state (‘failed’ or ‘hard-only’ out-
burst; C. Brocksopp, R. M. Bandyopadhyay & R. P. Fender 2004;
M. Coriat et al. 2011; B. E. Tetarenko et al. 2016; K. Alabarta et al.
2021).
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1.1 The black hole low-mass X-ray binary, GX 339—4

GX339—4 is a Galactic LMXB hosting a black hole. It was dis-
covered over 50 yr ago, in 1972, by the Massachusetts Institute
of Technology (MIT) X-ray detector on board the Orbiting Solar
Observatory 7 satellite (T. H. Markert et al. 1973).

GX339—4 is one of the major X-ray binary targets that has
been monitored for more than ~50 yr and both kinds of outbursts
occurred in the past (S. Corbel et al. 2013; B. E. Tetarenko et al.
2016; K. Alabarta et al. 2021). Thanks to a large sample of quasi-
simultaneous radio and X-ray data, it is a perfect system to allow
us to understand the correlation in the radio/X-ray plane and the
differences in the context of jet production between the two types
of outbursts (‘full’ or ‘hard-only’ outburst; S. E. M. Haas et al.
2021).

The spectral properties of the GX 339—4 system display similar-
ities to other black hole X-ray binaries indicating that GX 339—4
is powered by a central black hole (A. A. Zdziarski et al. 1998; R.
Sunyaev & M. Revnivtsev 2000).

Despite being a well-studied source, the main system proper-
ties of GX 339—4 are not well constrained due to its faint com-
panion star. Upper limits on the luminosity of its companion
star allowed the identification of its LMXB nature (T. Shahbaz,
R. Fender & P. A. Charles 2001). The orbital period has been,
initially, estimated to be 14.8-16.8 h using optical spectroscopy (P.
J. Callanan et al. 1992; A. P. Cowley et al. 2002) with an upper limit
on its inclination angle of < 78 deg (M. Heida et al. 2017). R. L.
Hynes et al. (2003) later constrained the orbital period to be 42.14
#+ 0.01 h. The mass of the black hole has been debated (R. I. Hynes
et al. 2003; T. Mufioz-Darias, J. Casares & I. G. Martinez-Pais
2008; M. Shidatsu et al. 2011) with the most recent estimate by M.
Heida et al. (2017) being ~ 9.8 M. R. I. Hynes et al. (2004) used
optical spectroscopy to determine the system’s distance which
gave a lower limit of 6 kpc, while A. A. Zdziarski et al. (2004)
placed it at 8 kpc using optical and infrared data. A similar value
was also obtained more recently by M. L. Parker et al. (2016)
who used Nuclear Spectroscopic Telescope Array and Swift data,
deriving a distance of 8.4 & 0.9 kpc.

The radio counterpart of the system was discovered in 1994
(most likely in the hard-to-soft transition state) by R. Sood & D.
Campbell-Wilson (1994), and J. Wilms et al. (1999) argued that
the radio emission is associated with a compact self-absorbed jet
(R. Fender et al. 1999; S. Corbel et al. 2000). Over the past decades
(~ 40 yr), GX 339—4 has undergone numerous outbursts (> 20),
enabling every time a better understanding of the radio compact
jet during quiescence (E. Tremou et al. 2020), the hard states and
its quenching during its transition to the soft state (R. Fender
etal. 1999), and the relation between the accretion disc and the jet
(disc—jet coupling; D. C. Hannikainen et al. 1998; S. Corbel et al.
2000, 2003, 2013; S. Markoff et al. 2003; J. Homan et al. 2013).
Furthermore, GX 339—4 was the first source to show X-ray corre-
lations with an infrared jet, and optical disc (e.g.: J. Homan et al.
2005; M. Coriat et al. 2009; M. M. Buxton et al. 2012). Therefore,
GX339—4is an ideal target for dense monitoring in order to help
us to better understand the launching mechanisms of compact
jets in systems rising out of quiescence, how they are connected
to the accretion signatures and what is their interaction with the
surrounding medium when it goes through a ‘hard-only’ or ‘full’
outburst.

In this paper, we present the results of a five years long, weekly
radio, X-ray, and optical monitoring of the key X-ray binary
source, GX 339—4, as of The HUNt for Dynamic and Explosive



Radio transients with MeerKAT! (ThunderKAT, R. Fender et al.
2017) project.

2 OBSERVATIONS

2.1 MeerKAT radio observations

As part of the ThunderKAT monitoring program, we visited the
field of GX 339—4 once per week from 2018 September until 2019
March, with a 15-min integration time. Afterwards, we decreased
the integration time by 5 min (10 min on source in total) due to
our existing knowledge of the field and the ability to reach the
desired sensitivity. Here, we present 252 epochs of weekly data
taken between 2018 November and 2023 October. The MeerKAT
radio telescope (F. Camilo 2018) is located in the Karoo desert
in South Africa and comprises 64 antennas, of 13.5 m diame-
ter each, with a maximum baseline of 8 km. Observations were
made using the L-band (900-1670 MHz) receiver, centred at 1284
MHz with 856 MHz bandwidth. Observations typically alternated
between the target and phase calibrator (J1744—5144), while a
bandpass/flux calibrator (J1939—6342) was also observed. All
observations were obtained in full polarization mode (I, Q, U,
V Stokes parameters recorded), however given the polarization
properties were beyond the scope of this project, no polariza-
tion calibrator was observed to allow for cross-hand (XY and
YX) calibration. The data were flagged using TRICOLOUR? (B. V.
Hugo et al. 2022) and were calibrated using the Common Astron-
omy Software Application® (CASA; CASA Team et al. 2022). The
OxkAT* (I. Heywood 2020) pipeline was used for the 1GC calibra-
tion (phase correction, antenna delays, and bandpass correction).
Imaging, self-calibration and direction-dependent calibration of
the data were carried out with the wide-band, wide-field imager,
DDFACET (C. Tasse et al. 2018) and the KILLMS package (O. M.
Smirnov & C. Tasse 2015) for direction-dependent calibration.
For the imaging, we set the image size to be 8192 x 8192 pixels,
1.5 arcsec cell size, while we used Briggs weighting with a robust
parameter of —0.7 in order to achieve a compromise between
angular resolution and the level of sidelobes of the synthesized
beam. The average rms noise of a single epoch is 34 pJybeam™!
and the single-epoch images are publicly available at https://doi.
org/10.48479/4fpqg-sd16. An example of a single-epoch radio map
at L band is shown in Fig. 1. We used the PYBDSF’ source finder
software to extract the position and flux density of GX339—4 in
each epoch. Furthermore an extensive blind search for variables
and transients in the field of GX339—4 revealed the discovery
of the first transient with MeerKAT, as well as several long-term
variable sources (see L. N. Driessen et al. 2020, 2022, for details).

2.2 ATCA radio observations

GX339—4 was observed with the Australia Telescope Compact
Array (ATCA) for eight epochs between 2020 April and August
(project code: C1199, PI: S. Corbel). The array’s configuration
varied. Three observations were taken with the 6A configuration,
three with the 1.5C configuration, one in the H214 configuration,

Thttp://www.thunderkat.uct.ac.za/
Zhttps://github.com/ratt-ru/tricolour
3https://casa.nrao.edu/
4https://github.com/IanHeywood/oxkat
Shttps://www.astron.nl/citt/pybdsf/
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and the last one with the EW352 configuration. The integration
time per observation spanned between 2 and 4 h depending on
the expected flux density of GX 339—4, ensuring a solid detection.
All of the observations were taken in the 4-cm band; central
frequencies of 5.5 and 9 GHz with a total bandwidth of 2 GHz in
each of these two basebands. Similarly to MeerKAT observations,
J1939—6342 was used as the flux calibrator and for bandpass
corrections and PMN J1650—5044 was used as the phase cali-
brator for gain corrections. The data were calibrated following
the standard procedures with CASA and were imaged and self-
calibrated using KILLMS and DDFACET with a robust parameter
of —0.3 for an optimal trade-off between angular resolution and
sensitivity. We also imaged using different parameters such as
uniform weighing in order to achieve the sharpest possible reso-
lution. We also used the source finder software PYBDSF to extract
the positions and flux densities of GX 339—4 and the large-scale
outflow. A full list of observations is presented in Table Al.

2.3 Swift XRT X-ray observations

We used data taken by the Swift X-Ray Telescope (XRT) instru-
ment (D. N. Burrows et al. 2000) as part of a dedicated monitor-
ing program (SwiftKAT, PI: S. Motta) associated with the Thun-
derKAT project. Data were taken any time the source was not
observationally constrained due to the proximity to the Sun. For
our analysis, we include measurements made from 2019 January
through 2023 September where the source position was not close
to the Sun. We used 145 observations from XRT in both photon
counting (PC) and windowed timing mode that are close in time
to our radio observations. Photon pile-up was negligible at low
photon count rates, while for higher count rates (>0.2 counts,
PC mode), we filtered grade 0 events and used annuli of variable
inner and outer radii to account for it.

We used the output of the standard pipeline processing and
analysed the data using the XSPEC software package (K. A. Ar-
naud 1996). We fit the energy spectra accounting for interstel-
lar absorption, which is modelled with an equivalent hydrogen
column density (Ny) by using abundances given in J. Wilms,
A. Allen & R. McCray (2000). We applied Cash statistics (W.
Cash 1979) to obtain the X-ray flux from the individual low-
count spectra. A power-law model (tbabs x powerlaw) was
used for the spectral fit during the hard state, while in the other
states, we used an absorbed multicolour disc blackbody to which
we add a power law component to take into account residual
high energy tails, tbabs x (diskbb + powerlaw). All ob-
servation IDs and the obtained fluxes (3-9 keV) are presented in
Table A2.

2.4 MAXI GSC observations

GX339—4 is observed by the Monitor of All-sky X-ray Image
(MAXI; M. Matsuoka et al. 2009) with the Gas Slit Camera.
We downloaded publicly available data (2-6 keV) covering 5 yr
(2018-2023) from the on demand MAXI website, http://maxi.
riken.jp/mxondem/.

2.5 MeerLICHT observations

MeerLICHT is an optical wide-field telescope, located at the
Sutherland station of the South African Astronomical Obser-
vatory in South Africa (S. Bloemen et al. 2016). It is equipped
with a 10 560x 10 560 STA CCD detector sampling the sky at 0.56

MNRAS 546, 1-17 (2026)
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Figure 1. Example of a single-epoch L-band MeerKAT radio map showing 1.5x 1.5 deg of the field centred on GX 339—4 (cross mark). The rms noise
is 32.6 pWybeam~! enabling the detection of weak sources down to 100 wJy. It was taken on 2021 June 19 (MJD 59384), with an integration time of 10

min on source. The circular synthesized beam size is 5 arcsec.

arcsec pixel~! for a total field of view of 2.7 sq deg. MeerLICHT
was designed as a prototype for the BlackGEM array (P. J. Groot et
al. 2022), and its express purpose is to shadow the MeerKAT array
on the sky whenever possible. As a back-up/filler program to
the MeerKAT-shadowing program MeerLICHT performs a high
cadence survey of priority targets. The field of GX 339—4 is one
of the standard back-up fields and has been monitored since the
start of full operations in early 2019 when the source was visi-
ble during the night-time and if possible, it was observed quasi-
simultaneous with MeerKAT.

The MeerLICHT telescope has a stricter pointing restriction
towards the east (HA>—3h) due to vignetting by the dome rim.
Hence, the overlap period of the optical with the radio/X-ray
data is limited. Although the MeerLICHT telescope remained
functioning throughout the full COVID-19 period due to its re-
mote operations,the ground-based optical data are additionally
impacted by weather.

The MeerLICHT telescope has a six-slot filter wheel equipped
with an optimized Sloan set (u, g, r, i, z) as well as a wide-band
(440-720 nm) g-band filter. Observations on the back-up fields are
performed in the u, g, and i bands, which therefore make up the
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bulk of the data. All data are processed using the BlackBOX/zZoGY
pipeline (P. Vreeswijk & K. Paterson 2021; Vreeswijk et al., in
preparation) which performs standard CCD data reduction pro-
cedures as well as image subtraction for variables/transients us-
ing the ZoGY software (B. Zackay, E. O. Ofek & A. Gal-Yam
2016). The magnitude calculation is based on PSF (point spread
function) fitting photometry and BLACKBOX uses the PSFEX (E.
Bertin 2011) tool for accurate PSF modelling. All MeerLICHT
data are calibrated astrometrically to the Gaia DR2 (Gaia Collab-
oration 2018) frame using International Celestial Reference Sys-
tem (ICRS) coordinates at epoch 2015.5, and photometrically to a
set of Gaia-centred photometric standard stars. All MeerLICHT
magnitudes are on the AB system (J. B. Oke 1990). Over the
period of consideration here GX 339—4 was observed 903 times
in the u, g, i bands in three observing seasons. A summary of the
MeerLICHT observations can be found in Table A3.

An extensive analysis of the optical properties of the source
and how they are correlated to the multiwavelength observations
is planned to be presented in a follow-up study by Alabarta et
al. (in preparation). However, here, we consolidate all optical,
radio, and X-ray data into a singular, authoritative legacy data



set, establishing a valuable and sustainable resource for future
research and analysis by the community.

3 RESULTS

We present the results of the densest ever quasi-simultaneous
monitoring of the black hole X-ray binary, GX 339—4, at radio, X-
ray, and optical wavelengths using radio data from the MeerKAT
and ATCA radio telescopes, X-ray data from Swift and MAXI,
and optical data from the MeerLICHT telescope. We observed
the source for a five-year period covering four outburst phases
between 2018 and 2023. Fig. 2 displays the radio, the X-ray and the
optical light curves over the five years. The bottom panel shows
the optical data in AB magnitudes, the second panel from the
bottom the radio flux density from MeerKAT and ATCA, and the
middle panel shows the 2-6 and 15-50 keV X-ray flux of MAXI
and Swift/BAT, respectively. The top panel shows the Swift/XRT
3-9 keV X-ray flux that was obtained quasi -simultaneously with
the radio observations. The grey shaded background indicates the
time periods when the source was in the soft X-ray state. Table 1
shows the summary of the outburst phases and their major prop-
erties.

3.1 The 2018-2019 (MJD 58446—58649) outburst. A
‘hard-only’ outburst or a long-lived hard state?

Following a quiescent state during the second half of 2018 (E.
Tremou et al. 2020), GX 339—4 went into an outburst, beginning
with a rapid X-ray rise at the end of 2018 November (MJD 58446;
E. Tremou et al. 2018).

The 2018-2019 event was characterized as a ‘hard-only’ out-
burst, as it failed to enter the soft X-ray state characteristic of
a typical ‘full’ outburst. The source remained in the hard X-ray
state for a total of 204 d. This hard state persisted throughout
2019, before the source finally transitioned into the soft state in
early 2020. This non-transition is likely because the outburst did
not reach the mass accretion level required to trigger the state
change. The photon index (I") of the hard state remained rela-
tively flat (I' ~ 1.5, see Fig. 3) as the outburst progressed, a value
comparable to the 2017-2018 ‘hard-only’ phase (see S. E. M. Haas
et al. 2021). Although some steepening of I" was noted at the very
beginning of the 2018 outburst, early Swift/XRT data were un-
available due to the source being Sun-constrained. However, the
dense radio monitoring can probe an outburst earlier than high-
energy bands when those are unavailable. ‘Hard-only’ outbursts
may sometimes be confused with reflares/mini-outbursts (P. J.
Callanan et al. 1995; W. Chen, C. R. Shrader & M. Livio 1997,
J. A. Tomsick, E. Kalemci & P. Kaaret 2004; P. G. Jonker et al.
2012; J. Homan et al. 2013; A. Patruno et al. 2016), as both reach
comparable X-ray flux levels that are still lower than full outbursts
(C. Brocksopp et al. 2004). Regardless, the system never reached
its quiescent X-ray level (M. Coriat et al. 2009; S. Corbel et al. 2013;
E. Tremou et al. 2020), similar to the 2002 outburst (M. Coriat
etal. 2009; S. Corbel et al. 2013). This continuous activity suggests
the 2018-2019 phase may be a prelude or part of the subsequent
2020 outburst (see Section 3.2), implying the system underwent
one of the longest hard X-ray states ever observed (~ 1.2 yr).

The main difference between full and hard-only outbursts is
the failure of the latter to reach the critical mass accretion level.
During these ‘hard-only’ events, there may also be less efficient
coupling between the jet and the accretion flow (S. E. M. Haas
et al. 2021). The mechanism powering renewed activity during
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the decay or from quiescence remains unclear (G. B. Zhang et al.
2019; K. Alabarta et al. 2021). Similar to Swift/XRT, observations
in optical were not possible (the source was not visible in the
night-time) during the 2018-2019 outburst (see Fig. 2, bottom
panel).

Within two months of the X-ray rise, the radio emission
peaked, reaching a flux density of 4.2 mJy (MJD 58515) at
1.28 GHz. The radio flux then entered a slow decay phase, reach-
ing a minimum flux density of 295 pJy on MJD 58650, which is
still ~ 5 times higher than the quiescent radio level (S. Corbel
etal. 2013; E. Tremou et al. 2020). Following this decay, the source
started rising again.

Our series of quasi-simultaneous radio and X-ray observations
cover both the rise and decay of this long hard state. The radio
spectral index remained relatively flat during this entire period,
indicating that the compact jets were actively building up.

3.2 The 2019-2020 (MJD 58650—59180) outburst phase

Following the hard state of the 2018-2019 outburst, the source
underwent a critical transition phase. Although Sun constraints
prevented Swift/XRT data acquisition during the hard-to-soft
state transition in 2019 December, the X-ray state change was
later confirmed. Our first available Swift/XRT data, from 2020
early February (MJD 58887), showed that the source had suc-
cessfully transitioned to the soft X-ray state, where it remained
for approximately two months until 2020 mid-April (MJD 58957).
The transition from the hard to the soft state is typically char-
acterized by the hard X-ray peak (middle panel, cyan points in
Fig. 2) preceding the soft X-ray peak (W. Yu et al. 2003; S. Corbel
et al. 2004; W. Yu, M. van der Klis & R. Fender 2004). This delay is
due to the cooling of the corona (which produces the hard X-ray
emission) and the corresponding increase in thermal emission
(middle panel, yellow points in Fig. 2) from the accretion disc
(soft X-rays). For the 2019-2020 outburst, we observed the soft
X-rays peaking ~ 20 d (MJD 58850) after the hard X-rays (MJD
58830). The subsequent peak of the hard X-rays at MJID 58950
(following the soft state) indicates the transition back to the hard
state, marking the beginning of the decay phase and the re-build
up of the steady jet.

During the hard-to-soft state transition, the accretion disc in-
creases its thermal emission (soft X-rays), simultaneously cooling
the corona (hard X-rays). The delay between the maximum flux
observed in the hard and soft X-ray bands has previously been
used as an indicator for the accretor’s nature (black hole versus
neutron star). The optical flux increased rapidly during the initial
rise of the 2019-2020 outburst (~1.5 optical magnitudes in all
filters) following the radio flux, and the X-ray non-thermal power-
law component (see Fig. 2 and Table A3). Although we miss
the optical behaviour (Sun constraints) of the source during the
hard-to-soft state transition, where the jet emission is suppressed
or quenched and the optical flux is dominated by the thermal
emission from the outer accretion disc, we could see the optical
re brightening after the MJD 58950. As the system re-enters the
hard state, the compact jet is reformed and the dominant optical
emission switches back to synchrotron emission from the jet,
causing the optical flux to brighten again relative to the soft state
though the overall luminosity is declining.

The state transition was dramatically revealed by dense radio
monitoring, which successfully tracked the change even when X-
ray observations were not possible. The radio flux began a slow
rise from 2019 June 16 (MJD 58650). Roughly a week prior to

MNRAS 546, 1-17 (2026)



6 E. Tremouetal.

Unabsorbed
Optical Flux density Rate flux (3-9 kev)
magnitude (mJy) (counts cm™2 sec™!)(erg cm™2 sec™!)
3
(ﬂ?’ [ B B )
© 17
o | == e 7 1702y
@ = = 2
{}‘ H NE
° 2 &2 203
F 4k 1F =~ =1t B 8~Feb_0
% Z 24 1
© 0.
- i it [Plens,
\& &
Fo) u
oL 1 4L S— _2018‘4,_,9_2
b
) IS
el is -, 1t 1L ] 18-NOV_2
% 8
3 20
o | 1L 1L 1L } ] 19.Mar.08
%
2
o | a3 1L 1L 1L Azolg-ju
3% %8 n-19
Y e
° . 2019
L 5% 4 A [ E 4L 4 ‘Se :
% ‘ P24
& 20
e = 4 b *>, - S |F 1 2o“fﬁn_02
\& &
(o) s
i o -1 r -1 1 202°‘Apr.11
2 g
:! o g 1L | 1L 3 1 2020_ /u/.2 j
33 2 . 0 3
(D {}\ - - ’0
. O e%eus 11 11 1L e —2020‘0&» .
=y % C
g o| 1L - 11 11 _2021_Feb Q
% Y %
n 7S * s
ol = || } 11 11 12022,
3 -1
% 3= V4
3 248 >
°l = 1t i 190214,
5 o‘r:\’:;> 9-24
“n - G &
o e 2
ol 1L 11 1L i 021“9@(‘-0
% 2
2
o . oo 1L 11 11 ‘2022‘Mar.12
3, =
N Y
% | > '%’?;}i: d 1 < 11 i '2022‘fu;7
5 A T 20
\9 >N
&, Teries LN ®
el e | 1L 1L {20225
9p.28
£
A -0" {2023,
s | 1T 1 1 n-06
oo Jr—x.‘
< =rz=za -
(=] T mE
5 [ % T == 228ty i o A0
@ & |lasi2: o 3
I TENNT
°| | R HI 1l t % 2023,
L ] -25
% i ‘ TR —_
R > 22 Y
°t 1r =8 1l 1t = 023"Vov
g e
N N e T b = = TEETESTE
w o w o o o o o (=] o o o
| o =] | | =] | | |
= &~ N ] 2 ®

Figure 2. The X-ray, radio, and optical light curves of GX 339—4 over the five years of our monitoring campaign. The bottom panel shows the MeerLICHT
optical magnitudes (filters g, u, i), while the radio flux densities measured by MeerKAT (downward triangles: upper limits and diamonds: detections,
and dashed line: quiescent level) and ATCA (star marker) are shown in the third panel. The second panel shows the scaled 2-6 keV and 15-50 keV X-ray
flux from MAXI and Swift/BAT, respectively. The top panel shows the Swift/XRT 3-9 keV X-ray fluxes that were obtained quasi-simultaneously with the
radio observations. The shaded background indicates the times that source was in soft X-ray state based on the spectral fitting of Swift/XRT 3-9 keV data.
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Table 1. Summary of the outburst phases.

GX339—4 7

Outburst Duration State Peak radio Comments
classification flux density
) (mJy)
2018-2019 (MJD 58446—58649 203 ‘Hard-only’ 4.240.05 No major flare
2019-2020 (MJD 58650—59180) 530 ‘Full/successful’ 88.84+0.13 Major flare and discrete ejecta
2021 (MJD 59188—59607) 419 ‘Full/successful’ 27.940.03 Major flare and discrete ejecta
2022 (MJD 59797—59965) 168 ‘Hard-only’ 3.84+0.04 No major flare
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Figure 3. Evolution of the photon index I' during the 2018-2019 out-
burst using Swift/XRT data.

the main flare (MJD 58837), the radio flux density sharply de-
creased by a factor of ~ 3. This initial drop signals the ‘switch-
off of the compact jet as the system moves into the soft state
(R. Fender et al. 1999; S. Corbel et al. 2000). The jet quenching
process is frequency-dependent: the jet break frequency (v; J.
C. A. Miller-Jones et al. 2012; D. M. Russell et al. 2013; T. D.
Russell et al. 2014, 2020) moves down in frequency, causing lower
frequencies to become optically thin over time. This process can
take a few days, and does not have to be accompanied by discrete
ejection events (i.e. MAXI J1836—194, T. D. Russell et al. 2014).
The quenching was immediately followed by the brightest radio
flare ever detected for GX 339—4, reaching a flux density of 88.8
mly at L band at the end of 2019 (MJD 58845). Following the
major flare, the source entered the soft state, where it showed
persistent radio emission similar to that seen in XTE J1748—288
(C. Brocksopp et al. 2007), MAX1J1535—571 (T. D. Russell et
al. 2019), and MAXI J1820 + 070 (J. S. Bright et al. 2020). This
soft state emission is not associated with ongoing core jet pro-
duction. Instead, the steep spectral indices (¢ < —0.5) suggest
it is connected to emission from large-scale downstream ejecta
(Fig. 4). As expected (B. A. Harmon et al. 1995; R. P. Fender 2001;
E. Gallo et al. 2004), the major radio flare was followed by an
ejection event that we detected as an extended outflow at radio
frequencies (5.5 and 9 GHz) observed with the ATCA, spanning
from 2020 April 20 (MJD 58959) until August 15 (MJID 59076), see
Section 3.2.1, below. The launch of the discrete ejections and how
all those events are linked, has not been derived clearly yet (R. P.
Fender et al. 2009; J. C. A. Miller-Jones et al. 2012; A. P. Rushton
et al. 2016; D. M. Russell et al. 2020).

The source then underwent a decay phase, reaching the quies-
cent radio level (~70 pwJy; E. Tremou et al. 2020) on 2020 Novem-
ber 28 (MJD 59181). The detection of soft state radio emission
is a very interesting result that helps us to add one more LMXB,
GX339—4, to the short list of sources that show long-lived soft

Figure 4. Spectral index following the flare during the 2019-2020 out-
burst. Noting here that the spatial resolution from ATCA is higher than
the one from MeerKAT. The grey shaded background indicates the time
that source was in soft X-ray state.The spectral index from ATCA data
turns to positive at the soft to hard transition.

state radio emission (C. Brocksopp et al. 2007; T. D. Russell et al.
2019; J. S. Bright et al. 2020; F. Carotenuto et al. 2021a). The
nature of the soft state radio emission can be studied through,
high angular resolution radio observations where they indicate
a link between the soft state radio emission and the relativistic
ejections.

3.2.1 The major radio flare and the subsequent transient jet

The system’s radio flux density decreased significantly on MJD
58837, indicating the quenching of the compact jet when the
transition occurred.

A week later, a strong major flare (88 mlJy) was caught by
MeerKAT observations coinciding with the peak of the soft X-
rays (MJD 58845/2019-12-28). The L-band MeerKAT bandwidth
of 856 MHz was split into four sub-bands and we imaged them
individually in order to obtain a spectral index of & = 0.1, imply-
ing strong optically thick emission from the onset of the flare. We
divided the ~10-min scan of MJD 58845 into 10 chunks of equal
temporal length, and we imaged them separately to search for
any potential variability (Fig. 5, top panel). The light curve does
not show any significant variability, although the flux density
is higher than the 2003 flare event that was observed at higher
frequencies (E. Gallo et al. 2004), assuming a relatively steep radio
spectral index (« = —0.7) after a major flare, such that the L-band
flux density would be greater than that at higher frequencies.

The observations taken the week after the major flare showed
a drop in flux density by a factor of ~ 4, while afterwards the
flux density increased again, reaching ~ 50 mJy (Fig. 5) on MJD
58868, after which the decay of the outburst started. Fig. 5 (bot-
tom panel) shows the 10-min long observation on MJD 58 868
split into ten 1-min intervals, when the flux density decreased by
~ 4mJy within the first 5 min.
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Figure 5. Light curve of GX 339—4 with 1 min intervals during the time
of the major flare on 2019-2020 outburst where it reached its peak flux
density. Top: 2019 December 28, MJD 58845 (major flare). Middle: 2020
January 03, MJD 58851. Bottom: 2020 January 10, MJD 58868. The flux is
decreasing by ~ 4 mJy within 5 min.

3.2.2 First detection of moving GX 339—4 core with MeerKAT

Starting on 2020 March 14 (MJD 58922), we observed a shift
of the peak flux density to the west relative to the position of
the GX 339—4 core, which continued until 2020 July 04 (MJD
59034; see Fig. 6). However, the resolution was limited and did
not allow us to resolve any discrete jet component. Later, on 2020
April 20 (MJID 58959), we obtained the first ATCA observations at
higher frequency than MeerKAT. Due to the array’s configuration
(H168/ hybrid configuration with a maximum baseline length
in the north-south direction of 168 m ~10 arcsec), we did not
resolve any jet component at this time, but the next five ATCA
observations with higher resolution (~ 2arcsec) allowed us to
confirm the presence of a second component by detecting a knot
to the west at 5.5 and 9 GHz (Fig. 7). The ejection event followed
the major flare and it was detected for 42 d (until MJD 59004)
with its flux density peaking at ~ 2 mJy (Fig. 8). The jet displays a
steep optically thin radio spectrum (Fig. 8, top panel/bottom plot)

MNRAS 546, 1-17 (2026)

ranging between o~—1 and ~—1.5 similar to the ejection event
in 2002 (R. P. Fender et al. 1997; E. Gallo et al. 2004). Tracking the
jet component for 42 d allowed us to fit its linear trajectory with
a ballistic motion, R () =  (f — tejection), Where R is the angular
separation of the component from the core at time ¢ and u is
the proper motion. We obtained a proper motion of u = 32.2 +
0.7 masd~! (Fig. 8). For a distance of 8.4 kpc, the projected jet
velocity of GX339—4 is ~ 1.56¢, meaning that the jets display
apparent superluminal motion similar to the 2010 outburst (S.
Corbel et al. 2010), constraining the inclination angle to 6 = 57.4
deg. For unpaired ejecta, we solve for 8 cos 6 using the equation
(1) below for a distance, d = 8.4kpc,and u = 32.2 £ 0.7masd!.

_ Bsind ¢
Happ = 1—pBcosfd

The estimated ejection date results in fejection = MJID 58910.1
=+ 1.4 d, which implies that the ejection happened ~ 65 d after
the major flare triggered by the hard-to-soft X-ray state transition
(MeerKAT observations, MJD 58845) and ~ 12 d before we see a
shift in the position towards the jet direction in MeerKAT images
(see Fig. 6 and images at https://doi.org/10.48479/4fpq-sd16).
The ejection detected by ATCA seem to be temporal inconsistent
with the shift seen by the MeerKAT maps (MJD 58910) implying
an earlier ejection date, or a separate ejection event following a
more complicated motion rather a simple ballistic trajectory (S.
Corbel et al. 2002). MeerKAT telescope is a very good instrument
at picking up low surface-brightness emission that might be re-
solved out by ATCA, hence it is very plausible that it could be
detecting an earlier ejection event.

The trajectory of the transient jet resolved by ATCA is consis-
tent with simple ballistic bulk motion (L. F. Rodriguez & I. F.
Mirabel 1999).

After the source made the transition back to the hard state and
the compact jet reappeared at the position of the core, the flux
density of the steady jet (compact jet) was reduced by a factor of
~ 6 during the 42 d that we monitored both the core and the large
ejection event (Fig. 9, top panel). The core radio spectral index
determined from the ATCA observations remained flat during
this time (Fig. 9, bottom panel).

»

3.3 The 2021 (MJD 59188—59607) outburst

Following the completion of a ‘full’ outburst in 2020, the system
entered a brief quiescent phase lasting ~ 1.5 months (until MJD
59211). A rapid rise began on 2021 January 04 (E. Tremou et
al. 2021), marking the start of a new outburst on MJD 59218.
The 2021 outburst followed a full cycle progression. Initially,
the source reached a plateau in hard X-rays during its peak lu-
minosity, implying a long stay of ~ 40 d in the hard state, which
delayed the transition to the soft state (similar to the 2004 out-
burst; S. Corbel et al. 2013). The source successfully transitioned
into the soft X-ray state on MJD 59300 (hard-to-soft transition).
It remained in this soft state for an extended period of almost
6.5 months until MJD 59489. The duration of the soft state in
2021 was notably longer compared to the 2020 outburst, even
though the overall 2020 outburst lasted longer. The hard X-ray
peak observed on MJD 59489 (Fig. 2) indicated the system was
transitioning back to the hard state (soft-to-hard transition; S.
Corbel et al. 2021). The source completed its outburst at the end
of 2021 (MJD 59572) and returned to quiescence. The transition
into the soft state evolved rather slowly in 2021 compared to the
2020 outburst. The extended duration in the soft state suggests
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Figure 6. 40 x 40 arcsec cutout MeerKAT images displaying the position shift evolution for ~ 24 weeks during the 2020 outburst. Each image has an
identical stretch and contrast. The images are in chronological order starting from MJD 58880 where the first shift was observed (top left) until MJD
59042 where the position shift disappears (bottom right). The contours start from the 3 xrms noise level of ~ 35 pJy beam~! and increase by factors of 2,
while the cross mark indicates the position of the GX 339—4 core. A westward shift (along the jet direction) is noted from MJD 58922 until MJD 59034.

a prolonged period where the inner accretion disc was cooled
and dominant (thermally soft). A hard X-ray reflare was observed
on MJD 59493 at the end of the soft state. This X-ray re-flare is
directly associated with the second radio flare and is linked to the
build-up of the compact jets during the transition from the soft
state back to the hard state (S. Corbel et al. 2013).

In the optical, we could only track the source during the soft
state where it remained at the same flux level overall and no
significant variability was recorded.

The radio emission tracked the state transitions closely: sim-
ilar to the 2020 outburst, at the beginning of the soft state, the
compact jets quenched, indicated by a flux density drop by a
factor of ~ 4 on MJD 59301 (hard-to-soft transition). Immediately
following the quenching, the flux rose again, reaching its peak
radio flux of 27.9 mJy on MJD 59314. Subsequent observations
showed a lower flux density, suggesting this was the decay of the
first major flare. A second radio flare, which attained the peak
flux density of ~ 4 mJy for the late stages of the 2021 outburst,
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10 E. Tremou et al.

MJD:58970.0 ‘MJD:58970.0
i (C? ‘i 1e-03
] 3]
8e-04
= P Y
; O
- | . S
6e-04
5 = )
T Right Ascemsion (12 12000) e E
©
[
= o |
>
>
1 4e-04
% — .

(=] = 208
- oo 1 0e+00
: (C Q

(%] & L

Figure 7. ATCA radio maps at 5.5 GHz (left) and 9 GHz (right) of
GX339—4 showing the transient ejection event between 2020 May (MJD
58970) and 2020 June (MJD 59004). The cross symbolizes the position
of the core. The grey contours start from the 30 significance level and
increase by factors of 2.

was noticed on MJD 59493 (soft-to-hard transition). This flare
is associated with the hard X-ray reflare and is connected to the
evolution from optically thin to optically thick synchrotron emis-
sion as the compact jets are rebuilt. Considering the peak of the
major flare on MJD 59314, a search was conducted for a poten-
tial large-scale structure (ejection event) triggered by the hard-
to-soft transition. Although a jet component was challenging to
be detected with the resolution of MeerKAT at L band, a clear
positional shift from the GX 339—4 core was noted on MJD 59335,
lasting until ~ MJD 59484 (Fig. 10). This was associated with the
core fading and the location of the peak flux density shifting. Al-
though the angular separation between the first couple of epochs
did not show a large positional, the ejection followed a linear
track overall (Fig. 11) with a proper motion of 32 +4 masd ™.
The inferred ejection date, calculated from the proper motion,
is MJD 59388 + 8 d, which corresponds to ~ 2 months after the
major flare. This measured proper motion is consistent with those
seen in previous outbursts, such as the 2020 outburst, the 2002
event (E. Gallo et al. 2004), the 2024 outburst (G. Mastroserio
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Figure 9. Top: light curve of the core (emission from the compact jets)
of GX 339—4 at 5 and 9 GHz with ATCA observations observed after the
transition from soft to hard state. Bottom: using the ATCA observations,
the plot shows the evolution of the core’s spectral index which remains
flat.

et al. 2025), and is similar to what has been seen in GRS1915
+ 105 (J. C. A. Miller-Jones et al. 2005). Unlike sources such
as H1743-322, V404 Cyg (J. E. McClintock et al. 2009; J. C. A.
Miller-Jones et al. 2012, 2019; A. J. Tetarenko et al. 2019) do not
show consistent jet ejecta proper motions between their different
outbursts.
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3.4 The 2022 (MJD 59797—-59965) outburst. A ‘hard-only’
outburst

Following a nearly seven-month quiescent state (from MID
59608 to MJD 59790), GX 339—4 entered another outburst in
2022 early August (K. Kobayashi et al. 2022; E. Tremou et al.
2022). This outburst lasted for almost six months, from MJD
59797 until MJD 59965, and was characterized as a ‘hard-only’
event.

Similar to the 2018-2019 event, the 2022 outburst did not fol-
low the typical ‘full’ outburst progression. It completely failed to
enter the intermediate soft state, instead remaining in the hard X-

ray state for approximately 168 d. X-ray observations (Swift/XRT)
confirmed the hard state throughout both the rise and the de-
cay phases. As the outburst progressed, the photon index (I")
remained flat (I ~ 1.5), a value comparable to the previous ‘hard
only’ outbursts observed for this source. The fact that the source
remained in the hard X-ray state for its entire duration suggests
the mass accretion rate did not reach the high level necessary to
cause the inner accretion disc to significantly cool and transition
to the soft state.

During the outburst, the radio flux density of the source
reached a maximum of ~ 3.8 mJy on 2022 September 24 (MJD
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Figure 11. Angular separation of the large outflow from the core of
GX339—4at1.28 GHz as seen by MeerKAT during the 2021 outburst. The
plasmon follows a linear motion covering 31.8 + 4 masd~!. The possible
ejection date is calculated at MJD 59 388 + 8 d.

59846), after which its brightness began to decrease. This radio
emission is associated with the compact jet that is characteristi-
cally present during the hard state of black hole X-ray binaries. A
series of quasi-simultaneous radio observations were conducted
using the MeerKAT radio telescope during this hard state. Follow-
ing the decay, the source returned to quiescence for another ~ 9
months until a new outburst began to rise in 2023 early October
(K. Alabarta et al. 2023; M. M. Nyamai et al. 2024; Nyamai et
al.,, in preparation). Minor weekly variability was noted during
this quiescent phase, primarily resulting in non-detections (upper
limits) but also including a couple of radio detections close to the
quiescent level (see Fig. 2).

3.5 On the radio/X-ray correlation

In Fig. 12, we place our quasi-simultaneous radio and X-ray mea-
surements from this study on the X-ray-radio plane. We choose
observations taken within 24 h from the radio observations, to
compare our results with the existing large sample (a series of
radio and X-ray observations of the system; S. Corbel et al. 2013).
Table 2 indicates the exact dates that represent each phase of the
outburst and the data points of Fig. 12. We note the difference in
frequency of our MeerKAT L-band data compared to the standard
5 GHz radio/X-ray correlation, however we assume a flat radio
spectral index that is usually present during the hard state. All the
data shown in Fig. 12 are taken in the hard state of the source.

Due to Sun constraints some of the phases were not fully cov-
ered due to the lack of Swift/XRT observations. We also did not
fully cover the rise of the 2018-2019 outburst and the decay of the
2021 outburst.

During the 2018-2019 outburst and the 2022 ‘hard-only’ out-
burst, the slope of the radio/X-ray correlation remains consistent
with the fit from the GX339—4 data presented in S. Corbel et
al. (2013) and we cannot conclude significant flattening as has
been discussed by S. E. M. Haas et al. (2021). However, we note
that we only have two data points from the 2018-2019 rise, which
limits our sampling. The radio spectral index remains relatively
flat during both the rise and decay of the 2018-2019 and the 2022
outbursts, where the compact jets are increasing in flux (Fig. 13).

As the 2019-2020 outburst progresses the spectral index
changes from flat to optically thin. Interestingly, the radio spectral
index during the decay of 2020 and 2021 remains optically thin,
as the radio emission is dominated by the large-scale jet emission.
Although, the radio spectral index may be an important indicator
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for radiative behaviours between the rising and decaying phases
but the limited radio band may not be fully representative of the
whole jet spectrum (S. Barnier et al. 2022).

The limited angular resolution of the L-band MeerKAT did not
allow us to resolve the inferred transient plasmon from the core.
Hence, the contribution of the large-scale outflow to the total
radio emission detected by MeerKAT ~ 5 arcsec resolution is
significant and unknown. Therefore, we exclude from the corre-
lation plot (Fig. 12) both 2020 (April-October) and 2021 (May-
December) decays. However, we plot in Fig. 12 in pink the 9 GHz
radio flux density (higher frequency ATCA observations) as a
function of the 3-9 keV Swift/XRT X-ray flux. Those observations
were taken during the decay of the 2020 outburst and the high
angular resolution allows us to resolve the compact jet from the
transient ejecta and measure the flux density of the core (compact
jet; see Fig. 7).

4 DISCUSSION

We have presented weekly quasi simultaneous radio, X-ray, and
optical observations of the recurrent black hole X-ray binary,
GX 339—4, covering a period of five years (2018-2023). This mon-
itoring represents the densest and longest-standing campaign of
this source using some of the main optical, radio, and X-ray facil-
ities currently available such as MeerLICHT, MeerKAT, ATCA,
and Swift and MAXI. Over the five years, the source underwent
two ‘full’ outbursts, in which it transitioned from the hard X-ray
spectra state to the soft state and back to the hard state before
decaying to quiescence.

At the beginning of our monitoring (2018), the source was in
quiescence (see E. Tremou et al. 2020) and a new outburst began
in late 2018, which progressed through mid-2019. However, the
source never entered into the intermediate or soft state and it did
not completely return to quiescence before rebrightening in late
2019 to undergo the 2020 ‘full’ outburst. The 2018-2019 outburst
was fainter and lasted only ~ 200 d compared to the following
ones that exceeded 370 d. This type of outburst is generally re-
ferred to as a ‘hard-only’ outburst (B. A. Harmon et al. 1994; R. L.
Hynes et al. 2000; C. Brocksopp et al. 2001, 2004, 2010; T. Belloni
et al. 2002; V. A. Aref’ev et al. 2004; S. J. Sturner & C. R. Shrader
2005; P. A. Curran & S. Chaty 2013; S. E. Motta et al. 2021) and the
cause that prevents the source from entering the soft state is not
yet well understood. ‘Hard-only’ outbursts are shorter in duration
and on-average fainter compared to the ‘full’ outbursts (B. E.
Tetarenko et al. 2016). This suggests that the lower accretion rates
may be insufficient to sustain a full outburst, since less material
from the outer disc flows to the inner regions (S. E. M. Haas et al.
2021). However, outbursts that leave the hard state and enter only
the intermediate state without transitioning to the soft state have
also been observed in the past (e.g.: R. Wijnands & J. M. Miller
2002; J. J. M. in’t Zand et al. 2002; F. Capitanio et al. 2009; C.
Ferrigno et al. 2012; R. C. Reis et al. 2012; P. Soleri et al. 2013; J.
N. Zhou et al. 2013; P. A. Curran et al. 2014). The last outburst
discussed in this work (the 2022 outburst) followed the same
‘hard-only’ track as the 2018-2019 outburst, although it lasted for
almost a month less. However, the maximum flux densities were
similar for both outbursts.

The following outburst started in 2020 June (MJD 58650) and
finished in 2021 November (MJD 59180). This outburst was the
brightest and the longest in duration (~ 1.5 yr) among the four
outbursts that we discuss in this work, and seems to be com-
parable to the 2008-2009 outburst (S. Corbel et al. 2000, 2013).
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Figure 12. 1.28 GHz radio emission from GX 339—4 in the hard state versus the Swift/XRT unabsorbed 3-9 keV X-ray flux. The rectangular markers
show the past studies from S. Corbel et al. (2013) at 9 GHz radio frequency as well as their fit in the dashed line. The coloured points display the correlation
using data presented in the current study split by rise and decay for each outburst cycle. See Table 2 below for details. The MeerKAT data taken during the
decays of the 2020 and the 2021 outbursts is not part of the correlation plot due to the unknown contribution of the the unresolved large-scale transient

ejecta that persist into the hard state decay.

Table 2. A list of the MJD dates that used for the compilation of the radio/X-ray correlation plot as shown in Fig. 12.

Time Phase
MJD 58502, 58509, 58 515 Rise 2018/2019
MJD 58523, 58530, 58537, 58543, 58551, 58567, 58574, 58582, 58588, 58593, 58602, 58607, 58614, 58621, 58628, Decay 2019
58634, 58642, 58650, 58 658

MJD 58664, 58671, 58678, 58686, 58691, 58699, 58705, 58711, 58718, 58726, 58733, 58740, 58747, 58755, 58762, Rise 2020
58768, 58775, 58 782

MJD 58970,58978,58986,58992,59001,59008,59014,59019,59026,59034,59039,59042,59049,59054, 59069, Decay 2020
59076, 59091, 59096,59104,59118,59132,59139, 59 153

MJD 59239, 59244, 59251, 59258, 59265, 59273, 59279, 59281,59286, 59 293 Rise 2021
MJD 59491, 59504, 59510, 59 518 Decay 2021
MJD 59804, 59811, 59818, 59823, 59831, 59839, 59 846 Rise 2022
MJD 59851, 59859, 59867, 59 873 Decay 2022

Although, the soft state lasted less long than that of the 2021
outburst, we were able to observe the quenching of the compact
jet by a factor of ~ 4 prior to a very bright major flare (~ 88 mJy)
and monitor the evolution of the following large-scale outflow for
almost a month.

The transient jet followed a linear motion travelling away from
the core covering 32.2 +0.7masd . ATCA data at higher fre-
quencies (4-cm wavelength) were essential in allowing us to track
this ejection. The radio spectral index of the outflow was opti-
cally thin (@ ~ —1) during this month, and the peak flux density
reached ~ 2mlJy at 5.5 GHz. The source transitioned from the
soft to the hard state on ~ MJD 58960 and the outburst decayed

until 2021 November (MJD 59180) when the source entered the
quiescent state.

It is interesting to note that the system remained in quies-
cence for only ~ 20 d (until MJD 59200). The next outburst
that occurred during 2021 was shorter compared to the previous
outburst, lasting for ~ 1 yr. The 2021 outburst was also a ‘full’
outburst where the source transitioned from the hard-to-soft state
and then back to the hard state until reaching quiescence. Com-
pared to the 2020 outburst, the rise of 2021 was faster, however,
the system remained in the hard state for a long time after the
peak of the hard X-rays before entering the soft state, similar to
the 2004 outburst (~ 5 months, S. Corbel et al. 2013). This time,
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Figure 13. The radio spectral index calculated from the MeerKAT L-band data (during the hard state of the source) split into four sub-bands and imaged
individually. We note here that the sub-band calibration has not been properly evaluated and it is challenging when the source is not bright. Hence, we
are aware that our estimates may include a few per cent of calibration errors. We choose the dates where the signal-to-noiseratio is enough to allow us

the in-band measurements.

even with the resolution of MeerKAT we detected the large-scale
outflow, as shown in Fig. 10. The detection may seem marginal
(~ 50), however the previous detected position of the outflow to
the west supports this detection. The angular separation of the
large outflow from the core of GX339—4 reached a maximum
of ~ 3arcsec. The plasmon followed a linear motion covering
31.81 +4masd~!. The inferred ejection date is calculated to be
at MJID 59388.64 + 8 d, ~ 2 months after the major flare that was
triggered at the transition state from the hard to the soft state.

S. Corbel et al. (2013) presented the longest term campaign of
88 quasi-simultaneous radio and X-ray observations of GX 339—4
during its hard state, covering a total of seven outbursts over
a 15-yr period and allowing the confirmation of the non-linear
coupling between the jet and the inner accretion flow (Lx
L8300 Our dense monitoring allowed us to add 90 more
data points to the correlation, from which 82 come from quasi-
simultaneous observations of MeerKAT and Swift/XRT, while
the rest of them (8) are from ATCA radio data. We sampled the
radio/X-ray correlation during rises and decays (hard state) when
the Swift/XRT observations were possible. In both ‘full’ outbursts,
we note the quenching of the compact jet before the source en-
tered the soft state (less radio bright comparing to the entire rise
phase). Although we observed with MeerKAT the source dur-
ing the decays of the two ‘full’ outbursts (2019-2020 and 2021),
we excluded those points from the correlation plot due to the
insufficient angular resolution. The large-scale outflow was not
resolved and its contribution to the total radio flux cannot be
clearly derived.

The ThunderKAT X-ray binary monitoring program was op-
erational for five years. GX 339—4 is an ideal candidate to probe
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the mechanisms of accretion and the connection with compact
jets during the evolution of outbursts. Hence, it has been the
key X-ray binary source in the ThunderKAT monitoring program,
which has been detecting numerous radio jets and large-scale
outflows from black hole X-ray binary systems (e.g. T. D. Russell
et al. 2019; J. S. Bright et al. 2020; E. Tremou et al. 2020; D. R.
A. Williams et al. 2020, 2022; I. M. Monageng et al. 2021; S. E.
Motta et al. 2021; F. Carotenuto et al. 2021a, b; F. Carotenuto, A.
J. Tetarenko & S. Corbel 2022; L. Rhodes et al. 2022; X. Zhang
et al. 2022; J. den Eijnden et al. 2022).

5 SUMMARY

In this work, we present the longest weekly quasi-simultaneous
radio, X-ray and optical monitoring of an LMXB, the GX 339—4.
We discuss the progression of four outbursts, two ‘hard-only’ and
two ‘full’ outbursts, and present the detection a main radio flare
showing no short-term radio variability and the subsequent de-
tection of a discrete outflow with apparent superluminal motion
of a projected speed 1.56¢ at an inclination angle of an upper limit
6 = 57.4 deg. We note that the proper motions measured from
different ejection events show a consistent motion.

We add more data points to the well-sampled radio/X-ray cor-
relation showing that the correlation index remains consistent.
However, we highlight the importance of not only the densely
sampled observations but also the need of high angular resolution
in order to resolve large outflows and distinguish between the
compact and discrete ejections. Finally, we release 252 epochs
of radio data taken by the MeerKAT radio telescope at the phase
centre of the LMXB GX 339—4.
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APPENDIX A: SOME EXTRA MATERIAL

Table Al. Radio (MeerKAT and ATCA) observations of GX 339—4.

UTC MJID Telescope Frequency S, core Ocore S, ejecta Olejecta
- - - (GHz) (udy) - (ndy) -
%x2018-09-08 58369 MeerKAT 1.28 120.20 £+ 40.1

*x2018-09-14 58375 MeerKAT 1.28 78.60 £ 26.2

2023-09-23 60210 MeerKAT 1.28 369.14 + 28.0

Notes. Epochs noted with a star sign ‘«’ represent upper limits during the quiescence phase of the source resulted in
non-detections. The complete table is provided in the Supporting Information.

Table A2. Swift/XRT observations of GX 339—4. The complete table is provided in the Supporting Information.

UTC MID ObsID Exposure Spectral Unabsorbed flux
time (s) State 3-9keV (ergcm~2s71)
2019-01-21 58504 32898182 969.6 HS 4.03E—10 £ 4.03E—-11
2019-01-22 58505 32898183 1821.0 HS 3.37E—10 £ 3.37E—-11
2023-09-08 60195 14052167 1300 HS 9.20E—12 + 9.20E—13

Table A3. MeerLICHT observations of GX 339—4. The complete table is provided in the Supporting Information.

UTC MID Filter Magnitude Seeing Airmass
2019-06-01/20:11:18 58635.841 q 18.02 + 0.01 3.001 1.22
2019-06-01/20:12:51 58635.842 u 19.85 £0.31 3.354 1.22
2023-05-28/23:13:56 60092.968 u 20.43 £ 0.54 3.821 1.04
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