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ABSTRACT
In recent years, the black hole candidate X-ray binary system H1743−322 has undergone
outbursts and it has been observed with X-ray and radio telescopes. We present 1.3 GHz
MeerKAT radio data from the ThunderKAT Large Survey Project on radio transients for
the 2018 outburst of H1743−322. We obtain seven detections from a weekly monitoring
programme and use publicly available Swift X-ray Telescope and Monitor of All-sky X-ray
Image data to investigate the radio/X-ray correlation of H1743−322 for this outburst. We
compare the 2018 outburst with those reported in the literature for this system and find that the
X-ray outburst reported is similar to previously reported ‘hard-only’ outbursts. As in previous
outbursts, H1743−322 follows the ‘radio-quiet’ correlation in the radio/X-ray plane for black
hole X-ray binaries, and the radio spectral index throughout the outburst is consistent with the
‘radio-quiet’ population.

Key words: X-rays: binaries – radio continuum: transients.

1 IN T RO D U C T I O N

Black hole (BH) X-ray binaries (BHXBs) are systems that consist of
a BH orbited by a stellar companion, typically a low-mass, evolved
star, which transfers mass by Roche Lobe overflow via an accretion
disc. BHXBs are typically discovered in outburst, when the X-
ray flux increases by several orders of magnitude (Remillard &
McClintock 2006), which is also seen at other wavelengths. BHXB
outbursts exhibit a number of different states, defined by their X-ray
spectral and timing properties (e.g. Remillard & McClintock 2006;
Belloni & Motta 2016, for relevant reviews), and are associated
with varying levels of radio emission (Corbel et al. 2000; Fender &
Belloni 2004; Fender, Belloni & Gallo 2004).

At the start of an outburst, BHXBs reside in the X-ray ‘hard’
state at low X-ray fluxes, dominated by non-thermal emission
thought to arise from Compton up-scattering of seed photons from
the accretion disc. The hard state is associated with a flat radio

� E-mail: david.williams@physics.ox.ac.uk

spectrum: S ∝ να , where S is the flux density in a given frequency
band, ν, and α is the spectral index. The radio spectral index is
∼0 for a flat spectrum compact radio jet (e.g. Corbel et al. 2000;
Fender 2001; Stirling et al. 2001), analogous to those found in
active galactic nuclei (AGN; e.g. Blandford & Königl 1979). When
a BHXB goes into outburst, the X-ray flux increases by several
orders of magnitude over a period of days to weeks (Remillard &
McClintock 2006). Usually, after spending between days to months
in the hard state, a BHXB may transition to the ‘soft’ state, which
is characterized by thermal X-ray emission from an optically thick,
geometrically thin accretion disc. Radio emission in the soft state
is observed to be very low or absent altogether, indicating that
the core jet has been quenched (Fender et al. 1999; Corbel et al.
2001; Coriat et al. 2011; Russell et al. 2011). In between these two
states lie the ‘intermediate states’ (Belloni & Motta 2016), where
the X-ray spectra evolve from the ‘hard’ to the ‘soft’ states and
transient radio ejections of material in the form of relativistic radio
jets are observed. These radio ejecta are optically thin (α < 0)
and in some sources are observed to travel into the surrounding
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interstellar medium for weeks to years (Mirabel & Rodrı́guez 1994;
Hjellming & Rupen 1995; Hjellming 1998; Corbel et al. 2002, 2005;
Hannikainen et al. 2009).

A connection between the radio and X-ray fluxes in the hard
state was discovered for the BHXB GX 339−4 and subsequently
other BHXBs (Corbel et al. 2000, 2003; Gallo, Fender & Pooley
2003; Corbel et al. 2013). This non-linear correlation takes the form
LRadio ∝ L∼0.7

X−ray, where L is the luminosity, and suggests a coupling
between the accretion flow and the compact jets observed in the
hard state. When a third variable, the BH mass, is added to this
relationship, this correlation is observed to extend to AGN masses,
and forms what is referred to as the ‘Fundamental Plane of BH
Activity’ (Merloni, Heinz & di Matteo 2003; Falcke, Körding &
Markoff 2004; Plotkin et al. 2012), suggesting that the physical
processes governing accretion and the generation of jets scale with
BH mass.

Subsequent observations of more BHXBs indicated a second
population of sources with lower radio luminosities, which popu-
late a so-called ‘radio-quiet’ track on the radio/X-ray plane (and
references therein; Gallo et al. 2003; Corbel et al. 2004; Coriat
et al. 2011). The relationship found in the earlier literature for
sources like GX 339−4 is now referred to as the ‘radio-loud’
track. The physical mechanism that leads to these two tracks is
unknown, although radiative efficiency in the accretion flow (Coriat
et al. 2011), inclination effects (Motta, Casella & Fender 2018), jet
magnetic field strength (Casella & Pe’er 2009), and the existence
of a weak inner disc (Meyer-Hofmeister & Meyer 2014) have all
been suggested as possible reasons for the two tracks. Although it
should be noted that in a statistical sense, the radio/X-ray correlation
is consistent with a single population when clustering analysis is
used (Gallo et al. 2014; Gallo, Degenaar & van den Eijnden 2018).
Thus, the observed tracks in the radio/X-ray plane are important
for understanding the differences in the physical coupling between
accretion disc and the jet physics in BHXBs.

H1743−322 is a BH candidate that was discovered in 1977
(Doxsey et al. 1977; Kaluzienski & Holt 1977), and was one of
the first sources discovered to lie on the radio-quiet track (Coriat
et al. 2011). It has undergone many complete outbursts since 2003
(e.g. see Coriat et al. 2011), and is also observed to undergo
incomplete outbursts, during which only the hard and intermediate
(Capitanio et al. 2009; Prat et al. 2009; Coriat et al. 2011), or
hard only (Tetarenko et al. 2016) states are sampled. On MJD
58363.6, H1743−322 was reported to be in the early stages of
an outburst during INTEGRAL observations of the Galactic centre
region (Grebenev & Mereminskiy 2018); the source was detected
at a 7σ level in the 20–60 keV band, increased in brightness by the
following day and was found to be in the hard state, indicative of
a new outburst (Grebenev & Mereminskiy 2018). Hence, as part of
the ThunderKAT1 Large Survey Project (Fender et al. 2017) with
the MeerKAT telescope, we started near-weekly monitoring of this
source from MJD 58366, (Fender et al. 2018), just 3 d after the first
detection of the new outburst, until a month after the end of the
outburst on MJD 58432.

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

2.1 MeerKAT radio data of the 2018 outburst

ThunderKAT observations of H1743−322 were performed at a
central frequency of 1.284 GHz, with a bandwidth of 856 MHz. With

1The hunt for dynamic and explosive radio transients with MeerKAT.

Table 1. Paired MeerKAT radio (top row) and Swift/MAXI X-ray (bottom
row) observations of H1743−322. The radio and X-ray observations were
grouped within 1 d of each other (see Section 2.2.3). The table columns are
as follows: (1) Central MJD of the radio or X-ray observation, given the
observing time (see Section 2.1, the superscript α or β denotes the phase
calibrator used: αrefers to J1712−281 and β refers to J1830−3602, whereas
the asterisks denote observations that were grouped over a larger period than
1 d, in order to provide enough photons to extract a spectral fit and as such
only the central MJD is shown, see Section 2.2 for further details.; (2) The
rms noise level estimated for the radio image, measured in μJy beam−1; (3)
The peak radio flux density at 1.284 MHz of H1743−322 in mJy beam−1 if
detected, otherwise the 3σ upper limit to the source is given; (4) The radio
spectral index, α, estimated from splitting the radio band into two equal
bandwidths (see Section 2.1); (5) The 1−10 keV flux given from spectral
fitting if detected, if not the upper limit is given, the fluxes are in units of
10−9 erg cm−2 s−1. The superscript ‘S’ or ‘M’ denotes the X-ray instrument
used to ascertain the fluxes described in Section 2.2: ‘S’ denotes Swift XRT
and ‘M’ denotes MAXI.

MJD rms Radio Spectral Unabsorbed
μJy flux index X-ray flux

beam−1 mJy beam−1 α erg cm−2s−1

(1) (2) (3) (4) (5)

58366.734α 45 0.69 ± 0.07 −0.32 ± 0.03 –
58369.728α 95 1.4 ± 0.1 −1.0 ± 0.4 –
58368.730∗ – – – 1.0 ± 0.2M

58375.705α 65 2.42 ± 0.06 −0.4 ± 0.2 –
58376.445 – – – 1.52 ± 0.08S

58382.685β 34 1.69 ± 0.05 0.03 ± 0.07 –
58382.556 – – – 1.31 ± 0.07S

58389.716β 36 0.88 ± 0.05 −0.1 ± 0.2 –
58388.271 – – – 0.79 ± 0.04S

58396.662β 37 0.32 ± 0.08 −1.0 ± 0.3 –
58397.633 – – – 0.187 ± 0.009S

58403.633β 36 0.2 ± 0.1 −0.8 ± 0.8 –
58403.470 – – – 0.071 ± 0.004S

58410.591β 39 <0.11 – –
58409.589 – – – 0.021 ± 0.001S

58418.511β 35 <0.11 – –
58418.500∗ – – – 0.009+0.006

−0.005
S

58425.487∗β 33 <0.10 – –
58425.487 – – – <0.46M

58432.468∗β 34 <0.11 – –
58432.468 – – – <0.11M

the exception of the first observation, each observation consisted of
a 15 min scan of H1743−322, interleaved by 2 min scans of the
phase calibrator: either J1712−281 (NVSS J171257−280935) or
J1830−3602 (NVSS J183058−360231), depending on the obser-
vation (see Table 1). For the initial observation (MJD 58366.734),
the target field was observed in four 10 min scans, interleaved with
2 min scans of J1712−281. The primary calibrator to set the flux
scale and band pass, PKS J1939−6342, was observed at the start of
each observation for 10 min.

To calibrate the MeerKAT radio data, we first flagged any times
of radio frequency interference (RFI). We removed the first and
last 100 channels (channel width ∼209 kHz) of the band and then
clipped visibilities with zero amplitude. We then ran AOFLAGGER

(Offringa, van de Gronde & Roerdink 2012) to remove further areas
of RFI. In general, only around ∼20 per cent of the data were flagged
at this stage. We then calibrated the data using CASA (McMullin
et al. 2007). We set the flux scale on the calibrators and then
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proceeded to solve for phase-only corrections, followed by antenna-
based delays. We computed a band pass for PKS J1939−6342 and
applied these tables to the phase calibrator, solving for the complex
gains. Finally, we scaled the gain corrections from the flux calibrator
to the phase calibrator and target, and applied all the associated
calibration tables to the target field. We performed a small amount
of manual flagging at this stage to the target field before imaging
with WSCLEAN (Offringa et al. 2014; Offringa & Smirnov 2017).

Due to several bright extended sources within the MeerKAT
primary beam, we imaged a field 204 arcmin × 204 arcmin in
size, with a pixel size of 1.5 arcsec. The synthesized beam of all
the observations was ∼5 arcsec. We used Briggs weighting with
a robust parameter of −0.85 and the autothresholding algorithms
in WSCLEAN to clean the images. The image rms noise values
of each of the data sets are given in Table 1. In addition, we
produced two images of equal spectral width to investigate the radio
spectrum evolution throughout the outburst. However, we note that
the band spans only ∼400 MHz between the two data points. In
order to estimate a flux bootstrapping uncertainty between epochs
due to variability in the flux calibrator, we used PYBDSF2 software
to extract positions and fluxes of all sources in each epoch. We
then matched all the unresolved sources and calculated an average
standard deviation of 5 per cent in the fit values for the sources,
which we fold into our flux uncertainties in quadrature in Table 1.

2.2 X-ray data of the 2018 outburst

2.2.1 Swift

We use the X-ray data obtained from the XRT instrument onboard
the Neil Gehrels Swift Observatory to extract spectra in the 0.6–
10 keV energy band through the Swift XRT product generator online
reduction pipeline (Evans et al. 2007, 2009). We fitted each spectrum
in XSPEC with an absorbed power law, with the addition of a
Gaussian line centred at 6.4 keV Fe emission when required by the
fit. We initially allowed the Galactic neutral hydrogen absorption
column parameter, NH, free to vary and fixed the value to the average
NH the fits returned, and then tied the NH across spectra, assuming
that the same NH value applies to all of them. We find that an
NH slightly different than the Galactic value in the direction of
H1743−322 (5.5 × 1022 cm−2, see HI4PI Collaboration 2016),
though still consistent with previous outbursts is necessary to fit
the data, i.e. NH = 1.99 × 1022 cm−2. We then measured the
unabsorbed X-ray fluxes in the 1–10 keV energy band, freezing
the value of the photon index, � = 1.5, and report these values in
Table 1.

2.2.2 MAXI data

The Monitor of All-sky X-ray Image (MAXI; Matsuoka et al. 2009)
observed H1743−322 throughout the 2018 outburst and the daily
light curve is publicly available. We extracted spectra using the
MAXI on demand web tool3 by selecting events collected within
3 d from a given MeerKAT observation. This results in a spectrum
covering the 2–20 keV energy band, which we fitted in the same way
as for the Swift spectra using the same NH value (see Section 2.2.1).

2https://www.astron.nl/citt/pybdsf/
3http://maxi.riken.jp/mxondem/

Figure 1. The radio (the green circles), Swift X-ray (the pink squares), and
MAXI (the black triangles) light curves of the 2018 Outburst of H1743−322,
from the data in Section 2.2 and shown in Table 1. The upper limits are
denoted with the downward arrows in the MeerKAT and MAXI data. The X-
ray data are obtained from fitting MAXI or Swift XRT data in the unabsorbed
1–10 keV energy range. The radio and X-ray data roughly track with each
other, as expected given the radio/X-ray correlation in BHXBs.

2.2.3 Simultaneity of radio and X-ray observations

The MeerKAT observations were performed roughly weekly as
part of the ThunderKAT XRB monitoring programme and the Swift
observations were made approximately every 3 d. It was not always
possible to get simultaneous radio and X-ray coverage with both
instruments. As a standard analysis, we paired up radio and X-
ray observations made within ±1 d of each other (e.g. see Gallo,
Miller & Fender 2012). The only exception is the MeerKAT data on
MJD 58389, where the nearest Swift data point was obtained 1.5 d
later. The radio and X-ray light curves are shown in Fig. 1.

3 R ESULTS & D ISCUSSION

Of the 11 radio observations, H1743−322 was detected above
the 3σ rms noise level in seven. All of the detections show an
unresolved point source at the phase centre and no transient radio
ejecta were observed. The flux density evolved smoothly across the
seven detections, from 0.69 ± 0.07 mJy beam−1 on MJD 58366 up
to 2.42 ± 0.06 mJy beam−1 on MJD 58375 and was undetected to
a 3σ noise limit of 110 μJy beam−1 on MJD 58410.

The X-ray data from Swift XRT show that the X-rays peaked
around MJD 58376.44 at 1.52 ± 0.08 × 10−9 erg cm−2 s−1, i.e.
within a day of the MeerKAT highest detected flux. We note that the
source remained in the spectral ‘hard’ state throughout the outburst,
as evidenced by the power law from the spectral fits not exceeding
1.5, giving reason to believe that H1743−322 never left the ‘hard’
spectral state in 2018. As such, we label the 2018 outburst as ‘hard-
only’. A hard-only outburst explains why no transient radio ejecta
were seen in this outburst, contrary to some previous outbursts
that underwent a full X-ray spectral evolution (e.g. Corbel et al.
2005). Tetarenko et al. (2016) report that of the 13 outbursts of
H1743−322 between the well-studied 2003 outburst and the 2015
outburst, five (∼40 per cent) separate outbursts were also found to
be ‘hard-only’. A total of 6 of the 13 outbursts completed a full
spectral evolution, and 2 were found to be indeterminate. Therefore,
‘hard-only’ outbursts are not uncommon in this source and further
investigations need to be undertaken to understand the underlying
physical differences between ‘hard-only’ and ‘successful’ outbursts.

To compare our MeerKAT observations with the archival radio
observations of H1743−322 and other hard state BHXBs on the
radio/X-ray correlation, we perform a standard analysis and convert
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Figure 2. The radio/X-ray plane of the BHXB H1743−322 for the 2018 outburst, using the MeerKAT detections with the Swift XRT detections (the black
squares). The data points, which are upper limits, are denoted with the arrows in the relevant axes. The black triangles use an averaged X-ray flux density
for the first two MeerKAT detections (see Section 2.2). The fit for the ‘radio-loud’ track from Bahramian et al. (2018) is shown as the dashed line. Plotted in
the brown circles and the pink stars are the previous detections of outbursts in H1743−322 from the compilation of Coriat et al. (2011) and other BHXBs in
Bahramian et al. (2018), respectively. The 2018 outburst of H1743−322 is consistent with the compilation data of Coriat et al. (2011), and the ‘radio-quiet’
track of BHXRBs.

the 1.284 GHz peak flux density for all our observations to 5 GHz,
assuming a flat radio spectral index, to compare directly to the
data presented in Bahramian et al. (2018). However, we note that
our observations indicate steeper radio spectra (e.g. see MJDs
58366/58396), but steeper spectra would result in the source being
more radio-quiet than the archival data. We used the 1–10 keV
fluxes from the Swift data and MAXI data. We assume a distance
of 8.5 ± 0.8 kpc, estimated from fitting a ballistic jet model to the
data of the 2003 outburst (Steiner, McClintock & Reid 2012). Our
observations show that for all five contemporaneous radio/X-ray
detections, the 2018 outburst follows the ‘radio-quiet’ track (see
Fig. 2). Furthermore, for the first two MeerKAT data points, where
only an average X-ray flux over the entire week was available, our
first detection was in the middle of the ‘radio-quiet’ track. We do
not observe any transition to the radio-loud branch, as previously
seen for this source (Coriat et al. 2011).

Recent studies of the radio/X-ray plane have suggested that
the sources GX 339−4 (the classical ‘radio-loud’ source) and
H1743−322 (the main ‘radio-quiet’ source) follow different corre-
lations when using a bolometric X-ray flux over a wider X-ray band
and when on the rise or decline of an outburst (Islam & Zdziarski
2018; Koljonen & Russell 2019). Due to the narrow bandpass of the
Swift XRT and MAXI observations shown here and the low number
of radio detections, it is not possible to perform these analyses for
the 2018 outburst of H1743−322, but future outbursts observed
with MeerKAT may allow us to investigate these properties further.

Radio-loud and radio-quiet BHXBs are observed to have distinct
distributions of radio spectral index (α) during outbursts (Es-
pinasse & Fender 2018) and therefore can be used to investigate the
physics of the jet cores in the X-ray spectral hard state. We created
two images encompassing half of the MeerKAT pass band in order
to compute a two-point in-band radio spectral index of each radio
detection during the 2018 outburst. We estimated the spectral index
and the associated uncertainty based on these images (see equations
in Espinasse & Fender 2018) and our results are outlined in Table 1.
Qualitatively, our values of α are similar to those found for other
‘radio-quiet’ sources, i.e. spectrally steep (α < 0). To quantify the
likelihood of our values of α being drawn either the radio-quiet
or radio-loud distributions, we performed a Kolmogorov–Smirnov
(KS) test on our distribution against the Gaussian distributions
reported in Espinasse & Fender (2018), with the null hypothesis
that the samples are drawn from the same distribution. We note that
formally, a KS test requires Gaussian distribution and requires a
single peak in the distribution, which our radio spectral indices do
not follow. For the radio-loud distribution, we calculated p-value of
2.0 × 10−4, allowing us to reject the null hypothesis. We report a p-
value of 0.14 for the radio-quiet distribution, which suggests that we
cannot conclude the 2018 outburst of H1743−322 is drawn from a
different distribution of spectral indices compared to those reported
in Espinasse & Fender (2018). From these diagnostics, we conclude
that the radio spectra of the 2018 MeerKAT data are consistent with
the radio-quiet sources reported in Espinasse & Fender (2018).
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4 C O N C L U S I O N S

We followed the 2018 outburst of the BH candidate X-ray binary
(XRB) H1743−322 at 1.284 GHz with the MeerKAT radio inter-
ferometer as part of the long-term XRB monitoring programme
of the Large Survey Project ThunderKAT. In total, we detected
H1743−322 seven times over the course of the 2018 outburst. We
analysed publicly available X-ray data from the Swift and MAXI
X-ray telescopes. We obtained five Swift detections with quasi-
simultaneous (observations obtained within 1 d of each other) radio
coverage. The remaining two radio data points were supplemented
with quasi-simultaneous MAXI data. We combined the MeerKAT
observations with the X-ray data to investigate the non-linear
radio/X-ray correlation for this source against that for other known
BHXB systems in the hard state. We found that the 2018 outburst
of H1743−322 followed the ‘radio-quiet’ track previously shown
by this source (Coriat et al. 2011) and the majority of BHXBs
(Motta et al. 2018). Furthermore, the in-band radio spectral index
extracted from the MeerKAT data align well with distribution of
(steeper) α observed for other ‘radio-quiet’ sources in the literature
(Espinasse & Fender 2018).

The ThunderKAT XRB monitoring programme will monitor all
bright, active, Southern hemisphere XRBs in the radio band for
5 yr. H1743−322 is well known for going into outburst every 6–24
months, and therefore the H1743−322 field will likely be revisited.
We will then construct the radio and X-ray light curves of this source
and all other sources monitored with ThunderKAT to produce one
of the largest data bases of hard-state XRBs.
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