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A B S T R A C T 

We present 21 new long-term variable radio sources found commensally in 2 yr of weekly MeerKAT monitoring of the low-mass 
X-ray binary GX 339 −4. The new sources are vary on time-scales of weeks to months and have a variety of light-curve shapes 
and spectral index properties. Three of the new variable sources are coincident with multiwavelength counterparts; and one 
of these is coincident with an optical source in deep MeerLICHT images. For most sources, we cannot eliminate refractive 
scintillation of active galactic nuclei as the cause of the variability. These new variable sources represent 2.2 ± 0.5 per cent of 
the unresolved sources in the field, which is consistent with the 1–2 per cent variability found in past radio variability surv e ys. 
Ho we v er, we e xpect to find short-term v ariable sources in the field and these 21 ne w long-term v ariable sources. We present the 
radio light curves and spectral index variability of the new variable sources, as well as the absolute astrometry and matches to 

coincident sources at other wavelengths. 

Key words: radio continuum: galaxies – radio continuum: general. 
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 I N T RO D U C T I O N  

e are entering a new era of radio astronomy where we can e x ecute
ntargeted, image-plane searches for variable and transient sources 
sing sensitive instruments with wide field capabilities. Instruments 
uch as the Australian Square Kilometre Array Pathfinder (ASKAP; 1 

otan et al. 2021 ), the Karl G. Jansky Very Large Array (VLA; Perley
t al. 2011 ), the Low Frequency Array (LOFAR; van Haarlem et al.
013 ), the Murchison Wide Field Array (MWA; Tingay et al. 2012 ),
 E-mail: laura@driessen.net.au 
 ht tps://www.at nf.csiro.au/projects/askap/index.html 

2

m

2022 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
nd the (more) Karoo Array Telescope (MeerKAT; Camilo et al. 
018 ) are unco v ering large samples of dynamic sources in the radio
ky and facilitating their detailed light-curve analyses without the 
eed for targeting each source individually. 

Previous surv e ys and inv estigations of the changing radio sky in
he image plane have revealed that ∼1–2 per cent of radio point
ources at L-band (1.4 GHz) are variable (see e.g. Ofek et al. 2011 ,
or a re vie w). 2 Many of these past searches for variable sources used
he VLA. F or e xample, Carilli, Ivison & Frail ( 2003 ) searched the
 See ht tp://www.taucet i.calt ech.edu/kunal/radio- transient- surveys/index.ht 
l for an up-to-date list of untargeted radio surv e ys. 
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ockman Hole region with the VLA on time-scales of 19 d to 17
onths and found that less than 2 per cent of sources varied; de
ries et al. ( 2004 ) used the Faint Images of the Radio Sky at Twenty

entimeters (FIRST; Becker, White & Helfand 1995 ) observations
f the zero-declination strip and found that ∼2 per cent of sources
 aried; Le vinson et al. ( 2002 ) searched VLA FIRST and National
adio Astronomy Observatory (NRAO) VLA Sk y Surv e y (NVSS;
ondon et al. 1998 ) observations and found one transient candidate;
nd Mooley et al. ( 2013 ) observed the Extended Chandra Deep
ield -South with the VLA at 1.4 GHz and found that 1 per cent of
nresolved sources were variable. The Nasu sky survey detected one
onfirmed transient source, supernova WJN J1443 + 3439 (Kuniyoshi
t al. 2007 ; Matsumura et al. 2007 , 2009 ; Niinuma et al. 2007 , 2009 ;
ida et al. 2008 ; Aoki et al. 2014 ). Recently, the VLA COSMOS H I

arge Extragalactic Surv e y (CHILES; Fern ́andez et al. 2013 , 2016 )
eld was observed 172 times o v er 5.5 yr by the CHILES Variable and
xplosive Radio Dynamic Evolution Surv e y (CHILES VERDES;
arbadhicary et al. 2021 ) team. This was a v ery sensitiv e search for
ariable and transient sources, with each epoch reaching a root-mean-
quare (rms) noise of ∼10 μJy . Ho we v er, the y only used the VLA
hile it was in B-configuration, which occurs for approximately
 months per 16-month cycle. During those 4 months, CHILES
ERDES observed the field for 1–8 h per epoch every 1–2 d. They

hen had a 12-month break where they did not monitor their sources.
he CHILES VERDES surv e y has unprecedented depth and cadence,

evealing that 58 of their 2713 ( ∼2 per cent) sources are variable.
ther telescopes have also been used to search for variables, such

s the Molonglo Observatory Synthesis Telescope (MOST; Mills
981 ) and ASKAP. Bannister et al. ( 2011 ) used MOST to observe
 large part of the sky over 22 yr. They found variability in less
han 0.3 per cent of the radio sources they observed. The ASKAP
oolardy Engineering Test Array (BETA; Hotan et al. 2014 ) was used

o searched for variable sources in two regions. BETA consisted of
ix ASKAP antennas, and only one variable source was found with
his instrument (Heywood et al. 2016 ; Hobbs et al. 2016 ). Wang et al.
 2021 ) used the full ASKAP array to search for intrahour variable
ources and they found six variable sources. 

These surv e ys and searches for variable sources tell us that only a
mall percentage of the radio sky is v ariable. Ho we ver, we kno w that
hose radio sources that are v ariable re veal important information
bout some of the most extreme and e xplosiv e astrophysical sources.
his includes black hole accretion and jets in X-ray binaries (XRBs;
.g. Tremou et al. 2020 ), gamma-ray burst (GRB) afterglows (e.g.
ranot & van der Horst 2014 ; Chandra 2016 ), and jet-shocks from

ctive galactic nuclei (AGNs; e.g. Hovatta et al. 2008 ). Radio waves
re not obstructed by dust and gas, meaning that radio observations
an be used to obtain accurate rates of events such as core-collapse
upernovae, tidal disruption flares, and possibly Type Ia supernovae.
n addition to intrinsic effects there are extrinsic effects, for example
ve of the variable sources found by Wang et al. ( 2021 ) line up on

he sky, suggesting scintillation by an interstellar medium (ISM)
lament. Expanding untargeted searches for radio variables and

ransients could also reveal new classes of transients. 
It is thought that AGN variability is the dominant source of radio

oint source variability (e.g. Th yag arajan et al. 2011 ; Mooley et al.
016 ). AGNs are observed to vary on short time-scales of hours to
ays, thought to be due to refractive interstellar scintillation (RISS;
.g. Rickett 1990 ). RISS is caused by electrons along the line of sight,
nd the time-scale and variability amplitude caused by scintillation
epends on the Galactic latitude of the AGN (Hancock et al. 2019 ).
GNs are observed to flare on longer time-scales, from days to
onths, due to shocks in the jets formed by material accreting on to
NRAS 512, 5037–5066 (2022) 
he black holes at their centres (Hovatta et al. 2008 ). In the CHILES
ERDES surv e y, Sarbadhicary et al. ( 2021 ) determined that most
f their variable sources were AGNs using their multiwavelength
ounterparts and radio spectral indices. Compact AGNs are expected
o have flat spectra, α � −0.5 (e.g. Padovani et al. 2017 , and
eferences therein), where the spectral index, α, is given by S ν ∝ να ,
here S ν is the flux density of the source at frequency ν. 
MeerKAT (Camilo et al. 2018 ) is a 64-dish interferometer in the

aroo region of South Africa. Each dish has an ef fecti ve collecting
rea with a diameter of 13.5 m and the longest baseline is 8 km, giving
 resolution of ∼5 arcsec and a field of view (FoV) of ∼1 deg 2 at
400 MHz. ThunderKAT 

3 is a MeerKAT Large Surv e y Project (LSP)
nvestigating variable and transient radio sources in the image plane,
ncluding commensal searches (Fender et al. 2018 ). ThunderKAT has
ommitted to observing the low-mass X-ray binary GX 339 −4 on a
eekly cadence for 5 yr, beginning in 2018 September (Tremou et al.
020 ). This makes the GX 339 −4 field ideal for commensal searches
or variable and transient sources, with the first MeerKAT transient,

KT J170456.2 −482100, disco v ered in this field (Driessen et al.
020 ). 
We present the results of searching for long-term (sources that

ho w v ariability on scales of weeks to months) v ariable sources in
he GX 339 −4 field o v er the first 2 yr of ThunderKAT monitoring of
he source. In Section 2 , we present our MeerKAT observations, and
n Section 3 , we present our method for matching sources to their
ultiwavelength counterparts. In Section 4 , we present our results,

nd in Sections 5 and 6 , we discuss and conclude. 

 M E E R K AT  R A D I O  OBSERVATI ONS  

e present 102 epochs of weekly MeerKAT observations of the field
urrounding GX 339 −4. ThunderKAT started weekly monitoring of
he field in 2018 September (Tremou et al. 2020 ) using the L-band
856–1712 MHz) receiver in full polarization mode. The MeerKAT
-band receiver has a bandwidth of 856 MHz, a central frequency
f 1284 MHz, and 4096 frequency channels. The field is observed
or ∼10 min each week with a minimum integration time of 8 s.
he phase calibrator (1722–554) is observed for 2 min before and
fter observing the target field, and the band-pass and flux calibrator
1934–638) is observed for 5 min at the start of the observing block.

Full details on the processing of the weekly GX 339 −4 ob-
ervations can be found in Driessen et al. ( 2020 ) and Tremou
t al. ( 2020 ). The data are flagged using AOFLAGGER 

4 (Offringa
t al. 2010 ; Of fringa, v an de Gronde & Roerdink 2012 ) and are
alibrated using the Common Astronomy Software Application 5 

 CASA ; McMullin et al. 2007 ). Calibration includes phase correction,
ntenna delays, and band-pass corrections. The data are imaged using

SCLEAN (Offringa et al. 2014 ), including w-projection planes, a
riggs robust weighting of −0.7 (Briggs 1995 ), and multiscale clean.
he multifrequency synthesis (MFS) images were produced using
ight frequency channels and a fourth-order spectral polynomial
t. The weekly, 10-min MFS images have a typical rms noise of
30 μJy beam 

−1 . We produce eight subband images per epoch by
xcluding the -join-channels parameter and spectral fit. The
ight subbands have central frequencies: 909, 1016, 1123, 1230,
337, 1444, 1551, and 1658 MHz and each subband image is
rimary beam corrected. The primary beam correction is performed

https://aoflagger.readthedocs.io/en/latest/index.html
https://casa.nrao.edu/
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y multiplying the final fits image by the primary beam model 
or each subband. The 1230 MHz subband is strongly affected by 
adio frequency interference (RFI), and as such we exclude it from
ur analysis. As we are focusing on long-term variability in this
nvestigation, we only produce full time-integration images, both 
ubband and MFS, for each epoch. We will present an investigation of 
he short-term variability of sources in the GX 339 −4 field in a future
ublication. In addition to the single-epoch images, we also utilize 
 deeper, combined image of the field produced using DDFACET 

Tasse et al. 2018 ) to determine the positions of the sources. This
mage was produced by jointly imaging the visibilities from eight 
pochs (2018 September and October, and a commissioning image 
rom 2018 April) with a total integration time of 3.63 h. 

.1 The LOFAR Transients Pipeline 

he LOFAR Transient Pipeline ( TRAP , Release 4.0; Swinbank et al.
015 ) is a software package for extracting light curves from a time
eries of fits images. It has been designed with radio images in mind,
pecifically to find sources in LOFAR images for the Transients Key 
roject. 6 

We used the default TRAP parameters with some minor adjust- 
ents to search the GX 339 −4 field for variable and transient

ources. The default settings for the pipeline configuration and job 
onfiguration files can be found in the TRAP documentation. 7 We 
sed the default signal-to-noise ratio (S/N) of 8 for a new source to
e detected in an image, and we set the force beam parameter
o True (default is False) to search for sources with a Gaussian
hape consistent with the shape of the synthesized beam in each 
mage. The beamwidths limit parameter was set to 3.0. This 

eans that there must be at least three synthesized beamwidths 
etween two sources for those two sources to be considered unique. 
oth force beam and beamwidths limit were set this way 

o reduce the number of extended sources, particularly double-lobed 
alaxies, detected as point sources. For our statistics and information 
e require flux density measurements in every epoch, even if those 
easurements are upper limits. As such, we force TRAP to continue 
easuring flux densities for all sources in all epochs by setting the
xpiration parameter to 150. TRAP searches through the inputted 

mages in chronological order. So, as mentioned abo v e, only a source
etected in the first epoch will be tracked in all epochs. To track as
any sources as possible for as many epochs as possible, we insert

he deep MeerKAT image of the GX 339 −4 field as the ‘first epoch’.
nce TRAP has run, we remo v e this epoch from our analysis. Using

he deep image as our ‘first epoch’ and a TRAP detection threshold
f 8 means that the tracked sources have a minimum S/N of 8 in this
eep image, but may have a much lower S/N in the weekly 10-min
pochs. As such, future mentions of S/N for sources in this work are
alculated using the simple method of dividing the measured flux 
ensity by the uncertainty on the flux density. We extract the source
nformation and light curves from TRAP using PYTHON . 8 

.2 Variability parameters 

he TRAP software calculates two parameters, ην and V ν , to deter- 
ine which sources are variable. The ην parameter is based on the 
 https:// transientskp.org/ 
 https:// tkp.readthedocs.io/en/ latest/userref/config/ 
 The code for this can be found on GitHub: https:// doi.org/ 10.5281/ zenodo 
4456303 

o
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here N is the number of measurements, I ν, i is the flux density at
requency ν and epoch i , σ ν, i is the uncertainty on I ν, i , and w is the
eight ( w i = 1 /σ 2 

ν,i ). A source with a lo w ην v alue is consistent with
 constant source, and a high ην means that the source deviates from
 constant source. The V ν parameter is defined by 

 ν = 

s 

I ν

= 

1 

I ν

√ 

N 

N − 1 
( I 2 ν − I ν

2 
) , (2) 

here I ν and s are the light-curve mean and standard deviation, 
espectively. Sources with a low V ν have a smaller spread of flux
ensities, while a high V ν indicates a larger spread of flux densities
nd hence variability. It is important to note that the V ν parameter
oes not include uncertainties, which can lead to low S/N sources
ppearing variable. We use both ην and V ν to investigate sources in
he GX 339 −4 field. 

.3 Light-cur v e binning 

s we are interested in the long-term variability of the sources in the
eld and we wanted to confirm longer term low-amplitude variability, 
e binned the light curves for all sources into 10-epoch bins using

he weighted mean. We then calculated the variability parameters 
or each source using the binned light curves. To ensure that any
ariability was not dependent on the starting epoch, we performed 
he same analysis after removing epoch one, epochs one and two, and
pochs one, two, and three. This did not impact the light curves or
ariability parameters. We found that binning enhances the ην param- 
ter for light curves where the binning is on comparable time-scales
o the trend in the curve. This is because a trend across multiple bins
nhances the trend, as opposed to binning randomly scattered data. 

We used the binned flux density values to calculate the variability
ndicator ( V F , similar to V F as defined by Ofek et al. 2011 ) for
ach source, using the weighted mean ( I ν), minimum ( I ν,min ), and
aximum ( I ν,max ) flux density values: 

 = 

I ν, max − I ν, min 

I ν
. (3) 

he weighted mean is given by 

 ν = 

∑ N 

i= 1 ( I ν,i w ν,i ) ∑ N 

i= 1 w ν,i 

, (4) 

ith uncertainty 

mean = 

1 √ ∑ N 

i= 1 w ν,i 

, (5) 

here the weights are given by w = σ−2 
ν,i , where σ ν, i is the uncertainty

n the i th flux density I ν, i . The uncertainty on D is then given by 

D 

= I ν

√ √ √ √ √ 

(
σmean 

I ν

)2 

+ 

⎛ ⎝ 

√ 

σ 2 
ν, max + σ 2 

ν, min 

I ν, max − I ν, min 

⎞ ⎠ 

2 

. (6) 

e then multiply D ± σ D by 100 to obtain the percentage V F . 
MNRAS 512, 5037–5066 (2022) 
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.4 Systematic effect corrections 

n the initial stages of investigating the sources in the GX 339 −4
eld, we manually examined the light curves of all of the sources.
e noticed that many had similar underlying light-curve shapes,

nd that many more sources than expected appeared to be variable.
e determined that some of the light-curve correlations between

nrelated sources are due to those sources being small (only slightly
arger than the synthesized beam), resolved sources. We removed
he resolved sources and spatially close sources from the data
et reducing the number and strength of the correlations between
ources (see Appendix A ); ho we ver, some correlation between light
urves remained. The remaining underlying systematic effects are
ultiplicative and cause variations of ∼10 per cent. 
We determined the shape of the systematics by taking all of the

ources with an S/N ≥ 3 and dividing their flux densities by the
ux density in a reference epoch. We used this S/N threshold as we
eeded a sufficient number of sources to identify the systematics
nd to test any possible flux density and position dependence. We
hose the last epoch as the reference epoch as all sources have a
easurement in the last epoch due to the forced measurements (see
ection 2.1 ). We then take the distribution of the scaled flux density
f every source from each epoch and find the median and the median
bsolute deviation (MAD). These median values (with the MAD as
he uncertainty) are the model of the systematics for each epoch. 

To correct the light curve of each source for the systematics, we
ivide each light curve by the model and propagate the uncertainties.
e then recalculate ην and V ν for each source using the corrected

ux density and equations ( 1 ) and ( 2 ). The light curves and vari-
bility parameters discussed in this paper have all been corrected
or the systematic effects. These light-curve systematics are the
eason that we have chosen to focus on long-term variable sources
nstead of short-term variable sources. The systematics particularly
nduce week-to-week variability, as opposed to longer trends. For

ore information regarding the systematics and corrections, see
ppendix A . 

.5 Absolute astrometry 

e performed a Python Blob Detector and Source Finder 9 ( PYBDSF )
earch on the deep MeerKAT image to determine the source positions
nd found 17 130 sources. The PYBDSF software is a source extractor
esigned for LOFAR and is focused on cleanly extracting all flux
rom an image. The maximum uncertainties for the right ascension
nd declination positions of our sources of interest are 0.08 and
.09 arcsec, respectively. To accurately match the sources to sources
rom other catalogues, we need to understand the accuracy of our
bsolute astrometry. 

There are no matches between MeerKAT sources in our FoV
nd the Third International Celestial Reference Frame (3ICRS;
harlot et al. 2020 ). Ho we ver, there are 11 Australian Telescope
ompact Array (ATCA) Parkes-MIT-NRAO (PMN) source matches

ATPMN; McConnell et al. 2012 ). ATPMN is a source catalogue
here 8385 PMN sources were observed with ATCA at 8.6 GHz,

esulting in a catalogue of 9040 radio sources. The number of sources
rom ATPMN is greater than the number of PMN sources as the
igher resolution of ATCA resolves some PMN sources into multiple
ources. McConnell et al. ( 2012 ) compared the ATPMN sources to
he positions of the Long-Baseline Array (LBA) Calibrator Surv e y
NRAS 512, 5037–5066 (2022) 
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 catalogue of Southern Sources (LCS1; Petrov et al. 2011 ) and to
he International Celestial Reference Frame (ICRF; Ma et al. 1998 ).
hey matched ATPMN sources to 309 LCS1 and 26 ICRF sources,
nd found that the median astrometric uncertainty in the ATPMN
ositions is 0 . ′′ 4 in both right ascension and declination. 
Of the 11 ATPMN sources within the MeerKAT GX 339 −4 FoV,

ve are resolved in the MeerKAT observations. As resolved sources
ave poorer localization precision, we discard these five sources.
e use the six remaining ATPMN sources, shown in Table 1 , and

he corresponding six MeerKAT sources to test and correct the
strometry. 

We fit for a transformation matrix to shift and rotate the MeerKAT
eep image source positions to match the six ATPMN source posi-
ions. We then apply the transformation to all MeerKAT sources in the
eld. 10 The separation between the MeerKAT and ATPMN reference
ources before and after transformation is shown in T able 2 . T o
etermine the uncertainties on the transformed MeerKAT positions,
e performed a Monte Carlo simulation. We selected a position

or each ATPMN reference source from a Gaussian with the mean
f the ATPMN position and a standard deviation of 0 . ′′ 4. We then
alculated and applied the transformation matrix to the MeerKAT
eference sources. We repeated these steps 5000 times, and found
he standard deviation on the transformed positions of the MeerKAT
eference sources. The minimum and maximum standard deviations
ere 0 . ′′ 2 and 0 . ′′ 4 for both the Right Ascension and Declination. This
ncertainty is much larger than the uncertainty derived by PYBDSF
or our sources of interest, and as such we will use an uncertainty
f 0 . ′′ 4 in Right Ascension and Declination for all of our MeerKAT
ources. The final positions we use for our MeerKAT sources are
herefore the transformed position from the deep MeerKAT stack,
ith an uncertainty of 0.4 arcsec and this means that the positions

or the sources quoted in this paper have been corrected for absolute
strometry. 

 S O U R C E  M AT C H I N G  

he corrections to the absolute astrometry in the common reference
rame allow us to match sources to objects in other catalogues at
ifferent frequencies. We used ASTROPY ASTROQUERY 

11 to search
or sources in VizieR (Ochsenbein, Bauer & Marcout 2000 ) that
re colocated with our sources of interest. We searched the VizieR
atalogues shown in Table B2 using the astrometric precision for each
atalogue. If a catalogue has a smaller astrometric uncertainty than
ur positions, we searched within a radius of 0.4 arcsec, otherwise
e used the radius defined by the catalogue’s uncertainty. Known
ariable sources GX 339 −4 and MKT J170456.2 −482100 match
ith multiple catalogues, as expected. 
We use this same method to match source positions to MeerLICHT

Bloemen et al. 2016 ) and the Rapid ASKAP Continuum Surv e y
RACS; McConnell et al. 2020 ). MeerLICHT (more light) is a fully
obotic, 0.65-m optical telescope at the Sutherland station of the
outh African Astronomical Observatory (SAAO). MeerLICHT has
 2.7 de g 2 F oV. A deep image using fifteen 1-min epochs of the
X 339 −4 field has been made in five SDSS filters ( u , g , r , i , and

) and the wider q filter (440–720 nm). The individual epochs are
eing reprocessed as part of a pipeline update, but we can match our
eerKAT sources to MeerLICHT detections in the deep images. The
0 The code for performing the astrometric corrections can be found on 
itHub: https:// doi.org/ 10.5281/ zenodo.4921715 

1 https://astr oquery.r eadthedocs.io/ en/latest/ 

https://www.astron.nl/citt/pybdsf/
https://doi.org/10.5281/zenodo.4921715
https://astroquery.readthedocs.io/en/latest/


21 new long-term variables in the GX 339 −4 field 5041 

Table 1. Summary of the ATPMN sources used to determine the absolute astrometry of the MeerKAT 

observations of the GX 339 −4 field. The right ascension (RA) and declination (Dec.) are given in degrees. 
The α value is the ATPMN spectral index. 

ATPMN name RA Dec. S 5 GHz (mJy) S 8 GHz (mJy) α

J165418.2 −481303 253.5759 − 48 .2176 82 ± 7 61 ± 10 − 0.5 ± 0.3 
J165613.1 −492318 254.0549 − 49 .3883 110 ± 7 46 ± 10 − 1.5 ± 0.4 
J165614.9 −472915 254.0623 − 47 .4876 77 ± 7 37 ± 10 − 1.3 ± 0.5 
J165902.0 −474618 254.7585 − 47 .7719 61 ± 7 71 ± 10 0.3 ± 0.3 
J165908.3 −481548 254.7848 − 48 .2635 99 ± 7 43 ± 10 − 1.4 ± 0.4 
J171154.9 −491250 257.9791 − 49 .2141 73 ± 7 43 ± 10 − 0.9 ± 0.4 

Table 2. Separation between ATPMN and MeerKAT reference sources 
before and after applying the transformation. The separation is given in 
arcsecond. 

ATPMN source name Separation before Separation after 
(arcsec) (arcsec) 

J165418.2 −481303 1.22 0.11 
J165613.1 −492318 0.86 0.05 
J165614.9 −472915 1.34 0.18 
J165902.0 −474618 0.85 0.20 
J165908.3 −481548 0.88 0.09 
J171154.9 −491250 0.46 0.06 
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Figure 1. The multifrequency synthesis (MFS) light curves of known vari- 
able sources GX 339 −4, PSR J1703 −4851, and MKT J170456.2 −482100. 
We have included the light curve of GX 339 −4 as shown in Tremou et al. 
( 2020 ), see Tremou et al. (in preparation) for an up-to-date light curve. 
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eerLICHT coordinates are in the International Celestial Reference 
ystem (ICRS) using the Gaia Data Release 2 (DR2, J2015.5; Gaia 
ollaboration 2016 , 2018 ) frame. The coordinates are consistent with 
K5 J2000 within 0.1 arcsec. RACS is a radio surv e y co v ering the
hole southern sky (declinations below + 41 ◦) with ASKAP. The 

entral frequency is 887.5 MHz with a bandwidth of 288 MHz, and
he median rms in each image is 0.25 mJy beam 

−1 . The resolution
s approximately 15 arcsec. The bottom of the MeerKAT band is
56 MHz, so there is an o v erlap between RACS and MeerKAT. The
ACS data were released in early 2021, and can be found online. 12 

he catalogues of sources from RACS provide the position, flux 
ensity, and spectral index of the sources. The RACS positions 
ave not been corrected for absolute astrometry and the spectral 
ndices do not include uncertainties. The RACS synthesized beam 

s more than three times larger than the MeerKAT synthesized 
eam, which means that some resolved MeerKAT sources or 
ources that are close to each other will appear as one source in
he RACS images. We therefore match the MeerKAT sources to 
he RACS sources by finding the minimum separation between 
ources, and then confirm the matches by visual inspection, checking 
hat each RACS source is only matched to a single MeerKAT 

ource. 

 RESULTS  

e detect 1080 unique point sources at least once with S/N > 3
n the weekly, 10-min images of the GX 339 −4 field. The light
urves of known variable sources GX 339 −4 (Tremou et al. 2020 ),
KT J170456.2 −482100 (Driessen et al. 2020 ), and mode-changing 

ulsar PSR J1703 −4851 (Wang, Manchester & Johnston 2007 ; 
ankowski et al. 2019 ) are shown in Fig. 1 . While we will not be
nvestigating these sources in depth in this paper, we include them to
emonstrate the light curves of variable sources and to demonstrate 
he variability of outlier sources in the variability parameter plots 
2 https:// research.csiro.au/ racs/home/ survey/ 

1

h

Fig. 2 ). In this work, we investigate only long-term variable sources,
ources that vary on time-scales of months or more. There are
ther outlier sources in Fig. 2 , these sources are short-term variable
andidates and will be further investigated in future work. The light
urve of GX 339 −4 up to early 2021 will be discussed in Tremou
t al. (in preparation). 

.1 New long-term variable radio sources 

e found 21 new long-term variable sources 13 within 1 ◦ of 
X 339 −4 using a combination of manual vetting and the ην and
 ν variability parameters. Manual vetting was performed by looking 
t the light curves for every source in all seven subbands and MFS
or every source with an S/N > 3 in at least one epoch (1080 unique
ources). The median flux density of each source was plotted together
ith the light curve, and deviation from the median and peak-to-peak
ariation was used to identify variable sources. We initially plotted 
nd manually looked through all unbinned light curves to investigate 
he systematic variability (see Section 2.4 ), and while performing this
nvestigation we noted the sources that appeared to vary o v er the long
erm. This is why many of the new long-term variable sources were
ound via manual vetting, while a few were found as they are extreme
utliers in the unbinned ην parameter. After binning (see Section 2.3 )
e found that all of the sources that were identified manually have
MNRAS 512, 5037–5066 (2022) 

3 The light-curve data for these 21 ne w v ariable sources can be found at: 
ttp:// doi.org/ 10.5281/ zenodo.5069119 

https://research.csiro.au/racs/home/survey/
art/stac756_f1.eps
http://doi.org/10.5281/zenodo.5069119
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MNRAS 512, 5037–5066 (2022) 

Figure 2. Variability parameters for sources in the GX 339 −4 field calculated using the MFS light curv es. P anel (a ii) shows the variability parameters for 
all sources in the field (grey markers) and the variable sources using the original, unbinned light curv es. P anels (a i) and (a iii) show the distributions of the 
unbinned ηMFS and V MFS parameters, respectiv ely. P anel (b ii) shows the variability parameters for all sources in the field (grey markers) and the variable 
sources using the 10-epoch binned light curv es. P anels (b i) and (b iii) show the distributions of the binned ηMFS and V MFS parameters, respectively. The grey 
dashed line in panels (a i), (a ii), (b i), and (b ii) indicates where ηMFS = 1 (or log 10 ηMFS = 0). All of the sources in both panels have been detected with an 
S/N of 3 in at least one epoch. The numbers identifying the long-term variable sources in the legend are in Table 3 . We note that there are more outliers in the 
variability parameters than the long-term variable sources that we discuss in this paper. These sources are short-term (week-to-week variability) variable source 
candidates and will be discussed in future work. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/5037/6551353 by C
N

R
S - ISTO

 user on 11 April 2023

art/stac756_f2.eps


21 new long-term variables in the GX 339 −4 field 5043 

Table 3. Summary of long-term variable sources in the GX 339 −4 field. Each source, except for GX 339 −4 and PSR J1703 −4851, has been given their own 
MKT name that will be used in this paper, but may change if the source is identified as a known source. The names of the sources include the astrometrically 
corrected (see Section 2.5 ) RA and Dec., both the RA and Dec. have uncertainties of 0.4 arcsec. α is the weighted mean MeerKAT spectral index for the source, 
the sources denoted with a star ( ∗) have significantly variable spectral indices. The MeerKAT spectral indices were all produced using simple power-law fits. The 
V F has been calculated for each source using the 10-epoch binned MFS light curves and the weighted mean. S 909 MHz is the mean flux density in the 909 MHz 
MeerKAT subband and S RACS is the Rapid ASKAP Continuum Surv e y (RACS) flux density with a central frequency of 887.5 MHz. We show both the unbinned 
and binned ηMFS and V MFS values for each source. 

Name α V F (per cent) S 909 MHz (mJy) S RACS (mJy) ηMFS / V MFS (unbinned) ηMFS / V MFS (binned) 

1 MKT J165945.1 −484703 0.19 ± 0.05 45 ± 13 0.29 ± 0.03 0.43/0.2 2.0/0.13 
2 MKT J165955.1 −491352 − 0.44 ± 0.009 ∗ 12 ± 1 9.13 ± 0.05 9.81 ± 0.06 4.5/0.055 34/0.048 
3 MKT J170028.1 −482543 − 0.24 ± 0.02 21 ± 5 1.10 ± 0.03 0.67/0.096 3.9/0.072 
4 MKT J170057.2 −484753 0.5 ± 0.05 32 ± 9 0.26 ± 0.02 0.69/0.17 3.3/0.11 
5 MKT J170101.1 −484953 0.54 ± 0.05 52 ± 9 0.25 ± 0.02 1.0/0.21 7.7/0.18 
6 MKT J170104.7 −484842 − 0.11 ± 0.02 20 ± 3 1.13 ± 0.03 1.96 ± 0.06 1.3/0.074 11/0.065 
7 MKT J170109.9 −483550 1.3 ± 0.01 ∗ 47 ± 1 3.19 ± 0.03 3.32 ± 0.05 59/0.14 620/0.14 
8 MKT J170037.5 −485646 0.95 ± 0.01 ∗ 31 ± 2 1.81 ± 0.03 1.51 ± 0.03 7.5/0.11 73/0.11 
9 MKT J170145.8 −484029 − 0.58 ± 0.02 ∗ 26 ± 4 0.90 ± 0.02 1.4/0.1 12/0.095 
10 MKT J170154.7 −485342 0.43 ± 0.05 46 ± 9 0.23 ± 0.02 1.1/0.21 7.7/0.17 
11 MKT J170128.5 −482955 0.38 ± 0.04 26 ± 8 0.38 ± 0.03 0.57/0.13 2.6/0.084 
12 MKT J170127.4 −485810 − 0.023 ± 0.01 ∗ 35 ± 1 13.62 ± 0.05 14.3 ± 0.2 79/0.12 805/0.12 
13 MKT J170213.7 −483337 0.015 ± 0.01 ∗ 26 ± 2 1.61 ± 0.03 4.3/0.097 43/0.098 
14 GX 339 −4 0.079 ± 0.01 ∗ 1268 ± 7 2.28 ± 0.03 1.49 ± 0.04 1845/1.9 13655/1.4 
15 MKT J170225.5 −485711 − 0.19 ± 0.03 21 ± 7 0.48 ± 0.02 0.5/0.1 2.5/0.073 
16 PSR J1703 −4851 − 2.0 ± 0.01 57 ± 2 3.09 ± 0.03 4.11 ± 0.1 52/0.34 106/0.15 
17 MKT J170355.9 −485556 0.31 ± 0.01 ∗ 31 ± 1 3.98 ± 0.03 4.73 ± 0.06 20/0.09 200/0.089 
18 MKT J170340.2 −484010 − 0.14 ± 0.03 30 ± 5 0.54 ± 0.02 1.0/0.12 8.1/0.11 
19 MKT J170404.0 −485820 − 0.49 ± 0.01 ∗ 13 ± 2 2.80 ± 0.03 2.96 ± 0.03 1.5/0.047 10/0.038 
20 MKT J170456.2 −482100 1.0 ± 0.06 90 ± 17 0.19 ± 0.03 3.3/0.65 7.4/0.31 
21 MKT J170524.1 −480842 1.1 ± 0.06 70 ± 20 0.45 ± 0.04 0.46/0.32 2.3/0.22 
22 MKT J170546.3 −484822 − 1.5 ± 0.05 53 ± 13 0.55 ± 0.03 0.71/0.25 3.9/0.19 
23 MKT J170721.9 −490816 0.085 ± 0.02 21 ± 5 2.71 ± 0.05 2.55 ± 0.03 0.66/0.092 3.6/0.068 
24 MKT J170754.2 −484252 − 0.13 ± 0.01 ∗ 16 ± 2 11.03 ± 0.06 11.6 ± 0.2 4.9/0.082 23/0.056 
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 binned ην v alue > 1, sho wn in Fig. 2 and Table 3 , and would have
een identified as candidates using this method. A summary table of
he positions of the variable sources in the GX 339 −4 field is also
hown in Table 3 . We will refer to these sources by their MeerKAT
ames. Upon visual inspection of the in-band spectra, we assume 
hat the spectral index can be modelled by a power law for all of the
ong-term variable sources. We use non-linear least-squares fitting to 
t a power law to the seven subband flux densities for each source
er epoch. The weighted mean MeerKAT spectral indices for each 
ource are shown in Table 3 . 

Three of the long-term variable sources are coincident with 
 source in at least one of the catalogues shown in Table B2 :
KT J170109.9 −483550 (source 7), MKT J170127.4 −485810 

source 12), and MKT J170524.1 −480842 (source 21). Only 
KT J170109.9 −483550 is detected by MeerLICHT, and one 

ource, MKT J170754.2 −484252 (source 24), is outside the Meer- 
ICHT FoV. Out of the 24 (including the three known variables) vari-
ble sources 11 have matches in RACS, including PSR J1703 −4851 
nd GX 339 −4. The sources and their RACS flux densities are
hown in Table 3 . The MeerKAT FoV with the locations of the
1 ne w v ariable sources, plus the three kno wn v ariable sources,
s shown in Fig. 3 . Note that source 14 is GX 339 −4, the phase
entre of the image. A MeerLICHT image showing its FoV is
hown in Fig. B1 , where we can see ho w cro wded this field is in
he optical. This means that it is particularly interesting that only 
ne of the sources is matched to MeerLICHT sources. No other 
ources have clear optical counterparts in the MeerLICHT image, 
or postage stamps of the MeerLICHT q -band positions of all of the
ariable sources, see Figs B2 –B4 . We will now discuss each source
ndividually. 
.1.1 MKT J165945.1 −484703 

his source (source 1) was also manually identified as variable using
ts MFS light curve, and does not appear variable in the individual
ubband light curves due to the low S/N. It has an unbinned/binned
MFS of 0.43/2.0 and V MFS of 0.2/0.13. MKT J165945.1 −484703 
as a slowly decreasing flux density o v er time, see Fig. 4 , and a
 F of 45 ± 13 per cent. This source has a mean spectral index of
= 0 . 19 ± 0 . 05, but α also appears to vary randomly o v er time due

o the low S/N in some subbands. This source does not have any
nown counterparts at other wavelengths or RACS. 

.1.2 MKT J165955.1 −491352 

KT J165955.1 −491352 (source 2) is an outlier in the ην parameter.
he source has an unbinned/binned ηMFS of 4.5/34 and V MFS of 
.055/0.048. It has an initially flat light curve that decreases in
ux density after approximately a year, shown in Fig. 4 , with a
 F of 12 ± 1 per cent. There appears to be shorter time-scale
ariability superimposed o v er the long-term variability; however, 
his correlates with the light curves of other sources in the field
nd is therefore likely to be a residual uncorrected correlated 
ffect. The spectral index varies o v er time in a way that mirrors
he MFS flux density light curve, with a mean value of α =

0 . 44 ± 0 . 01. The RACS flux density is 9.81 ± 0.06 mJy (with
 centre frequency of 887.5 MHz), which is consistent with the mean
eerKAT flux density that we observe at 909 MHz: 9.15 ± 0.14
Jy. We did not find any counterparts for this source at other
avelengths. 
MNRAS 512, 5037–5066 (2022) 
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M

Figure 3. MeerKAT deep, MFS image of the GX 339 −4 field showing the positions of the variable sources, including the three known variable sources. The 
numbers correspond to those in Table 3 . The synthesized beam shape is too small to see in this figure and, as this is an MFS image, it has not been primary beam 

corrected. 
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.1.3 MKT J170028.1 −482543 

his source (source 3) was found via manual light-curve vetting
nd w as pick ed up at various subbands and MFS. It has an un-
inned/binned ηMFS of 0.67/3.9 and V MFS of 0.096/0.072. The light
urve of this source initially decreases and then slowly increases o v er
ime with a V F of 21 ± 5 per cent, see Fig. 4 . The mean spectral index
s α = −0 . 24 ± 0 . 02. Because of the low S/N in some subbands
here is scatter in the spectral inde x o v er time, including an outlier
t MJD 56000 that was caused by a noisy epoch in the 1016 MHz
ubband, but has no o v erall variability in the spectral index. There
re no multiwavelength counterparts. 

.1.4 MKT J170057.2 −484753 

his source (source 4) was found manually in the MFS band. It has an
nbinned/binned ηMFS of 0.69/3.3 and V MFS of 0.17/0.11. The light
urve of this source, shown in Fig. 4 , increases from approximately
JD 58550 to 58700 before roughly levelling off again and has a V F 

f 32 ± 9 per cent. MKT J170057.2 −484753 has a mean spectral
ndex of α = 0 . 50 ± 0 . 05, with scatter on the spectral index over
ime caused by the low S/N in some subbands. This source does not
av e an y multiwav elength or RACS counterparts. 

.1.5 MKT J170101.1 −484953 

KT J170101.1 −484953 (source 5) was identified manually in the
FS light curves. It has an unbinned/binned ηMFS of 1.0/7.7 and
 MFS of 0.21/0.18. This source rises slowly o v er time, see Fig. 5 ,
nd has a V F of 52 ± 9 per cent. MKT J170057.2 −484753 has a
ean spectral index of α = 0 . 54 ± 0 . 05, with scatter on the spectral

nde x o v er time caused by the low S/N in some subbands. We do not
nd an y multiwav elength counterparts for this source and it is not
etected by RACS. 
NRAS 512, 5037–5066 (2022) 
.1.6 MKT J170104.7 −484842 

his source (source 6) was identified as variable as it is an outlier in
he ην parameter. It has an unbinned/binned ηMFS of 1.3/11 and V MFS 

f 0.074/0.065. The flux density decreases o v er time with a V F of
0 ± 3 per cent, the light curve is shown in Fig. 5 . The spectral index
s scattered around a mean of α = −0 . 11 ± 0 . 02. This source has a

eerKAT 909 MHz mean flux density of 1.12 ± 0.19 mJy and was
etected by RACS with an 887.5 MHz flux density of 1.96 ± 0.06
Jy. We did not find any coincident sources at other wavelengths. 

.1.7 MKT J170109.9 −483550 

KT J170109.9 −483550 (source 7) is highly variable in all
eerKAT subbands, shown in Fig. 5 , and is an outlier in the ην

arameter. It has an unbinned/binned ηMFS of 59/620 and V MFS of
.14/0.14. The flux density of the source increases o v er the first
100 d of MeerKAT observations and then decreases, it has a V F 

f 47 ± 1 per cent. The spectral index varies between α ∼ 1 and
∼ 1.8, with a different trend to the flux density variations and a
ean of α = 1 . 35 ± 0 . 01. This source has a MeerKAT 909 MHz
ean flux density of 3.25 ± 0.18 mJy and was detected by RACS
ith an 887.5 MHz flux density of 3.32 ± 0.05 mJy. This source is

oincident with a Two Micron All-Sky Survey (2MASS) source,
MASS 17010986 −4835508, with a separation of 0.39 arcsec.
MASS 17010986 −4835508 has a K -magnitude of 14.465 ± 0.123,
 ut has poor -quality photometry in the J and H bands (Cutri et al.
003 ). The 2MASS source was matched to an AllWISE source,
llWISE J170109.82 −483550.8, by the Transiting Exoplanet Survey
atellite ( TESS ) Input Catalog (TIC; Stassun et al. 2019 ) with W1
agnitude 13.670 ± 0.040 and W2 magnitude 13.617 ± 0.046. The

MASS/ AllWISE source is classified as a star by the TIC due to its
oint-like morphology. MKT J170109.9 −483550 is detected in the
eerLICHT i -band image with an AB magnitude of 18.90 ± 0.04.

he spectral energy distribution (SED) including the archi v al,
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Figure 4. Light curves, binned light curves, and spectral index over time for sources: (1) MKT J165945.1 −484703, (2) MKT J165955.1 −491352, (3) 
MKT J170028.1 −482543, and (4) MKT J170057.2 −484753. The grey dashed line in each panel shows the weighted mean value. 
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Figure 5. Light curves, binned light curves, and spectral index over time for sources: (5) MKT J170101.1 −484953, (6) MKT J170104.7 −484842, (7) 
MKT J170109.9 −483550, and (8) MKT J170037.5 −485646. The grey dashed line in each panel shows the weighted mean value. 
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Figure 6. Spectral energy distribution (SED) of MKT J170109.9 −483550 
(source 7) including the archi v al MeerLICHT and MeerKAT observations. 
The MeerKAT flux densities shown here are the mean flux densities o v er 
every epoch these sources are observed. MKT J170109.9 −483550 is only 
detected in the MeerLICHT i -band, the non-detections are not shown here. 
The MeerLICHT optical flux density has been extinction corrected using the 
NASA/IPAC Extragalactic Database Coordinate Transformation and Galactic 
Extinction Calculator. 
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eerLICHT, and MeerKAT data for MKT J170109.9 −483550 is 
hown in Fig. 6 . 

.1.8 MKT J170037.5 −485646 

KT J170037.5 −485646 (source 8) was found as it is an outlier
n the ην parameter in the 1337–1658 MHz subbands and MFS. 
t has an unbinned/binned ηMFS of 7.5/73 and V MFS of 0.11/0.11. 
he flux density of the source increases sharply until approximately 
JD 58600, decreases sharply until approximately MJD 58800, 

nd then slowly increases. MKT J170037.5 −485646 has a V F of
1 ± 2 per cent and the light curve is shown in Fig. 5 . The spectral
ndex varies between α ∼ 0.5 and α ∼ 1.5 with a similar shape to 
he light curve and a mean of α = 0 . 95 ± 0 . 01. We do not find any

ultiwavelength counterparts for this source. 

.1.9 MKT J170145.8 −484029 

his source (source 9) was found through manual vetting, but is
 slight outlier in the unbinned ην parameter in the 1016 MHz 
and and MFS. It has an unbinned/binned ηMFS of 1.4/12 and 
 MFS of 0.1/0.095. The flux density of MKT J170145.8 −484029 
ecreases for approximately 100 d, increases for approximately 
00 d, decreases for approximately 100 d, followed by a further
ncrease, see Fig. 7 . The V F is 26 ± 4 per cent. The spectral
ndex roughly decreases for 2 yr with a mean spectral index of
= −0 . 58 ± 0 . 02. We do not find an y multiwav elength counterparts

or this source. 

.1.10 MKT J170154.7 −485342 

his source (source 10) was found via manual vetting. It has an
nbinned/binned ηMFS of 1.1/7.7 and V MFS of 0.21/0.17. MKT 

170154.7 −485342 has a constant flux density until approximately 
JD 56800 at which point the flux density increases for approx- 

mately 100 d before decreasing slightly again and returning to 
oughly constant. The light curve is shown in Fig. 7 and it has a
 F of 46 ± 9 per cent. The source has a mean spectral index of
= 0 . 43 ± 0 . 05, with some scatter caused by the low S/N in some

ubbands. This source is not detected by RACS and does not have
n y multiwav elength counterparts. 
.1.11 MKT J170128.5 −482955 

KT J170128.5 −482955 (source 11) was found through manual 
etting. It has an unbinned/binned ηMFS of 0.57/2.6 and V MFS of 
.13/0.084. The V F of the light curve is 26 ± 8 per cent. The
ight curve, shown in Fig. 7 , increases slightly for approximately
 year, before slowly decreasing again. The mean spectral index 
s α = 0 . 38 ± 0 . 04, which is constant o v er time apart from scatter
ue to the low subband S/N. This source is not detected in RACS
r MeerLICHT and does not have any archi v al multiwavelength 
ounterparts. 

.1.12 MKT J170127.4 −485810 

KT J170127.4 −485810 (source 12) was found as it is an outlier in
he ην parameter in all subbands and MFS. It has an unbinned/binned 
MFS of 79/805 and V MFS of 0.12/0.12. The MFS light curve initially
ecreases before increasing o v er approximately a year, and begins
ecreasing again in the last 2 months, see Fig. 7 . The V F of the light
urve is 35 ± 1 per cent. The spectral index varies between α ∼
0.5 and α ∼ 0.5 with a mean of α = −0 . 02 ± 0 . 01. There is some

urvature in the spectrum of this source, and as such the power-law
pectral index fit is an approximation. The spectral index decreases 
 v er about 400 d before increasing again, followed by a decrease
choing the flux density decrease. MKT J170127.4 −485810 is 
etected by RACS, with a flux density of 14.32 ± 0.6 mJy at 887.5
Hz. The mean MeerKAT flux density of the source at 909 MHz is

3.72 ± 0.14, which is roughly consistent with the RACS flux density. 
his source is coincident with unWISE sources 2542m485o0077626 
nd 2564m485o0076399 with a separation of 0.2 arcsec for both. 
KT J170127.4 −485810 is not coincident with any other sources 

n VizieR and is not detected by MeerLICHT. 

.1.13 MKT J170213.7 −483337 

KT J170213.7 −483337 (source 13) was found as it is a clear outlier
n the ην parameter in the 1658 MHz subband and MFS. It has an
nbinned/binned ηMFS of 4.3/43 and V MFS of 0.097/0.098. Its light 
urve, shown in Fig. 8 , is roughly constant for the first ∼200 d of
eerKAT observations before increasing for approximately a year, 

ollowed by a decrease until the end of the MeerKAT light curve. It
as a V F of 26 ± 2 per cent. The spectral index varies between α ∼
0.5 and α ∼ 0.5 with a mean spectral index of α = 0 . 01 ± 0 . 01.
he evolution of the spectral index roughly mirrors that of the light
urve. The source does not have any multiwavelength counterparts 
nd is not detected by MeerLICHT or RACS. 

.1.14 MKT J170225.5 −485711 

his source (source 15) was found via manual vetting. It has an
nbinned/binned ηMFS of 0.5/2.5 and V MFS of 0.1/0.073. The flux 
ensity of MKT J170225.5 −485711 increases slowly o v er time, see
ig. 8 , with a V F of 21 ± 7 per cent. The mean spectral index of the
ource is α = −0 . 19 ± 0 . 03 with scatter caused by low S/N in some
ubbands. This source was not detected by RACS or MeerLICHT, 
nd no multiwavelength counterparts were found. 

.1.15 MKT J170355.9 −485556 

his source (source 17) is an outlier in the ην parameter in all sub-
ands and MFS. It has an unbinned/binned ηMFS of 20/200 and V MFS 
MNRAS 512, 5037–5066 (2022) 
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Figure 7. Light curves, binned light curves, and spectral index over time for sources: (9) MKT J170145.8 −484029, (10) MKT J170154.7 −485342, (11) 
MKT J170128.5 −482955, and (12) MKT J170127.4 −485810. The grey dashed line in each panel shows the weighted mean value. 
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Figure 8. Light curves, binned light curves, and spectral index over time for sources: (13) MKT J170213.7 −483337, (15) MKT J170225.5 −485711, (17) 
MKT J170355.9 −485556, and (18) MKT J170340.2 −484010, The grey dashed line in each panel indicates the weighted mean value. 
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f 0.09/0.089. The source’s light curve, shown in Fig. 8 , decreases
 v er 2 yr. The V F of MKT J170355.9 −485556 is 31 ± 1 per cent. This
ource has a mean spectral index of α = 0 . 31 ± 0 . 01, and the spectral
ndex varies between ∼0 and ∼0.7. There is some curvature in the
pectrum of this source, and as such the power-law spectral index fit
s an approximation. The mean MeerKAT 909 MHz flux density is
.01 ± 0.18 mJy and the source is detected by RACS with an 887.5
Hz flux density of 4.73 ± 0.06 mJy. MKT J170355.9 −485556 is

ot detected by MeerLICHT and we do not find any counterparts
sing VizieR. 

.1.16 MKT J170340.2 −484010 

e found MKT J170340.2 −484010 (source 18) using manual
etting. It has an unbinned/binned ηMFS of 1.0/8.1 and V MFS of
.12/0.11. The MFS light curve of the source, shown in Fig. 8 , is
pproximately constant for 300 d, increases for approximately 200 d,
nd then decreases slightly until the end of the MeerKAT light curve.
he V F of the light curve is 30 ± 5 per cent. The mean spectral index
f the source is α = −0 . 14 ± 0 . 03 with scatter caused by low S/N in
ome subbands. We do not find any VizieR, RACS, or MeerLICHT
ounterparts for this source. 

.1.17 MKT J170404.0 −485820 

KT J170404.0 −485820 (source 19) was found via manual vetting.
t has an unbinned/binned ηMFS of 1.5/10 and V MFS of 0.047/0.038.
he source is constant for approximately 200 d, increases for
pproximately 100 d, remains constant for approximately 300 d,
nd then decreases. The light curve is shown in Fig. 9 with a V F of
3 ± 2 per cent. The spectral index varies in a similar way to the
ux density, varying between α ∼ −1 and α ∼ 0 with a mean of
= −0 . 49 ± 0 . 01. The mean MeerKAT flux density at 909 MHz is

.81 ± 0.18 mJy and the RACS 887.5 MHz flux density is 2.96 ± 0.03
Jy. We do not find any VizieR or MeerLICHT counterparts. 

.1.18 MKT J170524.1 −480842 

KT J170524.1 −480842 (source 21) was found using manual
etting and has a decreasing flux density o v er time. It has an
nbinned/binned ηMFS of 0.46/2.3 and V MFS of 0.32/0.22. The light
urve of the source is shown in Fig. 9 . The V F of the light curve
s 70 ± 20 per cent. The mean spectral index of the source is
= 1 . 06 ± 0 . 06 with scatter caused by low S/N in some subbands.

his source is coincident with unWISE source 2564m485o0191898
0.138 arcsec separation). We do not find any other VizieR, Meer-
ICHT, or RACS counterpart for this source. 

.1.19 MKT J170546.3 −484822 

KT J170546.3 −484822 (source 22) was found using manual
etting. It has an unbinned/binned ηMFS of 0.71/3.9 and V MFS of
.25/0.19. The light curve, shown in Fig. 9 , slowly decreases o v er
he first half of the light curve before increasing and decreasing more
teeply in the second half. The V F of the light curve is 53 ± 13 per
ent. The mean spectral index of the source is α = −1 . 46 ± 0 . 05
ith scatter caused by low S/N in some subbands. This source is not
etected by MeerLICHT or in archi v al VizieR catalogues and is not
etected by RACS. 
NRAS 512, 5037–5066 (2022) 
.1.20 MKT J170721.9 −490816 

his source (source 21) was found using manual vetting. It has an
nbinned/binned ηMFS of 0.66/3.6 and V MFS of 0.092/0.068. The light
urve of MKT J170721.9 −490816, shown in Fig. 9 , decreases o v er
ime before slowly increasing for the last ∼200 d. The mean spectral
ndex of the source is α = 0 . 08 ± 0 . 02. There is some curvature
n the spectrum of this source, particularly towards the top of the

eerKAT band, and as such the power-law spectral index fit is
n approximation. The mean 909 MHz MeerKAT flux density is
.69 ± 0.14 mJy and the RACS 887.5 MHz flux density is 2.55 ± 0.03
Jy. This source does not have a VizieR or MeerLICHT counterpart.

.1.21 MKT J170754.2 −484252 

KT J170754.2 −484252 (source 24) was found via manual vetting.
t has an unbinned/binned ηMFS of 4.9/23 and V MFS of 0.082/0.056.
he source has an increasing flux density, shown in Fig. 10 . The

ight curve of this source also shows shorter time-scale variability;
o we ver, we note that this variability correlates with some other light
urves in the field, indicating that it is caused by residual systematics
nd is not intrinsic to the source. The spectral index increases o v er
ime from α ∼ −0.5 to α ∼ 0.5 with a mean of α = −0 . 13 ± 0 . 01.
here is some curvature in the spectrum of this source, particularly

owards the top of the MeerKAT band, and as such the power-law
pectral index fit is an approximation. MKT J170754.2 −484252 has
 mean MeerKAT 909 MHz flux density of 11.04 ± 0.12 mJy and
s detected by RACS with a flux density of 11.60 ± 0.15 mJy. The
ource falls outside the MeerLICHT FoV and we did not find any
ultiwavelength counterparts in VizieR. 

 DI SCUSSI ON  

n Section 2.4 , we discussed the disco v ery and mitigation of system-
tic effects in the light curves of sources in the GX 339 −4 field (see
ppendix A for further information). While we were investigating

hese systematics we manually looked through plots of all of the
nbinned light curves of sources with S/N > 3 in at least one epoch,
ith the mean value also plotted to enable easier identification of

ystematics and variability. In doing this, we first identified many of
he long-term variable sources presented in this paper. This is why
any of the sources in Section 4 were found via manual vetting.
e performed the binning (Section 2.3 ) after many of the sources

ad already been identified manually as candidate long-term variable
ources, but all 21 of the new long-term variable sources have binned
ν values > 1, and as such would have been identified as candidates
or further investigation using the binned variability parameters. The
ν value of all of the new variable sources increased after binning,
hich indicates that there is a long-term trend in the light curves.
his is because binning enhances the ην value where there is a trend
n time-scales comparable to the binning. 
The non-variable sources in Fig. 2 are clustered around ην ∼ 0.3

nstead of the expected ην ∼ 1.0 for the reduced χ2 . We believe that
his is because the uncertainties on the light curves and systematics
re conserv ati ve, and when we propagate these it leads to more
onserv ati ve binned light-curve uncertainties. This means that the ην

alues of the variable sources are also likely to be underestimated,
hich is why we consider the sources in comparison with each other.
If we include the known variable sources GX 339 −4,

SR J1703 −4851, and MKT J170456.2 −482100, we find that
.2 ± 0.5 per cent of the point sources in the field with S/N > 3
re long-term variable sources. Surv e ys such as Carilli et al. ( 2003 ),



21 new long-term variables in the GX 339 −4 field 5051 

Figure 9. Light curves, binned light curves, and spectral index over time for sources: (19) MKT J170404.0 −485820, (21) MKT J170524.1 −480842, (22) 
MKT J170546.3 −484822, and (23) MKT J170721.9 −490816. The grey dashed line in each panel shows the weighted mean value. 
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Figure 10. Light curve, binned light curve, and spectral index over time for 
source (24) MKT J170754.2 −484252. The grey dashed line in each panel 
shows the weighted mean value. 
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rail et al. ( 1994 ), and Mooley et al. ( 2013 ) found that 1–2 per cent of
adio sources in their surv e ys were variable. This is consistent with
he percentage of sources we find; ho we v er, we hav e only included
no wn v ariables and long-term v ariables in this work and we have
hree more years of weekly monitoring of this field to search for
ariable sources. This implies that 2.2 ± 0.5 per cent is the lower
imit on the percentage of variable sources in the field. 

There are o v er 400 000 optical sources in the deep MeerLICHT
mage, which gives ∼40 sources arcmin −2 or 0.01 sources arcsec −2 .
nitially it may be surprising that we did not find more matches with
uch a high density of optical sources. There are ∼0.3 MeerKAT
ources arcmin −2 or ∼8 × 10 −5 sources arcsec −2 within a degree
f the phase centre. The 0.4 arcsec uncertainty on the MeerKAT
strometry gives a 1 σ region of 0.5 arcsec 2 around each radio source.
e expect 0.006 MeerLICHT sources per 0.5 arcsec 2 . We find 1080

nique MeerKAT sources, if we multiply this by 0.006 we only
xpect 6.5 random matches between MeerKAT and MeerLICHT
ources. Similarly, we would expect 0.14 matches between the 24
ariable radio sources in the FoV and MeerLICHT sources. Instead,
e find that three of the variable sources (including GX 339 −4

nd MKT J170456.2 −482100) in the field match with MeerLICHT
ources, which is 20 times the expected 0.14 matches. We can see
he positions of the MeerKAT sources in the MeerLICHT q -band
ostage stamps of each source in Figs B2 –B4 . We are looking through
he Galactic plane, which means that optical sources outside the
alaxy or on the other side of the Galaxy will be strongly affected
y extinction. A lack of optical detections for 20 of the new variable
ources does not conclusively mean that the sources are extragalactic,
ut this could be why we do not find optical counterparts despite the
eep, sensitive MeerLICHT observations. 
The ASKAP intrahour variability study by Wang et al. ( 2021 )

ound correlated variability in sources in a linear formation on the
ky, leading them to conclude that the variability is due to structure
n the ISM. While some sources, such as MKT J170225.5 −485711
source 15) and MKT J170340.2 −484010 (source 18), have similar
NRAS 512, 5037–5066 (2022) 
ariability trends, they are not in the same region on the sky and other
ariable sources with different trends are between these sources on
he sky. We therefore do not find evidence of an ISM scintillation
tructure in this field based on long-term variability trends. 

Th yag arajan et al. ( 2011 ) found that ∼1409 of the 1627 ( ∼87 per
ent) variable sources they found using the FIRST survey were either
onfirmed to be or consistent with galaxies and quasi-stellar objects
QSOs), indicating that the majority of radio variable sources are
ikely to be AGN. The SED of MKT J170109.9 −483550 (shown
n Fig. 6 ) is consistent with a radio-quiet AGN or star-forming
alaxy, despite being classified as a star by the TIC based on the
ound morphology. The 20 other new variable sources do not have
nough information to confirm their nature; ho we ver, we can compare
he radio variability to the blazar variability found by the Fermi -
amma-ray Space Telescope (GST) AGN Multifrequency Moni-

oring Alliance (F-GAMMA; Fuhrmann et al. 2016 ). F-GAMMA
as observed ∼60 selected blazars (plus targets of opportunity)
pproximately monthly from 2007 to 2015 in radio frequency bands
rom 2.64 to 43 GHz. They find that the radio variability of blazars is
ue to shocks in the relativistic jet at high frequencies and refractive
cintillation at low frequencies (Angelakis et al. 2012 ). We can see
n their released light curves that the variability of the blazars they
bserve can be extreme at the higher (43 GHz) frequencies, but has a
ower V F and a smoother, slower variability at low frequencies (2.64
Hz). We note that the shape and time-scales of variability in their

ources at low frequencies are similar to some of our sources, and
hat the spectral index evolution in some sources also mirrors the
ariability of our sources. While we cannot yet determine the nature
f our sources or the cause of the variability, the many similarities
etween our sources and the F-GAMMA sources mean that refractive
cintillation of AGN could explain what we observe. 

We used the model 14 by Hancock et al. ( 2019 ) to predict the
pproximate variability time-scale and V MFS for scintillating extra-
alactic sources at the position of each of our sources. Hancock
t al. ( 2019 ) use an H α intensity map (Finkbeiner 2003 ) to predict
he effect of RISS on radio sources in searches for variable sources.
hey find that more RISS-induced variable sources are expected for
earches close to the Galactic plane than further away. Table 4 shows
he results of using their code to predict the RISS variability time-
cale and expected V MFS after a year of observations at the positions
f each of our sources. The predicted V MFS is the maximum expected
alue, and multiple sources can have the same predicted values due
o the coarseness of the model grid. The known Galactic sources,
X 339 −4, PSR J1703 −4851, and MKT J170456.2 −482100, are

ntrinsically variable and are not variable due to RISS. As expected,
he predicted RISS V ν values and time-scales for these sources do
ot match the observed V ν values and time-scales. The predicted
ISS V ν values are consistent with the observed, binned V ν values

or 18 of the 21 new variable sources. Some sources have a lower
han expected V ν compared to the RISS values, such as sources

KT J165955.1 −491352 (source 2) and MKT J170127.4 −485810
source 12). This could be because those sources are Galactic sources,
r it could be because the true electron density along the line of sight
f the source is not well modelled by the H α intensity map. MKT
170524.1 −480842 (source 21) is the only ne w v ariable source where
he observed V ν (0.22 for the binned light curve) is larger than the
redicted V ν (0.19 ± 0.005). The predicted RISS time-scales for all
5 of the ne w v ariable sources are on the order of a year, which
atches the observed time-scales. 

art/stac756_f10.eps
https://github.com/PaulHancock/RISS19
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Table 4. Predicted V MFS,max and variability time-scales at 1284 MHz caused by refractive interstellar scintillation (RISS) using the Hancock 
et al. ( 2019 ) models. We show the MFS unbinned and binned V MFS values for each source, the predicted V MFS,max after a year of observations, 
and the predicted time-scale of variability using a central frequency of 1284 MHz. 

Name V MFS (unbinned) V MFS (binned) V MFS,max (predicted yr −1 ) Predicted time-scale (yr) 

1 MKT J165945.1 −484703 0 .2 0 .13 0.13 ± 0.01 1.3 ± 0.1 
2 MKT J165955.1 −491352 0 .055 0 .048 0.17 ± 0.01 1.1 ± 0.08 
3 MKT J170028.1 −482543 0 .096 0 .072 0.12 ± 0.009 1.4 ± 0.1 
4 MKT J170057.2 −484753 0 .17 0 .11 0.18 ± 0.01 1.0 ± 0.08 
5 MKT J170101.1 −484953 0 .21 0 .18 0.19 ± 0.005 0.95 ± 0.08 
6 MKT J170104.7 −484842 0 .074 0 .065 0.19 ± 0.005 0.95 ± 0.08 
7 MKT J170109.9 −483550 0 .14 0 .14 0.16 ± 0.01 1.1 ± 0.09 
8 MKT J170037.5 −485646 0 .11 0 .11 0.17 ± 0.01 1.1 ± 0.08 
9 MKT J170145.8 −484029 0 .1 0 .095 0.19 ± 0.005 0.92 ± 0.08 
10 MKT J170154.7 −485342 0 .21 0 .17 0.19 ± 0.005 0.85 ± 0.07 
11 MKT J170128.5 −482955 0 .13 0 .084 0.16 ± 0.01 1.1 ± 0.09 
12 MKT J170127.4 −485810 0 .12 0 .12 0.19 ± 0.005 0.89 ± 0.07 
13 MKT J170213.7 −483337 0 .097 0 .098 0.19 ± 0.005 0.9 ± 0.07 
14 GX 339 −4 1 .9 1 .4 0.2 ± 0.006 0.8 ± 0.07 
15 MKT J170225.5 −485711 0 .1 0 .073 0.2 ± 0.005 0.83 ± 0.07 
16 PSR J1703 −4851 0 .34 0 .15 0.2 ± 0.006 0.77 ± 0.07 
17 MKT J170355.9 −485556 0 .09 0 .089 0.2 ± 0.006 0.75 ± 0.06 
18 MKT J170340.2 −484010 0 .12 0 .11 0.2 ± 0.006 0.8 ± 0.07 
19 MKT J170404.0 −485820 0 .047 0 .038 0.2 ± 0.006 0.75 ± 0.06 
20 MKT J170456.2 −482100 0 .65 0 .31 0.19 ± 0.005 0.89 ± 0.07 
21 MKT J170524.1 −480842 0 .32 0 .22 0.19 ± 0.005 0.84 ± 0.07 
22 MKT J170546.3 −484822 0 .25 0 .19 0.2 ± 0.005 0.78 ± 0.06 
23 MKT J170721.9 −490816 0 .092 0 .068 0.2 ± 0.006 0.69 ± 0.06 
24 MKT J170754.2 −484252 0 .082 0 .056 0.2 ± 0.005 0.76 ± 0.06 
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Most of the new long-term variable sources that we have identified 
ith MeerKAT have measured properties that are consistent with 

cintillating AGNs. In Fig. 11 , we have placed the sources on to a
lot by Stewart et al. ( 2018 ) that shows the radio and optical flux
ensities of a range of different source types. This plot shows that the
1 new long-term variable sources are consistent with quasars. We 
ote that there are many quasars below the source detection threshold 
f the FIRST surv e y, indicated with a dashed line at 1 mJy, down
o the lowest flux variables in our sample. XRBs and GRBs also
ccupy a similar phase space to quasars in this plot, meaning that our
ources are broadly consistent with the radio to optical brightness 
atios of XRBs and GRBs. Ho we ver, typical radio light curves at

eerKAT observing frequencies from GRBs and XRBs have very 
ifferent morphologies and time-scales than the variable sources in 
ur sample (e.g. Chandra & Frail 2012 ; Fender & Bright 2019 ). This
eld is also regularly monitored in the X-ray due to GX 339 −4,
hich would have revealed the presence of more XRBs. The optical 

o radio flux density ratios of the sources are also broadly consistent
ith pulsars in Fig. 11 . While some individual pulsars have spectral

ndices as low as −3 and as high as 0, most pulsars have spectral
ndices between approximately −2.2 and −1.0 with a weighted mean 
f −1.60 ± 0.03 (Jankowski et al. 2018 ). Only one new source has a
pectral index consistent with the steep spectral indices expected for 
ulsars: MKT J170546.3 −484822 (source 22, α = −1 . 46 ± 0 . 05).
f we exclude source 22, the spectral indices of the 21 new variable
ources range from ∼−0.6 to ∼1.3, which does not match with the
 xpected spectral inde x range for pulsars. This field has been searched 
y multiple pulsar surv e ys including the Parkes Southern Pulsar
urv e y (Manchester et al. 1996 ), the Parkes Multibeam Pulsar Surv e y
PMPS; Manchester et al. 2001 ), and, most recently, the High-Time 
esolution Univ erse-South (HTRU-S) surv e y (Keith et al. 2010 )
here part of the field (down to a Galactic latitude of −3 . ◦5) was

o v ered by the low-latitude surv e y and part was co v ered by the
edium-latitude surv e y. All of our long-term variable sources fall
nto the region of the sky covered by the medium-latitude survey.
nitially we conserv ati vely use the worst sensitivity, which is for
hort-period pulsars (period � 1 ms), is 0.6 mJy. The HTRU-S surv e y
earched with a central frequency of 1352 MHz, corresponding to 
he 1337 MHz MeerKAT subband. Using the mean flux densities of
ach source in the 1337 MHz subband (see Table B1 ), we find that 14
f the 21 new long-term variable sources have flux densities greater
han the 0.6 mJy sensitivity limit of HTRU-S. The best sensitivity of
TRU-S mid-latitude is ∼0.3 mJy for longer period pulsars (period 
 1 ms), and all of the new long-term variable sources have mean
ux densities � 0.3 mJy in the 1337 MHz band. If all of the new

ong-term variable sources were pulsars, we would expect that more 
han half of them would have been discovered previously by the
TRU-S mid-latitude surv e y. So the combination of spectral index

nd flux density indicates that it is unlikely that man y, if an y, of
hese sources are pulsars. Ho we ver, if the sources are, for example,
ntermittent emitters or eclipsing binaries, this may be why they were

issed in previous pulsar surv e ys (e.g. Kaplan et al. 2019 ). Further
bserv ations, particularly polarization observ ations or targeted pulsar 
earches, would determine whether the properties of these sources 
re consistent with pulsars. 

Using the RISS-predicted V MFS and time-scales, the radio–optical 
ux density ratios, the spectral indices, and the light-curve shapes, we 
nd that the new long-term variable sources are consistent with re-
ractive scintillation of AGN. MKT J170524.1 −480842 (source 21) 
as a marginally higher than predicted V MFS value, but the variability
ime-scale is consistent with the predicted time-scale. Also the RISS 

odel we used predicts the V MFS after 1 yr of observations, while we
av e observ ed our sources for 2 yr. The radio–optical flux density
atio of the source is consistent with AGN, and the light-curve shape
nd spectral index are not consistent with pulsars, GRBs, or relativis-
ic binaries. MKT J170546.3 −484822 (source 22) has a V and
MNRAS 512, 5037–5066 (2022) 
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M

Figure 11. Plot from Stewart et al. ( 2018 ) showing the radio and optical flux densities of various stellar sources. The long-term variable sources have been included 
as grey markers where the radio flux densities are the median flux densities and the optical flux densities are the extinction-corrected MeerLICHT r -band upper 
limits, except for source 20 that is known stellar flaring system MKT J170456.2 −482100 (black marker). Source 7 (MKT J170109.9 −483550) is also marked 
in black. The extinction values were determined using the NASA/IPAC Extragalactic Database Coordinate Transformation and Galactic Extinction Calculator. 
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ariability time-scale consistent with RISS, and its radio–optical flux
ensity ratio is consistent with being an AGN. Similar to source 21 the
ight-curve shape is not consistent with GRBs or relativistic binaries.
t does have a steep spectral index that is consistent with what is ex-
ected for pulsars; ho we ver , A GN can also have steep spectral indices
nd the other properties of the source are consistent with AGN. Fur-
her information, such as polarization measurements, will be useful in
onfirming the AGN classification of these sources. The polarization
roperties away from the phase centre for MeerKAT are still being
haracterized and data reduction techniques are being developed. As
uch, we are presently not able to determine the polarization proper-
ies of these sources with these data. This will be pursued in the future.

ork is ongoing to characterize there sources at higher frequencies
ith ATCA and polarization analysis will be part of that work. 
As many of these sources do not have multiwavelength coun-

erparts, further investigation in the radio is the most promising
or determining the nature of these sources. We have successfully
roposed for ATCA time to observe the variable sources at 5 and
 GHz to obtain polarization and further spectral information, these
bservations took place in mid-2021. Circular polarization of these
ources would point towards stellar or pulsar sources, as opposed
o AGN. Deep infrared observations and deeper optical images may
lso reveal counterparts to some sources. MeerLICHT continues to
o-observe the field during the night, and will soon have individual
poch information available to further investigate the positions of
hese sources in the optical and the potential to stack more images
or greater sensitivity. MeerTRAP also commensally observes the
NRAS 512, 5037–5066 (2022) 
eld while ThunderKAT is observing, which means that we are
earching for any short time-scale bursts or pulsations from these
ources, indicating pulsars or rotating radio transients. ThunderKAT
ill continue to observe the field weekly until 2023 September,
roviding further radio information about these sources. 

 C O N C L U S I O N S  

e present the radio light curves and spectral indices of 21 new long-
erm variable sources disco v ered and monitored commensally in 2 yr
f MeerKAT observations of the low-mass X-ray binary GX 339 −4.
his is an unprecedented data set in terms of cadence, continuity, and

ength. Three of these new sources are coincident with counterparts at
ther frequencies, and one of those is coincident with a MeerLICHT
ptical source. We find that refractive scintillation of AGNs could
xplain the long-term variability that we see in these sources. The GX
39 −4 field will continue to be monitored weekly with MeerKAT
ntil 2023 September, MeerLICHT will continue to monitor the field
uring night time observations, and we will use ATCA observations
o further investigate the sources. 
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Figure A1. Examples of pairs of highly correlated light curves. Each row 

shows light curves from two different sources, one in grey and one in black. 
The Pearson’s r value calculated by comparing each pair of light curves is 
shown in the upper left-hand corner of each panel. 
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PPENDIX  A :  FLUX  DENSITY  SYSTEMATICS  

pon visual inspection of the light curves of sources in the GX 339 −4
eld, we noticed that some show correlated variability. Some exam-
les of source light curves are shown in Fig. A1 . This is concerning
or variability searches as these sources appear variable, but are
nlikely to be as they are apparently varying in the same way.
his could also indicate underlying issues that mean that every
ource in this field may be affected by this systematic variability.
o investigate the correlated sources further and determine the
ause of the correlation we started with the Pearson’s r correla-
ion coefficient ( r ; Pearson 1896 ). Pearson’s r measures the linear
orrelation between two sets of discrete points, where an r of −1
s a 100 per cent ne gativ e correlation, an r of + 1 is a 100 per cent
ositive correlation, and an r of 0 is no correlation at all. The r
alues between the sources shown in Fig. A1 are all abo v e 0.85.
e can see similar peaks and troughs, as well as o v erall, long-term

rends. When we compare the light curves of all sources in the
eld with each other (only once, if we calculate the r comparing
ource A to source B we did not calculate the r comparing source
 to source A), we find that many sources correlate strongly with
ach other. 
NRAS 512, 5037–5066 (2022) 
1 Resolved sources and artefacts 

ur first attempt to mitigate the correlation problem was to vet all
ources to check for artefacts and resolved sources. The GX 339 −4
eld does not have any large extended structures, the largest resolved
tructures are lobes of radio galaxies and a planetary nebula. The
orce beam and beamwidths limit parameters mean that
b vious e xtended sources are not included by TRAP . There are many
ouble-lobed sources and small resolved sources and sources with
tructure that can appear point-like. It is important to remember that
hese are images with integration times of 10–15 min, which means
hat the synthesized beam is not round. Sometimes two sources that
re close together on the sky can appear to be a single point source
epending on the orientation of the beam. This means that flux is
ometimes collected from mostly one source, or sometimes both
ources. There are also clean artefacts around bright sources that are
etected as point-like sources in some epochs. These artefacts vary
rom epoch to epoch and often appear and disappear completely,
hich means that they can look like very interesting variable sources.
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Differentiating between resolved and unresolved sources in radio 
mages is challenging. As we are investigating a single field, we chose
 manual, visual method to remo v e the problem sources. To do this,
e created a DS9 (Joye & Mandel 2003 ) region file including every

ource detected by TRAP in every subband and the MFS images. We
hen looked at these sources in the deep MeerKAT stacked image 
f this field and determined by-eye which sources are resolved and 
hich sources are artefacts. We then checked all the sources again 
sing a single-epoch 1658 MHz image as sources are more likely to
e resolved at the highest frequency due to the smaller synthesized 
eam. We then remo v ed these sources and compared all the sources in
he field to each other using the Pearson’s r coefficient. This method
emo v es all but one of the light curves from Fig. A1 , meaning that all
ut one of these sources is either a resolved source or an artefact, and
educes the amount of strong correlations within the GX 339 −4 field.

2 Direction dependence of the systematics 

he next possible cause of the correlation that we tested was direction
ependence, in particular distance from the phase centre (centred on 
X 339 −4). To do this, we select all the sources within an annulus.
e then choose a source within that annulus, and calculate the r

orrelation coefficient between that source and all of the other sources 
ithin the annulus. We then remo v e that source, so that we do not

ompare to it again. We proceed to do this for every source. We
erform the same calculations for annuli outwards from the phase 
entre. We choose the radii of each annulus such that the area of every
nnulus (and the corresponding circle located at the phase centre) is
he same. We find that there is no clear direction dependence, no
nnulus where the correlation is particularly strong. 

3 Flux dependence of the systematics 

inally, we wanted to determine whether the systematics are flux 
ensity dependent. In other words: are brighter sources more affected 
y the systematics? To do this, we compared all the sources using
he r correlation coefficient again and plotted the flux densities and 
orrelation coefficient value range. We find that there may be some 
ux density dependence where bright sources are more affected by 

he systematics than fainter sources. This could be because the 
f fect is multiplicati ve, or it could be because the uncertainties
n bright sources are underestimated by TRAP (Ro wlinson, pri v ate
ommunications). 

4 Modelling the light-cur v e systematics 

emo ving resolv ed sources and artefacts, see Section A1 , reduces the
orrelation between sources, but some residual correlation remains. 
s such we developed a method to model the light-curve systematics.
o do this, we first choose a reference epoch. We use the last epoch
s the reference epoch, because of the way TRAP tracks sources. We
orce TRAP to track all detected sources in every epoch, therefore 
ll sources will have a measured value from TRAP in the last epoch.
e then take every light curve (where the source is detected at least
nce with an S/N > 3) and divide all of the epochs by the reference
poch value: 

 i,j , scaled = 

F i,j 

F i, ref epoch 
, (A1) 

here F i , j is the flux density of source i in epoch j and F i, ref epoch is
he flux density of the same source in the reference epoch. Next, we
ake the mean ( F ), standard deviation ( σ F ), median ( ̃  F ), and MAD
MAD F ) of this distribution for every epoch, where the mean is given
y 

 = 

1 

n 

n ∑ 

i= 0 

F i , (A2) 

here n is the number of epochs. The standard deviation is given by 

F = 

√ √ √ √ 

1 

n ( n − 1) 

n ∑ 

i= 0 

( F i − F ) 2 . (A3) 

he median ( ̃  F ) is the value where half of the population is less than
he value of the median and the MAD is defined by 

AD = median ( | F i − ˜ F | ) . (A4) 

ere, we use the MAD value multiplied by 1 . 4826 / 
√ 

n , such
hat MAD F = 

MAD ×1 . 4826 √ 

n 
, where 1.4826 is the scale factor to use

he MAD as an estimation of the standard deviation for normally
istributed data, and the 1 / 

√ 

n factor makes the MAD comparable to
he population standard deviation. We can now use either the mean
nd standard deviation per epoch or the median and MAD per epoch
s the model for the systematics. 

We use the median and MAD model to model and correct for the
ystematics as the median is robust to outliers compared to the mean.
he median model for each frequency band and the MFS images

s shown in Fig. A2 (left-hand column). This plot also shows the
ifference between the models before and after removing the resolved 
ources and artefacts. This shows that removing these sources does 
ot significantly change the shape of the models, indicating that the
ain contribution to the systematics is not these sources. To correct

or the systematics, we divide each light curve by the model and
ombine the uncertainties. 

5 Systematic correction results 

xamples of light curves before and after correction are shown in
ig. A3 . We can see that these sources are consistent with constant
ources, and that their variability parameters decrease after applying 
he corrections, particularly the ην parameter. In Fig. A4 , we can see
he variability parameters before and after correction. These values 
re for light curves with S/N > 2 in at least one epoch. The code
or the investigation and correction of the systematics can be found
n GitHub: https:// doi.org/ 10.5281/ zenodo.4456303 . This repository 
lso includes the code for accessing the light curves from TRAP. 
MNRAS 512, 5037–5066 (2022) 

https://doi.org/10.5281/zenodo.4456303
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M

Figure A2. Median and MAD scale models for all frequency subbands and MFS. All points have error bars, some are too small to see. The grey dashed line is 
at 1.0. 
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Figure A3. Examples of 909 MHz subband light curves before and after correction. Each row is the same source, where the left-hand column is the light curve 
before the correction is applied, and the right-hand column is the light curve after the correction has been applied. These sources are all point sources with an 
S/N > 2. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/5037/6551353 by C
N

R
S - ISTO

 user on 11 April 2023
MNRAS 512, 5037–5066 (2022) 

art/stac756_fA3.eps


5060 L. N. Driessen et al. 

M

Figure A4. Variability parameters before and after applying the corrections. Resolved sources and artefacts have already been removed, as have sources with 
an S/N < 2. 
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PPEN D IX  B:  SUPPLEMENTA RY  MATERI AL  

he mean flux density for each long-term variable source is shown in
able B1 . The VizieR catalogues used for matching to the long-term
ariable sources are shown in Table B2 . 
t

able B1. Summary of the positions and mean flux densities of the long-term va
ave been corrected for the absolute astrometry (see Section 2.5 ), both the RA and 

Name RA ( ◦) Dec. ( ◦) 1658 1551 

 MKT J165945.1 −484703 254 .93796 − 48 .78424 0.37 ± 0.03 0.35 ± 0
 MKT J165955.1 −491352 254 .97960 − 49 .23137 7.13 ± 0.08 7.9 ± 0
 MKT J170028.1 −482543 255 .11701 − 48 .42868 0.93 ± 0.04 1.03 ± 0
 MKT J170057.2 −484753 255 .23823 − 48 .79807 0.37 ± 0.02 0.37 ± 0
 MKT J170101.1 −484953 255 .25445 − 48 .83158 0.36 ± 0.02 0.35 ± 0
 MKT J170104.7 −484842 255 .26939 − 48 .81184 1.12 ± 0.02 1.17 ± 0
 MKT J170109.9 −483550 255 .29126 − 48 .59750 7.33 ± 0.04 7.27 ± 0
 MKT J170037.5 −485646 255 .15615 − 48 .94632 3.33 ± 0.03 3.25 ± 0
 MKT J170145.8 −484029 255 .44078 − 48 .67495 0.66 ± 0.02 0.72 ± 0
0 MKT J170154.7 −485342 255 .47793 − 48 .89498 0.32 ± 0.01 0.33 ± 0
1 MKT J170128.5 −482955 255 .36859 − 48 .49876 0.53 ± 0.02 0.49 ± 0
2 MKT J170127.4 −485810 255 .36419 − 48 .96960 13.78 ± 0.06 14.87 ± 0
3 MKT J170213.7 −483337 255 .55712 − 48 .56044 1.66 ± 0.02 1.78 ± 0
4 GX 339 −4 255 .70547 − 48 .78973 1.37 ± 0.02 1.42 ± 0
5 MKT J170225.5 −485711 255 .60623 − 48 .95290 0.42 ± 0.02 0.44 ± 0
6 PSR J1703 −4851 255 .97719 − 48 .86696 0.91 ± 0.02 1.14 ± 0
7 MKT J170355.9 −485556 255 .98298 − 48 .93234 4.86 ± 0.03 5.02 ± 0
8 MKT J170340.2 −484010 255 .91730 − 48 .66967 0.48 ± 0.02 0.55 ± 0
9 MKT J170404.0 −485820 256 .01674 − 48 .97230 2.09 ± 0.02 2.36 ± 0
0 MKT J170456.2 −482100 256 .23435 − 48 .35021 0.40 ± 0.04 0.42 ± 0
1 MKT J170524.1 −480842 256 .35003 − 48 .14511 0.5 ± 0.1 0.6 ± 0
2 MKT J170546.3 −484822 256 .44297 − 48 .80631 0.20 ± 0.03 0.20 ± 0
3 MKT J170721.9 −490816 256 .84123 − 49 .13783 2.3 ± 0.2 2.9 ± 0
4 MKT J170754.2 −484252 256 .97587 − 48 .71454 9.3 ± 0.2 11.4 ± 0

Table B2. VizieR catalogues used for matching sources by position. The numbe
of the phase centre of the MeerKAT observations (centred on GX 339 −4). The se
matching radius of 0.4 arcsec indicates that the MeerKAT astrometry is the limitin

Catalogue name Number of sources Searc

Gaia EDR3 1721 225 
Gaia EDR3 × Tycho 398 
2MASS 313 565 
WISE 99448 
AllWISE 98 848 
SkyMapper 269 806 
unWISE 383 183 
DENIS 341 161 
2FGL × radio 1 
YSO candidates 489 
Solar-type dwarfs 3591 
ASAS-SN variable stars 295 
XMM -OM serendipitous 2019 46 191 
GLADE 1 
2MASX ZOA galaxy cat 3 
MORX 143 
Chandra 72 
Chandra CSC 114 
Swift 2SXPS 77 
ASAS variable stars 14 
VISTA 305 142 
MGPS-2 75 
Tycho 548 
Swift UV O T serendipitous 202 777 
4 XMM serendipitous 4272 
The MeerLICHT 5 σ upper limits for the location of each source
re shown in Table B3 . One of the MeerLICHT products is a FITS

mage map of the limiting magnitude across the whole MeerLICHT 

eld. These limits were measured at the position of each source in
he limit maps per band. The MeerLICHT q -band deep image with
he locations of the variable sources (numbers correspond to those 
MNRAS 512, 5037–5066 (2022) 

riable sources in the GX 339 −4 field. The RA and Dec. are in degrees and 
Dec. have uncertainties of 0.4 arcsec. 

Mean flux density (mJy) in subband (MHz) 
1444 1337 1123 1016 909 

.04 0.34 ± 0.02 0.37 ± 0.02 0.30 ± 0.02 0.35 ± 0.02 0.29 ± 0.03 

.1 7.33 ± 0.04 8.27 ± 0.04 8.34 ± 0.04 9.09 ± 0.03 9.13 ± 0.05 

.04 0.98 ± 0.02 1.07 ± 0.02 1.00 ± 0.02 1.11 ± 0.02 1.10 ± 0.03 

.02 0.36 ± 0.01 0.37 ± 0.01 0.29 ± 0.02 0.30 ± 0.02 0.26 ± 0.02 

.02 0.33 ± 0.01 0.34 ± 0.01 0.28 ± 0.02 0.28 ± 0.02 0.25 ± 0.02 

.03 1.06 ± 0.01 1.18 ± 0.01 1.11 ± 0.02 1.19 ± 0.02 1.13 ± 0.03 

.05 6.20 ± 0.02 6.26 ± 0.02 4.33 ± 0.02 4.14 ± 0.02 3.19 ± 0.03 

.04 2.70 ± 0.02 2.79 ± 0.02 2.12 ± 0.02 2.11 ± 0.02 1.81 ± 0.03 

.02 0.70 ± 0.01 0.79 ± 0.01 0.79 ± 0.02 0.92 ± 0.01 0.90 ± 0.02 

.02 0.297 ± 0.009 0.31 ± 0.01 0.27 ± 0.01 0.26 ± 0.01 0.23 ± 0.02 

.03 0.44 ± 0.01 0.46 ± 0.01 0.38 ± 0.02 0.43 ± 0.02 0.38 ± 0.03 

.08 13.29 ± 0.03 15.01 ± 0.04 14.00 ± 0.04 14.87 ± 0.03 13.62 ± 0.05 

.03 1.59 ± 0.01 1.72 ± 0.01 1.59 ± 0.02 1.69 ± 0.02 1.61 ± 0.03 

.02 1.51 ± 0.01 1.69 ± 0.01 1.89 ± 0.02 2.28 ± 0.02 2.28 ± 0.03 

.02 0.419 ± 0.009 0.47 ± 0.01 0.43 ± 0.01 0.49 ± 0.01 0.48 ± 0.02 

.02 1.19 ± 0.01 1.52 ± 0.01 2.09 ± 0.02 2.56 ± 0.02 3.09 ± 0.03 

.04 4.50 ± 0.02 4.81 ± 0.02 4.11 ± 0.02 4.34 ± 0.02 3.98 ± 0.03 

.02 0.500 ± 0.009 0.53 ± 0.01 0.52 ± 0.01 0.57 ± 0.01 0.54 ± 0.02 

.03 2.14 ± 0.01 2.43 ± 0.02 2.42 ± 0.02 2.72 ± 0.02 2.80 ± 0.03 

.04 0.36 ± 0.02 0.33 ± 0.02 0.25 ± 0.02 0.25 ± 0.02 0.19 ± 0.03 

.1 0.47 ± 0.05 0.47 ± 0.05 0.43 ± 0.04 0.48 ± 0.03 0.45 ± 0.04 

.03 0.26 ± 0.02 0.32 ± 0.02 0.40 ± 0.02 0.52 ± 0.02 0.55 ± 0.03 

.2 2.75 ± 0.07 2.82 ± 0.07 2.78 ± 0.05 2.87 ± 0.04 2.71 ± 0.05 

.2 10.52 ± 0.09 10.65 ± 0.09 10.49 ± 0.06 11.17 ± 0.05 11.03 ± 0.06 

r of sources is the total number of sources in the catalogue within a degree 
arch radius is the maximum matching radius we used for that catalogue, a 
g factor. 

h radius (arcsec) Reference 

0.40 Gaia Collaboration ( 2021 ) 
0.40 Gaia Collaboration ( 2021 ) 
0.40 Cutri et al. ( 2003 ) 
0.50 Cutri et al. ( 2012 ) 
0.50 Cutri et al. ( 2013 ) 
0.40 Wolf et al. ( 2018 ) 
0.40 Schlafly, Meisner & Green ( 2019 ) 
0.50 ht tp://cds.u-st rasbg.fr/denis.html 
0.40 Schinzel et al. ( 2015 ) 
0.50 Marton et al. ( 2016 ) 
0.40 Nascimbeni et al. ( 2016 ) 
1.00 Jayasinghe et al. ( 2018 ) 
0.70 Page et al. ( 2012 ) 
0.50 D ́alya et al. ( 2018 ) 
1.50 Schr ̈oder, van Driel & Kraan-Korteweg ( 2019 ) 
1.00 Flesch ( 2016 ) 
1.40 Evans et al. ( 2010 ) 
1.40 Evans et al. ( 2010 ) 
5.60 Evans et al. ( 2020 ) 
5.00 Pojmanski ( 2002 ) 
0.40 McMahon et al. ( 2013 ) 
2.00 Murphy et al. ( 2007 ) 
0.40 Egret et al. ( 1992 ) 
0.50 Yershov ( 2014 ) 
1.29 Traulsen et al. ( 2020 ) 
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Table B3. MeerLICHT upper limits for the long-term variable sources in each band. These are the 5 σ upper limits measured at the position of each source. The 
first value in each column is the measured upper limit, and the second value is the extinction-corrected upper limit. The extinction values were determined using 
the NASA/IPAC Extragalactic Database Coordinate Transformation and Galactic Extinction Calculator. a For the q -band extinction we assumed the average 
extinction of the g and r bands. 

Name u g r i z q 

1 MKT J165945.1 −484703 21.07/17.19 21.58/18.56 21.24/19.15 21.10/19.57 19.72/18.56 22.37/19.82 
2 MKT J165955.1 −491352 21.19/17.31 21.74/18.72 21.44/19.35 21.46/19.93 19.87/18.71 22.76/20.21 
3 MKT J170028.1 −482543 21.23/17.35 21.60/18.58 21.24/19.15 21.44/19.91 19.74/18.58 22.62/20.07 
4 MKT J170057.2 −484753 20.82/16.94 21.43/18.41 21.07/18.98 20.84/19.31 19.53/18.37 22.02/19.47 
5 MKT J170101.1 −484953 21.16/17.28 21.17/18.15 20.51/18.42 19.94/18.41 19.03/17.87 21.29/18.74 
6 MKT J170104.7 −484842 21.09/17.21 21.64/18.62 21.36/19.27 21.29/19.76 19.79/18.63 22.58/20.03 
7 MKT J170109.9 −483550 20.82/16.94 21.51/18.49 21.13/19.04 20.52/18.99 19.45/18.29 22.06/19.51 
8 MKT J170037.5 −485646 21.37/17.49 21.84/18.82 21.38/19.29 21.03/19.50 19.93/18.77 22.35/19.80 
9 MKT J170145.8 −484029 20.94/17.06 21.62/18.60 21.34/19.25 21.40/19.87 19.74/18.58 22.68/20.13 
10 MKT J170154.7 −485342 21.07/17.19 21.72/18.70 21.09/19.00 20.75/19.22 19.58/18.42 22.16/19.61 
11 MKT J170128.5 −482955 20.85/16.97 21.64/18.62 21.34/19.25 21.38/19.85 19.79/18.63 22.66/20.11 
12 MKT J170127.4 −485810 21.37/17.49 21.86/18.84 21.50/19.41 21.55/20.02 19.85/18.69 22.78/20.23 
13 MKT J170213.7 −483337 20.89/17.01 21.47/18.45 21.17/19.08 21.27/19.74 19.74/18.58 22.24/19.69 
14 GX 339 −4 20.26/16.38 20.74/17.72 20.18/18.09 19.44/17.91 18.78/17.62 20.88/18.33 
15 MKT J170225.5 −485711 21.39/17.51 21.62/18.60 21.13/19.04 20.75/19.22 19.72/18.56 22.20/19.65 
16 PSR J1703 −4851 21.16/17.28 21.70/18.68 21.32/19.23 21.46/19.93 19.85/18.69 22.60/20.05 
17 MKT J170355.9 −485556 21.05/17.17 21.56/18.54 21.30/19.21 21.42/19.89 19.85/18.69 22.58/20.03 
18 MKT J170340.2 −484010 20.80/16.92 21.74/18.72 21.38/19.29 21.46/19.93 19.75/18.59 22.74/20.19 
19 MKT J170404.0 −485820 21.09/17.21 21.62/18.60 21.38/19.29 21.44/19.91 19.83/18.67 22.58/20.03 
20 MKT J170456.2 −482100 17.29/13.41 17.26/14.24 17.13/15.04 16.43/14.90 15.53/14.37 18.33/15.78 
21 MKT J170524.1 −480842 20.87/16.99 21.62/18.60 21.11/19.02 20.97/19.44 19.58/18.42 22.31/19.76 
22 MKT J170546.3 −484822 21.05/17.17 21.47/18.45 21.13/19.04 20.88/19.35 19.66/18.50 22.14/19.59 
23 MKT J170721.9 −490816 21.05/17.17 21.37/18.35 21.17/19.08 21.08/19.55 19.53/18.37 22.12/19.57 
24 MKT J170754.2 −484252 18.90/15.02 19.52/16.50 19.42/17.33 19.08/17.55 18.28/17.12 20.73/18.18 

a ht tps://ned.ipac.caltech.edu/forms/calculator.ht ml 

Figure B1. Deep MeerLICHT q -band image including the long-term variable sources. 
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Figs B5 and B6 show the subband light
urves for the 21 new long-term variables
ources. 
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Figure B2. Deep MeerLICHT q -band postage stamps showing the locations of sources 1–8. The cross-hairs are 0.4 arcsec long to indicate the astrometric 
uncertainties on the MeerKAT positions. These sources are (1) MKT J165945.1 −484703, (2) MKT J165955.1 −491352, (3) MKT J170028.1 −482543, (4) 
MKT J170057.2 −484753, (5) MKT J170101.1 −484953, (6) MKT J170104.7 −484842, (7) MKT J170109.9 −483550, and (8) MKT J170037.5 −485646. 

Figure B3. Deep MeerLICHT q -band postage stamps showing the locations of sources 9–16. The cross-hairs are 0.4 arcsec long to indicate the astrometric 
uncertainties on the MeerKAT positions. These sources are (9) MKT J170145.8 −484029, (10) MKT J170154.7 −485342, (11) MKT J170128.5 −482955, (12) 
MKT J170127.4 −485810, (13) MKT J170213.7 −483337, (15) MKT J170225.5 −485711, (17) MKT J170355.9 −485556, and (18) MKT J170340.2 −484010. 
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Figure B4. Deep MeerLICHT q -band postage stamps showing the locations of sources 17 to 24. The cross-hairs are 0 . ′′ 4 long to indicate the astrometric 
uncertainties on the MeerKAT positions. These sources are: (19) MKT J170404.0 −485820; (20) MKT J170456.2 −482100; (21) MKT J170524.1 −480842; (22) 
MKT J170546.3 −484822; (23) MKT J170721.9 −490816; and (24) MKT J170754.2 −484252. As source 20 is MKT J170456.2 −482100 the star is o v ere xposed, 
leading to the large black blob we can see here. 
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Figure B5. Subband light curves for sources: (1) MKT J165945.1 −484703, (2) MKT J165955.1 −491352, (3) MKT J170028.1 −482543, (4) MKT 

J170057.2 −484753, (5) MKT J170101.1 −484953, (6) MKT J170104.7 −484842, (7) MKT J170109.9 −483550, (8) MKT J170037.5 −485646, (9) MKT 

J170145.8 −484029, (10) MKT J170154.7 −485342, and (11) MKT J170128.5 −482955. Note that the 1230 MHz band has been excluded due to radio frequency 
interference (RFI) and that the subband flux densities have been primary beam corrected. 
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Figure B6. Subband light curves for sources: (12) MKT J170127.4 −485810, (13) MKT J170213.7 −483337, (15) MKT J170225.5 −485711, (17) MKT 

J170355.9 −485556, (18) MKT J170340.2 −484010, (19) MKT J170404.0 −485820, (21) MKT J170524.1 −480842, (22) MKT J170546.3 −484822, (23) MKT 

J170721.9 −490816, and (24) MKT J170754.2 −484252. Note that the 1230 MHz band has been excluded due to radio frequency interference (RFI) and that 
the subband flux densities have been primary beam corrected. 
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