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ABSTRACT
We present a search for transient and highly variable sources at low radio frequencies
(150–200 MHz) that explores long timescales of 1–3 years. We conducted this search by
comparing the TIFR GMRT Sky Survey Alternative Data Release 1 (TGSS ADR1)
and the GaLactic and Extragalactic All-sky Murchison Widefield Array (GLEAM)
survey catalogues. To account for the different completeness thresholds in the individ-
ual surveys, we searched for compact GLEAM sources above a flux density limit of
100 mJy that were not present in the TGSS ADR1; and also for compact TGSS ADR1
sources above a flux density limit of 200 mJy that had no counterpart in GLEAM.
From a total sample of 234 333 GLEAM sources and 275 612 TGSS ADR1 sources in
the overlap region between the two surveys, there were 99 658 GLEAM sources and
38 978 TGSS ADR sources that passed our flux density cutoff and compactness cri-
teria. Analysis of these sources resulted in three candidate transient sources. Further
analysis ruled out two candidates as imaging artefacts. We analyse the third candidate
and show it is likely to be real, with a flux density of 182 ± 26 mJy at 147.5 MHz.
This gives a transient surface density of ρ = (6.2±6)×10−5 deg−2. We present initial
follow-up observations and discuss possible causes for this candidate. The small num-
ber of spurious sources from this search demonstrates the high reliability of these two
new low-frequency radio catalogues.
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1 INTRODUCTION

There are a range of astronomical phenomena that are
known to be transient or highly variable at low frequencies
(< 1 GHz). For example, flares from brown dwarf stars (e.g.
Berger 2006; Jaeger et al. 2011), flares from Jupiter (Zarka
et al. 2001), and by extension, potentially from exoplanet
emission (Hess & Zarka 2011; Murphy et al. 2015), and in-
termittent pulsars (e.g. Sobey et al. 2015). In other cases,
propagation effects such as interplanetary scintillation (e.g.
Kaplan et al. 2015) can cause compact background sources
such as quasars and pulsars to vary in flux density. There
are also more local causes such as ionospheric distortions.
Although these are typically small effects at a few hundred
megahertz at the resolution of the Murchison Widefield Ar-
ray (Loi et al. 2015) they can be significant for higher res-
olution instruments (Intema et al. 2009; van Weeren et al.
2016). The range of physical phenomena that cause radio
variability is summarised by Cordes et al. (2004) and by
Bowman et al. (2013) for low frequencies in particular.

Most studies of low frequency variability have targeted
known objects, however there have been a small number
of transients discovered through limited blind searches (e.g.
Hyman et al. 2005). In recent years large-scale blind tran-
sient surveys have become possible due to new instruments
such as the Long Wavelength Array (LWA1; Taylor et al.
2012), the Low Frequency Array (LOFAR; van Haarlem
et al. 2013), the Murchison Widefield Array (MWA; Tin-
gay et al. 2013) and the Jansky Very Large Array (VLA)
Low Band Ionospheric and Transient Experiment (VLITE;
Clarke et al. 2016). A range of low-frequency surveys for
radio transients have been conducted on these instruments
(e.g. Bell et al. 2014; Obenberger et al. 2015; Polisensky
et al. 2016) in part as preparation for the Square Kilome-
tre Array (SKA; e.g. Fender et al. 2015). In addition there
have been a number of surveys using archival low frequency
data from the Very Large Array (Jaeger et al. 2012) and
Molonglo (Bannister et al. 2011) telescopes.

So far, most surveys for radio transients at low frequen-
cies (e.g. Lazio et al. 2010; Bell et al. 2014; Polisensky et al.
2016) have not found any astrophysical sources, resulting
in upper limits on the rate of transient and highly variable
sources as summarised by Rowlinson et al. (2016). How-
ever, there are a few surveys that have resulted in detec-
tions. One is the archival search of 325 MHz Very Large
Array observations by Jaeger et al. (2012). They found a
single candidate in 72 hours of observations in the Spitzer-
Space-Telescope Wide-area Infrared Extragalactic Survey
(SWIRE) Deep Field. This source was detected over a 6
hour period with a flux density of 1.70± 0.25 mJy. Another
example is the recent result by Stewart et al. (2016) who
found a single candidate astrophysical transient in 400 hr of
LOFAR monitoring of the North Celestial Pole. Their can-
didate had a duration of a few minutes and a 60 MHz flux
density of 15 − 25 Jy. The nature of this object is still un-
known, but it suggests that we might now be approaching
the survey parameters required to detect low-frequency ra-
dio transients in blind surveys. Metzger et al. (2015) present
model predictions for the rates of extragalactic synchrotron
transients which are significantly lower than the rates that
current low-frequency blind surveys probe. However, these
do not cover all the classes of objects we expect to see at

low frequencies, in particular Galactic objects or coherent
emitters such as intermittent pulsars.

In this paper we present a search for radio transients
at ∼ 150 MHz, over typical timescales of three years, to a
flux density cutoff of 100–200 mJy. We conducted the search
using the GLEAM survey (Wayth et al. 2015) survey and the
first Alternative Data Release of the 150 MHz TIFR GMRT
Sky Survey (TGSS ADR1; Intema et al. 2016). Unless stated
otherwise, all flux density limits are at 3σ confidence.

2 DATA ANALYSIS

2.1 The GLEAM Survey

The Murchison Widefield Array (Tingay et al. 2013) is a 128-
tile low-frequency radio interferometer located in Western
Australia. One of the major MWA projects is GLEAM: The
GaLactic and Extragalactic All-sky MWA survey (Wayth
et al. 2015). GLEAM is a survey of the radio sky south of
declination +30◦ at frequencies between 72 and 231 MHz.
The observations used in this work were carried out between
2013 June and 2014 July. At 154 MHz the image resolu-
tion is approximately 2.5′ × 2.2′/ cos(δ + 26.7◦). The typi-
cal sensitivity of GLEAM snapshot images ranges from 40
to 200 mJy beam−1 between 231 MHz and 72 MHz respec-
tively. The final catalogue is 92.6% complete at 200 mJy and
79.5% complete at 100 mJy.

The observation and data reduction strategy for
GLEAM is described in detail by Hurley-Walker et al.
(2016).

2.2 The TGSS ADR1 Survey

The Giant Metrewave Radio Telescope (GMRT; Swarup
1990) is an array of 30 antennas, each with a diameter of
45 m. The GMRT has a maximum baseline of 25 km and
operates at frequencies between 150 and 1500 MHz. Between
2011 April and 2012 March the GMRT was used to carry out
a 150 MHz survey of the sky north of declination δ = −55◦.

Until recently, the bulk of the data collected by the
TGSS was unpublished. Motivated by recent improvements
in low-frequency calibration and imaging, Intema et al.
(2016) have re-processed the TGSS observations and re-
leased both the resulting Stokes I continuum images and
a catalog of 620 000 radio sources down to the 7σ level
(TGSS ADR1). The TGSS ADR1 data release covers the
sky north of declination δ = −53◦, excluding the most south-
ern (lowest elevation) pointings. The images have a median
RMS of 3.5 mJy beam−1 and an approximate resolution of
25′′ × 25′′ or 25′′ × 25′′/cos(δ − 19)◦ for declinations south
of δ = +19◦.

2.3 Search strategy

We conducted our search using the GLEAM first data re-
lease catalogue (Hurley-Walker et al. 2016) and the TGSS
ADR1 7-sigma source catalog (Intema et al. 2016). The two
surveys cover a common area of sky between −53◦ 6 δ 6
+30◦. The GLEAM survey has significantly lower complete-
ness above δ = +10◦ so we excluded these northern declina-
tions from our comparison. The GLEAM catalogue excludes

c© 2016 RAS, MNRAS 000, 1–12



Search for low-frequency radio transients 3

Figure 1. The sky coverage of our survey (in Aitoff projection);
the grey shaded area shows the overlap region between GLEAM

and TGSS, excluding the sky north of δ = 10◦. The masked

regions, described in the text, are shown in white.

the Galactic plane region |b| < 10◦ and a 1289 sq deg area
centred on 22.5h, +15◦ that was ionospherically distorted.
There are also several small regions that are masked around
the bright radio galaxy Centaurus A. Figure 1 shows the
regions used for the analysis in this paper; the total area
surveyed is 16 230 sq deg (39.3% of the sky).

On average the TGSS observations took place about
three years before the GLEAM survey observations. The
GLEAM survey includes a sub-band centred on 154 MHz,
which is close to the TGSS frequency of 150 MHz, so they
are well matched. Due to the different properties of these
surveys, as discussed below, we searched for transients using
two approaches. We crossmatched sources in the GLEAM
survey with TGSS, and looked for those with no match,
and we crossmatched sources in TGSS with the GLEAM
catalogue and looked for sources with no match.

In conducting these searches there are two main differ-
ences between the survey catalogues that need to be ac-
counted for (i) the sensitivity limit and completeness of
GLEAM compared to TGSS; and (ii) the lower resolution
of GLEAM compared to TGSS.

(i) The typical RMS sensitivity of TGSS is
3.5 mJy beam−1, and the TGSS catalogue was con-
structed using a 7σ source-finding cutoff, which gives a
limiting flux density of 24.5 mJy. The GLEAM survey is
less sensitive; the catalogue is 92.6% complete at 200 mJy,
whereas TGSS is close to 100% complete at 200 mJy. To
account for this we used a relatively high flux density cutoff
of 100 mJy for our GLEAM to TGSS comparison. For
the reverse comparison we applied a flux density cutoff
of 200 mJy to the TGSS sources, to avoid false positive
transient candidates due to incompleteness in the GLEAM
survey.

(ii) The resolution of the TGSS is 25′′×25′′ for δ > 19◦

and 25′′ × 25′′/ cos (δ − 19◦) for δ < 19◦, compared to
2.5′× 2.2′/ cos(δ+ 26.7◦) for GLEAM. The lower resolution
of GLEAM means we would expect to see a significant num-
ber of objects that have extended emission that is resolved
out in TGSS, which produces a large number of false posi-
tives when crossmatching GLEAM to TGSS. A related issue
is multi-component radio galaxies in which the catalogued
position is offset between the two catalogues.

We addressed these issues firstly by restricting the cross-
match sample to sources that were compact in GLEAM (us-
ing the criteria discussed in Section 3.1); and secondly by
searching for GLEAM sources that had no match in TGSS
or in three archival catalogues: the NRAO VLA Sky Survey
(NVSS, at 1.4 GHz; Condon et al. 1998); the Sydney Uni-
versity Molonglo Sky Survey (SUMSS, at 843 MHz; Mauch
et al. 2003); and the VLA Low Frequency Sky Survey, redux
(VLSSr, at 74 MHz; Lane et al. 2014).

2.4 Flux density scale

Before we conducted our search we checked that the flux
density scales of the two catalogues were aligned. To do this
we selected bright sources (> 900 mJy) in our survey region
that were compact in both GLEAM (using the criterion (a×
b)/(apsf×bpsf) < 1.1 where a and b are the major and minor
axis of a Gaussian fit to the source) and TGSS (using the
criterion that the object was fit by a single Gaussian).

We cross-matched these objects, and compared their
flux densities as shown in Figure 2. We fit these data us-
ing orthogonal distance regression, with the uncertainty in
STGSS and SGLEAM as weights. The uncertainty on SGLEAM

was the RMS noise combined in quadrature with the system-
atic uncertainty. For the ∼ 3000 sources plotted, the best fit
ratio of TGSS/GLEAM was 0.97, demonstrating the sys-
tematic difference between the measured flux densities in
these catalogues is ∼ 3%. This difference is to be expected
since the GLEAM survey is on the Baars et al. (1977) flux
density scale, while TGSS is on the Scaife & Heald (2012)
flux density scale.

Although the overall agreement is good, there is some
scatter around the mean ratio, with a small fraction of
sources showing significantly different flux densities in both
surveys. The likely cause of these differences is a combina-
tion of the difference in resolution between the two surveys;
the better low surface brightness sensitivity of GLEAM; er-
rors in the local calibration and flux scale in each survey;
and some variability in the source population. In particular
the flux scale agreement is different in different regions of
the sky: we discuss this further in Section 3.2.1.

3 RESULTS

3.1 GLEAM to TGSS comparison

There are a total of 234 333 GLEAM catalogue sources in
the overlap region between the two surveys. We did an ini-
tial exploration of the data by cross-matching the GLEAM
catalogue with the TGSS, SUMSS, NVSS and VLSSr cata-
logues, and visually inspecting all GLEAM sources that did
not have a match in any of these catalogues (a total of 2 219
sources). A majority of these sources were either extended,
or had a match in the survey images that was below the
formal catalogue limits for a given survey.

From this exploration we developed the criteria below to
search for GLEAM sources that had no TGSS counterpart:

(i) Applied a GLEAM 200 MHz flux density cutoff of
100 mJy (leaving 133 686 sources);

(ii) Excluded sources that were extended in GLEAM, us-
ing the criterion (a × b)/(apsf × bpsf ) > 1.1 where a and b

c© 2016 RAS, MNRAS 000, 1–12
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Figure 2. TGSS 150 MHz flux density versus the GLEAM
151 MHz sub-band flux density for bright, compact sources in

our survey area. The line of best fit, shown as a solid line, gives

a TGSS/GLEAM flux density ratio of 0.97.

are the major and minor axis of a Gaussian fit to the source
(leaving 99 658 sources);

(iii) Cross-matched the GLEAM catalogue with the
TGSS catalogue, using a search radius of 1.0′ and selected
sources with no match (leaving 1 371 sources);

(iv) Cross-matched the sources with no TGSS counter-
part with the SUMSS, NVSS and VLSSr catalogues, using
a search radius of 2.5′ and selected sources with no match
(leaving 15 sources);

(v) Visually inspected the sources and excluded a small
number of sources that were GLEAM processing artefacts.

This resulted in two candidate transients above our
100 mJy limit, GLEAM J153424−114947 and GLEAM
J153653−115052, which we discuss below.

The sources that did not have a match in the TGSS
catalogue, but that did have a counterpart in NVSS
or SUMSS (excluded in step (iv) above) were typically
multiple-component radio galaxies. These were unresolved
in GLEAM, but resolved into multiple components in TGSS,
and hence had a catalogued position or positions that were
more than 1.0′ from the GLEAM position.

The small number of GLEAM imaging artefacts that
we discovered in the manual inspection process have now
been removed from the final GLEAM catalogue.

3.1.1 Analysis of GLEAM candidates

GLEAM J153424−114947 has a 200 MHz flux density of
204 ± 10 mJy. There is no detection in TGSS, with a 3σ
limit of 8.4 mJy beam−1. There are no detections in the
VLSSr (3σ limit of 330 mJy beam−1) or NVSS (3σ limit of
1.4 mJy beam−1) surveys.

GLEAM J153653−115052 has a 200 MHz flux density
of 134 ± 10 mJy. There is no detection in TGSS, with a
3σ limit of 6.2 mJy beam−1. There are no detections in the
VLSSr (3σ limit of 231 mJy beam−1) or NVSS (3σ limit of
1.3 mJy beam−1) surveys.

These detections appeared to be robust (no sign of
nearby bright sources or other apparent causes), however
their close proximity on the sky raised concerns and so we

inspected the individual snapshot images from which the
GLEAM mosaics are constructed. In the snapshot images,
each source only appears only in one image. We realized
from examination of these and at least six additional snap-
shot images that there was just a single source that appeared
to move across the sky with time, shifting by approximately
0.◦6 in right ascension between adjacent images taken 10 min
apart, with minimal motion in declination. The source is
very close to the edge of the images (y > 3880, with an im-
age size of 4000 pixels) in the region where deconvolution is
disabled.

We reprocessed the individual snapshot images using
different imaging parameters: we used the same pixel scale
of 25.′′2 pixel−1, but with an image size of 6144 pixels. This
meant that the imaged area was 43◦ compared to 30.◦34, and
the source was only 85% of the way to the edge rather than
97%. Otherwise the imaging parameters were similar. We
found no source at the position of GLEAM J153424−114947
or GLEAM J153653−115052 in either of the reprocessed
snapshots where they previously appeared (see the right
hand panels of Figure 3), while the other sources remained,
demonstrating that the potential transients are likely to be
imaging artefacts. The most likely explanation is that they
are a form of aliasing in which a bright source outside the
field has been aliased in.

3.1.2 GLEAM artefacts

As a result of this analysis these two candidates were es-
tablished as artefacts and removed from the main GLEAM
catalogue. In the GLEAM pipeline processing the primary
field-of-view is imaged down to at least 10% of the pri-
mary beam, leaving, for every observation, approximately
100 square degrees of sky with a primary beam response be-
tween 0−10% outside the imaged field-of-view. The 7 bright-
est sources in the sky are peeled where possible, but in two
cases, the sources could not be peeled due to contamination
from other bright sources. In one observation, Hercules A
lay just outside the field-of-view, and was not peeled, due
to the confounding presence of 3C353 in a side lobe, result-
ing in an alias inside the imaged field-of-view. In 19 further
cases, Centaurus A could not be peeled due to contamina-
tion from the Galactic Plane, resulting in 19 further aliases.
These were manually removed from the final catalogue. For
images which form the source-detection mosaics across 170–
231 MHz, all other cases of potential unpeeled source con-
tamination were checked and no aliases were found. There
are a small number of aliases in the lower-frequency mosaics,
but these are not used for source-finding, and the aliases do
not coincide with other sources.

It is possible that sources of flux densities comparable to
3C444 (S200MHz ≈ 60 Jy), the faintest peeled source, could
be just outside the field of view and cause aliases inside it.
However, the chances of this are very small, as the source
must lie at a Declination within five degrees of one of the
GLEAM pointing centres, in order to fall on an image edge
rather than a corner, and fall just outside the field-of-view.
Because the GLEAM mosaics are formed by weighting snap-
shots by the square of their primary beam responses, the
contribution of such an alias to the mosaic would be down-
weighted by at least a factor of 100, effectively reducing
its flux density by that factor. Therefore, we do not expect

c© 2016 RAS, MNRAS 000, 1–12
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sources fainter than 3C444 to contribute detectable sources
to the mosaics, as they would appear with S < 6 mJy, which
is below the detection limit across the sky.

Hence, as a result of the extensive quality control done
as part of the GLEAM survey, we do not think it is likely
that similar artefacts would have a significant impact on the
overall reliability of the GLEAM catalogue.

3.2 TGSS to GLEAM comparison

There were a total of 275 612 TGSS sources in our survey
region. To do the reverse comparison, crossmatching TGSS
sources with GLEAM, we followed the steps below:

(i) Selected TGSS sources above 200 mJy (leaving 74 876
sources);

(ii) Selected compact sources by choosing those that were
fit by a single Gaussian, marked ‘S’ in the TGSS ADR1
catalogue (leaving 38 978 sources);

(iii) Crossmatched these with the GLEAM catalogue, us-
ing a radius of 1′ and selected sources with no match (leaving
640 sources);

(iv) Visually inspected all sources with no match and ex-
cluding those that were multi-component sources (generally
double and triple radio galaxies) that are resolved in TGSS
but not in GLEAM;

(v) Excluded sources that are in regions of poor image
quality in the TGSS mosaics.

This resulted in a single candidate transient,
TGSSADR J183304.4−384046, which we discuss below.

3.2.1 Analysis of the TGSS candidate

TGSSADR J183304.4−384046 has a 150 MHz flux density
of 304 mJy, but was not detected in GLEAM (3σ limit of
41 mJy beam−1), SUMSS (3σ limit of 4.9 mJy beam−1),
NVSS (3σ limit of 1.4 mJy beam−1) or AT20G (3σ limit
of 30 mJy beam−1). We also searched archival radio surveys
ATPMN (McConnell et al. 2012) and the Molonglo 408 MHz
survey (Hunstead, private communication) and found no de-
tections. These limits are summarised in Table 1 and Fig-
ure 4. We did not detect the source in any of the 20 GLEAM
sub-bands, and we have included 4 representative sub-band
limits on the flux density in the table and SED. The TGSS
and GLEAM images are shown in Figure 5.

Based on these non-detections we observed this
source with the Australia Telescope Compact Array
on 2016 April 1. We had a total time of 1.5 hours
on source at each of 2.1, 5.0 and 9.0 GHz in the
H214 array. We did not see any emission at the posi-
tion of TGSSADR J183304.4−384046, obtaining limits of
0.75 mJy beam−1 at 2.1 GHz, 0.24 mJy beam−1 at 5 GHz
and 0.045 mJy beam−1 at 9 GHz. This suggested the source
was either a transient that had faded since the TGSS obser-
vations, or an artefact.

We considered the possibility that this source was an
imaging artefact from the TGSS processing, for example
a CLEAN artefact caused by the bright source approx-
imately 6′ to the south west. This neighbouring source
has a GLEAM 151 MHz flux density of 1.75 ± 0.04 Jy
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Figure 4. Radio spectral energy distribution (SED) of
TGSSADR J183304.4−384046, based on the data in Table 1. We

have used the scaled TGSS flux density, as discussed in the main

text. Note that these are not based on contemporaneous observa-
tions. For the presumed quiescent emission (ignoring the TGSS

detection), the most constraining measurement for typical spec-

tral indices is the ATCA 9 GHz observation. We show model SEDs
for spectral indices of α = −0.8 (typical for extragalactic GLEAM

sources; Hurley-Walker et al. 2016) and α = −1.6 (the steepest
spectral index that matches all of the limits).

Table 1. Summary of radio measurements and limits for

TGSSADR J183304.4−384046.

Survey Freq Date S† Ref
(MHz) (mJy/bm)

GLEAM 99 2014 Jun 09 < 99 *
GLEAM 143 2014 Jun 09 < 92 *

TGSS 147.5 2011 Apr 27 182± 26‡ I16
GLEAM 200 2014 Jun 09 < 41 *
GLEAM 219 2014 Jun 09 < 75 *

M408 408 1972 Jul 15 < 9 Hpc
SUMSS 843 2005 Aug 03 < 5.7 M03

SUMSS 843 2006 Mar 09 < 4.9 M03

NVSS 1400 1993 Oct 07 < 1.4 C98
ATCA 2100 2016 Apr 01 < 0.75 *

ATPMN 4800 1994 Mar 14 < 4.5 M12
ATCA 5000 2016 Apr 01 < 0.24 *
ATCA 9000 2016 Apr 01 < 0.045 *

AT20G 20 000 2004 Aug 11 < 30 H11

† Flux density or 3σ upper limits.

‡ See Section 3.2.1 for discussion of the flux scale.

References: * (This work), C98 (Condon et al. 1998), Hpc
(Hunstead, private communication), H11 (Hancock et al. 2011),

I16 (Intema et al. 2016), M03 (Mauch et al. 2003), M12

(McConnell et al. 2012)

(GLEAM J183318−384608), and a 147.5 MHz flux den-
sity of 3.0 ± 0.3 Jy (TGSSADR J183317.7−384613) in the
TGSS ADR1.

The significant difference in the measured flux density
of this neighbouring source led us to do further analysis of
the flux density scale in the region of the transient candidate.
We selected all bright compact sources within a 1 degree ra-
dius of the candidate and found the mean flux ratio of the

c© 2016 RAS, MNRAS 000, 1–12



6 Murphy et al.

Figure 3. Left: GLEAM snapshot images showing the two transient candidates GLEAM J153424−114947 and GLEAM J153653−115052.
Right: The reprocessed images in which the candidates no longer appear, demonstrating that these are imaging artefacts.
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The GLEAM image is overlaid with a TGSS contour at 80 mJy beam−1 to show the position of TGSS sources.

GLEAM 151 MHz flux density to the TGSS 147.5 MHz flux
density was 0.6. This is due to flux scale uncertainties in the
TGSS ADR that are currently being rectified. Based on this
analysis, the flux density of the candidate transient may be
0.6× 304 = 182± 26 mJy rather than the catalogued value.
We have used this scaled value in the spectral energy dis-
tribution in Figure 4. We have also scaled the TGSS image
in Figure 5 by a factor of 0.6. We estimate that this scaling
has an additional uncertainty of 10% based on the scatter
of the flux ratios.

We looked at the uncombined TGSS pointing images,
before primary beam correction and found that the transient
candidate appears in two images (R56D08 and R57D09).
These pointings were observed on the same night, but with
slightly different uv-coverage. Each pointing was processed
independently. Although the transient candidate is well be-
yond the half-power point of the primary beam in image
R57D09, it is still clearly visible, which makes it unlikely to
be an artefact. In addition, we did not find evidence of sim-
ilar artefacts around other sources of similar brightness to
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this candidate’s neighbour, making it unlikely that the can-
didate is a result of the CLEAN process. Finally, Figure 5
shows that much fainter sources in the same region have
matches in NVSS (blue circles) demonstrating the high im-
age fidelity. Hence after this analysis we concluded that the
transient is likely to be real.

3.2.2 Multi-wavelength Search

We found no obvious infrared counterparts in the four Wide-
field Infrared Survey Explorer (WISE ; Wright et al. 2010)
bands (see Figure 6) or in the three 2-Micron All-Sky Survey
(2MASS; Skrutskie et al. 2006) bands, with 5σ upper limits
in Table 2. We also found no likely counterparts in SIMBAD
and NED searches. The position of the source rules out solar
system planets.

We observed the location of
TGSSADR J183304.4−384046 with the 1.3 m SkyMapper
survey telescope (Keller et al. 2007) on 2016 April 07, with
3 × 100 s exposures in the g filter, 5 × 100 s exposures in
the r filter, and 10 × 100 s exposures in the i filter. The
seeing was about 2.′′5 in all bands. The data were processed
with the standard SkyMapper pipeline and the individual
images coadded. As shown in Figure 6, we see only a
single source within the 3σ radius (6′′) error circle, down
to 5σ limiting depths of 21 mag in all bands. The source
appears unresolved, and has g > 21, r = 19.80 ± 0.07, and
i = 18.73 ± 0.03 (Table 2). Using the extinction model of
Drimmel et al. (2003) we estimate the extinction to be
AV ≈ 0.5 mag for distances & 1 kpc.

4 DISCUSSION

4.1 Interpretation of
TGSSADR J183304.4−384046

There are a number of possible interpretations of this object,
which we will briefly discuss here. Further analysis is left for
follow-up work once more observations have been conducted.

We have a single detection of this source, at 182 ±
26 mJy at 147.5 MHz. The non-detection in GLEAM 3
years later implies the source has at least faded to <
41 mJy beam−1. We show the spectral energy distribution
in Figure 4. Assuming a typical spectral index of α = −0.8
(where Sν ∝ να), the non-detection with the ATCA at
9 GHz implies a 151 MHz flux density of 1.2 mJy, which
would require considerably deeper observations to confirm.

The Galactic latitude of b = −13.2◦ means we
must consider both Galactic and extragalactic origins for
TGSSADR J183304.4−384046. We can estimate the bright-
ness temperature TB for both scenarios: assuming variabil-
ity on timescales of ∼ 1 yr and no relativistic beaming,
we find TB ≈ 3000K at a distance of 1 kpc (Galactic), or
TB ≈ 3× 1015 K at a distance of 1 Gpc (extragalactic). The
former is consistent with a wide range of progenitors. In con-
trast, the latter exceeds the 1012 K limit (Readhead 1994),
suggesting that if extragalactic the source is relativistic or
the variability is not intrinsic.
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Figure 7. Optical/infrared spectral energy distribution of
TGSSADR J183304.4−384046, based on our SkyMapper g, r,

and i data long with archival 2MASS and WISE upper limits

(Tab. 2). We show both the detected r and i measurements of
the potential stellar source from Fig. 6 as well as upper limits for

the rest of the error region. We show a reddened M2 star from

Castelli & Kurucz (2004) at a distance of 1.1 kpc (red curve),
which passes through the r and i detections. We also show an

early-type galaxy (model “Ell13”; green curve), a Seyfert galaxy
(model “Sey2”; cyan curve), and a QSO (model “QSO2”; magenta

curve) from Polletta et al. (2007), all at redshift of 1.5 and nor-

malized to Ks = 18 mag (following the K − z relation of Willott
et al. 2003).

4.1.1 Galactic source types

At low frequencies, most potential Galactic transients emit
via coherent processes that exhibit variability on short
timescales of seconds, minutes or hours: for example, giant
pulses from pulsars, intermittent pulsars or flares from cool
stars or exoplanets (e.g., Bowman et al. 2013). For exam-
ple, to have coherent emission with brightness temperature
> 1012 K would require emission on timescales . 2000 s.
Given the timescales our search probes (15 min for the TGSS
observations, and a few hours for GLEAM), discovering a
source with such short timescale variability would be very
unlikely unless the duty cycle were quite large, and the un-
known timescale also means that any limits on brightness
temperature are unconstraining.

If the optical source from § 3.2.2 is not the counterpart
of TGSSADR J183304.4−384046, we can exclude a range
of stellar (Covey et al. 2007) or sub-stellar (Hawley et al.
2002) counterparts. Main-sequence stars with spectral types
earlier than G8 can be excluded out to distances & 20 kpc,
and even stars as late as M6 can be excluded out to 1 kpc.
Brown dwarfs can be excluded to distances of almost 1 kpc
(late M/early L) down to ≈ 10 pc (late L/early T).

If the source is the counterpart, the r − i color implies
a spectral type of roughly M2 at a distance of about 1 kpc.
This is largely consistent with the 2MASS near-infrared up-
per limits (Fig. 7). Such an association is plausible: while
most low radio frequency observations of the lowest-mass
stars and brown dwarfs have not seen any emission to much
deeper limits (e.g., Jaeger et al. 2011), bright, short-duration
flares have been seen from some higher mass M-dwarf stars
(e.g., Spangler & Moffett 1976). If a stellar flare, the implied
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Table 2. Summary of optical and IR measurements for TGSSADR J183304.4−384046.

SkyMapper∗ 2MASS† WISE‡

Filter g r i J H Ks W1 W2 W3 W4

Wavelength (µm) 0.48 0.63 0.77 1.24 1.66 2.16 3.35 4.60 11.6 22.1

Magnitude > 21 19.80± 0.07§ 18.73± 0.03§ > 16.9 > 16.2 > 15.5 > 15.7 > 15.4 > 11.6 > 8.2
Flux Density (µJy) < 14 44± 3§ 117± 3§ < 277 < 339 < 421 < 162 < 119 < 726 < 4408

∗ Magnitudes are defined on the AB system.

† Magnitudes are defined on the Vega system.
‡ Magnitudes are defined on the Vega system.

§ Assuming the source discussed in the text is the counterpart. If not, the source is r > 21 and i > 21, or Fν , r < 15µJy and

Fν , i < 15µJy.
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Figure 6. Multi-wavelength images of TGSSADR J183304.4−384046, showing SkyMapper g, r, and i from left to right, along with

WISE W1 at the right. All images show the same field-of-view. The contours mark 100 mJy beam−1 and 200 mJy beam−1. The cyan

circles show the 3σ radius (6′′) region searched for counterparts, and the ticks mark the single stellar source identified within that region.

luminosity density is about 4 × 1020 erg s−1 Hz−1, which is
not out of line with observed flares (e.g., Nelson et al. 1979).
Yet given the flare rates of even the most active M dwarfs,
and assuming the probability of burst emission follows Pois-
son statistics, the likelihood of observing a flare in the 15
minute TGSS observation is low (<20%) (Abada-Simon &
Aubier 1997), and it is even more unlikely given the lack of
flaring in the multiple epochs of MWA data we investigated.
In addition, this source is otherwise undistinguished, and we
find a density of sources with i < 18.7 of 0.0035 arcsec−2 im-
plying 0.4 sources within 6′′ by chance. Searches for further
flares from this source as well as more detailed investigations
of the potential stellar counterpart are needed.

Another possibility is coherent emission from the mag-
netosphere of a Jupiter-like exoplanet (Zarka et al. 2001).
The frequency of this type of emission is strongly tied to
the magnetic field strength of the planet’s magnetosphere:
emission at 150 MHz implies a magnetic field of about 50 G.
Therefore, the observed radio emission could extend over a
small bandwidth and explain the non-detections at higher
frequencies. However, recent modeling of the radio emission
expected from Jupiter-like exoplanets predict flux densities
of a few mJy (Fujii et al. 2016; Grießmeier et al. 2011), sev-
eral orders of magnitude lower than the flux density mea-
sured for TGSSADR J183304.4−384046.

4.1.2 Extragalactic source types

In contrast to the Galactic sources, the sources expected to
appear or disappear on the yearly timescales we probed in
this survey are most likely to be extragalactic synchrotron
sources, such as afterglows from gamma-ray bursts or tidal
disruption events, which tend to be relatively faint at low
frequencies (Burlon et al. 2015; Metzger et al. 2015). Note
that synchrotron emission is also seen from Galactic X-ray
binaries (e.g., Fender 2006), but the lack of any high-energy
counterpart makes this very unlikely.

The best predictions for the rates of extragalactic syn-
chrotron transients are given by Metzger et al. (2015). For
flux densities normalised to z ≈ 0.55, all the main cate-
gories of sources they consider (short gamma-ray bursts,
long gamma-ray bursts, radio supernova, tidal disruption
events and neutron star mergers) are expected to have
flux densities of less than 0.1 mJy on timescales of 1 to
3 years. Note that we do not see any gamma-ray burst
from either Swift or Fermi with a position consistent with
TGSSADR J183304.4−384046. If the object we have de-
tected is an extragalactic synchrotron source this could sug-
gest a higher rate of these sources than predicted by Metzger
et al. (2015).

Another possibility is that the emission we see is related
to an active galaxy, either intrinsic variability from an AGN
flare (e.g., Hughes et al. 1992; Croft et al. 2013; Bignall et al.
2015) or extrinsic variability caused by interstellar scintilla-
tion. Given the large modulation implied by the GLEAM
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upper limit and the non-detections at other radio frequen-
cies we can rule out refractive scintillation as the origin of
the variability, but diffractive scintillation is possible. The
NE2001 electron density model (Cordes & Lazio 2002) pre-
dicts a scintillation bandwidth of < 0.1 kHz at 150 MHz,
suggesting that any scintillations are likely to be washed
out. Scintillation by discrete structures like Extreme Scat-
tering Events (e.g. Fiedler et al. 1987) is still possible, but
the degree of modulation needed to accomodate our 9 GHz
limits with a standard extragalactic SED (roughly 10) is
significantly higher than is seen in most ESEs (∼ 2).

Assuming an extragalactic origin, we can use the pho-
tometry in Table 2 to put limits on the host galaxy. Radio-
loud AGN tend to be hosted by massive galaxies, and follow
a rather tight relationship between K-magnitude and red-
shift (Willott et al. 2003). To be consistent with all of our
data and upper limits requires models with K & 18 (Fig. 7),
which implies z & 1.5 for typical (few L?) AGN hosts. The
WISE W1 photometry is suggestive of a similar lower bound
in redshift (Gürkan et al. 2014), and the optical upper limits
are also consistent with a radio-loud AGN at moderate to
high redshift (Stern et al. 2012). Overall we see a consistent
interpretation as a z ∼ 1.5 radio galaxy somewhat above
the break in the radio luminosity function (Vardoulaki et al.
2010), although a less massive host could be at somewhat
lower redshift. Deeper near-IR imaging could help to iden-
tify any host galaxy, and deeper radio imaging could be used
to search for a quiescent counterpart.

We plan to conduct further follow-up observations to
establish whether our candidate is an extragalactic syn-
chrotron source. For example, we would expect to detect
the quiescent emission of a flaring AGN with deeper radio
observations, or the host galaxy of a gamma-ray burst or
supernovae with deeper optical and infrared observations.

4.2 Transient rates

The total area covered by our search is 16 230 sq deg.
We detected a single transient above 100 mJy over this
area, which results in a surface density estimate of ρ =
(6.2± 6)× 10−5 deg−2. Figure 8 shows our new result (red
star) compared to other results from the literature. The
timescales explored by our survey range from 1 to 3 years
(TGSS was conducted between 2011 April and 2012 March,
and GLEAM was conducted between 2013 June and 2014
July). To accommodate this uncertainty we have plotted our
point at 2 years, with an error bar of ±1 year.

In terms of long timescales, the best limits in the litera-
ture are by Rowlinson et al. (2016) who found a surface den-
sity of ρ < 6.6×10−3 deg−2 on yearly timescales. Our detec-
tion is an order of magnitude lower than this and so is con-
sistent with previous results. To date, most low-frequency
surveys have been limited in sensitivity, something the ex-
panded MWA, the JVLA and LOFAR will help overcome.

Figure 8 also shows the predicted rates for a range of
phenomena, as calculated by Metzger et al. (2015). The
coloured lines show the sky density of sources above flux
density Fν for frequency ν = 150 MHz. We have in-
cluded a selection of results from Figure 3 in Metzger et al.
(2015), specifically: magnetars (blue); off-axis tidal disrup-
tion events (red); long GRBs with θobs = 1.57 (green); off-
axis short GRBs (orange); and neutron star merger leaving

black hole (black). See Metzger et al. (2015) for a detailed
description of how these model predictions were calculated,
and their associated uncertainties, which can be up to an
order of magnitude. From plot we can see that our current
results and the limits set by Rowlinson et al. (2016) are now
approaching the point of being able to test these predictions.

4.3 Search completeness

It is possible that other transient sources were overlooked
due to them being a single source at the resolution of
TGSS but blended with another source at the resolution
of GLEAM (in other words it is close, in sky projection, to
a steady source). Alternatively, a transient source could be
overlooked in our search if it occured at the same location as
a persistent source: a recent example of this situation is the
claimed host galaxy of a fast radio burst (Keane et al. 2016)
(but see Williams & Berger 2016 for further discussion).

This would have the effect of increasing or decreasing
the flux density of a GLEAM source, but it would not be de-
tected in the analysis we have done here. To formally account
for this in our transient rate calculation we could exclude the
area around each unresolved GLEAM source in our survey
region. This is equivalent to A = 267 860 × 2.2′ × 2.5′ =
409 deg−2, which is less than 3% of the survey area.

Another possibility is that some of the GLEAM sources
with a TGSS match were false matches due to positional co-
incidence of the source in the TGSS catalogue. To evaluate
this we shifted the positions of the GLEAM sources by a
random offset in right ascension and declination of between
5 and 10 arc minutes. We then repeated the cross-matching
with the TGSS catalogue and found that of the 99 658 com-
pact sources above 100 mJy in our survey region, 1371 had
a match. This implies that up to ∼ 1.3% of the sources
ruled out in our process could have been transients. How-
ever, since the total number of transients in our survey is
� 1, this means that the expectation is that the number
of sources we would miss due to this issue is less than one.
The caveat here is that many classes of physical transient
(e.g. radio supernovae) will occur at the same location as
a persistent radio source (the host galaxy) and this is not
accounted for in this analysis.

4.4 Catalogue reliability

The small number of candidate transient sources detected in
our search reflects the high reliability of both the GLEAM
and TGSS catalogues for point sources with flux densi-
ties above 100 − 200 mJy. The two GLEAM candidates
GLEAM J153424−114947 and GLEAM J153653−115052
have been removed from the publicly available GLEAM cat-
alogue. We note that this introduces a small bias in the
GLEAM catalogue, since there will be similar artefacts that
are weaker than our flux density cutoff that have not been
removed.

The importance of rigorous analysis of imaging data to
confirm or rule out candidates was demonstrated by Frail
et al. (2012) who re-analysed VLA archival data to rule out
the long-standing Bower et al. (2007) candidates. Our work
provides a good example of this; in an attempt to confirm
our transient candidates we reprocessed the relevant data
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Figure 8. Limits on the transient rates from our survey compared to previously published results at low frequency (< 1 GHz). The

result presented in this paper is shown as a red star. The red error bar shows the uncertainty in timescale, as our data spans 1 to 3
years. The coloured lines show the sky density of sources above flux density Fν for frequency ν = 150 MHz. We have included predicted

source rates for various source classes from Figure 3 in Metzger et al. (2015), specifically: magnetars (blue); off-axis tidal disruption

events (red); long GRBs with θobs = 1.57 (green); off-axis short GRBs (orange); and neutron star merger leaving black hole (black). See
Metzger et al. (2015) for a detailed description of how these model predictions were calculated.

for both GLEAM and TGSS, and in two cases established
that the candidates were imaging artefacts.

5 CONCLUSIONS

We have conducted a blind search for low frequency radio
transients by comparing the GLEAM and TGSS ADR1 sur-
veys at 200 and 147.5 MHz respectively. From a total sam-
ple of 234 333 GLEAM sources and 275 612 TGSS ADR1
sources in the overlap region between the two surveys, there
were 99 658 GLEAM sources and 38 978 TGSS ADR sources
that passed our flux density cutoff and compactness crite-
ria. From this sub-sample we found three candidate tran-
sient sources, but further analysis identified two of these
as imaging artefacts. We present one candidate transient:
TGSSADR J183304.4−384046, that has a flux density of
304 mJy at 147.5 MHz (scaled to 182 ± 26 mJy based on
a flux scale comparison with GLEAM in the region of the
source). This source was not detected in the GLEAM survey
3 years later, implying it had faded to below < 41 mJy. It
was also not detected in other archival radio data, or in our
ATCA observations.

Based on this detection we calculated a surface density
estimate of ρ = 6.2 × 10−5 deg−2 for low-frequency radio
transients on timescales of 1 to 3 years.

It is worth noting that the distinction between tran-
sients and extremely variable sources can be merely a selec-
tion effect due to the limited sensitivity and sampling of a

given survey. A more comprehensive analysis of variability
in this dataset is ongoing. We are also conducting further
follow-up observations of TGSSADR J183304.4−384046 in
order to classify it.
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