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A B S T R A C T 

We present a search for transient radio sources on time-scales of seconds to hours at 144 MHz using the LOFAR Two-metre Sky 

Surv e y (LoTSS). This search is conducted by examining short time-scale images derived from the LoTSS data. To allow imaging 

of LoTSS on short time-scales, a modern imaging procedure and fast filtering strategy are introduced. This includes sky model 
source subtraction, no cleaning or primary beam correction, a simple source finder, fast filtering schemes, and source catalogue 
matching. This new strategy is first tested by injecting simulated transients, with a range of flux densities and durations, into 

the data. We find the limiting sensitivity to be 113 and 6 mJy for 8 s and 1 h transients, respectively. The new imaging and 

filtering strategies are applied to 58 fields of the LoTSS surv e y, corresponding to LoTSS-DR1 (2 per cent of the surv e y). One 
transient source is identified in the 8 s and 2 min snapshot images. The source shows 1 min duration flare in the 8 h observation. 
Our method puts the most sensitive constraints on/estimates of the transient surface density at low frequencies at time-scales of 
seconds to hours; < 4.0 × 10 

−4 deg 

−2 at 1 h at a sensitivity of 6.3 mJy; 5.7 × 10 

−7 deg 

−2 at 2 min at a sensitivity of 30 mJy; 
and 3.6 × 10 

−8 deg 

−2 at 8 s at a sensitivity of 113 mJy. In the future, we plan to apply the strategies presented in this paper to 

all LoTSS data. 

Key words: techniques: image processing – surv e ys – software: data analysis – radio continuum: transients. 
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 I N T RO D U C T I O N  

he transient radio sky provides a unique opportunity to study 
he most extreme events that take place in the Universe. The 
strophysical processes that generate transient phenomena are often 
ighly dynamic and e xplosiv e, allowing us to study environments 
hat are inaccessible on Earth. Transient or highly variable sources 
av e been observ ed across all wav elengths, ho we ver, radio astronomy
f fers a dif ferent perspecti ve as some astrophysical phenomena are
ither highly beamed, unique to radio frequencies or obscured by dust 
t other wav elengths. Ov er the last two decades, radio transients have
een disco v ered all across the transient phase space, which spans
rders of magnitude in transient time-scales, observing frequency, 
nd flux density. There are several astrophysical phenomena that are 
nown to be transient at low radio frequencies. These include events 
ike stellar flares, magnetar flares, novae, X-ray binaries, intermittent 
ulsars, fast radio bursts (FRBs), and strongly scintillating active 
alactic nuclei (AGNs). In this study, we focus on searching for
ow-frequency (144 MHz) radio transients with durations of seconds 
 E-mail: i.deruiter@uva.nl 
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o hours. To this end, we use surv e y data obtained with the Low
requency Array (LOFAR; van Haarlem et al. 2013 ). Our search

s sensitive to various transient phenomena. The most rele v ant
ource classes for this study are giant pulses from pulsars and flare
tars (Spangler & Moffett 1976 ; Callingham et al. 2021 ; Feeney-
ohansson et al. 2021 ), coronal mass ejections (Crosley & Osten
018 ), X-ray binaries (Chandra & Kanekar 2017 ; Chauhan et al.
021 ; Monageng et al. 2021 ), and possibly Algol-type binaries
Lefevre, Klein & Lestrade 1994 ; Umana, Trigilio & Catalano 1998 ).
ecently, long-period magnetars are confirmed to exist and these are 
lso detectable in the low-frequency image plane (Caleb et al. 2022 ;
urley-Walker et al. 2022 , 2023 ). The references here point specif-

cally to low-frequency radio detections of these phenomena within 
he aforementioned time-scales. We note that Algol-type binaries 
ave mainly been studied at higher radio frequencies ( > 1 GHz) and
he variability time-scale of X-ray binaries might be too long ( ∼days)
o probe with this study . Finally , strongly scintillating background
GN could be interpreted as variables or even transient sources. An
 v erview of radio transient phenomena at various time-scales can be
ound in figs 3 and 5 in Pietka, Fender & Keane ( 2015 ). 

Additionally, there are several theories predicting low-frequency, 
oherent radio emission from short gamma-ray bursts from com- 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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act binary mergers, see e.g. Rowlinson & Anderson ( 2019 ) and
eferences therein. Some of these models suggest that the emission
echanisms of these types of sources are similar to FRBs, which

re another target of this study due to the low observing frequency
f LOFAR. Image domain searches for FRBs (Tingay et al. 2015 ;
owlinson et al. 2016 ; Andrianjafy et al. 2023 ; Driessen et al. 2023 )
tilize the signal delay introduced by the dispersion measure. The
ignal delay �t ≈ 4 . 15( ν−2 

lo − ν−2 
hi ) DM ms is defined in terms of the

ower and upper limit of the observation bandwidth in GHz, ν lo and
hi , respectively, and the dispersion measure, DM (see equation 1

n Petroff, Hessels & Lorimer 2019 ). For the LoTSS bandwidth of
.120–0.168 GHz (Shimwell et al. 2019 ) and a typical DM of 500
m 

−3 pc (see fig. 6 in Chawla et al. 2022 and fig. 1 in Arcus et al.
021 ) one thus expects a signal delay of 70.6 × 10 3 ms. The FRB
ignal will be spread out o v er 70 s, implying that a bright burst could
e detected in the image domain. 
Furthermore, there is a possibility to probe new source classes.

xamples of these are frequent in the low-frequency radio sky. A
amous example is the class of Galactic centre Radio Transients
Hyman et al. 2002 , 2005 , 2009 ), whose bursts last from minutes to
onths. Specifically, a source like the ‘Galactic Burper’, which has

hown a series of ∼1 Jy bursts (Hyman et al. 2005 ) and single bursts
ears later (Hyman et al. 2006 , 2007 ), would be an ideal target for our
tudy. Jaeger et al. ( 2012 ) find a low-frequency radio transient that
s variable on a time-scale of hours. The source has no counterpart
hich makes identification difficult, but several characteristics point

owards a stellar flare. Obenberger et al. ( 2014 ) find two extremely
right transients, at peak flux densities of ∼3 kJy, lasting for ∼100
 at 30 MHz. Finally, Stewart et al. ( 2016 ) find a bright (possibly
alactic) transient towards the North Celestial Pole at 60 MHz,

asting for < 10 min. These transients discussed in this paragraph are
ither difficult to ascribe to any of the known source classes, or could
ossibly be detections of exciting new source classes. 
Traditionally, most detections of coherent emitters have been done

ith time-series techniques (time-domain), while incoherent emis-
ion, which generally evolves over longer time-scales, is observed
n the image plane (image-domain). Image-domain studies make
napshot images of a patch of sky and use those to look at the
ime variability of sources. For coherent emission processes, the
ccelerated particles can cooperate in phase, resulting in emission
hat can reach extremely high brightness temperatures. Incoherent
mission comes from the summation of the radiation from individual
ccelerated particles and therefore the brightness temperature is
imited to ∼10 12 K. The stellar flare mechanisms are usually coherent
mission mechanisms at 144 MHz, as well as the emission from
agnetars (related to short gamma-ray bursts or FRBs), while most

f the other source classes operate through incoherent emission
echanisms, usually synchrotron emission. This work presents

n image domain transient study that probes both coherent and
ncoherent processes. 

In order to quantify the number of transients we expect to see
n the low-frequency radio sky, we determine the rate of transient
ources at various time-scales and flux densities. To obtain the most
onstraining value of the transient surface density, observations of
arge sky areas at high sensitivities are required. This paper performs
 transient search in the image domain using the LOFAR Two-metre
k y Surv e y (Shimwell et al. 2019 , 2022 , LoTSS). LoTSS images

he low-frequency northern sky at unprecedented sensitivity and
esolution. Section 2 presents a method to create snapshot images
t 8 s, 2 min, and 1 h time-scales from the 8 h LoTSS pointings,
nd search for transients in the snapshot images. Section 3 discussed
he sensitivity limits of this method via simulated transient sources.
NRAS 531, 4805–4822 (2024) 
e apply this method to a preliminary data set of 58 LoTSS-DR2
ointings (corresponding to the co v erage of LoTSS-DR1) and present
he results in Section 4 . The implications of these results are discussed
n Section 5 and finally, our concluding remarks and outlook for
uture application of our methods, are presented in Section 6 . 

 M E T H O D S  

he next subsections will discuss each step in our method to search
or transients on snapshot time-scales of 8 s, 2 min, and 1 h in
ach 8 h LoTSS pointing. Fig. 1 shows a visual schematic of the
rocess. Each box in Fig. 1 corresponds to one subsection. The
ethod presented here is meant to identify transient candidates that

eave no signature in the deep 8-h integration image. Variability of
ources in the deep image is currently excluded from this analysis.
he method described below is developed to identify transient
andidates in an efficient manner, follow-up with more traditional and
laborate imaging approaches is then necessary to fully characterize
he transient source. 

.1 LOFAR Two-Metre Sky Survey 

OFAR (van Haarlem et al. 2013 ) is a low-frequency radio telescope
hat is comprised of many thousands of dipole antennas arranged in
tations. These stations are distributed all o v er the Netherlands and
ore sparsely throughout Europe. The LoTSS (Shimwell et al. 2017 )

ims to image the whole northern sky in 3168 pointings. The surv e y
as had two major data releases so far, DR1 (Shimwell et al. 2019 )
o v ering 58 pointings and DR2 (Shimwell et al. 2022 ) co v ering 814
ointings. LoTSS observes between 120 and 168 MHz. The flux
ensities are given at the central frequency of 144 MHz. 
Whilst LoTSS data contains the entire international baseline

o v erage of LOFAR the data releases to-date only contain the Dutch
tations, yielding a maximum baseline of 121 km (van Haarlem
t al. 2013 ) resulting in an image resolution of 6 arcsec, due to
omputational limitations. This resolution combined with a median
MS of 83 μJy beam 

−1 for the low-frequency continuum images
llows LoTSS to venture into a realm of the radio sky that has been
nexplored up to now. 
In this work, we perform our transient study on the 58 pointings

hat co v er the first data release of LoTSS (Shimwell et al. 2019 ),
ut we note that we do use LoTSS-DR2 products that have been
rocessed according to Shimwell et al. ( 2022 ). To date, the LoTSS
ata releases have only included regions at high Galactic latitudes.
o we ver, the goal of LoTSS is to image the whole Northern sky,

ncluding the Galactic Plane (Shimwell et al. 2022 ). The Galactic
lane is the most promising region for most transient candidates
iscussed in the introduction. One of the goals of this paper is to
stablish a framework that can be applied to future LoTSS data
eleases, including the Galactic Plane. 

.2 Sky model subtraction 

 technique that is often employed in transient studies is the use
f difference imaging ; once you create all snapshot images, subtract
mages of consecutive time-steps, resulting in a difference that should
llow for easier transient identification. However, this technique is not
ell suited for radio transient studies, because with many facilities

t is challenging to create good-quality images for each time-step
ue to sparse uv-co v erage giving an irregular point spread function
PSF). Due to the irregular PSF and structured noise in individual
mages, a large number of artefacts are created when subtracting
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Figure 1. Illustration of our method to search for transients on snapshot time-scales of 8 s, 2 min, and 1 h in each 8 h LoTSS pointing. Each box corresponds 
to a subsection in the Methods. 
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ubsequent images. Therefore, the difference imaging technique is 
ot well-suited for radio transient searches. 
As an alternative, here we use source subtracted data to search 

or transients (see e.g. Fijma et al. 2023 ; Wang et al. 2023 ). Source
ubtracted data are created by subtracting the full-observation sky 
odel from the uv-plane using DDFacet (Tasse et al. 2018 , 2021 )

o apply the direction-dependent calibration solutions during the 
ubtraction. The images at various time-scales created from these 
ata show the difference between the sky during the snapshot time 
nd the full observation sky model. A more mathematical description 
f this technique can be found in Appendix A . The source subtracted
ata is imaged at various cadences and because most of the signals
re remo v ed by subtracting out the sky model, the adverse effects of
he poor uv-co v erage and associated PSF in the images are limited. 

There are three major benefits to working with source subtracted 
ata, compared to traditional methods. First of all, subtraction of 
he sky model from the uv-plane greatly reduces the compute time 
pent on imaging, because no primary beam correction or cleaning 
s required, as there are typically no sources in the field. A reduction
f the imaging time is critical when imaging a full 8-h observation
n an 8 s cadence. An additional benefit is that we can create source
ubtracted images even when the PSF is poorer due to sparse uv-
ampling. Secondly, the subtracted images should, in theory, only 
ontain the sources that are not in the sky model, or sources with a
ariable flux density compared to the sky model, which simplifies a 
ransient search. Lastly, by subtracting the full 8-hour sky model from 

he shorter time-scale snapshots, one can remo v e the high confusion
oise from the snapshots, which allows for a deeper transient search 
see e.g. Fijma et al. 2023 ). This is because the removal of the sources
llows one to image at lower resolution without being limited by 
onfusion noise. 

One aspect that we want to point out is that the direction-dependent
alibration solutions have time-variable behaviour. Therefore, a 
otential problem of this method is that the solutions could absorb
n actual transient in order to make the result look like the sky
odel against which the data is calibrated. To this end, we perform

imulations where we inject a transient source before calibration 
against a sky model without the transient source) and analyse the
esult. See Section 3.1 for more details on these simulations. 

In conclusion, the subtraction imaging method should be able to 
robe any variable and transient behaviour on time-scales shorter 
han the duration of the full sky model observation, which is 8 h in
he case of LoTSS. A script 1 to perform the sky model subtraction
xists within the pipeline used for LoTSS processing (DDF-pipeline, 
asse et al. 2018 , 2021 ) 2 and yields a single sky model subtracted
easurement set for each LoTSS field (or pointing). Throughout the 

est of this work, when referring to subtracted images , we refer to
he sky model subtracted images. 

.3 Snapshot imaging 

fter the sky model has been subtracted, images are produced from
he subtracted data column in the measurement sets using WSCLEAN 

Offringa et al. 2014 ). The subtracted data is imaged on cadences
f 8 s, 2 min, and 1 h, which yields a large number of images. For
xample, the 8 s cadence will yield 3600 images for the full 8 h
bservation per field. Therefore, imaging parameters are chosen to 
inimize the compute time spent on imaging. No CLEAN algorithm 

terations need to be applied because our first goal is to find any
mission that is not subtracted out (i.e. transients sources). To this
nd, there is no need to deconvolve the PSF from the dirty image.
MNRAS 531, 4805–4822 (2024) 
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M

Figure 2. Imaging artefact around a 2.1 Jy source in an 8 s subtracted image 
snapshot. The left-hand panels show the subtracted image, while the right- 
hand panels show the corresponding sky area in the LoTSS survey. 

Table 1. The WSCLEAN settings used to image all the observations presented 
in this analysis. All other settings are default settings. 

Setting Value 

Number of clean iterations 0 
Size of image (pixels) 2200 
Size of one pixel (arcsec) 6 
(Min, max) uv-l (50,60000) 
Briggs weighting −0.25 
Intervals out 8, 225, 3600 
Padding 1.6 
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dditionally, no primary beam correction is performed because we
o not need accurate flux densities to identify transient sources.
urthermore, transient sources should be easier to identify against
 more uniform noise background. An example of a subtracted
napshot image is given in Fig. 2 . The left-hand panel shows an
 s integration subtracted image and the right-hand panel shows the
orresponding part of the sky in the full integration 8 h LoTSS data.
ost sources have been subtracted out nicely, except for the bright

.1 Jy sources in the centre of the image, which shows an artefact
f inaccurate source subtraction in the subtracted image. Section 2.6
laborates on how we mitigate these particular artefacts. 

The most important WSCLEAN parameters include a pixel size of
 arcsec, implying that the LOFAR Dutch station baseline resolution
s mapped to one pixel. The LoTSS pointings are typically separated
y 2.58 ◦ (Shimwell et al. 2019 ), and to ensure substantial o v erlap we
mage 3.67 × 3.67 ◦ for each pointing. Finally, an important parameter
s the padding factor, which specifies the factor by which the image
ize is increased beyond the field of interest to a v oid edge issues. We
ound it was crucial to increase this parameter from its default value
f 1.2–1.6 to reduce some of the f ak e transient source introduced by
liasing effects. Details on this issue are given in Appendix B . The
SCLEAN imaging parameters are summarized in Table 1 . 

.4 Source finding 

e use the ‘Live Pulse Finder’ software presented in Ruhe et al.
 2021 , 2022 ) to perform source finding in the subtracted images.
raditional source detection algorithms divide the image into a grid
see e.g. Spreeuw et al. 2018 ). In every grid cell, sigma-clipping is
erformed and the local statistics are used to determine a detection
NRAS 531, 4805–4822 (2024) 
hreshold in each grid cell. A downside to this approach is that
solated faint sources might not be detected at the edge of a grid cell
hat is filled with bright sources. To counteract this, one can fold-
n the sigma-clipping statistics of neighboring grid cells, to prevent
he grid statistics in an individual cell from being biased, if there are
elatively more sources in the grid cell. The LPF source finder used in
his w ork tak es this idea a step further by calculating grid statistics at
v ery pix el coordinate. This ef fecti vely becomes a convolution of the
rid statistics with the image, which is implemented in an ef fecti ve
anner using Fourier transform, accelerated on GPUs (Ruhe et al.

022 ). The LPF source finder accurately models the noise structures
hat are present in subtracted images.After constructing a noise model
he source finder looks for peaks in signal-to-noise ratio (SNR) abo v e
he prespecified threshold and saves the locations. Since this source
nder simply identifies pixels that significantly stand out from the
oise it is fast compared to methods that perform Gaussian fits to the
ource shape (e.g. PYSE; Carbone et al. 2018 )). 

We perform a blind search for sources in our subtracted images
ith a detection threshold of 5 σ . This detection threshold is rather

ow for the enormous number of pixels that is searched. In Section 2.8
his value is updated to a more stringent detection threshold. We
ecide to perform the source finding for 5 σ sources as this will allow
s to characterize transient candidates in more detail later on. For
xample, a marginal detection above the stricter detection threshold
n one snapshot could be accompanied by several subthreshold de-
ections in adjacent snapshots at the same location. This information
elps to decide whether or not a transient candidate is a potential
maging artefact (see Section 2.8 ). 

.5 Radial filtering 

fter finding sources in the full 3.67 × 3.67 ◦ square subtracted image,
 radial filter is applied. As the image quality decreases with radial
istance to the centre of the pointing Shimwell et al. ( 2022 ), we filter
ut all sources that lie more than 1.5 ◦ away from the beam/pointing
entre. This still ensures significant o v erlap between pointings (see
ection 2.3 ) but allows us to disregard noisier parts of the image. 

.6 Source catalogue matching 

deally, the subtracted image only shows sources that have a signifi-
antly different flux density at the time-step considered, compared to
he full image. In reality, the subtracted image also contains artefacts
hat arise mainly around bright and/or extended constant sources. 

These subtraction artefacts are not the transient candidates that
re targeted in this study and should be filtered out. Fig. 2 shows the
mportance of this particular step in the analysis. The left-hand panel
hows an 8 s snapshot subtracted image and the right panel shows
he LoTSS image of the corresponding part of the sky. The red circle
ndicates the location of a source identified by the source finder.
n fact, all separate parts of the artefact in the subtracted image
re identified as separate sources by the source finder. Ho we ver,
ooking at the LoTSS image (right-hand panel Fig. 2 ) it is clear
hat these sources are a result of improper subtraction of the central,
right 2.1 Jy source. We therefore want to disregard all these sources
s transient candidates, which is done via the catalogue matching
cheme detailed below. 

In order to define regions around known sources that are dis-
egarded in the transient search, we first investigate up to which
adius to filter around known sources in the subtracted image. We
erform this investigation separately on the three snapshot time-
cales used in this study. To this end, we gather known sources in



Transients in LoTSS – framework development 4809 

Figure 3. Example of determining a filter radius around artefacts of known sources with flux 100–500 mJy in 1 h subtract snapshots. The left-hand panel shows 
an example 1 h subtracted image with a significant structure due to improper subtraction of a 314 mJy source at that location. We define different annuli around 
this source and investigate the noise properties; examples of the pixel distributions in three of these annuli are shown in the plots in the middle of this figure. 
The top right panel shows the noise in each annulus for a sample of artefacts around 100–500 mJy in 1 h subtract snapshots. The bottom right panel shows the 
difference between the peak of the noise distribution in each respective annulus compared to the outer annulus. This difference is shown in standard deviations 
of the noise distribution of the outer annulus. The filter radius is defined at the point where the noise distribution starts to deviate by more than 10 per cent of 
the standard deviation of the outer noise distribution, indicated by the red dashed line. 
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Table 2. Filter radii around catalogue sources determined for various flux 
density intervals and the three imaging time-scales considered in this study. 
The filter radii are in arcmin around the location of the source in the LoTSS 
catalogue. 

Lower limit Upper limit Filter radius [arcmin] 
flux [mJy] flux [mJy] 1 h 2 min 8 s 

1000 ∞ 4 4 3 
500 1000 3.5 3 2.5 
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50 100 2 1.5 –
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he following integrated flux density intervals [10, 50], [50,100], 
100,500], [500,1000], and > 1000 mJy and define a ‘filter’ radius
or each of these flux categories. An example of this investigation 
or 1 h subtracted snapshots targeting 100–500 mJy known sources 
s shown in Fig. 3 . The left-hand panel shows an example of a 1 h
ubtracted image. The image shows significant structure, which is due 
o a known 314 mJy source at this location. Different coloured annuli
round this structure define different trial filter radii. The histograms 
n the middle show examples of pixel distributions in these annuli, 
here the noise goes down for the annuli with larger radii. The top
lot in the right-hand panel shows the mode of the pixel histogram
istribution in each annulus. This represents the noise level in each 
nnulus. We now assume that the noise distribution in the outer 
nnulus is representative of the local noise distribution and compare 
he noise distribution in each annulus to the outer annulus. The bottom 

anel shows the difference between the peak of the noise distribution
or each respective annulus compared to the outer annulus, defined 
n terms of the standard deviation of noise distribution in the outer
nnulus. Once the noise difference becomes more than 10 per cent of
he standard deviation of the noise distribution in the outer annulus, 
e set a filtering limit. This is the point where the subtraction artefacts

tart to significantly impact the noise distribution. The red dashed line 
n the bottom right panel shows this cutoff. In this case setting a filter
adius of 35 pixels, corresponding to 3.5 arcmin. Note that although 
he left-hand panel shows a single instance of an artefact around a
00–500 mJy known source in a single 1 h snapshot, the histograms
nd plots on the right side are created from a representative sample
f such sources. 
The process outlined in this section is repeated for each of the flux

ensity intervals and each snapshot time-scale. This results in the 
ltering radii summarized in Table 2 . Catalogue sources with flux 
ensity between 10 and 50 mJy did not give significant improper 
ubtraction artefacts in the 2 min and 8 s subtracted snapshots,
herefore no filtering is necessary there. The same holds 50–100 

Jy source in the 8 s subtracted snapshots. In summary, transient 
andidates that lie within the filter radius of catalogue sources (as
efined in Table 2 ), are disregarded in the further steps of the transient
earch. 

.7 Associate candidates in time 

ll steps detailed abo v e were performed on individual snapshots.
he next step is to group together transient candidates that are found

n multiple images of the same snapshot time-scale. For example, if
he first 100 images of the 8 s snapshots contain a transient candidate
t roughly the same location (within 5 arcmin), these candidates are
rouped together as one individual candidate. This way, a source only
as to be visually inspected in a few of these images before deciding
hether it is an artefact or an actual interesting transient candidate. 
 radius of 5 arcmin is used because the different components of a

ingle source can be quite (spatially) dispersed in a subtracted image,
ee e.g. Fig. 3 . 

.8 Detection threshold 

o far we have not done any filtering on the detection significance
f transient candidates. The source finder (Section 2.4 ) identifies 
MNRAS 531, 4805–4822 (2024) 
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Table 3. Detection thresholds for transient candidates to be considered for 
visual inspection. 

Time scale Number of pixels ( N ) Detection threshold 

1 h 1.2 × 10 9 6.02 σ
2 min 3.3 × 10 10 6.54 σ
8 s 5.3 × 10 11 6.94 σ
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Figure 4. Simulated transients source of 250 mJy with a duration of 8 s, 
captured by one 8 s subtracted image snapshot. The left-hand panel shows 
the subtracted image, while the right-hand panel shows the corresponding 
sky area in the LoTSS survey. The coloured dots and legend indicate the flux 
densities of the sources in the LoTSS source catalogue. 
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ll sources with an SNR ≥5. This value is low and will yield
alse positive transient identifications because a large number of
ixels is trialed. A detection threshold is calculated based on
he probability that one pixel is encountered that exceeds the
etection threshold for the total number of pixels per imaging
ime-scale. In other words, we calculate the probability P ( X ≤
) = 1 − 1 

N 
with N the total of number of pixels sampled per

ime-scale. 
We calculate the value of x expressed in σ (i.e. the threshold)

or this probability using the percent point function (or inverse
umulative distribution function) for the Gaussian distributions of
he images per time-scale using the scipy stats norm ppf functionality
Virtanen et al. 2020 ). The results of this calculation are shown in
able 3 . Note that for we perform this calculation for a random subset
f all images, but repeating this procedure for a different subset gives
imilar results implying that the subset is representative of the full
ample. Finally, the areas around known catalogue sources are not
earched in for transients but those cuts are not taken into account
ere. The full inner region of the images ( π∗900 2 = 2544 690 pixels
er image) is assumed to be searched in this calculation. Accounting
or the cut areas does not make much difference, for the 1 hour
ubtracted images up to about 20 per cent of the image is cut out,
ut this results in the detection threshold being lowered to 5.99 σ (as
pposed to 6.02 σ , see Table 3 ). 
We apply these thresholds to all light curves that come out of the

revious step. A light curve is put forward for visual inspection
f at least one source in the time series has an SNR abo v e the
hreshold calculated here. This is done such that other subthreshold
etections of the same transient candidate can be considered in visual
nspection. 

.9 Visual inspection 

fter the filtering process, there are O(10) transient candidates
eft per field for all time-scales. There are fields, for example
173 + 55 , that have one very bright source (3.7 Jy) that affects

he sky model subtraction over a large fraction of the field and
roduces many spurious candidates. The remaining sources are
isually inspected. There are two main categories of false positive
ransient candidates that still come through the pipeline. First of all,
here are subtraction artefacts due to faint sources that generally do
ot give significant subtraction artefacts. Secondly, there are bright
nown sources that show extended subtraction artefacts, that are
ot filtered out by the filter radii presented in Table 2 . Additional
ltering, around fainter sources or extending the filter radii around
right sources, would solve both issues but comes at the cost of a
urther reduced sky area that is searched for transients. The final
isual inspection step thus remo v es transient candidates that are
ssociated with faint sources in the deep field, for which we have not
pplied any filtering radius, or transient candidates that are associated
ith artefacts of bright sources that extend beyond the filtering

adius. 
NRAS 531, 4805–4822 (2024) 
 SENSITIVITY  

.1 Simulations 

o assess the sensitivity of our method we perform simulations
f transient sources. To this end, transient sources are injected
nto a field, and the data is recalibrated. Here, the full direction-
ependent calibration is repeated to investigate whether or not the
alibration strategy might absorb faint short-duration transients.
fterwards the subtraction imaging and filtering methods described

n Section 2 are applied. By injecting simulated transient sources
ith different integrated flux densities throughout the field, the

ensitivity of the method as a function of distance from the beam
entre can be determined. For these simulations, the P23Hetdex20
eld is used, which is a typical field containing a variety of
iffuse, moderately bright sources and normal levels of calibration
rtefacts. 

A total of 8 s transients are injected with integrated flux densities
f [70.0, 80.2, 96.5, 113.3, 133.0] mJy. One hour transients are
njected with integrated flux densities of [0.2, 0.6, 2.0, 6.3, 20.0]

Jy. Each flux density value is injected at 5 different radii across
he whole field, because we expect a dependence of sensitivity
s a function of radius, where the search is less sensitive away
rom the field centre, due to the primary beam. We inject simu-
ated transients such that they do not overlap with bright LoTSS
ources, as those would be filtered out via the steps described in
ection 2.6 . 
Fig. 4 shows an example of a simulated transient source. The

eft-hand panel shows the injected transient in the subtracted image.
n the right, the LoTSS image is shown for this part of the sky

or comparison. The simulated transient is injected into a relatively
mpty part of the sky. Furthermore, the subtracted image shows
hat in this case the subtraction has w ork ed quite well and the
njected transient dominates everything else in the nearby region.
his particular simulated transient has a duration of 8 s and an

ntegrated flux density of 250 mJy. 
We inject the transient sources in the data in such a way that they

ill be captured by exactly one snapshot, ie. the transient is injected
t a time where it will fully fall within one snapshot image and is not
aptured partly by two consecutive snapshot images. After injecting
he transients in the field, we recalibrate the data against the LoTSS
ky model that does not contain the transient. This is to check whether
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Figure 5. Results of the injecting simulated transients with various flux 
densities ( y -axis) at different radii throughout the field ( x -axis). The top panel 
shows the 8 s duration simulated transients, the bottom panel shows the 1 h 
duration simulated transients. 

Figure 6. The green shaded area shows the flux density of potential transient 
sources as a function of time-scale that the transient search method presented 
in this work is sensitive to. The upper limits indicated with blue triangles are 
based on the filtering of known catalogue sources outlined in Section 2.6 and 
Table 2 . The lower limits are determined using simulations, as outlined in 
Section 3.1 . The black crosses are the lower limits of our search as determined 
by multiplying the rms noise in the subtracted images (Section 4.1 ) by the 
detection thresholds (Section 2.8 ). 
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r not a transient can be absorbed into the calibration solutions,
nd therefore might appear differently than initially expected. The 
ecalibrated data are then processed via the exact same steps outlined 
n Fig. 1 and Section 2 . Fig. 5 shows which of the injected simulated
ransients were reco v ered by our method. The plot shows the flux
ensities of the injected transients injected at different radii, where 
he green dots indicate that the particular transient was reco v ered
t the end of the pipeline, while the red triangles indicate that the
ransient was not found by our pipeline. The sensitivity is fairly
onstant throughout the beam for this set of simulations for the 1 h
ransients. For the 8 s transients a relation between the flux of the
eco v ered simulation and radius is visible. We draw the conserv ati ve
onclusion that the sensitivity of the 1 hour transient search is around
 mJy and around 113 mJy for the 8 transient search. Extrapolating
he sensitivity of 6.3 mJy at 1 h and 113 mJy at 8 s to 2 min, using
hat the detection sensitivity scales with 1 / 

√ 

t , we find a sensitivity
f roughly 30 mJy for the 2-min snapshots. 
We want to note that these sensitivity estimates are lower limits

ecause we assume that the transient is e xactly co v ered by one
napshot. In reality, an 8 s transient will not exactly line up with
he binning of our snapshots, and therefore we will not reach the
forementioned sensitivity of 113 mJy, as the source is split up o v er
wo snapshots. The worst case limits for detections is when the
uence of a transient is split equally between two bins, in which case

he limits should be multiplied by a factor 
√ 

2 , which yields detection
hresholds of [160, 42, 8.9] for the 8 s, 2 min, and 1 h snapshots,
espectively. 

.2 Upper limits 

he previous section determines the lower sensitivity limit to the 
ransient search. In this section the upper limit is explored. When
ransient sources get extremely bright, they might get into the sky
odel and show up on the deep image, despite being active only
 fraction of the time of the full observation. As explained in
ection 2.6 , the sources in the deep image are used to filter out
ubtraction artefacts in the subtracted images, but this implies that 
lso these extremely bright transients will be filtered out. A simple
stimate of the brightest source this method would find per time-step
s given by multiplying the lowest flux density value included in our
ltering scheme as outlined in Table 2 by the number of snapshots

hat are made for a particular time-scale. F or e xample, for the 1 h
napshots filters are applied around deep field sources of 10 mJy. A
ransient source that is active for 1 h would therefore have to emit at 10

8 = 80 mJy to make it into the deep image and be disregarded in the
ransient search. Fig. 6 shows the upper and lower limits calculated 
ia the methods described in this and the previous section. The blue
riangles show the upper limits of flux density values of transient
ources we would be sensitive to at various time-scales, based on the
lters described in Table 2 . The red triangles show the lower limits
n the transient search based on the simulations (the 2 min snapshot
alue is inferred from the 8 s and 1 h subtracted images). The green-
haded region between the blue and red markers indicates the flux
ensity values the method presented in this paper is sensitive to.
urthermore, Fig. 6 shows black stars that, per time-scale, indicate 

he rms noise level per image (see Section 4.1 ) times the detection
hreshold (defined in Section 2.8 ). This gives the theoretical lower
imit of sources we could detect in the subtracted images per time-
cale. Finally, Fig. 6 shows the 1 / 

√ 

t relation that is used to derive
he lower limit to the search in the 2 min snapshots, based on the 8 s
nd 1 hour subtraction images. 

Finally, we want to point out that in some cases the subtraction
mages could slightly underestimate the flux of a transient candidate. 
 or e xample, a 40 mJy transient that is ‘on’ for one hour throughout

he 8 h observation will show up as a (40/8 = ) 5 mJy source in the
eep image. This means that a 5 mJy source will be subtracted out
t the location of the transient during the source subtraction. This
ill lead to a transient flux density that is slightly lower than the

rue flux density, and additionally, it will create ne gativ e subtraction
rtefacts at times when the transient is off. We do not consider this
ffect in detail in our search, as the main goal of the subtracted
mages is to identify transient sources, characterization will follow 

ith additional imaging. 
MNRAS 531, 4805–4822 (2024) 
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Figure 7. Rms noise in a sample of 500 subtracted images per time-scale. 
The rms distributions for the 8 s snapshot images, 2 min timeslices and 1 h 
images are shown from left to right, respectively. Only the innermost circle 
with radius 1.5 ◦ is used to construct these distributions. 

4

W  

T  

(  

t

4

F  

5  

2  

r  

s  

m  

s  

t  

t  

t  

6  

g  

s  

d  

c  

t  

t

4

F  

f  

a  

i  

fi  

a  

t  

p

4

A  

i  

t  

Figure 8. Number of sources left after each step in the analysis for the 
P164 + 55 field for different snapshot time-scales. The numbers abo v e the 
final step show the percentage of sources left for visual inspection compared 
to the number of sources found by the source finder. 
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 RESU LTS  

e apply the methods outlined abo v e to 58 pointings of LoTSS.
hese pointings correspond to the sky area covered by LoTSS-DR1

Shimwell et al. 2019 ), but we note that the data is reprocessed using
he LoTSS-DR2 approach (Shimwell et al. 2022 ). 

.1 Subtracted images quality 

ig. 7 shows the rms noise for the subtracted images for a subset of
00 images per time-scale. The rms distributions for the 8 s images,
 min timeslices, and 1 h time-scale are shown from left to right,
espectively. No sigma clipping is performed on these distributions,
o they also contain source pixels. The rms noise is around 4.6
Jy beam 

−1 for the 8 s snapshots, 1.3 mJy beam 

−1 for the 2 min
napshots and 0.3 mJy beam 

−1 for the 1 h snapshots. Multiplying
hese numbers with the detection thresholds applied at the various
ime-scales (see Table 3 ) gives a lower limit on the flux density of
he faintest transient that we could detect at each time-scale. In Fig.
 these numbers are indicated by the black stars and they are in
ood agreement with the detection thresholds determined with the
imulations in Section 3.1 . These lower limits seem to probe slightly
eeper than the simulations, but that is mainly an effect of the quite
rude steps in flux density in our simulations, see Fig. 5 . Furthermore,
hese numbers are in good agreement with the expected scaling of
he sensitivity with time as 1 / 

√ 

t . 

.2 Method efficiency 

ig. 8 shows the number of sources left after each step in the analysis
or a single field for different snapshot time-scales. The numbers
bo v e the final step show the percentage of sources left for visual
nspection compared to the number of sources found by the source
nder in the first step. The steps described in the methods section are
ble to filter out ∼ 0 . 003 − 0 . 06 per cent of sources as potential
ransient candidates. This corresponds to in total O(10) candidates
er field, which is feasible but tedious for visual inspection. 

.3 Transient candidates 

fter processing 58 fields that correspond to the fields presented
n the first data release of LoTSS (Shimwell et al. 2019 ), 11
ransient candidates are identified. The figures in Appendix C show
NRAS 531, 4805–4822 (2024) 
ll transient candidate sources that are left after a first round of
isual inspection. These sources did not immediately fall within one
f the two categories of sources that are normally vetted by visual
nspection (subtraction artefacts of bright sources, or sources that are
ssociated with a faint deep fields source). 

In the following sections, we decide to consider the transient
andidates shown in Fig. C1 , C2 , and C3 . This is because these are
he brightest candidates and the candidates in the subtracted images
ave a shape similar to the dirty beam, similar to the simulations (See
ig. 4 ). As the candidates in Figs C1 and C2 are two instances of the
ame candidate detected in different time-scale, these two detections
re discussed jointly in more detail in Section 5.1 , we will refer to
his source as transient candidate C1 \ C2. The candidate in Fig. C3
s discussed in more detail in Section 5.2 , we will refer to this source
s transient candidate C3. 

We decide to not follow-up on the candidates presented in Figs C4 ,
5 , and C6 because the source in the subtracted image is not
irty-beam shaped, unlike expected (see Section 3.1 ). Finally, the
andidates shown in Figs C7 –C11 are disregarded because upon
loser inspection they are associated with faint sources in the deep
eld. 

 DI SCUSSI ON  

n this Section, we discuss the implications of our results. First, in
ections 5.1 and 5.2 we discuss in more detail the origin of the two

ransient candidates we identified. To study the candidates in more
etail the sources were imaged with primary beam correction and
leaning using the direction-independent data products. In the next
ections, we discuss the upper limits we can place on the transient
urface density . Finally , we discuss how this work could be extended
o look for variable sources. 

.1 Transient candidate C1 \ C2 

he first transient candidate found in this study is presented in Figs C1
nd C2 . There is a bright dirty-beam shaped source in the subtracted
mage that cannot be associated with any source in the deep image.
he source is detected in three consecutive 8 s subtracted images with
NR increasing from 6.1 to 7.7 and 8.8. Additionally, the source is

dentified in the 2 min snapshot that encompasses this 24 s interval
ith an SNR of 7.3. 
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Figure 9. RMS noise in the 8 s subtracted images of field where the transient 
candidate C1 \ C2 was found. The coloured vertical lines show the rms noise in 
the particular subtracted images where the transient candidate was identified. 
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Table 4. The WSCLEAN settings used to reimage transient candidate C1 \ C2 
presented in Section 5.1 . 

Setting Value 

Number of clean iterations 150 000 
Auto-mask 2.5 
Auto-threshold 0.5 
Minuv-l 80 
Channels-out 3 
Size of image (pixels) 4400 
Size of one pixel (arcsec) 3 
Briggs weighting −0.5 
Interval 2612–2621 
Intervals out 9 
Padding 1.4 
Apply primary beam True 

Figure 10. Peak flux density of transient candidate C1 \ C2 as a function of 
time. Different markers indicate different levels of SNR of the detection. 
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.1.1 Validity checks 

o make sure that this transient source is real and not an imaging
rtefact, we perform some additional checks. In contrast to the arte- 
acts discussed in Appendix B and transient candidate C3 discussed 
n Section 5.2 , the location of the source does not change in the
ubtracted images, as the brightest pixel is identified to be the exact
ame pixel in each of the three images. This is what we expect to be
he case for an astrophysical transient. The distance from the transient 
ocation to the centre of the beam 0.82 ◦, most artefacts as discussed
n Appendix B were found close to the edge of the search radius
1.5 ◦). Furthermore, recreating the subtracted images with additional 
adding and slightly different imaging settings does not make the 
ransient candidate disappear. This assures us that transient candidate 
1 \ C2 is not one of the PSF artefacts discussed in Appendix B . 
Additionally, Fig. 9 shows the noise distribution of the particular 

ubtracted images where the transient is identified compared to the 
ms noise in all 8 s subtracted images of this pointing. Fig. 9 shows
hat these subtracted images do not show increased noise compared 
o the full set of images. Comparing Fig. 9 to Fig. 7 reveals that
he noise in this particular field is on the high side compared to 8 s
ubtracted images of other fields. This is due to poorer ionospheric 
onditions during this observations, which we will shortly discuss in 
he next section. 

.1.2 Reimaging 

ow that a viable transient candidate is identified, additional imaging 
s performed to fully characterize the source. Using the publicly 
vailable products presented in Shimwell et al. ( 2022 ), we reimage
he direction-independent calibrated visibilities with particular inter- 
st around the time when transient candidate C1 \ C2 is found. In this
rocess, the size of a pixel is decreased in order to get a more accurate
osition measurement, some of the shortest baselines are cut-out to 
et rid of extended emission and deep cleaning is performed. The 
ost important imaging parameters are presented in Table 4 . Now 

hat cleaning and a primary beam correction are applied, a more 
ccurate estimate of the flux of the transient can be made. 

Fig. 10 shows the peak flux density as a function of time based
n the reimaged 8-s snapshots for transient candidate C1 \ C2. The
pectral index at the peak of the flare is ne gativ e α ≈ −1.0 (for S ∝
α). 
Separate images were made for the Stokes I and V components
f the signal, and no circularly polarized flux was detected. The
ata quality is insufficient to perform the frequency slicing nec- 
ssary for QU fitting. It would be better to perform an in-depth
tudy of the polarization properties using the direction-dependent 
elf-cal solutions. Unfortunately, this pointing has particularly bad 
onospheric conditions and we were unable to impro v e the calibration
ompared to the LoTSS-DR2 images. Impro v ed calibration would 
ot only be useful in studying the polarization properties but also
n understanding the spectrum of the flare, as this procedure would
ncrease the SNR. To this end additional observations under more 
a v ourable ionospheric conditions are necessary. 

.1.3 Future work 

e leave it to a future paper (de Ruiter et al. in preparation) to
etermine the true nature of this transient source. To this end, we
ill analyse additional observations of this field. The 8 s integration

ime of the data and relatively low SNR (preventing us from making
an y frequenc y slices), hampers a dispersion analysis for the flare.

f an intrinsically short duration signal is dispersed to 6 × 8 = 48 s
taking only the detections with SNR > 5), this points to a DM of
oughly 

M = 

1 . 2 × 10 5 × τDM 

× ν3 

B 

= 

1 . 2 × 10 5 × 48 × 0 . 144 3 

48 
(1) 

= 358 pc cm 

−3 
MNRAS 531, 4805–4822 (2024) 
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Figure 11. Insets at the location of transient candidate C3 in the snapshot images, which are created with primary beam correction and cleaning using the 
direction dependently calibrated data. The crosshair is fixed at the same location in all panels. The panels show the 1 h snapshots throughout the 8 h observation. 
The transient candidate mo v es throughout the observation. 
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Figure 12. The right ascension and declination of transient candidate C3 
in degrees minus its average location. The numbers indicate the snapshot 
number. This plot only contains the snapshots where the source was detected 
at > 5 σ abo v e the rms noise. 
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ith τDM 

the dispersion measure smearing in seconds, ν the central
requency in GHz, and B the bandwidth in MHz. A DM of
58 pc cm 

−3 w ould mak e this an extragalactic source (Cook et al.
023 ). 
Another possibility is that the radio pulse produced by this source

ntrinsically has a duration of half a minute to a minute. Recently,
alactic sources of this type have been discovered by Hurley-
alker et al. ( 2022 , 2023 ). These sources also show similarities
ith extremely bright minute duration bursts disco v ered by Hyman

t al. ( 2005 ). For all aforementioned sources, multiple bursts have
een identified, thus warranting follow-up and archival searches for
dditional flares from transient C1 \ C2. The progenitor scenario for
he aforementioned transient sources is still under debate. Isolated
eutron star and white dwarf rotating dipole scenarios have been
 xplored to e xplain these long-period radio pulsars, but those do
ot seem to explain all observed features (Rea et al. 2022 , 2024 ).
nother progenitor scenario could be a compact object in a binary
ith a main-sequence star, as in Pelisoli et al. ( 2023 ). There is a star
ithin 5 arcsec of the position of transient C1 \ C2, but whether this

adio signal is associated with that star remains to be seen. A more
n-depth follow-up study on this transient source will be presented
n de Ruiter et al. (in preparation). 

.2 Transient candidate C3 

he same reimaging process that was outlined in Section 5.1 is
epeated for the transient candidate C3 (presented in Fig. C3 ). 

The new images reveal that the location of transient candidate
3 changes throughout the observation. Fig. 11 shows insets of the

ransient candidate in the new images. The crosshair is fixed at the
ame location in all panels. The panels show the 1 h snapshots
hroughout the 8 h observation. From these images, it is clear that the
NRAS 531, 4805–4822 (2024) 
ransient candidate mo v es throughout the observation. This effect is
uantified in Fig. 12 , which shows the right ascension and declination
f the source minus its average location. The numbers indicate the
napshot number. This plot only contains the snapshots where the
ource was detected with > 5 σ . The average position of the source
s (196.778 ◦, 47.392 ◦). Studying the deep LoTSS image (right-hand
anel in Fig. C3 ) carefully, there is an arc-shaped artefact visible in
he 8 h average image. This arc roughly corresponds to the path of
he source, see Fig. 12 . 

Including the marginal detection of the last hour snapshot, this
mplies that our candidate sources mo v es about 1 arcmin on the sky
 v er 8 h. This mo v ement is clearly different from the slight shift
n position that other sources experience from snapshot to snapshot.
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Table 5. The transient surface density for various time-scales. 

Time-scale N 
total [deg 2 ] 
corr [deg 2 ] ρ [deg −2 ] 

1 h 8 3280 3210 < 4.0 × 10 −4 

2 min 225 92 245 92 218 5.7 × 10 −7 
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specially in right ascension the mo v ement of this source is 8 σ away
rom the jitter that other sources in the field experience. Furthermore, 
ost sources seem to mo v e in a random direction from image to

mage, but transient candidate C3 seems to follow a trajectory, it
oes not mo v e back toward its original position. If we assume this
s a real astrophysical source, this mo v ement implies a high proper
otion and/or an extremely nearby object. The displacement places 

he source within roughly one parsec, where it would travel with the
peed of light. This suggests that the source, if astrophysical, is most
ikely within our Solar system. At an average position of (196.778 ◦,
7.392 ◦) this source lies approximately 70 ◦ abo v e the Galactic Plane
nd about 50 ◦ abo v e the ecliptic. 

Additional checks and tests that were performed do not provide any 
urther insight. The emission is broad-band, but hints to be brighter 
o wards lo wer frequenc y. This seems to e xclude most reflected sig-
als and satellites. There is no significant stokes Q, U, or V detection.
ue to the position shift it is difficult to match the source to other cat-

logues. No minor planets were found at the location of our transient
sing https:// minorplanetcenter.net/ cgi-bin/ checkneo.cgi around the 
bservation time of this field (2014-07-14 14:00:00 UTC). A highly 
peculative origin for this type of emission is an asteroid or comet
eflecting emission from the Sun. Radio reflection tomography has 
een proposed as a technique to study the interior of asteroids and
omets (see eg. Safaeinili et al. 2002 ) and the Sun has been used
s a radio source to use a similar reflection technique to probe
he thickness of glaciers on Earth (Peters et al. 2021 ). During the
bservation of this field, there was no extreme solar activity. 3 

A final note we w ould lik e to mak e is that the source trajectory
Fig. 12 ) is quite similar to the trajectories that we observe as a result
f artefacts close to the edge of the image, such as for example shown
n Fig. B2 . Ho we ver, all the ‘f ak e’ transient sources that were found
o show such a trajectory were detected quite close to the edge of
he image, and the sources disappeared altogether when reimaging 
ith additional padding. Following this procedure did not make the 

ransient source discussed here disappear. 
The most likely explanation is that this source is an imaging 

rtef act. The arc-shaped artef act present in the LoTSS deep image is
imilar to artefacts introduced by facet calibration due to aliasing 
r flagging. We note that neither increased padding nor turning 
ff flagging remo v ed this source from the images. An e xtensiv e
nvestigation into the origin of this artefact is beyond the scope of
his work. 

In conclusion, we find a source in the data that passes all tests
e do in our analysis, and proper reimaging shows that there is

ndeed a transient point source in the data. Ho we ver, we are currently
naware of an astrophysical process that would explain a source that 
hows broad-band transient radio emission and shows a high proper 
otion, which implies it is located in the Solar system. The most

ikely explanation for this source is that is an imaging artefact. If this
s an astrophysical source we expect to find more similar sources in
ur follow-up study ( ∼13), where we plan to repeat this study for a
arger sky area. 

.3 Transient rates 

ollo wing Ro wlinson et al. ( 2016 ) we calculate the transient surface
ensity limit using Poisson statistics via 

 ( X = n ) = 

( ρ × 
total ) 
n e −ρ×
total 

, (2) 

n ! 

 https:// solen.info/ solar/ old reports/ 2014/ july/ 20140715.html 4
here 
total is the total area surv e yed at a certain time-scale, ρ
s the surface density limit, and P is the confidence interval. In
ase no transient candidates are detected this equation reduces to 
 ( X = 0) = e −ρ
total which allows one to define an upper limit on

he transient surface density. Following Bell et al. ( 2014 ), we use
 = 0.05 to give a 95 per cent confidence limit. The total sky area
urv e yed in this work is summarized in Table 5 . 
total shows the
aive calculation of the surveyed sky area, ie. the number of fields,
8, times the number of images per time-scale, N . Ho we ver, in this
ork we perform cuts around bright sources that reduce the ef fecti ve

ky area we search. 
corr shows the total sky area surveyed while
aking into account the area we cut out. As we do not find any
ransients in the 1 h snapshots, an upper limit is calculated for this
ime-scale. One transient candidate (C1 \ C2) is found in 2 min and
 s snapshots, and the corresponding transient surface densities are 
hown in the final column of Table 5 . 

Fig. 13 shows our new result (red cross) compared to other results
n the literature. The figure consists of three panels probing three
ifferent transient duration times. We compare our results to the 
ost constraining studies below 340 MHz and find that our results

re probing the lo west sensiti vities to date at all transient time-scales.
he structure of this plot w as tak en from Murphy et al. ( 2017 ),
ut a more up-to-date sample of the most constraining studies was
ompiled using an o v erview 

4 from Mooley et al. ( 2016 ). Markers
ith a downward pointing arrow represent upper limits. We choose 

o show the results of our study as datapoints at a fixed sensitivity,
nstead of as a curve showing the transient surface density as a
unction of sensitivity by including a larger portion of images with
igher rms noise values (see e.g. Rowlinson et al. 2022 ). We opt
ot to do this as we show that the sensitivity is quite uniform across
he image (see Fig. 5 ). From Fig. 13 , it is clear that the transient
ource presented in Section 5.1 could not have been detected by
revious studies, as those did not probe sufficient sky area and/or
acked sensitivity compared to our search. 

.4 Transient rates at higher frequencies 

any radio telescopes have typical observing frequencies of around 
.4 GHz. Therefore, in this section, we compare the transient surface
ensity values from this work (at 144 MHz) to some of the most
onstraining studies at 1.28–1.4 GHz. From the papers below, we 
istill the information necessary to calculate the transient surface 
ensity following equation ( 2 ). 
Chastain et al. ( 2023 ) use MeerKAT to perform a commensal

earch for transients within the ThunderKAT program (Fender et al. 
017 ). Images are created with integration times of 4 h, 15 min, and
 s, with median noise levels of 10, 30, and 176 μJy, respectively
table 2 in Chastain et al. 2023 ). Furthermore, detection thresholds
f 5.3 σ , 5.7 σ , and 6.4 σ are used. These observations are taken at
.28 GHz and each image has a size of at least 2.8 by 2.8 ◦. In total
8: 4-h images, 406: 15-min images, and 43: 964 8-s images were
MNRAS 531, 4805–4822 (2024) 

 http:// www.tauceti.caltech.edu/ kunal/ radio- transient- surv e ys/inde x.html 

https://minorplanetcenter.net/cgi-bin/checkneo.cgi
https://solen.info/solar/old_reports/2014/july/20140715.html
http://www.tauceti.caltech.edu/kunal/radio-transient-surveys/index.html
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M

Figure 13. Limits on the transient surface density from this study compared to previously published results below 340 MHz. The three panels show studies 
probing different transient time-scales. The result presented in this paper is shown as a red cross. Other results are from Lazio et al. ( 2010 ), Obenberger et al. 
( 2015 ), Polisensky et al. ( 2016 ), Rowlinson et al. ( 2016 ), Stewart et al. ( 2016 ), Feng et al. ( 2017 ), Anderson et al. ( 2019 ), Hajela et al. ( 2019 ), Tingay & Hancock 
( 2019 ), Varghese et al. ( 2019 ), Kuiack et al. ( 2021 ), and Sokolowski et al. ( 2021 ). 

Table 6. Comparison of the transient surface density as found in this study, 
compared to transient searches at higher frequency. The sensitivity at the 
frequency of the original study is extrapolated to 144 MHz assuming a spectral 
index α = −1.2, where S ν ∝ να . 

S S 144 MHz Transient surface Time-scale Frequency Ref. 
(mJy) (mJy) density ( deg −2 ) (GHz) 

0.053 0.73 < 1.4 × 10 −2 4 h 1.28 [1] 
3.9 59.8 < 3.2 × 10 −2 1 h 1.4 [2] 
– 6.3 < 4.0 × 10 −4 1 h 0.144 
– 6.3 < 1.6 × 10 −3 4 h 0.144 [ ∗∗] 
0.17 2.34 < 9.4 × 10 −4 15 min 1.28 [1] 
1.2 18.39 3.2 × 10 −4 15 min 1.4 [3] 
19.2 294.2 < 1.1 × 10 −3 2 min 1.4 [2] 
– 30 5.7 × 10 −7 2 min 0.144 
– 30 4.3 × 10 −6 15 min 0.144 [ ∗∗] 
1.13 15.55 < 8.7 × 10 −7 8 s 1.28 [1] 
56.4 864 < 6.7 × 10 −5 8 s 1.4 [2] 
– 113 3.6 × 10 −8 8 s 0.144 

Note. References [1]:Chastain et al. ( 2023 ), [2]:Fijma et al. ( 2023 ), [3]:Wang 
et al. ( 2023 ), [ ∗∗]: results from this study that have been extrapolated to 
longer time-scales to allow a direct comparison with other studies. 
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reated. The transient surface density resulting from this study is
alculated using equation ( 2 ) and shown in Table 6 . We also note the
ork by Anderson et al. ( 2022 ), who find a flare stare in a commensal

earch for transients in MeerKAT observations, but this search does
ot go as deep (in the number of epochs) as the work by Chastain
t al. ( 2023 ). 

Additionally, we compare our results to the work by Fijma et al.
 2023 ), as their imaging strategy is similar to ours. They perform
 transient search in MeerKAT data around the NGC 5068 field,
reating snapshot images using the subtraction imaging methods
s explained in Section 2.2 . Furthermore, the time-scales used for
NRAS 531, 4805–4822 (2024) 
maging are identical to what was used in this study. The transient
urface density limits from Fijma et al. ( 2023 ) are summarized in
able 6 . 
Finally, Wang et al. ( 2023 ) perform a transient search on 15-min

ime-scales using the Variable and Slow Transient surv e y using the
ustralian SKA Pathfinder (ASKAP; Hotan et al. ( 2021 )). They find
 single flare transients in 754 images at 1.4 GHz. Again, this study is
f particular interest as a similar source subtraction method is used to
reate images. The size of an individual image is 2.1 × 2.1 ◦ and the
edian rms noise in an individual image is around 0.2 mJy beam 

−1 .
 detection threshold of 6 σ was used. The transient surface density

esulting from this study is calculated using equation ( 2 ) and shown
n Table 6 . We also note the work by Dobie et al. ( 2023 ) but instead,
hoose to include just the work by Wang et al. ( 2023 ), as the latter
rovides a more constraining result. 
Table 6 shows an o v erview of the transient surface density values

s presented in the studies detailed abo v e. The first column shows the
etection sensitivity as originally mentioned in the study, whereas
he second column sho ws ho w that sensiti vity would translate to
44 MHz assuming a spectral index α ≈ −1.2, where S ν ∝ να . We
hose this spectral index as most of the transient phenomena we
re interested in here have steep spectral indices. Flare stars show
ither narrow-band (Callingham et al. 2021 ) frequency behaviour or
teep ne gativ e spectral indices (Spangler & Moffett 1976 ); pulsars
ave spectral indices of α ≈ −1.6 (Lorimer et al. 1995 ), and giant
ulses might show even steeper spectral indices of α ≈ −2.7 (Popov
t al. 2008 ); the spectral indices of fast radio bursts are estimated
o be around α ≈ −1.5 (Macquart et al. 2019 ); and the spectral
ndex of the Galactic Center Transient (Zhao et al. 1992 ) is steep
 α ≈ −1.2), as well as the spectral indices of the long-period radio
ources that have been found recently (Hurley-Walker et al. 2022 ,
023 ). There are radio transient sources, such as X-ray binaries that
o not follow this trend. Generally, in X-ray binary radio flares the
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Table 7. The expected number of transients on the minutes time-scale, as 
a function of spectral index, scaled from the Stewart et al. ( 2016 ) transient 
detection. 

Spectral index Number predicted Null detection probability 

−4 16 8.8 × 10 −8 

−5 4.4 1.3 × 10 −2 

−6 1.17 0.31 
−7 0.32 0.73 
−8 0.085 0.92 
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pectral turno v er can be observ erd, which sho ws as an e volving
pectral inde x. F or e xample, in Monageng et al. ( 2021 ) α evolves
rom −0.89 to −0.25, and in Chauhan et al. ( 2021 ) and Chandra &
anekar ( 2017 ) the spectral index evolves from negative to positive.
ote that although our choice of spectral index is appropriate for
ost transient phenomena we are interested in here, it might not 

e appropriate for all sources. The other columns in Table 6 show
he transient surface density, time-scale, observing frequency and 
eference to the study respectively. Each block of Table 6 compares 
tudies that have been performed at a similar time-scale. The final 
ows in each block show the results from our work (as calculated
n Table 5 ). For the hour and minute time-scale we additionally
xtrapolate our results to the exact time-scales probed in Chastain 
t al. ( 2023 ) and Wang et al. ( 2023 ) to make a fair comparison. This
s done by multiplying the transient surface density with a factor of
 and 7.5 for hours and minutes time-scales, respectively. 
From Table 6 , it is evident that even when assuming a flat spectral

ndex the detection sensitivity in our work is of the same order
f magnitude as in Fijma et al. ( 2023 ). Extrapolating the detection
ensitivity in Fijma et al. ( 2023 ) to 144 MHz shows that our study
robes o v er an order of magnitude deeper at hours and minutes
ime-scales, and roughly three times deeper at second time-scales. 
dditionally, our work provides much deeper limits on the transient 

urface density at all time-scales. 
The last row in the minutes time-scale block of Table 6 shows our

 min time-scale results extrapolated to 15 min. Our results are of
imilar sensitivity compared to Wang et al. ( 2023 ), but the transient
urface density is much more constraining. Finally, our study is less
ensitive than the extrapolated sensitivity presented in Chastain et al. 
 2023 ) for the hours, minutes, and seconds time-scales, but in contrast
o Chastain et al. ( 2023 ) we do find a transient source in the 2 min
nd 8 s snapshots, most likely due to our much larger observing time.
herefore, our transient surface density rates are more constraining. 
A curiosity we would like to point out regarding Table 6 is that
ang et al. ( 2023 ) do find 3 interesting flaring transient sources

t a sensitivity in between ours and Chastain et al. ( 2023 ), which is
urprising. The discrepancy between Wang et al. ( 2023 ) and Chastain
t al. ( 2023 ) could be due to the larger sky area probed by Wang et al.
 2023 ), but there is also almost an order of magnitude sensitivity
ifference, which is expected to play a role. Additionally, the fact 
hat Wang et al. ( 2023 ) find three sources at minutes time-scales,
ompared to our one source implies that we might probe different 
ransient source populations at 144 MHz and 1.4 GHz. This could for
xample be due to a synhrotron self-absorption break in the spectrum 

hat causes some of the transients found at 1.4 GHz to be fainter at
44 MHz, causing us to miss them in our transient searches. Finally,
t would be good to in the future thoroughly compare methods with

ang et al. ( 2023 ) as there might be some intrinsic differences to
ur search, leading to different results. 

.5 Stewart et al. transient 

o date, only a handful of transient surv e ys at low radio frequencies
 < 1 GHz) have detected transient sources. Examples include Hyman 
t al. ( 2009 ), Bannister et al. ( 2011 ), and Jaeger et al. ( 2012 ) at
ime-scales of days to months, which have low detection probability 
n our surv e y because the largest snapshot time we use in 1 h. More
ele v ant is the bright (15–25 Jy) transient identified at 60 MHz by
tewart et al. ( 2016 ), with a duration of a few minutes. In the next
ection, we calculate the expected number of observed Stew art-lik e 
ransients in our surv e y, as a function of spectral index. Using a
onserv ati ve flux of 15 Jy and survey frequency of 60 MHz for the
tewart et al. ( 2016 ) surv e y, we can calculate the flux we expect to
bserve at our survey frequency (144 MHz), assuming some spectral 
ndex α, where S ∝ να . 

The sensitivity of this surv e y can be scaled to Stewart et al.
 2016 ) surv e y using N ∝ S −3/2 · 
 as e xpected for an isotropic
omogeneous distribution of sources throughout a flat space, where 
 is the sensitivity of the surv e y and 
 is the total surv e yed area.
he expected number of Stew art-lik e transients in our surv e y is then
qual to the ratio of the surv e yed area in our surv e y and the Stewart
urv e y times the detection sensitivity at minutes time-scale in our
urv e y divided by the expected flux of the Stew art-lik e transient at
he observing frequency of our survey, to the power −3/2: 

 = 


LoTSS 


Stewart 

( 

S surv e y , minutes Jy 

15 Jy × (
144 MHz 
60 MHz 

)α

) −3 / 2 

. (3) 

For the detection sensitivity of our survey at minutes time-scale 
e use a value of ∼30 mJy, by extrapolating our simulation (see
ection 3.1 ). Note that we use a flux density of 15 Jy for the Stewart
t al. transient, in contrast to Rowlinson et al. ( 2016 ) where the
etection limit of the surv e y is used. Table 7 gives the expected
umber of transients on the minutes time-scale, as a function 
f spectral index, scaled from the Stewart et al. ( 2016 ) transient
etection. 
Table 7 shows that we can rule out spectral indices ≥−5 at

5 per cent confidence for the Stewart et al. ( 2016 ) transient, based on
ur e xtrapolated surv e y sensitivity estimate. Combining this result
ith Rowlinson et al. ( 2016 ), we conclude that either the transient

ate derived in Stewart et al. ( 2016 ) is too high or that this transient
vent had an extreme spectral index. 

.6 Variability 

n this work, we do not study variable sources, but the subtracted
mages presented in this work are suitable to study variable sources.
 variable source would show up in the subtracted images just like

he example in Fig. 2 . Either a positive artefact would be present
f the source is brighter than the sky model flux at the subtracted
mage snapshot time, or a ne gativ e artefact if the source is dimmer
han the sky model flux at the specific snapshot time. In our analysis,
e disregard these sources as they are associated with a LoTSS

atalogue source. Ho we ver, one could imagine setting a threshold
here very bright variable source artefacts would be kept for further

nalysis. Highly variable sources can be used to study interstellar 
cintillation, see e.g. Anderson et al. ( 2022 ). Therefore, an interesting
uture extension to the work presented here would be to include
highly) variable sources in our analysis. Additionally, our work 
xcludes transient sources associated with bright radio sources or 
alaxies. A transient that lies in close proximity to radio sources
ith a flux density that falls within the filter limits described in
MNRAS 531, 4805–4822 (2024) 
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able 2 will be excluded from our search. This biases our search
gainst transients occurring in galaxies with high radio flux. 

 C O N C L U S I O N  A N D  O U T L O O K  

n this paper, we have presented the results of a search for transient
ources at 144 MHz using the LOFAR Two-metre Sky Survey
Shimwell et al. 2022 ). The search co v ers mostly e xtragalactic sk y
reas and co v ers 410 de g 2 of sk y. This search was performed on
napshot images with integration time-scales of 8 s, 2 min, and 1 h,
plitting the 8 h pointings in roughly 3600, 225, and 8 snapshots.
n order to create these snapshot images we use a new approach
here we search for transients in the subtracted images. These are

reated by subtracting the full (8-h) sky model from the visibilities
f the snapshot and imaging those visibilities without cleaning or
rimary beam correction. This process greatly reduces the otherwise
omputationally very expensive imaging step. Afterwards, source
nding, filtering, and source catalogue matching steps are applied

o find the transient sources. One transient candidate is identified,
ut follow-up is necessary to determine its true nature. This work
dentifies the lowest transient surface density at time-scales of
econds to hours at the highest sensitivity to date. In the future,
his method will be applied to the second data release of LoTSS.
his will increase the number of processed pointings from 58 in this
tudy to 841. 

Another approach that might be explored in the future is the use
f a different source finding technique, more suitable for subtracted
mages. The source finder used in this work already accounts for
omplicated noise structures throughout the images, but subtracted
mages introduce other difficulties. Since the subtracted images are
ot cleaned, each source appears as a blob consisting of multiple
omponents. Using the LPF sourcefinder all these components
re identified as individual sources. A source finder that would
utomatically identify these components to be part of the same
ncleaned source would simplify the filtering steps afterwards and
peed up the process as there would be fewer sources to consider.
econdly, if the techniques presented in this paper would be applied

o future studies where many transients are identified, an automated
ross-matching to other catalogues might be useful in order to
etermine the origin of the transient emission. Finally, future data sets
r surv e ys will potentially need a more stringent catalogue match or
ltering scheme to reduce the number of transient candidates left for
isual inspection, but we find the current filter scheme gives a good
rade-off between not disregarding transient candidates too soon and
ime needed for visual inspection. 

C K N OW L E D G E M E N T S  

his research made use of ASTROPY (Astropy Collaboration 2013 ,
018 ) for FITS file handling and coordinate matching and MAT-
LOTLIB (Hunter 2007 ) was used to create plots. 

LOFAR is the Low Frequency Array designed and constructed
y ASTRON. It has observing, data processing, and data storage
acilities in several countries, which are owned by various parties
each with their own funding sources), and which are collectively
perated by the ILT foundation under a joint scientific policy.
he ILT resources have benefited from the following recent major

unding sources: CNRS-INSU, Observatoire de Paris and Universit ́e
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PPEN D IX  A :  MA  T H E M A  T I C A L  DESCRIPTI ON  

O U R C E  SU BTRAC TION  

elow we describe the sky model subtraction process in a more 
athematical manner. An interferometer measures an approximate 
ourier transform of the sky intensity, instead of directly measuring 
he sky intensity I ( l , m ). The intensity and visibility are defined as a
unction of viewing direction cosines ( l , m ). For a baseline consisting
f antennas i and j , the perfect response to all visible sky emission for
 single time instance and frequency is given by the idealized Radio
nterferferometric Measurement Equation (RIME), see e g. Smirno v 
 2011 ). The RIME below does not include the Jones matrices that
escribe the direction-dependent and direction-independent calibra- 
ion effects. The visibilities for a baseline consisting of antennas i
nd j are defined as 

 ij = 

∫ ∫ 

I ( l , m ) e −2 πi [ u ij l+ v ij m + w ij ( n −1) ] d l d m 

n 
, (A1) 

here i = 

√ −1 , n = 

√ 

1 − m 

2 − l 2 , u ij , and v ij are baseline coordi-
ates in the UV plane-parallel to l and m , respectively, and w ij is the
aseline coordinate along the line of sight. 
In practice, the visibilities are affected by predominantly antenna- 

ased complex gain factors which may vary with time, frequency, 
iewing direction, and antenna location. Therefore, the observed 
isibility is defined as 

 ij ,obs = 

∫ ∫ 

a i ( l , m ) a † j ( l , m ) I ( l , m ) e −2 πi [ u ij l+ v ij m + w ij ( n −1) ] d l d m 

n 
, 

(A2

here † denotes a complex conjugate. The process of calibration 
unes these antenna gains ( a i ( l , m ) and a 

† 
j ( l, m )) such that the

alibrated or antenna gain corrected visibilities best match the sky 
odel, i.e. V ij ,obs ≈ V 

skymodel 
ij . The sky model gives a coarse model

f the (brightest) radio sources in the sky. 
One can rewrite the RIME (equation A1 ) as a linear combination

f all individual sources k . To this end, we approximate the radio sky
y a discrete number of isolated, invariant sources of finite angular
xtent. 

 ij = 

∑ 

k 

V ij ,k = 

∑ 

k 

∫ ∫ 

I k ( l , m ) e −2 πi [ u ij l+ v ij m + w ij ( n −1) ] d l d m 

n 
. 

(A3) 

The ‘subtracted’ visibilities refer to the visibilities where we have 
ubtracted the sky model for each source. Mathematically this can 
e expressed as 

 ij ,sub = V ij ,obs −
∑ 

k 

(
g ik g 

† 
jk 

)−1 
V 

model 
ij ,k (A4) 

ith g ik = g i ( l k , m k ) ≈ a −1 
ik , the inverse of the antenna gains. In case

f a perfect calibration, this subtracted visibility is zero. 

PPENDI X  B:  P O I N T  SPREAD  F U N C T I O N  

RTEFAC TS  

In the methods section, we indicated the necessity to image 2200
y 2200 pix els, ev en though we are only using sources from the
nner 1800 by 1800 pixels. Fig. B1 shows an example of a f ak e
ransient source that is likely introduced by a bright source just at the
oundary of the image. The left-hand panel shows a subtracted image
f 1800 by 1800 pixels, while the right image shows a subtracted
mage of the same sky area, imaged with the same imaging settings
xcept for increasing the image size to 2200 by 2200 pixels. The red
ircle indicates the location of the f ak e transient source present in
he left image. The dashed circle show the 1.5 ◦ radius that we use
or filtering. The coloured dots indicate the locations bright sources 
n the LoTSS source catalogue. We think that for example the 1.7 Jy
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M

Figure B1. Example of a ‘f ak e’ transient source that is likely introduced by a bright source just at the boundary of the image. The left-hand panel shows the a 
subtracted image of 1800 by 1800 pixels, while the right image shows a subtracted image of the same sky area, imaged with the same imaging settings except 
for increasing the image size to 2200 by 2200 pixels. The red circle indicates the location of the f ak e transient source present in the left image. The dashed circle 
show the 1.5 ◦ radius that we use for filtering. The coloured dots indicate the locations bright sources in the LoTSS source catalogue. 

Figure B2. Example trajectory of two transient candidates, that were 
excluded after reimaging on a 2200 by 2200 pixel image. The right ascension 
and declination minus the average location of the source are shown for a 
source found in 2 min subtracted image snapshots in blue, and a source found 
in 1 h snapshots, shown in orange. 

s  

l  

a  

i  

i
 

w  

artefacts, because the source location seemed to mo v e throughout the 
observation. In Fig. B2 , we show the trajectory of two transient can- 
didates, that were excluded after reimaging on a 2200 by 2200 pixel 
image. The figure shows the right ascension and declination minus 
the average location of the source. It is clear that for both the example 
shown in blue, found in 2 min subtracted image snapshots and the 
example shown in orange, found in 1 h snapshots, the source seems 
to follow a particular trajectory. 

APPENDI X  C :  TRANSI ENT  C A N D I DATE S  

AFTER  VISUAL  I NSPECTI ON  

The figures in this Appendix show all transient candidate sources 
that are left after a first round of visual inspection. These sources 
did not immediately fall within one of the two categories of 
sources that are normally vetted by visual inspection (subtrac- 
tion artefacts of bright sources, or sources that are associated 
with a faint deep fields source). The transient candidate shown 
in Figs C1 and C2 is discussed in detail in Section 5.1 . The 
transient candidate shown in Fig. C3 is discussed in more detail in 
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ource (indicated by the navy blue dot) just beyond the 1800 by 1800
imit in the left image could introduce point spread function (PSF)
rtefacts quite far down the rest of the image. Simply increasing the
mage size a bit shows that the bright blob in the red circle in the left
mage is not a real transient candidate. 

Initially, it was unclear what the origin of these transient candidates
 as. There w as a strong suspicion that these types of sources were
ection 5.2 . 
We decide to not follow-up on the candidates presented in Figs C4 ,

5 , and C6 because the source in the subtracted image is not
irty-beam shaped, unlike expected (see Section 3.1 ). Finally, the
andidates shown in Figs C7 –C11 are disregarded because upon
loser inspection they are associated with faint sources in the deep
eld. 
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Figure C1. Transient candidate C1 identified in two 8 s snapshots. Discussed 
in more detail in Section 5.1 . 

Figure C2. Transient candidate C2 identified in one 2 min snapshots. 
Discussed in more detail in Section 5.1 . 

Figure C3. Transient candidate C3 identified in all 1 h snapshots in the 
P35Hetdex10 field. Discussed in more detail in Section 5.2 . 

Figure C4. Transient candidate in the P205 + 55 field identified in one 1 h 
snapshot with an SNR of 6.6. 

Figure C5. Transient candidate in the P14Hetdex04 field identified in the 
first and second 1 h snapshot with an SNR of 5.5 and 6.7, respectively. 

Figure C6. Transient candidate in the P19Hetdex17 field identified in one 
1 h snapshot with an SNR of 6.1. 
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Figure C7. Transient candidate in the P39Hetdex19 field identified in the 
third 1 h snapshot with an SNR of 6.6. 

Figure C8. Transient candidate in the P182 + 55 field identified in the third 
1 h snapshot with an SNR of 6.1. 

Figure C9. Transient candidate in the P225 + 47 field identified in the 
fourth and seventh 1 h snapshot with an SNR of 5.5 and 6.4, respectively. 

Figure C10. Transient candidate in the P225 + 47 field identified in the 
sixth and seventh 1 h snapshot with an SNR of 5.1 and 6.2, respectively. 

Figure C11. Transient candidate in the P191 + 55 field identified in the 
third 1 h snapshot with an SNR of 6.3. 
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