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A B S T R A C T 

In this paper, we present rapid follow-up observations of the short GRB 201006A, consistent with being a compact binary 

merger, using the LOw Frequency ARray (LOFAR). We have detected a candidate 5.6 σ , short, coherent radio flash at 144 MHz 
at 76.6 min post-GRB with a 3 σ duration of 38 s. This radio flash is 27 arcsec offset from the GRB location, which has a 
probability of being co-located with the GRB of ∼0.05 per cent (3.8 σ ) when accounting for measurement uncertainties. Despite 
the offset, we show that the probability of finding an unrelated transient within 40 arcsec of the GRB location is < 10 

−6 and 

conclude that this is a candidate radio counterpart to GRB 201006A. We performed image plane dedispersion and the radio flash 

is tentatively (2.4 σ ) shown to be highly dispersed, allowing a distance estimate, corresponding to a redshift of 0 . 58 ± 0 . 06. The 
corresponding luminosity of the event at this distance is 6 . 7 

+ 6 . 6 
−4 . 4 × 10 

32 erg s −1 Hz −1 . If associated with GRB 201006A, this 
emission would indicate prolonged activity from the central engine that is consistent with being a ne wborn, supramassi ve, likely 

highly magnetized, millisecond spin neutron star (a magnetar). 

Key words: gamma-ray burst: individual: stars – radio continuum: transients. 
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 I N T RO D U C T I O N  

e do not know the maximum mass that a neutron star can have
efore it collapses to form a black hole. The detection of a 2 solar
ass neutron star (Demorest et al. 2010 ) opened up the possibility

hat two typical 1.4 solar mass neutron stars could merge to form a
upramassive neutron star instead of a black hole. This supramassive
eutron star will be born rapidly rotating with strong magnetic fields
nd is referred to as a millisecond magnetar. Although supporting
vidence for the millisecond magnetar model has been observed
Rowlinson et al. 2013 ; Metzger, Thompson & Quataert 2018 ;
ordana-Mitjans et al. 2022 ), the nature of the remnants of binary
eutron star mergers remains highly debated. With its large rotational
nd magnetic energy reservoir, a millisecond magnetar is predicted
o emit coherent radio emission within a few hours of formation (e.g.
otani 2013 ; Zhang 2014 ), whereas black holes are not expected to
roduce coherent radio emission at this time unless they are actively
ccreting (Usov & Katz 2000 ). 
 E-mail: b.a.ro wlinson@uv a.nl 
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o  

h  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
Binary neutron star mergers are typically detected via two key
ethods; short gamma-ray bursts (GRBs; Abbott et al. 2017b ) and

ra vitational wa v e ev ents (Abbott et al. 2017a ). Radio telescopes are
sed to conduct targeted searches for this short-lived coherent radio
mission from GRBs and gravitational wave events. The emission
e search for could occur very soon after or even during the merger

o very low latency observations are required (for a detailed analysis
f this see Rowlinson & Anderson 2019 ). Due to the rapid response
equirement, observations rely upon whole sky monitoring or very
apid repointing of the radio telescope. Early searches were thus
ither insufficiently deep (e.g. Balsano et al. 1998 ) or were not fast
nough (e.g. Bannister et al. 2012 ). With the advent of the next
enerations of sensitive low frequency radio telescopes that have
o moving parts, are electronically steered, and benefit from larger
ispersion delays, such as the LOw Frequency ARray (LOFAR; van
aarlem et al. 2013 ) and the Murchison Widefield Array (MWA;
ingay et al. 2013 ), we now have the capability to search for this
mission. For the past few years, both LOFAR and the MWA have
een triggering on GRBs, obtaining limits placing tight constraints
n some of the theoretical models for this emission but no detections
ave been made to date (Kaplan et al. 2015 ; Anderson et al. 2021 ;
© 2024 The Author(s). 
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Figure 1. This plot shows the observed hardness ratio versus the T90 
durations of GRBs detected by Swift . The dashed black line is the rough 
delineator between short and long GRBs at the T90 duration of 2 s. The 
location of GRB 201006A (large red point) is fully consistent with the short 
GRB population. 

Figure 2. This plot shows the Amati relation for GRBs, which is an observed 
correlation between E peak and E iso (Amati et al. 2008 ). Long and short GRBs 
follo w dif ferent correlations (D’Av anzo et al. 2014 ; Jia et al. 2022 ). The 
location of GRB 201006A (red point) is fully consistent with the E peak − E iso 

correlation for short GRBs (blue points). 

O
r  

p
B
a
w  

T
s
G
A  

O  

s
o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2592/7778274 by U
niversity of H

ertfordshire user on 03 D
ecem

ber 2024
owlinson et al. 2021 ; Curtin et al. 2023 ; Tian et al. 2022 ; Hennessy
t al. 2023 ). 

On 2020 October 6, the Neil Gehrels Swift Observatory (hereafter 
wift satellite; Gehrels et al. 2004 ) detected GRB 201006A, a short-
ard GRB with an X-ray counterpart (Gropp et al. 2020 ). No optical
ounterpart w as detected, lik ely due to significant Galactic extinction 
long the line of sight (Galactic latitude of b ∼ 9 . 7 ◦). GRB 201006A
oes not have an identified host galaxy to deep limits in the near-
nfrared images at the location of the X-ray counterpart (Fong 
t al. 2022 ). LOFAR automatically triggered observations of GRB 

01006A, with a 2 h imaging observation at 144 MHz starting 4.75
in following the GRB. 
In this paper, we present the LOFAR observations of GRB 

01006A and the implications of these observations. In Section 2 , we
escribe the observations of this GRB and the processing strategies. 
n Section 3 , we outline the transient search strategy applied to these
OFAR data and the filtering results. Section 4 conducts image 
lane dedispersion on the transient candidate detected in the transient 
earch. Finally, in Section 5 , we compare the observed radio flash to
he theoretical model predictions for coherent radio emission from 

inary neutron star mergers. 
Throughout this work, we adopt a cosmology with H 0 = 71 km

 

−1 Mpc −1 , �m 

= 0 . 27, and �� 

= 0 . 73. Quoted errors are 1 σ . 

 OBSERVATIONS  A N D  ANALYSIS  

.1 Swift detection and X-ray after glo w 

he Swift Burst Alert Telescope (BAT; Barthelmy et al. 2005 ) 
riggered and located GRB 201006A (trigger = 998907) on 2020 
ctober 6 at 01:17:52 UT (Gropp et al. 2020 ). Swift slewed im-
ediately to the burst, and X-Ray Telescope (XRT; Burrows et al. 

005 ) observations began 83.9 s after the BAT trigger, locating the
-ray afterglow to within a 90 per cent error region of 2.1 arcsec

adius at a position of RA: 61.89270 de g, Dec.: 65.16462 de g (J2000)
Goad et al. 2020 ). Data were processed at the United Kingdom Swift
cience Data Centre (UKSSDC; Evans et al. 2009 ). GRB 201006A 

s classified as a short GRB with a T 90 duration of 0 . 49 ± 0 . 09 s (15–
50 keV). High visual extinction due to the low Galactic latitude 
 b ∼ 9 . 7 ◦, A V ∼ 3 . 5 mag; Schlafly & Finkbeiner 2011 ) prevents
eep host searches, while a K -band search has identified a faint
xtended source within the XRT error region though the probability 
f chance alignment is > 20 per cent (Fong et al. 2022 ). 
To further assess the nature of the GRB, we place it on both the

ardness–duration diagram and the Amati relation, shown in Figs 1 
nd 2 . GRBs show a correlation between peak energy, E peak , and
sotropic energy, E iso of the time-averaged prompt spectra (Amati 
t al. 2008 ) in which short GRBs are offset from the collapsar origin
ong bursts. In addition, the short and long populations show differing 
istributions in spectral hardness and duration (Kouveliotou et al. 
993 ). The Amati relation is plotted for published long GRB (Jia
t al. 2022 ) and short GRB (D’Avanzo et al. 2014 ) samples, while
he hardness–duration plot uses observed 50 −100 

25 −50 keV fluence and 
 90 from the Swift BAT Catalogue (Lien et al. 2016 ). Figs 1 and 2
oth show GRB 201006A (at z = 0 . 58 ± 0 . 06, see Section 4.2 ) to
ie within the expected short GRB parameters for GRB samples with 
easured redshifts. 

.2 LOFAR triggered obser v ations 

OFAR observations of GRB 201006A were automatically triggered 
sing the LOFAR Rapid Response Mode and starting at 2020 
ctober 06 01:22:37 UTC, 4.75 min following the prompt gamma- 
ay emission. These observations comprised of 2 h on the location
rovided by the gamma-ray observations, using the LOFAR High 
and Antennas (HBAs) with a central frequency of 144 MHz 
nd a bandwidth of 48 MHz (comprising 244 sub-bands each 
ith a bandwidth of 195.3 kHz and a time resolution of 1 s).
he observations used the Dutch array, comprising of 24 core 
tations and 14 remote stations. Following the observation of the 
RB, a 10 min calibrator observation was obtained using 3C147. 
 second observation was obtained 24 d later, starting at 2020
ctober 30 00:11:00 UTC, using the identical set-up, less one core

tation, and with near-identical local sidereal time to the previous 
bservation. 
MNRAS 534, 2592–2608 (2024) 
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Figure 3. This is the full 2 hr image obtained by LOFAR at a central 
observing frequency of 144 MHz. The black dashed circle, with a radius 
of 0.5 ◦, shows the region searched for radio transient sources. The blue cross 
marks the X-ray position of GRB 201006A. The red circle corresponds to 
the 40 arcsec association radius centred on the X-ray position. The rms of the 
inner region of the image is 0.52 mJy. The restoring beam is illustrated in the 
lower left corner, with a major axis of 22 arcsec, a minor axis of 18 arcsec, 
and a position angle of 20 ◦. 
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Figure 4. These histograms show the rms noise obtained in each of the 
snapshot images for the clean images with sources (top) and the dirty 
subtraction images (bottom). The black dashed lines show the rejection 
thresholds for low quality images. The typical rms of the clean images is 
15 . 2 ± 0 . 4 mJy beam 

−1 and the typical rms of the subtraction images is 
7 . 9 ± 0 . 2 mJy beam 

−1 . 
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The LOFAR data were calibrated using the LINC pipeline, 1 which
as developed to automatically process these observations using

tandard LOFAR software and methods (Offringa et al. 2010 ;
f fringa, v an de Gronde & Roerdink 2012 ; van Weeren et al. 2016 ;
illiams et al. 2016 ; de Gasperin et al. 2019 ). The time resolution

f 1 s was retained for the target visibility data. The calibrator and
arget visibility data were averaged in frequency to 48.82 kHz (four
hannels per sub-band). The target sub-bands were then combined
n groups of 10 and averaged in frequency to 97.64 kHz bins. As
he target source is at the centre of the field, direction-dependent
alibration was not required. 

The calibrated target data were imaged using WSCLEAN (Offringa
t al. 2014 ) to create a deep image and a detailed sky model of the
eld. Standard imaging parameters were used in addition to a Briggs
eighting (robustness of −0 . 5), a pixel scale of 5 arcsec, 4028 ×4028
ixels, baselines up to 8 k λ, and a primary beam correction. Cleaning
as conducted using an automatic threshold and up to 100 000

terations. In Fig. 3 , we show the inner 1 ◦ × 1 ◦ area of the deep
mage of the field. The rms in this image is 0.52 mJy beam 

−1 and
he restoring beam is an ellipse with a major axis of 22 arcsec, a

inor axis of 18 arcsec, with a position angle of 20 ◦. The sky model
nd corresponding model visibilities were output by WSCLEAN . No
mission was detected at the location of GRB 201006A in the deep
mage, corresponding to a 3 σ upper limit of 1.6 mJy. We conduct a
onstrained fit, in which the source is forced to take the shape and
rientation of the restoring beam, at the location of GRB 201006A
iving a flux density of 0 . 8 ± 0 . 8 mJy. 
We created two sets of time-sliced images with integration times of

0 s: cleaned images with all sources and a primary beam correction,
NRAS 534, 2592–2608 (2024) 
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t  

d  

u

nd subtraction images with all the sources subtracted, no cleaning
nd with no primary beam correction. We refer to the latter as dirty
ubtracted snapshot images. To create time-sliced dirty subtraction
mages, we first subtract the model visibilities (down to a 3 σ flux
ensity threshold of 3 mJy to a radius of 2.8 ◦, obtained by WSCLEAN )
rom the calibrated data visibilities to obtain the subtracted visibilities
this method has been developed and tested by de Ruiter et al. 2024
nd Fijma et al. 2024 ). The full 2 hr of subtracted visibilities were
hen imaged in 10 s snapshots using the full 48 MHz bandwidth and
 pixel scale of 5 arcsec. The resulting subtraction images thus only
ontain subtraction artefacts and transient candidates. We note there
s no detected source close to the GRB location and, hence, we do
ot expect any subtraction artefacts in the counterpart search area.
or both data sets, we plot a histogram of the rms values from all of

he images (determined using the inner 1/8th of the image), shown
n Fig. 4 , to determine the typical noise properties of the data sets
nd to check for low-quality images. The typical rms noise in the
leaned images with all the sources is 15 . 2 ± 0 . 4 mJy beam 

−1 and the
ypical rms noise in the subtraction images is 7 . 9 ± 0 . 2 mJy beam 

−1 ,
emonstrating a factor 2 impro v ement in detection sensitivity by
sing the subtraction images. 

https://linc.readthedocs.io/en/latest/index.html
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Figure 5. This figure shows the psf of the LOFAR dirty beam as calculated 
by WSCLEAN for one of the snapshot images. The red circle, centred on the 
psf and out to within the radius of the first sidelobe, has a radius of 40 arcsec 
and is defined to be the search radius for counterparts to GRB 201006A. 
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Figure 6. This is a histogram of all the pixel values within a radius of 40 
arcsec from the position of GRB 201006A in all of the snapshot images. The 
red dashed line shows the fit to a Gaussian distribution. The black solid line 
corresponds to the detection threshold (4.7 σ ) required to give a probability 
of finding a spurious source caused by noise fluctuations to be less than 1 
per cent. 

Table 1. The positions of the six background regions used in this paper to 
compare to the findings obtained for GRB 201006A. 

Background region RA Dec. 
(deg.) (deg.) 

1 62.4643 65.1854 
2 61.9437 65.0231 
3 61.9600 65.2114 
4 62.6837 65.3477 
5 61.0295 65.5890 
6 62.4026 64.6739 
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 R A D I O  TRANSIENTS  SEARCH  

n this section, we describe the transient search we conducted to 
etermine if there is a radio source associated with GRB 201006A 

ithin the snapshot subtraction images. We outline the moti v ation 
or our source association radius and the detection threshold used to 
earch for new sources. 

.1 Source association radius 

adio sources can appear to mo v e slightly in images due to mea-
urement errors near to the rms noise, ionospheric effects, and small
alibration errors. To account for this in our search for counterparts 
o GRB 201006A, we need to determine the maximum radius out to
hich we would consider two sources to be potentially associated. 
o do this, we use the point spread function (psf) of the dirty beam,
s calculated by WSCLEAN , for one of the snapshot images. The psf
or one snapshot image is shown in Fig. 5 . We define the maximum
earch radius as being just within the first bright sidelobe of the dirty
eam, corresponding to a radius of 40 arcsec. We do this, as the
irty beam shape is not deconvolved in the subtraction images, so
e might expect it to affect the image within 40 arcsec of the true

ource location. 

.2 Optimal detection threshold 

he next step is to determine the optimum detection threshold to 
earch for sources associated with GRB 201006A. All the pixel 
alues are extracted within a 40 arcsec radius of the enhanced X-
ay position of GRB 201006A and are plotted as a histogram and
tted with a Gaussian distribution (see Fig. 6 ), which can then be
sed to determine the detection threshold (Rowlinson et al. 2022 ). 
n this analysis, we require that the probability of a spurious source
aused by noise fluctuations is less than 1 per cent corresponding to
 detection threshold of 4.7 σ (shown by the black line in Fig. 6 ).
e repeat this analysis for six background regions near to the GRB

ocation (listed in Table 1 ). The background regions all give the
ame recommended detection threshold of 4.7 σ . To be conserv ati ve,
e round this up to a detection threshold of 5.0 σ in the following

nalysis. 

.3 Search and filtering strategy 

o search for counterparts to GRB 201006A and to determine the
roperties of candidate transients in the subtraction images used, we 
se the LOFAR Transients Pipeline ( TRAP ; Swinbank et al. 2015 ) to
earch for sources with a detection threshold of 5.0 σ within a radius
f 0.5 ◦ of the position of GRB 201006A. Assuming Gaussian noise
roperties, we predict that we will find three > 5 σ sources within
.5 ◦ throughout all of the surv e yed images. 
Using the TRAP sourcefinder, PYSE (Carbone et al. 2018 ), sources

re identified by finding islands of pixels that lie > 5 σ above local
ms noise. The detection significance of the source, in sigma, is
btained by dividing the peak pixel value by the local rms noise. As
ransient sources are expected to be point sources, we can assume
hat the source will take the shape of the restoring beam for that
MNRAS 534, 2592–2608 (2024) 
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Figure 7. A forced flux density measurement was made for each transient 
source candidate for each snapshot image in the 2 hr observation. A histogram 

of the forced flux density measurements is then plotted for each individual 
source and fitted with a Gaussian distribution (shown by the red curve). The 
Gaussian distribution models the typical background noise at the location of 
the transient source candidate. If the flux density of the transient candidate is 
less than 4 σ deviant from the distribution (represented by the black dashed 
line), then we determine that the source is consistent with the noise properties 
at that location. Top : transient candidate 6 from Table 2 , which passed this 
test. Bottom : a random transient candidate that is rejected using this test. 
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mage. We note that the sources are not visually point sources in the
ubtraction images due to the shape of the psf (shown in Fig. 5 ), but
his assumption is reasonable to first order as the central part of the
sf is a point source. We fit a two-dimensional Gaussian, with its
hape forced to be the shape and orientation of the restoring beam,
o the detected source. The Gaussian fit provides the final position,
ux density, and associated fitting errors. 
The TRAP outputs a list of newly identified sources and their flux

ensities for 10 images following detection. All sources detected are
ither subtraction artefacts or candidate transients. The initial candi-
ate list contains 74 sources. We filter the list of candidates using the
ollowing strategies adapted from previous transient surv e ys (such
s Rowlinson et al. 2022 ): 

(i) Remo v e sources close to the source extraction radius where the
ource finder is known to give artefacts. The number of remaining
andidates dropped to 59 sources. 

(ii) Remo v e sources that are at the location of a source in the deep
mage (removal of subtraction artefacts). The number of remaining
andidates dropped to 35 sources. 

(iii) Visual inspection of all candidates to remo v e sidelobes and
ubtraction artefacts of the bright, extended source 4C64.05 at RA:
1.4017 deg Dec.: 64.9181 deg. All the artefacts associated with
C64.05 were within 3 arcmin of its position. For reference, this is
he bright source in the lower right of Fig. 3 with clear artefacts in the
urrounding region. The number of remaining candidates dropped to
0 sources. 
(iv) Monitor the flux density at the location of each transient

andidate through time to obtain a more accurate understanding of the
ocal noise. A histogram of the measured flux densities was plotted
or each source and fitted with a Gaussian distribution. Two example
lots are shown in Fig. 7 . Source candidates are rejected if the flux
ensity is less than 4 σ deviant from the local noise measurements.
he number of remaining candidates dropped to six sources and

hese candidates are listed in Table 2 . 
(v) If the source is a noise artefact due to the telescope con-

guration, then it is likely to be present each time the position is
bserved at the same local sidereal time (Rowlinson et al. 2016 ).
sing the second observation on 2020 October 30, we are able to

nvestigate the sources at the same local sidereal time. This second
OFAR observation was calibrated and imaged using the identical
trategies as the first. Due to this observation only having near-
dentical local sidereal time to the original observation, one source
oes not have an image at the corresponding local sidereal time
nd is excluded from this analysis. We measure the flux density
f each transient candidate in its corresponding local sidereal time
mage. The flux density measurements from the two observations
re compared. If these flux density measurements are a near match
within measurement uncertainties) or the flux density is higher in
he corresponding local sidereal time image, we determine that the
ransient candidate is likely a noise artefact due to the telescope
onfiguration. Four sources remained after this step, as shown in
able 2 . 
(vi) To constrain the peak detection significance, duration, peak

ime of the remaining transients, we re-imaged 10 s snapshot
ubtraction images for 100 s around each transient source. We created
0 batches of snapshot images, each offset in time by 1 s from the
revious set, and used a constrained fit to obtain the flux density at
he location of the transient source in each image. By combining the
ux density measurements in a single figure, we are able to track the
ise and fall of the transient source flux density. We then repeated
his process with cleaned 10 s images containing all the sources to
NRAS 534, 2592–2608 (2024) 
onfirm if the source is consistent with being a sub-threshold source
n those images. In Fig. 8 , we show the obtained light curves, as
 function of both flux density and detection significance for the
mages with and without sources (i.e. DM = 0 pc cm 

−3 ). The mid-
ime of the transient is defined as the mean of the fitted Gaussian
istribution with an additional 5 s to account for the mid-point of
he snapshot (the time stamp in each 10 s snapshot corresponds the
tart time of that snapshot). If there is no evidence of the transient
n the images containing sources or the light curve does not appear
o follow a Gaussian shape (as expected for a dispersion smeared
ransient), we reject the transient candidate. We thus reject transient
andidates 4 and 5. Two sources remained after this filtering step, as
hown in Table 3 . 

Of the remaining two transient candidates, candidate 1 lies 16
rcmin from the location of GRB 201006A and is unrelated to the
RB. Whereas candidate 6 lies within the 40 arcsec association

adius for GRB 201006A. This transient is symmetrical in time and
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Table 2. The six remaining transient candidates following filtering step 4. 

Candidate Time RA Dec. Detection S/N Flux density Flux density LST filter 
LST matched image 

(UTC) (deg) (deg) ( σ ) (mJy) (mJy) ( � / ×) 

1 01:32:43.3 62.0917 65.4233 5.4 41.9 ± 14.1 N/A � 

2 01:45:42.4 61.3250 65.4071 5.0 36.6 ± 12.6 −0.5 ± 14.0 � 

3 01:48:44.6 61.2508 65.4911 5.1 38.9 ± 12.8 5.2 ± 15.5 � 

4 01:49:54.7 61.6025 65.1851 5.2 43.2 ± 13.1 16.3 ± 16.2 ×
5 02:06:56.1 62.6521 65.3572 5.4 41.7 ± 13.4 18.1 ± 15.7 ×
6 02:34:24.4 61.9029 65.1591 5.0 44.8 ± 14.4 4.0 ± 16.3 � 

Figure 8. The light curves of the four transient candidates given in Table 3 . For each candidate, the plots show: Top row : the flux density light curve of the 
transient source created using 100 s of data and 10 sets of 10 s snapshots (each offset from the previous by 1 s) shown by the red data points. The zero time is 
arbitrarily chosen to ensure the full transient duration is co v ered by the light curve. The left column is created using the subtraction snapshot images, whereas 
the right column is created using the cleaned snapshot images containing all the sources. The solid blue line shows a Gaussian distribution fit to the data points 
from the subtraction snapshot images. The orange line shows the rms noise measured in each snapshot image. Bottom row : the detection significance of each 
measurement, with the black dashed line showing the 5 σ detection threshold. In this plot, no dedispersion is applied (i.e. DM = 0 pc cm 

−3 ). 
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Table 3. The four remaining transient candidates after filtering step 5. 

Candidate Peak time Peak detection Position at peak Light curve Figure 
S/N RA Dec. 

(UTC) ( σ ) (deg) (deg) ( � / ×) 

1 01:32:44.3 5.6 62.0914 65.4233 � 8 (a) 
2 01:45:48.1 4.9 61.3247 65.4071 × 8 (b) 
3 01:48:50.0 5.1 61.2508 65.4907 × 8 (c) 
6 02:33:29.6 5.6 61.9042 65.1588 � 8 (d) 

Figure 9. Subtraction images of the radio source location from 10 s prior to 
the emission and 20 s afterwards. The colour scale is matched between the 
figures, the black dashed line circles show the 40 arcsec counterpart search 
radius and the black cross marks the X-ray position of GRB 201006A. The 
restoring beam is shown in the bottom left corner. The 5.6 σ detection is within 
the search radius at time 0 s. The pixel scale is 5 arcsec with a restoring beam 

shape of major axis = 39 arcsec, minor axis = 17 arcsec and position angle 
of 162 ◦. 
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ell fit by a Gaussian distribution, as expected for dispersion measure
mearing. We find a peak signal to noise ratio (S/N) of 5.6 σ with
 mid-time of 2020 October 06 02:34:29.6 UTC, corresponding to
6.6 min after the GRB. As shown in Fig. 8 (d), in the cleaned images
ontaining all sources, a constrained fit at the time and location of the
ransient source shows a comparable, but not significant, peak at the
ame time as in the subtraction images with a flux density consistent
ith the flux density of the observed transient source. The 3 σ duration
f the radio transient source is 38 s. We note that this peak time is
entred near the 10 s bins initially used. If the snapshot bins had
een offset from this by more than a few seconds, we likely would
ot have detected this transient. Additionally, this source comprises
ll four pixels on or above the detection threshold at the GRB search
egion shown in Fig. 6 . We find the position of this transient source
n the peak detection image to be RA: 61.9042 deg, Dec.: 65.1588
eg (J2000), with positional uncertainties of ±(5.0,3.9) arcsec, and
 flux density of 47 ± 14 mJy. We note this position is offset from
he X-ray position of GRB 201006A by 27 arcsec. The subtraction
mages of this source are shown in Fig. 9 , along with one snapshot
NRAS 534, 2592–2608 (2024) 
ubtraction image prior to the detection and two snapshot subtraction
mages following. 

We trialled a wide range of imaging strategies to confirm the
oint source including: different baseline lengths, different image
eighting, and different pixel scales. The point source remained
bservable in all the images produced. In addition, we conducted
maging at 5 s and the transient source was marginally detected in
he two snapshots corresponding to the 10 s snapshot it was detected
n. Further time and frequency slicing led to images where the source
as below the detection threshold, likely due to higher noise levels. 

.4 Consideration of position offset 

he detected transient source is offset from the GRB X-ray position
y 27 arcsec. We showed in the previous section that this source
asses a wide range of imaging tests, showing it is highly likely to
e a real source. In this section, we consider if the position offset
f the transient is consistent with expectations from radio images of
his type from this data set. First, we calculate the significance of the
ffset. Secondly, we conduct two key tests; an analysis of the position
f all detectable sources both in our data set and using simulated
ources. Thirdly, we consider randomly searching for sources within
0 arcsec of random locations. Finally, we consider the chance of
nding an unassociated transient source within 40 arcsec of the
osition of GRB 201006A. 
The 1 σ position uncertainty of the transient source is comprised

f three different components: the statistical error on the position
calculated by the source finder), a systematic offset caused by
he ionosphere, and the position error on the X-ray source. The
 σ position error on the RA and Dec. measured for the transient
ource are ±(5 . 0 , 3 . 9) arcsec, respectively. The position shifts caused
y the ionosphere during the observation is studied using 2 min,
leaned snapshot images containing all the detectable sources in
he field. The typical 1 σ position offset caused by the ionosphere
uring this observation is 3 arcsec. The 90 per cent enhanced X-ray
osition uncertainties for GRB 201006A is 2.1 arcsec (Goad et al.
020 ), corresponding to a 1 σ uncertainty of 0.8 arcsec. Combining
hese positional uncertainties in quadrature gives a total 1 σ position
ncertainty of 7.1 arcsec. Thus, the observed 27 arcsec offset between
he transient position and the X-ray position means that the GRB and
adio source have a probability of being co-located of ∼0.05 per cent
3.8 σ ). This offset is notably large, but we can examine the offsets
f sources in subtraction images of this kind to assess whether it is
enerally consistent. 
To test the positional uncertainties of sources in the ‘dirty’ source

ubtracted images used in this analysis, we split the problem into two
ey tests. First, test the position uncertainty of sources in the ‘dirty’
mages and secondly test the position uncertainty in the subtraction
mages. 

To conduct the first test, we re-imaged the full data set on 10 s time-
cales using the imaging settings to create the subtracted images but
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Figure 10. Top : this plot shows the offset of sources from their average 
position as a function of the signal-to-noise ratio of the source. The images 
used were ‘dirty’ 10 s snapshot images containing all the sources in the field. 
The colour scale indicates the density of data points in a giv en pix el. The 
black solid line represents the predicted typical offset as a function of the 
signal-to-noise ratio (Loi et al. 2015 ). The red data point shows the offset of 
the transient source from the GRB location, with the 1 σ positional uncertainty 
calculated for this source. Bottom : this plot instead shows the offsets of eight 
simulated sources in the subtraction 10 s snapshot images. 
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nstead using the data containing all the sources – i.e. creating ‘dirty’
nd non-primary beam corrected 10 s snapshot images – giving a total 
f 712 images with ∼10 detectable sources per image given a 4.5 σ
etection threshold. This test enables the study of positional offsets 
aused by the larger noise fluctuations observed in ‘dirty’ images. 
o we ver, the noise le vel is significantly higher than that observed

n the subtraction images. We take the positions of the sources, as
easured in the deep 2 hr image, and search for their associated

ounterparts, within the 40 arcsec search radius, in these snapshot 
mages. In the case of multiple associations with a single source in the
eep image (as can occur due to brighter sidelobes in ‘dirty’ images),
e only keep the source that is closest to the position in the deep

mage. In Fig. 10 (top), we then plot the offsets of the sources in these
dirty’ images relative to the deep image positions as a function of
he source signal to noise in the ‘dirty’ image data set. We also plot a
lack line showing the typical position measurement uncertainty for a 
ource as a function of its signal to noise ratio ( σ ) (Condon 1997 ; Loi
t al. 2015 ). We note the majority of sources follow the expectation
iven their signal-to-noise ratio, but there is scatter around this value. 
hile it is still rare, at low signal-to-noise ratios the scatter extends

o offsets of ∼35 arcsec. Given this distribution, the probability of a
 i  
ource having an offset of 27 arcsec or larger is 0.8 per cent. Thus, an
ffset of this size while unusual is not inconsistent with the observed
ffsets in the full data set. 
For the second test, we created 10 s subtraction images as for the

riginal data set but first remo v e eight sources from the sky model
hat is subtracted. These eight sources have flux densities comparable 
o the transient source (sources with flux densities of 30–110 mJy
n the deep, non-primary beam corrected, image), and will not be
ubtracted out, and thus remain visible in the ‘subtracted’ images. 
he resulting 712 ‘dirty’, source subtracted images each have eight 
imulated transient sources. These images are closest to our imaging 
cenario where there a transient source in the field remains after
ource subtraction as it is not present in the sky model. In Fig. 10
bottom), we plot the offsets of these simulated sources relative to
he positions of the eight sources in the deep image as a function
f the source signal to noise in the ‘dirty’ image data set. As with
he previous test, the majority of the sources follow the expected 
rend as a function of their signal-to-noise ratio. Ho we ver, there is a
lear scatter around this correlation, which extends to the full search
adius of 40 arcsec. Given this distribution, the probability of a source
aving an offset of 27 arcsec or larger is 0.5 per cent. Thus, an offset
f this size is again unusual but not inconsistent with the observed
ffsets in the full data set. 
For the final test, we choose 250 random positions within a 0.5 ◦

adius of the position of GRB 201006A. These positions were chosen
uch that they were greater than 80 arcsec from the GRB position
r from a source in the deep field with a flux density of > 50 mJy,
nd were not close to the source extraction edge. Additionally, we
xclude a 3 arcmin radius around 4C64.05 due to the known artefacts
n this region. We also ensure the random positions are not at the
ame location by specifying that a random position is not closer than
0 arcsec to another random position. For each random position, 
e search for any sources detected at ≥ 5 σ within 40 arcsec of

he position (the defined search radius) in all 712 images produced.
nly 1 random position out of the 250 trialled had an association,
iving a probability of finding a ≥ 5 σ source association by chance
f 0.4 per cent. We note that the source associated with one of the
ositions was processed using our source filtering strategies in the 
revious section and was determined to be an artefact. Thus, we
onclude that the chance association of the GRB position with a
ransient source within 40 arcsec is small. 

Additionally, from transient surv e ys at low radio frequencies, we
an calculate the probability of finding an unrelated transient of 
his brightness within the 40 arcsec radius from the X-ray position
f GRB 201006A during our observation. Using images of 28 s
uration from the Murchison Widefield Array at the higher frequency 
f 182 MHz, the transient surface density was constrained to be
 6 . 4 × 10 −7 deg −2 at a sensitivity of 0.285 Jy (Rowlinson et al.

016 ). By assuming a flat spectrum and a cosmological population
f sources (i.e. N ∝ S −

3 
2 where N is the transient surface density

nd S is the sensitivity of the observations), we can scale the transient
urface density to the detected transient flux density of 47 mJy
iving a transient surface density of < 1 × 10 −5 deg −2 at 28 s
ime-scales. We calculate the total sky area surveyed as the area
f one image, 

(
40 arcsec 

3600 arcsec 

)2 
π = 3 . 9 × 10 −4 deg 2 , and multiply by

he number of unique images in the data set (712 − 1; accounting for
ne comparison image), giving a total sky area surveyed of 0.28 deg 2 .
o compare to the 28 s surv e y conducted by MWA, we determine

he unique sky area surveyed as being ∼ 0 . 28 
3 = 0 . 09 deg 2 . Thus, we

ould expect to find < 1 × 10 −5 × 0 . 09 ∼ 1 × 10 −6 transients with
 duration of 28 s in our total surv e yed sk y area. Using 8 s snapshot
mages, at 144 MHz, created using the LOFAR Two Meter Sky
MNRAS 534, 2592–2608 (2024) 
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Figure 11. This figure shows the S/N map, produced by the PYSE source 
finder, of the image plotted in Fig. 9 (b) zooming-in to the transient location. 
The colour scale is the S/N in σ . The transient candidate clearly stands out 
with an S/N of 5.6 σ whereas the northerly artefact is consistent with the 
noise. 

Figure 12. A zoom-in on the location of the transient candidate and the 
northerly artefact in the detection image (left) and the LST matched image 
(right) with matching flux density scales. 
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Figure 13. The light curves of the transient candidate (red) and the northerly 
artefact (blue) from 100 s of subtraction images (as Fig. 8 ). Top : the flux 
density light curve and the typical noise in the images shown by the orange 
dashed line. Bottom : the detection significance of each measurement and the 
detection threshold shown by the black dashed line. 
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urv e y Data Release 1, the surface density of transients is 3 . 6 × 10 −8 

eg −2 at a sensitivity of 113 mJy (de Ruiter et al. 2024 ). Thus, in
ur total surv e yed sk y area at a sensitivity of 47 mJy, assuming the
urface density is comparable for 8 and 10 s bins, we can show that
e would expect to find 10 −8 transients. Both of these surv e ys show

hat the chance of finding an unrelated radio transient by chance in
he surv e yed area of these images is ne gligible. 

In conclusion, the offset between the transient source is notably
arger than the typically observed offsets of sources in snapshot
mages from their positions in the deep image. Ho we ver, there are
ources, with comparable signal-to-noise ratios, that do have similar
ffsets in the two test snapshot image data sets created. Additionally,
lthough a positional offset of this magnitude is unlikely, we have
hown that the likelihood of an unassociated radio transient is
rders of magnitude more unlikely. Given the presence of similarly
ffset sources on rare occasions in this data set, the small chance
lignment probability that a ≥ 5 σ source is near a random position,
he confidence that the observed source is real and the extremely low
robability that it is unrelated to the GRB, we determine this is most
ikely the radio counterpart to GRB 201006A. 
NRAS 534, 2592–2608 (2024) 
.5 Consideration of second peak near transient candidate 
ocation 

e note that there is a second peak in the image 76 arcsec north from
he transient candidate we associate with GRB201006A, as seen in
ig. 9 (b) with a position of RA: 61.8896 deg, Dec.: 65.1794 deg
J2000). This second peak was not identified in the initial transient
earch using the 10 s snapshot images created for the transient search,
s outlined in Section 2.2 , as in all those images it only reaches a
aximum S/N of 3.6 σ , which is significantly lower than the optimal

etection threshold of 4.7 σ and the conserv ati ve detection threshold
e used of 5 σ . Using a lower detection threshold on the image in Fig.
 (b) (the peak brightness image for both the transient candidate and
his second peak), we were able to extract the peak flux density of this
ource, giving 40 . 3 ± 14 . 0 mJy at a S/N of 4.5 σ (n.b. this is still lower
han the optimal detection threshold). In Fig. 11 , we show a signal-
o-noise ratio map of the region containing the transient we associate
ith GRB 201006A and this second peak. The second peak has an
rder of magnitude lower S/N than the transient candidate, 4.5 σ and
.6 σ , respecti vely. Thus, gi ven the 4.5 σ detection significance, the
econd peak is statistically most likely to be a noise fluctuation. 

We checked the location of this second peak in the LST matched
mage of the location, which was observed roughly 1 month following
he triggered observation. In Fig. 12 , we show the detection image
nd the LST matched image. We note there is structured noise at the
ocation of the second peak, which is not present for the transient
andidate location. A forced fit at the location of this source gives
 flux density measurement of 11 . 2 ± 14 . 1 mJy. We conclude that
his second peak may be an artefact due to structured noise in the
mages. Whereas the lack of structured noise in the LST matched
mage at the transient candidate location is consistent with it being a
eal source in the detection image. 

As a further test, we compare the light curve of the second peak to
hat of the transient candidate in the subtraction images. In Fig. 13 ,
e plot the observed light curve over the light curve of the transient
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Figure 14. (a) Detection significance at the location of the transient, location 
of the artefact, and a background pixel in the dedispersed images. The 
dedispersion process has been performed for each 5 s time bin ( x -axis) o v er 
a range of DM trials ( y -axis). The white dashed line shows the track along 
which we expect to see the dedispersed signal based on the initial estimate of 
the peak time of the signal. A 3.8 σ detection is visible at the source location 
at DM 740–800 pc cm 

−3 , compared to a 2.7 σ detection in the image where 
no dedispersion is performed (DM = 0 pc cm 

−3 at t 0 − 5 s). (b) Vertical 
slices through the source location DM grid at t 0 , t 0 + 5 s, and t 0 − 5 s in grey, 
red, and black, respectively. (c) Same as (b) but for the artefact location. 
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Figure 15. Distribution of detection significance values in 100 randomly 
selected background pixels (e.g. right panel Fig. 14 a) in the dispersed images 
is shown by the blue histogram. The green histogram shows the same for 
the source location. We fit the background histogram with a Gaussian and 
show the peak detection significance at the source location, shown with a red 
vertical line, lies 3 . 9 σ away from the background distribution. For reference, 
the peak detection significance at the artefact location is shown with the red 
dashed vertical line (3 . 2 σ away from the background distribution). 
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This source finder creates a detailed model of the noise in each 

2 https:// git.astron.nl/ rajwade/ lordss 
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andidate, showing both the flux densities and the S/N. We note that
oth sources peak at the same time and similar flux densities. The
econd peak has a broader light curve showing it is not following the
dentical behaviour as the transient candidate. 

In conclusion, the second peak is consistent with being a noise 
rtefact. We note that the peak time and flux density of the artefact
s similar to that of the transient candidate. Ho we ver, the transient
andidate is at a much higher detection significance and passes the 
ltering strategies showing it is consistent with a real source. 

 DEDISPERSION  ANALYSIS  

f the observed radio emission is indeed originating from the 
xtragalactic GRB 201006A, we expect its arri v al time to be delayed
ue to its interaction with charged particles as it propagates from
ts origin to the radio telescope (Macquart et al. 2020 ). The delay
cales inverse quadratically with the frequency of the radio emission 
nd gives a characteristic delay, quantified by a dispersion measure 
DM). The DM can be quantified as: 

M = 

∫ L 

0 
n e d l pc cm 

−3 , (1) 

here n e is the electron density along the line of sight and L is the
istance to the source. For larger DMs, the signal has propagated
hrough more free electrons and hence is expected to be at a larger
istance (assuming a constant density). If we know what the DM is,
e can split the data into frequency and time slices, then recombine

hem correcting for the expected delay. This process is referred to as
edispersion. We do not know what the DM is for GRB 201006A
 priori, so we trial different DM values to search for a dispersed
ignal using a few minutes of the data surrounding the detected radio
ource. The observed radio signal needs to be corrected for this
ispersion in order to maximize its S/N. At the same time, it can be
sed to test whether the radio detection is truly astrophysical as only
strophysical signals will show a DM signature. 

We created images spanning at least a few minutes before, during
nd after the transient event of varying integration/snapshot time- 
teps ranging from 5 to 20 s and split the frequency band into 16
requency channels, each spanning 3 MHz. The coarser frequency 
esolution for the search was chosen in order to minimize loss
f S/N when adding images at different frequencies rather than 
dding the visibilities at different frequencies (Tim Shimwell, private 
ommunication). Then, each data set was corrected for the time delay
ue to interstellar dispersion using a custom made C ++ software
uite LORDS 2 (Rajwade in preparation). For each set of images, we
edispersed the data o v er a DM range spanning from 0 to 1000 pc
m 

−3 with a step size of 3.9 pc cm 

−3 . The only constraint to choose
he granularity of the DM grid was that the delay across the LOFAR
and due to the DM step size is less than the best resolution of the
ata (1 s). 
An image time series was generated for each DM trial which was

hen run through a convolutional source finder (Ruhe et al. 2022 ).
MNRAS 534, 2592–2608 (2024) 
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mage, which is necessary since the dedispersed images show noise
tructures that may not be accurately captured by traditional source
nding methods. We give the source finder the pixel where the source

s located and pick an additional 100 random pixels within a box of
00 by 500 (42 by 42 arcmin) pixels centred on the source location.
he source finder then calculated the detection significance of each
ixel at each time-step and each DM trial. As the transient source
as a low S/N, we take the narrow DM step sizes and rebin them into
locks of three by taking the average of the three significance values.
n Fig. 14 (a), we show the detection significance at the location of
he transient, the location of the artefact and an example background
ixel in the dedispersed images, for each time bin ( x -axis) and a
ange of DM trials ( y -axis). The white dashed line shows the track
long which we expect to see the dedispersed signal based upon the
nitial estimate of the peak time of the signal. As the peak time is
n estimate, we consider all signals at ±5 s. We also take vertical
lices through the data, for t 0 , t 0 + 5 s, and t 0 − 5 s, at the source
ocation and the artefact location in Figs 14 (b) and (c), respectively.
t the source location a 3.8 σ detection is visible for DM values of
40–800 pc cm 

−3 with a mid-point of 770 pc cm 

−3 , compared to a
.7 σ detection in the image where no dedispersion is performed (DM
 0 pc cm 

−3 at t 0 − 5 s). The range of DM values for the detection
s likely caused by intra-channel smearing. 

We note that the dedispersed images are of a lower quality than
he standard imaging technique, due to being composed of summed
mages rather than a single combined output from the imager, leading
o the lower observed significance values. We also note that the source
ocation is noisier than the background region, this is likely due to
esidual signal in the different bins being added together to create the
edispersed images. The background shows a more random uniform
ehaviour with an average detection significance of 0 σ . 
In Fig. 14 , we show in blue the distribution of the detection

ignificance values from the 100 randomly selected background
ixels. The green histogram shows the values of the detection
ignificance at the source location at a t 0 ± 20 s time window around
ur initial detection time. The source distribution is offset from the
ackground and this is expected due to the presence of a source. The
ackground signal follows a Gaussian distribution and we show that
he peak detection significance at the source location is 3.9 σ from the
ackground mean, which is consistent with the 3.8 σ detection (found
n Fig. 14 ). For reference, we show the peak detection significance
f the artefact, which is 3.2 σ from the background mean. 
A dispersion measure of 770 pc cm 

−3 gives a dispersion delay of
09 s across the total LOFAR observing band (48 MHz bandwidth
entred on 144 MHz), ho we ver the duration of the transient is ∼30 s
n the DM 0 pc cm 

−3 images. We note that many Fast Radio Bursts
FRBs) show significant frequency structures (Petroff, Hessels &
orimer 2022 ) and the discrepancy for this radio source could be

esolved if the signal has a frequency width of ∼12 MHz or if it has a
teep spectral index across the band (Spitler et al. 2016 ). We split the
bservations into a number of 12 MHz frequency bins (each offset
y 2 MHz) and 30 s time bins (each offset by 2 s), assuming DM
 0 pc cm 

−3 , there is a hint that the radio source is indeed narrow
and ho we ver, we are unable to confirm this due to the low S/N of
he radio source relative to background noise features. 

In order to optimize the S/N of the transient, we attempted to
stimate the most optimal width of the transient. To do that, we
onvolved the image time series for each DM trial with a Gaussian
emplate with a range of widths (geometrically spaced from 5 to 31
). Each time series is median subtracted and then normalized such
hat the sum of the squares in the time series is unity. This is done
NRAS 534, 2592–2608 (2024) 

M  
o simplify the convolution without affecting the noise properties of
he data. Then, we estimated the S/N for each width and time bin
fter convolving the time series with the set of Gaussian templates
o make a S/N map in time and Gaussian filter width space for each
M trial. We find the intrinsic duration of the radio flare is consistent
ith being 7–8 s. We do note that while there is a marginal signal at

he reported DM, we cannot conclusively show that the transient is
ispersed, we also cannot rule it out completely and hence, use these
stimates as nominal values for the paper. 

Since, we are estimating the optimal DM and width of the transient,
ts true significance is going to depend on the number of width and
M trials used in the search. In order to measure the true significance
f the dispersed burst, we simulated 100 realizations of the DM
ime series grid (with the same DM range) with the same noise
haracteristics as the data. To do that we computed the mean and
he standard deviation of each time series corresponding to each
M trial and generated 100 such time series with the same noise

haracteristics assuming standard Gaussian noise. These were then
ombined to make 86 DM trial grids. Then, we convolved these grids
ith a series of Gaussian filters with widths ranging from 5 to 31 s.
e then generated a histogram of all the S/N pixels and computed

he false alarm probability of the transient, 

 FAP = P ( S/N > S/N transient ) . (2) 

e find a false alarm probability of 0.0046 for this radio flare which
orresponds to a confidence of 2.4 σ that the observed dispersion
s astrophysical in nature and hence we claim this to be a tentative
etection of a dispersed signal. 

.1 Consideration of second peak near transient candidate 
ocation 

n Section 3.5 , we noted a second peak north of the transient candidate
nd determined it was consistent with being a noise artefact and likely
o be unrelated to the transient candidate. To confirm that the transient
andidate does not demonstrate the same behaviour as the northern
rtefact, we repeat our analysis of the transient candidate for the
ocation of the northerly artefact. 

In the second panel of Fig. 14 (a), we plot the detection significance
f the northerly artefact in the dedispersion images. The peak
bserved for the transient candidate at the DM range 740–800 pc
m 

−3 is not present in the analysis for the northerly artefact. We find
hat the vertical slices through the DM grid at the artefact location in
ig. 14 (c) show no clear peak, compared to the vertical slices through

he DM grid at the source location (Fig. 14 b). Even though the peak
etection significance in the dispersed images at the artefact location
s offset from the background detection significances, as indicated
y the red dashed line compared to the blue histogram in Fig. 14 , we
onclude that there is no evidence that the artefact has a dispersion
ignature based on Fig. 14 (c). A smoother and more gradual change
n detection significance is expected around the appropriate DM trial
or a truly dispersed signal. No astrophysical dispersion signature is
xpected for an imaging or calibration artefact. 

.2 Distance constraint and comparison to known coherent 
adio transient population 

e calculated the expected Galactic and Galactic halo compo-
ents of the dispersion measure along the line of sight to GRB
01006A. We find a Galactic component of 190 pc cm 

−3 (Yao,
anchester & Wang 2017 , 2019 ) and a Galactic halo component of
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Figure 16. This figure illustrates the known populations of coherent radio transient sources with their specific luminosity on the y -axis and their characteristic 
burst time-scale on the x -axis (Pietka et al. 2015 ; Nimmo et al. 2022 ). The radio transient associated with GRB 201006A is marked by the black cross assuming 
an intrinsic duration of 5 s. 
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8 pc cm 

−3 (Yamasaki & Totani 2020 ), giving a total contribution
f 228 pc cm 

−3 . As GRB 201006A is an extragalactic source,
e expect to find a dispersion measure greater than this value. 
RB 201006A is a short GRB which is likely offset from its
ost galaxy (it is identified as a ‘hostless’ GRB; Fong et al. 2022 )
nd, thus, the excess DM is expected to be from the intergalactic
edium. 
Assuming the radio transient has a DM of 770 pc cm 

−3 , there is
n excess DM of 542 pc cm 

−3 along this line of sight. Accounting
or the DM range (740–800 pc cm 

−3 ) and a 1 σ uncertainty of 0.02
rom the observed scatter in the Macquart correlation, we use the 

acquart correlation (James et al. 2022 ) to calculate a redshift of
 = 0 . 58 ± 0 . 06, which is consistent with the redshift distribution
f short GRBs (Rowlinson et al. 2013 ; D’Avanzo et al. 2014 ).
his redshift corresponds to a luminosity distance of 3.38 Gpc. 
sing the peak flux density from the 5 s dedispersed image at a
M of 770 pc cm 

−3 , 49 ± 27 mJy (corresponding to a fluence of
45 ± 135 Jy ms), and the redshift of 0 . 58 ± 0 . 06 we calculate a
uminosity of 6 . 7 + 6 . 6 

−4 . 4 × 10 32 erg s −1 Hz −1 . We can then check where
he source lies in the transient phase space. We estimate the burst
ime-scale to 0.72 GHz s and Fig. 16 shows the coherent transients
Pietka, Fender & Keane 2015 ; Nimmo et al. 2022 ) along with
RB 201006A. This radio source is comparable in luminosity to the 
opulation of well-localized FRBs (Prochaska et al. 2019 ), but with 
 longer duration. We note the duration similarity between this radio 
ash and the ∼3 s FRB (20191221A), with a periodicity of 217 ms,
etected by the Canadian Hydrogen Intensity Mapping Experiment 
CHIME)/FRB (Chime/Frb Collaboration 2022 ). Several progenitor 
heories for FRBs invoke magnetars or energetic neutron stars 
though these are typically expected to be spinning much slower 
a  
han millisecond magnetars; Petroff et al. 2022 ), which could also be
onsistent with the newborn millisecond magnetar in this scenario. 

 M O D E L L I N G  T H E  EMISSION  

n this section, we assume that the coherent radio flash is associated
ith GRB 201006A. We first consider the likelihood of the coherent

adio emission escaping from the region surrounding the GRB. Then 
e consider different theoretical models for coherent radio emission 

rom neutron star binary mergers. 

.1 Propagation considerations for coherent radio emission 

he propagation of low frequency coherent radio emission is very 
ependent upon the medium that the emission is travelling through. 
ense plasma surrounding the progenitor system may be opaque to 

ow frequency radio emission, thus preventing detectable coherent 
adio emission from escaping the source. Zhang ( 2014 ) demonstrated
hat this emission can escape along the relativistic jet axis for compact
inary mergers (for further discussion regarding the surrounding 
lasma, see Bhardwaj et al. 2023 ). Further propagation effects are
onsidered in Rowlinson & Anderson ( 2019 ). 

Here, we also consider the ejecta in the relativistic jet, which may
urther prevent emission from the central engine from escaping the 
ource. GRBs are expected to have an afterglow from the reverse
nd forward shocks that the ejecta cause when ploughing into the
mbient medium. The detection of low-frequency radio emission 
rom the magnetar requires the shocked medium to be transparent 
o this relatively low frequency radiation, and our attribution of 
 component of the X-ray afterglow to the magnetar requires the
MNRAS 534, 2592–2608 (2024) 
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Figure 17. The black data points show the Swift BAT and XRT data, 0.2–
10 keV, for GRB 201006A at a redshift of 0.58 (obtained from the DM 

analysis). The red line shows the magnetar model component, the blue line 
sho ws the afterglo w emission from the prompt pulse (likely due to curvature 
radiation), and the purple line shows the combined fit. The black dashed line 
shows the rest frame time of emission of the observed coherent radio burst. 
The magenta circle shows the predicted luminosity, and 1 σ errors, of an X-ray 
flare associated with the radio flash (Usov & Katz 2000 ). 

Figure 18. The red data points show the magnetic fields and initial spin 
periods of the population of magnetars fitted to the rest-frame X-ray light 
curves of short GRBs using the identical method to that presented in this 
paper (Rowlinson et al. 2013 ). The blue data point shows the magnetar 
parameters fitted for GRB 201006A assuming a mass of 2.1 M � and the 
redshift of 0.58 obtained from the DM analysis. All data points are assuming 
a factor of f = 3 . 45 to account for beaming and ef ficiency (Ro wlinson et al. 
2019 ). The dashed black line shows the spin break-up for a 2.1 M � neutron 
star. 

fi  

b  

a  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2592/7778274 by U
niversity of H

ertfordshire user on 03 D
ecem

ber 2024
ormal afterglow emission to be sub-dominant. These two conditions
mpose significant constraints on the explosion energy and the
mbient density of the GRB. Specifically, we assume the nominal
edshift we derived and assign fairly standard shock parameters
1 per cent of the energy into magnetic fields and 10 per cent into
ltra-relativistic electrons) and test both the rising and deceleration
hase of the afterglow (Gao et al. 2013 ). We then find that relatively
tandard isotropic energies of 10 50 –10 52 erg are allowed, provided
hat the ambient density is rather low, n = 10 −4 –10 −3 cm 

−3 , and
he initial Lorentz factor is not abo v e 100. The density constraint is
elow that which we find on average for GRBs with well-measured
fterglows (Aksulu et al. 2022 ), but agrees well with the fact that this
RB is short and hostless. 

.2 Constraining an X-ray flare from a black hole 

odels predicting coherent radio emission from a black hole are
aused by a magnetized wind launched by an accretion event (Usov &
atz 2000 ). Ho we ver, the accretion discs follo wing binary neutron

tar mergers are expected to fall on to the black hole within the first
ew seconds (Rezzolla et al. 2011 ). There is a chance of material
eing flung out on a highly elliptical orbit that can accrete on to the
lack hole at late times, powering an X-ray flare (Rosswog 2007 ). 
Using this black hole model (Usov & Katz 2000 ; Starling et al.

020 ), we can work backwards to predict the X-ray flare flux given an
bserv ed radio pulse. Giv en a radio peak flux density 49 ± 27 mJy,
uration 5 s, redshift 0 . 58 ± 0 . 06 and an efficienc y, for conv erting the
eleased energy into radio emission, of 10 −3 as assumed by Usov &
atz ( 2000 ), we find the peak X-ray flux required to generate the radio
ulse to be (9 . 9 ± 5 . 5) × 10 −11 erg cm 

−2 s −1 . This is roughly 2 orders
f magnitude greater than the observed flux in the Swift XRT light
urve at the expected time of this radio flare after correcting for the
ispersion delay ( ∼ 10 −12 erg cm 

−2 s −1 ). The predicted luminosity of
he X-ray flare is shown as a magenta circle in Fig. 17 . For the X-ray
are to be detectable, the efficiency would need to be relatively high
 ∼ 10 −2 ). Hence, the magnetized wind launched from a black hole
odel prediction is not consistent with the observations. Therefore,
e conclude that the radio flare from GRB 201006A is unlikely to
riginate from accretion on to a black hole. 

.3 Modelling X-ray emission with the magnetar model 

nstead of a black hole, we consider a millisecond magnetar origin
or the observed emission, similar to the theorized progenitors of
RBs (Petroff et al. 2022 ). Due to event rates, only a very small
raction of FRBs can come from millisecond magnetars formed
ia binary mergers, ho we ver more millisecond magnetars are also
xpected to be formed via superluminous supernovae and long GRBs
Kasen & Bildsten 2010 ; Metzger et al. 2011 ). In previous works
e.g. Rowlinson et al. 2013 ), it has been shown that the X-ray light
urves of many short GRBs have a prolonged energy injection phase,
hich is consistent with spin-down emission from a newly formed
agnetar. 
The 0.3–10 keV BAT–XRT light curve of GRB 201006A was

ransformed into a 1–10 000 keV rest-frame light curve, using the
edshift of 0.58 obtained from the DM analysis, using existing
ethods (Rowlinson et al. 2013 ), and is shown in Fig. 17 . Using

he magnetar spin-down relations (Zhang & M ́esz ́aros 2001 ) and
ssuming a factor, f ∼ 3 . 45, which encompasses the beaming angle
nd efficiency uncertainties (Rowlinson et al. 2014 ), and assuming
 remnant mass of 2.1M �, we fit the rest-frame light curve of GRB
01006A using existing methods (Rowlinson et al. 2013 , 2014 ). We
NRAS 534, 2592–2608 (2024) 
nd that the rest-frame X-ray light curve of GRB 201006A is well fit
y a spinning down magnetar, with a magnetic field 39 + 61 

−16 × 10 15 G
nd initial spin period of 42 + 17 

−7 ms. In Fig. 18 , we show this magnetar
n relation to other short GRB magnetar candidates fitted using the
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ame method (Rowlinson et al. 2013 ). The magnetar fitted using the
-ray data from GRB 201006A is consistent with the rest of the
opulation of magnetars fitted using X-ray data from short GRBs. 
We can predict the spin period of the newly formed magnetar 

t the rest-frame time the radio flare was emitted (48 min after
ormation) using the fitted initial spin period and magnetic field 
trength (Rowlinson, Patruno & O’Brien 2017 ). We find the spin
eriod of the magnetar at this time to be 481 + 1236 

−280 ms. Interestingly,
his is comparable to the 217 ms intrinsic periodicity observed during 
he 3 s FRB (Chime/Frb Collaboration 2022 ). 

.4 Coherent radio emission expectations 

.4.1 Emission from a stable magnetar 

 newborn magnetar may be emitting in a similar manner to standard
ulsars, such that a proportion of its spin-down energy is converted to
adio emission in addition to the X-ray emission observed. Assuming 
 standard neutron star efficiency (Taylor, Manchester & Lyne 1993 ) 
 εr = 10 −4 ), the predicted radio flux density, f ν is given by (Totani
013 ): 

 ν = 

1 

νobs 

εr L 

4 πD 

2 
= 3 . 2 × 10 10 εr 

νMHz D 

2 
Gpc 

B 

2 
15 R 

6 
6 P 

−4 
−3 Jy , (3) 

here νobs is the observing frequency in Hz, νMHz is the observing 
requency in MHz, D is the distance in cm, D Gpc is the distance in
pc, B 15 is the magnetic field of the magnetar in units of 10 15 G,
 −3 is the spin period of the magnetar in ms, and R 6 is the radius
f the magnetar in 10 6 cm. By combining this with the magnetar
entral engine model developed by Zhang & M ́esz ́aros ( 2001 ), we
an derive the time evolution of the predicted radio emission. 

 ν( t) = 3 . 2 × 10 10 εr 

νMHz D 

2 
Gpc 

B 

2 
15 R 

6 
6 P 

−4 
−3 Jy 

= 3 . 2 × 10 10 εr 

νMHz D 

2 
Gpc 

L 49 ( t) Jy , (4) 

 49 ( t) = L 0 , 49 

(
1 + 

t 

T 

)−2 

, (5) 

here L 49 is the bolometric luminosity in 10 49 erg s −1 , L 0 , 49 is
he initial luminosity, and T is the duration of the plateau phase in
econds. The initial luminosity and plateau duration are given by 
including the beaming and efficiency factor, f ) 

 0 , 49 = B 

2 
15 R 

6 
6 P 

−4 
0 , −3 f , (6) 

 = 2 . 05 × 10 3 M 1 . 4 B 

−2 
15 P 

2 
0 , −3 R 

−4 
6 , (7) 

here M 1 . 4 = 1 . 4M � and P 0 , −3 is the initial spin period of the
agnetar. The radius of the magnetar is expected to settle to 

pproximately 10 km ( R 6 = 1) within the first few seconds (Metzger
t al. 2011 ). Inputting the fitted magnetar parameters and the emission 
ime of 48 min after formation of the magnetar, given a redshift of
.58 (corresponding to a luminosity distance of 3.38 Gpc) and the 
bserving frequency νMHz = 144 MHz, we find the predicted flux 
ensity is 627 + 247 

−429 mJy. This is inconsistent with the non-detection in 
he deep image of the field of GRB 201006A with a 3 σ upper limit of
 mJy. A rapidly rotating neutron star may also give off giant pulses
Karuppusamy, Stappers & van Straten 2010 ) that, with increased 
eaming or efficiency, could be a progenitor of FRBs. We conclude 
hat the observed 49 ± 27 mJy radio flare could be consistent with a
ingle pulse from the magnetar with a lower efficiency of εr = 10 −5 .

The disco v ery of bright radio bursts from galactic magnetar SGR
935 + 2154 (Bochenek et al. 2020 ; CHIME/FRB Collaboration 
020 ; Kirsten et al. 2021 ) shows that magnetars produce magnetically
owered coherent radio emission similar to FRBs. The magnetar in 
ur scenario could also power an FRB via release of a proportion of
ts magnetic energy as a giant flare (Lyubarsky 2014 ; Beloborodov
017 ). Typically, the emission mechanism proposed is that the giant
are shocks the surrounding plasma and produces radio emission 
Lyubarsky 2014 ). Taking equation (14) from Gourdji et al. ( 2020 )
or the predicted isotropic energy, E pred , and the observed isotropic
nergy from the radio emission, E obs , we can calculate the fraction
f the magnetic field of the magnetar contained within in the flare,
, using 

 

2 = 

E obs 

E pred 
, (8) 

 pred = 

ηB 

2 R 

2 nm e c 
3 b 2 �t 

16 pξ
, (9) 

 obs = 4 πFD 

2 ν, (10) 

here η is the fraction of energy that escapes the plasma, B is the
agnetic field in G, R is the radius of the neutron star in cm, n is the

article density in the shock in g cm 

−3 , m e is the mass of the electron
n cgs units, c is the speed of light in cgs units, �t is the duration
f the flare, p is the pressure in the nebula surrounding the neutron
tar, and ξ is the fraction of particles that lose their energy before
ntering the nebula. In this analysis, we assume η = ξ (Gourdji 
t al. 2020 ), p = 10 −8 cm 

−3 , and n = 4 × 10 −24 g cm 

−3 (Lyubarsky
014 ). Inputting the parameters for the observed radio flare and the
tted magnetar, we find b = 4 . 6 + 6 . 6 

−2 . 2 . Therefore, the observed energy
s significantly larger than the predicted energy for the model. We
ote that this model assumes that there is a nebula surrounding the
agnetar and it is unclear if this would be the case for a newly formed
agnetar. If there is only a negligible nebula, then p → 0 and the

redicted energy would rapidly increase. Therefore, given standard 
ssumptions, it is unlikely that the nebula shock emission model can
 xplain the observ ed radio source. We note that this magnetar has a
ery large magnetic energy reservoir that could produce FRBs via a
ifferent emission mechanism or be in a significantly lower density 
nvironment. 

.4.2 Emission from an unstable magnetar 

epending upon the mass of the newly formed magnetar and the
quation of state of nuclear matter, the magnetar will either be stable
r unstable. If the young magnetar is unstable it will collapse to form
 black hole at later times and this is dependent upon the equation of
tate of nuclear matter. Initially the supramassive neutron star is 
ypically supported via its rapid rotation ( ̈Ozel et al. 2010 ) but, as it
uickly loses rotational energy, it can reach a critical point where it
an no longer support its own mass, collapsing to form a black hole.
his collapse is typically expected within the first few hours of the

ormation of the millisecond magnetar and the collapse time can be
sed to constrain the nuclear equation of state (Lasky et al. 2014 ;
eniamini & Lu 2021 ). This scenario has been used to tentatively

uggest FRB 20190425A resulted from the collapse of a magnetar 
reated during GW190425 at 2.5 hr following the binary neutron star
erger (Moroianu et al. 2023 ). The magnetar fitted to GRB 201006A

as a relati vely slo w spin period and is therefore unlikely to be
upported via its rotation. Ho we ver, it has a very large magnetic field
4 × 10 16 G), thus it could be a supramassive neutron star supported
ia its magnetic fields with an expected collapse time of ∼years
Suvorov & Glampedakis 2022 ). Ho we ver, it has also been shown
hat for magnetars, with magnetic fields up to 3 × 10 16 G, all neutron
MNRAS 534, 2592–2608 (2024) 
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Figure 19. The solid black line shows the predicted radio fluence at 144 MHz 
for a collapsing magnetar (Zhang 2014 ; Rowlinson et al. 2019 ) using the fitted 
magnetar parameters for GRB 201006A and assuming an efficiency of 10 −6 

in the conversion of the released energy into coherent radio emission. The 
shaded grey region shows the 1 σ uncertainty in this prediction given by the 
fitted uncertainties on the magnetar parameters. The blue solid lines show 

the predictions assuming efficiencies of 10 −5 and 10 −7 . The red data point 
shows the fluence of the observed radio emission at the inferred redshift of 
0 . 58 ± 0 . 06. 
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tar remnants are expected to collapse within 4 . 4 × 10 4 s (Ravi &
asky 2014 ). Thus, the candidate radio flash detected at ∼4600 s after

ormation would be a very reasonable time for a magnetar collapse. 
The magnetar model fitted to GRB 201006A assumes a stable
agnetar is formed as there is no steep decay phase following

he plateau (Rowlinson et al. 2013 ). A different interpretation
uggests that the shallow decay following the plateau phase is caused
y afterglow emission and the steep decay following the plateau
signifying a collapsing magnetar) is ‘hidden’ under this afterglow
omponent (L ̈u et al. 2015 ). Thus, we do not rule out the presence of
n unstable magnetar that collapses to form a black hole at the end
f the plateau phase. 
When a magnetar collapses to form a black hole, there will be a
assi ve reconnection e vent when the magnetic field collapses and

his is predicted to produce a copious amount of coherent radio
mission (Falcke & Rezzolla 2014 ; Zhang 2014 ). The predicted flux
ensity of this emission, assuming it is isotropic, is given by (Zhang
014 ; Rowlinson et al. 2019 ): 

 ν = −10 −23 εE B 

4 πD 

2 τ
( α + 1) ν−( α+ 1) 

p 

να
obs 

(1 + z) 

τ

t int 
Jy , (11) 

here ε is the fraction of the energy that is expected to be converted
nto coherent radio emission (assumed to be ε = 10 −6 ), E B is the
mount of energy available in the magnetic field of the magnetar
given by E B = 1 . 7 × 10 47 B 

2 
15 R 

3 
6 erg), τ is the intrinsic width of the

mission in seconds (taken to be 5 s as the maximum duration of this
vent determined via the DM analysis) (Falcke & Rezzolla 2014 ), α
s the spectral index of the radio emission (assumed to be −2), νp 

s the plasma frequency given by νp = 3 . 8 × 10 6 
L 0 . 5 γ

0 . 01 γR 6 
( L γ is the

uminosity of the gamma-ray burst and γ is the Lorentz factor of the
NRAS 534, 2592–2608 (2024) 
et), and t int is the integration time of the image in seconds (also taken
o be 5 s). The fluence of GRB 201006A is (3 . 33 ± 0 . 38) × 10 −7 erg
m 

−2 (10–1000 keV) as determined by Fermi , corresponding to a flux
f f = 

f lue nc e 

t 90 
= 

3 . 33 ×10 −7 

1 . 7 = 1 . 96 × 10 −7 erg cm 

−2 s −1 (Hamburg,
eegan & Fermi GBM Team 2020 ). The 1–10000 keV luminosity

f GRB 201006A is 5 . 1 × 10 50 erg s −1 at a redshift of 0.58. The
uminosity is then extrapolated to scale the flux density prediction to
ifferent redshifts. For γ , we take a representative Lorentz factor of
elativistic jets in short GRBs as γ = 1000 (Ackermann et al. 2010 ).

For a redshift of 0.58, the predicted fluence of radio emission
rom the modelled magnetar collapsing to a black hole is 208 + 1380 

−70 Jy
s. Given an observed flux density of 49 ± 27 mJy in a 5 s image,

he observed fluence is 245 ± 135 Jy ms. A number of assumptions
re made in this model, particularly for the efficiency ε and the
ntrinsic duration of the radio flare, and the quoted uncertainties
re for 1 σ . The prediction as a function of redshift is plotted in
ig. 19 . We compare the predictions to the observed fluence of the
andidate radio flash following GRB 201006A and conclude that the
adio emission would be consistent with the millisecond magnetar
ollapsing to form a black hole 48 min (in the rest frame) following
ts formation. 

 C O N C L U S I O N S  

e conducted a 2 hr rapid response LOFAR observation of the short
RB 201006A. Following time slicing and a transient search, we
etected a flash of coherent radio emission 27 arcsec from the GRB
ocation and 76.5 min after the GRB. While this flash was 3.8 σ
ffset from the GRB location when considering statistical position
ncertainties, we argue that it is likely to be associated with GRB
01006A as the probability of being an unrelated transient is 10 −6 . If
ssociated with GRB 201006A, we expect this radio flash to be highly
ispersed and we conducted an image plane dedispersion search on
he radio data. We attained a tentative detection of dispersion, 2.4 σ ,
hich corresponds to a redshift of z = 0 . 58 ± 0 . 06. 
Assuming the radio flash is associated with GRB 201006A, we

onsidered the origin of the coherent radio emission. If the central
ngine were a black hole, the emission would be likely associated
ith an accretion event that should have been detectable in the X-ray

ight curve. As there is no X-ray flare in the light curve at the time
f the radio flare, we conclude a black hole remnant is unlikely. If
nstead the engine were a millisecond magnetar, we would expect
oherent radio emission at this time. We fitted the X-ray light curve
o determine the magnetar properties and used them to predict the
oherent radio emission from different emission models. We find that
he radio flare would be consistent with being a single pulse from
he newborn magnetar or with the final collapse of the magnetar to a
lack hole. 

If associated, this radio flash would be the first detection of
oherent radio emission from a GRB. Ho we ver, due to the positional
ffset, we cannot confidently confirm this association. We have
emonstrated in this paper the exciting physics we can probe
ith coherent radio emission from these sources and further rapid

esponse observations of GRBs with radio telescopes are therefore
ery strongly encouraged. Compact binary mergers are also predicted
o produce copious gravitational waves that can be detected in the
earby Universe but these sources are typically very poorly localized.
dentifying coherent radio emission by obtaining rapid observations
f a gravitational wave detection (Gourdji et al. 2023 ) would enable
s to localize the event to a few arcseconds as opposed to the
housands of de grees e xpected from the gra vitational wa ve signal
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Chu et al. 2016 ). Additionally, this enables physical constraints 
n the key physics behind neutron star mergers, such as probing 
he nature of the merger remnant. The confirmation of magnetar 
emnants formed from neutron star mergers, especially combined 
ith observed masses from gra vitational wa ve signals (Lasky et al.
014 ; Beniamini & Lu 2021 ), will have significant consequences 
egarding the highly debated equation of state of nuclear matter by 
roviding evidence of supramassive neutron stars bridging the mass 
ap to the lightest black holes. 
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