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A B S T R A C T 

In some cases, the merger of two neutron stars can produce a rapidly rotating and highly magnetized millisecond magnetar. A 

significant proportion of the rotational energy deposited to the emerging ejecta can produce a late-time radio brightening from 

interacting with the ambient medium. Detection of this late-time radio emission from short GRBs can have profound implications 
for understanding the physics of the progenitor. We report the radio observations of five short GRBs – 050709, 061210, 100625A, 
140903A, and 160821B using the le gac y Giant Metrewav e Radio Telescope (GMRT) at 1250, 610, and 325 MHz frequencies 
and the upgraded-GMR T (uGMR T) at band 5 (1050–1450 MHz) and band 4 (550–900 MHz) after ∼2–11 yr from the time of 
the burst. The GMRT observations at low frequencies are particularly important to detect the signature of merger ejecta emission 

at the peak. These observations are the most delayed searches associated with some GRBs for any late-time low-frequency 

emission. We find no evidence for such an emission. We find that none of these GRBs is consistent with maximally rotating 

magnetar with a rotational energy of ∼ 10 

53 erg . Ho we ver, magnetars with lo wer rotational energies cannot be completely ruled 

out. Despite the non-detection, our study underscores the power of radio observations in the search for magnetar signatures 
associated with short GRBs. Ho we ver, only future radio observatories may be able to detect these signatures or put more stringent 
constraints on the model. 

Key w ords: gravitational w aves – surveys – stars: magnetars – stars: neutron – gamma-ray bursts – neutron star mergers. 
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 I N T RO D U C T I O N  

ouble neutron star (DNS) or neutron star–black hole mergers
ave been argued to be the most promising progenitors for short-
uration gamma-ray bursts (short GRBs; Paczynski 1986 ; Narayan,
aczynski & Piran 1992 ; Ruffert & Janka 1999 ). The gravitational
av es (GWs) disco v ery from the DNS merger GW 170 817 and

imultaneous observation of a short GRB 170817A, along with
he disco v ery of its electromagnetic counterparts in various bands,
a ve rev olutionized the era of multimessenger astronomy (Abbott
t al. 2017 ; Goldstein et al. 2017 ; Savchenko et al. 2017 ) and has
trengthened the hypothesis that short GRBs result from the merger
f compact objects. 
Ho we ver, there are uncertainties about the final phase of the merger

s GW observations are not sensitive to the post-merger dynamics of
eutron star mergers (see e.g. fig. 1 of Bartos, Brady & M ́arka 2013 )
iven the current sensitivities of the detectors. Numerical simulations
ave shown that the merger remnant may form a rapidly spinning
upra-massive, highly magnetized neutron star (magnetar) before
 E-mail: ghosh.ankur1994@gmail.com 
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ollapsing to a black hole (Ozel 2011 ; Giacomazzo & Perna 2013 ).
hether the situation occurs or not depends crucially on the resultant
ass of the remnant and the highly uncertain equation of states

EoS) of dense neutron stars (Ozel 2011 ; Lasky & Glampedakis
016 ; Özel et al. 2016 ; Lan et al. 2020 ). With the recent disco v ery of
illisecond pulsar MSP J0740 + 6620 having the mass of 2 . 14 + 0 . 10 

−0 . 09 

 � (Cromartie et al. 2020 ), this mass is often used as the lower
imit of maximum neutron star mass. For a binary mass < 3 M �, a
ong-li ved supra-massi ve neutron star remnant could be formed (Dai
t al. 2006 ; Giacomazzo & Perna 2013 ) before collapsing to a black
ole. 
In the case of a DNS merger, the resultant product will be rapidly

otating with a spin period close to the centrifugal breakup value
 P ∼ 1 ms). The remnant could also acquire a strong magnetic field
10 14 –10 15 G, which may be enhanced by the Kelvin–Helmholtz in-

tabilities and the dynamo activity (Duncan & Thompson 1992 ; Usov
992 ; Price & Rosswog 2006 ; Kiuchi et al. 2015 ; Guilet et al. 2017 ).
uring the merger, when the neutron stars are tidally disrupted, mass

s thrown out with sub-relativistic velocities, which is expected to
ndergo r -process nucleosynthesis and produce UV/opt/IR emission
esulting in a ‘kilonova’ (Li & Paczy ́nski 1998 ; Tanvir et al. 2017 ;
© The Author(s) 2023. 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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etzger 2019 ). Signatures of kilonova were seen in the optical –
R afterglow light curves of a few short bursts, including GRB
70817A/AT2017gfo (Andreoni et al. 2017 ; Evans et al. 2017 ; Smartt
t al. 2017 ; Tanvir et al. 2017 ; Valenti et al. 2017 ; Li et al. 2018 ). Other
hort GRBs identified with kilonova signatures are GRB 050 709 (Jin
t al. 2016 ), GRB 070 809 (Jin et al. 2020 ), GRB 130603B (Berger,
ong & Chornock 2013 ; Tanvir et al. 2013 ), and GRB 160821B
Troja et al. 2016b ; Lamb et al. 2019 ). The ejecta responsible for
he kilonova ev entually e xpands into the ambient medium, driving 
 shock and producing radio synchrotron emission (Nakar & Piran 
011 ; Piran, Nakar & Rosswog 2013 ; Hotokezaka & Piran 2015 ).
his emission is also called ‘kilonova afterglow’ in the literature 

Kathirgamaraju, Giannios & Beniamini 2019 ). 
Ho we ver, the nature of the merger remnant will also play a

rucial role in the evolution of the shock. In the case of a black
ole central engine, the velocity of the shock is limited by the
nitial kinetic energy of the kilonova ejecta. The flux will be highly
oosted if the resultant product of the merger is a rapidly rotating
nd highly magnetized supra-massive neutron star or a magnetar 
Metzger & Bower 2014 ) as opposed to a black hole formed by
irect collapse. This type of neutron star remnant is very unstable, 
nd it generally tends to convert its rotational energy into kinetic 
nergy via spin-down process (Zhang & M ́esz ́aros 2001 ; Metzger,
uataert & Thompson 2008 ; Siegel, Ciolfi & Rezzolla 2014 ). This

nergy is directly imparted to re-energize the kilonova ejecta and 
ccelerate it to mildly relativistic velocities. The interaction of the re-
nergized ejecta with the ambient medium produces a brighter radio 
mission visible from cosmological distances. The radio emission 
sually peaks at ∼5–10 yr since burst at ∼600 MHz for typical
alues of the magnetar rotational energy, ejecta mass, and ambient 
edium density. Under fa v ourable conditions, the radio emission can 

e visible in the time-scale of years at lower frequency frequencies 
Metzger & Bower 2014 ). 

Prior to our work, there were other studies (Metzger & Bower 
014 ; Fong et al. 2016 ; Horesh et al. 2016 ; Klose et al. 2019 ;
chroeder et al. 2020 ; Ricci et al. 2021 ) to search for late-time
erger ejecta emission using the VLA and the ATCA observations. 
etzger & Bower ( 2014 ) started the search with seven GRBs using
LA at 1.4 GHz within the rest-frame period of ∼0.5–2 yr since the
urst trigger time, which resulted in upper limits of ∼200–500 μJy. 
hey constrain the number density values to be n 0 ≤ 10 −1 cm 

−3 .
nother study by Horesh et al. ( 2016 ) targeted observations of two
ilonova-associated short GRBs (GRB 060614; Jin et al. 2015 ; Yang 
t al. 2015 and GRB 130603B; Berger, Fong & Chornock 2013 ; Jin
t al. 2013 ; Tanvir et al. 2013 ; Piran, Korobkin & Rosswog 2014 )
ith the ATCA 2.1 GHz and the VLA 6 GHz. These observations

esulted in an upper limit of 150 and 60 μJy observed at 7.9 and
.3 yr since the burst, respectiv ely. Later, F ong et al. ( 2016 ) observed
 sample of nine bursts with the VLA at 6 GHz and reported upper
imits of 18–32 μJy. Their study constrained the number density 
alue to be n 0 ≤ 10 −3 cm 

−3 for a large value of rotational energy
 rot ∼ 10 53 erg and ejecta mass of M ej ∼ 10 −2 M �. The sample in
chroeder et al. ( 2020 ) consisted of nine GRBs (at z ≤ 0.5) observed
sing VLA at 6 GHz within 2–13 yr since the burst. This study quoted
pper limits of 3–19.5 μJy on the flux density. In Ricci et al. ( 2021 ),
 large sample of short GRBs was observed with ATCA at 2.1 GHz
nd VLA at 3 and 6 GHz. This work rules out the presence of a
owerful magnetar as a merger remnant. Schroeder et al. ( 2020 ) and
icci et al. ( 2021 ) put stringent constraints on the number density
alues between 0.002 and 0.2 cm 

−3 for rotational energy ≤10 52 erg 
nd ejecta mass ≤0.12 M �. 
r  

2

Our study presents radio observations of five short GRBs at the
est-frame time-scale of ∼2–11 yr after the burst to search for merger
jecta emission at late times. As the spectrum of the late-time merger
jecta emission is expected to peak in the MHz frequency range
around 600 MHz), we performed an e xtensiv e search using the
e gac y GMRT and uGMRT at frequencies below 1.4 GHz. To model
he light curve, we employ a model of energy injection by a magnetar
entral engine, following Metzger & Bower ( 2014 ) and account
or Doppler correction and transition into a deep Newtonian phase 
ollowing Huang & Cheng ( 2003 ). Further, our model also accounts
or the evolution of the bulk Lorentz factor. Although we do not find
ny evidence of radio emission in the short GRBs in our sample, we
erive crucial limits on the energetics of the bursts and the parameters
f the ambient medium. 
In Section 2 , we discuss the selection criteria of the short GRBs

n our sample, followed by the radio data acquisition and reduction
rocedure in Section 3 . Section 4 introduces the magnetar model
nd the changes incorporated in our model compared to the previous
tudies. The results of this work and the summary are presented in
ections 5 and 6 , respectively. 

 SAMPLE  SELECTI ON  

n previous studies by Metzger & Bower ( 2014 ), Fong et al. ( 2016 ),
oresh et al. ( 2016 ), Schroeder et al. ( 2020 ), and Ricci et al. ( 2021 ),

he fields of short GRBs were observed a few years after the burst
n 1.4, 3, and 6 GHz with the VLA and 2.1 GHz with the ATCA. In
ur study, we implemented changes in the observing strategy. Our 
bjective was to use the legacy GMRT in 325 and 610 MHz and the
GMRT in band 5 and band 4 for this study as the spectrum of the
ate-time merger ejecta emission is expected to peak in the lower
requency radio regime. The uGMRT with much wider bandwidth 
while the le gac y GMRT w ork ed with the bandwidth of 32 MHz, the
andwidth was impro v ed up to 400 MHz in uGMRT) and impro v ed
ensitivity than the le gac y GMRT, helps to reduce the rms of the
mage. 

The sample selection and observational criteria are mentioned 
elow. 

(1) We chose nearby bursts ( z < 0.5) around 2–11 yr since the
urst for the proposed period of GMRT observations. Eighteen bursts 
ulfilled this criterion. 

(2) We extrapolated the VLA limits of the GRBs available in Fong
t al. ( 2016 ) and Horesh et al. ( 2016 ) to the GMRT bands and found
hat five GRBs (080905A, 050724, 130603B, 090515, and 150120A) 
ere below the GMRT detection limit and were thus remo v ed from

he sample. 
(3) We excluded bursts that did not show an X-ray plateau or, early

xtended emission (EE), or kilonova signature (reported at the time 
f sample selection). This resulted in eliminating GRBs 050509B, 
60502A, 100206, and 070724A. 
(4) We excluded bursts for which afterglow modelling indicated 

he possibility of a low ambient density (10 −4 cm 

−3 ) (GRBs 150101B
nd 061006). 

(5) The bursts (GRBs 061 201 and 071227) beyond the declination 
imit ( −52 ◦ to + 90 ◦) of GMRT were excluded from our sample
ecause of their inaccessibility with the GMRT. 
(6) We also remo v ed the ambiguously classified burst GRB 

60614. 

Afterwards, we included GRB 140903A, which had no reported X- 
ay plateau/EE/kilonova because it had a tight n 0 limit from afterglow
MNRAS 527, 8068–8077 (2024) 
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Table 1. Details of the GRBs in our sample. 

GRB Name Redshift ( z ) T 90 (sec) Fluence (erg cm 

−2 ) E iso (erg) Counterpart detected References 

050 709 0 .1606 0 .07 ± 0.01 (7.1 ± 1.5) × 10 −7 2 . 7 + 1 . 1 −0 . 3 × 10 49 X, O 1, 2, 3 
061210 0 .4095 0 .047 (1.1 ± 0.2) × 10 −6 4.6 × 10 50 X 4, 5 
100625A 0 .4520 0 .33 ± 0.03 (2.2 ± 0.3) × 10 −7 ∼10 51 X 6, 7, 8 
140903A 0 .3510 0 .30 ± 0.03 (1.4 ± 0.1) × 10 −7 (5.9 ± 0.3) × 10 49 X, O, R 9, 10, 11, 12 
160821B 0 .1613 0 .48 ± 0.07 (2.5 ± 0.9) × 10 −6 (2.1 ± 0.2) × 10 50 X, O, R 13, 14, 15 

Note. X = X-ray, O = optical, R = radio. 1 – Villasenor et al. ( 2005 ), 2 – Butler et al. ( 2005 ), 3 – Butler et al. ( 2005 ), 4 – Cenko, Fox & Price ( 2006 ), 5 –
Urata et al. ( 2006 ), 6 – Yuan et al. ( 2021 ), 7 – Rowlinson et al. ( 2013 ), 8 – Fong et al. ( 2013 ), 9 – Lasky et al. ( 2017 ), 10 – Sarin, Lasky & Ashton ( 2019 ), 11 –
Cucchiara et al. ( 2014 ), 12 – Palmer et al. ( 2014 ), 13 – L ̈u et al. ( 2017 ), 14 – Palmer et al. ( 2016 ), 15 – Troja et al. ( 2016b ). 

Table 2. Other observations of the GRBs in this sample available in the literature. 

GRB Telescope name Frequency (GHz) T a obs (yr) Flux density b ( μJy) L ν (erg/s/Hz) References 

050709 VLA 1 .4 2 .53 < 349 < 2.92 × 10 29 Metzger & Bower ( 2014 ) 
VLA 3 .0 12 .57 < 31 < 2.60 × 10 28 Jin et al. ( 2016 ) 

061210 VLA 6 .0 7 .85 < 27 < 2.33 × 10 29 Klose et al. ( 2019 ) 

140903A ATCA 2 .1 1 .86 < 153 < 8.80 × 10 29 Troja et al. ( 2016a ) 
VLA 6 .0 5 .99 < 17.5 < 1.01 × 10 29 Troja et al. ( 2016a ) 

160821B VLA 6 .0 2 .77 < 6 < 5.08 × 10 27 Troja et al. ( 2019 ) 

Notes. a Time is calculated since burst trigger time. 
b Upper limits correspond to 3 σ confidence. 

Table 3. Details of the le gac y-GMR T/uGMR T observations. 

GRB Frequency (MHz) UT date T a obs (yr) (min) Flux density b ( μJy) L ν (erg/s/Hz) 

050709 610 2016-11-21 09 00 00 11 .2 < 360 < 2.97 × 10 29 le gac y GMRT 

325 2017-01-21 04 30 00 11 .3 < 481 < 3.97 × 10 29 le gac y GMRT 

061210 610 2016-11-29 18 15 00 9 .9 < 165 < 1.41 × 10 30 le gac y GMRT 

325 2016-11-28 16 00 00 9 .9 < 369 < 3.15 × 10 30 le gac y GMRT 

100625A band 5 2018-07-24 18 45 00 8 .1 < 45.6 < 5.08 × 10 29 uGMRT c 

140903A band 5 2018-07-24 12:30:00 3 .9 < 52.5 < 2.98 × 10 29 uGMRT 

band 4 2018-07-24 08 30 00 3 .9 < 105 < 5.97 × 10 29 uGMRT 

160821B band 5 2018-07-24 15 30 00 1 .9 < 46.5 < 3.87 × 10 28 uGMRT 

Notes. a Time is calculated since burst trigger time. 
b Upper limits correspond to 3 σ confidence. 
c uGMRT frequencies are the average frequencies (band 5–1250 MHz and band 4–650 MHz) at which the maps were created. 
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bservations. Thus, we ended up with five bursts (GRBs 050709,
61210, 100625A, 140903A, and 160821B) which were observed
ith the GMR T/uGMR T under our appro v ed proposals (31 109,
I: L. Resmi and 34 096, PI: L. Resmi) in cycles 31 and 34. The
roperties of the individual bursts are summarized in Table 1 . 
Although at different frequencies and time-scales, other telescopes

bserved some GRBs in this sample earlier. These observational
etails are listed in Table 2 . 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

he selected sample of five GRBs (Section 2 ) was observed in radio
requencies using the le gac y GMRT (Swarup 1991 ; Ananthakrishnan
005 ) and uGMRT (Gupta et al. 2017 ). Two GRBs (GRBs 050 709
nd 061210) were observed with the le gac y GMRT in 610 and
25 MHz (31 109, PI: L. Resmi). Further, we observed three
RBs (GRBs 100625A, 140903A, and 160821B) with the uGMRT

34 096, PI: L. Resmi), either in band 5 or band 4 or both bands. The
bservational details of all five GRBs are given in Table 3 . 
NRAS 527, 8068–8077 (2024) 
The le gac y GMRT data was processed using the standard flagging,
alibration, and imaging procedure in the Astronomical Image
rocessing System (AIPS; Greisen 2003 ). The uGMRT data was
rocessed in Common Astronomy Software Application ( CASA )
. 5.5 and a customized pipeline developed in CASA by Ishwar-
handra et al. (in preparation). In le gac y GMR T and uGMR T,
ux and phase calibrators were observed along with the source for
alibrating the data. After detailed flagging and standard calibration,
he data was visually inspected to identify bad data, which was
iscarded. Cleaning and imaging were done using a cell size
f 1.0 and 1.5 arcsec for 610 and 325 MHz of le gac y GMRT,
espectively . Similarly , we used cell sizes of 0.5 and 1.0 arcsec
or band 5 and band 4 of uGMRT. Five times phase-only self-
alibration and three times amplitude and phase self-calibration
ave been done to improve the image quality and remove the
rtefacts. 

At the location of the X-ray afterglow of these GRBs, we do not
etect a radio source in our observations. We used the AIPS/IMSTAT
ask in each image plane on a source-free region close to the region of
nterest (in this case, the GRB X-ray afterglow location) to estimate
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Figure 1. Spectral luminosity of le gac y and uGMRT observations for the 
five short GRBs in our sample. The inverted triangles with a black border 
represent the le gac y GMRT 3 σ upper limits, and those without a border 
represent uGMRT 3 σ upper limits. 
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he map rms. The values of spectral luminosity are given in Table 3
nd shown in Fig. 1 . 

 LATE-TIME  R A D I O  EMISSION  F RO M  

AG N E TA R  POWERED  M E R G E R  E J E C TA  

e now summarize our model for the merger ejecta from magnetars 
nd corresponding late-time radio emission. Simulations have shown 
hat the dynamical mass ejection occurs in the case of DNS mergers
hile a comparable or larger amount of mass may be ejected in

he outflows from the accretion disc (Hotokezaka et al. 2013 ). The
odelling of kilonova emission from GRB 130603B (Berger, Fong & 

hornock 2013 ; Tanvir et al. 2013 ) led to the inference that a
igher amount of mass ( ∼0.03–0.08M �) can be associated with such
ynamical ejection. We next examine the dynamics of this ejecta and 
ow it gives rise to radio emission. 

.1 Shock dynamics 

e consider a simple ejecta model with initial velocity β0 expanding 
nto a homogeneous ambient medium of density n 0 . Due to energy
njection from the magnetar, the merger ejecta can achieve sub- 
elativistic velocities. Therefore, adopting an exhaustive dynamical 
odel applicable to asymptotic ultrarelativistic and non-relativistic 

egimes is crucial. This is more important because the peak flux 
s expected at the deceleration of the fireball. We follow the 
omprehensive treatment developed by Pe’er ( 2012 ) for the evolution 
f the blast wave as the ejecta interacts with the surrounding medium.
Following Pe’er ( 2012 ), we solve the equation for the evolution of

ulk Lorentz factor ( �) with the swept-up mass m 

d � 

d m 

= − ˆ γ ( � 

2 − 1) − ( ̂  γ − 1) �β2 

M ej + m [2 ̂  γ� − ( ̂  γ − 1)(1 + � 

−2 )] 
, (1) 

here β is the velocity of the ejecta divided by the speed of light c,
( β) is the Lorentz factor of the blast wave, ˆ γ is the adiabatic index
f the shocked gas, and M ej is the mass of the dynamic ejecta from
he merger. We used the same functional form for ˆ γ ( γβ) given in
e’er ( 2012 ). The mass swept up from the ambient medium, m , is
iven by 

 m = 4 πr 2 n 0 m p , (2) 
here r is the radius of the blast-wave, n 0 is the ambient density, and
 p is the mass of proton. Blast-wave radius and the observed time

 obs are related by 

d 

d r 

t obs 

1 + z 
= 

(1 − β) 

βc 
, (3) 

here z is the redshift of the GRBs and c is the velocity of light. 
We assume that the entire magnetar rotational energy E rot is 

onverted to the kinetic energy of the merger ejecta of mass
 ej , i.e. E rot = E kin = ( γ 0 − 1) M ej c 2 , where γ 0 is the Lorentz

actor corresponding to the initial velocity. Rotational energy of the 
agnetar depends on its period P as E rot = 3 × 10 52 erg 

(
P 

1 ms 

)−2 
,

or a mass of 1.4 M �. Therefore, for a magnetar of ∼ 1ms rotation
eriod, the ejecta can achieve mildly relativistic velocities given by 

0 − 1 = 1 . 7 

(
E rot 

3 × 10 52 erg 

)(
M ej 

0 . 01 M �

)−1 

. (4) 

Using this assumption, we solve for the above three simultaneous 
ifferential equations and obtain the temporal evolution of the radius 
 ( t ) and velocity β( t ) of the blast wave. Since we aim to obtain limits
n the energy input from a potential magnetar central engine, our
asic parameters for the dynamics are E rot and M ej in addition to n 0 .
We do not consider the initial phase where the dynamical ejecta

s accelerated by the magnetar inclusion of this phase can modify
he flux before and around the deceleration epoch (see Liu, Gao &
hang ( 2020 ) for details). In addition, our model does not include

he impact the jet preceding the ejecta has created in the ambient
edium, leading to radio flares well before the epoch of deceleration 

f the ejecta (Margalit & Piran 2020 ). Although both of these can
nfluence the light curve, including them is beyond the scope of this
aper. 

.2 Synchr otr on emission 

fterglow radiation emerges from the region behind the shock front 
shock downstream), where the bulk kinetic energy of the outflow is
onverted to thermal energy. So, the synchrotron flux downstream of 
he shock depends on the fraction of shock thermal energy in non-
hermal electrons ( εe ) and magnetic field ( εB ). In addition, the flux
epends to some degree on the power-law index p characterizing the
istribution of electrons in energy space. Changes in the value of p
o not influence the result significantly, but that on εe and εB will.
o we ver, as the observ ations have only resulted in upper limits, it is

rucial to bring down the free parameters of the problem. Therefore,
onsidering near equipartition in the shock downstream, we assume 
e ∼ εB ∼ 0.1 (Beniamini & van der Horst 2017 ). We also assume
hat the electrons are distributed as a power-law of index p = 2.2 in
nergy. 

To obtain the synchrotron spectral energy distribution, we first 
alculate the downstream magnetic field as B 

2 /8 π = 4 εB n 0 γ ( γ − 1)
nd the minimum Lorentz factor γ m 

of the electron distribution as 
m 

= 1 + εe ( p − 2)/( p − 1) ( m p / m e ) ( γ − 1) (Pe’er & Zhang 2006 ).
At sufficiently late times, the minimum Lorentz factor approaches 

nity and remains a constant. To circumvent numerical artefacts 
ppearing from assuming γ m 

= 1, we terminate the evolution of γ m 

t 2. For example, for εe = 0.1, and p = 2.2, γ m 

drops to 2 when
 γ ( t ) − 1) = β( t ) 2 /2 = 0.02. For E rot = 3 × 10 52 erg, M ej = 0.05 M �,
nd n 0 = 0.01 cm 

−3 , this value of γ ( t ) occurs at ∼106 yr since the
erger. 
We follow Rybicki & Lightman (Rybicki & Lightman 1979 ) to

alculate the characteristic synchrotron frequency νm 

corresponding 
o the electron of Lorentz factor γ m 

, and the flux density f m 

at νm 

,

MNRAS 527, 8068–8077 (2024) 



8072 A. Ghosh et al. 

M

Figure 2. Model light curves of at z = 0.1606 for a given magnetar rotational energy ( E rot ), ejecta mass ( M ej ), and ambient medium density ( n 0 ). We show the 
effect of variation of the different parameters on the light curve. As the fireball is optically thin, the low-frequency flux (solid red line) is higher than the high 
frequency (dash red line). 
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iven by 

νm 

= 

4190 MHz 

(1 + z) 

B( t) 

mG 

γm 

( t ) 2 γ ( t ) , 

 m 

= 240 μJy (1 + z) n 0 , −2 
B( t) 

mG 

γ ( t ) 
r pc ( t ) 3 

d 2 L , Gpc 

. (5) 

here r pc ( t ) is the radius in parsec and d L, Gpc is the luminosity
istance in gigaparsec. 
Synchrotron self-absorption may be rele v ant for MHz frequencies

or some parts of the parameter space. To estimate the self-absorption
requency ( νa ), we calculate the rest-frame optical depth τνm at
requency νm 

from Rybicki & Lightman ( 1979 ). We define νa as
ν= νa 

= 1, where τ ν ∝ ν−5/3 for ν < νm 

and ∝ ν−( p + 4)/2 for ν > νm 

.
esulting equations for νa for p = 2.2 are given by 
for νa < νm 

a = 

130 MHz 

(1 + z) 
n 

4 / 5 
0 , −2 r 

3 / 5 
pc 

ε
1 / 5 
B 

εe 

γ ( t) 

( γ ( t) − 1) 4 / 5 
(6) 

nd for νa > νm 

a = 

398 MHz 

1 + z 
n 

7 / 10 
0 , −2 r 

3 / 10 
pc ( γ ( t) − 1) 7 / 10 γ ( t) 7 / 20 ε

7 / 20 
B ε2 / 5 

e (7) 

here γ ( t ) is the bulk Lorentz factor of the blast-wave respec-
ively, which we obtain from solving the simultaneous differential
quations ( 1 )–( 3 ). At later epochs where the blast wave is non-
elati vistic, r e volv es as t 2/5 . In the e xpressions for νm 

and νa , an
dditional redshift factor from r ( t ) corresponds to the cosmological
ime dilation. 

The synchrotron spectrum then is calculated following Zhang
 2018 ). In Fig. 2 , we present light curves for v arious v alues of
 rot , M ej , and n 0 . The light curve peak corresponds to the fireball’s
NRAS 527, 8068–8077 (2024) 
eceleration or the transition from optically thick to the thin regime,
hichever is later. All the light curves we have shown are optically

hin throughout; hence, the peaks correspond to the epoch of
eceleration. 
A higher E rot or n 0 leads to higher downstream thermal energy

nd, therefore, a higher flux at a given epoch. An increase in any
f the parameters reduces the deceleration time (i.e. the peak of
he light curve). Larger energy leads to a higher initial velocity,
educing the time required for deceleration. Higher n 0 increases the
ate at which mass is swept up, leading to a lower deceleration
ime. A larger M ej leads to a lower initial velocity, resulting in a
o wer do wnstream thermal energy and, subsequently, lower flux.
he deceleration epoch also increases because larger M ej requires a
igher mass to be collected for deceleration. The lower ejecta velocity
urther reduces the deceleration time. 

 RESULTS  A N D  DI SCUSSI ON  

ur data analysis did not lead to the detection of any radio emission
rom the GRBs we observ ed. Observ ed flux density limits for the
erger remnant can be translated to an upper limit for the rotational

nergy of a potential magnetar remnant. In Fig. 3 , we show the model
ight curves of GRB 050 709 for band 4 and band 3 along with the
MRT 3 σ flux density limits of the GRBs as mentioned in Table
 . Along with the constraints on ambient density from afterglow
ata (Fong et al. 2015 ; Jin et al. 2016 ), a long-lived magnetar with
otational energy abo v e 5 × 10 52 erg can be ruled out for this burst. 

Next, we obtain the E rot –n 0 space for all bursts in our sample. This
 x ercise becomes difficult due to a large number of model parameters
nd limited observational inputs. Therefore, as mentioned in Section
.2 , we fixed the microphysical parameters rele v ant to the radiation
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Figure 3. The upper and lower panel show the model light curves of GRB 050 709 ( z = 0.1606) with the rotational energy of 5 × 10 51 and 10 52 erg, respectively, 
in GMRT 610-MHz band. The black triangle denotes 3 σ upper limits using GMRT. 
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pectrum from the shock downstream at εe = 0.1, εB = 0.1, and p =
.2. 
Since the radio flux is directly proportional to both εB and E rot , a

ower εB will lead to a shallower upper limit of E rot for a given n 0 and
 ej . We considered near equipartition between the magnetic field and 

lectrons and fixed εB = 0.1. A lower value of εB in the downstream
s not unlikely and increases the allowed maximum value of E rot .
n the other hand, if the ejecta mass reduces, E rot upper limit gets

ighter. 
For the ultra-relativistic shocks of GRB afterglows, a wide range 

f εB values are inferred (Santana, Barniol Duran & Kumar 2014 ). 
o we ver, an equipartition magnetic field is commonly found in 
alactic SNRs (Vink 2012 ), where the shock is sub-relativistic. 
heoretical calculations of magnetic field amplification due to shock- 
enerated turbulence result in a higher value of εB (Kulsrud & 

nderson 1992 ). The late-time merger ejecta shocks are expected 
o be mildly relativistic or non-relativistic. Therefore, though there’s 
 deviation in GRB afterglows, we chose to fix the εB at 0.1. 

Numerical simulations provide a range of values for the dynamical 
jecta mass (Shibata & Hotokezaka 2019 ). Ho we ver, we fix the
jecta mass at 0.05 M �, estimated for GW170817 by various authors
Cowperthwaite et al. 2017 ; Drout et al. 2017 ; Waxman et al. 2018 ).
his is a conserv ati ve upper limit to the dynamical ejecta mass from
hibata & Hotokezaka ( 2019 ). 
For each burst, we calculate the model flux density f ν( t ) on a grid

f E rot and n 0 as described below, compare it with the GMRT upper
imits, and obtain the parameter space allowed by the observations. 

(i) Rotational energy : For the magnetar rotational energy, we 
hoose a wide range from 5 × 10 51 erg to 10 53 erg that is theoretically
llowed as a function of the mass and the equation of state of the
eutron star. The maximum rotational energy of a stable magnetar 
s around 10 53 erg, after which the magnetar collapses into a black
ole. 
(ii) Number density: As short GRBs occur in diverse environ- 
ents, we consider a wide range for the number density, from 10 −5 

o 1 cm 

−3 . Whenever available, we have also considered the limits of
 0 from afterglow modelling (Fong et al. 2015 ; Jin et al. 2016 ; Troja
t al. 2016a , 2019 ). 

It must be noted that assumptions on εB and M ej can significantly
ffect the results. For the optically thin spectral regime of νm 

≤ ν

νc , we can arrive at the equation ( 8 ) for the fireball in the non-
elativistic phase. 

 rot ≥ const 
f 2 . 6 UL 

ε2 . 6 
e 

ε−2 . 0 
B M 

3 . 4 
ej n −1 . 2 

0 , (8) 

or p = 2.2. f UL is the 3 σ flux density upper limit. The preceding
onstant factor is a combination of fundamental constants, frequency 
f observation, and distance to the burst. 

.1 Allowed maximum rotational energy of magnetars 

n Fig. 4 , we present the allowed region of the E rot –n 0 plane for
ach burst. The maximum rotational energy of a magnetar ∼10 53 

rg (Metzger et al. 2015 ) is indicated by a horizontal line. The pink
haded region indicates the 1 σ uncertainty of the number density 
f ambient medium available in the literature based on afterglow 

odelling as mentioned in Table 4 . As the afterglow data for most
f these bursts are sparse, the inferred n 0 is subject to assumptions
f downstream magnetic field (represented by εAG 

B ) of the afterglow 

reball. Ho we ver, a lo wer limit to the ambient density can still be
btained, assuming the highest possible εAG 

B . Hence, the ambient 
ensity inferred from afterglow data still has the potential to constrain 
he rotational energy of the magnetar. 
MNRAS 527, 8068–8077 (2024) 
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Figur e 4. Rotational ener gy v ersus number density parameter space for fiv e GRBs observ ed with uGMRT band 5, band 4, and le gac y GMRT 610 MHz, 
325 MHz, considering 3 σ upper limits and observing time. The diagonal-filled spaces in these figures symbolize the allowed parameter space, whereas white 
space indicates the forbidden space. Dark magenta, dark slate grey, and maroon colours represent the allowed parameter space for band 5, band 4, and band 
3 of GMRT, respectively. The vertical pink region indicates the 1 σ span of the number density ranges from afterglow modelling. The blue dashed–dotted line 
represents the maximum rotational energy of a magnetar. 

Table 4. Parameters from afterglow modelling. 

GRB name Ejecta nass Number density References 
(M �) (cm 

−3 ) 

050709 0.05, 0.1 1 . 0 + 0 . 5 −0 . 4 1,2 
100625A – ≤1.5 3 
140903A 0.01 3 . 40 + 2 . 9 −1 . 6 × 10 −3 1,4 
160821B ≤ 0.006 0 . 13 + 0 . 05 

−0 . 04 5,6 

Note. 1 – Fong et al. ( 2015 ), 2 – Jin et al. ( 2016 ), 3 – Fong et al. ( 2013 ), 4 –
Troja et al. ( 2016a ), 5 – Troja et al. ( 2019 ), 6 – Lamb et al. ( 2019 ). 
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NRAS 527, 8068–8077 (2024) 
The first panel of Fig. 4 depicts the parameter space plot of GRB
50 709 in band 4 and band 3, where we can place a tight constraint
n the rotational energy E rot ∼ (1.5 − 2) × 10 51 erg that is two orders
ower than the maximum rotational energy expected from stable
eutron star as given in Metzger et al. ( 2015 ). For GRB 100625A,
he maximum energy possible by a magnetar is E rot ∼ 5 × 10 51 erg,
hich is one order of magnitude below the energy range given in

fterglow study (Fong et al. 2013 ). The maximum rotational energy
f GRB 160821B E rot lies ∼0.7 × 10 52 erg, which is in agreement
ith the maximum energy of magnetar v alue gi ven in Schroeder

t al. ( 2020 ). As GRB 160821B was observed before the predicted
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ime-span of the merger ejecta emission, late-time monitoring would 
ead to a much better constraint on the maximum rotational energy. 

GRB 061 210 is the only burst in our sample for which afterglow
umber density constraints are unavailable in the literature. There- 
ore, we cannot limit the energetics of a potential magnetar in this
ase. For GRB 140903A, the number density strip intersects with 
he permissible parameter space between (0.6 − 2) × 10 52 erg for 
oth frequency bands, which indicates its maximum possible energy. 
fter considering the fixed values of M ej , εB and other canonical 
arameters, none of the GRBs we analysed is consistent with a 
agnetar central engine with rotational energy of ∼10 53 erg which 

orresponds to a maximally rotating magnetar. 

.2 Radio emission without magnetar injection 

e consider the case where energy injection from a short-lived mag- 
etar energises the kilonova ejecta to mildly relativistic velocities. 
his would not have happened if the merger resulted in a prompt
lack hole. Without additional energy injection, the ejecta will remain 
ub-relativistic, and its deceleration will further be delayed, leading 
o a late (several 10s of years for typical parameters) onset of the
adio emission (Nakar & Piran 2011 ). In addition, the radio source
ill be fainter. Therefore, the numbers one can obtain from assuming
 prompt collapse are less constraining. 

Nevertheless, the shock dynamics remain the same, with the 
otational energy being replaced by the original kinetic energy, 
 / 2 M ej v 

2 
ej of the ejecta, where v ej is the initial velocity of the merger

jecta. Therefore, the upper limits on the energy obtained from our 
odel could be translated to an upper limit on the velocity of the

jecta for a black hole central engine model. For the GRBs we
ave considered here, this leads to βej ≤ 0.05–2.5. This range is 
ot very different from the velocity of the merger ejecta derived 
rom the optical observations of the kilonova (Arcavi et al. 2017 ;
owperthwaite et al. 2017 ). 
Ho we ver, it must be mentioned that the kilonova ejecta may have

 velocity profile, unlike the single velocity shell we have considered 
ere. The fast-moving ejecta carrying a lower mass can decelerate 
arly enough (in the time-scale of months to years) and produce 
right X-ray/radio emissions. Several authors explored this model 
fter GRB 170817A (Hajela et al. 2019 ; Kathirgamaraju, Giannios & 

eniamini 2019 ; Balasubramanian et al. 2021 ) and constraints on 
he velocity profile emerged after the detection of an X-ray excess in
RB170817 (Troja et al. 2020 ; Hajela et al. 2022 ). 

.3 Kilono v a ejecta detectability in low frequencies 

e also see that the fireball turns optically thin for standard 
arameters before t dec . This implies that the expected flux density 
 ν is proportional to ν−0.6 (for a p = 2.2) for almost all late-time
adio observations done so far; hence MHz frequencies can provide 
etter constraints than GHz frequencies from equally deep kilonova 
emnant searches. Upper limits in 600 MHz and 6 GHz differing 
y a factor of 3 can provide similar constraints on the kilonova
jecta and magnetar energy. Because of this, though uGMRT limits 
re relatively shallower compared to those from VLA and ATCA 

bservations in the literature, we arrived at equally significant 
onstraints from our study. For the maximum rotational energy of 
otential magnetars, Fong et al. ( 2016 ) obtained a range of 2 × 10 51 –
 × 10 54 erg in a sample of 9 GRBs with VLA upper limits of ∼20
Jy at time-scales of 1.2–7.7 yr. For a sample of 9 bursts observed
y VLA, Schroeder et al. ( 2020 ) constrained the maximum energy
f the magnetar to be (0.6–17.6) × 10 52 erg. Another sample of 17
ursts observed by VLA and ATCA, Ricci et al. ( 2021 ) obtained
onstraints in the rotational energy as (2–5) × 10 52 erg. Two of the
ursts in our sample are common with Schroeder et al. ( 2020 ) while
hree are common with Ricci et al. ( 2021 ). The maximum energy
alues of a magnetar (0.05–2) × 10 52 erg, obtained in our study with
MR T/uGMR T data, are consistent with the values inferred by these

uthors. 
Moti v ated by this, we explored the detectability of kilonova radio

mission for uGMRT band-3 (400 MHz). We find that even for the
ost desirable parameters such as a maximally rotating magnetar 

 E = 10 53 erg), low ejecta mass ( M ej = 0.001 M �), and high ambient
ensity ( n 0 = 0.5), a flux density abo v e 30 μJy is not possible except
or nearby ( z < 0.06) bursts. Therefore, kilonova searches have
etter chances for detection if attempted for nearby bursts having 
otentially denser ambient medium inferred from afterglow light 
urves. 

 SUMMARY  

e conducted a comprehensive study on the late-time merger ejecta 
mission of short GRBs using low-frequency radio wavelengths. As 
roposed by Metzger & Bower ( 2014 ), for a magnetar central engine,
he ejecta gets re-energized, and the interaction of this ejecta and
he surrounding ambient medium can produce a delayed emission, 
hich is expected to peak in the low-frequency radio regime. We,

herefore, started a search program with the le gac y GMR T/uGMR T in
ow frequencies to detect the merger ejecta emission in nearby short
RBs and thereby probe the existence of a stable magnetar remnant.
ur sample comprises five bursts within z ≤ 0.5 that exhibit complex

eatures in the X-ray light curves. The observations were carried out
t 610 and 325 MHz frequencies of le gac y GMRT and band 5 and
and 4 of uGMRT between 2 and 11 yr since the burst trigger time. 
We found no late-time radio emission near the Swift XRT positions

f the GRBs in our sample. Compared to the previous studies, a few
mpro v ements are implemented in the observational strategy and the
odelling. While the other studies focused on the higher frequency 

ands of VLA and ATCA, we observed with the low-frequency bands
f GMRT as the expected spectrum of the late-time merger ejecta
mission peaks around 600 MHz. The observations performed with 
 telescope like GMRT, which is sensitive to low frequencies, make
his an important study. We obtained the dynamics of the decelerating 
jecta using the generic model developed by Pe’er ( 2012 ), which does
ot assume either non-relativistic or ultrarelativistic initial velocity. 
he ejecta dynamics were not considered in the earlier studies by
etzger & Bower ( 2014 ), Fong et al. ( 2016 ), and Horesh et al.

 2016 ). Ho we ver, our study does not consider the effects of magnetar
efore the deceleration epoch, and the radio flares originated from 

he jet preceding the ejecta into the ambient medium. 
In calculating the model flux, we have assumed equipartition 

etween electrons and magnetic field. A simplified ejecta structure 
f a single shell without velocity stratification was considered. 
e ignored the initial phase, where the ejecta is accelerated to

he velocity corresponding to the magnetar rotational energy. The 
mpacts due to the jet in the ambient medium have been ignored. 

Our model light curves show that the variation in all the model
arameters significantly impacts the light curves. Comparing the 3 σ
pper limits with the theoretical light curves, we placed constraints 
n the E rot –n 0 plane, as these two are the most decisive parameters in
ur model. Along with the inferred ambient medium density from the
fterglo w, this method allo ws us to place limits on the maximum ro-
ational energy of the potential magnetar at E rot ≤ (0 . 05 − 2) × 10 52 

rg. We can exclude the magnetar central engine with 10 53 erg for
MNRAS 527, 8068–8077 (2024) 
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ll the bursts as the highest possible rotational energy allowed by
he radio upper limits lies much below 10 53 erg. As no inferences
n n 0 are available for GRB 061 210 from afterglow literature,
he constraints for this burst suffer from large uncertainties. If we
onsider the maximum energy of the magnetar to be 10 52 erg, only
RB 050 709 will be discarded from the probability of having a
agnetar central engine. Despite having extended X-ray emission

n GRB 050709, which is attributed to the presence of magnetar,
t has the lowest maximum allowed energy. This can happen if the
quation of state of the neutron star remnant is very soft. The absence
f a stable neutron star as the remnant for the significant fraction of
hort GRBs states that the binary NS merger may directly collapse
o BH (Piro, Giacomazzo & Perna 2017 ), which indicates a softer
quation of state or a different merger scenario like NS–BH merger
Janka et al. 1999 ; Troja et al. 2008 ; Gompertz, Le v an & Tanvir
020 ). 
The late-time merger ejecta emission in short GRBs is a unique

ool to get insights into the progenitor system. It can complement
he afterglow and kilonovae studies. GRB 170817A is the most
a v ourable object to identify the signature of merger ejecta emission
ue to its proximity ( ∼40 Mpc) compared to other short bursts.
sing our model, the estimated deceleration time of the kilonova

jecta in GW 170 817 is beyond the last observation time of the
ource presented in Hajela et al. ( 2022 ) even for the most promising
arameters. In the near future, it may be possible to detect merger
jecta emission from nearby short GRBs with the next-generation
adio telescopes and pro v e the existence of a magnetar central engine.
he upcoming Square Kilometer Array (Bonaldi et al. 2021 ), in MHz

requencies, with increased sensitivity of μJy level, will push the
etection limits of merger ejecta emission at late times. 
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iacomazzo B. , Perna R., 2013, ApJ , 771, L26 
oldstein A. et al., 2017, ApJ , 846, L5 
ompertz B. P. , Le v an A. J., Tanvir N. R., 2020, ApJ , 895, 58 
reisen E. W. , 2003, in Heck A., ed., Astrophysics and Space Science

Library Vol. 285, Information Handling in Astronomy – Historical Vistas.
Springer-Verlag, Berlin, p. 109 

uilet J. , Bauswein A., Just O., Janka H.-T., 2017, MNRAS , 471, 1879 
upta Y. et al., 2017, Curr. Sci. , 113, 707 
ajela A. et al., 2019, ApJ , 886, L17 
ajela A. et al., 2022, ApJ , 927, L17 
oresh A. , Hotokezaka K., Piran T., Nakar E., Hancock P., 2016, ApJ , 819,

L22 
otokezaka K. , Piran T., 2015, MNRAS , 450, 1430 
otokezaka K. , Kiuchi K., Kyutoku K., Okawa H., Sekiguchi Y.-i., Shibata

M., Taniguchi K., 2013, Phys. Rev. D , 87, 024001 
uang Y. F. , Cheng K. S., 2003, MNRAS , 341, 263 

anka H. T. , Eberl T., Ruffert M., Fryer C. L., 1999, ApJ , 527, L39 
in Z.-P. , Xu D., Fan Y.-Z., Wu X.-F., Wei D.-M., 2013, ApJ , 775, L19 
in Z.-P. , Li X., Cano Z., Covino S., Fan Y.-Z., Wei D.-M., 2015, ApJ , 811,

L22 
in Z.-P. et al., 2016, Nat. Commun. , 7, 12898 
in Z.-P. , Covino S., Liao N.-H., Li X., D’Avanzo P., Fan Y.-Z., Wei D.-M.,

2020, Nat. Astron. , 4, 77 
athirgamaraju A. , Giannios D., Beniamini P., 2019, MNRAS , 487, 3914 
iuchi K. , Cerd ́a-Dur ́an P., Kyutoku K., Sekiguchi Y., Shibata M., 2015,

Phys. Rev. D , 92, 124034 
lose S. et al., 2019, ApJ , 887, 206 
ulsrud R. M. , Anderson S. W., 1992, ApJ , 396, 606 
amb G. P. et al., 2019, ApJ , 883, 48 
an L. , L ̈u H.-J., Rice J., Liang E.-W., 2020, ApJ , 890, 99 
asky P. D. , Glampedakis K., 2016, MNRAS , 458, 1660 
asky P. D. , Leris C., Rowlinson A., Glampedakis K., 2017, ApJ , 843, L1 
i L.-X. , Paczy ́nski B., 1998, ApJ , 507, L59 
i S.-Z. , Liu L.-D., Yu Y.-W., Zhang B., 2018, ApJ , 861, L12 
iu L.-D. , Gao H., Zhang B., 2020, ApJ , 890, 102 
 ̈u H.-J. , Zhang H.-M., Zhong S.-Q., Hou S.-J., Sun H., Rice J., Liang E.-W.,

2017, ApJ , 835, 181 
argalit B. , Piran T., 2020, MNRAS , 495, 4981 
etzger B. D. , 2019, Living Rev. Relativ. , 23, 1 
etzger B. D. , Bower G. C., 2014, MNRAS , 437, 1821 
etzger B. D. , Quataert E., Thompson T. A., 2008, MNRAS , 385, 1455 
etzger B. D. , Margalit B., Kasen D., Quataert E., 2015, MNRAS , 454, 3311
akar E. , Piran T., 2011, Nature , 478, 82 
arayan R. , Paczynski B., Piran T., 1992, ApJ , 395, L83 
zel F. , 2011, American Astronomical Society Meeting Abstracts #218. p.

302.01 
¨ zel F. , Psaltis D., G ̈uver T., Baym G., Heinke C., Guillot S., 2016, ApJ , 820,

28 
aczynski B. , 1986, ApJ , 308, L43 
almer D. M. et al., 2014, GRB Coord. Netw., 16768, 1 
almer D. M. et al., 2016, GRB Coor. Netw., 19844, 1 
e’er A. , 2012, ApJ , 752, L8 

http://dx.doi.org/10.3847/2041-8213/aa920c
http://dx.doi.org/10.1017/pasa.2017.65
http://dx.doi.org/10.1038/nature24291
http://dx.doi.org/10.3847/2041-8213/abfd38
http://dx.doi.org/10.1088/0264-9381/30/12/123001
http://dx.doi.org/10.1093/mnras/stx2203
http://dx.doi.org/10.1088/2041-8205/774/2/L23
http://dx.doi.org/10.1093/mnras/staa3023
http://dx.doi.org/10.3847/2041-8213/aa8fc7
http://dx.doi.org/10.1038/s41550-019-0880-2
http://dx.doi.org/10.1126/science.1123606
http://dx.doi.org/10.1126/science.aaq0049
http://dx.doi.org/10.1086/186413
http://dx.doi.org/10.1126/science.aap9580
http://dx.doi.org/10.1088/0004-637X/769/1/56
http://dx.doi.org/10.1088/0004-637X/815/2/102
http://dx.doi.org/10.3847/0004-637X/831/2/141
http://dx.doi.org/10.1088/2041-8205/771/2/L26
http://dx.doi.org/10.3847/2041-8213/aa8319
http://dx.doi.org/10.3847/1538-4357/ab8d24
http://dx.doi.org/10.1093/mnras/stx1739
http://dx.doi.org/10.18520/cs/v113/i04/707-714
http://dx.doi.org/10.3847/2041-8213/ab5226
http://dx.doi.org/10.3847/2041-8213/ac504a
http://dx.doi.org/10.3847/2041-8205/819/2/L22
http://dx.doi.org/10.1093/mnras/stv620
http://dx.doi.org/10.1103/PhysRevD.87.024001
http://dx.doi.org/10.1046/j.1365-8711.2003.06430.x
http://dx.doi.org/10.1086/312397
http://dx.doi.org/10.1088/2041-8205/775/1/L19
http://dx.doi.org/10.1088/2041-8205/811/2/L22
http://dx.doi.org/10.1038/ncomms12898
http://dx.doi.org/10.1038/s41550-019-0892-y
http://dx.doi.org/10.1093/mnras/stz1564
http://dx.doi.org/10.1103/PhysRevD.92.124034
http://dx.doi.org/10.3847/1538-4357/ab528a
http://dx.doi.org/10.1086/171743
http://dx.doi.org/10.3847/1538-4357/ab38bb
http://dx.doi.org/10.3847/1538-4357/ab6c64
http://dx.doi.org/10.1093/mnras/stw435
http://dx.doi.org/10.3847/2041-8213/aa79a7
http://dx.doi.org/10.1086/311680
http://dx.doi.org/10.3847/2041-8213/aace61
http://dx.doi.org/10.3847/1538-4357/ab6b24
http://dx.doi.org/10.3847/1538-4357/835/2/181
http://dx.doi.org/10.1093/mnras/staa1486
http://dx.doi.org/10.1007/s41114-019-0024-0
http://dx.doi.org/10.1093/mnras/stt2010
http://dx.doi.org/10.1111/j.1365-2966.2008.12923.x
http://dx.doi.org/10.1093/mnras/stv2224
http://dx.doi.org/10.1038/nature10365
http://dx.doi.org/10.1086/186493
http://dx.doi.org/10.3847/0004-637X/820/1/28
http://dx.doi.org/10.1086/184740
http://dx.doi.org/10.1088/2041-8205/752/1/L8


Short GRB merger ejecta emission 8077 

P
P
P
P
P
R
R  

R
R  

S
S
S
S
S
S
S
S  

 

T  

T

T  

T
T
T
T
U
U
V
V

V
W  

Y
Y  

Z  

Z

T

©
P
(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/8068/747
e’er A. , Zhang B., 2006, ApJ , 653, 454 
iran T. , Nakar E., Rosswog S., 2013, MNRAS , 430, 2121 
iran T. , Korobkin O., Rosswog S., 2014, preprint ( arXiv:1401.2166 ) 
iro A. L. , Giacomazzo B., Perna R., 2017, ApJ , 844, L19 
rice D. J. , Rosswog S., 2006, Science , 312, 719 
icci R. et al., 2021, MNRAS , 500, 1708 
owlinson A. , O’Brien P. T., Metzger B. D., Tanvir N. R., Le v an A. J., 2013,

MNRAS , 430, 1061 
uffert M. , Janka H. T., 1999, A&A, 344, 573 
ybicki G. B. , Lightman A. P., 1979, Radiative Processes in Astrophysics. A

Wiley-Interscience Publication, Wiley, New York 
antana R. , Barniol Duran R., Kumar P., 2014, ApJ , 785, 29 
arin N. , Lasky P. D., Ashton G., 2019, ApJ , 872, 114 
avchenko V. et al., 2017, ApJ , 848, L15 
chroeder G. et al., 2020, ApJ , 902, 82 
hibata M. , Hotokezaka K., 2019, Annu. Rev. Nucl. Part. Sci. , 69, 41 
iegel D. M. , Ciolfi R., Rezzolla L., 2014, ApJ , 785, L6 
martt S. J. et al., 2017, Nature , 551, 75 
warup G. , 1991, in Cornwell T. J., Perley R. A., eds, ASP Conf. Ser. Vol.

19, IAU Colloq. 131: Radio Interferometry . Theory , Techniques, and
Applications. Astron. Soc. Pac., San Francisco, p. 376 

anvir N. R. , Le v an A. J., Fruchter A. S., Hjorth J., Hounsell R. A., Wiersema
K., Tunnicliffe R. L., 2013, Nature , 500, 547 

anvir N. R. et al., 2017, ApJ , 848, L27 
The Author(s) 2023. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and repr
roja E. , King A. R., O’Brien P. T., Lyons N., Cusumano G., 2008, MNRAS ,
385, L10 

roja E. et al., 2016a, ApJ , 827, 102 
roja E. et al., 2016b, GRB Coord. Netw., 20222, 1 
roja E. et al., 2019, MNRAS , 489, 2104 
roja E. et al., 2020, MNRAS , 498, 5643 
rata Y. et al., 2006, GRB Coord. Netw., 5917, 1 
sov V. V. , 1992, Nature , 357, 472 
alenti S. et al., 2017, ApJ , 848, L24 
illasenor J. S. et al., 2005, American Astronomical Society Meeting 

Abstracts. p. 19.04 
ink J. , 2012, A&A Rev. , 20, 49 
axman E. , Ofek E. O., Kushnir D., Gal-Yam A., 2018, MNRAS , 481, 3423
ang B. et al., 2015, Nat. Commun. , 6, 7323 
uan Y. , L ̈u H.-J., Yuan H.-Y., Ma S.-B., Lei W.-H., Liang E.-W., 2021, ApJ ,

912, 14 
hang B. , 2018, The Physics of Gamma-Ray Bursts. Cambridge Univ. Press,

Cambridge 
hang B. , M ́esz ́aros P., 2001, ApJ , 552, L35 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 527, 8068–8077 (2024) 

 Access article distributed under the terms of the Creative Commons Attribution License 
oduction in any medium, provided the original work is properly cited. 

5893 by AR
YABH

ATTA R
ESEAR

C
H

 IN
STITU

TE O
F O

BSER
VATIO

N
AL SC

IEN
C

ES(AR
IES) user on 07 February 2024

http://dx.doi.org/10.1086/508681
http://dx.doi.org/10.1093/mnras/stt037
http://arxiv.org/abs/1401.2166
http://dx.doi.org/10.3847/2041-8213/aa7f2f
http://dx.doi.org/10.1126/science.1125201
http://dx.doi.org/10.1093/mnras/staa3241
http://dx.doi.org/10.1093/mnras/sts683
http://dx.doi.org/10.1088/0004-637X/785/1/29
http://dx.doi.org/10.3847/1538-4357/aaf9a0
http://dx.doi.org/10.3847/2041-8213/aa8f94
http://dx.doi.org/10.3847/1538-4357/abb407
http://dx.doi.org/10.1146/annurev-nucl-101918-023625
http://dx.doi.org/10.1088/2041-8205/785/1/L6
http://dx.doi.org/10.1038/nature24303
http://dx.doi.org/10.1038/nature12505
http://dx.doi.org/10.3847/2041-8213/aa90b6
http://dx.doi.org/10.1111/j.1745-3933.2007.00421.x
http://dx.doi.org/10.3847/0004-637X/827/2/102
http://dx.doi.org/10.1093/mnras/stz2255
http://dx.doi.org/10.1093/mnras/staa2626
http://dx.doi.org/10.1038/357472a0
http://dx.doi.org/10.3847/2041-8213/aa8edf
http://dx.doi.org/10.1007/s00159-011-0049-1
http://dx.doi.org/10.1093/mnras/sty2441
http://dx.doi.org/10.1038/ncomms8323
http://dx.doi.org/10.3847/1538-4357/abedb1
http://dx.doi.org/10.1086/320255
http://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 SAMPLE SELECTION
	3 OBSERVATIONS AND DATA REDUCTION
	4 LATE-TIME RADIO EMISSION FROM MAGNETAR POWERED MERGER EJECTA
	5 RESULTS AND DISCUSSION
	6 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

