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A B S T R A C T 

Binary neutron star mergers and collapsing massive stars can both create millisecond magnetars. Such magnetars are candidate 
engines to power gamma-ray bursts (GRBs). The non-thermal light curve of the resulting transients can exhibit multiple 
components, including the GRB afterglow, pulsar wind nebula (PWN), and ejecta afterglow. We derive the time-scales for the 
peak of each component and show that the PWN is detectable at radio frequencies, dominating the emission for ∼6 yr for 
supernova/long GRBs (SN/LGRBs) and ∼ 100 d for kilonova/short GRBs (KN/SGRBs) at 1 GHz, and ∼1 yr for SN/LGRBs 
and ∼ 15 d for KN/SGRBs at 100 GHz. The PWN emission has an e xponential, frequenc y-dependent rise to peak that cannot be 
replicated by an ejecta afterglow. We show that PWNe in SN/LGRBs can be detected out to z ∼ 0 . 06 with current instruments 
and z ∼ 0 . 3 with next-generation instruments and PWNe in KN/SGRBs can be detected out to z ∼ 0 . 3 with current instruments 
and z ∼ 1 . 5 with next-generation instruments. We find that the optimal strategy for detecting PWNe in these systems is a 
multiband, high cadence radio follow-up of nearby KN/SGRBs with an X-ray plateau or extended prompt emission from 10 to 

100 d post-burst. 

Key words: radiation mechanisms: non-thermal – stars: magnetars – (transients:) gamma-ray bursts – (transients:) neutron star 
mergers – transients: supernovae. 
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 I N T RO D U C T I O N  

amma-ray bursts (GRBs) are short flashes of high-energy radiation
ormed within relativistic jets (Piran 2004 ; Gehrels & M ́esz ́aros
012 ; Zhang 2018 ). They are typically divided into two categories
ased on the duration of their prompt emission, with short GRBs
SGRBs) having a duration of T 90 � 2 s and long GRBs (LGRBs)
aving a duration of T 90 � 2 s (Kouveliotou et al. 1993 ), where
 90 is the time-scale o v er which 90 per cent of the background-
ubtracted counts are observed. The two GRB classes also show
ifferences in their spectra, with SGRBs typically showing harder
pectra than LGRBs (Kouveliotou et al. 1993 ). This dichotomy
upports the idea that these distinct GRB classes arise from different
rogenitor channels, with SGRBs originating from compact object
ergers (Lattimer & Schramm 1976 ; Blinnikov et al. 1984 ; Eichler

t al. 1989 ) and LGRBs originating from the collapse of massive stars
MacF adyen & Woosle y 1999 ; MacF adyen, Woosle y & He ger 2001 ).
here is observational evidence that supports this distinction; LGRBs
ave been associated with supernovae (SNe; e.g. Gendre et al. 2013 ;
akauchi et al. 2013 ; Le v an et al. 2014 ; Cano et al. 2017 ), and several
GRBs associated with kilonovae (KNe; e.g. Tanvir et al. 2013 ; Yang
t al. 2015 ; Jin et al. 2016 ; Lamb et al. 2019b ; Jin et al. 2020 ; Fong
t al. 2021 ; Zhou et al. 2023 ; Zhu et al. 2023 ), including the SGRB
 E-mail: c.m.omand@ljmu.ac.uk 
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RB170817A accompanying the binary neutron star (BNS) merger
hat produced GW170817 (Abbott et al. 2017a ). Ho we ver, two recent
GRBs have been inferred to have originated from BNS mergers due

o emission resembling that of a KN (Rastinejad et al. 2022 ; Le v an
t al. 2024 ), casting some doubt on the robustness of this classification
cheme. 

Most models for launching relativistic jets that produce GRBs
equire angular momentum and energy from a compact object –
ccretion disc system. The compact object can either be a black
ole or a highly magnetized neutron star, known as a magnetar
Duncan & Thompson 1992 ). For black holes, the energy can be
xtracted from the black hole spin (Blandford & Znajek 1977 ) or
ccretion disc (Blandford & Payne 1982 ) via a twisted magnetic
eld, or neutrino winds from the accretion disc (e.g. Popham,
oosley & Fryer 1999 ). While magnetars can launch jets via

imilar processes, they can also launch jets from a magnetorotational
echanism with strong dipolar or toroidal fields (M ̈osta et al. 2020 ;
ugli, Guilet & Obergaulinger 2021 ), or from strong propeller-
ri ven outflo ws (Illariono v & Sun yaev 1975 ; Lo v elace, Romano va &
isnovatyi-Kogan 1999 ; Romanova et al. 2005 ). 
When the relativistic jet sweeps up material and starts to decelerate,

 broad-band synchrotron and inverse Compton GRB afterglow is
mitted (Paczynski & Rhoads 1993 ; Sari, Piran & Narayan 1998 ;
iran 2004 ; Zhang & M ́esz ́aros 2004 ; Zhang et al. 2006 ; MAGIC
ollaboration et al. 2019 ). The temporal light curve of this afterglow
ill be dominated by the jet core for on-axis observers and will
© 2025 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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epend on the wider structure of the jet for off-axis observers (Granot
t al. 2002 ; Rossi, Lazzati & Rees 2002 ). While the afterglow
mission is mostly predicted to rise and fall as power laws (Sari
t al. 1998 ), several other phenomena have been detected in the
fterglow emission. One of these phenomena are X-ray plateaus, 
here the flux of the X-ray afterglow transitions from an initial steep
ecay, to a very shallow decay or plateau, back to a steep decay
Nousek et al. 2006 ; O’Brien et al. 2006 ; Rowlinson et al. 2013 ;
ainotti et al. 2017 ). This has been suggested to be due to energy

njection from a central magnetar (Troja et al. 2007 ; Rowlinson
t al. 2013 ; Gompertz, O’Brien & Wynn 2014 ; Stratta et al. 2018 ;
arin, Lasky & Ashton 2019 ). Another GRB phenomenon potentially 

inked to a magnetar central engine is extended emission (Metzger, 
uataert & Thompson 2008 ; Bucciantini et al. 2012 ; Gompertz et al.
013 ; Gompertz et al. 2014 ; Gibson et al. 2017 ), where the prompt
RB emission is followed by a lower luminosity signal that can be

everal times longer than the prompt emission and extends to softer
nergies (Norris & Bonnell 2006 ; Bostancı, Kaneko & G ̈o ̆g ̈u s ¸ 2013 ;
aneko et al. 2015 ). 
The wind from the spin-down of a rotating neutron star will also

roduce a pulsar wind nebula (PWN) on the interior of the ejecta
hat is a broad-band synchrotron and inverse Compton emitter. The 
hermalization of PWN emission in the ejecta is thought to power a
umber of transients, including superluminous supernovae (SLSNe; 
icholl, Guillochon & Berger 2017 ; Kangas et al. 2022 ; West et al.
023 ; Gkini et al. 2024 ; Gomez et al. 2024 ) and some broad-line
N-Ic (SNe Ic-BL) (Mazzali et al. 2014 ; Greiner et al. 2015 ; Wang
t al. 2017 ; Omand & Sarin 2024 ). The PWN can also be detected
n radio (Murase et al. 2015 ; Omand, Kashiyama & Murase 2018 ;
ftekhari et al. 2019 ; Law et al. 2019 ; Mondal et al. 2020 ; Eftekhari
t al. 2021 ). It can also cause an infrared excess by heating up
ust in the ejecta (Omand, Kashiyama & Murase 2019 ; Chen et al.
021 ; Sun, Xiao & Li 2022 ), change the spectrum by ionizing the
jecta (Che v alier & Fransson 1992 ; Jerkstrand et al. 2017 ; Omand &
erkstrand 2023 ; Dessart 2024 ), and cause polarization signals by 
xpanding the ejecta asymmetrically (Inserra et al. 2016 ; Saito et al.
020 ; Poidevin et al. 2022 ; Pursiainen et al. 2022 ; Poidevin et al.
023 ; Pursiainen et al. 2023 ). The PWN can also cause instabilities
n the ejecta (Chen, Woosley & Sukhbold 2016 ; Suzuki & Maeda
017 , 2021 ) that results in a filamentary ejecta structure similar to
he Crab Nebula (Clark et al. 1983 ; Bietenholz et al. 1991 ; Temim
t al. 2006 ; Omand, Sarin & Temim 2025 ). 

The ejecta from a transient accompanying a GRB, an SN or a
N, can produce its own afterglow once it sweeps up enough mass

o decelerate the ejecta. X-ray observations of GRB170817A have 
ho wn tentati ve e vidence for a re-brightening of the afterglow at
ate times potentially consistent with this scenario (Hajela et al. 
022 ; Troja et al. 2022 ). A few SNe have been detected in radio
t late times (e.g. van Dyk et al. 1994 ; Gaensler et al. 1997 ; Corsi
t al. 2023 ; Kool et al. 2023 ; Margutti et al. 2023 ) and X-ray (e.g.
he v alier & Fransson 1994 ; Dwarkadas 2014 ; Bochenek et al. 2018 ),
nd some at much earlier times when dense circumstellar material 
CSM) surrounds the progenitor (e.g. Smith et al. 2008 ; Fransson
t al. 2014 ; Drout et al. 2016 ). 

Magnetar-driven GRB systems should produce non-thermal emis- 
ion from a GRB afterglow, PWN, and SN/KN afterglow (we refer
o this as an ejecta afterglow), as well as thermal emission from
he magnetar-heated ejecta. The time-scale for these three non- 
hermal mechanisms can be significantly different, leading to the 
otential of detecting all three components separately. The GRB 

nd ejecta afterglow both arise when the jet and ejecta sweep 
p an amount of mass comparable to their own mass divided by
heir Lorentz factor (Rees & Meszaros 1992 ; Sari & Piran 1995 ),
ut the jet is much faster and less massive, leading to the GRB
fterglow peaking much earlier. The peak of the PWN emission 
s set by the opacity of the ejecta, which can vary greatly across
ands due to the different absorption processes involved at different 
nergies. Ho we ver, for most energies, the PWN will peak sometime
n between the GRB afterglow and ejecta afterglow, leading to a
istinct third component. Previous modelling studies of magnetar- 
riven GRBs or SN/GRBs have not considered all three components 
e.g. Murase et al. 2018 ; Sarin et al. 2022 ; Kusafuka, Matsuoka &
awada 2025 ), and previous observations searching for multiple 
omponents have only led to upper limits (e.g. Schroeder et al.
020 ). 
Here, we examine the emission for each component and show 

he multipeaked non-thermal light curves that can result from such 
ystems. In Section 2 , we derive the scaling relations and fiducial
ime-scales for the three components. In Section 3 , we show the
esulting light curves in radio and X-ray, and show that the magnetar
ignal cannot be reproduced by an ejecta afterglow. In Section 4 , we
iscuss strategies for observation, caveats and uncertainties of our 
pproach, and analyze a few notable GRBs. Finally, in Section 5 , we
ummarize our findings. 

 A NA LY T I C  TIME-SCALE  ESTIMATES  

ere, we estimate the time-scales of the peaks of each non-thermal
omponent using simple analytic scalings at radio and X-ray fre- 
uencies. The fiducial time-scales for each component in both the 
N and SN scenarios are summarized in Table 1 . 

.1 GRB after glo w 

e estimate the peak time-scale for an on-axis afterglow using the
tandard closure relations (Sari et al. 1998 ). We assume a fully
diabatic shock and that the afterglow is in the slow-cooling regime.
e also assume that the density of the ambient medium is constant.

he time-scales where the cooling frequency νc and the frequency at 
he minimum electron acceleration νm 

cross the observed frequency 
are 

 c ≈ 7 . 3 
(

εB 

0 . 01 

)−3 
(

E jet 

10 52 erg 

)−1 (
n CSM 

1 cm 

−3 

)−2 ( ν

10 6 GHz 

)−2 
d , (1) 

 m 

≈ 10 
(

εB 

0 . 01 

)1 / 3 ( εe 

0 . 1 

)4 / 3 
(

E jet 

10 52 erg 

)1 / 3 (
ν

10 6 GHz 

)−2 / 3 
min , (2) 

here εB and εe are the fractions of shock energy that go into
agnetic field and leptons, respectively, E jet is the energy of the jet,

nd n CSM 

is the number density of the ambient medium. Whether the
eak of the light curve is set by t c or t m 

is determined by which time-
cale is shorter, which can be determined by the critical frequency 

crit ≈ 1 . 8 × 10 8 
( εB 

0 . 01 

)−5 / 2 ( εe 

0 . 1 

)−1 
(

E jet 

10 52 erg 

)−1 

×
( n CSM 

1 cm 

−3 

)−3 / 2 
GHz. (3) 

or ν > νcrit (the high-frequency light curve), the peak occurs at t c ,
hile for ν < νcrit (the low-frequency light curve), the peak occurs 

t t m 

. ν = νcrit at the critical time-scale is 

 crit ≈ 18 
( εB 

0 . 01 

)2 ( εe 

0 . 1 

)2 
(

E jet 

10 52 erg 

)( n CSM 

1 cm 

−3 

)
s (4) 

his time-scale is much earlier than the time-scales we observe, and
ustifies our assumption of slow cooling. 
MNRAS 539, 1908–1921 (2025) 
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Table 1. The peak time-scale of each non-thermal component at various radio and X-ray bands for our fiducial parameters. The parameters used for estimating 
the time-scales and the scaling relations for each value can be found in their respective sections. 

Transient Component 1 GHz 100 GHz 1 keV 100 keV 

GRB afterglow 70 d 3 d 100 s 100 s 
SN/LGRB PWN 10 yr 500 d 60 yr 100 d 

Ejecta afterglow 80 yr 80 yr 80 yr 80 yr 
GRB afterglow 7 d 8 hours 20 s 20 s 

KN/SGRB PWN 100 d 15 d 6 yr 2 d 
Ejecta afterglow 3 yr 3 yr 3 yr 3 yr 

 

(

t

w  

w  

w  

c  

ν  

b  

t  

a  

a  

f  

s  

1  

t
 

c  

p  

o  

I

2

W  

d  

p  

t  

o  

t  

s  

s  

X
 

s

t

t

1

t

w  

w  

m  

t  

c
 

c  

v  

5  

∼  

i  

a  

o  

t  

a  

S  

t  

∼  

1
 

m  

2  

M  

Z  

M  

T  

w  

l  

2  

a  

1

2

T  

t  

t  

(  

E  

n

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/3/1908/8107913 by guest on 15 M
ay 2025
If these time-scales are shorter than the jet deceleration time-scale
Blandford & McKee 1976 , 1977 ; M ́esz ́aros 2006 ) 

 dec , jet = 100 

(
E jet 

10 52 erg 

)1 / 3 ( n CSM 

1 cm 

−3 

)−1 / 3 ( γ0 

100 

)−8 / 3 
s, (5) 

here γ0 is the initial Lorentz factor of the jet, then the light curve
ill peak at the deceleration time. For a typical observed LGRB jet
ith εe ∼ 0 . 1, εB ∼ 0 . 01, E jet ∼ 10 52 erg, γ0 ∼ 100, and n CSM 

∼ 1
m 

−3 (Wang et al. 2015 ; Atteia et al. 2017 ), the critical frequency is
crit ∼ 2 × 10 8 GHz ≈ 1 keV, and the peak time-scales in the radio
ands are ∼ 70 d at 1 GHz and around 3 d at 100 GHz, while in
he X-ray bands they are set by the deceleration time, ∼ 100 s. For
 typical observed SGRB, with the same εe , εB , γ0 , and n CSM 

, but
 lower jet energy of E jet ∼ 10 50 erg (Fong et al. 2015 ), the critical
requency is νcrit ∼ 2 × 10 11 GHz ≈ 100 keV, and the peak time-
cales in the radio bands are ∼ 7 d at 1 GHz and around 8 hours at
00 GHz, while in the X-ray bands they are set by the deceleration
ime, ∼ 20 s. 

For an afterglow viewed from off-axis, the peak will be delayed
ompared to the same afterglo w vie wed on-axis. For θobs � θjet , the
eak time-scale will change ∝ θ

8 / 3 
obs , regardless of the angular structure

f the jet 1 (Nakar, Piran & Granot 2002 ; Lamb & Kobayashi 2017 ;
oka & Nakamura 2018 ; Xie, Zrake & MacFadyen 2018 ). 

.2 PWN 

e estimate the peak time-scale for a PWN using the relations
erived by the model in Appendix A . Due to the PWN emission being
roduced shortly after the explosion from the inside of the ejecta,
he time-scale for the observed peak is set by when the optical depth
f the ejecta in a specific band drops to unity. For radio emission,
he key process is free–free absorption (FFA), although synchrotron
elf-absorption (SSA) can be key in certain regions of parameter
pace; for soft X-rays, it is photoelectric absorption; and for hard
-rays, it is Compton scattering. 
Taking equations ( A9 ), ( A12 ), and ( A13 ) for optical depth and

olving for the time-scales where τ = 1 gives 

 esc , ff ≈ 130 

(
M ej 

M �

)2 / 5 (
Y fe 

0 . 05 

)2 / 5 (
Z̄ 

10 

)2 / 5 

(
v ej 

10 5 km s −1 

)−1 ( ν

10 GHz 

)−0 . 42 
d, (6) 

 esc , pe ≈ 80 

(
M ej 

M �

)1 / 2 (
Z̄ 

10 

)(
v ej 

10 5 km s −1 

)−1 

(
hν

10 keV 

)−3 / 2 

d, (7) 
NRAS 539, 1908–1921 (2025) 

 This applies as long as the jet has a core-dominated structure. 
R

 esc , comp ≈ 10 

(
M ej 

M �

)1 / 2 (
Y e 

0 . 5 

)1 / 2 (
v ej 

10 5 km s −1 

)−1 

(
σKN ( ν) 

σT 

)1 / 2 

d, (8) 

here Y fe is the free electron fraction (defined in equation A11 )
ithin the ejecta, Z̄ is the average atomic number of the ejected
aterial, v ej is the ejecta velocity, Y e is the electron fraction within

he ejecta, and σKN and σT are the Klein-Nishina and Thompson
ross-sections, respectively. 

For a fiducial GRB-SN with parameters chosen to be broadly
onsistent with observations (Taddia et al. 2019 ; Srini v asaraga-
an et al. 2024 ), the ejecta mass and velocity will be around
 M � and 20 000 km s −1 , giving a total kinetic energy of

10 52 erg. The ejecta is assumed to consist of singly ion-
zed oxygen, which has Y e ∼ 0 . 5, Z̄ ∼ 8, and Y fe ∼ 1 / 16. The
ssumption of oxygen ejecta is moti v ated by previous nucle-
synthesis studies on GRB-SNe (e.g. Maeda et al. 2002 ) and
he assumption of single-ionization is moti v ated by studies ex-
mining the ionization state of the ejecta in magnetar-driven
Ne (Margalit et al. 2018 ; Omand & Jerkstrand 2023 ). Given

hese parameters, the peak time-scale is ∼ 10 yr at 1 GHz,
500 d at 100 GHz, ∼ 60 yr at 1 keV, and ∼ 100 d at

00 keV. 
For our fiducial magnetar-driven KN, moti v ated by pre vious
odelling efforts and numerical simulations (Yu, Zhang & Gao

013 ; Siegel & Metzger 2017 ; Murase et al. 2018 ; Margalit &
etzger 2019 ; Metzger 2019 ; Sarin et al. 2022 ; Ai, Gao &

hang 2025 ), the ejecta mass and velocity will be around 0.1
 � and 0.5 c, giving a total kinetic energy of ∼ 2 × 10 52 erg.

he ejecta is assumed to have Y e ∼ 0 . 4, Z̄ ∼ 40, and Y fe ∼ 0 . 02,
hich is broadly consistent with r-process nucleosynthesis calcu-

ations (Foucart et al. 2016 ; Roberts et al. 2017 ; Vlasov et al.
017 ). Given these parameters, the peak time-scale is ∼ 100 d
t 1 GHz, ∼ 15 d at 100 GHz, ∼ 6 yr at 1 keV, and ∼ 2 d at
00 keV. 

.3 Ejecta after glo w 

he emission from the ejecta-CSM interaction will peak around the
ime when the ejecta sweeps up a mass comparable to itself, known as
he ejecta deceleration time-scale. Following Nakar & Piran ( 2011 )
see also Hotokezaka et al. 2016 ), a spherical outflow with energy
 ej and velocity cβ0 propagating into a medium of constant density
 CSM 

will begin to decelerate at a radius of 

 dec ≈ 10 18 

(
E ej 

10 52 erg 

)1 / 3 ( n CSM 

1 cm 

−3 

)−1 / 3 
β

−2 / 3 
0 cm (9) 
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n a time-scale of 

 dec , ejecta = 

R dec 

cβ0 
≈ 300 

(
E ej 

10 52 erg 

)1 / 3 ( n CSM 

1 cm 

−3 

)−1 / 3 
β

−5 / 3 
0 d . 

(10) 

 ej is calculated from the initial kinetic energy E K from the 
xplosion/merger and the contribution from the magnetar, which 
epends of the spin-down luminosity and time-scale as well as the 
jecta mass (for further discussion, see Suzuki & Maeda ( 2021 ) and
mand & Sarin ( 2024 )). The peak time-scale can be longer if the
bserv ed frequenc y is below either the self-absorption frequency νssa 

r the synchrotron frequency at the minimum Lorentz factor νm 

at 
he deceleration time-scale. These frequencies have values 

ssa ≈ 1 

(
E ej 

10 49 erg 

) 2 
3(4 + p) ( n CSM 

1 cm 

−3 

) 14 + 3 p 
6(4 + p) 

( εB 

0 . 1 

) 2 + p 
2(4 + p) 

( εe 

0 . 1 

) 2( p−1) 
4 + p 

β
15 p−10 
3(4 + p) 

0 GHz (11) 

m 

≈ 1 
(

n CSM 
1 cm 

−3 

)1 / 2 ( εB 

0 . 1 

)1 / 2 ( εe 

0 . 1 

)2 
β5 

0 GHz (12) 

t t dec , where p ∼ 2 . 5 is the index of the accelerated electrons
 N/ d γ ∝ γ −p . For a fiducial GRB SN ( E ej ∼ 10 52 erg, β0 ∼ 0 . 06,
 CSM 

∼ 1 cm 

−3 , εB = εe ∼ 0.1) and for ejecta from a magnetar-
riven KN ( E ej ∼ 10 52 erg, β0 ∼ 0 . 5, n CSM 

∼ 1 cm 

−3 , εB = εe ∼
.1) (Nakar & Piran 2011 ; Sarin et al. 2022 ), νssa and νm 

are both
elow 1 GHz, and thus the light curve in all bands above 1 GHz will
eak at the deceleration time-scale, which is ∼ 3 yr for the KN and

80 yr for the SN. 

 M O D E L L I N G  

.1 Fiducial light cur v es 

ere, we show the fiducial non-thermal light curves of SNe/LGRBs 
nd KN/SGRBs at 1 GHz, 100 GHz, 1 keV, and 100 keV. The
odels are generated with Redback (Sarin et al. 2024 ) using

he tophat redback (Lamb, Mandel & Resmi 2018 ), PWN 
This work, Appendix A ), and kilonova afterglow redback 
Margalit & Piran 2020 ; Sarin et al. 2022 ) models for the GRB
fterglow, PWN, and ejecta afterglo w, respecti vely. These models 
or a distance of 100 Mpc are shown in Fig. 1 . 

The GRB afterglow model is calculated using a jet opening angle 
f θjet = 0.1 radians, spectral index p = 2.5, initial Lorentz factor γ0 

 100, εe = 0.1, εB = 0.01, and a jet energy of E jet = 10 52 erg for
he LGRB and 10 50 erg for the SGRB, which are typical parameters
nferred from LGRB and SGRB afterglows (Fong et al. 2015 ; Wang
t al. 2015 ; Atteia et al. 2017 ). The models are calculated with two
alues of n CSM 

: 1 cm 

−3 and 10 −3 cm 

−3 , representing the high and low
nds of typical observed GRBs (Fong et al. 2015 ; Wang et al. 2015 ).
he models are also calculated with two viewing angles, 0 ◦ and 32 ◦,
hich are referred to as on- and of f-axis, respecti vely. The of f-axis

ngle was chosen as 32 ◦ because it is the peak of the inclination
istrib ution for gra vitational wa ve detected sources, and therefore 
he most likely viewing angle for GW counterparts (Schutz 2011 ; 
amb & Kobayashi 2017 ). 
The PWN model is calculated using a magnetar braking index 2 

 = 3, εB = 10 −2 , and electron injection Lorentz factor γb = 10 −5 ,
 The braking index n parametrizes the time dependence of the magnetar spin- 
own (see equation A1 ). The value n = 3 corresponds to vacuum dipole spin 
own. 

u  

t  

p  

i  

P

hich are typical of Galactic PWNe such as the Crab (Tanaka et al.
020 , Tanaka & Takahara 2013 ) and similar to that used in previous
tudies of SLSN radio emission (e.g. Omand et al. 2018 ; Law
t al. 2019 ; Eftekhari et al. 2021 ). The SN scenario is calculated
ith initial spin-down luminosity L 0 = 10 48 erg s −1 , spin-down

ime-scale t SD = 10 4 s, and ejecta mass M ej = 5 M � while the
N scenario is calculated with L 0 = 10 50 erg s −1 , t SD = 10 2 s,

nd M ej = 0 . 05 M �. The parameters chosen for the SN scenario
ive parameters consistent with previous GRB-SN observations and 
odels of SNe Ic-BL (Taddia et al. 2019 ; Suzuki & Maeda 2021 ;
mand & Sarin 2024 ; Srini v asaragav an et al. 2024 ), while the
arameters chosen for the KN scenario are moti v ated by previous
odelling efforts and numerical simulations (e.g. Yu et al. 2013 ;
iegel & Metzger 2017 ; Murase et al. 2018 ; Margalit & Metzger
019 ). The KN is also calculated with a different ejecta composition
hich is broadly consistent which r-process nucleosynthesis and KN 

pectral simulations (Foucart et al. 2016 ; Roberts et al. 2017 ; Vlasov
t al. 2017 ; Hotokezaka et al. 2021 ; Pognan et al. 2023 , 2025 ), with
 e ∼ 0 . 4, Z̄ ∼ 40, and Y fe ∼ 0 . 02. 
The parameters for the ejecta afterglow are mostly shared with 

he other models, since n CSM 

is already set in the GRB afterglow
odel, M ej is set by the PWN model, and E ej is calculated in the
WN model, and set by L 0 , t SD , and M ej [see Sarin et al. ( 2022 ) and
mand & Sarin ( 2024 ) for further details]. The partition parameters

re set as εe = εB = 0 . 1, and the spectral index is taken as p = 2 . 5
Frail, Waxman & Kulkarni 2000 ; Frail et al. 2005 ). 

In radio bands, the PWN is al w ays detectable for the fiducial
agnetar-driven SN. The viewing angle of the GRB does not impact

he time-scale of the detectability of the PWN due to the large
ifference in peak time-scales. The PWN peak time-scales of the 
odel are ∼ a few hundred d at 100 GHz and ∼ a decade at
 GHz, in agreement with what we derived in Section 2 . The
etectability window of the PWN depends on the ambient density, 
ince both afterglow components decrease in luminosity in more 
arefied environments, especially the ejecta afterglow. The GRB 

fterglow is al w ays the dominant component at early times, and
jecta afterglow at late times. The PWN is the dominant component
fter ∼ 6 yr at 1 GHz and after ∼1 yr at 100 GHz, and it is the
ominant component in both bands until ∼30 yr in the high density
edium and until > 300 yr in the low-density medium. 
The radio emission from the PWN in the fiducial magnetar- 

riven KN will be detectable in most situations, although in dense
nvironments, the ejecta afterglow will have comparable luminosity 
t 1 GHz to the PWN at the PWN peak time-scale. The GRB afterglow
s the dominant component at early times if the GRB is on-axis or in
 dense ambient medium, but will be subdominant to the PWN in a
iffuse medium for an off-axis observer. The peak time-scale is set
y SSA at 1 GHz and FFA at 100 GHz. The detectability window at
 GHz in a high-density medium is ∼40–150 d, and for a low-density
edium the window is ∼30–1500 d, while at 100 GHz the window

or a high-density medium is 5–90 d and for a low density medium
s 5–1500 d. 

In X-rays, there are some regions of the parameter space where
he PWN does not dominate the light curve on any time-scale in a
agnetar-driven SN, due to the similar peak time-scale to the ejecta

fterglow. This is the case at 1 keV in a dense medium, and even in a
ow-density medium, the PWN will not be the dominant component 
ntil several decades post-explosion. At 100 keV, the PWN will be
he dominant component from ∼ 50 d until > 30 yr, and will be
receded by the GRB in each case except for an off-axis afterglow
n a high-density medium, which rises on the same time-scale as the
WN but at a lower luminosity. 
MNRAS 539, 1908–1921 (2025) 
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M

Figure 1. Non-thermal light curves for our fiducial magnetar-driven SNe and KNe, with on- and off-axis GRBs, in radio and X-ray. Each panel shows the GRB 

afterglow (blue), PWN (green), ejecta afterglow (red), and total emission (black). The solid and dashed lines indicate the density of the ambient medium n CSM 

to be 1 and 10 −3 cm 

−3 , respectively. The off-axis afterglow is taken from an observer angle of 32 ◦. The transient is assumed to be at 100 Mpc ( z = 0.024). 
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At 1 keV, the PWN in the fiducial magnetar-driven KN will never
ominate o v er the KN afterglow. At 100 keV it dominates from < 1 d
ntil ∼ 150 d in a high-density medium and ∼800 d in a low-density
edium. 

.2 Inference on a simulated light cur v e 

o determine whether a PWN can be distinguished from an afterglow
n data, we simulate and fit an observed radio light curve generated
or the fiducial KN/SGRB using the REDBACK simulation workflow
t 1 and 100 GHz for up to 100 d post-explosion. The light curves
re observed ten times over the time span at each frequency. The
istance to the transient is 100 Mpc, giving a redshift of z = 0.024;
he neutron star merger that causes this transient would thus also be
etectable with current gra vitational wa ve detectors (Abbott et al.
020 ). 
NRAS 539, 1908–1921 (2025) 
Inference is performed using REDBACK (Sarin et al. 2024 ) with the
YMULTINEST sampler (Buchner et al. 2014 ) implemented in BILBY

Ashton et al. 2019 ). We sample in flux density with a Gaussian
ikelihood. To gauge whether the PWN is needed to explain the
bserved emission, we implement a Slab-Spike prior (Malsiner-
 alli & W agner 2018 ) on the initial PWN luminosity L 0 , which

mposes a dirac-delta function onto an already existing prior. We
ive the spike 10 per cent of the probability of the prior and place it
t the lowest value of L 0 within the prior. Having a large probability
f a low value of L 0 allows us to test if the emission can be reproduced
ith the PWN ef fecti vely turned off. A list of the parameters varied

n the inference, as well as the median and 1 σ values of the posterior,
s found in Table 2 . Other parameter values are kept constant at their
ducial values (see Section 3.1 ). 
The fitted data are shown in Fig. 2 and the posterior is shown in

ig. B1 . The posteriors for the afterglow parameters E jet , εe , GRB ,
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Table 2. The parameters and priors used in this study. Priors are either uniform (U) log-uniform (L), sine (Sine), or Slab-Spike (S). The values shown for the 
posterior are the median and 1 σ uncertainties. Posterior values denoted with L are given in log-space. The full posterior is shown in Fig. B1 . 

Parameter Definition Units Injected value Prior 1D posterior values 

θv Viewing angle Radians 0.1 Sine[0, π/ 2] 0.34 + 0 . 10 
−0 . 14 

E jet Jet energy (isotropic equi v alent) erg 10 50 L [10 46 , 10 53 ] L (49 . 87 + 0 . 65 
−0 . 55 ) 

εe , GRB Lepton energy parameter (GRB) 0.1 L [10 −5 , 1] L ( −1.07 + 0 . 44 
−1 . 30 ) 

εB , GRB Magnetization parameter (GRB) 0.01 L [10 −5 , 1] L ( −1.38 + 0 . 95 
−1 . 68 ) 

n CSM 

CSM number density cm 

−3 10 −2 L [10 −5 , 10 2 ] L (0 . 74 + 0 . 75 
−1 . 15 ) 

L 0 Initial magnetar spin-down luminosity erg s −1 10 50 S [10 40 , L[10 40 , 10 51 ]] L (45 . 46 + 1 . 15 
−1 . 01 ) 

t SD Spin-down time s 10 2 L [10, 10 8 ] L (4 . 35 + 0 . 69 
−0 . 90 ) 

M ej Ejecta mass M � 0.05 L [0.01, 100] 0.02 + 0 . 00 
−0 . 00 

n Magnetar braking index 3 U [1.5, 10] 2.80 + 0 . 26 
−0 . 25 

εB , PWN Magnetization parameter (PWN) 10 −2 L [10 −7 , 1] L ( −1.29 + 0 . 60 
−0 . 56 ) 

γb Electron injection Lorentz factor 10 5 L [10 2 , 10 8 ] L (4 . 77 + 1 . 73 
−1 . 55 ) 

εe , ejecta Lepton energy parameter (ejecta) 0.1 L [10 −5 , 1] L ( −3.41 + 1 . 47 
−1 . 05 ) 

εB , ejecta Magnetization parameter (ejecta) 0.1 L [10 −5 , 1] L ( −3.21 + 1 . 67 
−1 . 18 ) 

Figure 2. The fitted radio light curve for the simulated KN/SGRB for both 
1 and 100 GHz. The solid line shows the model with the highest likelihood 
while the shaded region shows the 90 per cent confidence interval. 
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B , GRB and as well as n , εB , PWN , and γb , are all found to be within
round 1 σ of the injected parameters. θobs and n CSM 

are more than 
 σ away, but are correlated, while εe , ejecta and εB , ejecta are not well 
onstrained due to the signal lacking an ejecta afterglow compo- 
ent. The one-dimensional posteriors for L 0 and t SD underestimate 
nd o v erestimate the injected v alues, respecti vely, although the
e generac y between them is clear in the two-dimensional posterior. 
he ejecta mass is also significantly underestimated. These three 
arameters all show strong correlation and have wide priors with 
he injected value close to the edge of the prior. The escape time
equation 6 ) shows a dependence on both ejecta mass and velocity,
o the lower inferred ejecta mass implies that the ejecta in the inferred
odel must have lower velocity than in the injected model, which 

s consistent with a lower L 0 and higher t SD . This example shows
he sensitivity of the inferred parameters to the intrinsic noise of the

easurement. Other estimates of M ej or v ej in a real system, either
rom gra vitational wa v e data (Abbott et al. 2019 ), KN light curv e
odelling (Yu et al. 2013 ; Metzger 2019 ; Sarin et al. 2022 ), or KN
pectroscop y (Hotok ezaka et al. 2021 ; Pognan et al. 2023 ), would
elp get a more accurate estimate of the PWN and ejecta parameters.
The posterior for L 0 shows no probability at 10 40 erg, showing

hat it is unlikely that this emission can be reproduced without a
trong PWN. The main features that cannot be reproduced by an
jecta afterglow are the frequency-dependent peak time-scales and 
he fast rise from only GRB afterglow emission to PWN peak. The
jecta afterglow emission time-scale can be frequency-dependent 
f either the self-absorption frequency or synchrotron frequency of 
he minimum Lorentz factor is higher than the observed frequency, 
hich can happen at low frequencies in atypical cases. This would

ause a dependence of either t peak ∝ ν
−1 / 3 
obs if νm 

is higher or t peak ∝
−(4 + p ) / (3 p −2) 
obs if νssa is higher (Nakar & Piran 2011 ), which could 
imic the t peak ∝ ν−0 . 42 

obs expected for a PWN. Ho we ver, the rising flux
or an ejecta afterglow is a power law that becomes slower ( F ν ∝ 

∼
t 1 . 5 

s opposed to F ν ∝ 

∼
t 3 ) under the conditions where t peak becomes

requency-dependent (Nakar & Piran 2011 ). The ejecta afterglow 

ising flux also contrasts with the PWN rising flux, which is an
xponential rise due to being caused by optical depth effects. While
his can be used to distinguish between the two scenarios, one needs

ultiple extremely high cadence observations during the light curve 
ise to distinguish them via the rise index alone. Another method of
onfirming the presence of a PWN is to continue observing on ∼
ear time-scales when the ejecta afterglow component dominates, as 
he presence of the third peak would provide further evidence for
his scenario. Ho we ver, this is only viable for SGRBs, as the ejecta
fterglow is not expected to dominate the emission for LGRBs until
ecades after the burst. 

 DI SCUSSI ON  

lthough the PWN can be the dominant emission component at 
ertain times and frequencies, these PWNe are still not bright enough
o be seen at large redshifts. The detection limit for NuSTAR in
ard X-rays is roughly 1 nJy (Vurm & Metzger 2021 ), which
ives a detection horizon of only ∼ 30 Mpc for our fiducial
N/LGRB PWNe and 3 Mpc for our fiducial KN/SGRB PWNe. 
he Karl G. Jansky Very Large Array (VLA) and Atacama Large
illimetre/submillimetre Array (ALMA) have 3 σ detection limits of 
MNRAS 539, 1908–1921 (2025) 
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oughly 15 and 50 μJy for 1 and 100 GHz, respectively (Omand et al.
018 ; Eftekhari et al. 2021 ). Based on Fig. 1 , the detection horizon for
ur fiducial SN/LGRB PWNe is ∼ 250 Mpc ( z ∼ 0 . 06) at 1 GHz and
00 Mpc ( z ∼ 0 . 05) at 100 GHz, while for our fiducial KN/SGRB
WN the detection horizon is ∼ 1.5 Gpc ( z ∼ 0 . 3) at 1 GHz and
.0 Gpc ( z ∼ 0 . 2) at 100 GHz. The horizon for SNe/LGRBs is lower
han almost all Ic-BL SNe (Taddia et al. 2019 ; Srini v asaragav an et al.
024 ) and LGRBs (Horvath et al. 2022 ); however, the horizon for
Ne/SGRBs contains roughly 10 per cent of the SGRB distribution

Ghirlanda et al. 2016 ). Schroeder et al. ( 2020 ) observed several
 < 0 . 5 SGRBs at 6 GHz around 2 –14 yr post-burst and did not
etect any emission, placing constraints on both the PWN and ejecta
fterglow emission. 

Next-generation radio telescopes, such as DSA-2000 and ngVLA
ill have 3 σ detection limits of ∼ 1 μJy in the 1–100 GHz bands (Di
rancesco et al. 2019 ; Hallinan et al. 2019 ; McKinnon et al. 2019 ),
iving horizons of ∼ 1–1.5 Gpc ( z ∼ 0 . 2 − 0 . 3) for our fiducial
N/LGRB PWNe and ∼ 4–10 Gpc ( z ∼ 0 . 7 − 1 . 5) for our fiducial
N/SGRB PWNe. Most classified Ic-BL SNe are detected below

he SNe/LGRB horizon (Taddia et al. 2019 ; Srini v asaragav an et al.
024 ), although the majority of LGRBs are at higher redshifts (Lan
t al. 2021 ). The horizon for SGRBs comprises around 50 per cent of
he population at 1 GHz and almost the entire population at 100 GHz
Ghirlanda et al. 2016 ). 

We precluded modelling of the optical/UV signal in Section 3.1
ue to possible contamination from the associated SN/KN. The ther-
al SN/KN component can be modelled along with the non-thermal

omponents [see e.g. Wallace & Sarin ( 2024 ) for joint afterglow/KN
odelling], but we did not want to present four-component models

or simplicity. The absorption processes for optical/UV emission
re primarily bound-bound transitions that thermalize the energy in
he ejecta, and the escape time-scale is thus given by the nebular
ime-scale for the ejecta. For typical GRB-SNe, this time-scale is
round 1–2 months, while for magnetar-driven KNe, this time-scale
s around 1–5 d. Models of these transients predict strong optical
mission at these times (Sarin et al. 2022 ; Omand & Sarin 2024 ),
lthough near-UV emission can decline sharply as the transient cools,
eaving a window for the non-thermal emission to be detectable at
hese wavelengths. 

Given the need for well-timed, high-cadence, multiband observa-
ions to confirm this scenario, it’s important to note the early signals
f magnetar-driven GRBs. This is especially important to coordinate
 acilities lik e ALMA, which can take as long as two weeks to respond
o a target-of-opportunity trigger, 3 which is comparable to the escape
ime-scale at 100 GHz in the fiducial KN/SGRB. With the horizons
alculated abo v e, it is unlikely we will detect PWN emission for all
ut the closest LGRBs or for SGRBs abo v e z ≈ 0 . 3 with current
nstruments, so it is best to focus on lo w-redshift SGRBs. Gi ven the
otential o v erlap of the PWN and ejecta afterglow components at
ower radio frequencies for SGRBs, targeting the afterglows with
igh frequency radio observations has a higher chance of a clear
isco v ery, which can be followed up with lower frequency radio
bservations to further characterize the PWN and ejecta afterglow
omponents. Early signals typically associated with the presence
f a central magnetar are X-ray plateaus (Rowlinson et al. 2013 ;
ompertz et al. 2014 ; Stratta et al. 2018 ; Sarin, Lasky & Ashton
020a ) and extended emission (Metzger et al. 2008 ; Bucciantini et al.
012 ; Gompertz et al. 2013 ; Gompertz et al. 2014 ; Gibson et al. 2017 ;
arin, Lasky & Ashton 2020b ). For closer objects, a gravitational
NRAS 539, 1908–1921 (2025) 
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a  

a  

e  
ave detection of a BNS merger coincident with the GRB showing
 low chirp mass and an anomalously bright KN (Yu et al. 2013 ;
etzger 2019 ; Sarin et al. 2022 ; Ai et al. 2025 ) would mark it as a

trong candidate for being magnetar-powered. BNS mergers are also
xpected to be neutrino sources on a short time-scale (Kyutoku &
ashiyama 2018 ), but a long-lived magnetar remnant could emit
eutrinos on a longer time-scale due to the interaction of the hadrons
n the pulsar wind and ejecta (Bednarek 2003 ; Di Palma, Guetta &
mato 2017 ). 
The presence of a magnetar engine can be inferred from the

uminosity and time-scale of the thermal transient or the detection
f non-thermal emission from the PWN, but the magnetar may also
ave other detectable effects. Omand et al. ( 2019 ) suggested that dust
ormed in the ejecta of magnetar-driven SNe can be heated by the
WN and produce an observable signal in the infrared. While this
ignal could be present in GRB-SNe, those systems could also have
n infrared excess due to r-process nucleosynthesis in a collapsar
Siegel, Barnes & Metzger 2019 ; Barnes & Metzger 2022 ; Anand
t al. 2024 ), so this signal would not be definitive. In KNe with no
nergy injection into the ejecta, dust is difficult to form due to the
ow density of the ejecta (Takami, Nozawa & Ioka 2014 ); adding
nergy injection would only make this problem worse due to the
lower cooling and faster ejecta velocity, so this is likely not a viable
ethod of detecting magnetars in KNe. Also, KNe are intrinsically

right in the infrared, so an infrared excess from dust would be
ifficult to disentangle from the KN emission. The PWN can also
onize the ejecta, leading to higher ionization lines in the nebular
ptical/UV spectrum of the transient. This effect has been examined
n stripped-envelope SNe (Che v alier & Fransson 1992 ; Dessart 2019 ;
mand & Jerkstrand 2023 ; Dessart 2024 ), with recent efforts focused
n replicating the spectrum of possible magnetar-driven SN, such as
N 2012au (Milisavljevic et al. 2013 , 2018 ). However, these spectral
odels are still missing key physics to make accurate predictions for

hese systems [see Omand & Jerkstrand ( 2023 ) for details]. The ejecta
elocity of a magnetar-driven KN is expected to be � 0 . 4 c (Sarin
t al. 2022 ), so most lines would likely be broadened too much to be
etectable. Models of nebular spectra are also extremely uncertain
ue to a lack of atomic data (Hotokezaka et al. 2023 ; Pognan et al.
023 ; Banerjee et al. 2025 ; Pognan et al. 2025 ), so increasing the
omplexity of those models with a central energy source would likely
e unfeasible for the foreseeable future. A PWN could also induce
olarization in the ejecta either by injecting energy asymmetrically
Inserra et al. 2016 ; Saito et al. 2020 ) or by causing hydrodynamic
nstabilities in the ejecta (Chen et al. 2016 ; Suzuki & Maeda 2017 ,
021 ). Modelling of polarization in similar systems is scarce (Tanaka
t al. 2017 ; Bulla et al. 2019 ) and their polarization without a central
agnetar is not well understood, so a polarization measurement will

ot be able to constrain the presence of a magnetar without further
odelling. 
Modelling the three different emission components and their

nteractions is extremely difficult, and our simplified treatment of
he non-thermal emission components has a few notable caveats.
he PWN and transient ejecta are assumed to be spherical in

his model, although in reality this symmetry can be broken in
lenty of ways. Most numerical simulations of KNe show large
eviations from spherical symmetry (Bauswein, Goriely & Janka
013 ; Hotokezaka et al. 2013 ; Rosswog et al. 2014 ), and interaction
etween the jet and ejecta can cause the geometry and emission of
oth to be affected (Nativi et al. 2021 , 2022 ). The PWN can be
spherical due to Kelvin–Helmholtz instabilities, and the nebula can
lso cause strong Rayleigh–Taylor instabilities within the transient
jecta, which can form ejecta filaments (Davidson & Fesen 1985 ;

https://almascience.eso.org/observing/too-activation
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Figure 3. 100 keV light curv es for magnetar-driv en SNe and KNe with an 
on-axis GRB and a high-magnetization PWN. Each panel shows the GRB 

afterglow (blue), PWN (green), ejecta afterglow (red), and total emission 
(black). The solid and dashed lines indicate the density of the ambient medium 

n CSM 

to be 1 and 10 −3 cm 

−3 respectively. 
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un 1998 ; Bucciantini et al. 2004 ; Porth, Komissarov & Keppens
014 ) and cause the PWN forward shock to break out of the material
Blondin & Che v alier 2017 ; Suzuki & Maeda 2017 ; Omand et al.
025 ). The rebrightenings could also be caused by more complicated 
et geometries and afterglow physics, such as an exotic jet shape 
Takahashi & Ioka 2021 ; Beniamini, Gill & Granot 2022 ), counterjet
Granot & Loeb 2003 ; Li & Song 2004 ; Wang, Huang & Kong 2009 ;
hang & MacFadyen 2009 ; Dastidar & Duffell 2024 ), reverse shock

Kobayashi, Piran & Sari 1999 ; Kobayashi & Sari 2000 ; Uhm et al.
012 ), or late energy injection into the shock, causing a refreshed
hock (Panaitescu, M ́esz ́aros & Rees 1998 ; Rees & M ́esz ́aros 1998 ;
hang & M ́esz ́aros 2002 ). Ho we ver, the peak time-scales for reverse
hocks and counterjets are expected to be much shorter (Kobayashi & 

ari 2000 ; Uhm et al. 2012 ) and longer (e.g. van Eerten, van
er Horst & MacFadyen 2012 ), respectively. The GRB and ejecta 
fterglow models we use both assume the surrounding medium has 
onstant density, which is not true in the case of wind or eruptive
ass loss from the progenitor. The top-hat model also ignores the 

ffects of the magnetar on the jet itself, which could produce an X-
ay plateau in the early afterglow (Rowlinson et al. 2013 ; Gompertz
t al. 2014 ; Stratta et al. 2018 ). The use of a one-zone spherical
jecta afterglow also neglects the effects of the density structure of
he ejecta, which can cause o v er an order of magnitude difference in
he observed signal (Rosswog et al. 2024 ). 

Radio and hard X-ray opacities are relatively straightforward 
o compute, but our treatment of the soft X-ray opacity from
hotoabsorption (equation A12 ) neglects a lot of complicated 
hysics). In general, the photoabsorption opacity depends on both 
he composition and time-dependent ionization state of the ejecta, 
hich depends on the luminosity and spectrum of the ionizing 
WN radiation and the recombination rates from the rele v ant ions.
e include some compositional dependence with Z̄ , but neglect 

he changes in opacity due to changes in ionization, which require 
etailed radiative transfer simulations to compute. Kashiyama et al. 
 2016 ) uses the same treatment and notes that it likely o v erestimates
he photoabsorption opacity. The PWN can drive an ionization front 
hrough the ejecta, which can produce UV/soft X-ray emission if 
t breaks out; Metzger et al. ( 2014 ) and Metzger & Piro ( 2014 )
iscuss this case for magnetar-driven SLSNe and KNe, respectively, 
nd outline the conditions where it can happen. X-ray surv e ys of
LSNe have shown soft X-ray emission in some cases (Levan et al.
013 ), although this emission is rare o v erall (Margutti et al. 2018 ).
ebular spectra of potential magnetar-driven supernovae generally 

how line emission from species that would be ionized out given a
oft X-ray breakout, so this phenomenon must be rare. Examining 
ig. 1 shows that a decrease in the soft X-ray opacity may lead

he PWN to dominate the emission on 1000 d time-scales for the
N/LGRB case, but it is still unlikely for the PWN to dominate

n the KN/SGRB case unless the ambient density is extremely low 

ue to the relative brightness of the ejecta afterglow. However, this
mission is not predicted to be detectable by something like Chandra 
nless the transient is extremely close. 
The parameters used for the microphysics of our fiducial PWN 

re consistent with that of Galactic PWNe such as the Crab
Tanaka et al. 2020 , Tanaka & Takahara 2013 ), the lack of observed
adio counterparts (Law et al. 2019 ; Eftekhari et al. 2021 ) shows
hat this assumption may not be correct for most magnetar-driven 
Ne. A couple of alternate microphysical models are the high- 
agnetization PWN model (Murase et al. 2021 ), where the syn-

hrotron energy peaks in the MeV range, and the low-magnetization 
odel (Vurm & Metzger 2021 ), where the emission is dominated 

y inverse-Compton emission ( Y IC � 10). The latter of these models
s also moti v ated by strong non-thermal losses in SLSNe (Vurm &
etzger 2021 ). The radio emission from both of these cases would

e significantly lower than the Crab-like case (Murase et al. 2021 ). 
Because our model does not include inverse Compton emission 

or simplicity, we cannot treat the low-magnetization model, but we 
an examine the high-magnetization model further. Fig. 3 shows 
he 100 keV light curves for our fiducial SN/LGRB and KN/SGRB
ith εB , PWN = 0 . 5, γb = 10 7 , and the low-energy spectral index q 1 =
, as used in Murase et al. ( 2021 ). The PWN signal at 100 keV
or both types of objects is lower than the cases with Crab-like
icrophysics due to the peak of the spectrum being in the 10–100
eV range and the steeper spectral index. This is consistent with
urm & Metzger ( 2021 ) and Murase et al. ( 2021 ), which show the

wo models having emission of around the same order of magnitude
t 100 keV. Those studies also show that detecting the emission
t > 1 MeV will likely require next generation instruments, such
s eASTROGAM and AMEGO. While it may be possible to have
 synchrotron spectrum that peaks at ∼100 keV around the PWN
scape time, such a model would likely need to be fine-tuned and
equire more physical moti v ation. 

The SGRB counterpart to the BNS merger GW170817, 
RB170817A, is the closest SGRB to date (Fong et al. 2022 ; Nugent

t al. 2022 ) and one of the most studied transients in history (e.g.
MNRAS 539, 1908–1921 (2025) 
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M

Figur e 4. The GRB after glow of GRB170817A in optical, X-ray, and radio 
(Evans et al. 2017 ; Haggard et al. 2017 ; Hallinan et al. 2017 ; Mooley et al. 
2018 ) and a Gaussian jet light-curve model using the median parameters 
from Lamb et al. ( 2019a ). PWNe from magnetars with L 0 = 10 50 ( E rot = 

10 52 ) and L 0 = 10 49 ( E rot = 10 51 ) are shown with dashed and dotted lines, 
respectively, while the afterglow with no PWN is shown with solid lines. The 
other PWN parameters are taken from the fiducial KN/SGRB case. 
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bbott et al. 2017a , b , c ; Margutti & Chornock 2021 ). The total
ass of the BNS system was inferred to be ∼ 2.7 M � (Abbott

t al. 2019 ) with < 0.1 M � of ejected material, which is larger than
he inferred maximum non-rotating neutron star mass M TOV of 2.2–
.3 M �. Ho we ver, se veral studies propose that GW170817 could
ave had a long-lived or infinitely stable neutron star, especially
f the spin-down luminosity is dominated by gravitational wave
mission (Ai et al. 2018 ; Yu, Liu & Dai 2018 ; Piro et al. 2019 ;
arin & Lasky 2021 ; DuPont & MacFadyen 2024 ). Fig. 4 shows

he afterglow of GRB170817A in optical, X-ray, and radio (Evans
t al. 2017 ; Haggard et al. 2017 ; Hallinan et al. 2017 ; Lyman et al.
018 ; Mooley et al. 2018 ), along with a Gaussian jet light curve
odel using the median parameters from Lamb et al. ( 2019a ).
e note that the afterglow models used here and in Lamb et al.

 2019a ) have slightly different physics, 4 and thus our model does
ot match the data exactly. We do not model the emission from a
N component here, and the optical opacity for absorption of PWN

mission is taken as κ = 1 cm ; Metzger & Fern ́andez 2014 ; Lippuner
t al. 2017 ). We sho w a GRB afterglo w without a PWN and two
ith initial magnetar luminosities of L 0 = 10 50 ( E rot = 10 52 ) and
 0 = 10 49 ( E rot = 10 51 ), with all other parameters being taken from

he fiducial case. With a PWN, both the optical and radio emission are
ignificantly more luminous than observed, and the radio emission
ho ws a distincti ve rise at around 10–100 d, w ould w ould have been
eadily observable. The optical emission would have also risen on
he time-scale of 1–2 d and would have been detectable in the initial
N emission. This shows that if the remnant of the 170 817 BNS
erger is a stable neutron star, the rotational energy of the neutron

tar emitted in electromagnetic radiation would have to be � 10 51 
NRAS 539, 1908–1921 (2025) 

 Our model has updated versions of jet spreading and SSA compared to 
amb et al. ( 2019a ). Our use of median parameters instead of the most likely 
arameters will also cause some discrepancy between our light curve and the 
ata. 

 

i  

w
0  

e  

t  
rg in order to not be detectable in the afterglow, which gives a
onserv ati ve lo wer limit on the initial spin period of ∼ 7 ms for a 2.2
 � neutron star, similar to what was found by Murase et al. ( 2018 ).
 remnant neutron star with initial spin period of < 7 ms would

lso have increased the KN bolometric luminosity by 1–3 orders of
agnitude (Sarin et al. 2022 ) depending on the exact spin period,
hich would have been detectable for spin periods ∼ 1 ms but may
ot be for spin periods ∼ 5 ms due to uncertainties in KN motdelling
Brethauer et al. 2024 ; Sarin & Rosswog 2024 ; Pognan et al. 2025 ).

A recent case is GRB210702A, which showed a frequency-
ependent rebrightening as predicted by the PWN model (de Wet
t al. 2024 ). Ho we ver, GRB210702A is an LGRB at z = 1 . 160 (Xu
t al. 2021 ) with the rebrightening starting at ∼ 10 d in the observer
rame, bringing the rest frame rebrightening time to ∼ 5 d. Given
he time-scale from equation ( 6 ), this would require � 0.01 M � of
jecta traveling at a significant fraction of the speed of light, which is
nrealistic for even a KN. The distance is also far outside the expected
orizon for our fiducial parameters, so the effect of the PWN would
e difficult to observe in this object. Thus, it seems unlikely that the
ource of the rebrightening could be a PWN. 

 SUMMARY  

on-thermal light curves from magnetar-powered GRBs can show
mission from the GRB afterglow, PWN, and ejecta afterglow. The
ime-scales for the peak of each emission component are different
n both radio and x-ray for our fiducial parameters, making each
omponent potentially distinguishable in the resulting light curve.
he GRB afterglow will peak first, followed by the PWN, then the
jecta afterglow. The GRB and ejecta afterglow peak time-scales
re set by the deceleration time-scale and the mo v ement of the
pectral peak across the band, while the PWN peak time-scale is set
y absorption processes within the transient ejecta, giving different
ehaviours across different bands for the peak time-scales. 
We show the light curves for fiducial SNe/LGRBs and

Ne/SGRBs, both on- and off-axis, at 1 GHz, 100 GHz, 1 keV,
nd 100 keV. At 1 GHz, the PWN dominates the emission at ∼ 6 yr
or SNe/LGRBs and ∼ 100 d for KN/SGRBs, although PWN can be
ubdominant to a KN afterglow if the density of the surrounding
edium is high enough. At 100 GHz, the PWN dominates the

mission at ∼ 1 yr for SNe/LGRBs and ∼ 15 d for KN/SGRBs,
egardless of the density of the ambient medium. The PWN will
ever be detectable at 1 keV due to strong absorption, and while the
WN does dominate the 100 keV emission o v er the first few decades,

he emission is faint enough that detecting it with current instruments
s impossible. 

We simulate our fiducial KN/SGRB observed at 1 and 100 GHz
nd fit it with a three-component model using a prior that can
f fecti vely turn off the PWN component. The posterior shows a
 per cent probability that the transient can be explained without
 PWN component. The two distinguishing features of the PWN
omponent are the frequency-dependent rise and the fast rise from
nly afterglow emission to PWN peak. The ejecta afterglow can show
 frequency-dependent rise time in atypical cases, but the rise will
lo w do wn in those cases, making it possible to distinguish through
igh-cadence observations. 
The detection horizon for the fiducial PWN in these scenarios

s z ∼ 0 . 05 –0 . 06 for SN/LGRBs and z ∼ 0 . 2 –0 . 3 for KN/SGRBs
ith current instruments and z ∼ 0 . 2 –0 . 3 for SN/LGRBs and z ∼
 . 7 –1 . 5 for KN/SGRBs with next-generation instruments. The PWN
mission would be detectable in optical, but will likely compete with
he thermal emission from the transient. Our simple treatment of the
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mission components neglects asymmetry and interaction between 
he different components, which can have a strong effect but is
ifficult to describe in a self-consistent way. We modeled the potential 
on-thermal emission from GRB170817A and GRB210702A and 
ound that neither of them are likely to contain a PWN. The
ptimal observing strategy for detecting PWNe in GRB afterglows is 
ultiband, high-cadence radio follow-up from 10 to 100 d of nearby 
GRBs with an X-ray plateau or extended emission. 
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PPEN D IX  A :  OV ERVIEW  O F  T H E  PWN  

O D E L  

his model is based on the analytic scalings presented in Murase
t al. ( 2021 ). The dynamics for the model are calculated in the same
ay as Sarin et al. ( 2022 ) and Omand & Sarin ( 2024 ); see those
apers for details. 
Table A1. The parameters and default priors implemented for 
(L). 

Parameter Definition 

M ej Ejecta mass 
L 0 Initial spin-down luminosity 
t SD Spin-down time 
n Magnetar braking index 
εB Magnetic field partition parameter 
γb Electron injection Lorentz factor 

E K Initial kinetic energy 
κ Ejecta optical opacity 
κγ Ejecta gamma-ray opacity 
q 1 Low energy spectral index 
q 2 High energy spectral index 
Z̄ Ejecta average atomic number 
Y e Ejecta electron fraction 
Y fe Ejecta free electron fraction 
1 Emission 

he spin-down luminosity of the PWN can be given by the equa-
ion (Lasky et al. 2017 ) 

 SD ( t) = L 0 

(
1 + 

t 

t SD 

) 1 + n 
1 −n 

, (A1) 

here L 0 is the initial PWN luminosity, t SD is the spin-down time,
nd n is the pulsar breaking index. Equation A1 can be substituted
or other spin-down formalisms, such as in Sarin et al. ( 2022 ). The
agnetic field of the PWN is estimated as 

 neb ≈
√ 

6 εB 

R 

3 
ej 

∫ 

L SD dt , (A2) 

here εB is the fraction of spin-down energy carried in the magnetic
eld of the PWN. This value is usually around 0.003 for Galactic
WNe (Kennel & Coroniti 1984 ; Tanaka et al. 2020 , Tanaka &
akahara 2013 ), but has been inferred to be lower in some superlu-
inous SNe (Vurm & Metzger 2021 ). The characteristic synchrotron 

requency, where νF ν peaks, is 

b ≈ 3 

4 π
γ 2 

b 

eB neb 

m e c 
, (A3) 

here γb is the electron injection Lorentz factor, usually taken to be
0 4 − 10 7 for Galactic PWNe (Tanaka & Takahara 2013 ). This is
rue if νb is lower than the maximum synchrotron frequency νM 

∼
 . 8 × 10 22 Hz. F ν in the fast cooling limit is 

 ν = F ν0 

(
ν

ν0 

)1 −βl 

= 

εe L SD 

8 πd 2 ν0 R 0 (1 + Y IC ) 

(
ν

ν0 

)1 −βl 

, (A4) 

or l = 1(2) when ν < ( > ) ν0 , where ν0 = min[ νb , νM 

] is the peak of
he νF ν spectrum, εe ≈ 1 − εB is the fraction of spin-down energy 
arried by non-thermal leptons, 

 0 = 

1 

2 − q 1 
− 1 

2 − q 2 
(A5) 

s the bolometric normalization factor, Y IC is the Compton Y param-
ter (which we assume to be 0, since we only model a synchrotron
ebula), and d is the distance to the source. The photon indices
1 and β2 introduced by F ν ∝ ν1 −βn are β1 = max[3 / 2 , (2 + q 1 ) / 2]
nd β2 = (2 + q 2 ) / 2, where q 1 < 2 and q 2 > 2 are the low and high
nergy spectral indices of the non-thermal leptons. 
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this model. Priors are either uniform (U) or log-uniform 

Units Prior/value 

M � L [0.1, 100] 
erg s −1 L [10 40 , 10 50 ] 

s L [10 2 , 10 8 ] 
U [1.5, 10] 
L [10 −7 , 1] 
L [10 2 , 10 7 ] 

erg 10 51 

cm 

2 g −1 0.1 
cm 

2 g −1 0.01 
1.5 
2.5 
8 

0.5 
0.0625 

 15 M
ay 2025
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2 Absorption 

WN emission can be subject to various absorption processes
epending on the frequency of the emission. At radio frequencies,
SA and FFA are the main processes. At 10 eV–10 keV bands,

he dominant process is photoelectric (bound-free) absorption. At
0 keV–10 MeV bands, the dominant process is Compton scattering.
ther bands have different processes, such as Bethe–Heitler pair
roduction for > 10 MeV bands and bound-bound absorption in the
ptical/infrared bands (Kashiyama et al. 2016 ), but we only include
bsorption processes in the radio and 10 eV–10 MeV bands. 

The SSA frequency can be estimated by (Murase et al. 2021 ) 

R 

2 
ej 

d 2 
2 kT ssa 

ν2 
ssa 

c 2 
= F ν0 

(
νssa 

ν0 

)1 −β1 

, (A6) 

here 

 ssa = 

1 

3 k 

(
4 πm e cνssa 

3 eB neb 

)1 / 2 

m e c 
2 (A7) 

s the brightness temperature at νssa . This approximately gives 

ssa ≈
( 

3 3 / 2 e 1 / 2 B 

1 / 2 
neb F ν0 ν

β1 −1 
0 d 2 

4 π3 / 2 m 

3 / 2 
e c 1 / 2 R 

2 
ej 

) 

2 
2 β1 + 3 

. (A8) 

he optical depth for free-free absorption is (Lang 1999 ; Murase,
ashiyama & M ́esz ́aros 2017 ) 

ff ≈ 8 . 4 × 10 −28 n 2 e R ej ̄Z 

2 
( ν

10 GHz 

)−2 . 1 
, (A9) 

here 

 e = 

3 

4 πR 

3 
ej 

M ej Y fe 

m p 

(A10) 

s the electron density, Z̄ is the average atomic number of the ejected
aterial, and 

 fe ≡ n fe 

n p + n n 
(A11) 
NRAS 539, 1908–1921 (2025) 
s the free electron fraction, with n fe being the free electron density. 
The optical depths for optical and x-ray absorption can be

enerally written as τ = κρej R ej for opacity κ , where the opacity
or photoelectric absorption is approximated as (Murase et al. 2015 ;
ashiyama et al. 2016 ) 

pe = 11 

(
Z̄ 

10 

)3 (
hν

10 keV 

)−3 

cm 

2 g −1 (A12) 

nd for Compton scattering as (Murase et al. 2015 ) 

comp = 

σKN Y e 

m p 

, (A13) 

here σKN is the Klein–Nishina cross-section (Klein & Nishina 1929 )
nd Y e is the electron fraction of the ejecta. The optical opacity is
enerally taken to be free parameter in most light curve models (e.g.
rnett 1982 ; Villar et al. 2017 ), and we adopt the same treatment
ere. 

3 Parameters and default priors 

his model is implemented as the PWN model in
ENERAL SYNCHR O TR ON MODELS within REDBA CK . Along
ith the parameters that can freely vary during inference, there are
 number of parameters that have default values consistent with
n SN, but that can be changed if the user wants to model a KN.
hese can also be given priors and marginalized over if needed. The
arameter κγ here is only used in the dynamics on the SN, not in
he calculation of the PWN spectrum. A summary of the parameters
nd priors is given in Table A1 . 

PPENDI X  B:  POSTERI OR  F O R  I NFERENCE  

N  A  SIMULATED  L I G H T  C U RV E  

The posterior for the fit done in Section 3.2 is shown in Fig. B1 . 
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Figure B1. The parameter posterior inferred for the simulated KN/SGRB. The orange dots and lines indicate the injected parameters. 
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