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A B S T R A C T 

Several types of energetic supernovae, such as superluminous supernovae (SLSNe) and broad-line Ic supernovae (Ic-BL SNe), 
could be powered by the spin-down of a rapidly rotating magnetar. Currently, most models used to infer the parameters for 
potential magnetar-driv en superno vae make several unsuitable assumptions that likely bias the estimated parameters. In this 
work, we present a new model for magnetar-driven supernovae that relaxes several of these assumptions and an inference 
workflow that enables accurate estimation of parameters from light curves of magnetar-driven supernovae. In particular, in this 
model, we include the dynamical evolution of the ejecta, coupling it to the energy injected by the magnetar itself while also 

allowing for non-dipole spin down. We show that the model can reproduce SLSN and Ic-BL SN light curves consistent with 

the parameter space from computationally e xpensiv e numerical simulations. We also show the results of parameter inference 
on four well-known e xample superno v ae, demonstrating the model’s ef fecti veness at capturing the considerable diversity in 

magnetar-driv en superno va light curv es. The model fits each light curve well and reco v ers parameters broadly consistent with 

previous works. This model will allow us to explore the full diversity of magnetar-driven supernovae under one theoretical 
framework, more accurately characterize these supernovae from only photometric data, and make more accurate predictions of 
future multiwavelength emission to test the magnetar-driven scenario better. 

Key words: stars: magnetars – supernovae: general – supernovae: individual: SN 2015bn – supernovae: individual: SN 2007ru –
supernov ae: indi vidual: ZTF20acigmel – supernov ae: indi vidual: iPTF14gqr. 
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 I N T RO D U C T I O N  

ecent wide-field high-cadence surv e ys, such as the Zwicky Tran-
ient Facility (ZTF; Bellm et al. 2019 ) and the Asteroid Terrestrial-
mpact Last Alert System (ATLAS; Tonry 2011 ; Tonry et al. 2018 ),
an disco v er more than 1000 supernovae per year (Cappellaro 2022 ),
nd next-generation facilities such as Rubin Observatory (Ivezi ́c 
t al. 2019 ) will be able to disco v er more than 1000 supernovae
er night (LSST Science Collaboration 2009 ; Stritzinger & Moriya 
018 ). Core-collapse supernovae (CCSNe), caused by the deaths 
f massive stars, tend to have explosion energies of ∼ 10 51 erg 
nd radiated energies ∼ 10 49 erg, which can be well explained by 
odels (Arnett 1980 , 1982 ). Ho we ver, se veral classes of CCSNe

ave energies higher than these standard models. Superluminous 
upernovae (SLSNe) radiate ∼ 10–100 times more energy than 
 standard CCSN (Gal-Yam 2012 ; Nicholl 2021 ) and broad-line 
ype Ic supernovae (SNe Ic-BL) have inferred kinetic energies ∼
0 times higher than a typical CCSN (e.g. Modjaz, Guti ́errez &
rcavi 2019 ; Taddia et al. 2019 ). These energetic supernovae have
oth been associated with long- or ultra-long gamma-ray bursts 
GRBs) (Gendre et al. 2013 ; Nakauchi et al. 2013 ; Le v an et al. 2014 ;
ano et al. 2017 ), and SLSNe and SNe Ic-BL also have similar host
 E-mail: conor.omand@astro.su.se 
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alaxies (Lunnan et al. 2014 ; Chen et al. 2015 ; Leloudas et al. 2015a ;
ngus et al. 2016 ; Chen et al. 2017 ; Schulze et al. 2018 ; Ørum et al.
020 ), and have similar spectral features at both early (Pastorello
t al. 2010 ; Inserra et al. 2013 ; Nicholl et al. 2013 ; Liu, Modjaz &
ianco 2017 ; Blanchard et al. 2019 ) and late (Milisavljevic et al.
013 ; Jerkstrand et al. 2017 ; Nicholl, Guillochon & Berger 2017b )
imes. Other types of unusually energetic supernovae, such as fast 
lue optical transients (FBOTs) and bright ultra-stripped supernovae 
USSNe), have been suggested to have similar power sources as 
LSNe and SNe Ic-BL (Liu et al. 2022 ; Sawada, Kashiyama &
uwa 2022 ). 
Se veral dif ferent models can be used to explain the high energies

f one or both of SLSNe or SNe Ic-BL. Stars with masses M ∗ �
30 M � can explode as pair instability supernovae (PISNe) (Barkat, 
akavy & Sack 1967 ; Heger & Woosley 2002 ; Gal-Yam et al. 2009 ),
hich can generate tens of solar masses of 56 Ni and present as an ex-

remely long-lived, luminous supernovae. Slightly less massive stars, 
ith 130 M � � M ∗ � 100 M �, can eject shells of material through the
air-instability without being completely destabilized, and collisions 
etween the ejected shells can be as luminous as an SLSN (Heger
t al. 2003 ; Woosle y, Blinniko v & He ger 2007 ; Chatzopoulos &

heeler 2012 ; Yoshida et al. 2016 ; Woosley 2017 ) – these are
nown as pulsational pair-instability supernovae (PPISNe). The 
ollision of supernova ejecta and circumstellar material surrounding 
he progenitor, ejected through either a steady wind, eruptive mass- 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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oss, or binary interaction (Smith 2014 ), can convert much of the
upernova kinetic energy into radiation, leading to a highly luminous
upernova (Chatzopoulos & Wheeler 2012 ; Chatzopoulos et al. 2013 ;
illar et al. 2017 ; Jiang, Jiang & Ashley Villar 2020 ). Finally, the
ompact remnant can inject some energy into the ejecta; this energy
ay come from fallback accretion onto a central black hole or neutron

tar (Dexter & Kasen 2013 ; Moriya, Nicholl & Guillochon 2018 ), a
ollapsar or jet (MacFadyen & Woosley 1999 ), or the spin-down
nergy of a rapidly rotating magnetar (Kasen & Bildsten 2010 ;
oosley 2010 ). 
In the magnetar model, the spin-down energy is emitted as

 highly magnetized particle wind, which expands relativistically
ntil it collides with the inner edge of the supernova ejecta, create
orward and reverse shocks. The expanding wind becomes shocked
y the reverse shock, accelerating the particles up to ultrarelativistic
nergies, which then emit via synchrotron radiation and inverse
ompton scattering (Gaensler & Slane 2006 ); this shocked wind is
nown as a pulsar wind nebula (PWN). The PWN applies a pressure
o the supernova ejecta, causing it to accelerate, and the radiation
rom the nebula is thermalized in the ejecta, causing the ejecta
emperature and supernova luminosity to both increase (Kasen &
ildsten 2010 ). The PWN-ejecta interaction can also cause Rayleigh-
aylor instabilities, which can shred the inner ejecta and cause non-
pherical structure to emerge in the ejecta (Suzuki & Maeda 2017 ,
021 ). 
The magnetar model predicts many multiwavelength signals that

ould be used to identify and characterize the newborn neutron star.
nce the ejecta becomes optically thin, the non-thermal emission

rom the PWN can be detected directly, either at high energy in hard
-rays or gamma rays (Kotera, Phinney & Olinto 2013 ; Murase et al.
015 ; Kashiyama et al. 2016 ), or at low energy in radio (Omand,
ashiyama & Murase 2018 ; Eftekhari et al. 2021 ; Murase et al.
021 ); two energetic SNe have radio detections at late times that are
onsistent with PWN emission, PTF10hgi (Eftekhari et al. 2019 ; Law
t al. 2019 ; Mondal et al. 2020 ; Hatsukade et al. 2021 ) and SN2012au
Stroh et al. 2021 ). Dust formed in the supernova can absorb PWN
mission and re-emit that energy in infrared (Omand, Kashiyama &
urase 2019 ), causing bright continuum emission recently seen

n four SLSNe (Chen et al. 2021 ; Sun, Xiao & Li 2022 ). High-
nergy photons and Rayleigh-Taylor induced mixing can change the
hemical and ionization structure of the ejecta, leading to unique
ignatures in the supernova nebular spectrum (Chevalier & Fransson
992 ; Omand & Jerkstrand 2023 ). Aspherical ejecta caused by either
ydro instabilities or an aspherical PWN can produce an optical
olarization signal (Tanaka et al. 2017 ), which has been detected in
ome energetic SNe (Inserra et al. 2016 ; Saito et al. 2020 ; Pursiainen
t al. 2022 ; Poidevin et al. 2023 ; Pursiainen et al. 2023 ), but not
thers (Leloudas et al. 2015b ; Lee 2019 , 2020 ; Poidevin et al. 2022 ,
023 ; Pursiainen et al. 2023 ). 
Accurate parameter estimation from the light curve around optical

eak is essential for a number of reasons. First, new surv e ys such as
he LSST will detect SLSNe out to high redshift, where they cannot
ll be classified with spectroscopy. Therefore, these supernovae
ill have to be characterized from their light-curve data alone.
lso, predicting late-time multiwavelength signals requires accurate
arameter estimation, as different parameters that produce similar
ptical light curves can produce v astly dif ferent multiwavelength
ignals (e.g. Omand, Kashiyama & Murase 2018 , 2019 ). In most
idely used parameter inference codes (e.g. Nicholl, Guillochon &
erger 2017b ), the model used for inference of magnetar-driven
Ne makes several assumptions to reduce computational complexity,
hich are unjustified outside a small region of the parameter space.
NRAS 527, 6455–6472 (2024) 
n particular, they assume a constant ejecta velocity, which is inde-
endent of the magnetar luminosity, although numerical simulations
how that ejecta acceleration due to PWN pressure plays a vital
ole in the dynamics of the ejecta (Chen, Woosley & Sukhbold
016 ; Suzuki & Maeda 2017 , 2019 ; Chen, Woosley & Whalen
020 ; Suzuki & Maeda 2021 ). They also assume the magnetar spin
own through pure vacuum dipole emission, even though studies of
alactic pulsars (Lyne et al. 2015 ; Parthasarathy et al. 2020 ) and
utative magnetars born in GRBs (Lasky et al. 2017 ; Sarin, Lasky &
shton 2020a , b ) show that most neutron stars are inconsistent with
 pure vacuum dipole. 

In this work, we present a model where these assumptions are
elaxed, which can fully explore the diversity of magnetar-driven
upernovae and unite phenomenologically different supernovae, such
s SNe Ic-BL and SLSNe, under one theoretical framework. In
ection 2 , we introduce our model for magnetar-driven supernovae.
n Section 3 , we show the diversity of supernovae and supernova
bservables resulting from differences in initial parameters. In Sec-
ion 4 , we perform Bayesian inference on a fe w v arying supernov ae
o show how our model can consistently reproduce and explain
hem. Finally, in Section 5 , we discuss the model’s implications
nd conclude. Throughout the paper, we use the notation Q x = Q /10 x 

n cgs units unless otherwise noted. 

 M O D E L  

he physics of our model is based on previous magnetar-driven
ilonovae models (e.g. Yu, Zhang & Gao 2013 ; Metzger 2019 ; Sarin
t al. 2022 ), but modified to describe supernovae. We present here
 non-relativistic model description, although the model implemen-
ation is fully relativistic. For the fully relativistic description of the
inematics [equations ( 5 ), ( 6 ), ( 14 ), ( 16 ), ( 17 ), ( 18 ), and ( 19 )], see
arin et al. ( 2022 ). We note that relativistic corrections are largely
nimportant for supernovae apart from transients with exceptionally
ow ejecta masses and powerful magnetar engines. 

.1 Model physics 

he central magnetar spins down by releasing its rotational energy 

 rot = 

1 

2 
I �2 , (1) 

here I is the moment of inertia of the magnetar and � is the
otational angular frequency of the magnetar. The time deri v ati ve
f this relation gives the spin down luminosity, 

 SD = I ��̇, (2) 

hich, giv en �̇ ∝ −�n for braking inde x n , can be modelled
enerally as (Lasky et al. 2017 ) 

 SD ( t) = L 0 

(
1 + 

t 

t SD 

) 1 + n 
1 −n 

, (3) 

here L 0 is the initial magnetar spin-down luminosity and t SD 

s the magnetar spin-down time. The vacuum dipole spin-down
echanism (Goldreich & Julian 1969 ; Ostriker & Gunn 1969 ) has a

orresponding braking index of n = 3, which gives a late-time spin-
o wn do wn luminosity of L ∝ t −2 (Zhang & M ́esz ́aros 2001 ), while
ra vitational wa ve spin down via magnetic deformation (Cutler &
ones 2000 ) has a corresponding braking index of n = 5, and has a
ate-time spin-down luminosity of L ∝ t −3/2 . There are also several
ther mechanisms for spin down, including particle winds (Harding,
ontopoulos & Kazanas 1999 ; Xu & Qiao 2001 ; Wu, Xu & Gil 2003 ;
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ontopoulos & Spitko vsk y 2006 ), multipolar radiation (P ́etri 2015 ),
nd r-mode oscillations (Ho & Lai 2000 ), among others (Blandford &
omani 1988 ; Lin & Zhang 2004 ; Ruderman 2005 ; Chen & Li 2006 ;
ontopoulos 2007 ; Yue, Xu & Zhu 2007 ), and several mechanisms
an spin-down the magnetar simultaneously. We note that in general, 
 is also expected to be variable during the early life of the magnetar
Lander & Jones 2018 , 2020 ), but we keep it constant for simplicity.
ntegrating equation ( 3 ) gives the total rotational energy as a function
f braking index: 

 rot = 

n − 1 

2 
L 0 t SD . (4) 

his reco v ers E rot = L 0 t SD for v acuum dipole spin-do wn. 
The rotational energy from the magnetar is converted into a pulsar

ind. This highly magnetized, ultrarelativistic wind collides with 
nd pushes a shock into the supernova ejecta, increasing its kinetic 
nd internal energy. The internal energy is also increased by the 
bsorption of PWN photons by the ejecta. The total energy of the
ystem is the combination of the kinetic and internal energy 

 ej = 

1 

2 
M ej v 

2 
ej + E int , (5) 

here M ej is the ejecta mass. The evolution of this system is go v erned
y the energy sources, radioactive heating, and magnetar spin-down 
uminosity, and energy losses from radiated luminosity and adiabatic 
ooling from expansion. The evolution of the internal energy of the 
jecta is written as (Kasen, Metzger & Bildsten 2016 ) 

d E int 

d t 
= ξL SD + L ra − L bol − P 

d V 

d t 
, (6) 

here L ra and L bol are the radioactive power and emitted bolometric 
uminosity , respectively , ξ is the fraction of spin-down luminosity 
njected into the ejecta, and P and V are the pressure and volume of
he ejecta. 

Here, we adopt the Wang et al. ( 2015 ) prescription for gamma-ray
eakage used in other models (e.g. Nicholl, Guillochon & Berger 
017b ; Sarin et al. 2022 ) with 

= 1 − e −At −2 
, (7) 

here 

 = 

3 κγ M ej 

4 πv 2 ej 

(8) 

s the leakage parameter and κγ is the gamma-ray opacity of the 
jecta. 

The radioactive power from the decay of 56 Ni is given by 

 ra = f Ni M ej ( L 56 Ni e 
−t/t 56 Ni + L 56 Co e 

−t/t 56 Co ) , (9) 

here f Ni is the nickel fraction of the ejecta, L 56 Ni = 6 . 45 × 10 43 

rg s −1 M 

−1 
� and L 56 Co = 1 . 45 × 10 43 erg s −1 M 

−1 
� are the decay

uminosities of 56 Ni and 56 Co, and t 56 Ni = 8 . 8 d and t 56 Co = 111 . 3 d
re the decay time-scales for 56 Ni and 56 Co (Nadyozhin 1994 ). The
nclusion of L ra here allows our model to simplify to an Arnett ( 1982 )
odel for low L SD . 
The dynamical evolution of the ejecta is given by (Sarin et al.

022 ) 

d v ej 

d t 
= 

c 2 P (d V / d t) 

M ej v 
3 
ej 

, (10) 

here 

 = 

4 

3 
πR 

3 
ej , (11) 
d V 

d t 
= 4 πR 

2 
ej v ej , (12) 

 = 

E int 

3 V 

. (13) 

ubstituting these into equation ( 10 ) gives 

d v ej 

d t 
= 

c 2 E int 

M ej R ej v 
2 
ej 

. (14) 

he initial ejecta velocity is set by 

 ej , 0 = 

√ 

2 E SN 

M ej 
, (15) 

here E SN is the supernova explosion energy. 
The bolometric radiated luminosity is (Kasen & Bildsten 2010 ; 

otera, Phinney & Olinto 2013 ) 

 bol = 

E int c 

τR ej 
= 

E int t 

t 2 dif 

( t ≤ t τ ) , (16) 

= 

E int c 

R ej 
, ( t > t τ ) , (17) 

here 

= 

κM ej R ej 

V 

(18) 

s the optical depth of the ejecta, κ is the ejecta opacity, 

 dif = 

(
τR ej t 

c 

)1 / 2 

(19) 

s the ef fecti ve dif fusion time, and t τ > t dif is the time when τ = 1. 
Calculating the bolometric luminosity of the magnetar-driven tran- 

ient [equations ( 16 ) and ( 17 )] involves solving the evolution of the
nternal energy and dynamics [equations ( 6 ) and ( 14 ) respectively]
sing the input power sources [equations ( 3 ) and ( 9 )]. The photo-
pheric temperature is determined from the bolometric luminosity 
nd ejecta radius until the temperature reaches the photospheric 
lateau temperature, as in Nicholl, Guillochon & Berger ( 2017b ).
his can be expressed as 

 phot ( t) = 

⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

(
L bol ( t) 
4 πσR 2 ej 

)1 / 4 

for 

(
L bol ( t) 
4 πσR 2 ej 

)1 / 4 

> T min , 

T min for 

(
L bol ( t) 
4 πσR 2 ej 

)1 / 4 

≤ T min 

(20) 

The spectral energy distribution (SED) of the transient is then 
alculated using the cutoff blackbody used in Nicholl, Guillo- 
hon & Berger ( 2017b ), with F λ<λcut = F λ( λ/λcut ) and λcut = 3000 Å
Chomiuk et al. 2011 ; Nicholl et al. 2017a ), but this can also be
witched to a simple blackbody. 

.2 Parameters, priors, and implementation 

he model presented abo v e is implemented into the open-source
lectromagnetic transient fitting software package, REDBACK (Sarin 
t al. 2023 ). The input parameters for the model, their default priors,
nd the values used in Section 3 are listed in Table 1 . 

The range of the default priors can lead to magnetars with
otational energies greater than 10 58 erg, which is unphysically high. 

hen performing inference, the prior can be restricted to only sample 
arameters where E rot is below a certain threshold. We recommend 
sing this constraint to prevent unphysically high energies, and use 
 value of 10 53 erg for the case studies presented in Section 4 . 
MNRAS 527, 6455–6472 (2024) 
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M

Table 1. The parameters and default priors for the generalized magnetar model, as well as the values used for the parameter exploration in Section 3 . Priors are 
either uniform (U) or log-uniform (L). 

Parameter Definition Units Default prior Section 3.1 value 

L 0 Initial magnetar spin-down luminosity erg s −1 L[10 40 , 10 50 ] Varying 
t SD Spin-down time s L[10 2 , 10 8 ] Varying 
n Magnetar braking index – U[1.5, 10] 3 
f Ni Ejecta nickel mass fraction – L[10 −3 , 1] 0 
M ej Ejecta mass M � L[10 −2 , 1 × 10 2 ] Varying 
E SN Superno va e xplosion energy erg U[5 × 10 50 , 2 × 10 51 ] 10 51 

κ Ejecta opacity cm 

2 g −1 U[0.05, 0.2] 0.1 
κγ Ejecta gamma-ray opacity cm 

2 g −1 L[10 −4 , 10 4 ] 0.1 
T min Photospheric plateau temperature K U[3 × 10 3 , 10 4 ] 5000 
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Due to the acceleration of the ejecta from the PWN, v ej is not
onstant and cannot be used as a free parameter, since it is coupled
o both E SN and L SD . Velocity information from spectroscopy can
e used to weight the results, although the velocity measured from
bsorption widths is not the same as the photospheric velocity which
s not the same as the ejecta velocity (Arnett 1982 ), so we caution
gainst this unless the velocities are well calibrated (e.g. Dessart et al.
016 ). 
Our model differs from others (e.g. Nicholl, Guillochon & Berger

017b ) in the choice of input parameters used to determine the
agnetar luminosity. Previous models use the initial magnetar spin

eriod P 0 , dipole component of the pulsar magnetic field B , and
eutron star mass M NS ; while we use L 0 and t SD (and n , which is
mplicitly fixed to 3 in other models). The interpretation of braking
ndex can be complicated due to the number of possible spin-down

echanisms, so users wanting to test specific mechanisms can swap
ifferent magnetar implementations due to the modular nature of the
odel and REDBACK . We note that as the magnetar luminosity for
 acuum dipole spin-do wn can be determined from only L 0 and t SD 

see equation 3 ), using three parameters is unnecessary for parameter
nference. Using these parameters also a v oids assumptions such as
he moment of inertia of the neutron star, which depends on the
quation of state (EoS) (Lattimer & Schutz 2005 ) and can vary
epending on the mass and spin period of the neutron star (Worley,
rastev & Li 2008 ). To reco v er parameters such as the magnetar

pin period and magnetic field, one can use the scalings used in other
odels such as 

 0 = 2 . 0 × 10 47 P 

−4 
0 , −3 B 

2 
14 , (21) 

 SD = 1 . 3 × 10 5 P 

2 
0 , −3 B 

−2 
14 

(
M NS 

1 . 4 M �

)
(22) 

or transients consistent with n = 3, which assumes a neutron star with
oment of inertia of ∼ 1.3 × 10 45 g cm 

2 for a 1.4 M � neutron star,
hich is consistent with the APR EoS (Akmal, Pandharipande &
avenhall 1998 ) or MDI EoS with density independent nuclear

ymmetry energy (Das et al. 2003 ; Shetty, Yennello & Souliotis
007 ), which both give neutron star radii ∼ 11.5 −12 km (Worley,
rastev & Li 2008 ). These scalings become more complicated for n
 3 (e.g. Shapiro & Teukolsky 1983 ), with other dependencies such

s the ellipticity of the neutron star or bulk viscosity (depending on
he spin-down processes inv olved), lea ving it difficult to definitively
eco v er a spin period or magnetic field with such simplified models.

 RESU LTS  

e now explore the diversity of magnetar driv en-superno vae for
ifferent initial conditions using the model derived in Section 2 .
NRAS 527, 6455–6472 (2024) 
e assume the superno va e xplosion energy is 10 51 erg, typical for a
eutrino-driv en e xplosion, and the superno v a is entirely po wered by
agnetar energy after the initial explosion, with no contribution from

6 Ni. We fix both the ejecta optical opacity and gamma-ray opacity to
.1 cm 

2 g −1 . This optical opacity value is typical of stripped-envelope
upernovae (Inserra et al. 2013 ; Kleiser & Kasen 2014 ) and the
amma-ray opacity will not affect the peak light-curve properties
nless it is extremely low, so we use the same value for both opacities
ere for simplicity. We also fix the photospheric plateau temperature
o 5000 K, which is typical for SLSNe (Nicholl, Guillochon & Berger
017b ) and SNe Ic-BL (Taddia et al. 2019 ), although slightly lower
han the temperature of 6000 K suggested by Nicholl, Guillochon &
erger ( 2017b ), which corresponds to the recombination temperature
f O II ; ultimately, this temperature discrepancy will have no impact
n the peak light-curve properties in most cases, and will only affect
he light curve at late times. 

First, we show the diversity of supernovae that can be produced
sing this model in Section 3.1 . To compare with previously derived
esults, we assume vacuum dipole spin-down and use equations ( 21 )
nd ( 22 ) with a 1.4 M � neutron star to express our initial conditions
n terms of P 0 and B ; the mapping between ( L 0 , t SD ) and ( P 0 , B ) is
hown in Fig. 1 . Then we show the effect of changing braking index
n Section 3.2 . 

.1 Energetics, time-scales, and observables 

e first see if our model can reproduce typical observables for
he observed populations of SLSNe and SNe Ic-BL. SLSNe at
ptical light-curve peak typically have g -band absolute magnitudes
23 < M g < −20, with most brighter than −21; spectroscopically

etermined photospheric velocities of ∼ 10 000–15 000 km s −1 ; rise
imes of 10–70 d; and g − r of −0.3–0.3 (Chen et al. 2023a ). SNe
c-BL at optical light-curve peak typically have r -band absolute
agnitudes around −20 < M r < −18, with most fainter than −19;

pectroscopically determined photospheric velocities of ∼ 15 000–
0 000 km s −1 (Modjaz et al. 2016 ); rise times of 5–20 d; and g

r of 0–0.5 (Taddia et al. 2019 ). The inferred ejecta masses of
ypical SLSNe and SNe Ic-BL are both around 5 M � (Taddia et al.
019 ; Chen et al. 2023b ), and SLSNe show a ne gativ e correlation
etween initial spin period and ejecta mass (Blanchard et al. 2020 ).
e also compare our results to the 2D radiation-hydrodynamic

imulations of Suzuki & Maeda ( 2021 ), who presented models with
 0 = 10 46 erg s −1 (L46 models) and L 0 = 10 48 erg s −1 (L48 models)
nd total magnetar rotational energies of 1, 3, and 10 × 10 51 erg. 

Se veral inef ficiencies can pre vent all the magnetar spin-do wn
uminosity from eventually being emitted as supernova luminosity.
ome fraction [ ξ from equation ( 6 )] will escape without interacting
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Figure 1. Initial pulsar luminosities L 0 (top) and spin-down times t SD 

(bottom) for different initial pulsar rotation periods and magnetic fields. 

w  

o  

e
b
b  

t
 

e

p  

W  

e
fi  

m  

c  

s
w  

t  

t
d
d  

l  

e  

p  

h  

f  

E  

o  

m
c  

t

a  

2  

t  

t  

i
t
i
t  

v  

c  

p  

m
i  

s
o  

t  

t
a  

>  

F
p
c
a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/6455/7450470 by Liverpool John M
oores U

n

ith the ejecta at all, and possibly be detected as non-thermal x-rays
r gamma rays. Some fraction of the energy will also accelerate the
jecta instead of thermalizing and being re-emitted, which will affect 
oth the supernova luminosity and peak time-scale; this fraction can 
e determined by the ratio of the spin-down time and the diffusion
ime (Suzuki & Maeda 2021 ; Sarin et al. 2022 ). 

Fig. 2 shows the ratio of the final supernova kinetic and radiated
nergies for various magnetic fields and ejecta masses for spin 
igure 2. Ratio of kinetic to radiated energy for supernovae with varying ejecta 
eriod and M ej = 10 M � (right). The solid black lines indicate contours of constant E
onstant ζ = t SD / t dif (0.1, 1, and 10). The black symbols indicate the parameters us
nd the squares representing the L48 models. 
eriods of 1 ms (close to the mass shedding limit for neutron stars;
atts et al. 2016 ) and 3 ms (where the spin-down luminosity and

xplosion energy can become comparable), and for various magnetic 
elds and spin periods for an ejecta mass of 10 M �, the same ejecta
ass as Suzuki & Maeda ( 2021 ). The energy ratio E kin / E rad does

orrelate strongly with ζ = t SD / t dif up to large ejecta mass for low
pin periods, although as spin period increases, the correlation gets 
eaker as the behaviour of the energy ratio changes; this is due to the

otal amount of energy injected by the magnetar prior to the diffusion
ime decreasing below the explosion energy, meaning that the ejecta 
ynamics are no longer primarily determined by the magnetar spin- 
own energy. There is a small region of the parameter space at
ow spin period, magnetic field, and ejecta mass where the radiated
nergy can surpass the kinetic energy. Ho we ver, for most of the
arameter space this ratio is between 1 and 100. Typical supernovae
ave E kin / E rad = 10 51 erg/10 49 erg = 100, but without a contribution
rom 

56 Ni this ratio can go much higher. Suzuki & Maeda ( 2021 ) find
 kin / E rad to be lower than we do in their 2D simulations by a factor
f ∼ 2–10 depending on the model. Ho we v er, the y also find that
ulti-dimensional effects cause the supernova to be more luminous 

ompared to 1D models at early times due to hot bubble breakout in
he ejecta. 

Fig. 3 shows the peak time-scale of the bolometric luminosity 
nd the final ejecta velocity over the same parameter grid as Fig.
 . The trends match our theoretical expectations, as P 0 increases,
he total energy of the system decreases, causing the ejecta velocity
o decrease and the peak time-scale to increase. Conversely, as B
ncreases, the spin-down time decreases, causing the ejecta velocity 
o increase and the peak time-scale to decrease. Finally, as M ej 

ncreases, the diffusion time increases, causing the ejecta velocity 
o decrease and the peak time-scale to increase. The final ejecta
elocity is largely insensitive to the magnetic field strength abo v e a
ertain field threshold despite a change in peak time-scale. This is a
roduct of the coupling of dynamical evolution of the ejecta to the
agnetar’s rotational energy, as the final velocity is reached earlier 

n the supernova evolution for higher magnetic field (due to their
horter spin-down time-scale). For a magnetar with rotation period 
f 1 ms, a magnetic field of > 10 15 is needed to reduce the peak
ime-scale belo w 10 d, e ven at an ejecta mass of 1 M �, meaning that
he fastest SNe Ic-BL likely require both an ejecta mass below 1 M �
nd a magnetar spinning at close to breakup speeds. Time-scales of
 20 d require ejecta masses below 5 M �, meaning that our model
MNRAS 527, 6455–6472 (2024) 

mass and P 0 = 1 ms (left) and P 0 = 3 ms (middle) and with varying spin 
 kin / E rad (1,10, and 100), while the dashed magenta lines indicate contours of 
ed in Suzuki & Maeda ( 2021 ), with the circles representing the L46 models 

iversity user on 23 Septem
ber 2024
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M

Figure 3. Bolometric peak time-scale t peak (top) and final ejecta velocity v ej (bottom) for supernovae with varying ejecta mass and P 0 = 1 ms (left) and P 0 = 

3 ms (middle) and with varying spin period and M ej = 10 M � (right). The black lines indicate notable values of t peak (10, 30, and 100 d) and v ej (3000, 10 000, 
and 30 000 km s −1 ). The black symbols indicate the parameters used in Suzuki & Maeda ( 2021 ), with the circles representing the L46 models and the squares 
representing the L48 models. 
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ill likely estimate a lower ejecta mass for SNe Ic-BL than Taddia
t al. ( 2019 ). Time-scales and ejecta velocities typical of SLSNe can
e reproduced o v er a large portion of the parameter space. Ho we ver,
 higher ejecta mass is required for faster spinning magnetars to
eep the velocities below that of SNe Ic-BL. In contrast, a low ejecta
ass is required for faster spinning magnetars to keep the time-

cales below ∼ 100 d and the velocities higher than ∼ 10 000 km
 

−1 , providing some phenomenological justification for the mass-spin
orrelation found by Blanchard et al. ( 2020 ). Suzuki & Maeda ( 2021 )
nd faster time-scales compared to us in the L46 2D simulations, but
imilar time-scales in their 1D simulations, and an average ejecta
elocity that is roughly consistent with our model. 

Fig. 4 shows the peak g -band absolute magnitude and peak g
r colour o v er the same parameter grid. We find a portion of

arameter space for low spin period, ejecta mass, and magnetic
eld which produces a transient more luminous than any previously
bserv ed superluminous superno v a. Ho we ver, it is unlikely such
 combination (particularly low spin period and magnetic fields)
an be conceived as magnetic-field amplification mechanisms such
s the magnetorotational instability or Kelvin-Helmholtz instability
ikely amplify most typical progenitor fields to larger poloidal fields
han seen in this parameter space (e.g. Reboul-Salze et al. 2021 ),

eanwhile, the stability of magnetic-field configurations in this part
f the parameter space is also questionable (e.g. Braithwaite 2009 )
nd so magnetars in this parameter space may never materialize.
e note that as we do not track gra vitational-wa ve losses, the

ewly born magnetar could potentially spin-down rapidly through
ra vitational-wa ve radiation (Sarin & Lasky 2021 ) in this parameter
pace, depleting the energy reservoir to power such a luminous
ransient. To compound this all further, it is unknown whether stellar
NRAS 527, 6455–6472 (2024) 
xplosions with such small ejecta masses could harbour magnetars
hat are rapidly rotating but have quite weak poloidal fields in the
rst place. The parameter space between M g = −21 and M g = −23,
here SLSN are, shifts to lower masses for higher spin periods,
here the parameter space around M g = −19, where most SNe

c-BL are, require either a large ejecta mass ( � 5 M �), higher spin
eriod, or extremely high magnetic field. The parameter space where
 − r < 0 mostly o v erlaps with the M g < −21 region, showing
hat most SLSNe should have −0.5 < g − r < 0 at peak, which is
roadly consistent with observations (Chen et al. 2023a ). Suzuki &
aeda ( 2021 ) only present bolometric results, but find an increase

n peak bolometric magnitude of ∼ 5 in 2D simulations and ∼ 4 in
D simulations between the most and least energetic L46 models,
hile we find an increase of ∼ 4 in g -band magnitude o v er the same
arameter difference. The magnitudes are also roughly consistent
ith the analytical model presented in Kashiyama et al. ( 2016 ).
he energy ratios from Fig. 2 roughly coincide with the peak M g 

or the parameter region where ζ � 1, but as the spin-down time
ncreases, a larger fraction of the emission is emitted post-peak.
he g − r colours show similar behaviour to M g , but show less
ependence on magnetic field. We speculate that this is because the
eak time-scale is shorter, and thus the ejecta has had less time
o cool. 

.2 Effect of varying braking index 

ight-curve luminosity and morphology can vary significantly with
ariations in magnetar braking index. Fig. 5 shows the bolometric
uminosity, absolute g -band magnitude, and absolute r -band magni-
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Figure 4. g -band absolute magnitude M g (top) and g − r colour (bottom) at peak for supernovae with varying ejecta mass and P 0 = 1 ms (left) and P 0 = 3 ms 
(middle) and with varying spin period and M ej = 10 M � (right). The black lines indicate notable values of M g (-17, -19, -21, and -23) and g − r (0 and 0.5). 
The black symbols indicate the parameters used in Suzuki & Maeda ( 2021 ), with the circles representing the L46 models and the squares representing the L48 
models. 

Figure 5. Bolometric luminosity (left), absolute g -band magnitude (middle), and absolute r -band magnitude (right) for sev eral superno vae where only the 
braking index n is varied. 
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ude for several supernovae where only the braking index n is varied.
he ejecta mass, spin-down time, and total rotational energy are 
xed to 10 M �, 10 6 s, and 10 52 erg, with initial magnetar luminosity
alculated from equation ( 4 ); all other parameters are the same as in
ection 3.1 . The timing of the light-curve peak can vary by a factor of
3 and late-time luminosities by orders of magnitude, with large n 

eaking later and having higher luminosities at later times, although 
he variation in late-time luminosity asymptotes as n increases due to 
he exponent in equation ( 3 ) asymptoting to −1. The peak luminosity
an vary by ∼ 1 mag and is highest for n ≈ 3 in this case, although
his is not true in general, and these numbers will vary depending on
he energetics and diffusion time of the supernova. The requirement 
f constant rotational energy drives down L 0 (equation 4 ), leading 
o less energy injected at early times and more at later times, which
auses the peak luminosity to decreases at large n . 

 CASE  STUDIES  F O R  I N F E R E N C E  

s a proof of concept, we perform inference on several different
lasses of supernovae to see if the model is flexible enough to recover
ensible parameters for a variety of objects. First, we validate the
odel using a simulated SLSN. Then, we perform inference on SN

015bn, an SLSN; SN 2007ru, a SN Ic-BL; ZTF20acigmel (better 
nown as ‘the Camel’), an FBOT; and iPTF14gqr, a USSN. 
Inference is performed on multiband photometry using the open- 

ource software package REDBACK (Sarin et al. 2023 ) with the
MNRAS 527, 6455–6472 (2024) 
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Figure 6. Fitted light curve (left) and posteriors of key parameters (right) for the simulated SLSN. The solid lines in the light-curve plot indicate the light curve 
from the model with the highest likelihood, while the shaded area indicates the 90 per cent credible interval. The orange dots and lines in the posterior indicate 
the injected parameters. 
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YNESTY sampler (Speagle 2020 ) implemented in BILBY (Ashton
t al. 2019 ; Romero-Shaw et al. 2020 ). We sample with a Gaussian
ikelihood and an additional white noise term, and sample in flux
ensity rather than magnitude. We use the default priors in all cases
shown in Table 1 ) except for the explosion energy of iPTF14gqr,
here the lower limit is reduced to 5 × 10 48 erg to capture the

ower expected explosion energies of USSNe (Suwa et al. 2015 ),
nd the plateau temperature of ZTF20acigmel, where the observed
hotospheric temperature stayed at ∼ 20 000 K for the entire time it
as detectable in optical/UV (Perley et al. 2021 ). We also sample the
nknown explosion time with a uniform prior of up to 100 d before
he first observation and an extinction term A V with a uniform prior
etween 0 and 2, and use a constraint that the total rotational energy
f the magnetar E rot � 10 53 erg. 
The fitted light curve and corner plot for the simulated SN are

hown in Fig. 6 , the fitted light curves for the other SNe are shown
n Fig. 7 , the input parameters for the simulated SN and reco v ered
arameters for each SN are shown in Table 2 , and the corner plots
or each SNe are shown in Appendix A . 

.1 Validation on a simulated superno v a 

o test if the model could reco v er parameters correctly, we simulated
n SLSN with L 0 = 10 46 erg s −1 , t SD = 10 6 s, n = 3, M ej = 10 M �, and
= 0.1 cm 

2 g −1 , with the other parameters the same as in Section 3 .
he supernova was placed at redshift z = 0.1 and data were generated
sing the REDBACK simulation workflow as observed by ZTF in g , r ,
nd i band for the first 200 d post explosion. 

The light curve (Fig. 6 , left) is fit well by the model throughout
ts evolution. In the 1D posteriors, only L 0 is reco v ered to within
 σ , while t SD , n , and M ej , are reco v ered to just outside 1 σ and κ is
ot reco v ered well at all. In the 2D posteriors, every parameter is
eco v ered to within 2 σ except for the n - M ej posterior and anything
nvolving κ . The correlations between L 0 , t SD , and n also suggests
NRAS 527, 6455–6472 (2024) 
hat the rotational energy of the magnetar is well constrained to ∼
0 52 erg, i.e. the injected value. The correlation between M ej and
is the main reason they are outside the 1 σ error region in the

D posteriors. n also shows an anticorrelation with κγ (see Fig.
1 ), showing that the effect of lowering the braking index can be
imicked in some cases by incomplete gamma-ray thermalization,

lthough this de generac y can likely be broken by acquiring data at
ater times. This result shows the importance of understanding the
arious opacities of different types of supernovae as well as the
ecessity of reporting inferred opacity values. 

.2 SN 2015bn 

N 2015bn is an SLSN-I at z = 0.1136 that was first disco v ered
y the Catalina Sky Survey on 2014 December 23. It peaked at 79
est-frame days post disco v ery, which made it one of the slowest
volving SLSNe at the time, and had peak magnitudes of M g =
22.0 ± 0.08 mag (AB) and M U = −23.07 ± 0.09 mag (Vega),
aking it one of the most luminous as well (Nicholl et al. 2016a ).
ince then, it has been followed-up e xtensiv ely in optical/UV/NIR,
ith photometry and spectroscopy (Nicholl et al. 2016a , b , 2018 ),

nd polarimetry (Inserra et al. 2016 ; Leloudas et al. 2017 ), and well
s in radio (Nicholl et al. 2018 ; Eftekhari et al. 2021 ; Murase et al.
021 ) and X-rays (Inserra et al. 2017 ; Bhirombhakdi et al. 2018 ). SN
015bn shows strong undulations in the light curve on a time-scale of
0–50 d (Nicholl et al. 2016a ; Inserra et al. 2017 ), and was detectable
n optical/UV for more than 1000 d (Nicholl et al. 2018 ), although
he supernova has yet to be detected in either radio or X-rays. 

We import the observational data (Nicholl et al. 2016a , b ) from the
pen Supernova Catalogue (Guillochon et al. 2017 ). Our model is

ble to fit the supernova peak very well in all bands but underestimates
he IR bands in the post-peak photospheric phase and o v erestimates
everal bands after 300 d. The inferred rotational energy of the
agnetar is ∼6 × 10 52 erg, which is close to the maximum rotational
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Figure 7. Fitted light curves for the four supernovae from our case studies. The solid lines indicate the light curve from the model with the highest likelihood, 
while the shaded area indicates the 90 per cent credible interval. 

Table 2. Injected parameters for the simulated supernovae and median inferred parameter values and 1 σ uncertainties for the simulated supernova and the four 
supernovae from the case studies. 

Object Supernova type log( L 0 ) [erg s −1 ] log( t SD ) [s] n M ej [ M �] κ [cm 

2 g −1 ] 

Simulated (Injected) – 46.0 6.0 3.0 10.0 0.1 
Simulated (Reco v ered) – 46.02 + 0 . 14 

−0 . 14 5.79 + 0 . 15 
−0 . 13 4.62 + 0 . 60 

−1 . 12 11.69 + 1 . 60 
−1 . 47 0.06 + 0 . 01 

−0 . 01 

SN2015bn SLSN 44.81 + 0 . 04 
−0 . 03 7.54 + 0 . 20 

−0 . 21 6.28 + 2 . 43 
−2 . 19 6.05 + 0 . 59 

−0 . 58 0.05 + 0 . 00 
−0 . 00 

SN2007ru Ic-BL 46.27 + 0 . 97 
−1 . 02 3.31 + 0 . 78 

−0 . 75 5.24 + 1 . 18 
−1 . 09 1.48 + 0 . 35 

−0 . 33 0.06 + 0 . 02 
−0 . 01 

ZTF20acigmel FBOT 46.15 + 0 . 66 
−0 . 68 4.38 + 0 . 71 

−0 . 49 7.18 + 1 . 53 
−3 . 54 0.20 + 0 . 04 

−0 . 05 0.07 + 0 . 04 
−0 . 02 

iPTF14gqr USSN 43.31 + 0 . 27 
−0 . 23 5.81 + 0 . 32 

−0 . 35 4.37 + 2 . 14 
−1 . 49 0.15 + 0 . 07 

−0 . 04 0.16 + 0 . 03 
−0 . 02 
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nergy that can be extracted from a newborn magnetar. The gamma- 
ay opacity we find is around 10 −2.4 cm 

2 g −1 , which is consistent
ith Vurm & Metzger ( 2021 ) at around 200–300 d, when leakage

tarts to become noticeable. The magnetar also shows a large spread 
n inferred braking indices, but excludes n = 3 at � 95 per cent
onfidence, meaning the vacuum dipole is not a good approximation 
or this object. Using equations ( 1 ) and ( 4 ) to infer the spin period,
ssuming a 1.4 M � neutron star with the same equation of state as
icholl, Guillochon & Berger ( 2017b ), gives P 0 ≈ 0.7 ms, extremely

lose to the mass-shedding limit. 
Comparing to the results of Nicholl, Guillochon & Berger ( 2017b )
hows strong discrepancy between most inferred parameters. Using 
quations ( 4 ), ( 21 ), and ( 22 ) with parameters from Nicholl, Guillo-
hon & Berger ( 2017b ) show that they find a spin-down time-scale
f ∼ 105 d, much lower than our ∼ 400 d, and a magnetar rotational
nergy of only ∼ 10 52 erg, a factor of ∼ 5 lower than reco v ered by
ur model. This is because the magnetar needs to supply both the
adiated and kinetic energy of the supernova in our model, while in
he Nicholl, Guillochon & Berger ( 2017b ) model the ejecta velocity
s input separately. We also reco v er a smaller ejecta mass of ∼ 6 M �,
MNRAS 527, 6455–6472 (2024) 
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ompared to their ∼ 12 M �, and a smaller opacity of ∼ 0.05 cm 

2 

 

−1 , compared to their ∼ 0.19 cm 

2 g −1 . 

.3 SN 2007ru 

N 2007ru is an SN Ic-BL at z = 0.01546 that was first disco v ered by
he Himalayan Chandra Telescope on 2007 December 2 (Sahu et al.
009 ). The peak magnitude of the supernova was M V ≈ −19.06 mag,
ne of the brighter SNe Ic-BL, and estimated rise time was 8 ± 3 d
Sahu et al. 2009 ). The photospheric velocity was estimated to be
round 20 000 km s −1 . A nickel-powered model estimated the M ej 

1.3 M � and M Ni ≈ 0.4 M � (Sahu et al. 2009 ), while a previous
agnetar-powered model estimated P 0 ≈ 2.30 ms, B ≈ 6.2 × 10 15 

, and M ej ≈ 4.43 M � (Wang et al. 2016 ). 
We import the observational data (Sahu et al. 2009 ) from the

pen Supernova Catalogue (Guillochon et al. 2017 ). The model
ts most of the data well in the optical and NIR. The magnetar
nergy is � 10 50 erg for this supernov a, lo wer than the explosion
nergy, which dominates the dynamics here. This energy is also
uch lower than that estimated by Wang et al. ( 2016 ), and the spin-

own time is a factor of ∼ 10 larger. The ejecta mass we estimate
s similar to the previous nickel-powered model, but lower than the
re vious magnetar-po wered model. The opacity we reco v er is ∼
.06 cm 

2 g −1 , lower than the fixed value of 0.1 cm 

2 g −1 in Wang
t al. ( 2016 ). Finally, the braking index n is much higher than 3,
nd we can again reject vacuum dipole spin-down at � 95 per cent
onfidence. Our posterior on the braking index is also consistent
ith the magnetar spin-down being dominated by gra vitational-wa ve

adiation (Sarin et al. 2018 ; Sarin, Lasky & Ashton 2020a ). Ho we ver
e caution against strong conclusions based on the measurement
f n due to our simplified treatment of the neutron star spin
volution. 

.4 ZTF20acigmel 

T2020xnd or ZTF20acigmel, the ‘Camel’, is an FBOT at z
 0.2433 that was first disco v ered by ZTF (Bellm et al. 2019 ) on

020 October 12 (Perley et al. 2021 ). The peak magnitude was M 5000 Å

−20.6 mag or M 3900 Å ≈ −20.9 mag, and estimated rise time was
2 d (Perley et al. 2021 ). The photospheric radius is already receding

t 7 d, and the photospheric temperature from 7 to 13 d is estimated to
e 20 000 ± 2000 K. ZTF20acigmel was also found to be luminous
n both radio (Ho et al. 2022 ) and X-rays (Bright et al. 2022 ). 

We used the publicly available photometric data from Perley et al.
 2021 ) for our fit. The model fits the data in all filters throughout the
volution of the object. The total rotational energy of the magnetar is
round 10 51 erg, comparable to the explosion energy. Using equations
 1 ) and ( 4 ) to infer the spin period, again assuming a 1.4 M � neutron
tar with the same equation of state as Nicholl, Guillochon & Berger
 2017b ), gives P 0 ≈ 5 ms. This value, as well as the ejecta mass,
re consistent with values found for the FBOT distribution (Liu
t al. 2022 ). The braking index has a wide distribution with two
eaks, and is anticorrelated with the gamma-ray opacity, like with
he simulated supernova. If the spin-down mechanism is vacuum
ipole, then the gamma-ray opacity is likely � 1 cm 

2 g −1 , which
an happen at late times for PWNe with magnetization similar to
alactic PWNe (Tanaka & Takahara 2010 , 2013 ; Vurm & Metzger
021 ). If the braking index is larger, then the gamma-ray opacity is
maller, and the magnetization must be lower, similar to SN 2015bn
nd SN 2017egm (Vurm & Metzger 2021 ). This can be potentially
ested by observing non-thermal emission in the late phase. 
NRAS 527, 6455–6472 (2024) 
.5 iPTF14gqr 

PTF14gqr is a USSN at z = 0.063 that was first disco v ered by the
ntermediate Palomar Transient Factory (iPTF) (Law et al. 2009 )
n 2014 October 14. The supernova featured a bright first peak that
aded within a day, followed by a more extended light curve that rises
fter about ∼ 4 d. The first peak can be explained by shock cooling
De et al. 2018 ) and the second peak by either radioactivity (De
t al. 2018 ) or a new born magnetar (Sawada, Kashiyama & Suwa
022 ), although both peaks can also be explained by interaction alone
Khatami & Kasen 2023 ). 

We used the publicly available photometric data from De et al.
 2018 ), although we exclude all data points within one day post-
xplosion, since we only claim that the second peak could be
agnetar powered. The model fits the data in all filters throughout the

volution of the object. The explosion energy, which has a wider prior
o account for the low explosion energy of USSNe, is constrained
o ∼6 × 10 49 erg, while the total magnetar rotational energy is

2 × 10 49 erg. The braking index is not very well constrained;
lthough it is consistent with vacuum dipole to within error. The
edian spin-down time of ≈ 7 d is slightly lower than that found by
aw ada, Kashiyama & Suw a ( 2022 ), although our magnetar energy

s a factor of ∼ 5 higher; this is likely because our explosion energy is
maller. The ejecta mass we derive is also consistent with estimates
y both De et al. ( 2018 ) and Sawada, Kashiyama & Suwa ( 2022 ). 

 DI SCUSSI ON  A N D  SUMMARY  

s shown by both the exploration of the parameter space (Section 3 )
nd the case studies (Section 4 ), the model presented here is incred-
bly versatile. Three of the four case studies had previously been
t by a magnetar model (Wang et al. 2016 ; Nicholl, Guillochon &
erger 2017b ; Sawada, Kashiyama & Suwa 2022 ), but each of these

tudies used a different model with different assumptions to model a
articular supernova or class of supernovae. A versatile model allows
omparisons of different populations to be done self-consistently and
etermine what model variations manifest in v astly dif ferent types
f supernovae, as well as probe whether a continuum between these
ources could exist or whether there are multiple distinct classes. 

Much of the flexibility of our model comes from self-consistent
ynamical evolution of the ejecta, while the addition of magnetar
raking index as a parameter allows for some possible insight into the
pin-down mechanism of the newborn millisecond magnetar. While
nferring the spin-down mechanism for any particular supernova is
ifficult due to the number of possible mechanisms that could be in
ffect, we can constrain this parameter at a population level and see if
ifferent classes have evidence for different spin-down mechanisms.
ig. 8 (top) shows the posterior probability distribution of braking

ndex for the four case study supernova. As mentioned above, n =
 is rejected for SN 2015bn and SN 2007ru at > 95 per cent
onfidence; SN 2007ru shows a posterior that is roughly Gaussian
hile SN 2015bn shows a posterior that is roughly uniform at n � 4.
TF20acigmel and iPTF14gqr both show non-Gaussianity in their
osteriors as well; the Camel has a double peaked distribution due
o the de generac y with gamma-ray opacity, while iPTF14gqr has a
ail at high n but peaks very close to n = 3. While making definitive
tatements about spin-down mechanisms will require a much larger
ample, this small sample already shows diversity in their inferred
raking index, highlighting a potential interesting question for future
tudies. 

All the objects studied in Section 4 , including the simulated
upernov a, sho w a strong negative correlation between L 0 and t SD .
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Figure 8. Posterior distributions of the magnetar braking index (top) and 
rotational energy (bottom) for the four supernovae from our case studies. 
The median values are indicated by the solid blue vertical lines within the 
distribution. The black dashed line indicates vacuum dipole spin-down ( n = 

3). 
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his shows that the magnetar rotational energy E rot , and thus the total
nergy budget of the supernova, can be constrained for these objects 
o within an order of magnitude (see Fig. 8 , bottom). The ejecta

asses were all found to be similar to previous studies, except for SN
015bn, and the spin-down times were found to differ for all models,
sually by a factor of ∼ 3–10. The magnitude of these discrepancies 
eems to vary depending on the supernova, and a large-scale sample 
tudy on supernovae that have been previously characterized by a 
agnetar model (e.g. Chen et al. 2023b ) is necessary to characterize

he systematic difference between our model and previous models. 
Each magnetar-driven transient model (e.g. Yu, Zhang & Gao 

013 ; Kashiyama et al. 2016 ; Wang et al. 2016 ; Nicholl, Guillo-
hon & Berger 2017b ; Sarin et al. 2022 ; Sawada, Kashiyama &
uwa 2022 ) has slight differences in assumptions. All of these 
odels assume vacuum dipole spin-down, although Kashiyama et al. 

 2016 ) and Sarin et al. ( 2022 ) also add a spin-down component
or gravitational waves from magnetic deformation. For gamma-ray 
hermalization, Yu, Zhang & Gao ( 2013 ) uses a constant gamma-
ay thermalization efficiency, Kashiyama et al. ( 2016 ) models the 
on-thermal emission and deposition using several additional free 
arameters, while Wang et al. ( 2016 ), Nicholl, Guillochon & Berger
 2017b ), and Sarin et al. ( 2022 ) use the same prescription we do.
icholl, Guillochon & Berger ( 2017b ) and Sawada, Kashiyama &
uwa ( 2022 ) do not treat the effect of the magnetar on the ejecta
ynamics, while Wang et al. ( 2016 ) uses a simplified treatment.
he kilonova models (Yu, Zhang & Gao 2013 ; Sarin et al. 2022 )
ave different radioactive heating rates due to the r-process material 
n the ejecta, while the other supernova models (Kashiyama et al.
016 ; Wang et al. 2016 ; Nicholl, Guillochon & Berger 2017b ;
awada, Kashiyama & Suwa 2022 ) are non-relativistic and cannot 
e used for transients with exceptionally low ejecta masses and 
owerful magnetar engines. Finally, only Nicholl, Guillochon & 

erger ( 2017b ) and Sarin et al. ( 2022 ) were originally implemented
nto a publicly available Bayesian inference code (Guillochon et al. 
017 ; Sarin et al. 2023 ), although the Yu, Zhang & Gao ( 2013 ) model
as also been implemented in REDBACK . 

This model has a few caveats which may prevent it from properly
escribing certain transients. The first is that it is a one-zone, 1D
odel. This makes the treatment of the photospheric radius very 

implified compared to real supernov ae. Engine-dri ven supernov ae 
lso show hydrodynamic instabilities in multidimensional simula- 
ions (e.g. Chen, Woosley & Sukhbold 2016 ; Suzuki & Maeda 2017 ,
019 ; Chen, Woosley & Whalen 2020 ; Suzuki & Maeda 2021 ) which
an shred the inner ejecta, causing a decrease in the ef fecti ve optical
epth of the ejecta, as well as affecting the time-scale for non-
hermal leakage. While our model can qualitatively produce the same 
ehaviour as radiation hydrodynamic simulations, multidimensional 
ffects cause the supernova peak to be earlier and more luminous. If
he spin-down time-scale of the magnetar is smaller than the Kelvin-
elmholtz time-scale of the magnetar for neutrino emission t KH, ν � 

00 s, then baryon loading on the magnetized wind via the neutrino-
riven wind can be relevant (Thompson, Chang & Quataert 2004 ) and
he magnetized wind can be collimated by anisotropic and hoop stress 
Bucciantini et al. 2007 , 2008 ) and form a jet (Kashiyama et al. 2016 ).
his model also does not self-consistently track gra vitational-wa ve 
mission and how it depletes the o v erall rotational energy reservoir.
he model also has no way to explain the bumps and undulations

hat have recently found in a large number of SLSNe (Hosseinzadeh
t al. 2022 ; Chen et al. 2023b ), which have been explained by both
ircumstellar material (e.g. Chugai & Utrobin 2023 ; West et al. 2023 )
nd magnetars (Chugai & Utrobin 2022 ; Moriya et al. 2022 ; Dong
t al. 2023 ). The model we present can only explain a smooth light
urve with minimal fine structure; ho we ver, this structure is likely
onnected to small mass ejections or binary interactions in the final
ew years of the life of the progenitor and may not be strongly
onnected to the power source of the supernova. Furthermore, the 
ED used in our model has a simplified treatment of line blanketing

hat is calibrated to SLSNe (Nicholl, Guillochon & Berger 2017b ),
nd may not be accurate for other transients. Although it is possible
o switch the SED to a blackbody if line blanketing is not expected
o be strong, the SED is also not a good approximation deep into the
ebular phase on the supernova, since the emission will start to be
ominated by line emission instead of photospheric emission (e.g. 
chulze et al. 2023 ). 
Although the magnetar-driven supernova model is versatile 

nough to fit light curves of many different supernovae, the best
ay to determine whether a magnetar is really the power source is to

ompare the nebular spectra, polarization, and non-thermal emission 
rom the supernovae with different models. Within the magnetar 
odel, this emission is from the PWN or its interaction with the

upernova ejecta. If the ejecta is optically thin, the synchrotron and
nverse Compton emission from the PWN can leak through and 
e detected (Kotera, Phinney & Olinto 2013 ; Metzger et al. 2014 ;
MNRAS 527, 6455–6472 (2024) 
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urase et al. 2015 ; Omand, Kashiyama & Murase 2018 ), while if the
jecta is optically thick, these photons will be absorbed and change
he temperature and electronic state of the ejecta, both giving de-
ectable signals (Che v alier & Fransson 1992 ; Omand, Kashiyama &

urase 2019 ; Omand & Jerkstrand 2023 ). Ho we ver, interaction
ith circumstellar material can also produce non-thermal emission,
olarization, and spectra with high ionization lines, therefore detailed
odelling is necessary to make any strong conclusions. 
In this work, we present a more flexible, inference-capable,

ublicly available model for the light curves of magnetar-driven
upernovae. This model can be applied to any transient where the
ominant power sources are either a magnetar or 56 Ni, as long as that
nergy release is roughly spherically symmetric. The main changes
rom previous models are the coupling of the magnetar energy
njection to the kinetic energy of the supernova and the addition of the
agnetar braking index as a free parameter, allowing the exploration

f non-vacuum-dipole spin down. We show that the model can re-
roduce the basic properties on several phenomenologically different
upernovae, and also fit four different types of supernovae, retrieving
arameters consistent with works using separate models. This model
ill allow us to explore the full diversity of these supernovae, better

haracterize these supernovae from just their light curves, and make
etter predictions in future multiwavelength emission to better test
he magnetar-driven scenario. 
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ATA  AVA ILA BILITY  

ight curve data for SN2015bn and SN2007ru was obtained from the
pen Supernova Catalogue (Guillochon et al. 2017 ) using REDBACK .
ight curve data for ZTF20acigmel and iPTF14gqr were downloaded

rom repositories released with the corresponding papers (De et al.
018 ; Perley et al. 2021 ). The model is available for public use within
EDBACK (Sarin et al. 2023 ). 
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Figure A1. Corner plot for the simulated SLSN. Injected values are shown in orange. 
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Figure A2. Corner plot for SN 2015bn, an SLSN. 
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Figure A3. Corner plot for SN 2007ru, an SN Ic-BL. 
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Figure A4. Corner plot for ZTF20acigmel (the Camel), an FBOT. 
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Figure A5. Corner plot for iPTF14gqr, a USSN. 
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