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How luminous?

Originally: Mopt < −21 mag 

• Lopt ≳ few × 1043 erg/s 

• 10 - 100 × typical SN 

Long duration: 

• ∫ Lopt  dt ~ 1051 erg 

• 100 - 1000 × typical SN 

• Comparable to kinetic 
energy

MN 2021
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Surprisingly elusive

Visible to z ~ 0.5 with 1m survey telescope 

But only discovered in ~2010 

Reason 1: low rate 

1 per 103-104 SNe by volume 

(<1 per 100 SNe detected)
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Host galaxies

Reason 2: 

Faint galaxies ignored by 
older surveys 

SLSNe occur in low-Z 
dwarf galaxies  

Perley+ 2016
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Today: SLSNe from wide-field surveys

MN 2021, using Bright Supernova page, OSC and TNS

Reach raw numbers… …Remove galaxy bias… …Know what to look for!

Now few hundred known SLSNe: Gomez+2024, Aamer+2025



Matt Nicholl Queen’s University Belfast

Big questions

Short-term: 

• What is the power source? 

• What are the progenitors? 

• Why (almost) all at low metallicity? 

Long-term: 

• What does this tell us about stellar evolution? 

• May be more common at high-z: early stars and galaxy evolution 
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Possible power sources

Central engine?
• Rapidly rotating neutron star or BH
• Similar to gamma-ray burst engine but 

lasting days, not seconds

Circumstellar interaction?
• Kinetic energy converted to 

thermal energy in CSM shock
• Need CSM mass comparable to 

ejecta mass

Large nickel mass?

• Require up to ~10 M  of 56Ni

• Needs a very massive 
progenitor (PISN?)

(Something else???)

Internally 
heated

Externally 
heated
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Superluminous supernovae Type I

Now defined spectroscopically 

Very blue spectra, low-EW optical lines 

O II lines close to maximum light  

• Blue + O II => hot ejecta 

Some Fe III, later Fe II 

Much stronger lines in NUV: IMEs such 
as Mg, Si, C 

Note: H-rich population also exists — 
seem to CSM-powered (cf SNe IIn)

MN 2021
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Superluminous, or super-hot?
By ~ few weeks after peak, temperature is same as SN Ic at peak 

When temperature is the same, spectra are very similar!

MN 2021

O II/ Fe III

Fe IIMg I

Ca II

Si II

O ICa II
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Optical light curves of SLSNe I: very diverse

No obvious width-luminosity 
relation  
(but see Inserra+ 2021)
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4.2. Double-peaked Light Curves

Many SLSN light curves show a double-peaked structure on
the rise, with a precursor “bump” preceding the main rise. This
was first seen in SN 2006oz (Leloudas et al. 2012) and
LSQ14bdq (Nicholl et al. 2015b) and was suggested to be a
ubiquitous feature of H-poor SLSNe by Nicholl & Smartt
(2016). In our sample, there are no clear examples of distinct
bumps like that seen in LSQ14bdq, but PS1-11aib and PS1-13or
do show a flattening in their early light curves. The early,
marginal rP1 detection of PS1-11tt could also be indicative of a

precursor (Figure 2), but given the sparsely covered rise for this
object, the nature of the early detection is unclear.
Figure 10 shows the rising iP1 and zP1 light curves of PS1-

11aib and PS1-13or. Both objects show structure in their early
light curves, in the form of a flattening before rising to the main
peak. Compared to the precursor peak seen in LSQ14bdq, these
are significantly brighter, with the contrast between the light
curve peak and the “precursor” less than 1 mag, whereas in
LSQ14bdq the contrast was ∼2mag (Nicholl et al. 2015b). In
fact, precursors like the one in LSQ14bdq would only be
detectable in our lowest redshift data: our typical SLSN peaks
at around 22mag, so a precursor peak as in LSQ14bdq would
be 24 mag> and thus too faint to be detected. We note that the
magnetar shock breakout model of Kasen et al. (2016)

Figure 6. Pseudo-bolometric light curves, created by summing up the observed flux and adding a blackbody tail in the red. Where there is insufficient color
information at the very beginning or end of a light curve, points have been plotted assuming a constant bolometric correction. We use these light curves to measure
peak bolometric luminosities, total radiated energies, and rise and decay timescales.

Figure 7. Luminosities at peak, as measured from our pseudo-bolometric light
curves (Figure 6). Higher redshift objects have more of the UV flux included as
the bolometric estimates, so the numbers at high and low redshift are not
directly comparable; the numbers at low redshift alone show that the peak
luminosities of SLSNe can vary by almost an order of magnitude, however.
The low scatter at the high-redshift end is due to the limitations of
spectroscopic follow-up: objects like PS1-12bqf would be too faint to classify
at these redshifts.

Figure 8. Lower limits on the total radiated energies, again as a function of
redshift, measured by integrating the pseudo-bolometric light curves (Figure 6).
Numbers plotted here are lower limits, both because we do not in general cover
the entire light curve and because we are not accounting for the flux bluewards
of the observed bandpasses.
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SLSNe from DES 15

Figure 8. Top: The pseudo-bolometric light curves of DES SLSNe constructed through trapezoidal integration of the g, r, i, z photometry
and applying a bolometric correction redwards of the most red observed band to 25000Å. The large range in apparent peak energies,
spanning almost 2 dex, could reflect a large spread in initial explosion energies, or imply an e�ciency factor in the transferring the
initial explosion energy to the SN. Bottom: Pseudo-bolometric light curves with a consistent blue cut-o↵ above ⇠3800Å. We still see a
considerable dispersion in radiated energies when considering similar wavelength ranges in the pseudo-bolometric light curves.

the magnetar, and ⌧m is the di↵usion timescale, which under
the assumption of uniform ejecta density, can be expressed
in terms of the mass, Mej, opacity, , and kinetic energy, Ek
of the ejecta

⌧m = 1.05(�c)�0.50.5M
0.75
ej E

�0.25
k s,

where � represents a normalisation constant, commonly
taken to be 13.7 (Arnett 1982). Following Inserra et al.
(2013), we assume an opacity of  = 0.1 cm2g�1 (consistent
with hydrogen-free ejecta).

Due to temporal edge e↵ects, some of the DES objects
lack the light curve coverage required for a fair assessment
of the magnetar model against their bolometric light curves.

We therefore introduce a small time step as an additional fit
parameter in Equation 3, in which we allow the start date of
the SN to vary between �10 and +10 days to the start of the
bolometric light curve. The best fitting magnetar properties
are given for each SLSN with Table 3. Whilst this model is
able to fit a large fraction of the DES SLSN light curves, vi-
sual inspection of many of the fits reveals cases in which the
smooth evolution of the magnetar model alone is unable to
fully account for the wiggly evolution of the bolometric light
curves (for e.g., see Figure 9). Such cases could be a result
of artefacts introduced from the GP interpolation, or they
could be the result of multiple energy sources powering the
light curve (e.g., magnetar + CSM interaction). We discuss
this further in Section 7.

MNRAS 000, 1–29 (2019)

DES: Angus+  
2020
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Luminosity function: gap or continuum?

Objects with SLSN-like spectrum 
now seen fainter than −21 mag 

If SLSNe are SNe Ic with extra 
heating, expect no gap between 
brightest SNe Ic and faintest SLSNe 

• Seems to be the case in large 
samples 

Brightest SLSNe have optical peak 
M ≈ −22.5 mag  

• Physical upper limit?

8 De Cia et al.

3. Rise and fall times by 1 mag, t∆1mag
rise and t∆1mag

fall

are the times that the SN takes to rise and fall
by 1 mag from the peak, measured on light curves
which have been smoothed using interpolation (see
Sect. 4.4).

4. Half-flux rise and fall times trise,1/2, tfall,1/2
are the times for the SN fluxes to rise from half flux
to peak, and to fall form peak to half flux, mea-
sured on light curves which have been smoothed
using interpolation (see Sect. 4.5).

The derived quantities are listed in Table A1 and the
details for each diagnostic are reported below.

4.1. Peak magnitude distribution

We calculate the absolute magnitudes using the dis-
tance modulus for a given z (e.g. Hogg 1999). At the z
considered here (∼ 0.3), the difference in distance modu-
lus obtained from different cosmology models is negligi-
ble compared to the uncertainties in the observed appar-
ent magnitudes. The redshifts of the SLSNe are derived
in most cases to three decimal digits (see Table 1). In
fact, here we are interested only in the relative lumi-
nosity distances between different SNe, and the relative
uncertainties are even smaller. The uncertainties on the
absolute magnitudes are therefore largely dominated by
the uncertainties on the observed apparent magnitudes,
and we do not make any attempt to include uncertain-
ties due to the distance estimate.
We determine the peak times and magnitudes by fit-

ting a second-order polynomial to the rest-frame g-band
magnitudes around the maximum brightness, typically
between −30 and 30 days around the approximate peak,
or adjusting this interval to adapt to the data cover-
age. The fitted curves and the relevant time intervals
are shown in Figures B1 to B5.
Figure 3, top panel, shows the peak-magnitude distri-

bution of H-poor SLSNe (solid blue), SNe Type Ic-BL
(shaded yellow) and SNe Type Ib, Ic, and Ib/c (solid
orange), all from the PTF survey, for a brightness bin
of 0.2 mag. Note that only SNe where the peak could
be observed and constrained are included in this plot.
When calculating the number of SNe for each bright-
ness bin, it is important to consider the observational
biases. While SLSNe are bright enough to be observed
at larger distances, many normal SNe could actually be
exploding at those distances, but be too faint to be de-
tected (Malmquist bias). To compare the numbers of
SNe in a fair way it is therefore necessary to normalize
the numbers to the same comoving volume. We calcu-
late the volumetric correction Vc for each SN as the ratio
between the volume probed by the most luminous SLSN
in our sample (Mg,max = −22.41 mag at peak) and the
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Figure 3. The peak-magnitude distribution of PTF SNe
of the labelled types, for rest-frame g absolute magnitudes.
The bottom panel shows the peak-magitude distribution af-
ter volumetric correction (i.e. corrected for Malmquist bias).

volume probed by the individual SN, given the limit-
ing magnitude of the PTF survey of mlim = 20.5 mag
(Cao et al. 2016), i.e., the maximum luminosity distance
at which each SN would have been observed with this
limiting magnitude. The volumetric correction factor Vc

is then expressed as follows:

Vc = Vmax/Vmax,i =

(

DL,max

1 + zmax

)3

/

(

DL,max,i

1 + zi

)3

, (1)

where the luminosity distance of the brightest SN in the
sample is DL,max = 10(((mlim−Mg,max)+5.)/5.) and the lu-
minosity distance for each individual SN is DL,max,i =
10(((mlim−Mg,i)+5.)/5.). Figure 3, bottom panel, shows
the peak-magnitude distribution after the volumetric
correction. The mean peak magnitude of the SLSN sam-
ple is < Mg,peak >= −21.14 mag with a standard devi-
ation of 0.74 mag.

4.2. The post-peak early- and late-time decay rates

The light curves of H-poor SLSNe can show a change
in decay rate (e.g. Inserra et al. 2013). Here we indepen-
dently characterize the post-peak early- and late-time
decay rates of H-poor SLSNe with linear fits to the early-

De Cia+ 2018
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“Luminous” supernovae
Like SLSNe, events in the ‘gap’ have wide range 
of timescales

( )0l l a with a fixed α= 1 and a variable λ0, in order to
account for the UV absorption seen in SLSNe (e.g., Yan et al.
2018). In our modified slsnni model we allow the power-law
index α of the suppression to vary in addition to λ0, so that we
can fit all SNe with the same uniform model, regardless of the
location or steepness of the suppression. We are thus also able
to fit the light curves of SNe that are reddened due to line
blanketing from radioactive decay.

We retain model priors similar to those Nicholl et al. (2017)
used to model SLSNe, with two modifications to accommodate
the wider range of SNe modeled here, encompassing the typical
parameters of both SNe Ib/c and SLSNe. First, we impose a
conservative upper limit on the total nickel mass fraction of
fNi< 0.5, higher than the typical ranges that SNe Ic/Ic-BL
reach (Taddia et al. 2019; Barbarino et al. 2020). And second,
since we are unable to constrain the value for the neutron star
mass MNS in any model, we impose a Gaussian prior of
MNS= 1.7± 0.2Me, similar to previous studies (Blanchard
et al. 2020), and motivated by the typical masses of neutron
stars (Özel & Freire 2016). The actual choice of prior for MNS
has no effect on the output parameters since the mass of the

neutron star has a negligible effect on the output light curves. In
Table 2 we list all the model parameters, their priors, units, and
definitions.
We fit the multiband light curves of all LSNe and list the

best-fit values and uncertainties in Table 3. The uncertainties
presented here represent only the statistical errors on the fits. In
Table 4 we list additional parameters calculated from the
posteriors of the fitted parameters. We measure the peak r-band
magnitude of each SN from its light-curve model to quantify
the peak, even for the SNe that do not have r-band observations
available. Table 4 also lists an estimated explosion date in MJD
and a rise time, defined as the time from explosion date to
maximum r-band brightness. In the same table, we list
estimates for the total kinetic energy, ( )E M V3 10k ej ej

2= and
total nickel mass synthesized in the explosion, MNi= fNi×Mej.
We include light-curve plots for all bands in Appendix H and
corner plots in Appendix G for the models of all 40 LSNe in
Appendix A.
We explore which areas of parameter space LSNe could

exist in by generating 10,000 LSNe input light curves based on
the priors listed in Table 2 and then selecting the output objects

Figure 1. Light curves of all the Gold and Silver LSNe in our sample. The individual data points are r-band magnitudes of the SNe, and the lines are the corresponding
best-fit models described in Section 3. The shaded regions represent the 1σ, 2σ, and 3σ intervals for typical light curves of SLSNe (blue) and SNe Ic (red) obtained
from averaging their light-curve models.
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with a peak magnitudeMr between −19 and −20 mag. We find
the input and output distributions to be similar at the ∼90%
level for almost every parameter, meaning if LSNe exist within
our defined prior, we would be able to recover them. The one
exception is SNe that have both a Pspin> 9 ms and a fNi< 0.03,
as they all fall below our lower luminosity threshold of
Mr=−19 and would likely appear to be normal SNe Ic.

4. Modeling Results

In Figure 3 we show the distribution of the most relevant
physical parameters Pspin, B⊥, Mej, vej, and fNi for the LSNe,
SLSNe, SNe Ic, and SNe Ic-BL populations. In general, we
find that SLSNe and SNe Ic/Ic-BL separate well in terms of
most parameters; while LSNe span the whole range of allowed
parameter space. Some LSNe have magnetar parameters (Pspin,
B⊥) that overlap the SLSNe population, consistent with
powerful central engines, while some LSNe overlap the SNe
Ic/Ic-BL population. The latter have weak or no evidence for
magnetars, but instead appear powered by radioactive decay, as
evidenced by their high fNi values. The ejecta masses of LSNe

span a wide range, from ∼1.5 Me and up to ∼30 Me. We find
the ejecta velocity estimates among all types of SNe to be very
similar.

4.1. Magnetar Parameters

In order to quantify how different the parameter distributions
of LSNe are from those of SLSNe and SNe Ic/Ic-BL, we
implement a two-sample Kolmogorov–Smirnov (K-S). A K-S
metric of D= 0.0 indicates the two populations are drawn from
the same distribution, and D= 1.0 means there is no overlap
between the distributions. We find a K-S metric (and p-value)
for the LSN distribution of Pspin of D= 0.63 (<10−3) and
D= 0.62 (<10−3) when compared to the SLSNe and SNe Ic/
Ic-BL distributions, respectively. This indicates that the spin
period distribution of LSNe is not similar to that of either
SLSNe or SNe Ic/Ic-BL, as LSNe span a wider range of Pspin
values than either SLSNe or SNe Ic/Ic-BL. A similar result is
found for the magnetic field strength, where we find values of
D= 0.34 (<10−3) and D= 0.75 (<10−3) when LSNe are
compared to SLSNe and SNe Ic/Ic-BL, respectively. This

Figure 2. Representative spectra for all the Gold and Silver LSNe that have spectra available within ±10 days of peak, sorted by color and spectral features. We find
that LSNe appear to form a continuous distribution, from blue SLSN-like spectra to red SN Ic-like spectra. Individual references for each spectrum are listed in
Appendix A.

6

The Astrophysical Journal, 941:107 (30pp), 2022 December 20 Gomez et al.

Gomez+ 2022

Brighter => bluer spectra
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LSN 2011kl: coincident with hours-long GRB

Greiner+ 2015



Matt Nicholl Queen’s University Belfast

“Bumps” and “wiggles”

~20% (Angus+ 2020) of SLSNe 
have double-peaked light curves 

Initial peak or ‘bump’ resembles 
shock cooling in e.g. SNe IIb 

But very luminous! 

Requires either very extended 
material or very high energy input 
per solar mass 

Probes immediate environment?

Nomoto 1990; Woosley et al. 1994; Modjaz et al. 2009). The
light curve of LSQ14bdq is qualitatively similar to these objects,
suggesting that the light curve could be explained by a shock
cooling phase, followed by internal reheating. While bolometric
luminosity in the cooling phase should decline monotonically,
single-filter light curves showmaxima as the peak of the spectral
energy distribution moves into and out of the optical.

We fit the early rise using analytic approximations from
Rabinak & Waxman (2011), giving the parameters in Figure 4.
We use their blue supergiant (radiative envelope), red super-
giant (convective envelope), and Wolf–Rayet models for SN
1987A, 1993J and 2008D, respectively. The progenitor radius,
R, determines the slope and duration of the rise, while the
luminosity scale is set by both R and by the explosion energy
per unit mass, E Mk ej. The values of R and E Mk ej used to fit
the literature objects are in line with previous estimates. As
noted by Rabinak & Waxman (2011), the model assumptions
begin to break down after a few days; we end the simulations at
the cut-off time prescribed by their Equation (17). The model
for SN 1993J is still rising slowly as it goes through the peak.
The discrepancy with observations may be due to the very
simple density profile assumed in the model. Detailed models
of SN 1993J have had 0.1 M in the extended envelope, with
most of its mass in the core.

To model LSQ14bdq, we set E Mk ej C= B/M, where C is
arbitrary. To try to break the degeneracy between Ek and Mej,
we assume that the diffusion time during the early peak is the
same as in our central-engine fit to the main peak. We neglect
late-time kinetic energy input from the magnetar, ≈1051 erg for
our model, because this is small compared to the initial energy
found for the shock cooling, as will be seen below.We then have

c

M

E
1.05

(13.7 )
90 days. (1)m 1 2

1 2 ej
3

k

1 4

t k=
æ

è

ççççç

ö

ø

÷÷÷÷÷
=

For 0.2 cm g2 1k = - , this leads to

M C M40.1 ; (2)ej
1 2= 

E C40.1 B. (3)k
3 2=

The uncertainty in mt (taking the range where 22
min
2c c< ) is

30%~ , meaning M and Ek are constrained to within a factor of 2.
Figure 4 shows models for 3 progenitors: a Wolf–Rayet with

R 10= R, and extended stars with R 100, 500= R
(extended models are insensitive to the choice of radiative/
convective envelope). For the compact model, we derive Mej

270» M; depending on the precise mass, the implied
progenitor should either explode as a PISN or collapse totally
(hence invisibly) to a black hole (Heger & Woosley 2002),
neither being consistent with the light curve. The inferred
energy, Ek 1054> erg, is also unrealistic.
An extended envelope (or wind; Ofek et al. 2010) is

therefore a requirement in this scenario. The 100 Rmodel
requires Mej 60» M and Ek 150» B. This energy is greater
than the canonical neutron star gravitational binding energy of
1053 erg (of which 1%~ is normally accessible to power the
explosion). The energy released in black hole-formation is
higher than for neutron stars and could meet the requirement, if
it could couple to the ejecta. A possible mechanism is an
accretion disk, such as in the collapsar model (Woosley 1993)
of gamma-ray bursts (GRBs). In this case the engine would be
black hole accretion (Dexter & Kasen 2013) rather than a
magnetar. This accretion engine has a characteristic power law,
L t nµ - , similar to the magnetar, with n 2mag = and
n 5 3acc = . Therefore we would expect a similar mt , and that
Equations (2) and (3) would still hold.
The final model shown is for R 500= R. The inferred

mass is Mej 30» M, with Ek 20» B, which may also favor a
black hole engine over a neutron star (it is similar to the kinetic
energy in GRB-SNe), but not so definitively as in the more
compact models. The radius is very large for a hydrogen-free
star, but similar to SN 1993J, which had only a very diffuse
hydrogen envelope, and by maximum light had evolved to
resemble a SN Ib. For this model, the velocity,
v E M10 (3 ) 10,000k ej~ = km s−1, is in good agreement
with the observed spectrum.

3.4. Shock Cooling with CSM Interaction

An alternative scenario to consider is that the main peak
arises from CSM interaction on scales of 104~ R, as has been
suggested for other SLSNe (e.g., Chatzopoulos et al. 2013).
CSM fits for the main peak (Figure 2) require E Mk ej ∼ 0.2 B/
M, lower than any of the shock cooling models shown in
Figure 4. This is fairly inflexible for the CSM model, as Ek and
Mej are the two strongest drivers of the peak luminosity—e.g.
models with E Mk ej ∼ 0.4 B/M are too bright by about
0.5 dex (and rise too quickly). To reproduce the early emission
with shock cooling and E Mk ej ∼ 0.2 B/M, we would need
initial radius R 2000~ R. This is uncomfortably large for
any reasonable progenitor. However models have been
proposed in which the cooling phase arises from shock
breakout in an inner region of dense CSM rather than the
progenitor envelope (Ofek et al. 2010); this may be a viable
explanation for LSQ14bdq, but would require a novel CSM
structure to get two distinct peaks.

Figure 4. Post-shock cooling models for LSQ14bdq and other double-peaked
SNe. We show both compact and extended models. Mass and energy can be
inferred from the fits together with Equations (2) and (3). More extended
progenitors can reproduce the peak brightness with lower Mej and Ek.
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“Bumps” and “wiggles”

~40% show post-peak wiggles 

Typically appear around  
~few × trise 

Changes in internal heating rate?  

Ionisation breakout? 

Interaction with low-mass CSM 
shells?

Hosseinzadeh+ 2022
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The Big Data era and the SLSN Catalog

Public catalog of all known SLSNe up to 31 Dec 2022 

Classifications manually verified 

262 events 

• 30,000 light curve points 

• 974 spectra 

• Consistently derived parameters (observational and physical) 

• Handy functions for manipulating data

Data available at: 
github.com/gmzsebastian/SLSNe 

Get catalog and associated code: 
pip install slsne 

https://github.com/gmzsebastian/SLSNe
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Redshift and magnitude distributions The SLSN catalogue 477 

MNRAS 535, 471–515 (2024) 

Figure 4. Left: peak absolute magnitude in rest-frame r band as a function of redshift for the full SLSN sample. In red, blue, and pink, we show SLSNe detected 
in several large surveys: ZTF, DES, and PS1, respectively. The red dashed line indicates the nominal magnitude limit of ZTF, and the black line the limit for 
PS1 and DES (we note that SLSNe from PS1 and DES are further limited by a rough spectroscopic follow-up limit of ∼ 22 . 5 mag). Right: total radiated energy 
E rad during the first 200 d of the light curve for the full SLSN sample. 
Table 2. MOSFIT parameter definitions. 

Prior Units Definition 
M ej [0 . 1 , 100] M " Ejecta mass 
f Ni log ((0 , 0 . 5]) Nickel mass as a fraction of the 

ejecta mass 
V ej log ([10 3 , 10 5 ]) km s −1 Ejecta velocity 
M NS 1 . 7 ± 0 . 2 M " Neutron star mass 
P spin [0 . 7 , 30] ms Magnetar spin 
B ⊥ log ((0 , 15]) 10 14 G Magnetar magnetic field 

strength 
θBP [0 , π/ 2] rad Angle of the dipole moment 
t exp [0 , 200] d Explosion time relative to first 

data point 
T min [3000 , 10000] K Photosphere temperature floor 
λ0 [2000 , 6000] Å Flux below this wavelength is 

suppressed by α
α [0 , 5] Slope of the wavelength 

suppression 
n H, host log ([10 16 , 10 23 ]) cm −2 Column density in the host 

galaxy 
κ [0 . 01 , 0 . 34] cm 2 g −1 Optical opacity 
κγ log ([0 . 01 , 0 . 5]) cm 2 g −1 Gamma-ray opacity 
σ [10 −3 , 10 2 ] Uncertainty required for χ2 

r = 1 
Notes. Parameters used in the MOSFIT model, their priors, units, and defini- 
tions. Priors noted in log have a log-flat prior, priors without it are flat in linear 
space, and priors with a centre and error bars have a Gaussian distribution. 
based on the original SUPERBOL (Nicholl 2018 ) code. Unlike MOSFIT , 
which produces smoothly evolving light curves, the EXTRABOL model 
allows us to account for short-term variability, such as bumps or 
undulations, that the MOSFIT model cannot reproduce. We limit the 
EXTRABOL models only to SLSNe that have at least three detections 
in three distinct bands to obtain a more robust fit to the data in 
terms of phase and wavelength. We find that EXTRABOL tends to 
o v erpredict UV magnitudes when no UV observations are available, 
particularly at very early or late phases. To mitigate this issue, 
we include additional model photometry derived from the MOSFIT 
model, corresponding to the model magnitude of the SN in every 

observed band at the time of the first and last detections. We find this 
addition helps EXTRABOL produce much more reliable results in the 
interpolation. 

Additionally, we measure the rate of change of the photospheric 
radius as a function of phase by fitting a straight line to the EXTRABOL 
models from explosion to peak bolometric luminosity. We use this 
value to approximate the photospheric velocity of the SLSNe, and 
refer to it as the ‘blackbody velocity’ to distinguish it from a direct 
measurement of the photospheric velocity. 
4  P OPUL ATI ON  PROPERTIES  
In this section, we describe basic observational properties of the 
SLSN population based on the parameters described in Section 3 . 
Since some of the properties described here, such as the peak 
luminosity or rise time, are derived from the light-curve models, 
we consider them to be largely model independent. 
4.1 The mean SLSN 
We use the rest-frame MOSFIT light-curve models of all SLSNe to 
create a map of their mean evolution as a function of phase and 
wavelength. The mean is calculated by averaging the magnitudes of 
all models of all SLSNe at each phase and wavelength. The resulting 
mean values and corresponding ±1 σ range in magnitudes are shown 
in Fig. 6 . This map provides an estimate of the mean AB magnitude 
and scatter of SLSNe at an y wav elength between 2100 and 16 000 Å
and any phase between −23 and 243 d. For ease of use, we provide 
a version of this map as a function of days from peak, and another as 
a function of days after explosion in the data repository. 

While the light curves used to generate this map were generated 
using the common filters listed in Section 3 , we provide an option to 
estimate the mean magnitude of SLSNe at any arbitrary wavelength 
and phase by interpolating this map. For example, in Fig. 7 , we show 
the mean evolution of SLSNe in griz bands, as well as the individual 
light curves of each SLSN in grey. 
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Figure 2. Histogram of the disco v ery year of all SLSNe in this work, 
including the bronze sample. In blue, we show the SLSNe disco v ered as 
part of our FLEET observational program, which contributed to the peak of 
SLSN disco v eries in 2020–2022. 

Figure 3. 2D histogram of rest-frame phase in days versus rest-frame 
wavelength for all photometric measurements of the full sample of SLSNe. 
The dashed lines represent the 1st and 99th percentile of each histogram, 
emphasizing the abundance of optical data within a few months of peak 
brightness. 
using a variety of different power sources (Guillochon et al. 2018 ). 
Here, we assume a magnetar central engine to be the dominant power 
source of SLSNe. Additionally, we account for contributions from 
radioactive decay, recognized as the primary power source in Type 
Ic SNe, the less luminous analogues to SLSNe. The choice to model 
the light curves with a magnetar central engine comes from the 
fact that this model has been able to accurately reproduce the light 
curves (e.g. Nicholl et al. 2017c ), late-time evolution (e.g. Kasen & 
Bildsten 2010 ), and spectra (e.g. Mazzali et al. 2016 ) of most SLSNe. 
A significant advantage of this model is its ability to replicate the 
light curves of SLSNe with a minimal set of parameters, particularly 
when compared to more complex models such as those powered 
by CSM interaction (e.g. Che v alier & Irwin 2011 ; Chatzopoulos 
et al. 2013 ; Chen et al. 2023b ). Modelling the entire data set with 
distinct models is beyond the scope of this work. Regardless of the 
model choice, some physical parameters such as the ejecta mass and 
velocity, should still correlate with the diffusion time-scale, which is 
related to the duration of the light curve. Additionally, we use these 

models to derive model-independent properties from the light curves 
of SLSNe. 

The parameters being fit in the models, their prior ranges, units, 
and definitions are listed in Table 2 . The original magnetar model 
used in MOSFIT is defined in Nicholl et al. ( 2017c ). The models, 
priors, and parameter constraints used here are identical to those 
used to model LSNe in Gomez et al. ( 2022a ). The main difference 
from the original Nicholl et al. ( 2017c ) models and the ones used 
to model LSNe is the inclusion of an additional radioactive decay 
component. We also allow for the suppression α of the flux bluewards 
of some wavelength λ0 to vary between 0 and 5, as opposed to being 
fix ed to 1. Giv en that the value of the neutron star mass M NS has 
little to no effect on the output light curve, we impose a Gaussian 
prior of M NS = 1 . 7 ± 0 . 2 M ! moti v ated by the typical masses of 
neutron stars ( ̈Ozel & Freire 2016 ). We run each model with 150 
w alk ers and test for convergence by ensuring that the models reach 
a potential scale reduction factor of < 1 . 3 (Gelman & Rubin 1992 ), 
which corresponds to a few ×10 4 steps, depending on the SN. We 
show the light curves and best-model fits of all Gold SLSNe in 
Fig. 5 . We are able to reproduce the light curves of the full sample 
of SLSNe with this model. After accounting for the model variance 
σ , all SLSNe have a reduced χ2 values less than 1.7. 

We use the posterior distribution of all the best-fitting parameters 
from MOSFIT to calculate the values of additional physical parameters. 
We use the individual values of all w alk ers to obtain the most accurate 
estimate for the mean value and correlations between these derived 
parameters. We include measurements for the total nickel mass M Ni , 
as well as for the initial magnetar spin-down luminosity L 0 and spin- 
down time t SD . The latter two parameters are included to allow for 
a direct comparison to the model of Omand & Sarin ( 2024 ), where 
these parameters are defined. We also include a measurement of the 
kinetic energy, KE = (3 / 10) M ej V 2 ej , the radiative efficiency between 
luminosity L and kinetic energy ε = L/ KE , and a measurement of 
f mag , or the fraction of the total luminosity during the first 200 d that 
comes from the magnetar contribution, as opposed to radioactive 
decay. 

Lastly, we use the MOSFIT light-curve models to calculate a series 
of observational parameters. We provide rest-frame light curves for 
all SLSNe by generating MOSFIT models based on the best-fitting 
parameters of each SLSN, but at a fixed distance of 10 pc and with no 
host extinction. These models represent rest-frame SLSN light curves 
in ugri zy , UVBRIJHKs, and all Swift bands. We do not include 
models redder than λ = 1 . 58 µm, since observations in these bands 
have been shown to be heavily affected by emission from dust (Chen 
et al. 2021 ; Sun, Xiao & Li 2022 ), and the models would therefore 
not be representative of real SLSN observations. We use these rest- 
frame models to measure values for &m 15 , the magnitudes by which 
an SN fades 15 d after maximum in B band; τe , the number of days it 
takes for an SN to fade from bolometric peak by a factor of e; τ1 , the 
number of days it takes for an SN to fade by 1 mag in r band; τrise , 
the number of days it takes an SN to go from explosion determined 
from the MOSFIT model to r-band peak; M max , the peak absolute 
magnitude in rest-frame r band; L max , the bolometric luminosity at 
peak; and E rad , the total radiated energy during the first 200 d after 
explosion. 
3.2 EXTRABOL 
To measure the bolometric properties of each SLSN, including 
their luminosities, temperatures, and radii, we model each light 
curve using EXTRABOL (Thornton et al. 2024 ), a Gaussian Process 
implementation of the GEORGE (F oreman-Macke y 2015 ) package, 
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Figure 7. Rest-frame absolute magnitude light curves in the griz bands for the full sample of SLSNe as a function of phase from their respective peaks. The 
grey lines show the light curves of each individual SLSN, while the solid colour curves and shaded regions represent the mean evolution of the full sample 
and their 1 σ ranges, respectively. The horizontal dashed and vertical dotted lines demarcate the mean peak magnitude in each band and the mean τe decline 
time-scale in each band. 

Figure 8. Example of applying our optimal K -correction model to a few representative SLSNe, spanning a broad range of redshifts. The brown points and 
shaded regions represent the observed photometry and best-fitting model, respectively. The blue points and shaded regions are the same data, but after applying 
our K -correction model. The black points represent the same photometry but modified using only a simple K -correction of + 2 . 5 log 10 (1 + z). Our method 
outperforms the simple K -correction for most cases. 

Figure 9. Bolometric correction ratio λL λ/L Bol as a function of phase and 
rest-frame wavelength. The left panel shows the data representing the mean 
value of λL λ/L Bol for the full sample of SLSNe, while the right panels shows 
a fourth-order 2D polynomial fit to these data. 
with expectations from models of homologous expansion of SNe 
(Liu et al. 2018b ). While these measurements are consistent with 
previous results (e.g. Lunnan et al. 2018c ; Chen et al. 2023a ; Hinkle 
et al. 2023 ), the larger sample size used here allows us to constrain 

the decrease in photospheric radius ∼ 50 d after peak, not clearly 
e vident in pre vious studies, which in turn allo ws us to measure the 
velocity at which the blackbody radius evolves. 

We use the rest-frame light-curve models from MOSFIT to calculate 
the mean colour evolution for SLSNe for a series of filter pairs. In 
Fig. 12 , we show this evolution, where we see SLSNe tend to be blue 
before peak with a mean colour of g − r ∼ −0 . 2 before reddening 
with time to typical values of g −r ∼ 0 . 2 − 0 . 8. 

We find the mean duration for an SLSN to reach peak from 
explosion is τrise = 27 + 25 

−13 d. This parameter is tightly correlated with 
the decline time τe , which has a mean value of τe = 44 + 38 

−18 d, as shown 
in Fig. 13 . These parameters are similarly correlated with both τ1 and 
$m 15 . We fit the relation between various rise and decline time-scales 
and find the following correlations: 
log ( $m 15 ) = ( −0 . 51 ± 0 . 01) × log ( τ1 ) + (1 . 32 ± 0 . 01) 

log ( τe ) = (0 . 82 ± 0 . 02) × log ( τ1 ) + (0 . 35 ± 0 . 04) 
log ( $m 15 ) = ( −0 . 59 ± 0 . 02) × log ( τrise ) + (1 . 00 ± 0 . 02) 

log ( τe ) = (1 . 00 ± 0 . 03) × log ( τrise ) − (0 . 20 ± 0 . 05) . 
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of SLSNe to conduct our analysis, from which we derive our 
conclusions. 

(i) The SLSN population has a mean rise time of τrise = 27 + 25 
−13 d, 

and a mean e -folding decline time of τe = 44 + 38 
−18 d. 

(ii) The mean peak rest-frame r-band absolute magnitude is M r = 
−21 . 3 + 0 . 9 

−0 . 6 , and the mean peak bolometric luminosity is log L max = 
44 . 3 + 0 . 3 

−0 . 5 erg s −1 . 
(iii) SLSNe have mean ejecta masses of M ej = 9 . 3 + 12 . 9 

−4 . 8 M "
and mean ejecta velocities derived from MOSFIT models of V ej = 
6800 + 3400 

−2000 km s −1 . 
(iv) We use the blackbody radius evolution from EXTRABOL to 

estimate the velocity of the photosphere and find these values to be 
∼ 20 per cent lower, but still consistent, with the ejecta velocities 
derived from MOSFIT . 

(v) The inferred mean blackbody radius reaches a peak of ≈ 5 ×
10 15 cm at ≈ 50 d post-peak, and then declines to ≈ 2 × 10 15 cm at 
! 200 d after peak. 

(vi) The mean magnetar central engine parameters are P spin = 
2 . 4 + 3 . 0 

−1 . 2 ms and log ( B ⊥ /G ) = 14 . 2 ± 0 . 4. 
(vii) A magnetar central engine model is able to fit the light curves 

of ef fecti vely all SLSNe without additional energy sources. 
(viii) Radioactive heating from 56 Ni decay does not have a 

noticeable contribution in most SLSNe, with the exception of a few 
of some slowly declining, relatively dim SLSNe. 

(ix) We do not find a correlation between ejecta mass and magnetic 
field strength, as suggested by Hinkle et al. ( 2023 ). 

(x) We find no significant redshift-dependence for any physical or 
observational parameter. 

(xi) We find no strong evidence for subtypes of SLSNe when 
considering the full range of observed and physical properties. For 
example, SLSNe do not split between slow and rapid subpopulations, 
but instead form a smooth continuum. 

(xii) We find the late-time decline rates for most SLSNe to be 
faster than the expectation from radioactive 56 Co decay. SLSNe with 
decline rates consistent with that of 56 Co decay can be explained by 
simply representing the slow end of the distribution of decline rates. 

(xiii) The progenitor pre-explosion mass distribution peaks at ≈
6 . 5 M ", which roughly corresponds to a ZAMS mass of M ZAMS ∼ 23 
M ". 

(xiv) The progenitor pre-explosion mass distribution extends as 
low as ≈ 2 M " and up to ≈ 40 M ", with a broken-power-law 
distribution with a break at M B = 10 . 7 ± 0 . 8 M ". 

Starting in 2025, the Vera C. Rubin Observatory Le gac y Surv e y of 
Space and Time (Rubin; Ivezi ́c et al. 2019 ) is planned to commence 
and expected to discover ∼ 10 4 SLSNe in the Wide-Fast-Deep survey 
(Villar et al. 2018 ). Similarly, in 2027 the Nancy Grace Roman Space 
Telescope ( Roman ; Spergel et al. 2015 ) is scheduled to launch and 
find SLSNe to z ∼ 5 (Moriya, Quimby & Robertson 2022b ; Gomez 
et al. 2023b ). Finding these SNe will allow us to constrain their 
event rate as a function of redshift, and test how star formation varies 
with redshift for the most massive progenitor stars (e.g. Madau & 
Dickinson 2014 ; Frohmaier et al. 2021 ). The catalogue presented 
here can be used to simulate observations of SLSNe that Rubin and 
Roman will observe, to help us better prepare for these surveys. 
Once these surv e ys be gin, their disco v eries will allow us to push the 
boundaries of our understanding of the SLSN population. 
7  C ATA L O G U E  D E SC R IP T IO N  
We provide the entire catalogue, including all the photometry, 
models, and derived parameters as an open-source tool available on 

GitHub . The package can be easily installed via PYPI with a pip 
install slsne command. Additionally, we provide PYTHON 
examples on how to access different components of the catalogue and 
use them to either reproduce plots on this paper or for comparison 
to other studies. The catalogue is open-source and flexible enough 
for anyone to contribute their data via a pull request. While we list 
some examples of how to use the code here, we encourage users 
to reference the documentation 7 for the must up-to-date syntax and 
code examples. 

In Listing 1, we pro vide e xamples on how to obtain the light 
curves of either individual SLSNe, or light curves for the full sample. 
These tools can be used to create comparisons such as the one 
shown in Fig. 7 . In Listings 2 and 3, we show examples on how to 
obtain an accurate K -correction or bolometric scaling as a function 
of wavelength and phase for any SLSN. In Listing 4, we show 
an example on how to obtain a set of parameters from the SLSN 
population. F or more e xamples, including scripts used to reproduce 
the plots in this paper, we encourage the reader to visit the GitHub 
repository of the catalogue. 

We encourage users to cite the original sources of data for all SNe 
used. Therefore, we provide a function named get references , 
which can take in a list of SN names, and return all the bibcode 
entries used for those SNe. If no list is provided, the function will 
print all the bibcode entries used for all photometry used in this work. 

Listing 1. Example of how to obtain the rest-frame model light 
curves of all SLSNe, as well as a single SLSN. 

from slsne.lcurve import get all lcs 
# Get light curves of all SLSNe in r-band 
(dim, mean, high), (time samples, lightcurves) = get all lcs(’r’) 
# Get a single light curve 
time samples, r 2018lfe = get all lcs(’r’, names = ’2018lfe’) 
Listing 2. Example of how to calculate the K -correction for the 

observed photometry of an SLSN. 
from slsne.lcurve import get kcorr, fit map 
from slsne.utils import get lc 
# Import a SLSN light curve, and define a redshift and peak date 

phot = get lc(’2013dg’) 
redshift = 0.265 
peak = 56447.62 
# Fit the best scaling for the SLSN map 
stretch, amplitude, offset = fit map(phot, redshift, peak = peak) 
# Get corresponding K-correction for the photometry 
K corr = get kcorr(phot, redshift, peak = peak, stretch = stretch, 

offset = offset) 
# Apply the K-correction to the photometry 
corr mag = phot[’Mag’] - K corr 
Listing 3. Example of how to calculate the bolometric scaling for 

an SLSN. 
from slsne.lcurve import get bolcorr 
from slsne.utils import calc flux lum, get lc 
# Import a SLSN light curve 
phot = get lc(’2018lfe’) 
redshift = 0.35 
peak = 58468.55 
# Calculate the phase with respect to peak 
phot[’Phase’] = (phot[’MJD’] - peak) / (1 + redshift) 
# Measure the bolometric scaling 

7 https://slsne.readthedocs.io 
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A simple but important observation
Normal SNe are heated by 56Ni decay, 
timescale and energy per unit mass fixed 

For more luminosity, need more mass 

SLSNe show a wide, uncorrelated range of 
decline rates and luminosities 

• Not all SLSNe can be powered by Ni 

• It is required observationally that the 
true power source has at least one 
more degree of freedom than Ni: 
separate normalisation and duration
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But not too much freedom!

Light curves have similar 
intrinsic shape 

Fade time ~1.5–2 × rise time 

Natural in centrally-powered 
models 

CSM models are more flexible
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Light curve fits: magnetar + nickel (MOSFiT)

Rotational energy of millisecond magnetar 
~ 1052 erg/s 

Energy extracted* via dipole spin-down 
(Ostriker & Gunn 1971, Thompson+ 2004, 
Kasen & Bildsten 2010, Woosley 2010…) 

Power ~ B2/P4 

Timescale ~ P2/B2 

Arnett diffusion formalism to get mass, 
velocity

P

B

log Linput

log t 

56Ni

* How does it couple to ejecta? Unclear
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Figure 5. Light curves and best-fitting MOSFIT models for all 168 gold SLSNe, shown in order of disco v ery date. Upper limits are shown as inverted triangles. 
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bulk properties 

Caveat: doesn’t  
do bumps
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Figure 5. Light curves and best-fitting MOSFIT models for all 168 gold SLSNe, shown in order of disco v ery date. Upper limits are shown as inverted triangles. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/1/471/7810596 by guest on 12 August 2025



Matt Nicholl Queen’s University Belfast

Parameters

Nickel contribution <10% 

Possible mass-spin correlation 

• Predicted by stellar models 
(Aguilera-Dena+ 2020) 

• Evidence for chemically 
homogeneous 
evolution? 

Faster spins than GRB magnetar 
fits (Kumar 2024)
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Figure 21. Velocity derived from the EXTRABOL models compared to the 
ejecta v elocity deriv ed from the MOSFIT models a sample of 136 SLSNe. The 
black line shows the 1-to-1 correspondence between the two values, while 
the blue line is a best-fitting line of the correlation with the y -intercept fixed 
at 0. We find the two measurements of velocity to be generally consistent. 
brighter than M r = −21 . 5 mag, suggesting this is simply an ob- 
servational bias that makes SLSNe with slow P spin values harder to 
observe at further distances. This is consistent with previous findings 
from Hsu et al. ( 2021 ) and De Cia et al. ( 2018 ). 
5.5 Velocity 
In the bottom panel of Fig. 11 , we show how typical SLSNe 
begin with a blackbody velocity of V ∼ 10 , 000 km s −1 and remain 
constant before reaching peak, after which the photosphere begins to 
recede deeper into the ejecta. We compare the ejecta velocity from 
MOSFIT to the blackbody v elocity deriv ed from the photospheric 
radius evolution measured with EXTRABOL , measured before peak. 
We are able to obtain this measurement with EXTRABOL for 136 
SLSNe, other SLSNe do not have enough photometry to fit with 
EXTRABOL . In Fig. 21 , we sho w ho w these two measurements 
compare. We find good agreement between the two methods, but 
find that the ejecta velocity from MOSFIT is around 20 per cent lower 
then the v elocity deriv ed from EXTRABOL , with an intrinsic scatter 
of ∼ 2600 km s −1 . We find that the time of maximum photospheric 
radius measured from EXTRABOL is slightly sooner than the time 
when homologous expansion stops in MOSFIT . This difference likely 
leads to the lower velocity estimates from MOSFIT when compared 
to EXTRABOL . 
5.6 Radiati v e efficiency 
We calculate the radiative efficiency ε by dividing the total radiated 
energy o v er the first 200 d of an SN by the total KE. SLSNe are 
known to have high radiative efficiencies, but if we use the ejecta 
velocity from MOSFIT to calculate ε we find ∼ 15 SLSNe with an 
ε > 1. If we instead assume the higher velocity derived from the 
EXTRABOL models, the number of SLSNe with ε > 1 goes down 
to 0, after accounting for the uncertainties in the value of ε. Both 
the radiated and KE are dominated by the magnetar spin-down. Our 
models suggest that most of the energy goes into accelerating the 
ejecta, but for the SLSNe with rapid spin periods, a higher fraction 
of the magnetar energy goes into radiation, particularly if they have 
low ejecta velocity, making these SLSNe very efficient emitters. 

Figure 22. Ejecta mass versus spin period for the full sample shown in 
green. We find the trend seen previously in Blanchard et al. ( 2020b ), with a 
general absence of events with low ejecta mass and rapid spin. Also shown 
are models of SLSNe explosions from Aguilera-Dena et al. ( 2020 , blue) and 
fits to GRB-SNe using a magnetar model from Kumar et al. ( 2024 , red). 
5.7 Comparison to other works 
The models from Aguilera-Dena et al. ( 2020 ) evolve a set of low- 
metallicity, rapidly rotating stars with pre-explosion masses ranging 
from M Init = 4 to 45 M #. These models are thought to represent 
the progenitors of magnetar-powered transients such as SLSNe. In 
Fig. 22 , we sho w ho w the spin period and ejecta mass measurements 
from Aguilera-Dena et al. ( 2020 ) compare to the best-fitting MOSFIT 
parameter for our sample of SLSNe. We find that the general 
correlation between P Spin and M ej found in the Aguilera-Dena et al. 
( 2020 ) models, originally presented in Blanchard et al. ( 2020b ), is 
still true, with some additional scatter likely due to the inclusion of 
a radioactive decay component in our models. 

In Fig. 22 , we also show a comparison to the P Spin and M ej values 
measured for a set of Gamma-ray burst (GRB) SNe from Kumar 
et al. ( 2024 ), who fit the light curves of these SNe with a magnetar 
central engine model. If GRB SNe are powered by SNe, we see that 
the general trend continues, as SNe with lower ejecta masses seem 
to have higher spin periods, or less powerful magnetars. The mean 
of the population of GRB SNe has a spin period P Spin = 21 . 42 ms, 
which is slower than the slowest spin period of P Spin = 19 . 83 ms 
found in the SLSN population. GRB SNe show a mean ejecta mass 
value of M ej = 4 . 8 M #, which corresponds to the ∼ 13th percentile 
of the SLSNe population. 

For comparisons of SLSNe to the general population of SESNe, we 
direct the reader to Gomez et al. ( 2022a ). In that study, we presented 
a connection between the ‘normal’ Type Ic/Ic-BL SNe and SLSNe. 
We concluded that LSNe, which by definition span a range of peak 
magnitudes from M r = −19 to −20, straddle the line between SNe 
Ic/Ic-BL and SLSNe in terms of not only their luminosities, but also 
their power sources, duration, and physical parameters. 
6  C O N C L U S I O N S  
We have presented the largest sample of Type I SLSNe to date, 
encompassing all publicly known SLSNe and their photometry 
up until 2022 December 31, totalling 262 events. Of those, we 
determined 238 have enough photometry and spectroscopy to be 
robustly classified as ‘gold’ or ‘silver’ SLSNe. We use this sample 
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Could a subset be Ni-powered?

Some of the broadest light 
curves can be fit with 56Ni 

Resemble models of PISNe: 

100 M  ejecta, 20 M  56Ni 

SN 2018ibb longest-lived so 
far 
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Figure 4. Distribution of redshifts of objects in this sample in bins of 0.1. In 
purple are all objects within this sample, and orange are objects with at least 
three spectra. 

Figure 5. Absolute magnitude distribution. Absolute magnitudes are in the 
r band and determined based on the model fits from Gomez et al. ( 2024 ). 
wavelength range once shifted to the rest frame. This is dealt with 
in further analysis by imposing minimum wavelength ranges for the 
data to be included in the analysis. 

Fig. 5 shows the distribution of absolute magnitude ( M) of the 
spectra within this sample, with the colourbar representing the 
number of objects in each bin. The numbers of total spectra and 
observed objects both peak between M ≈ −21 to −22 mag. This is 
likely due to the historical cut off for SLSNe at M ≤ −21 leading 
to more targeted follow-up for objects brighter than this value. 
Ho we ver, both the numbers of spectra and objects also drop off 
abo v e M ∼ −22 mag. It is harder to imagine a selection effect that 
would cause this, so it may indicate an upper bound to the underlying 
luminosity distribution. 

The distribution in Fig. 3 shows a long tail abo v e 20 spectra 
per object. These are typically the most nearby events: the eight 
events within this tail have an average redshift of z̄ tail = 0 . 08, much 
lower than the o v erall av erage of z̄ all = 0 . 23. The ev ents with the 
most spectra, SN 2018hti and SN 2017e gm, hav e 50 and 51 spectra, 
respecti vely. These e vents had peak observed magnitudes of m V = 
14 . 74( ±0 . 06) and m r = 15 . 26( ±0 . 01), at redshifts of z = 0 . 0612 
and z = 0 . 0307 (Nicholl et al. 2017b ; Lin et al. 2020 ). The event 
with the lowest redshift, SN 2018bsz, had a redshift of z = 0 . 0267 

Figure 6. Phases of spectra within this sample relative to maximum light in 
rest frame. Colourmap indicates the number of objects within each bin. 
(Anderson et al. 2018 ), but a comparable observed peak magnitude 
to these other two events. SN 2018bsz has 23 spectra within this 
sample. 

Fig. 6 shows the distribution of phases relative to maximum light 
of all of the spectra within this sample. The colourmap indicates 
the number of objects that fall into each 10 d bin. As expected the 
majority of spectra are taken soon after peak where the SN is the 
brightest. 
3  AV ER AG E  SPECTRA  
To investigate the typical behaviour of SLSNe as a function of time, 
we constructed average spectra in different time bins. This was also 
done so features that may be faint in some spectra could become 
more evident in the averages. Similar techniques have been applied 
to other astrophysical transients such as SNe Ic, GRB afterglows and 
quasars (e.g. Christensen et al. 2011 ; Modjaz et al. 2016 ; Selsing 
et al. 2016 ). The evolution of the average spectra in this analysis was 
examined using both the phases from peak and the scaled phases from 
explosion. Bin sizes were chosen by starting at the earliest phase, and 
incrementing the sizes by 10 d until a minimum of 20 objects were 
included, with a minimum bin size of 20 d. These average spectra 
will be included in this data release. 
3.1 Method of averaging 
The average spectra were created by taking the smoothed and 
remapped spectra described in Section 2.2 . Each spectrum was first 
normalized by its mean value to 1. Then, for each wavelength point, 
the median flux across all spectra was calculated. In order to not bias 
bins with multiple spectra from the same objects, this process was 
first applied to each object to create a single median spectrum per 
object per bin, which were then used to compute the o v erall statistics 
for that time bin. 

The average spectra created are displayed in Fig. 7 for phases from 
peak, and in Fig. 8 for scaled phases from explosion as described 
in Section 2.2 . The 1 σ uncertainty is measured by calculating the 
standard deviation of the flux measurements at each wavelength. 
Each panel has been fit with a single blackbody, the temperature of 
which is indicated in the legend. This is a very good approximation at 
early times where the equi v alent widths of absorption/emission lines 
are weak compared to the flux from the blackbody. At these earliest 
epochs, the blackbody temperature is ∼10 000 K. Ho we ver, SLSNe 
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Figure 7. Composite average spectra in time bins relative to maximum light. The light green shaded region denotes the 1 σ uncertainty. Number of objects 
contained in each bin are tagged, with a minimum of 20 events imposed per bin. Best-fitting blackbody is indicated in grey dashed lines. 
are often described using a modified blackbody, where the flux below 
a cut-off wavelength has a linear suppression applied to it (Nicholl 
et al. 2017c ; Yan et al. 2018 ). This is due to the significant absorption 
in the UV from lines such as C II λλ2325, 2328, Si III λ2543, and 
Mg II λ2800 (Chomiuk et al. 2011 ; Quimby et al. 2011 ; Howell et al. 
2013 ; Vreeswijk et al. 2014 ). In SLSNe, this cut-off wavelength has 
been found to be λ = 3400 + 1000 

−700 Å (Gomez et al. 2024 ). Ho we ver, 
our spectral analysis does not extend beyond 3000 Å into the UV and 
so we cannot comment on any trends regarding the use of a modified 
blackbody. 

Over the next few months, the spectra begin to transition to more 
emission lines, and the underlying blackbody temperature decreases 

to 7000 −8000 K. We can see the blackbody still captures the general 
shape of the spectral energy distribution (SED) very well. Popular 
light-curve fitting codes for SLSNe such as MOSFiT and REDBACK 
assume that at optical wavelengths ( ! 3000 Å) the SED can we well 
represented by a blackbody (Nicholl et al. 2017b ; Sarin et al. 2024 ). 
Our analysis suggests that this is a reasonable assumption. 
MOSFiT and REDBACK also introduce an additional free parameter 

to fit of the final plateau temperature ( T min ) in their magnetar 
models. This parameter is important for extending these fits to 
late times and simply introduces a minimum temperature to which 
the fits converge. In MOSFiT , the default prior for this parameter 
is a Gaussian with a mean of 6000 K and a standard deviation 
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range of velocities. The ef fecti ve wavelengths of these O II blends 
are 4650.71 Å, 4357.97 Å, 4115.17 Å, 3959.83 Å, and 3737.59 Å
(Quimby et al. 2018 ). At redder wavelengths, we see lines from 
Si II λ6355, C II λ6580, C II λ7234, and O I λ7774 and O I λ8446. 
There are also potential Fe III lines at around 3200 Å (Leloudas et al. 
2012 ; Nicholl et al. 2013 ). This is supported by spectral models 
created by Dessart ( 2019 ) around peak, where Fe III is the only ion 
to show significant features in the form of P-Cygni lines. 

Looking at Figs 7 and 8 , at the very early spectra from −80 d 
before peak, and 20 scaled days from explosion, we can see a small 
bump indicating excess flux around ∼7300 Å. This is coincident with 
a known nebular line due to emission from forbidden lines of [Ca II ] 
and [O II ]. This shows early emission of nebular lines may be more 
pre v alent than pre viously thought. Only a handful of SLSNe have 
shown this line before or at peak, including SN 2019szu (Aamer 
et al. 2024 ) and SN 2018ibb (Schulze et al. 2024 ). Some normal 
SNe Ic have also shown early appearances of this line. This includes 
SN 2022xxf, an unusual event with a double peaked light curve and 
appearance of forbidden lines before the second peak Kuncarayakti 
et al. ( 2023 ). There does not seem to be any evidence at these phases 
for [O III ] λλ4959, 5007, which could imply that in the majority of 
these events the early emission is dominated by calcium. This does 
not rule out the excess flux being attributed to [O II ] λλ7320,7330 as 
this line is expected to be stronger than both [O III ] lines based on 
models due to the higher temperatures required for [O III ] (Jerkstrand 
et al. 2017 ; Omand & Jerkstrand 2023 ). In the case of SN 2019szu, 
the identification of [O II ] at peak is secure (Aamer et al. 2024 ). 
We therefore performed a visual search through all objects for other 
events that show evidence of other [O II ] and [O III ] lines, which 
would suggest that [O II ] dominates the early emission at 7300 Å. 
We find one additional case similar to SN 2019szu, SN 2022le which 
also displays strong forbidden lines of oxygen at early phases. This 
object will be the subject of a future paper (Blanchard et al. in 
preparation). 

The middle panel shows the spectra between 20 and 40 d relative 
to peak, and 60 to 80 scaled days from explosion. The blackbody 
temperature is about 7000 K at these phases. By this stage the hot blue 
continuum has decreased and the line profiles are mostly P-Cygni 
shaped. These include a blend of Fe II at ∼3600 Å and ∼5300 Å, 
Ca II λλ3934, 3968, [Ca II ] λλ7291, 7323, and [O II ] λλ7320, 7330. 
Some of the lines look more symmetrical and therefore may consist 
of pure emission such as Mg I ] λ4571, and O I λ7774. The feature 
around 6000–6500 Å is difficult to identify, with a complex profile 
and an emission peak wavelength that does not match any common 
line. We suggest this could be caused by [O I ] λλ6300, 6364 in 
emission combined with Si II λλ6347, 6371 in absorption. It is 
interesting to note the appearance of more forbidden and semi- 
forbidden transitions which require lower density material in order 
to form. At this stage in the evolution, the spectral lines look 
very similar to those of typical SNe Ic. The one exception to 
this is the region around 5700–6500 Å, where SNe Ic often do 
not display the same multipeaked profiles in the complex of lines 
as seen in SLSNe (Nicholl et al. 2016a ). Ho we ver, it is difficult 
to reconcile the hotter underlying continua for SLSNe, compared 
to the cooler temperature of the line forming region if the SN 
ejecta is in radiative equilibrium. Chen et al. ( 2017 ) explain this 
by the presence of porous or clumpy, H- and He-poor material, 
which the ejecta can interact with and introduces an additional 
hot black-body component to the flux. Alternatively, the ejecta 
can become clumped due to engine-driven turb ulence, lea ving low- 
density regions capable of producing the emission lines and dense 

Figure 11. Subset of average spectra. Plotted both in days from peak, as well 
as scaled days from explosion to match the median e-folding decline time of 
SLSNe (44 d). Dashed vertical lines indicate He absorption lines which have 
been blueshifted by 7500 km s −1 in the top panel, and by 6000 km s −1 in the 
bottom panel in order to match observed troughs in the spectra. The solid 
blue line corresponds to rest-frame H α. 
re gions that pro vide the continuum (Chen, Woosle y & Whalen 
2020 ). 

The final panel in Fig. 10 presents the spectra from 60 to 80 d 
relative to peak and 100 to 120 scaled days from explosion. While 
many of the same lines visible in the middle panel remain, the profiles 
have transitioned from P-Cygni-like features to being more emission 
dominated. Additionally, the underlying blackbody continuum has 
cooled significantly to approximately 6000 K. In this phase, we 
observe the emergence of the Na I λλ5890, 5896 doublet and a more 
pronounced Fe II absorption feature. A prominent feature appears 
around 7100 Å in the averages relative to peak, though it remains 
unidentified and is not labelled in this panel. The profile shape could 
be a result of absorption from He (see the next section). Notably, the 
Fe II emission near 3800 Å is weaker compared to the previous panel. 
3.4 Degree of envelope stripping 
The post-maximum spectra exhibit a weak absorption feature around 
5700 Å which could be attributed to either He I λ5876 or Na I λλ5890, 
5896, both of which would need to be blueshifted by ∼9000 km s −1 . 
A He-rich sub-class of SLSNe has been proposed by Yan et al. 
( 2020 ). To investigate whether this feature is indeed due to helium, 
we searched for evidence of other He lines in the average spectra. 
This is illustrated in Fig. 11 , where prominent He lines at 3888 Å, 
4471 Å, 5876 Å, 6678 Å, 7065 Å, and 7281 Å are plotted for the 
bottom two panels of Fig. 10 . By blueshifting the lines in the top 
panel by approximately 7500 km s −1 , we observe that several lines 
align with troughs in the spectra. Notably, the 7065 Å and 7281 Å
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Figure 20. Example fit of the Fe II λ5169 feature to a spectrum of SN 2016wi. 
The blueshifted template spectrum is shown in red matched to the target 
spectrum in black. The bold lines for both colours show the fitting region 
chosen by the code with the bold red line also broadened to match the width 
of the target feature. Median values for the parameter fits are printed. 

Figure 21. Velocity evolution o v er time in the rest-frame for the Fe II λ5169 
line. Phase is measured from the peak of the light curve. Displayed are 
velocities 247 velocity measurements from 111 different objects. Coloured 
lines connect the velocities for individual events. 
still observed at 80 d post-peak. We note that the velocity for 
some events using this method does not match reported velocities 
in the literature. For example, SN 2018ibb shows a velocity from 
∼15 000 km s −1 to ∼6000 km s −1 o v er the time frame. Comparing 
this to the velocity measured in Schulze et al. ( 2024 ), which remains 
consistent around ∼8500 km s −1 o v er this time frame. This may 
be a result of the different methods used to measure the velocity, 
and also the broad range of priors required to the fit the line 
profiles in this sample. Fig. 21 also displays a gradual decrease in 
measured v elocity o v er time. This is due to the photosphere receding 
inwards, allowing us to see slower moving material closer to the SN 
core. 

Comparing our results to the sample of 21 SLSNe from Liu et al. 
( 2017 ), we can see that their sample exhibit comparable velocities 
to our sample at similar epochs. They also applied this method to 
measure the velocity of the Fe line of SNe Ic and SNe Ic-BL. To 
investigate the evolution of each population, they employed moving 
weighted averages to compare velocities across the three SN classes. 
Their analysis showed that SLSNe and SNe Ic-BL follow a similar 
pattern of velocity evolution, with both displaying significantly 

higher velocities than SNe Ic at early times. By approximately 40 d 
after peak brightness, ho we v er, the v elocities of all three classes 
converged to similar values. 

Further insights into this relationship were provided by Finneran, 
Cotter & Martin-Carrillo ( 2024 ), who analysed 61 SNe Ic-BL, and 13 
SNe Ic associated with gamma-ray bursts (GRB-SNe). Their findings 
showed that SNe Ic-BL have velocities comparable to GRB-SNe, 
though the latter consistently occupy the upper end of the velocity 
distribution. The velocities of SLSNe in this sample overlap with 
those measured in Finneran et al. ( 2024 ), but they generally fall 
below the velocities observed for GRB-SNe. 

Our findings and previous work show that SLSNe have similar 
velocities to some SNe Ic-BL, but at the lower end of the distribution. 
This may provide an important clue to the energy sources that 
accelerate and heat the ejecta. The disco v ery of a SLSN associated 
with an ultra-long GRB (Greiner et al. 2015 ) suggests that SLSNe 
and GRBs may represent different manifestations of the same type 
of stellar explosion. 

This is supported by their spectral similarities in the nebular phase 
(Nicholl et al. 2016b ) and their preference for low-metallicity host 
environments (Lunnan et al. 2014 ), with SLSNe typically found 
in galaxies with less than 0.4 solar metallicity and long GRBs in 
environments with less than 0.7 solar metallicity (Leloudas et al. 
2015 ; Schulze et al. 2018 ). The distinction could lie in the time- 
scale of energy injection: SLSNe are thought to involve prolonged 
energy injection, which drives late-time heating, whereas GRBs are 
characterized by a rapid release of energy that accelerates the ejecta 
(Metzger et al. 2015 ; Margalit et al. 2018 ; Metzger, Beniamini & 
Giannios 2018 ). In the magnetar central engine model, this vari- 
ation in time-scale could arise from differences in magnetar field 
strength. 
5.2 Wher e ar e the lines and the continuum formed? 
As mentioned in Section 5.1 , the velocity of the Fe II λ5169 line 
is often used as a proxy for the photospheric velocity for rapidly 
expanding ejecta. This is often an assumption made in the expanding 
photosphere method for SNe II (Kirshner & Kwan 1974 ). Ho we ver, 
depending on the assumed powering mechanism of SLSNe, this is 
not necessarily at the same location where the bulk of the continuum 
luminosity is produced. For example, in SNe with strong CSM 
interaction, most of the continuum emission will be generated in 
the shocked CSM exterior to the fast-expanding ejecta. In order to 
gain an understanding of where the line and continuum form in 
relation to one another, we can compare the implied photospheric 
radius derived from fitting a blackbody model to the SED, to the 
photospheric radius derived from the Fe II λ5169 line velocity. 

The Fe II radius was derived by taking the earliest velocity 
measurement for each object and multiplying it by the time from 
explosion to when the spectrum was obtained in rest-frame days. This 
provides an estimated upper limit for the distance the material could 
ha ve tra velled in that time. This was then compared to the blackbody 
radius derived from fitting the light-curve SED in Gomez et al. ( 2024 ) 
using extrabol (Thornton et al. 2024 ) at the same phase. Fig. 22 
shows the ratio of the Fe II radius to the blackbody radius, plotted 
against the blackbody radius. The mean of the ratio is 1 . 39 ± 0 . 90 
indicating the radii measured using both methods are consistent with 
one another. From this we can infer that the velocity measured by the 
Fe II λ5169 line is indeed a good tracer for the photospheric velocity 
and therefore the Fe line forms in a region close to the rapidly 
expanding photosphere. This suggests that the bulk of the light is 
coming from a region close to the fast-moving ejecta. This picture 
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Figure 20. Example fit of the Fe II λ5169 feature to a spectrum of SN 2016wi. 
The blueshifted template spectrum is shown in red matched to the target 
spectrum in black. The bold lines for both colours show the fitting region 
chosen by the code with the bold red line also broadened to match the width 
of the target feature. Median values for the parameter fits are printed. 

Figure 21. Velocity evolution o v er time in the rest-frame for the Fe II λ5169 
line. Phase is measured from the peak of the light curve. Displayed are 
velocities 247 velocity measurements from 111 different objects. Coloured 
lines connect the velocities for individual events. 
still observed at 80 d post-peak. We note that the velocity for 
some events using this method does not match reported velocities 
in the literature. For example, SN 2018ibb shows a velocity from 
∼15 000 km s −1 to ∼6000 km s −1 o v er the time frame. Comparing 
this to the velocity measured in Schulze et al. ( 2024 ), which remains 
consistent around ∼8500 km s −1 o v er this time frame. This may 
be a result of the different methods used to measure the velocity, 
and also the broad range of priors required to the fit the line 
profiles in this sample. Fig. 21 also displays a gradual decrease in 
measured v elocity o v er time. This is due to the photosphere receding 
inwards, allowing us to see slower moving material closer to the SN 
core. 

Comparing our results to the sample of 21 SLSNe from Liu et al. 
( 2017 ), we can see that their sample exhibit comparable velocities 
to our sample at similar epochs. They also applied this method to 
measure the velocity of the Fe line of SNe Ic and SNe Ic-BL. To 
investigate the evolution of each population, they employed moving 
weighted averages to compare velocities across the three SN classes. 
Their analysis showed that SLSNe and SNe Ic-BL follow a similar 
pattern of velocity evolution, with both displaying significantly 

higher velocities than SNe Ic at early times. By approximately 40 d 
after peak brightness, ho we v er, the v elocities of all three classes 
converged to similar values. 

Further insights into this relationship were provided by Finneran, 
Cotter & Martin-Carrillo ( 2024 ), who analysed 61 SNe Ic-BL, and 13 
SNe Ic associated with gamma-ray bursts (GRB-SNe). Their findings 
showed that SNe Ic-BL have velocities comparable to GRB-SNe, 
though the latter consistently occupy the upper end of the velocity 
distribution. The velocities of SLSNe in this sample overlap with 
those measured in Finneran et al. ( 2024 ), but they generally fall 
below the velocities observed for GRB-SNe. 

Our findings and previous work show that SLSNe have similar 
velocities to some SNe Ic-BL, but at the lower end of the distribution. 
This may provide an important clue to the energy sources that 
accelerate and heat the ejecta. The disco v ery of a SLSN associated 
with an ultra-long GRB (Greiner et al. 2015 ) suggests that SLSNe 
and GRBs may represent different manifestations of the same type 
of stellar explosion. 

This is supported by their spectral similarities in the nebular phase 
(Nicholl et al. 2016b ) and their preference for low-metallicity host 
environments (Lunnan et al. 2014 ), with SLSNe typically found 
in galaxies with less than 0.4 solar metallicity and long GRBs in 
environments with less than 0.7 solar metallicity (Leloudas et al. 
2015 ; Schulze et al. 2018 ). The distinction could lie in the time- 
scale of energy injection: SLSNe are thought to involve prolonged 
energy injection, which drives late-time heating, whereas GRBs are 
characterized by a rapid release of energy that accelerates the ejecta 
(Metzger et al. 2015 ; Margalit et al. 2018 ; Metzger, Beniamini & 
Giannios 2018 ). In the magnetar central engine model, this vari- 
ation in time-scale could arise from differences in magnetar field 
strength. 
5.2 Wher e ar e the lines and the continuum formed? 
As mentioned in Section 5.1 , the velocity of the Fe II λ5169 line 
is often used as a proxy for the photospheric velocity for rapidly 
expanding ejecta. This is often an assumption made in the expanding 
photosphere method for SNe II (Kirshner & Kwan 1974 ). Ho we ver, 
depending on the assumed powering mechanism of SLSNe, this is 
not necessarily at the same location where the bulk of the continuum 
luminosity is produced. For example, in SNe with strong CSM 
interaction, most of the continuum emission will be generated in 
the shocked CSM exterior to the fast-expanding ejecta. In order to 
gain an understanding of where the line and continuum form in 
relation to one another, we can compare the implied photospheric 
radius derived from fitting a blackbody model to the SED, to the 
photospheric radius derived from the Fe II λ5169 line velocity. 

The Fe II radius was derived by taking the earliest velocity 
measurement for each object and multiplying it by the time from 
explosion to when the spectrum was obtained in rest-frame days. This 
provides an estimated upper limit for the distance the material could 
ha ve tra velled in that time. This was then compared to the blackbody 
radius derived from fitting the light-curve SED in Gomez et al. ( 2024 ) 
using extrabol (Thornton et al. 2024 ) at the same phase. Fig. 22 
shows the ratio of the Fe II radius to the blackbody radius, plotted 
against the blackbody radius. The mean of the ratio is 1 . 39 ± 0 . 90 
indicating the radii measured using both methods are consistent with 
one another. From this we can infer that the velocity measured by the 
Fe II λ5169 line is indeed a good tracer for the photospheric velocity 
and therefore the Fe line forms in a region close to the rapidly 
expanding photosphere. This suggests that the bulk of the light is 
coming from a region close to the fast-moving ejecta. This picture 
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Figure 22. The blackbody radius of the SNe at peak plotted against the ratio 
of the radius derived from the iron line velocity, to the blackbody radius. The 
blackbody deri ved v alues are taken from Gomez et al. ( 2024 ). The dashed 
horizontal line indicates the value at which both radii would be equal. 
is consistent with centrally powered models, where the electron- 
scattering photosphere that produces the continuum lies within the 
SN ejecta and the Fe II lines form just outside, but still within the 
ejecta. It could also be consistent with interaction models, if the CSM 
is quite confined, and the optically thick CSM is not much larger than 
the radius reached by the fast ejecta at maximum light. Ho we ver, this 
situation may require an aspherical CSM and a viewing angle that 
allows us to see the fast ejecta at the same time as the dense CSM. 
5.3 Change in photospheric velocity 
We investigated the photospheric evolution in this sample by looking 
at the velocity from the Fe II λ5169 line at 10 d ( v 10 ), versus the rate of 
change of velocity from 10 to 30 d ( ̇v ) following Inserra et al. ( 2018 ). 
Objects were first checked to identify those with two or more spectra 
taken between 10 and 50 d post-peak, with a minimum time span of 5 
d between the earliest and latest observations within this window. For 
these objects, the velocity evolution over time was linearly fit with 
the reciprocal of the errors used as weights. If there was a spectrum 
between 10 and 15 d post-peak, the spectrum closest to 10 d was used 
for v 10 . Otherwise the linear fit was used to extrapolate v 10 and these 
points are marked as unfilled circles in Fig. 23 . The velocity at 30 d 
( v 30 ), was extrapolated from the line of best fit. If only two spectra 
were available, the errors on v 10 and v 30 were obtained by using the 
errors on the first and last spectrum. If more than two spectra were 
available, the errors were derived from the covariance matrix of the 
fit. There are large error bars for a few points with extrapolated values 
for v 10 . This can be explained by the need to extend the linear fits of 
the velocity evolution in some cases by over 10 d. 

Comparing our sample to that in Inserra et al. ( 2018 ), we find both 
samples follow the same shape as shown in Fig. 23 . However, our 
sample extends further into higher v and v̇ values. This systematic 
offset could be due to differences in the way the velocities were 
calculated. In Inserra et al. ( 2018 ), the velocity is measured by 
fitting the absorption minima of the profile but this is affected by 
blending from Fe II λ4924 and Fe II λ5018 at early times. Inserra 
et al. ( 2018 ) state that the strong linear relationship of their version 
of this plot indicates that the faster the photospheric velocity, the 
faster the velocity decreases. For this data set we find a Spearman’s 

Figure 23. Velocity at 10 d versus the change in velocity from 10 to 30 d 
for 34 ev ents. Ev ents with ‘fast’ light-curv e evolutions (defined as τe ≤ 30 d) 
are shown in purple. Unfilled circles indicate extrapolated points for those 
events without a spectrum between 10 and 15 d post-peak, and therefore the 
velocity at 10 d has been extrapolated from the line of best fit. Plotted in blue 
are the measurements from Inserra et al. ( 2018 ). 
rank correlation coefficient of 0.78, with a p -value " 0 . 05, indicating 
a strong positive correlation between v̇ and v 10 that is statistically 
significant. We can therefore conclude a linear relationship between 
these parameters and so also find that for faster initial velocities, the 
decrease in velocity is also faster. 

Physically, we can interpret this result by considering the SN ejecta 
to be in homologous expansion as shown: 
v( r) = v 0 r 

R . (1) 
In equation ( 1 ), v( r) represents the velocity at a given radius r . 

R is the radius of the outer most ejecta, and v 0 is the scale velocity. 
The velocity at the photosphere follows v phot = v( r phot ). We know the 
location of the photosphere relates to the optical depth ( τ ) through 
the relation: 
τ = ∫ R 

r phot κ ρ( r, t)d r = 2 
3 . (2) 

Here, κ is the opacity, and ρ is the density. This density is a function 
of the radius r , which itself evolves with time (and is proportional to 
v 0 ). Therefore, 
ρ( t) ∝ 1 

R 3 ∝ 1 
v 3 0 . (3) 

F or ev ents with a larger-scale velocity, the density decreases faster 
and from equation ( 2 ) we see deeper into the ejecta to slower moving 
material at any given time. This results in a larger change in the 
measured photospheric velocity within a given time interval. Using 
v 10 as a proxy for v 0 , we do indeed see that events with a larger scale 
velocity show larger velocity changes within 30 d. This suggests that 
the observed correlation is consistent with all SLSNe forming these 
lines close to the photosphere of the homologously expanding ejecta 
of comparable density, with a scale velocity that varies between 
events. 
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where αm is the frequency when fn n is at the maximum. From the
spectra shown in Figure 4, fl l peaks at γ ∼ 4800Å, with
fbol= 1.386* fm m( )l l = 1.386 4800.0 4.95 10−17 erg s−1 cm−2.
This yields Lbol

peak = 1.3 × 1044 erg s−1. This is consistent with
the lower limit set by the broadband photometry.

With trise
rest and L ,bol

peak it is clear that iPTF13ehe is an extremely
luminous supernova. The total radiative energy can be estimated
by, Erad . L tbol

peak
rise
rest´ ∼ 1.3 × 1044 erg s−1× 83 days∼ 9.3

× 1050 erg.

3.2. Photospheric and Nebular Phase Spectroscopy

iPTF13ehe was observed on six different epochs. Figure 5
presents these data, illustrating the evolution of the spectral
features over the rest-frame time interval of 287 days. The color
lines in the flgure show the smoothed spectra, which are
performed using astropy package convolve.Box1DKernel
software. The smoothing length ranges from 6 to 8Å (5–7
pixels) for the P200 and Keck LRIS spectra, and is much
smaller, only 3Å (11 pixels) for the DEIMOS high-resolution

spectrum (2014 December 21). In the section below, we
discuss in detail the spectral properties in the photospheric and
nebular phase separately. An accurate redshift is measured
using the multiple narrow emission lines detected in the flnal
spectrum (2015 January 22).

3.2.1. Photospheric Phase Spectra—Similarity
between iPTF13ehe and SN2007bi

The earliest spectrum of iPTF13ehe, taken at trest
peak =−9

days pre-peak, is very similar to the earliest available
photospheric spectrum (rest-frame +54 days post-peak) of
SN2007bi, shown in Figure 4. No detectable H and He features
are present, and the most prominent absorption features are
from Mg II, Fe II, and Si II. This suggests that prior to the
explosion, the progenitor star must have lost all of its hydrogen
envelope, and the supernova explosion comes from the core
containing heavier elements. Figure 4 illustrates that the width
of the blended Fe II 5169Å feature is very similar for these two
spectra, allowing us to roughly infer the iPTF13ehe ejecta
velocity of ∼12,000 km s−1. This velocity is conflrmed by

Figure 5. All six observed spectra are shown here with the rest-frame days relative to the peak brightness. For the third nebular spectrum taken at +278 days post-
peak, we detected both broad and narrow Hλ components, as well as narrow [O II] 3727 Å. The color lines are the smoothed spectra. See the text for details on the
smoothing lengths.
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Late-time H↵ Emission from SLSNe-I 5

Fig. 2.— The plot displays the late time spectra of iPTF15esb, iPTF16bad, iPTF13ehe, in comparison with that of SLSN-I SN2015bn.
Strong H↵ emission are detected in the spectra of the first three events.

tunable parameter in models, for more details see Maz-
zali et al. (2016).
The second prominent di↵erence is that spectroscop-

ically, iPTF13ehe and iPTF15esb seem to evolve faster
than Gaia16apd, developing strong Mg I and Fe II blends
at �5 and +7days, characteristics of a SLSN-I at later
times, such as the Gaia16apd spectrum at +30 day.
Naively, this may seem to suggest a lower ejecta mass be-
cause less material could cool down faster. This may be
the case for iPTF15esb, but is not correct for iPTF13ehe
at all because the slow rise time of its LC requires a very
high ejecta mass (Yan et al. 2015). This suggests that
spectral evolution is a↵ected by many other factors. The
situation for iPTF16bad is not clear due to lack of su�-
cient spectroscopic data.

3.3.2. Higher Ejecta Velocities

Figure 8 shows the ejecta velocity and the blackbody
temperature as a function of time. When possible, we
use FeII 5169Å, a commonly used feature, to measure
the velocity evolution with time. Other Fe II lines, such
as FeII 4924, 5018, 5276Å are also used to cross check the
results, as what is done in (Liu et al. 2016). The excep-
tion is iPTF15esb at +0 day, whose spectrum does not
have a strong FeII absorption, and the ejecta velocity
is estimated using O II. The O II feature in iPTF15esb
is blue-shifted by 40Å relative to that of PTF09cnd at
�30 day with a velocity of 15000 km s�1 (Quimby et al.
2011). This implies the velocity of iPTF15esb at +0day
is roughly 17,800 km s�1. The same method is applied
to iPTF13ehe and iPTF16bad. We find that at max-
imum light, our three SLSNe-I have higher ejecta ve-

locities than those of other published SLSNe-I, ranging
between 9000� 12000 km s�1 (Nicholl et al. 2015).
The blackbody temperatures (TBB) are estimated by

fitting a blackbody function to the spectral continua.
At maximum light, the blackbody temperatures of these
three SLSNe-I range from ⇠ 8000 � 14000K, with
iPTF13ehe being the coolest whereas iPTF16bad the
hottest. Compared with other SLSNe-I with strong
O II absorption series such as PTF09cnd, SN2015bn,
PTF11rks and Gaia16apd with maximum light TBB ⇠
13000�15000K (Inserra et al. 2013; Quimby et al. 2011;
Nicholl et al. 2016; Yan et al. 2015), iPTF15esb and
iPTF13ehe are indeed cooler at peak phase. At the peak
phase, iPTF16bad has a hotter temperature, which is
shown by its steeper and bluer spectra in the early-times
(Figure 1). This di↵erence is confirmed by their broad
band (g � r) color versus time shown by Figure 7. The
lack of the full O II absorption series should not be asso-
ciated with blackbody temperatures at the peak phase.
This is because the excitation of O II levels are certainly
non-thermal.

3.3.3. Broad H↵ Line Luminosities and Velocity O↵sets

We perform simultaneous spectral fitting to the spec-
tral continuum plus both narrow and broad H↵ com-
ponents assuming a Gaussian profile. The narrow line
fluxes are iteratively measured from the unsmoothed
data. Table 5 lists the measured line luminosities and
velocity widths.
One important question is whether the narrow H↵ line

comes from the host or from the supernova. The top
panel in Figure 9 shows the integrated line luminosities as

Yan+ 2017
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Evidence for circumstellar material II

Detached shells at larger 
radii detected via light 
echoes 

Mg II changes from blue-
shifted absorption to 
redshifted reflection 

Implied CSM shell at ~0.1 pc 

Ejected ~decades before 
explosion 

Complex mass-loss histories!

LETTERS NATURE ASTRONOMY

To quantify the shell properties, we have done Monte Carlo  
calculations of the scattering process (see Methods), assuming a 
spherical shell with inner radius Rin and outer radius Rout. The size 
of the shell is constrained by the duration of the emission, and the 
thickness is determined by the relative intensity of the emission lines 
and the scattering continuum, ∕ν νF F t( )line cont

peak  ≈  Δ R/R, where tpeak 
corresponds to the time of the peak of the supernova light curve. We 
assume homologous expansion with V =  Vmax(r/Rout) km s−1 for the 
shell, which is likely for a time-limited eruption, like that result-
ing from the 1843 eruption in Eta Carinae16, or for a pulsational 
pair-instability ejection5; however, the results are not sensitive to 
this assumption. In addition to the parameters describing the shell, 
the resulting emission depends on the light curve of the scattered 
radiation: that is, the supernova continuum around 2,800 Å. As 

our observed photometry does not extend sufficiently to the blue, 
we measure the continuum in this wavelength region from the 
observed spectra (Supplementary Fig. 1). Our earliest spectrum 
covering this wavelength region is 87 days after explosion, so we 
need to make assumptions for the rising light curve at this wave-
length; before the first spectrum, we therefore use a stretched form 
of the modelled u-band light curve of PTF12dam17,18, which fits the 
observed 2,800 Å light curve after the peak (Methods).

Figure 3 shows the simulated line profiles at the observed epochs 
for Rin =  130 light days, Rout =  137 light days and Vmax =  3,300 km s−1, 
and the line properties measured from the simulation are shown as 
grey lines in Fig. 2. As is seen, there is a good qualitative agreement 
with the observed evolution in Figs 1 and 2. In particular, the fading 
of the line flux gives a strong constraint on the outer radius of the 
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Fig. 1 | Spectroscopic evolution of iPTF16eh. a, Observed spectroscopic sequence of iPTF16eh, with the phase of each spectrum in rest-frame days 
relative to the best-fit explosion date indicated. The grey shows the observed spectra; the black shows the spectra smoothed by a Savitzky–Golay filter. 
The spectra up to day + 143 have been normalized to the continuum value at 4,000!Å, whereas the spectra after 200!days have continua dominated by 
noise and are instead normalized by a value 5!× !10−18!erg!s−1!cm−2!Å−1. Each spectrum is offset from the next by one scale unit. The spectroscopic evolution 
of iPTF16eh is similar to a typical SLSN, with the exception of a strong emission line developing around 2,800!Å. b–l, Zoom-in on the region around Mg II 
(shaded blue in panel a), shown on an absolute flux scale and without any smoothing. The two earliest spectra (b, c) clearly show the presence of two  
Mg II absorption systems; the highest-redshift one is interpreted as due to absorption in the interstellar medium of the host galaxy, whereas the second 
system is at slightly lower redshift, corresponding to a velocity offset of − 3,200!km!s−1 with respect to the host galaxy. Note the development of an 
emission line around 100!days past explosion, the redward shift of the emission line with time, and its fading away at 330–350!days after explosion.
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recent, nearby SLSN-I SN 2017egm, also shows the C II lines
discussed here, where this identification is confirmed using
modeling with SYNOW. Even stronger C II lines are seen in
the spectra of the nearby SN2018bsz by Anderson et al. (2018).
We conclude that analysis of the red portion of visible-light
spectra of SLSN-I prior or around peak using this method gives
consistent results, with the spectrum explained by C and O
lines with a single photospheric velocity. The ability to
determine the absolute expansion velocity (rather a velocity
relative to template events) is a valuable result of this analysis.

We now turn our attention to the blue portions (λ<5000Å)
of the same spectra, which are presented in Figure 2. Here, the
spectrum seems to be formed by a blue continuum seen through
a thick forest of O II absorption lines. The multitude of lines in
the blue part of the visible-light spectrum are all of similar
intensity, and the shape of the spectrum is a function of line
density rather than line strength; gaps in the O II line spectrum
appear as emission peaks, while regions with dense line
clusters appear as smooth valleys. Interestingly, the near
ultraviolet (UV) portion of the spectrum, which is well-sampled
in the Gaia16apd spectrum (right), has a lower density of O II
lines, leading to a “saw-tooth” structure replacing the smoother
features in the redder parts. In particular, several features
around 3300Å appear to result from single transitions, which
are much narrower than the broader absorption valleys in the
red. In the left panel of Figure 2 we also overplot a synthetic
model spectrum from Dessart et al. (2012); the line identifica-
tion reported there, as well as in Mazzali et al. (2016), agrees
well with our line identifications, validating our simple
approach. Based on this model, the absorption between 3350
and 3600Å that is not accounted for by O II is due to Fe III
(black) which may also contribute to some of the redder
features to some degree.

3. Results

3.1. Ejecta Composition

The identification of almost all major features in the visible-
light spectrum of SLSNe-I before or near peak with C and O
lines (only) suggests that the outer parts of these powerful
explosions are almost pure C/O envelopes. We do not detect
any traces of either hydrogen nor helium. Interestingly, also
signatures of intermediate-mass elements (IMEs), such as
magnesium, silicon, and calcium, that are very prominent in
spectra of normal SNe Ib and Ic (e.g., Filippenko 1997; Gal-
Yam 2017; Mazzali et al. 2017 and references therein), are not
observed. The weak signatures of Fe lines are probably
consistent with the natal metallicity of the progenitor (Mazzali
et al. 2016), and the absence of IMEs and iron-group elements
(IGEs) many weeks after the explosion of these events suggests
that nucleosynthetic products have not been mixed out into the
outer envelope, and that the photosphere has not penetrated into
deeper, enriched layers. A transition in the spectral appearance
of SLSNe-I that is consistent with such inward movement of
the photosphere has been observed in later phases (e.g., by
Pastorello et al. 2010; Quimby et al. 2011; Nicholl et al. 2016
and Leloudas et al. 2017). Overall, our results confirm and
reinforce the observations of Quimby et al. (2011) that indicate
that the initial radiation from SLSNe-I originates from almost
pure C/O envelopes that extend to large radii (> 1015 cm) and
that this emission mode persists for many weeks.

3.2. Velocities

Our analysis allows us to determine the absolute expansion
velocities of SLSN-I ejecta from the strongest spectral features
in visible-light spectra, the O II absorptions in the blue region,
by aligning the gaps in the O II line distribution with the
spectral peaks in this region (Figure 2). The absolute scale is
established and validated by weaker, but definite, association of
O I and C II lines in the red with individual transitions

Figure 2. High S/N blue spectra of the nearby SLSN-I PTF12dam (left; from Nicholl et al. 2013) and Gaia16apd (right; from Yan et al. 2017b). Both spectra (black
curves) have been binned and host narrow emission lines have been excised; the original spectra are shown in blue. The blue spectra of both PTF12dam and
Gaia16apd are explained very well by a thick blanket of O II lines; with the apparent strong spectral features actually resulting from gaps in the O II line distribution
manifesting as emission “peaks.” Other C and O ions (marked) may also contribute, in particular O III around 3600 Å. The velocity deduced from single transitions in
the red side (Figure 1) aligns the O II “gaps” perfectly with the apparent spectral peaks, supporting our spectral line identifications. A synthetic model from Dessart
et al. (2012) is shown in the left panel for comparison; the line identifications based on this detailed model agree with the simple analysis presented here. Based on this
model, the absorption between 3350 and 3600 Å that is not accounted for by O II is due to Fe III (black).
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Five O II absorption lines, strongest 
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Non-thermal excitation?

Spectrum formation in SLSNe 3457

is known. This is possible for SNe Ib because we know that the non-
thermal radiation field comes from the incomplete thermalization
of the gamma-rays and positrons produced by the decay of 56Ni and
56Co. As an alternative, non-thermal effects can be simulated in a
parametrized way, modifying the population of the excited levels
of relevant ions by introducing departure coefficients that should
imitate a consistent calculation (e.g. Mazzali et al. 2009). We use
the latter approach here because we do not know the details of the
non-thermal radiation field and do not treat non-thermal effects in
O II explicitly. However, since the O II ion is characterized by ex-
cited levels with a very high-excitation energy, it can be expected
to be sensitive to non-thermal radiation in a way similar to He I.
We therefore apply departure coefficients similar to those obtained
for He I (Lucy 1991; Mazzali & Lucy 1998; Hachinger et al. 2012),
mimicking non-thermal effects on O II.

3 LI N E - RIC H SL S N e: iPT F 1 3 ajg

We begin with the spectra of one of the best observed SLSNe,
iPTF13ajg, at redshift z = 0.74. This supernova was discovered by
the intermediate Palomar Transient Factory (iPTF). A large data
set for this event was presented in Vreeswijk et al. (2014), making
this an excellent ‘template’ SLSN, since its behaviour is similar
to that of many other less well-observed cases. The spectra are
characterized by a slow evolution. The strongest lines have been
identified as Fe III, C II, C III, Si III, O II (Vreeswijk et al. 2014). The
lines are broad, but not extremely broad. A characteristic line width
seems to be ∼15 000 km s−1. Line blending is not as dominant as
in GRB/SNe, for example (see e.g. Iwamoto et al. 1998), or even
in non-GRB BL-Ic SNe (e.g. Mazzali et al. 2013). However, line
width is not easy to relate to a velocity spread, as most lines are
actually blends. Modelling is necessary to address this.

The lines that have been identified are not indicative of a partic-
ularly high temperature, despite the high luminosity. This is under-
standable, because SLSNe evolve slowly in luminosity, and there-
fore they are observed with much larger radii than SNe Ib/c, which
reduces the temperature. The only indication of a very high tem-
perature is the presence of O II lines. It has been noted that the
ionization potential of O I is high. While this is true, it is similar to
H I (13.6 eV), and much lower than that of He I (24.6 eV). However,
this is not the whole story. The observed lines, if they are correctly
identified as O II, arise from very highly-excited lower levels, which
have excitation potentials of ∼25 eV. This is higher than the energy
required to excite He I lines in SNe Ib (∼20 eV), and indeed compa-
rable to the ionization potential of He I. It is therefore to be expected
that the excitation of O II levels is not in thermal equilibrium with the
local radiation field. We can test this with our models, and attempt
to derive relative abundances in the SN ejecta. This should in turn
shed light on the nature of the progenitor and on the mechanism
that powers SLSNe.

Line velocity evolves very slowly with time in iPTF13ajg, as in
other SLSNe. In order for the position of the lines not to move
significantly over several weeks or months despite quite a high
expansion velocity, either a steady-state situation holds (as in stellar
winds), or the density profile must be very steep. In the former case,
we would expect very broad lines, since ρ ∝ r−2, which leads to
significant mass being able to absorb radiation over a large range of
velocities. Furthermore, the spectra of SLSNe (iPTF13ajg is very
well-observed but others show a similar behaviour) are seen to
become redder with time as the luminosity evolves. This is typical
of SNe and would not be expected in a steady-state regime. We
therefore explore the latter option.

In order to reproduce the spectra of iPTF13ajg we used a steep
density profile, ρ ∝ r−7, which is typical of low-energy explosions
of compact stars (e.g. Sauer et al. 2006). Line width depends on the
gradient of the density (see e.g. Mazzali et al. 2000). Other char-
acteristic features of SLSNe are that they are extremely luminous,
but also rather long-lived. In the case of iPTF13ajg the models we
tested have ejecta mass ranging from ∼25 to ∼50 M$. The mass is
always quite large mass, which is required by the long risetime, the
high luminosity and the relatively large velocity (Vreeswijk et al.
2014).

3.1 Pre-maximum epochs

The spectra of PTF13ajg and similar SLSNe before and around
maximum light are characterized by strong absorption lines, both in
the rest-frame ultraviolet (UV) and in the optical region. The spectra
typically turn over at ∼2700 Å. This is extremely blue for any SN:
normally SN spectra are subject to strong metal absorption (Fe, Co,
Ni, Ti, Cr) shortwards of ∼4000 Å. The behaviour of SLSNe may
indicate a higher temperature than in other SNe Ib/c, but this is in
conflict with the ionization degree, which is not extremely high,
and with the fact that more highly ionized metal ions are even more
likely to absorb in the UV. It seems more likely that it is the result
of a low metal abundance.

We focus first on one of the best observed spectra of iPTF13ajg,
obtained on 2013 April 9, about 8 d before maximum (Vreeswijk
et al. 2014). We adopted a distance modulus µ = 43.25 mag and no
reddening. We used a rest-frame epoch of 50 d for this spectrum,
starting from the bolometric light curve shown in Vreeswijk et al.
(2014, Fig. 5), but we also tested a shorter risetime (40 d). This
range of risetimes does not change the nature of our results but does
affect the estimate of the mass, as the density profile can be re-scaled
down in mass, without altering the ratio between kinetic energy and
ejected mass. Fig. 1 shows the spectrum along with two models.

Figure 1. The spectrum of iPTF13ajg on 2013 9 April, compared to two
synthetic spectra: one does not include an increase in the occupation numbers
of O II and He I to account for non-thermal effects (cyan line), the other does
(red line).
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UV lines also reproduced by strong interior 
heating source

– 28 –

Fig. 11.— Black: observed spectra of SNLS 06D4eu at -17d and SCP 06F6 near maxi-

mum light. Colored lines: putting di↵erent luminosities thorough a model using a 5 M�

carbon-oxygen progenitor with solar abundances. Lines of Fe III, C III, C II, and Mg II are

identified. The data are consistent with SNLS 06D4eu and SCP 06F6 having come from

a similar progenitor, but having di↵erent luminosities, partially due to intrinsic luminosity

di↵erences, and partially due to them being observed at di↵erent phases. Here model spec-

tra are computed at a fixed phase (near maximum light), while the luminosity was varied.

Luminosity is given in ergs s�1.

Howell+ 2013
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Diversity and sub-classes
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Diversity and sub-classes

O II line profiles at peak are also diverse 

• Classic ‘W’ shape vs ‘15bn-like’ 

• Due to temperature dependence of lines? 

‘Slow’ SLSNe more likely to be in 15bn group 

Two classes, or a continuum?
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Principal component analysis with SLSN Catalog
Photospheric spectra of SLSNe 2685 

MNRAS 541, 2674–2706 (2025) 

a strong ‘W’-shape, or a ‘15bn’-like shape with no discernable 
double trough. Here we see that if we remo v e the dependence on 
observing relative to peak, the diversity in O II lines decreases, 
indicating that the separate sub-classes may just be a reflection of 
the different times the objects are observed relative to explosion. 
Quimby et al. ( 2018 ) suggested a similar spectroscopic division into 
‘2011k e’-lik e or ‘PTF12dam’-like events. Spectra were assigned a 
spectral phase φ which ranged from φ = −1 for early-phase spectra 
with strong O II lines, φ = 0 when the O II lines disappeared, and 
φ = 1 when the spectra resembled SNe Ic near maximum light. 
Spectra grouped into the ‘2011k e’-lik e category exhibited broader 
absorption features between −0 . 3 < φ < 0 . 3, suggesting high ejecta 
velocities. 

The middle panels of Figs 12 and 13 correspond to the rapid 
cooling stages seen in Section 3 . Here, many more components 
are required to explain the same level of variation, especially when 
grouping the spectra by phases from peak. This is especially apparent 
in Fig. 12 (c) that corresponds to the latter stages of this cooling period 
and requires eight components to reach the threshold. This suggests 
that at least some of the diversity in SLSN spectra results from 
comparing objects evolving with different time-scales. By contrast, 
Fig. 13 (c) only requires five components, which is the largest 
discrepancy we find in terms of numbers of components needed 
for corresponding bins. This may indicate that grouping spectra by 
scaled phases from explosion could group together more similar 
spectra, offering a more effective way of describing the spectral 
evolution of SLSNe. 

The middle panels of Figs 12 and 13 begin to show more individual 
lines and the differences in these line strengths. There appears to be 
a line at 7300 Å in the final components of Fig. 12 a which persists at 
later epochs. This is coincident with a forbidden emission line either 
from [Ca II ] or [O II ]. This line also shows up in the average spectra 
created in Section 3 as early as −80 d before peak, and can be seen 
in the 1 σ spread. Early appearance of this line (such as at the phases 
in Fig. 12 b) has been linked to interaction with low-density CSM 
which, as discussed, may be a sign of PPI in SLSNe. By contrast, 
the panels in Fig. 13 do not show as clear variation at the location of 
the feature until 55 d post-explosion (Fig. 13 c). This reinforces the 
idea that these lines are formed outside the SN ejecta, as it takes time 
for the ejecta to reach these line forming regions and interact with 
them. 

The last set of panels show the spectra once the y hav e started 
transitioning to the pseudo-neb ular phase, b ut still with an under- 
lying blackbody component. We once again see the most variation 
explained by the underlying continuum. These panels correspond to 
the plateau in temperature seen in Section 3 . We can see that at these 
later times as the SLSNe are evolving more slowly, the diversity 
is less dependent on binning scheme and therefore the number of 
components is the same regardless of whether we normalize the 
time-scales. This is because the evolution time-scale at this phase is 
much longer and is therefore less sensitive to the bin edges. We also 
begin to see the emergence of different lines to explain the variation. 
At these stages, more of the diversity is attributable to the strengths 
of identifiable emission lines. These include Fe II at ∼3500 Å, Ca II 
λλ3934, 3968, Mg I ] 4571, Fe II at around 5100 Å [O I ] λλ6300, 
6364, [Ca II ] λλ7291, 7323, [O II ] λλ7320, 7330, and Ca II λλλ8498, 
8542, 8662. Once the spectra fully evolve into the nebular phase, 
the diversity can largely be explained by a few strong emission lines 
(Nicholl et al. 2019a ). Ho we v er, we cav eat this with the fact that at 
these later phases, the SLSNe are much fainter and noise plays a 
significant role in the variation seen. 
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Clustering
How much of each component 
needed to explain a given 
spectrum? 

Early times:  

• no evidence for multiple 
populations 

Late times:  

• one event a clear outlier — 
2017egm  

• During phase with huge light 
curve bumps! (Lin+23, Zhu+23)

2688 A. Aamer et al. 

MNRAS 541, 2674–2706 (2025) 

Figure 16. Representation of the SLSN photospheric spectra in the PCA 
parameter space in time bins relative to peak. Only the first five components 
for each bin are plotted for visualization. Each SLSN event is marked by a 
unique colour, consistent across all panels. Interesting outliers are marked by 
different shapes and discussed in Section 4.2 . 
the case for the analysis in Gomez et al. ( 2024 ), or from template 
matching of the spectra as in Quimby et al. ( 2018 ). Although these 
methods estimate a similar time of peak, Quimby et al. ( 2018 ) also 
acknowledge plausible matches to SLSN templates up to 100 d post- 
peak. For this reason, PT12hni as an outlier in both binning schemes 
may simply be due to an uncertain time of explosion and time of 
peak. 

An outlier spectrum of SN 2019pud is shown in Figs 16 (d) and 
17 (d) as a purple triangle. This spectrum is obtained at 53.18 d post- 
peak is shown in Fig. 18 , and compared to the average spectrum 
from Section 3 in the corresponding time bins. We can see that 

Figure 17. Representation of the SLSN photospheric spectra in the PCA 
parameter space in time bins relative to explosions with the phase scaled to 
match the median e-folding decline time of SLSNe (44 d). Only the first five 
components for each bin are plotted for visualization. Each SLSN event is 
marked by a unique colour, consistent across all panels. Interesting outliers 
are marked by different shapes and discussed in Section 4.2 . 
SN 2019pud looks similar to the average at bluer wavelengths except 
with a slightly broad emission line around 5000 Å, that is not visible 
in the average. Ho we ver, it also does not display any emission or P- 
Cygni features redwards of 7000 Å. This object appears in a sample 
paper of H-rich SLSNe (Kangas et al. 2022 ), where it is also noted 
for its unusual features even within the class of H-rich SLSNe. The 
strong emission feature at ∼6500 Å peaks further to the red than 
the [O I ] line in the average spectrum, and was attributed to H α. 
Ho we ver, this object did not show H emission until ∼50 d after peak 
and was therefore classed as a ‘SLSNe I.5’ by Kangas et al. ( 2022 ). 
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Line evolution up close

PTF12dam: SLSN evolves smoothly from 
W-like to 15bn-like as it cools 

• Classes clearly related 

• Range of temperatures?

MN 2026

W

15bn
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Line evolution up close

Line profiles, velocities, and velocity 
gradients are sensitive to size, location 
and temperature of photosphere:  

• Which depend on time since 
explosion 

Wide range of rise times => peak 
spectra obtained at very different times 
since explosion!

🍏 
🍊

Time since explosion

L
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Diverse rise times lead to diverse temperatures
Brightness + 
Time + 
Temperature + 
Radius 

= BTTR way to connect light 
curves and spectra 

Long-rising events are more 
expanded and therefore 
redder at peak 

• Less likely to show strong 
W-shaped O II line

MN 2026, data from Gomez+ 2024
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Can rise times also explain v and dv/dt ?

Inserra+ 2018
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Toy model
Homologous 
expansion: v ∝ r 

Power-law density

Fast rising event at peak: 
Photosphere still in outer ejecta 
Observe high velocity at photosphere 
Receding quickly through outer envelope

Slow rising event at peak: 
Photosphere has reached inner ejecta 
Observe lower velocity at photosphere 
Receding slowly in denser ejecta

vph

vph

log(v)

log(𝜌)

vbr

𝜌0 v-𝛼
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Making it quantitative
Integrate to find where  
𝛕(t) = 1 to get v and dv/dt 

Mej ~ 2–40 M  

(Gomez+24) 

vbr ~ 500–15000 km/s 

Reproduce vph from 
Aamer+25 only for 
shallow power-law! 

Gomez mean params ≈ 
Dessart 2012

MN 2026, data 
from Aamer+ 2025
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Density profile vs simulations Suzuki & Maeda 2019
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SLSNe at nebular times

Inner ejecta / 
engine a black box 
during optically 
thick phase 

At late times, see 
composition and 
heating of interior 
directly

Photospheric  
phase

Nebular  
phase…wait…

?
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SLSNe at nebular times

MN+ 2019

Same lines as SNe Ic, but more iron 

Even better match to SNe Ic-BL / GRBs 

Luminosity of [O I] 6300 line confirms 
ejecta mass up to few ×10 M  

Persistent ionisation at low velocity 
coordinate: 

• Narrow O I 7774 recombination line 

• [O II] / [O III] present in many SLSNe

[O II]



Matt Nicholl Queen’s University Belfast

Power source from nebular spectrum

Recent result: 

L7300 / L6300 probes ionisation 

• ([Ca II] + [O II]) / [O I] 

• More scatter at early 
phase 

Can correlate ionisation with 
light curve properties… 

Blanchard+ 2025
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Power source from nebular spectrum

For most events, ionisation is 
correlated with instantaneous power 
implied by magnetar fits 

Three outliers (anti-correlated): 

• 2017egm: 
known outlier (Aamer+ 2025) 

• LSQ14an + PTF10hgi:  
very large L7300 (MN+ 2019) 

• Outliers interaction powered?

Blanchard+ 2025

Time
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Late-time light curves
Visibly flatten and stay bright:  
Can be −15 mag at ~3 years post-peak! 

Most direct evidence for engine to date?

MN+ 2018Blanchard+ 2021
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So are they magnetars?

Evidence 

• Photospheric properties consistent 
with central heating 

• Shallow velocity gradients 

• High ionisation at low velocity 

• Late-time power-law light curves 

• GRB connection (hosts and 
ULGRB)

Challenges 

• How does the magnetar actually 
heat the ejecta? 

• Clear evidence that some SLSNe 
do interact with environment 

• Have no progenitor model: what 
stellar evolution produces 
millisecond magnetars?
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SLSNe from Rubin + TiDES

root-mean-square scatter in the photometric redshifts of
z1 0.05z s +( ) (see LSST Science Collaboration et al.

2009). We additionally fix the host reddening to be negligible.
We are interested in our ability to recover four key

parameters: the ejecta mass, the ejecta velocity, the initial
magnetar spin period, and the magnetic field. In our model, the
spin period and magnetic field have strong degeneracies with
several nuisance parameters, making them difficult to directly
measure. We therefore recover the following variables, which
directly correlate with the rotational energy and spin-down
timescales of the magnetar (Nicholl et al. 2017c; Villar et al.
2017):

B B M

P P M

sin

,

2 2
NS
3 2

spin
2

NS
3 2

*

*

qº

º

- -

-

( )

where θ is the angle between the rotational axis and magnetic
dipole, and MNS is the neutron star mass.

How well we need to recover the SLSN parameters depends
on the scientific goal. For cosmological studies, determining
the average distance modulus (assuming SLSNe are standar-
dizable; see Inserra & Smartt 2014) to ≈0.25 mag is sufficient
to constrain, for example, mW to within 2% (Scovacricchi et al.
2015). In Nicholl et al. (2017c), constraining parameters to an

average of ≈30%–50% was sufficient to probe the underlying
population with a sample of ≈50 events. We track our ability to
recover the four key parameters to (1) 30% of their input
values and with error bars of <50% (“strict”), and (2) within a
factor of two of their input values with error bars of <50%
(“lenient”).
Example light curves and their best-fit models are shown in

Figure 10. At low redshifts, many of the light curves are well-
sampled both near and post peak, leading to better recovery of
the input parameters. At higher redshifts, the majority of light
curves are caught near peak and quickly drop below the
detection limit, leading to typically poorer recovery. Addition-
ally, due to the much deeper limits available in gri-bands, the
light curves of higher redshift events are typically limited to
these filters. Thus our ability to recover the input parameters
significantly drops with redshift. At z0.5, our strict recovery
rate is ≈60% and our lenient recovery rate is ≈100% for light
curves with >10 data points. By z=2, the strict recovery rate
drops to zero, while the lenient recovery rate is ≈50%. By
z=3, the lenient recovery rate also drops to zero.
The parameter recovery rate is a function of both redshift and

luminosity. The above calculations used a peak luminosity of
L 3 100

44» ´ erg s−1. We now consider the full luminosity
function of our simulated SLSNe (Figure 2) to capture the

Figure 8. First and third rows: the WFD survey annual detection rate of SLSNe as a function of redshift (black lines) for various metrics. The green shaded regions
represent 1σ errors from our bootstrap analysis. Also shown are the rates for SLSNe with (strict) recoverable parameters (purple line and shaded area); note that the
purple line is calculated assuming the same information efficiency for each metric. Second and fourth rows: cumulative distributions of SLSNe that satisfy each metric
(black) and those that have lenient recoverable parameters (purple).
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SLSNe from Rubin + TiDES

10 Frohmaier et al.

Figure 3. Mock 4MOST spectra based on the 4MOST ETC output. A typical maximum-light SN Ia template spectrum at several di!erent redshifts (red line)
and 𝐿-band magnitudes is shown. The template is ‘observed’ by 4MOST with the raw data shown in light grey and then rebinned to 15Å (black line). The mock
spectra are calculated assuming a typical 4MOST exposure time of 2700s, conditions of seeing of 0.8”, airmass 1.4, in grey time. The mean S/N per 15Å bin
over 4500-8000Å is also given.

0.0 0.2 0.4 0.6 0.8 1.0
Redshift

101

102

103

N
u
m

b
er

in
b
in

Type Ia: 13000 (18000)

Type II: 4400 (6500)

SLSNe 2500 (3100)

SESNe: 1600 (2300)

91bg/Iax: 500 (690)

TDE 160 (210)

CaST 100 (140)

Figure 4. The observed 4MOST redshift distribution for all simulated tran-
sient types after five years of 4MOST operations. The solid lines show the
expected number of transients with a SNR15Å →5, while the dashed lines
show the expectation for a SNR15Å → 3 in the spectrum’s continuum. The
legend shows the total number of objects for each subclass satisfying the
SSC. Di!erent science cases will require di!erent qualities of data, so these
numbers are presented as a guide to the final sample size.

where 𝐿 is the e"ciency, 𝑀0 is the maximum e"ciency, 𝑁 is the
magnitude of the object in the LSST 𝑂-band, 𝑁50 is the magnitude
at which 50 per cent of the sample meet our SSC, and 𝑃 captures
the exponential roll-o! (smaller numbers describe a steeper drop).

For the SNR15Å → 5 parameter, we find 𝑁50 = 21.7 and for
SNR15Å → 3, 𝑁50 = 22.3. In both cases, the maximum e"ciency is
𝑀0 = 1 and 𝑃 = 0.2. Live transient objects are added to, or removed
from, the 4MOST follow-up queue based, in part, on their observed
LSST magnitudes. Using the 𝑁50 = 22.5 result as our follow-up
limit ensures that we minimise observations resulting in spectra
with a SNR too low for a classification.

4.4 Observational e!ciencies of type Ia supernovae

One of the main objectives of TiDES is to perform a SN Ia cos-
mology experiment, so we next examine various survey perfor-
mance metrics for SNe Ia. TiDES will obtain classification spectra
for around 13 000 SNe Ia with SNR15Å → 5 (and 18 000 SNe Ia
SNR15Å → 3). Randomly selected example light curves are shown
in Fig. 6 for the 𝑄𝑂𝑅𝑆 bands split into di!erent redshift ranges of
objects that were successfully observed by 4MOST.

The phase at which spectra are obtained is an important met-
ric, as the ability to classify an object depends both on the phase
and SNR of the spectrum. Objects observed near peak-brightness
will have the highest SNR and classifiers will have large template
libraries of historical observations to draw upon. In Fig. 7 we show
the phases (measured relative to rest-frame 𝑇-band peak) when the
SNe Ia are triggered for follow-up (Section 3.5) and of their spectral
observations. Most SNe are identified by LSST before they reach
peak brightness, and then typically observed by 4MOST a few days

MNRAS 000, 1–17 (2024)

Frohmaier+ 2025

Unbiased sample of ~3000 SLSNe up to z~2!

Credit: AIP/Background: Harshwardhan Pathak/Telescope Live

4MOST first light image
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Redshift evolution: metallicity dependence?
Need to constrain rate at z > 1
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UV backlight for high-z star-formation

Berger 2012
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Early spectra and late light curves (for free)

Nomoto 1990; Woosley et al. 1994; Modjaz et al. 2009). The
light curve of LSQ14bdq is qualitatively similar to these objects,
suggesting that the light curve could be explained by a shock
cooling phase, followed by internal reheating. While bolometric
luminosity in the cooling phase should decline monotonically,
single-filter light curves showmaxima as the peak of the spectral
energy distribution moves into and out of the optical.

We fit the early rise using analytic approximations from
Rabinak & Waxman (2011), giving the parameters in Figure 4.
We use their blue supergiant (radiative envelope), red super-
giant (convective envelope), and Wolf–Rayet models for SN
1987A, 1993J and 2008D, respectively. The progenitor radius,
R, determines the slope and duration of the rise, while the
luminosity scale is set by both R and by the explosion energy
per unit mass, E Mk ej. The values of R and E Mk ej used to fit
the literature objects are in line with previous estimates. As
noted by Rabinak & Waxman (2011), the model assumptions
begin to break down after a few days; we end the simulations at
the cut-off time prescribed by their Equation (17). The model
for SN 1993J is still rising slowly as it goes through the peak.
The discrepancy with observations may be due to the very
simple density profile assumed in the model. Detailed models
of SN 1993J have had 0.1 M in the extended envelope, with
most of its mass in the core.

To model LSQ14bdq, we set E Mk ej C= B/M, where C is
arbitrary. To try to break the degeneracy between Ek and Mej,
we assume that the diffusion time during the early peak is the
same as in our central-engine fit to the main peak. We neglect
late-time kinetic energy input from the magnetar, ≈1051 erg for
our model, because this is small compared to the initial energy
found for the shock cooling, as will be seen below.We then have
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The uncertainty in mt (taking the range where 22
min
2c c< ) is

30%~ , meaning M and Ek are constrained to within a factor of 2.
Figure 4 shows models for 3 progenitors: a Wolf–Rayet with

R 10= R, and extended stars with R 100, 500= R
(extended models are insensitive to the choice of radiative/
convective envelope). For the compact model, we derive Mej

270» M; depending on the precise mass, the implied
progenitor should either explode as a PISN or collapse totally
(hence invisibly) to a black hole (Heger & Woosley 2002),
neither being consistent with the light curve. The inferred
energy, Ek 1054> erg, is also unrealistic.
An extended envelope (or wind; Ofek et al. 2010) is

therefore a requirement in this scenario. The 100 Rmodel
requires Mej 60» M and Ek 150» B. This energy is greater
than the canonical neutron star gravitational binding energy of
1053 erg (of which 1%~ is normally accessible to power the
explosion). The energy released in black hole-formation is
higher than for neutron stars and could meet the requirement, if
it could couple to the ejecta. A possible mechanism is an
accretion disk, such as in the collapsar model (Woosley 1993)
of gamma-ray bursts (GRBs). In this case the engine would be
black hole accretion (Dexter & Kasen 2013) rather than a
magnetar. This accretion engine has a characteristic power law,
L t nµ - , similar to the magnetar, with n 2mag = and
n 5 3acc = . Therefore we would expect a similar mt , and that
Equations (2) and (3) would still hold.
The final model shown is for R 500= R. The inferred

mass is Mej 30» M, with Ek 20» B, which may also favor a
black hole engine over a neutron star (it is similar to the kinetic
energy in GRB-SNe), but not so definitively as in the more
compact models. The radius is very large for a hydrogen-free
star, but similar to SN 1993J, which had only a very diffuse
hydrogen envelope, and by maximum light had evolved to
resemble a SN Ib. For this model, the velocity,
v E M10 (3 ) 10,000k ej~ = km s−1, is in good agreement
with the observed spectrum.

3.4. Shock Cooling with CSM Interaction

An alternative scenario to consider is that the main peak
arises from CSM interaction on scales of 104~ R, as has been
suggested for other SLSNe (e.g., Chatzopoulos et al. 2013).
CSM fits for the main peak (Figure 2) require E Mk ej ∼ 0.2 B/
M, lower than any of the shock cooling models shown in
Figure 4. This is fairly inflexible for the CSM model, as Ek and
Mej are the two strongest drivers of the peak luminosity—e.g.
models with E Mk ej ∼ 0.4 B/M are too bright by about
0.5 dex (and rise too quickly). To reproduce the early emission
with shock cooling and E Mk ej ∼ 0.2 B/M, we would need
initial radius R 2000~ R. This is uncomfortably large for
any reasonable progenitor. However models have been
proposed in which the cooling phase arises from shock
breakout in an inner region of dense CSM rather than the
progenitor envelope (Ofek et al. 2010); this may be a viable
explanation for LSQ14bdq, but would require a novel CSM
structure to get two distinct peaks.

Figure 4. Post-shock cooling models for LSQ14bdq and other double-peaked
SNe. We show both compact and extended models. Mass and energy can be
inferred from the fits together with Equations (2) and (3). More extended
progenitors can reproduce the peak brightness with lower Mej and Ek.
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The real smoking gun?
If SLSNe are powered by magnetars, 
some radiation should escape and peak 
at GeV-TeV (Vurm & Metzger 2021) 

Cherenkov Telescope Array could detect 
this emission for a few nearby SLSNe 
per year

CTA Large-Size Telescope,  
La Palma Acharyya+ 2023
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Conclusions

Large samples of SLSNe now becoming available 

Very diverse, but properties mostly consistent with central heating source —
magnetar spin-down? 

But likely need CSM to describe some observables 

Rubin detection rates will be a game-changer 

Understand host associations, progenitors, and high-z galaxies 

GeV observations could finally pin down the power source


