
Hinds, KR, Perley, DA, Sollerman, J, Miller, AA, Fremling, C, Moriya, TJ, Das, 
KK, Qin, YJ, Bellm, EC, Chen, TX, Coughlin, M, Jacobson-Galán, WV, Kasliwal, 
M, Kulkarni, S, Masci, FJ, Mahabal, AA, Pessi, PJ, Purdum, J, Riddle, R, Singh, 
A, Smith, R and Sravan, N

 Inferring CSM properties of Type II SNe using a magnitude-limited ZTF sample

https://researchonline.ljmu.ac.uk/id/eprint/27038/

Article

LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.

The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 

For more information please contact researchonline@ljmu.ac.uk

http://researchonline.ljmu.ac.uk/

Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 

Hinds, KR ORCID logoORCID: https://orcid.org/0000-0002-0129-806X, 
Perley, DA ORCID logoORCID: https://orcid.org/0000-0001-8472-1996, 
Sollerman, J ORCID logoORCID: https://orcid.org/0000-0003-1546-6615, 
Miller, AA ORCID logoORCID: https://orcid.org/0000-0001-9515-478X, 

LJMU Research Online

http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk


MNRAS 541, 135–165 (2025) https://doi.org/10.1093/mnras/staf888 
Advance Access publication 2025 May 31 

Inferring CSM properties of Type II SNe using a magnitude-limited ZTF 

sample 

K-Ryan Hinds , 1 ‹ Daniel A. Perley , 1 Jesper Sollerman , 2 Adam A. Miller , 3 , 4 

Christoffer Fremling, 5 , 6 Takashi J. Moriya , 7 , 8 , 9 Kaustav K. Das, 10 Yu-Jing Qin , 10 Eric C. Bellm, 11 

Tracy X. Chen, 12 Michael Coughlin , 13 Wynn V. Jacobson-Gal ́an , 10 † Mansi Kasliwal , 10 

Shri Kulkarni, 10 Frank J. Masci, 12 Ashish A. Mahabal , 6 , 14 Priscila J. Pessi , 2 Josiah Purdum, 5 

Reed Riddle , 5 Avinash Singh, 2 Roger Smith 

5 and Niharika Sravan 

15 

1 Astrophysics Research Institute, Liverpool John Moores University, 146 Brownlow Hill, Liverpool L3 5RF, UK 

2 Department of Astronomy, The Oskar Klein Center, Stockholm University, AlbaNova University Center, SE 106 91 Stockholm, Sweden 
3 Center for Interdisciplinary Exploration and Research in Astrophysics and Department of Physics and Astronomy, Northwestern University, 1800 Sherman 
Ave, Evanston, IL 60201, USA 

4 NSF – Simons AI Institute for the Sky (SkAI), 172 E. Chestnut St., Chicago, IL 60611, USA 

5 Caltech Optical Observatories, California Institute of Technology, Pasadena, CA 91125, USA 

6 Division of Physics, Mathematics and Astronomy, California Institute of Technology, Pasadena, CA 91125, USA 

7 National Astronomical Observatory of Japan, National Institutes of Natural Sciences, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan 
8 Department of Advanced Studie, Graduate Institute for Advanced Studies, SOKENDAI, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan 
9 School of Physics and Astronomy, Monash University, Clayton, VIC 3800, Australia 
10 Department of Astronomy and Astrophysics, Cahill Center for Astrophysics, California Institute of Technology, MC 249-17, 1200 E California Boulevard, 
Pasadena, CA 91125, USA 

11 DIRAC Institute, Department of Astronomy, University of Washington, 3910 15th Avenue NE, Seattle, WA 98195, USA 

12 IPAC, California Institute of Technology, 1200 E. California Blvd, Pasadena, CA 91125, USA 

13 School of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455, USA 

14 Center for Data Driven Discovery, California Institute of Technology, Pasadena, CA 91125, USA 

15 Department of Physics, Drexel University, Philadelphia, PA 19104, USA 

Accepted 2025 May 28. Received 2025 April 28; in original form 2025 March 25 

A B S T R A C T 

Although all Type II supernovae (SNe) originate from massive stars possessing a hydrogen-rich envelope, their light-curve 
morphology is diverse, reflecting poorly characterized heterogeneity in the physical properties of their progenitor systems. 
Here, we present a detailed light-curve analysis of a magnitude-limited sample of 639 Type II SNe from the Zwicky Transient 
Facility Bright Transient Survey. Using Gaussian processes, we systematically measure empirical light-curve features (e.g. rise 
times, peak colours, and luminosities) in a robust sampling-independent manner. We focus on rise times as they are highly 

sensitiv e to pre-e xplosion progenitor properties, especially the presence of a dense circumstellar medium (CSM) shed by the 
progenitor in the years immediately pre-explosion. By correlating our feature measurements with physical parameters from an 

e xtensiv e grid of STELLA hydrodynamical models with varying progenitor properties (CSM structure, Ṁ , R CSM 

, and M ZAMS ), 
we quantify the proportion of events with sufficient pre-explosion mass loss to significantly alter the initial light curve (roughly 

M CSM 

≥ 10 

−2 . 5 M �) in a highly complete sample of 377 spectroscopically classified Type II SNe. We find that 67 ± 6 per cent of 
observed SNe in our magnitude-limited sample show evidence for substantial CSM ( M CSM 

≥ 10 

−2 . 5 M �) close to the progenitor 
( R CSM 

< 10 

15 cm) at the time of explosion. After applying a volumetric-correction, we find 36 

+ 5 
−7 per cent of all Type II SN 

progenitors possess substantial CSM within 10 

15 cm at the time of explosion. This high fraction of progenitors with dense CSM, 
supported by photometric and spectroscopic evidence of previous SNe, reveals mass-loss rates significantly exceeding those 
measured in local group red supergiants or predicted by current theoretical models. 

Key words: stars: mass-loss – transients: supernovae. 
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imple progenitor scenario, in which the initial mass is the only
actor affecting the SN type or its light curve, cannot adequately
 xplain the e xtensiv e observ ational di versity we see in photometry
nd spectroscopy – particularly with the acknowledgement of the
ole binarity plays in stellar evolution (e.g. Eldridge, Izzard & Tout
008 ; Sana et al. 2012 ; Eldridge et al. 2018 ; Zapartas et al. 2019 ,
021 ) via binary induced mass transfer and mergers. 
An area being explored in greater detail is the degree to which

iversity arises from stars with similar initial masses and evolutionary
istories that, none the less, produce distinct observational signatures
t the time of explosion; e.g. varying mass of H envelopes, progenitor
adii, and H-richness of the outer envelope (e.g. Popov 1993 ; Chieffi
t al. 2003 ; Young 2004 ; Humphreys et al. 2020 ; Reynolds et al.
020 ; Hiramatsu et al. 2021 ; Dessart & Jacobson-Gal ́an 2023 ;
oriya et al. 2023b ). Type II SNe result from the core-collapse

f stars with initial masses between 8–20 M � (e.g. Eldridge & Tout
004 ; Smartt 2009 , 2015 ; Van Dyk 2017 ; Beasor et al. 2020 ). The
ost common subtype, Type IIP, originate from red supergiants

RSGs) – a connection confirmed through pre-explosion Hubble
pace Telescope imaging (see Smartt 2009 , 2015 ). Their light curves
xhibit H-recombination powered ∼100 d plateaus following steep
ises to peak brightness, typically occurring within days to a week
e.g. Langer 2012 ; Anderson et al. 2014 ; Gonz ́alez-Gait ́an et al. 2015 ;
ubin et al. 2016 ; Valenti et al. 2016 ). 
Less common hydrogen-rich subtypes include: Type IIb SNe

howing H-to-He spectral evolution from thin H envelopes (Podsiad-
owski et al. 1993 ; Benson et al. 1994 ; Woosley et al. 1994 ; Jerkstrand
t al. 2014 ); Type IIn SNe with slower rises and narrow emission
ines from circumstellar material (CSM) interactions (Schlegel 1990 ;

auron & Josselin 2011 ; Smith 2014 ; Arcavi 2017 ); and SN 1987A-
ike events from blue supergiants with extended > 30 d nickel-
o wered rises (Schaef fer et al. 1988 ; Woosley 1988 ; Arnett et al.
989 ; Schlegel 1990 ; Suntzeff & Bouchet 1990 ; Arcavi 2017 ; Singh
t al. 2019 ; Sit et al. 2023 ). 

From the emergence of narrow emission lines in early spectra of
oung SNe (flash ionization; Gal-Yam et al. 2014 ; Groh 2014 ; Gal-
 am 2017 ; Y aron et al. 2017 ; Bruch et al. 2023 ), strong evidence
as been presented for the presence of a substantial mass of dense
aterial close to the progenitor at the time of core-collapse. Narrow

ines are likely the result of shock breakout (SBO) shock-heating and
onizing a slow-moving, dense material (e.g. Yaron et al. 2017 ; Irani
t al. 2024 ; Jacobson-Gal ́an et al. 2024a ). As the narrow lines typi-
ally persist for only a ∼ few days post-explosion, it is assumed that
he CSM required is the result of mass loss from the star in the years
mmediately preceding core-collapse (e.g. Das & Ray 2017 ; Davies,
lez & Petrault 2022 ; Tinyanont et al. 2022 ; Pearson et al. 2023 ). 
Measurements of the CSM properties from the flash ionization

llow for constraints on the mass-loss rate, Ṁ , and late-stage RSG
nstabilities experienced in the centuries-decades-years immediately
efore core-collapse (e.g. Mauron & Josselin 2011 ; Yaron et al.
017 ; Morozova, Piro & Valenti 2018 ; Bruch et al. 2021 ; Stroh
t al. 2021 ; Tinyanont et al. 2022 ; Bruch et al. 2023 ; Moriya et al.
023b ; Pearson et al. 2023 ). These analyses typically assume that
he CSM is an unbound, spherically symmetric material escaping
ith velocities of order ∼10–100 km s −1 (Smith 2014 ; Morozova,
iro & Valenti 2017 ), following a density profile that decreases with
adius ( ρ ∝ r −2 for steady-state mass loss, Moriya et al. 2018 , 2023b ;

orozova et al. 2018 ; Davies et al. 2022 ). Bruch et al. ( 2021 , 2023 )
nd that ∼ 60 per cent of Type II SNe show evidence for significant
mounts of dense CSM confined to a region around the progenitor at
he time of explosion – although, this figure is not corrected for
bservational biases and not volume limited. Potential precursor
NRAS 541, 135–165 (2025) 
vents (e.g. Fraser et al. 2013 ; Jacobson-Gal ́an et al. 2022 ; Dong
t al. 2024 ; Warwick et al. 2025 ) provide further evidence of eruptions
lose to the ‘classical’ core-collapse event. 

The notion that many Type IIP SNe progenitors are surrounded by
ense CSM at the time of explosion is further supported by detailed
tudies of nearby events: SN 2021yja ( ≈23 Mpc; Hosseinzadeh et al.
022 ; Kozyre v a et al. 2022 ), SN 2023ixf ( ≈7 Mpc; Bostroem et al.
023 ; Hiramatsu et al. 2023 ; Hosseinzadeh et al. 2023 ; Jacobson-
al ́an et al. 2023 ; Jencson et al. 2023 ; Li et al. 2024 ; Singh et al.
024 ; Zimmerman et al. 2024 ), and SN 2024ggi ( ≈7 Mpc; Chen
t al. 2024 , 2025 ; Pessi et al. 2024 ; Shrestha et al. 2024 ; Xiang
t al. 2024 ; Jacobson-Gal ́an et al. 2024b ), which, combined with
arly photometric and spectroscopic data, confirm CSM around their
SG progenitors. In these cases, dense, optically thick CSM causes

he SBO to occur within the CSM rather than at the stellar surface
F ̈orster et al. 2018 ; Tinyanont et al. 2022 ; Pearson et al. 2023 ),
roducing rapid rises and enhanced peak luminosities (e.g. Moriya
t al. 2011 , 2023b ; Das & Ray 2017 ; Morozova et al. 2017 , 2018 ;
ruch et al. 2021 , 2023 ; Tinyanont et al. 2022 ; Pearson et al. 2023 ;
i et al. 2024 ). 
Ṁ for RSGs have been measured through multiple techniques:
id-IR observations of circumstellar dust in clusters show

˙
 ∼ 10 −6 –10 −5 M �yr −1 (e.g. Beasor & Davies 2018 ; Beasor

t al. 2020 ), consistent with rates derived from molecular line and
adio measurements (e.g. Mauron & Josselin 2011 ) and comparing
re-explosion progenitor properties to theoretical stellar evolution
odels (e.g. Smartt 2009 ). Type IIn progenitors exhibit much higher

ates of 10 −3 –1 M �yr −1 , derived from multiwavelength observations
e.g. Kiewe et al. 2012 ; Taddia et al. 2013 ; Fransson et al. 2014 ),
nd combined X-ray, radio, and spectroscopic signatures (e.g. Smith
017a , b ). 
Ho we ver, Ṁ inferred from RSG observ ations alone are insuf ficient

o produce the measured M CSM 

and R CSM 

on the time-scale of
ecades to months pre-explosion (e.g. Bruch et al. 2021 , 2023 ).
opular mechanisms for end-of-life mass-loss include: wav e-driv en
nergy heating into the stellar envelope (e.g. Fuller 2017 ; Morozova
t al. 2020 ; Wu & Fuller 2021 ), radiation-driven mass-loss (e.g.
 ink 2008 ; V ink & Gautham 2023 ), instabilities caused by e xplosiv e

hell burning (e.g. Arnett & Meakin 2011 ; Smith & Arnett 2014 ),
ommon envelope interactions caused by binary interactions (e.g.
he v alier 2012 ; Sana et al. 2012 ), and RSG ‘superwinds’ (e.g.
avies et al. 2022 ). 
Previous studies have been successful in characterizing smaller

ubsets of Type II SN properties such as luminosities and rise times
e.g. Taddia et al. 2013 ; Anderson et al. 2014 ; Gall et al. 2015 ;
anders et al. 2015 ; Rubin et al. 2016 ; Valenti et al. 2016 ; Graur
t al. 2017 ; Davis et al. 2019 ) but are limited to small numbers
r incomplete samples, made up of well-observed SNe detected in
eterogeneous galaxy-targeted surv e ys. Infrequent and inconsistent
urv e y cadence lead to inadequate co v erage on the rise, limiting the
mount of information one can infer from the rising light curve. The
ide area, high cadences, and untargeted nature of modern surv e ys

llow for larger, more complete samples to be curated – lending to
ore detailed statistical analysis of population characteristics and

heir frequencies. This work builds upon previous studies by making
se of robust statistical methods and large, highly complete surv e ys.
To address these questions, we present detailed light-curve anal-

sis of spectroscopically classified Type II SNe from the Zwicky
ransient Facility (ZTF; Graham et al. 2019 ; Masci et al. 2019 ; Bellm
t al. 2019a , b ; Dekany et al. 2020 ). In Section 2 , we introduce our
ample, present the forced photometry light curves and the Gaussian
rocess (GP) methodology, and data analysis processes used in this
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ork. We present the sample in Section 3 and explore the diversity of
ype II SNe. In Section 4 , we empirically infer progenitor properties
sing a correlation-based analysis based on previous studies. In 
ection 5 , we present the volume corrected ( V max method; Schmidt
968 ) distributions for M CSM 

, R CSM 

, and Ṁ . We then analyse and
iscuss the implications in Section 6 . 
Throughout the paper, we correct for Galactic extinction using the 

ASA Extragalactic Database (NED) extinction tool (using the dust 
ap from Schlafly & Finkbeiner 2011 ). We assume a cosmological 
odel with �M 

= 0 . 3, �� 

= 0 . 7, and h = 0 . 7. 

 M E T H O D S  I  – SAMPLE,  F O R C E D  

HOTOM ETRY,  A N D  L I G H T- C U RV E  

O D E L L I N G  

.1 The Zwicky Transient Facility and The Bright Transient 
ur v ey 

f the total observing time available to ZTF, a major fraction has
een devoted to public surv e ys – 40 per cent in the initial 2.5 yr, and
0 per cent in subsequent phases. Most of this public observing time
s used for a Northern Sk y Surv e y (NSS) of fields abo v e declination

30 ◦ in ZTF g and r bands (Bellm et al. 2019b ). The NSS began
s a 3 d cadence surv e y and now runs at 2 d cadence. The public
urv e ys generate alerts which are distributed to various community 
lert brokers (Patterson et al. 2019 ). ZTF i-band observations are 
vailable for some fields which o v erlap partnership surv e ys. 

The Bright Transient Surv e y (BTS), described in Fremling et al.
 2020 ), Perley et al. ( 2020 ), and Qin et al. (in preparation), is a
agnitude-limited surv e y aiming to spectroscopically classify all 

xtragalactic transients in the Northern hemisphere, satisfying a few 

asic conditions: a peak apparent magnitude, m peak , ≤ 18.5 mag, 
isibility from Palomar, and a location out outside of the Galactic 
lane. As of 2024 December 31, the BTS catalogue includes > 10 000
lassified SNe brighter than 19 mag; spectroscopic classification is 
5.5 per cent complete down to 18.5 mag for events passing visibility
nd cadence criteria (see Perley et al. 2020 , for a re vie w). 1 The 2–
 d or less cadence and sensitive nature of the surv e y are required
o adequately sample enough of the rise to constrain it with some
ertainty, and secure detections during the early phase of the light 
urve, close to the explosion time. 

Final classifications (used here), volumetric rates, and luminosity 
unctions from the BTS sample will be presented in the upcoming 
aper Qin et al. (in preparation) which co v ers the period starting 2018
o the end of 2024. Both Qin et al. (in preparation) and this work
ave made use of ZTF observing time, instruments, and software: 
pectral energy distribution machine (SEDM; Blagorodnova et al. 
018 ; Rigault et al. 2019 ; Kim et al. 2022 ), the DouBle Spectrograph
Oke & Gunn 1982 ), Global Relay of Observatories Watching 
ransients Happen Marshal (Kasliwal et al. 2019 ), and the Fritz
kyPortal Marshal (Duev et al. 2019 ; van der Walt, Crellin-Quick &
loom 2019 ; Duev & van der Walt 2021 ; Coughlin et al. 2023 ). 
This study analyses the spectroscopically classified SNe from the 

TS database, 2 incorporating both BTS classifications and TNS 

eports archived in the BTS from 2018 May 1 to 2023 December
 These statistics are available on the ZTF BTS Homepage: https://sites.astro. 
altech.edu/ ztf/ bts/ bts.php . 
 Finalized in Qin et al. (in preparation). 

C  

i

3

e

1, retrieved via the BTS internal Sample Explorer. 3 Beyond the 
pparent magnitude threshold, Palomar visibility constraints, and 
alactic plane exclusion previously discussed, the BTS requires: 

ufficient temporal co v erage spanning 7.5–16.5 d pre-peak to 16.5–
8.5 d post-peak, with multiple observations near peak brightness; 
pectroscopic accessibility up to 30 d post-peak; the transient must 
e absent in the reference image; and alerts to pass the BTS alert
tream filtering criteria detailed in Perley et al. ( 2020 ). 

The quality cuts ensure light curves are sampled during the rise
o peak and well after peak, and are generally independent of light-
urv e properties. Ke y values dra wn from the sample that are used
o comment on demographics have the additional criterion of light 
urves peaking brighter than 18.5 mag. From hereon, Type II SNe
efer to SNe spectroscopically classified as Type II or Type IIP and
o not include Type IIn or Type IIb, which are referred to as such. 

.2 Forced photometry light-cur v e analysis 

he ZTF real-time data stream operates by producing alert packets, 
here an alert is generated based on real-time and historical con-

extual information (Masci et al. 2019 ). Point source function (PSF)
hotometry and difference imaging using ZTF archives generate 
pwards of 100 000 alerts nightly. Photometric measurements are 
erformed based on image-subtracted photometry ( ZOGY ; Zackay, 
fek & Gal-Yam 2016 ). The distributed alert packets do not allow

or measurements below the detection threshold and do not fix the
osition, creating room to miss detections if the software does not
eco v er an alert. 

Photometry for this study is produced using the ZTF forced 
hotometry service (fps; Masci et al. 2023 ), with post-processing 
onducted following the procedures in Miller et al. (in preparation). 
riefly, the fps estimates the PSF flux at a user-specified location

n all ZTF difference images with co v erage of the specified po-
ition. The flux measurement uses the same PSF model defined 
y the ZOGY algorithm that is used to perform image subtraction
n the production of ZTF real-time alerts. Observations in which 
he fps pipeline processing produces a flag, typically because the 
hotometric calibration is e xcessiv ely noisy or the initial image
ubtraction failed, are excluded from the analysis. The fps flux 
easurements require a systematic baseline correction, i.e. there is 
 small constant offset that needs to be remo v ed to make the pre-SN
ux measurements consistent with zero flux (see Masci et al. 2023 ).
he baseline is estimated using observations that were obtained 
 100 d before maximum and several hundred days after maximum,
here the duration after the peak is determined by conserv ati vely

ssuming the transient is purely powered by radioactive 56 Co decay. 
ollowing the baseline correction, the uncertainties for the individual 
ux measurements are adjusted to account for a systematic trend 
hereby brighter sources have underestimated uncertainties (see 
iller et al., in preparation, for further details). As a final output, this

ost-processing produces a measurement of the transient flux and its 
ncertainty in units of μJy, including in images where there is no
ux detected from the transient. For this study, Public + Partnership
 Caltech ZTF data were used. 

.3 Gaussian process regression 

CSN light curves are difficult to model due to the e xtensiv e variety
n their photometric behaviour. There exist analytical attempts to 
MNRAS 541, 135–165 (2025) 

 A public version is available at: https:// sites.astro.caltech.edu/ ztf/ bts/ 
xplorer.php . 

https://sites.astro.caltech.edu/ztf/bts/bts.php
https://sites.astro.caltech.edu/ztf/bts/explorer.php
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M

Figure 1. Type II SNe ZTF19abgrmfu/SN 2019lnl at z = 0.035 (left) and ZTF21aaqugxm/SN 2021hdt at z = 0.019 (right). ZTF gri forced photometry light 
curve modelled with 2D GPR. We have annotated how a rise time metric (time to rise from 25–75 per cent of the peak flux t 25 75 ) is measured. The inverted 
triangles represent the upper limits generated by the fps pipeline – where the limit is determined to be the maximum of [flux + 2 ×σflux , 3 × σflux ]. Circles 
and the solid line represent ZTF g, squares and the dotted line represent ZTF r , and diamonds and the dash–dotted line represent ZTF i. The shaded regions 
represent the 68 per cent CI. 
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ddress the problem using parametric fitting functions (e.g. Villar
t al. 2017 , 2019 ) and there are advancements in theoretical models
o produce synthetic light curves with more likeness to observed
ight curves (Das & Ray 2017 ; Morozova et al. 2017 ; Moriya et al.
023b , and references therein). Whilst certain parametrization and
eneralized empirical models have proven to be adequate in some
cenarios, few of these models can fully characterize the diversity
f parameters and properties present in transients being unco v ered
y large surv e ys. Thus, we are moti v ated to use a non-parametric
echnique such as Gaussian process regression (GPR; Rasmussen
t al. 2004 ). 

GPR is a non-parametric, Bayesian machine learning method for
odelling data with functions of an unknown form (see Aigrain &
 oreman-Macke y 2023 , for a re vie w). For single-band SN light-curve

nterpolation, the unknown function a 1D GP approximates is flux as
 function of time. We include the ef fecti v e wav elength, λeff , of each
lter band, and train in two dimensions – e.g. flux as a function of time
nd ef fecti v e wav elength – which is often expressed as probability by
quation ( 1 ), similar to methodology used in Thornton et al. ( 2024 ):

 ( f | t, λeff ) = N ( μ( t, λeff ) , K ) (1) 

here f is flux and λeff for ZTF g, r , and i is 4753.15, 6369.99,
nd 7915.49 Å, respectively (Rodrigo & Solano 2020 ; Rodrigo et al.
024 ). The data are input in the observer frame and for plotting
urposes, we plot in the observer frame. For parameter measurements
luminosities, time-scales, and colours), we standardize to rest-frame
TF g by predicting at λeff , g × ( 1 + z ) . This approach allows us to
onsistently compare physical parameters across our sample, while
reserving the original photometric information. 
F or modelling div erse SN light curv es, we use a Mat ̀ern-5/2

ovariance function ( K ) that captures both smooth evolution in
ddition to the sharp transitions characteristic of SNe – the kernel
ncludes an additive white noise term to account for photometric
ncertainties. We implement the GPR using the PYTHON package
EORGE (Ambikasaran et al. 2015 ), combining the Mat ̀ern-5/2 kernel
ith the function from Villar et al. ( 2019 ) – modified in S ́anchez-S ́aez

t al. ( 2021 ), see their equation (A5) – to constrain the behaviour in
o v erage gaps. 
NRAS 541, 135–165 (2025) 
GPR allows robust parameter extraction despite heterogeneous
ampling and measurement uncertainties, facilitating empirical cor-
elation analysis without detailed individual modelling. By fitting in
ux space, we incorporate non-detections to better constrain early

ight-curve evolution. 
Fig. 1 demonstrates our 2D GPR modelling of ZTF gri light curves

or ZTF19abgrmfu/SN 2019lnl and ZTF21aaqugxm/SN 2021hdt.
his approach leverages cross-filter correlations to simultaneously
redict temporal and spectral evolution – particularly valuable when
ampling is irregular across bands. While ZTF g and r observations
aintain a regular 2–3 d cadence, ZTF i-band data is often sparse

ue to partnership-specific scheduling. Our multiband GPR uses
ell-sampled bands to constrain the less frequently observed ones,

nabling more consistent and precise measurements of colour, rise
imes, and peak magnitudes across all bands. 

Our 2D GPR approach uses a single length-scale parameter to
andle heterogeneous sampling by controlling correlation strength
etween observations. While this flexibility accommodates diverse
ight-curve shapes, it presents challenges: the kernel must balance
odelling rapid early evolution with slower late-time decline, po-

entially o v erfitting lower signal-to-noise data during the radioactive
ecay phase. Even with the Villar et al. ( 2019 ) function providing a
mooth mean function, the GP’s flexibility can introduce unphysical
ariations at late times. The method also assumes consistent colour
volution, potentially misrepresenting rapid colour changes. 

Ho we ver, these limitations primarily affect the faint and late
hases, having minimal impact on our scientific conclusions since we
ocus on bright events ( m peak ≤ 18.5 mag) and measure parameters
uring well-sampled phases near peak brightness. 

.3.1 Feature extraction 

ombining the fps pipeline and GPR developed for this work, we
ave used 2D GPR to interpolate across all available filters for each
N in the BTS sample, including Type Ia SNe. Using the interpolated

ight curves and λeff information, we have empirically measured >
0 metrics (see Table 1 ) for each band where the co v erage allowed
or measurements to be reliably taken – for e xample, co v erage
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M

Figure 2. ( g − r) g, max histograms (left) and ZTF g time to rise from 25–75 per cent peak flux versus ( g − r) g, max (right) for Type II, Type IIn, and Type IIb 
SNe (top left to bottom left) for those with a m peak ≤ 18 . 5 mag in any filter. The histograms for Type II and Type IIn are sharply peaked and have a tail in 
the red direction indicating a standard colour distribution and the presence of some ‘dusty’, ( g − r) g, max ≥ 0 . 25 mag, SNe. The horizontal line shows 20 d 
and the vertical line at 0.25 mag is the limit we define, beyond which we identify objects as ‘dusty’. This plot is used to distinguish the likely heavily host 
dust-extinguished SNe (rise < 20 d, and red, g − r > 0.25 mag) from those likely intrinsically red (rise ≥ 20 d and red, g − r > 0.25 mag). 
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onstraints are placed on the rise to ensure reliability, we explore
his in more detail in a proceeding section. Metrics rele v ant for
his paper rely first on the peak flux (flux at maximum light) and
nclude: rise times from 10 per cent, 25 per cent, and 50 per cent of
he peak flux to the peak flux or 50 per cent, 60 per cent, 75 per cent,
0 per cent, and 90 per cent of the peak flux; the peak flux; magnitude;
uminosity; time of the peak relative to the first alert detection; colour
t several times before, at and after the peak; plateau length and
lateau magnitude; and other metrics for analysis in future works.
s mentioned, we standardize these measurements by predicting the
P model for each filter in the rest-frame ZTF band. 
We estimate parameter uncertainties by drawing 1000 samples

rom the GPR posterior distribution, leveraging the probabilistic
ature of the GP. The 1 σ uncertainties are derived from the re-
ulting distribution of measured values, capturing both photometric
ncertainties and the range of light-curve behaviours consistent with
ur data. 

.4 Galactic and host extinction corrections 

e correct for line of sight Galactic extinction using NED extinction
ools (based on the dust map from Schlafly & Finkbeiner 2011 ).
or M g, peak used in this work, we calculate the peak of the GP
odel, correct for Galactic extinction at the interpolated central
avelength and apply a uniform K -correction of 2 . 5 log 10 ( 1 + z ) ,
hich is typically small. 
As ZTF is a surv e y in gri, a comprehensive host extinction

orrection is not feasible with the surv e y photometry alone. One can
pproximately find the host extinction using the ZTF g − r colour
t the ZTF g peak, ( g − r) g, max , and apply a correction based on
his colour. For Type II and Type IIn SNe, we find the unweighted
istogram of the peak colour ( g − r) g, max , Fig. 2 , is sharply peaked
round 0 mag, which is characteristic of a well-defined intrinsic
opulation and suggests standard colour distribution, consistent with
he findings of de Jaeger et al. ( 2018 ). 
NRAS 541, 135–165 (2025) 
The Type II SN colour distribution, shown in Fig. 2 , has an asym-
etric tail toward redder colours. This asymmetry is particularly in-

ormative – if there existed a significant population of intrinsically red
Ne, we would expect a more symmetric distribution or a secondary
eak, rather than the observed sharp core with a red tail. Based on the
istribution in Fig. 2 , we find the 90th and 95th percentiles for Type II
N ( g − r) g, max to be ≈0.2 and ≈0.39 mag, respectively. We establish
 g − r) g, max ≥ 0.25 mag as the threshold for identifying ‘dusty’
vents that necessitate host-extinction correction. Using an empirical
umulative distribution function (ECDF), we find that 9 + 12 

−6 per cent
f the observed Type II population have ( g − r) g, max ≥ 0.25 mag,
onfirming that heavily dust-extinguished events constitute a minor-
ty of the sample. For Type IIn and Type IIb SNe, we find 14 + 14 

−8 per
ent and 40 ± 20 per cent, respectiv ely, hav e ( g − r) g, max ≥ 0 . 25
ag – uncertainties reported here are the binomial CI. 
Using a rise time definition we present in Section 2.5.1 , we

nvestigate the rise time versus colour parameter space to understand
ow this correction is applied to SNe across a variety of rise
imes – see Fig. 2 . The majority of SNe with rise times < 20 d
xhibit peak g − r colours blueward of 0.25 mag. Objects redward
f this threshold likely suffer significant dust-extinction, forming
 skewed tail extending from an otherwise approximately normal
olour distribution. Those with ( g − r) g, max > 0.25 and rise > 20 d
re likely intrinsically red, owing to photons emitted from the core
eing trapped for longer which increases diffusion time and rise time
o maximum light. We perform this e x ercise to a v oid applying an
ncorrect host correction to those SNe that are likely intrinsically
ed, therefore artificially boosting their luminosity. As we have
dentified this population in the top-right quadrant (rise > 20 d and
 g − r) g, max > 0.25 mag) as intrinsically red, we correct the subset in
he bottom-right quadrant (rise < 20 d and ( g − r) g, max > 0.25 mag).

To ensure that our method is accurately identifying events af-
ected by dust extinction (requiring host-extinction corrections), we
nspected the host Galaxy environments of the ‘dusty’ SNe (22 Type
I, 8 Type IIn, and 11 Type IIb after 18.5 mag cut for completeness,
ee Table A1 for a summary of properties). We examined these
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Table 2. Sources of impro v ed luminosity distance for events closer than 
50 Mpc to impro v e the luminosity weighted volumetric-corrections of close 
events, particularly those at the extremes – close and faint. 

ZTF TNS ID d l [Mpc] Reference 

ZTF18acbwaxk 2018hna 12.82 ± 2.02 1 

ZTF18abwkrbl 2018gjx 35.00 ± 5.00 2 

ZTF19abwztsb 2019pjs 40.10 3 , 4 

ZTF19acfejbj 2019sox 48.78 5 

ZTF20acrzwvx 2020aatb 40.50 ± 5.11 4 , 6 

ZTF20acwqqjs 2020acat 35.30 ± 4.40 7 

ZTF20aapchqy 2020cxd 22.00 ± 3.00 8 

ZTF20aatzhhl 2020fqv 17.30 ± 3.60 9 , 10 

ZTF20abeohfn 2020mjm 28.30 ± 2.00 3 , 4 

ZTF21aadoizf 2021aai 20.90 ± 1.90 11 

ZTF21aaqgmjt 2021gmj 13.10 ± 2.00 12 

ZTF21ab vcx el 2021wvw 44.12 5 

ZTF22abtjefa 2022aaad 11.10 5 

ZTF22abtspsw 2022aagp 21.83 ± 3.00 4 

ZTF22aaotgrc 2022ngb 43.07 4 

ZTF22aauurbv 2022pgf 36.63 ± 2.60 4 

ZTF22abfzdkz 2022uop 44.65 5 

ZTF22abnejmu 2022ycs 44.65 5 

Notes. 1 Singh et al. ( 2019 ); 2 Prentice et al. ( 2020 ); 3 Strotjohann et al. 
( 2021 ); 4 Helou et al. ( 1991 ); 5 NASA/IPAC Extragalactic Database Helou 
et al. ( 1991 ); 6 Theureau et al. ( 2005 ); 7 Medler et al. ( 2022 ); 8 Yang et al. 
( 2021 ); 9 Tinyanont et al. ( 2022 ); 10 Theureau et al. ( 2007 ); 11 Valerin et al. 
( 2022 ); and 12 Zimmerman et al. ( 2021 ). 
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nvironments for indicators that could explain the reddening, such 
s substantial dust content, location within dense spiral arms, the 
alactic bulge or edge-on or highly inclined host galaxy orientations. 
e see that these events are predominantly located in regions 

ssociated with significant dust content – specifically within their 
ost galactic plane or star-forming regions. These SNe also show a 
ersistent red colour throughout their rise phase, consistent with dust 
xtinction rather than intrinsic colour variation. This environmental 
ssociation, combined with their photometric evolution, suggests 
hat their red appearance stems from host galaxy extinction rather 
han intrinsic properties. We perform our later analysis both with and 
ithout host extinction corrections, finding no significant differences 

n our primary results. 
One event in particular, ZTF18acbwaxk/SN 2018hna (Singh et al. 

019 ; Th ́evenot 2020 ; Maund et al. 2021 ; Tinyanont et al. 2021 ;
it et al. 2023 ; Xiang et al. 2023 ), is both red and rises slowly
ith similar light-curve morphology and time-scales to SN 1987A. 
his SN appears in a face-on dwarf galaxy, the minimal expected 
ost extinction suggests its red colour is intrinsic – for comparison, 
N 1987A was g − r � 0.4 mag at peak. We interpret this as an

ntrinsically red event and do not apply a host-correction. 
We perform a correction for host extinction with the colour at 

eak, ( g − r) g, max , for this subset of SNe described abo v e. Relativ e
o V band ( A V = 1 mag) and based on the assumption of a standard

ilky Way R V = 3.1 mag (e.g. Cardelli, Clayton & Mathis 1989 )
eddening law (as implemented in PYTHON EXTINCTION package). 

e assume an extinction of A g /A V = 1.19 mag, A r /A V = 0.84
ag, and A i /A V = 0.61 mag – we ignore the effect of redshift

ere. F or a ZTF g e xtinction relativ e to ( g − r) g, max reddening of
 mag, we find an extinction of A g = 3 . 37 ( g − r) g, max mag. For
ur correction to ZTF g luminosities, we multiply the ( g − r) g, max 

y 3.37 and apply this to ZTF g magnitudes of all Types. From
his point on, we carry through this extinction correction for light 
urves where ( g − r) g, max > 0.25 and t 25 75 ≤ 20 d. Ho we ver, the
olumetric-correction weighting applied in Section 3.2 is based on 
he uncorrected peak magnitude. 

To minimize o v erweighting low luminosity, nearby events in 
ur magnitude-limited analysis, we adopt more precise luminosity 
istances from recent literature for events within d l, max ≤ 50 Mpc 
Table 2 ). 

.5 Rise time 

e focus on the rise time and how it relates to the CSM as
ecent studies (e.g. Morozova et al. 2016 , 2018 ; Yaron et al. 2017 ;
osseinzadeh et al. 2018 , 2023 ; Bruch et al. 2021 , 2023 ; Tinyanont

t al. 2022 ; Jacobson-Gal ́an et al. 2023 ; Pearson et al. 2023 ; Irani et al.
024 ) have shown substantial evidence of the sensitive nature of the
ise time to the progenitor properties and pre-explosion conditions 
e.g. M CSM 

, R CSM 

, CSM density, and progenitor radius). 
Traditional rise time measurements – from explosion to peak 
require well-constrained explosion epochs through deep non- 

etections immediately before explosion and good sampling of 
he early rise. These observational constraints significantly limit 
he number of events for which explosion epochs can be reliably 
etermined, though this is partially alleviated by fitting the early 
ight curve with power law or polynomial functions to approximate 
he explosion time (Gall et al. 2015 ; Gonz ́alez-Gait ́an et al. 2015 ;
ruch et al. 2021 , 2023 ). To analyse our heterogeneously sampled
ata set, we instead adopt a mathematically defined rise time that 
oes not depend on explosion epoch constraints. 
.5.1 Rise distribution 

e define rise time ( t 25 75 ) as the interval from 25 per cent to
5 per cent of peak flux in ZTF g band. This definition offers
e veral adv antages: it is robust against sampling errors and low
ignal-to-nosie (S/N) measurements; captures the epoch where CSM 

ignatures are strongest; and a v oids plateau phases where other
hysical processes dominate. We select ZTF g band for its sensitivity
o CSM interaction signatures in the blue optical (e.g. Gal-Yam et al.
014 ; Groh 2014 ; Yaron et al. 2017 ; Kulkarni et al. 2023 ) – a choice
alidated by recent modelling of SN 2023ixf, where g band provided
ptimal fits (minimum χ2 per progenitor model) across all bands 
Moriya & Singh 2024 ). 

Events peaking at 18.5 mag have 25 per cent peak flux at 20th
ag (e.g. + 1.5 mag), which does not typically exceed the ZTF

etection limit under fa v ourable conditions but may fall below the
hreshold during suboptimal conditions (e.g. bright time). Thus, 
his ensures we capture a substantial portion of the rise whilst
emaining sensitive to fainter objects. Fig. 1 shows our measurement 
ethodology. 
For consistent measurements on the rise, we place additional 

onstraints on the rising light curve coverage to minimize the 
mpact large gaps in co v erage hav e on the GP modelling. For the

easurement, we required at least one observation (detection or 
on-detection) in each of the following regions: 

(i) T g, 75 − 4 ≤ T ≤ T g, 75 + 4 [d]; 
(ii) T g, 75 − 12 ≤ T ≤ T g, 75 − 4 [d]; 
(iii) T g, 75 − 20 ≤ T ≤ T g, 75 − 12 [d]. 

Here, T g, 75 marks when the flux reaches 75 per cent of its peak
uring the rising phase in ZTF g. To measure rise times in the ZTF
 band, we begin by examining only the g-band data. When ZTF
-band co v erage is incomplete (missing regions B and/or C), we
xpand our analysis to include ZTF r- and i-band data, e v aluating
hem relative to T g, 75 . In cases where ZTF g-band data only co v ers
MNRAS 541, 135–165 (2025) 
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Figure 3. ZTF gri forced photometry GPR light-curve panel showing the diversity of Type II SNe and the ZTF g t 25 75 rise times. 
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Table 3. Figures showing the number of SNe in the BTS quality sample 
(see Perley et al. 2020 ) between the 2018 May 1 and 2023 December 31, in 
addition to the number of SNe that make up the final sample of this work 
after applying rise time constraints to ensure an adequate sampling of the rise 
and a m peak cut for volumetric weighting – m peak can be in any ZTF band. 

Type Total BTS cut Rise cut m peak ≤ 18.5 mag 

H-rich CCSNe 
II/IIP 1387 716 479 377 
IIn 241 145 94 71 
IIb 136 97 50 35 
SL II 38 23 16 10 

Tot. 1802 981 639 493 

H-poor CCSNe 
Ib/c 363 223 – –
Ic-BL 63 45 – –
Ibn 36 27 – –
Icn 1 1 – –
SL I 75 46 – –

Tot. 538 342 – –

Type Ia SNe 
SN Ia 6329 4009 – –

2  

e  

d  

l
 

2  

l

4 Data gathered from https:// www.wiserep.org/ object/ 23278 . 
5 Data gathered from Shrestha et al. ( 2024 ). 
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egion A, we classify the measurement as an upper limit if the ZTF r 

nd i bands co v er either regions A and B together or regions A and C
ogether. For early rise measurements ( T b, 25 , time at 25 per cent peak
ux relative to ZTF g), we require coverage of only region A. This
equirement is typically met automatically through our T g, 75 criteria
ince most objects complete their rise within 20 d. The diversity of
ight curve morphologies is shown in Fig. 3 . 

From our sample of SNe with forced photometry (as of 2023
ecember 31), we identified 1323 CCSNe that meet the quality

riteria established by Perley et al. ( 2020 ). Of these, 981 are
ydrogen-rich CCSNe (including regular Type II/IIP, IIn, IIb, and
-rich superluminous SNe; SLSNe), while the remaining 342 are

lassified as stripped-envelope SNe. The other SNe in the quality
ample, 4009, are Type Ia SNe (see Table 3 ). Our Type IIb sample
s relatively small due to classification challenges inherent to this
ubtype. The limited spectral resolution of the SEDM makes it
ifficult to identify the characteristic evolution – specifically, the
isappearance of H features and the emergence of often weak He
ines in later spectra. Comprehensive classification typically requires

ultiple spectra obtained at different epochs, which is not al w ays
easible. While this likely results in some incompleteness in our
ype IIb sample, the impact on our o v erall study conclusions is
inimal, as these events represent a small fraction of the H-rich SN

opulation. We discuss and quantify this systematic impact of this in
ppendix A10 . 
Given the coverage constraints and the availability of forced

hotometry at the time of writing, 639 H-rich SNe make it through
ur quality cuts, allowing for constraining measurements of the
 25 75 metric to be made – see Table 3 for a breakdown. For this
aper, we consider SLSNe II as Type IIn based on the ambiguous
oundary between the classes. Additionally, for the 23 SLSNe
assing the quality cuts from the BTS and outlined here, we
hecked their spectra and found obvious narrow lines indicative
f Type IIn SNe in all except ZTF19ackzvdp/SN 2019uba which
howed slightly broader emission lines (see also Nyholm et al.
NRAS 541, 135–165 (2025) 
020 ; Kangas et al. 2022 ; Pessi et al. 2023 ), prompting us to
xclude this from the sample completely. Fig. 4 is the rise time
istribution using t 25 75 rise including comparison events from the
iterature. 

In Fig. 4 , we have included the well-studied Type II SNe SN
023ixf, SN 2024ggi, and SN 1987A to determine where amongst the
arger population these events lie. For SN 2023ixf, 4 and SN 2024ggi, 5 

https://www.wiserep.org/object/23278
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Figure 4. Rise time distribution in ZTF g band for spectroscopically classified SNe II, SNe IIn, and SNe IIb. The squares are: SN 1987A (purple and rightmost), 
the SN 2023ixf (brown and middle), and SN 2024ggi (red and leftmost). Arrows represent upper limits on the rise times as they meet only two of the criteria 
from Section 2.5.1 . These peak magnitudes are corrected for Galactic and host extinction, as described in Section 2.4 . 
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e use publicly available data and model the multiband light curve 
sing the same process as described in Section 2.3 , and for SN
987A, we use figures from Schaeffer et al. ( 1988 ), Catchpole ( 1989 ),
untzeff et al. ( 1992 ), Suntzeff ( 1997 ), and Fransson et al. ( 2007 )

o extract the data using a data extractor. 6 As shown in Fig. 4 , Type
I SNe occupy a large range in this parameter space, highlighting 
he large diversity present in H-rich CCSNe. The Type IIn SNe are
referentially more luminous and generally longer rising, attributed 
o their larger and more dense CSM components driving a prolonged 
SM interaction. 

.5.2 Rise time limitations 

 possible bias emerges when measuring rise times similar to or less
han the surv e y cadence of 2–3 d. The discrete sampling of the light
urve means rise times on these time-scales are typically less well 
onstrained than longer rising events, where multiple observations 
ample the rising phase. With this in mind, we tested the predictive
ower of the GPR method by taking well-sampled light curves (with 
adences ∼ 2 d or less between peak −50 and peak + 200 d where the
rigin is the first alert detection) and resampled the light curves based
n the sampling function of 20 events with much worse and more
rregular cadences. 7 Using the actual light curve of the well-observed 
N as the ‘ground truth’, we shift it according to the sampling
 WebPlotDigitizer: https:// apps.automeris.io/ wpd/ . 
 Chosen by finding events with an average cadence from peak −50 – peak 
 200 d ≥ 5 d. 

I
o  

2  

n  
unction of another light curve to emulate the ‘ground truth’ light
urve being sampled differently. 

Applying our standard rise time definition and constraints to 
hese resampled light curves, we confirm that events maintain their 
lassification as fast ( t 25 75 ≤ 5 d) or slow ( t 25 75 > 5 d) risers regardless
f sampling pattern. This was done to explore the range of a measured
ise time based on the sampling function applied to a light curve.

e find the range in rise times is increased for shorter rise times
ompared to longer risers, particularly at t 25 75 ≤ 5 d – see Fig. A1 .
or t 25 75 between 1–2 d, we see a range of ≈ 0.7 dex, for t 25 75 

etween 3–5 d, we see a range of ≈ 0.4 dex, and for t 25 75 > 5 d, there
s a range ≈0.2 dex. 

Our t 25 75 metric requires consideration for Type IIb SNe, which 
ften show double-peaked light curves due to the shock cooling (SC)
eak lasting hours to days, followed by a radioacti vely po wered peak
Che v alier 1992 ; Richmond et al. 1994 ; Che v alier & Fransson 2008 ).
s we are only concerned with measuring the rise time and peak
agnitude for Type IIb and Type IIn and not progenitor properties,

his remains an adequate descriptive measurement to characterize 
hese SNe. 

 POPULATI ON  PROPERTIES  

n Fig. 5 , we show the luminosity-duration phase-space distribution 
f all classified SNe (Type I and Type II) in the BTS sample (as of
023 December 31). Fig. 5 is included to both show the increased
umber of events as compared to Perley et al. ( 2020 ) (Fig. 7 a from
MNRAS 541, 135–165 (2025) 

https://apps.automeris.io/wpd/
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Figure 5. Phase-space diagram showing peak absolute magnitude in ZTF r ( M r, peak ) versus rest-frame duration abo v e half-maximum brightness ( t 50 ) for all 
SNe with m peak ≤ 19 mag classified in the BTS through 2023 December 31. Type II SNe are colour-coded (large triangles and circles) by subtype, with other 
SN classes (e.g. Ia, Ib/c, SLSNe-I) shown in grey (small dots) for comparison. M r, peak corrected for Galactic extinction only. 
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D interpolation of data points). 8 and to demonstrate the reliability
f GPR when measuring light-curve parameters due to the likeness
etween the two figures. Classifications and redshifts used in this
ork are part of the upcoming BTS classification paper (Qin et al.,

n preparation) for events with a m peak ≤ 18.5 mag. For events with a
 peak > 18.5 mag, we used the current TNS classifications stored on

n internal BTS catalogue. 8 We do not expect the provisional nature
f these classifications to significantly impact the study. 

.1 Overall distribution 

tudies of the relationship between rise time and peak luminosity in
ype II SNe have yielded conflicting results. Significant correlations
ave been reported for Type II, IIb, and IIn SNe (e.g. Gonz ́alez-Gait ́an
t al. 2015 ; Pessi et al. 2019 ; Hiramatsu et al. 2024 ), suggesting the
ise and peak may be intrinsically coupled by their power source.
o we ver, other analyses find no significant correlation (e.g. Gall

t al. 2015 ; Rubin et al. 2016 ; Valenti et al. 2016 ; Nyholm et al.
020 ). These discrepant findings likely stem from small sample
umbers, limiting their statistical power to comment of population
haracteristics. 

Moti v ated by the possibility of an enhanced population with fast
ises and luminous peaks, either from SBO occurring in the CSM
r at the surface of the star, we tested the strength of any existing
orrelation between t 25 75 and M g, peak . For Type II SNe, a Spearman
ank test between t 25 75 in ZTF g and M g, peak finds a correlation,
NRAS 541, 135–165 (2025) 

 Also available to see on the BTS Homepage: https://sites.astro.caltech.edu/ 
tf/ bts/ bts.php . 

b  

(

w  
ith a correlation coefficient ρ = −0 . 21 and p -value p < 10 −5 . The
catter present in the correlation is likely caused by the large diversity
f Type II SNe and lack of clear division within Type II SNe (e.g. IIP
 ersus IIL v ersus 87A-like) as from Fig. 4 , it can be seen that Type II
Ne occupy both bright and faint, fast and slow regions, see Fig. 3 . 
In our sample of 110 Type IIn SNe (which includes 16 SNe classi-

ed as superluminous), we find ρ = −0 . 18 and p -value p ∼ 0 . 05, a
orrelation both weaker and less significant than the recent findings of
iramatsu et al. ( 2024 ). We see great diversity in our Type IIn light-

urve morphology, which seems to suggest a range of progenitor
athways are possible, with a large range in t 25 75 of ∼2 to 40 d
nd M g, peak of −22 . 20 to −17 . 01 mag. As Type IIn SNe are well
nderstood to be CSM-driven (e.g. Schlegel 1990 ; Fassia et al. 2000 ;
martt 2009 ; Smith et al. 2010 ; Taddia et al. 2013 ; Ransome et al.
021 ), and under this scenario it is expected that both the rise time
nd luminosity increase with the amount of CSM present (continuing
he interaction), this possible correlation is not surprising (Section 6 ).
or Type IIb SNe, we find no significant correlation as p > 0 . 1. 

.2 Volume-corrected distributions 

ith a highly complete magnitude-limited surv e y, we can perform
 volume correction such that we can offer a more accurate repre-
entation of the true distribution of properties for a given population
f SNe. The corrections account for intrinsic observational biases
hat fa v our the detection of more luminous events since they can
e observed to greater distances in a magnitude-limited surv e y
Malquist bias; Malmquist 1920 ). 

The volumetric correction we apply is according to a 1 /V max 

eighting (Schmidt 1968 ). Initially, we perform a magnitude cut at

https://sites.astro.caltech.edu/ztf/bts/bts.php
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Figure 6. M g, peak and t plat KDE distribution for spectroscopically classified 
T ype II SNe. W e plot the weighted KDE distributions as the dashed line 
(darker colours) and the unweighted histogram in solid (black). 

m  

l  

8  

a
A  

t
w
f
t  

r

k
g
a  

k
a
t  

o
 

c
w  

t
d

3

A
l  

a  

Figure 7. t 25 75 KDE distribution for spectroscopically classified Type II, 
T ype IIn, and T ype IIb with their associated 80 per cent CIs. We plot the 
weighted KDE distributions in the dashed lines (darker colours) and the 
unweighted histogram in solid (black). 
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 peak = 18.5 mag given that the BTS is � 95 per cent complete at this
evel. The peak magnitude cut reduces the sample to 377 Type II SNe,
1 Type IIn SNe, and 35 Type IIb SNe. d l, max is calculated assuming
 limiting magnitude of 18.5 mag, an average Galactic extinction, 
 g, Gal , of 0.19 mag (calculated using the A g, Gal of the sample) and

he ZTF g peak absolute magnitude of the GP model, M g, peak –
hich is standardized to the rest-frame ZTF g band, corrected only 

or Milky Way extinction and not host extinction. We calculate V max 

o be d 3 l, max / (1 + z) 3 (based on the comoving distance), and use its
eciprocal for weighting after normalizing the weights to unity. 

To represent the intrinsic distribution of parameters, we use 
ernel density estimation (KDE). For each observed value, we 
enerate a normalized Gaussian kernel centred on that real value 
nd weight each Gaussian as 1 /V max . The width (sigma) of each
ernel is optimized using cross-validation (e.g. Wu 1997 ). This 
pproach estimates the underlying probability density function of 
he parameter distribution. We also normalize the KDE by the sum
f weights, allowing us to account for Malmquist bias. 
We quantify uncertainty in the weighted KDE as a 80 per cent CI,

alculated by bootstrapping our sample with replacement. Similarly, 
e compute the ECDF with 95 per cent CI for unweighted distribu-

ions and bootstrapped 80 per cent confidence intervals for weighted 
istributions. 

.3 Data exploration 

fter weighting the distributions, we create weighted KDEs for direct 
ight-curve properties of Type II SNe M g, peak , t plat , Figs 6 (a) and (b),
nd t 25 75 for all classes, Figs 7 (a)–(c). We extract various statistical
roperties relating to t 25 75 , M g, peak , ( g − r) g, max , and t plat of each
ubclass from the KDE distributions and show these in Table 4 , with
ncertainties based on the 1 σ standard deviations for each quantity. 
Our demographic analysis of Type II SNe reveals a median 

bsolute magnitude of M g, peak = −16.71 ± 0.25 mag and a median
ise time of t 25 75 = 2.18 + 0 . 25 

−0 . 23 d. From the volume-weighted ECDF, we
nd that 82 + 11 

−12 per cent of the population has M g, peak ≤ −15 mag, with
he first and third quartiles at −16.03 and −17.44 mag, respectively.

ost notably, 84 ± 3 per cent of the weighted population exhibits
emarkably brief rise times ( ≤ 5 d), with first and third quartiles
t 1.65 and 3.38 d. These distributions highlight the significant 
eterogeneity within the Type II SN population. 
MNRAS 541, 135–165 (2025) 



146 K.-R. Hinds et al. 

M

Figure 8. t 25 75 versus M g, peak distribution for the theoretical light-curve grid from M23, with points drawn from a sample of 10 000 models colour/shape-coded 
and by progenitor mass. Models are weighted by V max × M 

−2 . 35 
ZAMS , combining volume-limited sampling (calculated using a magnitude limit of 18.5 mag) with 

the Salpeter IMF. This weighting scheme reproduces both the observational bias against fainter events and the natural frequency of different progenitor masses. 
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 M E T H O D S  I I  – C O M PA R I S O N  TO  

IMULATED  L I G H T  C U RV E S  

ight-curve models are increasingly incorporating CSM or extended
tellar envelopes (e.g. Hillier & Dessart 2012 ; Dessart, Audit &
illier 2015 ; Das & Ray 2017 ; Dessart, Hillier & Audit 2017 ;
orozova et al. 2018 ; Tinyanont et al. 2022 ; Morag, Sapir &
axman 2023 ; Moriya et al. 2023b ; Pearson et al. 2023 ). Morozova

t al. ( 2018 ) demonstrated that including CSM in SNEC 

9 (Morozova
t al. 2015 ) models significantly impro v ed fits for 20 well-observed,
ultiband light curves to estimate progenitor parameters, such as
 CSM 

, CSM density, and M CSM 

(see figs 2 and 3 and table 2 in
orozova et al. 2018 ). Similar conclusions emerge from studies by
as & Ray ( 2017 ), Bruch et al. ( 2023 ), Moriya et al. ( 2023b ), Irani

t al. ( 2024 ), and Jacobson-Gal ́an et al. ( 2024a ), which collectively
nd that substantial CSM masses near Type II SN progenitors are
ommon and deposited shortly before core-collapse. 

While fitting detailed physical models to the entire BTS Type
I sample is possible, the computational demands and data hetero-
eneity make empirically derived relationships more practical for
arge-scale analysis. Our GP parameter catalogue enables efficient
stimation of CSM properties through use of empirical relations.
dditionally, we leverage this catalogue to investigate progenitor

ron core masses ( M Fe , Core ), which significantly influence neutron star
ormation and properties (Barker et al. 2022 ; Barker, O’Connor &
NRAS 541, 135–165 (2025) 

 Supernova ExplosioN Code. 

1

e
1

ouch 2023 ). By applying simulation-based empirical relations
o our light-curve parameters, we provide constraints on M Fe , Core 

istributions (see Appendix A6 ). 

.1 Measuring theoretical light-cur v e metrics 

o probe the physical origin of the rise time distribution shown in
ig. 4 , we leverage our highly complete observational sample and

he e xtensiv e grid of theoretical light curv es from Moriya et al.
 2023b , hereafter M23 ) using STELLA (Blinnikov et al. 1998 , 2000 ,
006 ). This comparison between observations and models enables
s to systematically explore how progenitor and CSM properties
hape the observed diversity. The models from M23 are some of
he most comprehensive performed to date, as they sample several
rogenitor zero-age main-sequence masses, ( M ZAMS ; 9–18 M �), Ṁ 

10 −5 –10 −1 M �yr −1 ), RSG wind structure parameter, ( β10 ; 0.5–5),
nd R CSM 

(10 14 –10 15 cm) among other progenitor properties (see
able 2 in M23 for more details). The published grid contains o v er
00 000 11 models sampled from these parameters and is a base for
omparing observed light curves. 

To derive M CSM 

, we first calculate the wind velocity, v wind , at R CSM 

sing the velocity profile from Eq. 2 in Moriya et al. ( 2023b ), which
0 Determined by the efficiency of wind acceleration, for RSGs β > 1 (Moriya 
t al. 2023b ). 
1 Published model grid can be found at Moriya 2023a . 
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Figure 9. Corner plot showing the relationship between M23 theoretical light-curve parameters measured in this work, t 25 75 , M g, peak , ( g − r) g, max , and M g, 10 d 

to the M CSM 

and R CSM 

values returned in the modelling. The solid black line is a first-order polynomial fit to the data. 
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epends on β and the progenitor radius R �. M CSM 

is calculated using
 CSM 

= Ṁ × R CSM 

/ v wind . 
We measure various rise times – including the same t 25 75 described 

n Section 2.5 – directly from the M23 ZTF bandpass light curves, 
n addition to absolute magnitudes (at peak and various N days after
eak), magnitude decline rates and colours, e.g. ( g − r) g, max – Fig. 1
hows example measurements using ZTF SN light curves. 

With the empirically measured light-curve parameters from M23 , 
e create a similar luminosity-rise distribution plot 12 of t 25 75 versus 
 g, peak in ZTF g – see Fig. 4 . We apply a probabilistic weighting of
 max × M 

−2 . 35 
ZAMS to the M23 models to mimic the combined effects of

he initial mass function (IMF; Salpeter 1955 ) and Malmquist bias 
n an observed sample, and draw 10 000 events to show in Fig. 8 
In Fig. 8 , we see a clear bimodality, suggesting the dichotomy

een in observations is reflecting the transition between purely SC 
2 We also included unpublished 9 and 10 M � mass progenitor models with 
ower and higher explosion energies than in M23 . 

1

t

ominated rises and rises dominated by the interaction heating from 

BO shocking the CSM (e.g. Irani et al. 2024 ; Jacobson-Gal ́an et al.
024a ). Correlation tests between progenitor-SN parameters confirm 

his dichotomy stems from significant relationships between CSM 

roperties and light-curve observables, as well as between different 
SM parameters. 13 This is further evidenced by the colour gradient 

een when we apply a colour map based on Ṁ or R CSM 

– see
ppendix A5 for further details. 
Two distinct populations emerge in the theoretical models: fast 

isers ( t 25 75 ≤ 5 d) with moderately more luminous peaks, possessing
igher M CSM 

and smaller R CSM 

(e.g. confined and dense); and slower
isers ( t 25 75 > 5 d) with o v erall less luminous peaks, less massive
 CSM 

and larger R CSM 

(e.g. less confined and less dense). Within the
lower population, the most luminous events still require substantial 
 CSM 

, suggesting CSM mass remains a key driver of peak luminosity.
MNRAS 541, 135–165 (2025) 

3 Correlations between CSM parameters likely reflect physics pre-defined in 
he simulations. 
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Table 4. Mean and median of the volume corrected KDE for t 25 75 , ZTF M g, peak , ( g − r) g, max , and t plat in the final sample, measured directly using the 
GPR described in Sections 2.3 and 2.3.1 . Uncertainties reported here are the 1 σ standard deviation on the bootstrapped values. 

Type Weighted Unweighted 
Mean 25th percentile 50th percentile 75th percentile Mean 25th percentile 50th percentile 75th percentile 

t 25 75 [d] 
II (377) 2 . 48 + 0 . 30 

−0 . 27 1 . 65 + 0 . 57 
−0 . 11 2 . 18 + 0 . 25 

−0 . 23 3 . 38 + 0 . 31 
−0 . 74 3 . 39 + 0 . 12 

−0 . 12 2 . 13 + 0 . 07 
−0 . 08 3 . 21 + 0 . 11 

−0 . 11 5 . 09 + 0 . 47 
−0 . 64 

IIn (81) 6 . 01 + 1 . 09 
−0 . 92 3 . 41 + 0 . 66 

−0 . 94 5 . 59 + 1 . 44 
−1 . 14 11 . 83 + 2 . 10 

−1 . 71 8 . 54 + 0 . 73 
−0 . 67 4 . 85 + 1 . 35 

−1 . 48 8 . 73 + 0 . 86 
−0 . 78 14 . 32 + 3 . 06 

−2 . 22 

IIb (35) 4 . 97 + 1 . 27 
−1 . 01 2 . 00 + 0 . 61 

−2 . 68 6 . 32 + 1 . 72 
−1 . 35 8 . 59 + 0 . 67 

−1 . 69 3 . 99 + 0 . 61 
−0 . 53 1 . 79 + 0 . 69 

−1 . 53 4 . 87 + 0 . 93 
−0 . 78 7 . 54 + 0 . 89 

−1 . 03 

M g, peak [mag] 

II (377) −16 . 59 ± 0 . 29 −16 . 03 + 0 . 28 
−0 . 39 −16 . 71 ± 0 . 25 −17 . 44 + 0 . 22 

−0 . 09 −18 . 10 ± 0 . 05 −17 . 54 + 0 . 10 
−0 . 15 −18 . 11 ± 0 . 05 −18 . 74 + 0 . 16 

−0 . 08 

IIn (81) −18 . 19 ± 0 . 19 −17 . 68 + 0 . 14 
−0 . 12 −18 . 02 ± 0 . 21 −18 . 82 + 0 . 56 

−0 . 43 −19 . 35 ± 0 . 13 −18 . 49 + 0 . 56 
−0 . 43 −19 . 32 ± 0 . 13 −19 . 98 + 0 . 55 

−0 . 27 

IIb (35) −17 . 79 ± 0 . 17 −17 . 45 + 0 . 12 
−0 . 16 −17 . 79 ± 0 . 19 −18 . 37 + 0 . 35 

−0 . 24 −18 . 15 ± 0 . 14 −17 . 58 + 0 . 31 
−0 . 27 −18 . 09 ± 0 . 14 −18 . 76 + 0 . 46 

−0 . 40 

( g − r) g, max [mag] 
II (377) 0 . 17 ± 0 . 05 0 . 01 + 0 . 01 

−0 . 02 0 . 09 ± 0 . 03 0 . 25 + 0 . 09 
−0 . 14 0 . 04 ± 0 . 01 −0 . 04 + 0 . 02 

−0 . 02 0 . 02 ± 0 . 01 0 . 08 + 0 . 02 
−0 . 03 

IIn (81) 0 . 21 ± 0 . 08 0 . 00 + 0 . 01 
−0 . 02 0 . 10 ± 0 . 07 0 . 49 + 0 . 32 

−0 . 02 0 . 11 ± 0 . 02 −0 . 01 + 0 . 01 
−0 . 02 0 . 08 ± 0 . 01 0 . 16 + 0 . 06 

−0 . 05 

IIb (35) 0 . 25 ± 0 . 06 0 . 00 + 0 . 02 
−0 . 04 0 . 26 ± 0 . 06 0 . 41 + 0 . 04 

−0 . 04 0 . 13 ± 0 . 04 −0 . 03 + 0 . 11 
−0 . 04 0 . 12 ± 0 . 04 0 . 31 + 0 . 16 

−0 . 07 

t plat [d] 
II (151) 93 . 86 ± 6 . 39 71 . 89 + 10 . 63 

−6 . 87 93 . 88 ± 7 . 96 112 . 50 + 14 . 85 
−1 . 25 83 . 98 ± 2 . 11 61 . 25 + 2 . 51 

−5 . 47 82 . 29 ± 2 . 19 96 . 45 + 4 . 75 
−9 . 81 
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his bimodality emerges naturally from the underlying physics rather
han parameter choices, hinting at fundamental differences in mass-
oss mechanisms. 

For slower rising events, the correlation between t 25 75 and
SM parameters lessens, giving way to a stronger dependence on
rogenitor mass ( M ZAMS ), which serves as a proxy for progenitor
adius. This transition reflects both the increasing dominance of
ight traveltime and diffusion processes in more massiv e, e xtended
rogenitors, as well as the slower cooling of the shocked envelope
e.g. Nakar & Sari 2010 ; Ofek et al. 2010 ; Tominaga et al. 2011 ;

orozova et al. 2016 ; Irani et al. 2024 ). Notably, for events with
onger rise times ( ≥ 5 d), the progenitor radius influences rise time
y affecting the SBO time and location (Che v alier & Irwin 2011 ;
oriya et al. 2011 ; Svirski, Nakar & Sari 2012 ; Gonz ́alez-Gait ́an

t al. 2015 ; Morozova et al. 2016 ), though the light-curve evolution
s still predominantly shaped by CSM interaction rather than
nvelope cooling, depending critically on the CSM density profile
Moriya et al. 2023b ; Irani et al. 2024 ). 

Notably, the contrast between the smooth distribution in our
bservational data (Fig. 4 ) and the distinct bimodality in theoretical
odels (Fig. 8 ) implies that there are physical process that lead

o restrictive prior distributions on progenitor properties, deviating
otably from the exploratory, uniform parameter sampling employed
n M23 for physical progenitor parameters. 

 PHYSICAL  PROGENITO R  PROPERTY  

NFEREN C E  ANALYSIS  

o quantify the percentage of RSGs that are surrounded by significant
omponents of CSM at the time of core-collapse, we use the early
ight curve to infer the presence and properties of CSM. As the rise of
ype II SNe is highly sensitive to the CSM parameters and progenitor
adius (e.g. Morozova et al. 2016 , 2018 ; Tinyanont et al. 2022 ;

oriya et al. 2023b ; Pearson et al. 2023 ; Irani et al. 2024 ), we can
stimate and place constraints on these properties from photometry
lone. The high cadence and good co v erage on the rise specifically,
ombined with the high completeness of the BTS lends itself well to
uch a detailed study. 
NRAS 541, 135–165 (2025) 
.1 Defining light cur v e–CSM relations 

e examined relationships between observational and progenitor
arameters by performing systematic correlation tests across the M23
odel grid. Fig. 9 reveals significant pairwise correlations between

rogenitor properties (e.g. M CSM 

and R CSM 

) and the observational
arameters measured in this work ( M g, peak and t 25 75 ), providing a
tatistical foundation for our subsequent parameter estimation. 

When we analyse simple two-variable analysis, e.g.
 CSM 

= f 
(
M g,peak , t 25 75 

)
, the relations show substantial

catter, indicating that these parameters alone cannot capture the
omplex CSM–ejecta interaction physics. To better characterize the
volution, we decompose the rise time into: 20–60 per cent, t 20 60 , and
0–90 per cent, t 60 90 , or 20–50 per cent, t 20 50 , and 50–80 per cent,
 50 80 . This approach provides additional diagnostics through the
hape of the rise. Additionally, we include ZTF g − r colour at ZTF
 peak flux, ( g − r) g, max , and the ZTF g absolute magnitude at 10 d
ost-ZTF g peak, M g, 10 d , to account for any contribution to the early
lateau or post-peak behaviour by the CSM (or lack of). We perform
ultiple regression analysis, attempting to express M CSM 

empirically
s M CSM 

= f 
(
M g, peak , t 20 60 , t 60 90 , ( g − r) g, max , M g, 10d 

)
and a

imilar expression for R CSM 

. 
We analyse the relationship between CSM parameters and ob-

erv ables using multi v ariate polynomial regression, implemented
ia the statsmodels ols package in PYTHON . For M CSM 

, we
chieve R 

2 > 0 . 5 across most polynomial orders, indicating robust
orrelations. The relationships with R CSM 

exhibit somewhat weaker
ut still significant correlations, as detailed in Table 5 . Our goal is to
e velop reliable predicti ve relationships that enable rapid estimation
f physical parameters ( M CSM 

and R CSM 

) from observable quantities
uch as t 25 75 and M g, peak . 

The performance of each polynomial order is analysed using
he Bayesian information criterion (BIC; T able 5 ). W e split the
orrelation testing into t 25 75 ≤ 5 and > 5 d as the correlation appears
trongest for the fast-rising models t 25 75 ≤ 5 d and underpredicts
 CSM 

for several long-rising t 25 75 > 5 d models by up to 1–2 orders
f magnitude – see Fig. 10 . This likely reflects the physics of CSM
nteraction: confined, dense CSM shells enable a rapid and efficient
onversion of kinetic energy to radiation, producing brief, bright
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Table 5. Comparing the performance o v er different orders of polynomials used in the multiple regression to determine the relations between observed 
features and CSM properties, M CSM 

and R CSM 

, using models from M23. 

Data regime Formula Order D.o.F M CSM 

R CSM 

R 

2 BIC RMS [dex] R 

2 BIC RMS [dex] 

All Equation ( A2 ) 1 298980 0.47 839 466 0.30 0.14 175 163 0.12 
All Equation ( A3 ) 2 298970 0.57 777 999 0.28 0.23 141 781 0.12 
All Equation ( A4 ) 3 298950 0.62 736 557 0.26 0.28 121 588 0.11 

≤ 5 d Equation ( A2 ) 1 112263 0.45 210 328 0.21 0.47 −89654 0.07 
≤ 5 d Equation ( A3 ) 2 112253 0.52 193 260 0.20 0.53 −103416 0.06 
≤ 5 d Equation ( A4 ) 3 112233 0.58 180 362 0.19 0.55 −109371 0.06 
> 5 d Equation ( A2 ) 1 186711 0.29 536 827 0.31 0.04 146 335 0.13 
> 5 d Equation ( A3 ) 2 186701 0.41 502 875 0.29 0.07 138 972 0.13 
> 5 d Equation ( A4 ) 3 186681 0.48 480 037 0.27 0.12 129 340 0.13 

Figure 10. Multi v ariate analysis results of the predicted M CSM 

mass ( y -axis) versus the M23 M CSM 

mass ( x -axis). The top, middle, and bottom rows are 
polynomial orders 1, 2, and 3, respectively. The first column contains all the data and stars are those with t 25 75 ≤ 5 d with the second and third rows containing 
only data with t 25 75 ≤ 5 d and t 25 75 > 5 d to sho w ho w the correlations predicti ve po wer decreases significantly with t 25 75 ≥ 5 d. The diagonal red line is the 
1:1 line with the green shaded region showing 1 order of magnitude above and below. 1000 models were used in the plot to a v oid overcrowding. 
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mission with fast rise times (e.g. Moriya et al. 2011 ; Che v alier
012 ; Tinyanont et al. 2022 ; Pearson et al. 2023 ; Li et al. 2024 ).
n contrast, longer rise times can result from either more extended
SM configurations where energy is released more gradually, or

rom different physical processes entirely, weakening the direct
orrelation between M CSM 

and light-curve properties (e.g. Moriya
023 ; Jacobson-Gal ́an et al. 2024a ). 
The systematic underprediction of M CSM 

for models with higher
asses and longer rise times moti v ated our inclusion of post-peak
agnitude as an additional predictor variable. For R CSM 

, the strongest
orrelations are consistently found in the subset of models with
 25 75 ≤ 5 d. 

We restrict polynomial orders to three or less to a v oid introducing
nphysical complexity into the model. For M CSM 

, the reduction in
esiduals and increasing R 

2 from first to third order indicates im-
ro v ed model performance, with third-order polynomials providing
he best balance between model complexity and fit quality across
oth data regimes ( t 25 75 ≤ 5 and > 5 d), highlighting the importance
f curvature terms in the relation. To better visualize the scatter in
hese correlations, we add 10 per cent random scatter to the plotted
 CSM 

values in Fig. A6 . 
R CSM 

measurements become most reliable in regimes where
 CSM 

is large enough to influence observables such as M g, peak and
 25 75 significantly (e.g. make M g, peak brighter or t 25 75 shorter). We
etermine the critical value – below which the CSM does not notably
nfluence the early light curve – of M CSM 

by varying the physical
arameters Ṁ , R CSM 

, and β independently (noting that M CSM 

is
 function of these three variables within the model). Below this
inimum M CSM 

, the CSM will become too diffuse to meaningfully
nfluence the early light-curve e volution, ef fecti vely transitioning
o a regime where CSM interaction is negligible. This physical
xpectation is reinforced by the distinct bimodality observed in
23 ’s theoretical models, 
Fig. 8 , which reveals these two distinct populations: one where

SM properties strongly correlate with observables ( M g, peak and
 25 75 ); and another showing no clear correlation, indicating negligible
SM influence. Our analysis reveals an observational transition
t M CSM 

≈ 10 −2 . 5 M �, below which we cannot detect significant
hanges in observed parameters ( M g, peak and t 25 75 ) – see Ap-
endix A9 and Fig. A7 for more details. Given this limitation, we
estrict our subsequent analysis of R CSM 

and Ṁ to events where the
redicted M CSM 

exceeds this threshold. 
When we re-analysed the R CSM 

correlations with this M CSM 

hreshold ( ≥ 10 −2 . 5 M �), we find substantially stronger correlations,
specially for rapid-rise events ( t 25 75 ≤ 5 d). For these rapid-rise
vents, our third-order polynomial fit achieves R 

2 = 0.59 with an
MS scatter of 0.06 dex. Slower rising events ( t 25 75 > 5 d) still show
 weaker correlation with R 

2 = 0.38 and larger scatter (RMS = 0.10
ex). Based on these results, we adopt the third-order polynomial fits
or R CSM 

in both time regimes. See Table A3 for the final coefficients.

.2 Mass-loss rate 

he conversion of M CSM 

estimates to Ṁ , equation ( 2 ), requires
he stellar wind velocity ( v wind ). Although M23 ’s models are
arametrized using Ṁ (which implicitly assumes a wind velocity),
he resulting light curves depend solely on the CSM density profile
t the time of explosion. Consequently, our M CSM 

measurements
an be directly compared to their models, with the assumed wind
elocity affecting only the conversion between M CSM 

and Ṁ , not the
NRAS 541, 135–165 (2025) 
nderlying physics. 

Ṁ 

M � yr −1 = 

(
M CSM 

M �

) (
v wind 

10 km s −1 

) (
R CSM 

10 14 cm 

)−1 

. (2) 

For Type II SNe, we assume a stellar wind velocity of 10 km
 

−1 , consistent with previous literature (e.g. Davies et al. 2022 ;
oriya et al. 2023b ). We also calculate the time in which the
ass was remo v ed t removal ∼ R CSM 

/ v wind . While M23 explored R CSM 

rom 10 14 –10 15 cm, we cannot uniquely determine Ṁ from our
bservations alone. For comparison with previous studies, we adopt
 fiducial value of R CSM 

= 5 ×10 14 cm. 

.3 Pr ogenitor pr operty volume-corr ected distributions 

fter weighting the distributions, we create weighted KDEs for
mpirically derived progenitor properties M CSM 

, Ṁ , and R CSM 

–
ee Figs 11 (a)–(c), respectively. 

For comparison, recent studies of SN 2023ixf (e.g. Bostroem et al.
023 ; Hiramatsu et al. 2023 ; Hosseinzadeh et al. 2023 ; Jacobson-
al ́an et al. 2023 ; Jencson et al. 2023 ; Li et al. 2024 ; Zimmerman et al.
024 ) and SN 2024ggi (e.g. Chen et al. 2024 , 2025 ; Shrestha et al.
024 ; Jacobson-Gal ́an et al. 2024b ) prefer Ṁ between 10 −3 –10 −2 

 �yr −1 calculated by photometric and/or spectroscopic modelling
f the event and its environment. For SN 2023ixf, we find M CSM 

∼
.1 M �, R CSM 

∼ 6 ×10 14 cm, and Ṁ ∼ 1 ×10 −2 M �yr −1 respectively.
ingh et al. ( 2024 ) and Moriya & Singh ( 2024 ) conduct a similar
 x ercise, finding the best fitting M23 models to SN 2023ixf, and
easure similar values for Ṁ , 10 −3 –10 −2 M �yr −1 , and R CSM 

∼ 5–
0 ×10 14 cm. For SN 2024ggi, we find M CSM 

∼ 5 ×10 −3 M �, R CSM 

∼
 ×10 14 cm, and Ṁ ∼ 2 ×10 −4 M �yr −1 , respectively. 
We report the key statistics for measured M CSM 

, Ṁ , and R CSM 

n Table 6 derived from their weighted respectiv e KDEs. F or the
ncertainties on M CSM 

and R CSM 

quoted either in Table 6 or later, we
se equation ( A4 ) for M CSM 

and R CSM 

and resample each parameter
000 times within their uncertainties using a uniform distribution –
ounds set to be, for example, [ M g, peak − σM g , peak , M g , peak + σM g , peak ].
e then find the 1 σ standard deviation. This method is repeated for

˙
 using equation ( 2 ). 
Figs 12 (a)–(c) are the ECDFs for M CSM 

, Ṁ , and R CSM 

which
how the empirical distribution of parameters for the weighted
nd unweighted samples. For the weighted ECDFs, we show the
0 per cent CI via the same bootstrapping method as previously
escribed. For the unweighted ECDF, we perform a similar bootstrap
ith replacement to select from the sample and find the 95 per cent
I empirically following a similar routine of finding the difference
.5th and 97.5th percentiles. 

 DI SCUSSI ON  

.1 Luminosity and rise distributions 

he volume-corrected sample of 377 Type II SNe yields a mean peak
bsolute magnitude in rest-frame ZTF g band of M g, peak = −16 . 59 ±
 . 29 mag, with a median of M g, peak = −16 . 71 ± 0 . 25 mag. To
lace these results in context of previous studies, we compile peak
uminosities from recent surv e ys in Table 7 . While direct comparison
s limited by filter differences – earlier surv e ys typically used
BV RI rather than Sloan or ZTF filters – our mean and median
eighted measurements in ZTF g can be broadly compared with

ohnson–Cousins B- and V -band values, and show agreement within
.5 σ across all studies. 
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Figure 11. Type II KDE for M CSM 

, Ṁ , and R CSM 

along with their associated 
80 per cent CI. The weighted distributions are the dashed lines (darker green) 
and the unweighted normalized histograms are solid (black). The shaded 
region on the KDE for M CSM 

and Ṁ show the region below 10 −2 . 5 M � (or 
corresponding to) where we find CSM does not impact observables. 
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When comparing our volume corrected mean M g, peak to the entire 
23 model grid (no weighting applied), we find the theoretical 

redictions are systematically brighter: mean M g, peak = −17 . 88 
ag and median M g, peak = −18 . 11 mag. This luminosity difference

eflects the the ability of our volume-complete sample to naturally 
apture the full diversity of Type II SNe, with the M23 grid focusing
n systematically exploring parameter space rather than matching 
he observed luminosity distribution or the IMF. 

We compared our sample with that of Das et al. ( 2025 ), which uses
he ZTF Census of the Local Univ erse surv e y (CLU; De et al. 2020 ),
nd we are consist in the key overlapping measurement between the 
tudies, with the luminosity distributions, Fig. 6 (a), being in strong
greement. 
We have limited overlap with Pessi et al. ( 2025 ), studying Type II
LSNe from ZTF, though we find 23 + 9 

−7 per cent Type IIn SNe in our
eighted sample have M g, peak brighter than −19 mag – this is the
ost appropriate as we grouped Type IIn and SLSNe together – with
 large range in M g, peak −17 . 01 to −22 . 20 mag. Our unweighted
edian M g, peak for Type IIn, −19 . 32 ± 0 . 13 mag, agrees with
edian values in Hiramatsu et al. ( 2024 ). 
The observed correlation between M g, peak and t 25 75 for Type II 

Ne (excluding Types IIn and IIb) revealed in Section 3.1 is likely
o be driven by a deficit of slow-rising, low-luminosity events. This
eak correlation, also noted by Valenti et al. ( 2016 ), presents an

ntriguing discrepancy with theoretical predictions. While the M23 
odels (Fig. 8 ) predict this region of parameter space to be populated

y explosions from low-mass progenitors, our BTS sample shows 
oticeably fewer such events than theoretically expected. Although 
e do detect some low-luminosity SNe with extended rise times 

 t 25 75 � 15 d), their relative scarcity compared to model predictions
s significant. Section 6.2 quantifies this population’s occurrence rate 
elative to the broader Type II population. 

Type II SNe exhibit diverse rise times, with their distribution 
Fig. 4 ) suggesting a continuous rather than bimodal range of
rogenitor properties. The lack of bimodality in the observed t 25 75 

istributions is significant and likely reflects an o v erabundance 
f these events compared to their representation in the M23 grid.
his continuous distribution is seen before and after the volume 
orrection, Fig. 7 (a), suggesting this is not a result of lacking
bservations of a particular population. The pre v alence of e vents
ith both rapid rise times and high luminosities provides compelling 

vidence for dense CSM being common among Type II SNe. These
haracteristics are consistent with SBO within CSM (e.g. Moriya 
t al. 2011 , 2018 ; Che v alier 2012 ; Das & Ray 2017 ; Tinyanont
t al. 2022 ; Pearson et al. 2023 ; Li et al. 2024 ), as models without
ignificant CSM struggle to simultaneously produce such fast rise 
imes and enhanced peak brightness. 

To investigate whether our results depend on the extinction 
orrection, we also examined the distributions of all parameters 
f no extinction correction was applied. M g, peak , t 25 75 and CSM
arameters estimates changed by no more than 1 σ . Since the host
xtinction correction affects only a small fraction of our sample, 
ur conclusions about the physical parameter distributions remain 
argely unaffected. The 1 /V max correction we apply to our observa-
ional sample addresses potential observational bias, but significant 
ncertainties remain in the faint end of the luminosity function –
xplored in detail by Das et al. ( 2025 ). 

.2 Long rising Type II SNe 

f note in Fig. 4 are the events with long rise times, t 25 75 � 25 d.
hese events are slowly evolving, seemingly in the gap between Type

In and the region of space the long simulated Type II light curves
rom Moriya ( 2023 ) occupy. There are five events in our sample with
ise times ≥ 25 d that all have non-standard Type II light curves.
ome of these SNe show resemblance to SN 1987A where the rise to
eak is a slow hump or they have an early peak fainter than the main
eak – see ZTF18acbwaxk/SN 2018hna in Fig. 3 for an example. To
onfirm the absence of narrow lines, and rule out misclassification 
f Type IIn SNe, we checked the classifying spectra and confirmed
here were no narrow lines present in their spectral series – most have

ultiple high-resolution spectra. 
When comparing the magnitude-limited BTS sample with the 

olume-limited ZTF CLU, only one event overlaps with the Sit 
t al. ( 2023 ) study – ZTF18acbwaxk/SN 2018hna ( t 25 75 ∼ 35 d,
MNRAS 541, 135–165 (2025) 
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M

Table 6. Mean and median of the volume corrected KDE for M CSM 

, Ṁ , and R CSM 

in the final sample. M CSM 

, Ṁ , and R CSM 

were inferred via linear 
relations involving GPR parameters. For R CSM 

, we exclude data where the corresponding M CSM 

< 10 −2 . 5 M � as we consider M CSM 

lower than this to have 
a negligible effect on the observable parameters and cannot constrain R CSM 

for lower M CSM 

. Values for Ṁ use a fiducial value of 5 ×10 14 cm for R CSM 

. 
Uncertainties reported here are the standard deviation on the bootstrapped values. The mean, 25th percentile and median values for M CSM 

are not reported 
here as they are below 10 −2 . 5 M � and we cannot confidently constrain below this threshold. For the same reason, we do not report the mean, 25th percentile 
or median for Ṁ as this is below the Ṁ corresponding to M CSM 

= 10 −2 . 5 M �. 

Parameter Units Mean 25th percentile 50th percentile 75th percentile Range No. 

Weighted 
M CSM 

×10 −3 M � − − − 9 . 55 + 3 . 48 
−5 . 79 [0.11,1.05 ×10 3 ] 1 377 

Ṁ ×10 −4 M �yr −1 − − − 6 . 03 + 2 . 20 
−3 . 61 [3.22,8.16 ×10 2 ] 1 377 

R CSM 

10 14 cm 6 . 69 ± 0 . 92 5 . 58 + 0 . 28 
−0 . 28 6 . 56 ± 0 . 25 7 . 84 + 0 . 19 

−0 . 11 [1.98,14.11] 253 

Unweighted 
M CSM 

×10 −3 M � 10 . 61 + 1 . 79 
−1 . 54 1 . 34 + 1 . 91 

−2 . 05 11 . 62 + 2 . 05 
−1 . 74 93 . 87 + 36 . 22 

−45 . 90 – –

Ṁ ×10 −4 M �yr −1 6 . 70 + 1 . 15 
−0 . 98 0 . 85 + 0 . 41 

−0 . 49 7 . 54 + 1 . 40 
−1 . 18 59 . 25 + 25 . 22 

−30 . 85 – –

R CSM 

10 14 cm 6 . 55 ± 0 . 44 5 . 72 + 0 . 51 
−0 . 18 6 . 63 ± 0 . 12 7 . 90 + 0 . 33 

−0 . 31 – –

Note. 1 The ranges reported are the 5th and 95th percentiles to remove outliers beyond the limits of the original data set. 
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 g, peak ∼ −15 . 99 mag uncorrected). This limited o v erlap stems
rom different selection criteria: BTS captures brighter events (peak
agnitudes < 18.5 mag), while CLU focuses on lower luminosity

vents in nearby galaxies. For Type II SNe with rise times > 25 d,
e compute a rate relative to the CCSN rate found in Perley et al.

 2020 ). 
Before applying a magnitude cut for completeness, we identify

/481 Type II SNe with t 25 75 ≥ 25 d from our sample. Accounting
or observational bias, we find these long-rising events constitute
 . 16 + 1 . 93 

−0 . 60 per cent of the Type II SN population, with a weighted
ean M g, peak = −16.33 mag, compared to −16.59 mag for the o v erall

ample. After implementing an 18.5 mag completeness cut, we retain
our long-rising events in our sample of 377 SNe, corresponding
o a bias-corrected fraction of 1 . 43 + 1 . 28 

−0 . 15 per cent with no significant
hange in M g, peak . These low rates, though limited by small statistics,
onfirm these events are rare and align with previous findings: Sit
t al. ( 2023 ) report that SNe with t 25 75 > 40 d comprise 1 . 4 ± 0 . 3 per
ent of all CCSNe, while earlier studies found rates of 1.5–3 per cent
Smartt 2009 ; Kleiser et al. 2011 ; Pastorello et al. 2012 ). 

.3 CSM mass and radial extent 

ur Type II SN sample re veals widespread e vidence for substantial
SM present at the time of explosion. Accounting for observational
iases through a volumetric weighting, 36 + 5 

−7 per cent of events
ave M CSM 

≥ 10 −2 . 5 M �, with the 80th percentile of the full sample
eing 1 . 56 + 1 . 12 

−0 . 54 × 10 −2 M �. In the unweighted sample, 67 ± 6 per
ent of events show significant M CSM 

( ≥10 −2 . 5 M �). These M CSM 

stimates, and the corresponding R CSM 

, remain consistent when
nalysed without host-extinction corrections. 

F or ev ents with massiv e CSM shells ( M CSM 

≥10 −2 . 5 M �), our
eighted sample shows a median R CSM 

of ∼ 6 ×10 14 cm, with nearly
ll events having inferred radii ≤ 10 15 cm and a well-defined peak
round this median (Figs 11 c and 12 c). The upper limit of R CSM 

≤
0 15 cm in our sample reflects the parameter space explored by
23 , with this particular methodology being insensitive to larger

adii – like those expected in Type IIn SNe. Ho we ver, our analysis
eveals a physically meaningful result: the rapid rise times observed
n most events require both sufficient M CSM 

and relatively compact
adii ( ∼ 6 × 10 14 cm median for M CSM 

> 10 −2 . 5 M �) to rapidly and
fficiently convert kinetic energy to radiation, accelerating the early
ight-curve evolution. 
NRAS 541, 135–165 (2025) 
The high M CSM 

( ≥ 10 −1 M �) and Ṁ ( ≥ 10 −2 M �yr −1 ), we infer
or a fraction of our sample (Figs 11 a and 12 a) likely produce distinc-
ive spectroscopic signatures from compact and dense CSM, such as
ash features typically lasting ≤ 1 week. While our study focuses on
SM shells with specific density profiles affecting early light curves
 ρ ∝ r −2 ; Moriya et al. 2023b ), Dessart & Jacobson-Gal ́an ( 2023 )
emonstrate that different CSM configurations can produce simi-
ar photometric evolution while predicting different spectroscopic
eatures (see Moriya 2023 ; Khatami & Kasen 2024 ; Jacobson-
al ́an et al. 2024a ). Spectroscopy is required to aid in breaking

hese degeneracies as it becoming clear that large amounts of CSM
epresent a common phenomenon rather than exceptional cases (e.g.
 ̈orster et al. 2018 ; Hosseinzadeh et al. 2022 , 2023 ; Kozyre v a et al.
022 ; Hiramatsu et al. 2023 ; Jacobson-Gal ́an et al. 2023 , 2024b ;
encson et al. 2023 ; Andrews et al. 2024 ; Chen et al. 2024 ; Irani
t al. 2024 ; Li et al. 2024 ; Pessi et al. 2024 ; Shrestha et al. 2024 ;
iang et al. 2024 ; Zimmerman et al. 2024 ; Rehemtulla et al. 2025 ). 
F or ev ents with lower inferred M CSM 

( < 10 −2 . 5 M �), the impact
f CSM on the early light curve is too weak to constrain R CSM 

.
hile many of these SNe are likely to possess non-negligible CSM,
aterial at larger radii w ould lik ely not influence the early evolution,

nd would be too diffuse to influence the later light-curve evolution
n a clearly discernible way unless the mass is extremely high (e.g.
rani et al. 2024 ). 

A limitation of the approach from this work is that for the fastest
ising events ( ≤ 1 d), which likely require dense, compact CSM
o achieve such rapid evolution, our measured rise times would
epresent upper limits, unresolved fast rises might require more
ubstantial M CSM 

or closer and more compact CSM. While individual
SM parameters may have uncertainties due to model assumptions,
bservational constraints and scatter present in relationships, this
requency of substantial CSM in our volume corrected sample
epresents a robust statistical result, independent of the precise CSM
arametrization. Our analysis is further constrained by confidence in
lassifications, an issue we explore in greater detail in Appendix A10 .

.4 Implications for mass-loss mechanisms 

ith a minimum M CSM 

, 10 −2 . 5 M �, and observationally supported
ducial values for v wind and R CSM 

of 10 km s −1 and 5 × 10 14 cm,
espectively, we find a characteristic Ṁ of 2 ×10 −4 M �yr −1 . This
haracteristic value is higher, by ∼2 orders of magnitude, than values
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Figure 12. Type II weighted (dark green) and unweighted (light green) 
ECDF for M CSM 

, Ṁ , and R CSM 

. We plot the 80 per cent CI for the weighted 
ECDF and the 95 per cent CI for the unweighted ECDF. For R CSM 

, we exclude 
data where the corresponding M CSM 

< 10 −2 . 5 M � as we consider M CSM 

lower 
than this to have a negligible effect on the observable parameters. The shaded 
region on the ECDFs for M CSM 

and Ṁ are the same as applied in Figs 11 (a) 
and (b). 
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nferred from observations of local group RSGs, e.g. Ṁ ∼ 10 −6 

 �yr −1 (e.g. Vink, de Koter & Lamers 2001 ; Smith 2014 ; Beasor &
avies 2018 ; Beasor et al. 2020 ). 
Our findings are instead closer to studies such as Morozova et al.

 2017 ), Moriya et al. ( 2018 ), Bruch et al. ( 2021 , 2023 ), Irani et al.
 2024 ), and Jacobson-Gal ́an et al. ( 2024a ) that estimate Ṁ to be

10 −4 –10 −1 M �yr −2 based on detailed analysis of spectroscopy 
nd photometry of early SNe. Like Jacobson-Gal ́an et al. ( 2024a ),
e find that Type II SNe exhibit a continuum of Ṁ , representative of

he heterogeneous morphology of light curves, with 46 + 5 
−13 per cent 
MNRAS 541, 135–165 (2025) 
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f the corrected population having Ṁ ≥ 1 ×10 −4 M �yr −1 in the last
everal decades before core-collapse. 

Given a v wind of 10 km s −1 and the minimum and maximum values
f R CSM 

, 10 14 –10 15 cm, we calculate the range of time-scales in which
he material is remo v ed to be 3–32 yr. The distinctly short time-scales
f mass loss, compared to the lifespan of this evolutionary stage,
urther supports the need for a period of ‘enhanced’ mass-loss. We
rgue the higher rates of mass loss estimated from early photometry
ound here and by other studies (e.g. Irani et al. 2024 ; Silva-Farf ́an
t al. 2024 ; Jacobson-Gal ́an et al. 2024b ) are probing the end-of-life
ass-loss rather than the typical Ṁ of RSGs. 
Any viable mass-loss mechanism must maintain sufficient CSM

ensity at compact radii while preventing complete shell detachment.
he mechanism must operate on time-scales consistent with our

nferred Ṁ ( ≥ 10 −4 M �yr −1 ) and produce velocities that allow the
aterial to remain within R CSM 

≤ 10 15 cm. Higher ejection velocities
r more extended distributions would result in CSM densities too low
o ef fecti vely interact with the SN ejecta and SBO during the early
ight-curve evolution. 

As an alternative to ‘enhanced’ Ṁ in the centuries before core-
ollapse, the dense chromosphere model of Fuller & Tsuna ( 2024 )
ffers a compelling explanation for the apparent disparity between
bserved RSG mass-loss rates and those inferred from early SN
volution (see Fuller & Tsuna 2024 ). A chromosphere exists in
pproximate hydrostatic equilibrium, with significantly higher den-
ities abo v e the stellar surface than predicted by constant or β-la w
ind velocity models, despite maintaining Ṁ more consistent with

ocal group RSG measurements (see fig. 4 in Fuller & Tsuna 2024 ).
his model is able to naturally produce the rapid photometric and
pectroscopic evolution observed in fast-rising SNe while preserving
ealistic progenitor properties. While our M CSM 

estimates would re-
ain largely unaffected, the inferred Ṁ would decrease substantially

ue to the significantly different velocity structure in Fuller & Tsuna
 2024 ) compared to those used in M23 . Thus, the chromosphere
odel represents a promising alternative to ‘enhanced’ Ṁ , poten-

ially resolving a tension between Ṁ measured from local RSGs
nd early SN evolution, though additional development is required
o fully understand the impact of chromospheres on the photometric
nd spectroscopic evolution across diverse SN populations. 

 C O N C L U S I O N S  

n this work, we have presented forced photometry and GP analysis
f all spectroscopically classified H-rich SNe from the ZTF BTS,
802 objects from 2018 May 1 to 2023 December 31, 981 of which
ass various quality cuts outlined in BTS sample paper (Perley et al.
020 ). We have modelled the light curves with GPR to return various
mpirical light-curve parameters, with a focus on the rise times of 639
ype II SNe. Using various light-curve parameters, we have created
olume corrected ( V max method) distributions from the BTS sample,
llowing us to confidently report the following main conclusions for
 highly complete sample of 377 Type II SNe (excluding Type IIn and
Ib SNe, and after a magnitude cut at ≤ 18.5 mag for completeness):

(i) We see large diversity in Type II light-curve demographics, but
o clear separation in the luminosity-rise phase space. The predicted
imodality that appears when we measure the distributions of rise
imes, t 25 75 , from the simulated light curves of Moriya et al. ( 2023b )
s not seen in our observed light curves. 

(ii) Based on the 1 /V max weighted sample of Type II SNe from this
tudy, we find 36 + 5 

−7 per cent of Type II SN progenitors have M CSM 

≥
0 −2 . 5 M � at the time of core-collapse. We find this is the minimum
NRAS 541, 135–165 (2025) 
mount of M CSM 

needed to impact the observables like the rise time
nd peak magnitude, based on Moriya et al. ( 2023b ) models. 

(iii) For an assumed progenitor wind velocity of 10 km s −1 , a
aximum CSM radius of R CSM 

≈ 5 × 10 14 cm and M CSM 

= 10 −2 . 5 

 �, we estimate mass-loss rates of Ṁ ∼ 2 × 10 −4 M � yr −1 for events
ho wing CSM-af fected light curves. We constrain the period of this
o occur within the last 3–32 yr, consistent with recent findings from
ruch et al. ( 2021 , 2023 ) and Jacobson-Gal ́an et al. ( 2024a ) which

uggest ‘enhanced’ mass loss is a common feature of RSG evolution
n the final decades before core-collapse. 

This supports findings in recent literature that CSM interactions
ontribute significantly to the early light curve and are pre v alent
n a large set Type II SNe. While not ubiquitous across Type
I SNe, we show possessing large amounts of CSM in common
mongst Type II SNe progenitors. For the ∼ 36 per cent of Type
I SNe (excluding Types IIn and IIb SNe) where CSM interactions
ominate, we find that dense CSM both shortens the rise time to
eak luminosity and enhances the early-time brightness. We have
urther highlighted the need to reconcile and address the disparity
etween light curve deri ved Ṁ v alues and Ṁ from RSG observations
which are typically larger by ≈ 2 orders of magnitudes than the

ates inferred from local group RSG observations (e.g. van Loon
t al. 2005 ; Mauron & Josselin 2011 ; Smith 2014 ; Beasor et al.
020 ; Stroh et al. 2021 ; Strotjohann et al. 2024 ). 
Mapping the true distribution of CSM properties and establishing

obust connections between SNe and their progenitors requires
eeper observations o v er longer baselines than currently available.
he Vera Rubin Observatory, ZTF-III, and upcoming IR/UV mis-
ions will provide unprecedented multiwavelength coverage with the
epth and cadence needed to probe fainter CSM signatures and earlier
pochs, essential for reconstructing progenitor mass-loss histories
nd understanding how they shape the observed diversity of Type II
Ne. 
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longside the upcoming publication, Miller et al. (in preparation), 
here will be a large data release o the ZTF P48 light curves used in
his work. 

The light curves and empirical properties measured for the SNe, 
s they relate to this work, can be found here: [ https:// doi.org/ 10.5
81/zenodo.15229515 ]. 
Access to the public Bright Transient Surv e y sample explorer can

e found here: [ ht tps://sites.astro.calt ech.edu/zt f/bt s/explor er .php ]. 
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PPEN D IX  A :  SUPPLEMENTA RY  MATERI AL  

1 Heavily host-extinguished 

able A1 contains significantly dust-extinguished Type II SNe we 
dentify in our sample. These events are characterized by distinctly 
ed colours, ( g − r) g, max ≥ 0.25 mag, at peak and moderate rise
imes, t 25 75 ≤20 d, placing them in a unique region of parameter
pace as illustrated in Fig. 2 . We correct for host extinction using
 g − r) g, max and apply this correction to these SNe only, as described
n Section 2.4 . 

2 Rise time reco v ery 

o assess the impact of the sampling function on our GPR mea-
urements, we conducted a systematic resampling experiment using 
ell-sampled light curves with well-constrained t 25 75 values. This 

nvolved taking thoroughly observed events (e.g. ZTF18aacnlxz/SN 

020aavr) and resampling their light curves (simulating alternative 
ampling functions) to match the observation cadence of more 
parsely observed light curves in our sample. Fig. A1 illustrates the 
esulting distribution of measured rise times across different intrinsic 
 25 75 values. 

Our analysis demonstrates that the GPR process reliably distin- 
uishes between fast-rising ( t 25 75 ≤ 5 d) and slowerrising ( t 25 75 > 5
) ev ents. F or the fastest risers ( t 25 75 between 1–2 d), we observ e
ubstantial uncertainty with a spread of ≈ 0.7 dex. This improves to 

0.4 dex for moderate risers ( t 25 75 between 3–5 d) and further to ≈
.2 dex for slower rising events ( t 25 75 > 5 d). 

3 Sample redshift distribution 

n Fig. A2 , we show the distribution of redshift, z, across our SN
ample. The upper panel shows the z distribution for our full data
et, and the lower panel displays the highly complete ( ∼95 per cent)
ample limited to events with peak apparent magnitudes m peak ≤ 18.5 
ag. 

4 Peak colours 

n Figs A3 (a)–(f), we present the KDE distributions (left) and ECDFs
 right ) of peak g − r colours (( g − r) g, max ) for Type II, Type IIn and
ype IIb SNe. The panels display distributions for standard Type 
I (top), Type IIn (middle), and Type IIb (bottom) SNe. We show
arious statistical quantities for each distribution in Table 4 . 

5 M23 luminosity rise 

ig. A4 shows the distribution of t 25 75 versus M g, peak for the 
heoretical light-curve grid from M23 . We present 10 000 model 
oints using the same V max × M 

−2 . 35 
ZAMS weighting scheme applied in 

ig. 8 , which accounts for both observational selection effects and 
he IMF (e.g. Salpeter 1955 ). The top panel colour-codes data by Ṁ ,
hile the bottom panel uses R CSM 

. 
This visualization reveals how CSM properties strongly influence 

he distribution of SNe in the t 25 75 –M g, peak plane. Fast risers ( t 25 75 ≤
 d) typically have confined, dense CSM characterized by higher Ṁ 

nd smaller R CSM 

, producing moderately more luminous peaks. In 
ontrast, slower risers ( t 25 75 > 5 d) typically exhibit less confined and
ess dense CSM with lower o v erall M CSM 

values and larger R CSM 

.
otably, even within the slower rising population, the most luminous 

vents still require substantial CSM masses, confirming that CSM 

ass remains a fundamental driver of peak luminosity across the 
istribution. 
The clear separation between these populations emerges naturally 

rom the underlying physics rather than from arbitrary parameter 
hoices, suggesting fundamental differences in mass-loss mecha- 
isms or progenitor structures. This bimodality provides valuable 
ontext for interpreting the observed distribution of Type II SNe in
ur sample. 

6 M Fe , Core measurements 

e extend the predictive capabilities of multi-output GPR extend 
o estimating the iron core mass, M Fe , Core , of the progenitor through
quation ( A1 ), which exploits a tight correlation between M Fe , Core 

nd the plateau luminosity at 50 d in simulated Type IIP light curves
e.g. Barker et al. 2022 , 2023 ). The theoretical correlation indicates
hat more massive stellar cores lead to more energetic and luminous
Ne, notably enhancing the bolometric luminosity during the plateau 
hase at approximately 50 d post-explosion (Barker et al. 2022 ). To
uantify this relationship, we utilie the bolometric plateau luminosity 
t 50 d, L bol, 50 d . The plateau length is measured by analysing the
radient along the light curve and identifying significant changes in 
he slope. The ZTF g- and r-band magnitudes are measured at 50
 after the plateau onset. A bolometric correction is then applied to
onvert these magnitudes into bolometric luminosity – we adopt the 
ethodology described by Lyman, Bersier & James ( 2014 ). 

M Fe , Core 

M �
= 0 . 0978 ×

(
L bol,50 d 

10 42 erg s −1 

)
+ 1 . 29 (A1) 

The KDE distribution for M Fe , Core , Fig. A5 , shows a sharp cut-off
t 1.3 M �, reflecting the lower limit of iron core masses in the models
rom which the correlation was derived (Barker et al. 2022 ). Since
he KDE smoothing kernel could not properly handle this abrupt 
ransition, we truncate the distribution at 1.3 M � and normalize the 
robability density to unity. 
The weighted mean M Fe , Core of 1 . 36 ± 0 . 01 M � is consistent with

he mean found in Barker et al. ( 2022 , 2023 ) of 1 . 4 ± 0 . 05 M � to
ithin 1 σ – see Table A2 . The distribution appears to be in agreement
ith the distribution created by Barker et al. ( 2022 , 2023 ), as they
nd a range in M Fe , Core (1.3–1.5 ± 0.05 M �) after applying equation
 A1 ) to CCSN samples from Anderson et al. ( 2014 ) and Guti ́errez
t al. ( 2017a , b ). 

While this correlation provides a useful estimate of the core mass,
t assumes a direct relationship between core mass and explosion 
nergy that, in reality, may be complicated by ejecta properties 
mass and H-richness). Higher ejecta masses or more H-richness 
an extend and diminish the plateau luminosity independent of core 
ass (e.g. Goldberg 2022 ). The use of luminosity at 50 d may be

articularly sensitive to hydrogen envelope mass variations, as it 
ssumes complete H retention (e.g. Goldberg 2022 ; Fang et al. 2025 ).
 more robust approach might utilie the luminosity at half the plateau
uration, which better accounts for diversity in envelope masses and 
etter isolates the core mass contribution to the light -curve evolution
Fang et al. 2025 ). 
MNRAS 541, 135–165 (2025) 
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Table A1. Properties of heavily dust-extinguished Type II SNe, identified by their red colours, ( g − r) g, max ≥ 0.25 mag, and moderate rise times, t 25 75 ≤20 d, 
as shown in Fig. 2 . Table contains: ZTF object name; TNS name; spectroscopic classification; redshift; M g, peak in ZTF g at rest-frame and uncertainty; t 25 75 

rise time [d] in ZTF g at rest-frame wavelength and uncertainty; g − r colour at ZTF g peak time and uncertainty; and host galaxy extinction in ZTF g band, 
method described in Section 2.4 . 

ZTF TNS ID Type z M g, peak [mag] t 25 75 [d] ( g − r) g, max [mag] A 

host 
g [mag] 

ZTF18abdbysy 2018cyg II 0 .01127 −14.40 ± 0.02 1.70 ± 0.18 0.71 ± 0.03 2.38 

ZTF18abvvmdf 2018gts II 0 .029597 −16.70 ± 0.02 2.00 ± 0.14 0.59 ± 0.03 1.97 

ZTF19aamkmxv 2019bxq IIn 0 .014 −16.66 ± 0.02 3.41 ± 0.16 0.77 ± 0.02 2.61 

ZTF19aamvape 2019cjx II 0 .03 −17.69 ± 0.02 8.43 ± 0.39 0.30 ± 0.02 1.01 

ZTF19aayrosj 2019hrb II 0 .015064 −15.86 ± 0.02 1.83 ± 0.14 0.27 ± 0.03 0.90 

ZTF19abgfuhh 2019lgc IIb 0 .0354 −17.35 ± 0.02 3.99 ± 0.19 0.37 ± 0.03 1.26 

ZTF19abxtcio 2019pof IIb 0 .0155 −15.79 ± 0.02 14.30 ± 0.68 0.46 ± 0.03 1.57 

ZTF20aaetrle 2020sy II 0 .02 −16.99 ± 0.02 6.97 ± 0.68 0.47 ± 0.04 1.60 

ZTF20aaurfwa 2020hem IIn 0 .0935 −20.37 ± 0.01 16.86 ± 0.51 0.32 ± 0.01 1.09 

ZTF20abfcrzj 2020mob IIb 0 .023244 −16.86 ± 0.06 10.01 ± 0.68 0.26 ± 0.08 0.87 

ZTF20abpmqnr 2020qmj IIn 0 .022 −18.53 ± 0.01 7.47 ± 0.18 0.42 ± 0.01 1.41 

ZTF20abwzqzo 2020sbw IIb 0 .023033 −16.64 ± 0.07 7.97 ± 2.60 0.38 ± 0.10 1.27 

ZTF20aclkhnm 2020xql II 0 .036 −17.07 ± 0.04 12.93 ± 1.61 0.56 ± 0.06 1.90 

ZTF20acnzkxb 2020ykd II 0 .02690421 −16.95 ± 0.01 5.65 ± 0.28 0.40 ± 0.02 1.33 

ZTF20acpgokr 2020yzi II 0 .027 −16.72 ± 0.02 2.08 ± 0.15 0.34 ± 0.03 1.15 

ZTF20acrzwvx 2020aatb II 0 .009954 −16.41 ± 0.01 7.70 ± 0.52 0.45 ± 0.02 1.51 

ZTF20actqnhg 2020aaxf IIb 0 .014813 −16.55 ± 0.02 5.01 ± 0.35 0.38 ± 0.03 1.27 

ZTF20acvevsn 2020abqw II 0 .01417 −14.96 ± 0.02 1.73 ± 0.22 0.42 ± 0.04 1.42 

ZTF21aajgdeu 2021cjd II 0 .027929 −16.71 ± 0.04 1.76 ± 0.19 0.36 ± 0.05 1.22 

ZTF21aakupth 2021cvd IIn 0 .023483 −16.11 ± 0.02 4.33 ± 0.32 0.52 ± 0.03 1.76 

ZTF21aamwqim 2021dru II 0 .025878 −16.51 ± 0.05 4.17 ± 0.70 0.46 ± 0.07 1.57 

ZTF21aavuqzr 2021kat IIn 0 .1013 −20.24 ± 0.01 16.78 ± 0.50 0.35 ± 0.01 1.19 

ZTF21aaydxoo 2021kwc IIn 0 .021759 −17.53 ± 0.01 4.85 ± 0.15 0.59 ± 0.01 1.99 

ZTF21aayfnjz 2021kww II 0 .023 −17.52 ± 0.01 6.31 ± 0.13 0.31 ± 0.02 1.04 

ZTF21abfoyac 2021pni II 0 .033 −18.27 ± 0.01 7.40 ± 0.25 0.38 ± 0.01 1.27 

ZTF21abujgmr 2021wrr IIn 0 .048 −17.95 ± 0.01 6.86 ± 0.37 0.44 ± 0.01 1.47 

ZTF21abviabc 2021wyn II 0 .053467 −18.20 ± 0.02 3.32 ± 0.39 0.75 ± 0.02 2.54 

ZTF21abyqrli 2021ybc IIb 0 .02925 −17.29 ± 0.09 6.15 ± 1.26 0.29 ± 0.04 0.99 

ZTF22aagvxjc 2022iep IIn 0 .025 −17.00 ± 0.01 16.40 ± 0.60 0.28 ± 0.01 0.95 

ZTF22aalorla 2022lix II 0 .06804 −18.66 ± 0.01 5.52 ± 0.13 0.46 ± 0.01 1.54 

ZTF22aamjqvc 2018elp IIb 0 .030089 −17.57 ± 0.01 5.56 ± 0.20 0.29 ± 0.02 0.99 

ZTF22aaotgrc 2022ngb IIb 0 .00965 −16.18 ± 0.02 6.96 ± 0.13 0.66 ± 0.03 2.23 

ZTF22aapqaqe 2022npv II 0 .025177 −17.32 ± 0.01 3.21 ± 0.12 0.46 ± 0.02 1.54 

ZTF22aawptbl 2022pzh II 0 .045 −18.20 ± 0.02 5.79 ± 0.48 0.44 ± 0.02 1.49 

ZTF22ablvnwa 2022xae IIb 0 .045229 −18.09 ± 0.04 4.64 ± 0.57 0.26 ± 0.05 0.87 

ZTF22abnejmu 2022ycs II 0 .01 −15.50 ± 0.02 9.14 ± 1.46 0.48 ± 0.02 1.61 

ZTF22abssiet 2022zmb II 0 .01449 −15.41 ± 0.02 1.73 ± 0.11 0.25 ± 0.03 0.85 

ZTF23aaawbsc 2023aew IIb 0 .025 −18.55 ± 0.03 7.41 ± 0.22 0.30 ± 0.03 1.01 

ZTF23aaesmsf 2023fsc IIb 0 .02 −17.81 ± 0.01 11.13 ± 0.41 0.34 ± 0.02 1.13 

ZTF23aazqmwp 2023qec II 0 .02079 −17.50 ± 0.01 6.88 ± 0.21 0.26 ± 0.02 0.88 

ZTF23abjrolf 2023uvh II 0 .02676 −16.69 ± 0.07 4.81 ± 1.15 0.46 ± 0.10 1.54 

Table A2. Mean and median of the volumecorrected KDE for M Fe , Core in the final sample. Uncertainties reported here are the standard deviation on the 
bootstrapped values. 

Parameter Units Mean 25th percentile 50th percentile 75th percentile Range No. 

Weighted 
M Fe , Core M � 1 . 36 ± 0 . 01 1 . 31 + 0 . 02 

−0 . 01 1 . 34 ± 0 . 01 1 . 38 + 0 . 01 
−0 . 04 [1.30,3.31] 354 

Unweighted 
M Fe , Core M � 1 . 49 ± 0 . 01 1 . 38 + 0 . 02 

−0 . 01 1 . 45 ± 0 . 01 1 . 53 + 0 . 01 
−0 . 02 – –

Note. The range reported is the 5th and 95th percentiles to remove outliers beyond the limits of the original data set. 
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7 M23 relations 

log 10 ( U ) = C 0 + C 1 × V + C 2 × W + C 3 × X 

+ C 4 × Y + C 5 × Z (A2) 

log 10 ( U ) = C 0 + C 1 × V 

2 + C 2 × ( V × W ) + C 3 

× ( V × X ) + C 4 × ( V × Y ) + C 5 × ( V × Z ) 

+ C 6 × W 

2 + C 7 × ( W × X ) 

+ C 8 × ( W × Y ) + C 9 × ( W × Z ) + C 10 × X 

2 

+ C 11 × ( X × Y ) + C 12 × ( X × Z ) + C 13 

×Y 

2 + C 14 × ( Y × Z ) + C 15 × Z 

2 (A3) 

log 10 ( U ) = C 0 + C 1 × V 

3 + C 2 ×
(
V 

2 × W 

) + C 3 ×
(
V × W 

2 
)

+ C 4 × W 

3 + C 5 ×
(
V 

2 × X 

) + C 6 × ( V × W × X ) 

+ C 7 ×
(
W 

2 × X 

) + C 8 ×
(
V × X 

2 
) + C 9 ×

(
W × X 

2 
)

+ C 10 × X 

3 + C 11 ×
(
V 

2 × Y 

) + C 12 × ( V × W × Y ) 

+ C 13 ×
(
W 

2 × Y 

)

+ C 14 × ( V × X × Y ) + C 15 × ( W × X × Y ) 

+ C 16 ×
(
X 

2 × Y 

) + C 17 ×
(
V × Y 

2 
)

+ C 18 ×
(
W × Y 

2 
) + C 19 ×

(
X × Y 

2 
)

+ C 20 × Y 

3 + C 21 ×
(
V 

2 × Z 

) + C 22 × ( V × W × Z ) 

+ C 23 ×
(
W 

2 × Z 

) + C 24 × ( V × X × Z ) + C 25 

× ( W × X × Z ) + C 26 ×
(
X 

2 × Z 

)

+ C 27 × ( V × Y × Z ) + C 28 × ( W × Y × Z ) 

+ C 29 × ( X × Y × Z ) + C 30 ×
(
Y 

2 × Z 

)

+ C 31 ×
(
V × Z 

2 
) + C 32 ×

(
W × Z 

2 
)

+ C 33 ×
(
X × Z 

2 
) + C 34 ×

(
Y × Z 

2 
) + C 35 × Z 

3 (A4) 

For M CSM 

, U = M CSM 

, V = M g, peak , W = log 10 ( t 20 60 ), X
 log 10 ( t 60 90 ), Y = ( g − r) g, max , and Z = M g, 10 d . 
For R CSM 

, U = R CSM 

, V = M g, peak , W = log 10 ( t 20 50 ), X
 log 10 ( t 50 80 ), Y = ( g − r) g, max , and Z = M g, 5 d . 
able A3. M CSM 

and R CSM 

coefficients. 

C 0 C 1 C 2 C 3 C 4 C

 CSM 

≤ 5 d −4 .51 2 .28 2 .07 −0 .24 1 .07 −
 CSM 

> 5 d −3 .54 13 .24 −3 .85 5 .94 0 .22 −3

 CSM 

≤ 5 d 0 .65 0 .43 −2 .91 0 .51 0 .14 

 CSM 

> 5 d −0 .41 30 .75 0 .24 −4 .57 0 .29 

C 12 C 13 C 14 C 15 C 16 C

 CSM 

≤ 5 d −16 .12 −2 .31 5 .66 2 .76 −0 .13 

 CSM 

> 5 d 5 .95 1 .44 10 .72 −8 .35 4 .53 −2

 CSM 

≤ 5 d 3 .82 −0 .16 3 .71 −0 .41 0 .29 

 CSM 

> 5 d 6 .36 0 .0098 −7 .77 0 .64 −0 .49 −
C 24 C 25 C 26 C 27 C 28 C

 CSM 

≤ 5 d 5 .85 0 .085 −2 .11 25 .25 16 .32 −
 CSM 

> 5 d 61 .57 9 .91 −5 .03 −86 .78 −6 .18 −1

 CSM 

≤ 5 d −3 .99 −0 .55 1 .03 20 .35 −3 .84 −
 CSM 

> 5 d −11 .87 −5 .48 4 .68 −0 .54 −6 .38 
8 M23 radial extent predictions 

ig. A6 shows the multivariate analysis comparing our polynomial 
egression-predicted CSM radial extent values ( y -axis) against the 
orresponding M23 model values ( x -axis), following an approach 
imilar to Fig. 10 . This systematic e v aluation examines the per-
ormance of polynomial fits across different degrees (first, second, 
nd third order) and specific parameter regimes to determine the 
ptimal method for characterizing this relationship. Unlike our M CSM 

nalysis, this investigation of R CSM 

is restricted to M23 models with
 CSM 

≥ 1 ×10 −2 . 5 M �, which Section 5.1 identifies as the threshold
bo v e which CSM significantly influences both M g, peak and t 25 75 .
he results demonstrate that R CSM 

can only be reliably constrained 
or events with substantial M CSM 

. 

9 M23 M CSM 

lower limit 

ccurate measurements of R CSM 

becomes challenging when M CSM 

s insufficient to significantly influence observables such as M g, peak 

nd t 25 75 . To establish a critical threshold below which CSM be-
omes virtually undetectable in early light curves, we systematically 
nalysed ho w v ariations in key physical parameters – Ṁ , R CSM 

, and
– affect observable properties. 
We systematically varied these parameters while holding other key 

hysical parameters constant (e.g. nickel mass). Our investigation 
evealed that when M CSM 

falls below approximately 10 −2 . 5 M �, the 
SM becomes too diffuse to meaningfully influence early lightcurve 
volution. This threshold is evidenced by minimal variations in 
 g, peak below 10 −2 . 5 M � and increasingly significant variations 

bo v e this mass – a pattern consistent across all progenitor masses.
t this critical point, we observe a transition to a regime where CSM

nteraction becomes negligible in shaping the observable properties 
f the SN. This theoretical expectation is strongly supported by the
istinct bimodal distribution observed in the M23 models (Fig. A4 ).
Given this fundamental limitation in detecting and characterizing 

ow-mass CSM environments, we restrict our subsequent analysis of 
 CSM 

to events where the predicted M CSM 

exceeds 10 −2 . 5 M �. 
MNRAS 541, 135–165 (2025) 

 5 C 6 C 7 C 8 C 9 C 10 C 11 

2 .88 −0 .19 0 .0823 2 .10 −1 .24 −0 .16 −12 .35 

0 .16 −9 .55 −1 .10 4 .64 4 .31 −2 .26 42 .92 

1 .93 0 .57 0 .18 −1 .04 0 .039 −0 .071 −10 .05 

5 .67 5 .47 −0 .042 −4 .65 −0 .18 0 .22 0 .055 

 17 C 18 C 19 C 20 C 21 C 22 C 23 

8 .06 −2 .24 2 .19 0 .84 −6 .88 −3 .95 0 .20 

9 .78 5 .17 3 .19 −10 .21 −42 .38 7 .66 −6 .04 

2 .89 0 .54 −0 .46 −0 .46 −1 .03 5 .83 −0 .46 

4 .28 −0 .59 0 .22 −0 .13 −93 .03 −0 .35 4 .6 

 29 C 30 C 31 C 32 C 33 C 34 C 35 

5 .72 −8 .03 6 .91 1 .87 −2 .97 −12 .91 −2 .31 

0 .02 29 .54 45 .11 −3 .81 −31 .43 43 .9 −15 .97 

3 .69 −2 .94 0 .77 −2 .92 2 .07 −10 .30 −0 .17 

7 .74 4 .31 93 .82 0 .11 6 .21 0 .49 −31 .53 
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Figure A1. t 25 75 rise time reco v ery e xploring the impact of resampling high cadenced light curve (see in the legend) to the sampling function of less well- 
sampled light curves. The diagonal dashed line is the 1:1 line, the dot–dashed line encloses ± 2 d, and the dotted line encloses ± 3 d. The bottom plot shows 
the residual between the ‘true’ rise time of each event versus the measurements from resampling. 
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10 Impact of systematic misclassifications 

ost SN classifications from the BTS rely on the low-resolution
EDM spectrograph ( R ∼100). The limited spectral resolution and

ypically single-epoch observations near maximum light can make
istinguishing certain SN subclasses challenging, particularly Type
Ib from Type II and, to a lesser extent, Type IIn from Type II or host
mission. Consequently, our Type II sample might contain some
evel of contamination from misclassified events, a consideration we
uantitatively address here. 
To quantify potential classification biases, we conducted

olmogoro v–Smirno v (KS) tests comparing Type II and Type IIb
opulations. KS tests of the unweighted M g, peak and t 25 75 distribu-
ions yielded p-values of 0.038 and 0.0030, respectively, indicating
tatistically significant differences between these populations. We
dentified an approximately 5 per cent shortfall of Type IIb SNe in
ur sample (7 . 22 + 2 . 40 

−1 . 84 per cent versus the expected ∼12.5 per cent
rom Shivvers et al.’s 2017 volume-complete sample). To assess
he impact of possible misclassifications, we applied a conserv ati ve
NRAS 541, 135–165 (2025) 

m  
pproach by removing the fastest-rising 5 per cent of Type II SNe –
hose most likely to be misclassified Type IIbs and have the largest
mpact on our results – and recalculated the M CSM 

KDE distribution.
he fraction of Type II SNe with M CSM 

≥ 10 −2 . 5 M � remained
onsistent (38–41 per cent) with our original finding ( ∼36 per cent).
his represents the most extreme scenario, confirming that potential
isclassifications affect our results by less than 1 σ . 
Similarly, our analysis yields a Type IIn rate of 4 . 34 + 1 . 49 

−1 . 09 per cent
elative to Type II SNe, consistent with Shivvers et al. ( 2017 ). We
onsider the possibility of misclassification between regular Type II
Ne and Type IIn events to be minimal for several reasons: (1) Type
In SNe typically exhibit higher luminosities and represent a small
raction of the o v erall population, resulting in negligible statistical
mpact after V max weighting; (2) BTS routinely conducts follow-
p observations using higher resolution spectrographs for suspected
ype IIn events to refine classification; and (3) wee see that < 2
er cent of our Type IIn sample exhibits photometric characteristics
esembling typical Type II events (e.g. t 25 75 ≤ 3 d and M g, peak > −18
ag, which represent the median values for our unweighted Type
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Figure A2. Distribution of redshift, z, across the for the whole sample (top) and for the sample with a m peak ≤ 18.5 mag (bottom). 
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I sample; Table 4 ). Our robust classification methodology ensures 
omplete Type IIn identification, and our focus on CSM around fast-
ising SNe means the longer evolution time-scales of Type IIn events 
inimally impact our conclusions. 
We have also considered the potential impact of peculiar events 

esembling SN 1987A on our results. Such objects, characterized 
y moderate peak luminosities combined with unusually slow 

ise times (e.g. ZTF18acbwaxk), represent rare occurrences in 
he local universe. If several such events were misclassified or 
ncluded within our sample, their statistical contribution would 
emain minimal given our V max weighting and large sample 
ize. 
MNRAS 541, 135–165 (2025) 
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MNRAS 541, 135–165 (2025) 

Figure A3. KDE (left) and ECDF (right) for Type II (top), Type IIn (middle), and Type IIb (bottom) showing the ZTF g − r colour at ZTF g peak, ( g − r) g, max , 
for the purposes of correcting for host extinction using the colour at peak. A correction, detailed if Section 2.4 is applied to events with a g − r ≥0.25 mag and 
t 25 75 < 20 d. 
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MNRAS 541, 135–165 (2025) 

Figure A4. t 25 75 versus M g, peak distribution for the theoretical light-curve grid from M23 , with points drawn from a sample of 10 000 models, colour-coded 
by Ṁ (top) and log ( R CSM 

) (bottom). The weighting is the same as applied in Fig. 8 . 

Figure A5. Type II KDE for M Fe , Core along with the associated 80 per cent 
CI. The weighted distribution is the dashed line (dark green) and the 
unweighted normalized histogram is the solid line (black). 
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Figure A6. Multi v ariate analysis results of the predicted R CSM 

radial e xtent ( y -axis) v ersus the M23 R CSM 

radial extent ( x -axis). The top, middle, and bottom 

rows are polynomial orders 1, 2, and 3 respectively. The first column contains all the data and stars are those with t 25 75 ≤ 5 d with the second and 3third rows 
containing only data with t 25 75 ≤ 5 and > 5 d to show how the correlations predictive power decreases significantly for events with t 25 75 ≥ 5 d. The diagonal 
(red) line is the 1:1 line with the (green) shaded region showing 1 order of magnitude abo v e and below. This is run only on M23 models where M CSM 

≥ 1 ×10 −2 . 5 

M � as we identify in Section 5.1 this to be the lower limit, abo v e which M g, peak and t 25 75 were influenced. 
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Figure A7. Dependence of M g, peak on M CSM 

under different parameter variations, with fixed Ni mass and explosion energy. Top left – varying Ṁ with fixed 
β and R CSM 

. Top right – varying β with fixed Ṁ and R CSM 

. Bottom left – varying R CSM 

with fixed Ṁ and β. Bottom right – combined variation of all CSM 

parameters ( Ṁ , β, and R CSM 

). Each panel sho ws results for dif ferent progenitor masses (10—18 M �). Belo w M CSM 

≈ 10 −2 . 5 M �, CSM properties do not 
significantly influence the peak magnitude, indicating a transition to CSM-negligible evolution. 
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