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Abstract

Enhanced emission in the months to years preceding explosion has been detected for several core-collapse supernovae
(SNe). Though the physical mechanisms driving the emission remain hotly debated, the light curves of detected events
show long-lived (=50 days), plateau-like behavior, suggesting hydrogen recombination may significantly contribute to
the total energy budget. The Vera C. Rubin Observatory’s Legacy Survey of Space and Time (LSST) will provide a
decade-long photometric baseline to search for this emission, both in binned pre-explosion observations after an SN is
detected and in single-visit observations prior to the SN explosion. In anticipation of these searches, we simulate a range
of eruptive precursor models to core-collapse SNe and forecast the discovery rates of these phenomena in LSST data. We
find a detection rate of ~40-130yr' for SN IIP/IIL precursors and ~110yr~"' for SN IIn precursors in single-epoch
photometry. Considering the first three years of observations with the effects of rolling and observing triplets included,
this number grows to a total of 150400 in binned photometry, with the highest number recovered when binning in
100 day bins for 2020tlf-like precursors and in 20 day bins for other recombination-driven models from the literature. We
quantify the impact of using templates contaminated by residual light (from either long-lived or separate precursor
emission) on these detection rates, and explore strategies for estimating baseline flux to mitigate these issues.
Spectroscopic follow-up of the eruptions preceding core-collapse SNe and detected with LSST will offer important clues
to the underlying drivers of terminal-stage mass loss in massive stars.

Unified Astronomy Thesaurus concepts: Sky surveys (1464); Core-collapse supernovae (304); Stellar mass

, and

loss (1613)

1. Introduction

Evidence has steadily grown that the formation of circumstellar
material (CSM) regularly precedes the death of massive stars as
core- collapse supernovae (CCSNe). Persistent narrow emission
lines appearing in the spectra of supernovae (SNe) and caused
by the photoionization of slow-moving (~10-1000kms";
A. V. Filippenko 1997; F. Taddia et al. 2013) CSM by the SN
ejecta have long suggested that at least some SNe do not explode
into pristine environments. The most common subtype exhibiting
these features, SNIIn (where the “n” stands for “narrow”;
E. M. Schlegel 1990), is spectroscopically characterized by an
early blue continnum and prominent Ho emission, and the class
exhibits broad photometric diversity dominated by CSM interac-
tion. Balmer emission features lasting weeks to months have also
appeared in the spectra of SNe with well-defined photometric
plateaus, leading to the designation of the SN IIn-P subclass
(J. C. Mauerhan et al. 2013b; N. Smith 2013; M. Fraser 2020).
This long-lived interaction is not limited to hydrogen-rich SNe:
narrow spectral features from slow-moving CSM are also
observed in hydrogen-poor SNe, including helium-rich SNe Ibn
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(A. Gangopadhyay et al. 2020; N.-C. Sun et al. 2020; K. Maeda &
T. J. Moriya 2022; M. Pursiainen et al. 2023; Q. Wang et al.
2024) and helium-poor SNelcn (A. Gal-Yam et al. 2022;
C. Pellegrino et al. 2022; K. W. Davis et al. 2023; T. Nagao
et al. 2023).

The detection of prominent emission lines above the SN
photosphere requires high CSM densities, and by measuring the
velocity of the post-shocked shell from intermediate-width spectral
features (or by inferring the shock velocity from light curve
models), mass-loss rates in the terminal progenitor system can be
estimated (see N. Smith 2014, for a review). Sample studies of
SNelln have reported progenitor mass-loss rates of 1072 to
>1 M. yr ' (N. Smith 2014, 2017), far exceeding expectations for
line-driven stellar winds—and ostensibly supporting an eruptive
origin with unclear underlying physics. Further complicating the
picture, the existence of local CSM surrounding otherwise typical
SNe IIP/IIL has been more recently suggested by the presence of
short-lived narrow spectral lines originating from material flash-
ionized by the initial pulse of SN photons. Comprehensive
searches for these flash-ionization features, paired with the
timescales of observed shock breakout, indicate that dense CSM
formation is a regular occurrence in CCSNe (F. Forster et al. 2018;
W. V. Jacobson-Galin et al. 2024b). Stars less massive than
<30 M, likely end their lives as red supergiants (RSGs), which are
not expected to exhibit eruptive, Luminous Blue Variable (LBV)-
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Figure 1. Progenitor radius priors for our IIP/IIL (solid gray line) and IIn
(black dashed line) precursor SED grids, derived from MESA simulations of
single and binary-star systems evolved to core collapse. SN II progenitors are
selected by a minimum threshold on hydrogen mass at the end of the
simulation, and the radii of candidate SN II progenitors in binary systems are
used to construct the SNIIn prior. Gaussian kernel density estimates
(overplotted smoothed curves) are made from each sample and used to weight
the associated SEDs in the simulation. The inferred progenitor radii of SNe IIP
2004A, 2009ib, 2017eaw, 2017gmr (J. A. Goldberg & L. Bildsten 2020), and
2024ggi (D. Xiang et al. 2024) are shown as vertical red lines, and those
inferred for Galactic Luminous Blue Variables from L. Mahy et al. (2022)
using interferometry are shown as vertical blue lines.
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like mass loss. Multiple mechanisms have been proposed to
explain this enhanced mass loss in RSGs, including the damping
of convective waves launched by changes in late-stage nuclear
burning (E. Quataert & J. Shiode 2012), pulsation-driven super-
winds (A. Heger et al. 1997; S.-C. Yoon & M. Cantiello 2010),
and binary interaction (T. Matsuoka & R. Sawada 2024).1°
Complementing the rapid spectroscopic follow-up that has made
these discoveries possible, wide-field photometric surveys have
both expanded the local discovery volume and increased the
typical cadence of observations. The All-Sky Automated Survey
for SNe (ASAS-SN; B. J. Shappee et al. 2014), the Asteroid
Terrestrial Last-Alert System (J. L. Tonry et al. 2018), the Zwicky
Transient Facility (ZTF; E. C. Bellm et al. 2019; M. J. Graham
et al. 2019; F. J. Masci et al. 2019; R. Dekany et al. 2020), and the
Young SN Experiment (D. O. Jones et al. 2021; P. D. Aleo et al.
2023) provide near-synoptic coverage of the sky and temporal
sampling of <1 day for events serendipitously occurring in the
overlap between survey footprints. This wealth of archival imaging
has enabled both proactive and retroactive searches for pre-
explosion emission from local SNe. This thread began with the
detection of emission preceding the Type Ibn SN 2006jc (the
precursor light curve is shown as the right panel of Figure 4 in
R. J. Foley et al. 2007; A. Pastorello et al. 2007). The detection was
followed by precursor emission detected in 2010mc (E. O. Ofek
et al. 2013; light curve shown in Figure 1) 2015bh (Figure 2;
C. C. Thone et al. 2017), 2016bdu (erroneously listed as 2016bhu
in A. Pastorello et al. 2018; T. Matsumoto & B. D. Metzger
2022a), LSQ13zm (L. Tartaglia et al. 2016), and 2009ip (E. Berger
et al. 2009; R. J. Foley et al. 2011; A. J. Drake et al. 2012;
J. C. Mauerhan et al. 2013a; A. Pastorello et al. 2013; R. Margutti
et al. 2014), the last of which was followed three years later by a

10°A binary explanation is supported by strong evidence that the majority of
massive stars form in binaries with separations low enough to undergo
interaction during their lives (D. Vanbeveren et al. 1998; H. Sana et al. 2012).
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presumably terminal explosion (although this interpretation is not
conclusive; M. L. Graham et al. 2014). More recently, precursor
activity has been detected in the SN IIn-P 2020pvb (N. Elias-Rosa
et al. 2024), the normal SN II 2020tlf (W. V. Jacobson-Galan et al.
2022), the SN1In 2021qqp (D. Hiramatsu et al. 2024), and the
SN Ibn 2023fyq (S. J. Brennan et al. 2024; Y. Dong et al. 2024).
These precursors were all detected in individual difference images,
but systematic efforts are now underway to search for subthreshold
emission preceding local CCSNe by coadding difference images
(E. O. Ofek et al. 2014) or time-averaging photometry in bins
leading up to the explosion (N. L. Strotjohann et al. 2021). High-
cadence coverage of recent local events has also allowed us to
place stringent limits on the luminosity of an optical precursor
when an event is not detected either in single-visit difference
imaging or through binning (e.g., 2023ixf (C. L. Ransome et al.
2024) and 2024ggi (M. Shrestha et al. 2024))"".

In this nascent and rapidly evolving discovery space, several
questions loom: is the pre-explosion mass loss of most terminal
systems continuous or eruptive? What physical mechanism drives
this emission, and what signatures does it imprint on the timescale
and luminosity of the emission relative to the explosion? Is
enhanced mass loss ubiquitous across core-collapse progenitors,
and can it be used to identify the final stages of stellar evolution
and predict the properties of a subsequent explosion?

Beginning its science operations for the 10-year Legacy Survey
of Space and Time (LSST) in late 2025, the Vera C. Rubin
Observatory (Z. Ivezi¢ et al. 2019) is expected to discover 1M
SNe yr_l, ~50% of them CCSNe. Its deep (r ~ 24 and i ~ 23.4 in
a single visit)'? ugrizY photometry will enable broad studies of
precursor demographics and volumetric rates. These data offer
the potential to shift SN science from a retroactive discipline
(the forensics of stellar death) to a proactive one (preparing for
and witnessing the most local CCSNe in real time). A
systematic investigation of the anticipated discoveries will
better prepare the community for this shift.

In this work, we forecast the discovery rates of eruptive
mass-loss episodes from hydrogen-rich CCSNe with the
upcoming Rubin Observatory LSST. We separately consider
the eruptions preceding SNe IIn and SNe IIP/IIL, and consider
both theoretical models from previous studies and an observa-
tional model constructed from a single archetypal precursor
event (that associated with SN 2020tlf). We consider these
precursor episodes as standalone transient events without
modeling an associated SN, due to the significant uncertainties
surrounding their connection to stellar death.

We first explore the potential for characterizing precursor
emission that passes LSST’s detection trigger in individual
differential photometry, which will be possible whether a
subsequent explosion is observed or not. We call these “single-
visit precursors,” and assume the differential photometry is
measured from deep templates with zero flux contamination. We
also evaluate both the number and properties of precursors
recovered by time-averaging multiple epochs of LSST photometry
in fixed-width bins, as is common for retroactive searches.'> We
call these detected events “binned precursors.” This latter
technique will allow us to probe pre-explosion variability long

' precursor activity is likely in both of these events, with dramatic NIR
variability revealed by Spitzer in the 2-3 yr preceding the former (C. D. Kilp-
atrick et al. 2023) and flash-ionization lines indicating the presence of CSM in
the latter (W. V. Jacobson-Galan et al. 2024a)

2 hitps: //www.lsst.org/scientists /keynumbers

13 Although we analyze differential photometry in this work, searching for
emission in deep coadded images is also common.
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Figure 2. The i-band light curves for 1000 model SEDs (thin lines) and a single characteristic event (thick line) for the four CCSN precursor models considered.
Precursors are color-coded by model type: 2020tlf-like (purple), MM22/II (black), L21/II (blue), and MM22/TIn (red). The i-band light curves for the extremely
underluminous SNe IIP 2005c¢s (turquoise) and 2005ay (yellow) are shown for comparison. Phases for all light curves are shown relative to the i-band peak. Lower
typical ejecta masses for the L21/II precursors relative to the MM22/1I precursors lead to shorter-lived events. Priors on progenitor radius and additional SEDs above
the RSG binding energy lead to higher typical luminosities for the MM22 /IIn precursors.

before an associated SNe, in contrast with extant detections
probing the final months preceding detonation.

Our paper is structured as follows. We describe our
precursor models in Section 2.1, and the observational model
used to generate synthetic LSST data in Section 2.3. In
Section 3.1, we present our anticipated annual discovery rates
in single-visit photometry. We expand this analysis to the first
three years of LSST by binning differential photometry in
Sections 3.2, and consider strategies to mitigate the impact
of flux contamination in our reference photometry in
Section 3.2.1. We then discuss the prospects for a local
volume survey for eruptive precursors and their host galaxies in
Section 3.3, and quantify the impact of our recovery rates on
line-of-sight extinction in the case of a dust-enshrouded
progenitor in Section 3.4. We summarize our results and
conclude in Section 4. In all simulations, we adopt a cosmology
of Qyy=03, Qy=0.7, wo=—1, and Hy=70kms ' Mpc™".

2. Methods
2.1. Models for Eruptive Mass Loss

As the foundation of each of our theoretical models,
we implement the eruptive precursor model described in
T. Matsumoto & B. D. Metzger (2022a). This model calculates
the light curve from hydrogen-rich ejecta with mass M,;
promptly launched by an eruption from the surface of a
progenitor with radius R,. The ejecta are assumed to expand
homologously, and its velocity profile is characterized by
density through the self-similar solution of A. Sakurai (1960),
v p ¥, where p=0.22 (corresponding to the polytropic
index of the envelope of n=3/2). The ejecta are divided into
multiple velocity shells and their thermal evolutions are
independently solved. The bolometric luminosity is then
calculated as the sum of the diffusion luminosity contributed
by each shell. The spectrum is approximated by a blackbody
with a temperature determined by the photosphere (the shell
whose optical depth 7 is unity). The model is parameterized by
the minimum eruption velocity, v,;, the total ejected mass, M,;,
the progenitor radius, R,, mass, M,, and polytropic index, n.
This model does not encode a physical mechanism powering the
emission, and is able to qualitatively reproduce the behavior of
both short-lived (<50 days) and more long-lived (>100 days)
precursors (T. Matsumoto & B. D. Metzger 2022a).

In this model, the peak luminosity of the observed emission
is strongly correlated with the progenitor radius, as material
becomes unbound more easily for progenitors with more
tenuous envelopes. We assume an RSG progenitor to simulate
the dominant contribution to the detected precursor population
relative to more compact progenitors such as Blue Supergiants
(BSGs). We fix n=3/2 and M, =10M,, and generate a
model grid of 8000 spectral energy distributions (SEDs)
spanning [1000, 15000] A and [0, 200]d relative to eruption.
For each SED, we sample R, values in 20 log-uniform bins
spanning [100, 1000] R, v? in 20 linear-uniform bins
spanning [0.1, 1] x 10°km s~ , and M,; in 20 linear-uniform
bins spanning [0.01, 1]M.. We refer to this model grid as
“MM22/11,” where the “II” designates a precursor model for
SNe ITP/IIL (in contrast to precursors for SNe IIn, which we
describe in additional detail below).'*

An alternative eruption model developed by I Linial et al.
(2021) considers material shed from a polytrope and accelerated to
the progenitor’s escape velocity by a Sedov-like blast wave
(L. I. Sedov 1946) launched from the stellar core (e.g., following a
change in nuclear core burning). Through a series of hydro-
dynamical simulations, I. Linial et al. (2021) establishes a
physically motivated range of ejecta masses associated with
eruptive precursors to RSGs. This ejected mass range extends
lower than the values considered in T. Matsumoto & B. D. Metzger
(2022a), and is determined by the location at which the outward-
propagating shock wave transitions from a slow to a fast shock.
Because the energy deposition occurs deeper into the star than the
T. Matsumoto & B. D. Metzger (2022a) model (where the material
is launched directly at the surface), less mass is accelerated beyond
the escape velocity to become unbound.

To explore a range of possible precursor events, we define a
new model grid in which we sample ejecta masses within
M,e [1075, 1071]M@, the range considered in I. Linial et al.
(2021), and self-consistently update the minimum velocity of
each precursor v,; to the escape velocity of the progenitor. We
refer to this model grid as “L21/I1.” We summarize the values
of the sampled parameters in our MM22 /I and L21/II model
grids in Table 1.

14T, Matsumoto & B. D. Metzger (2022a) also explore pre-explosion mass
loss due to enhanced winds, but the implementation of this model is beyond the
scope of this work.
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Table 1
The Parameters Sampled to Construct the Three Theoretical Models for
Eruptive SN Precursors

Model Parameter Unit Range/Value

MM22/1LIIn Ry R [100, 1000]
M, M., [0.01, 1]
Vej 10 km s™! [0.1, 1]

L21/I R, R, [100, 1000]
M, M, [107°,0.1]
Vej Vesc

Note. The MM22/II and MM22/IIn models are constructed from the same
SED grids, but with different selection cuts and priors on R, (see text for
details).

I. Linial et al. (2021) also require that the injected energy is
lower than the binding energy of the system, or else no
subsequent SN could occur. We apply a similar cut, and
eliminate SEDs from our MM22/II grid for which the initial
kinetic energy of the precursor exceeds the binding energy of
the system (this condition holds for all L21 /I SEDs, so none
are removed). This leaves 3013 SEDs in the MM22/1I grid.
Imposing this cut forces the assumption for both models that a
precursor is caused by energy injected at the center of the star
—although, because the deposited energy at the stellar surface
is always lower than the initial energy at the core due to
radiative losses, our upper limit is a conservative one.

The L21/II model assumes the same v o p~ * ejecta velocity
profile as the MM22/II model. As in T. Matsumoto &
B. D. Metzger (2022a), the L21/II SEDs are generated by
summing the luminosity contributions of a set of discrete
velocity shells in time, solving for the photospheric radius and
temperature of the system, and calculating the wavelength-
dependent flux of the precursor assuming blackbody emission.
For the lowest-mass and highest-velocity models in our grid,
this results in an early shock-breakout-like peak as the ionized
hydrogen from the highest-velocity shell recombines. Because
this phenomenon is specific to the assumed mass profile of the
ejecta, we manually remove the early peak from each light
curve in both the L21/I1 and MM22/1I grids so as not to
positively bias the detection statistics.

Precursor activity has been discovered in only a single
normal SN II, 2020tlf (W. V. Jacobson-Galdn et al. 2022).
Deep PS1 photometry showed enhanced, persistent emission
for 130 days prior to explosion. Although the general timescale
of this emission can be reproduced by the MM /II model, the
early peak of the model leads to discovery statistics
inconsistent with its observed counterpart. To further improve
our predictions, we translate the reported bolometric luminos-
ities of the SN 2020tlf precursor in W. V. Jacobson-Gal4n et al.
(2022) into a third SED model, assuming blackbody emission.
We call this precursor model “2020tlf-like.”

Significantly more precursors have been discovered preceding
SNelln (N. L. Strotjohann et al. 2021), in some cases reaching
peak luminosities comparable to the lowest-luminosity CCSNe
(e.g., the SNeIIP 2005cs and 2005ay, which exhibited plateaus
with My > —16; D. Y. Tsvetkov et al. 2006). Although the
physical mechanism underlying these precursors is unknown, the
most luminous SN IIn precursors suggest energies likely to unbind
an RSG if deposited at the core. Recently, D. Tsuna et al. (2024a)
proposed a model by which interaction from a compact companion
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can inject additional energy into the outer envelope of an RSG,
allowing precursors to exceed this limit. We further develop a grid
of SN IIn precursor SEDs by considering the full 8000 T. Matsu-
moto & B. D. Metzger (2022a) SEDs (before imposing a precursor
energy cut) and imposing a prior on R, from binary stellar models
in MESA (discussed in the following section). This forms our
fourth precursor model grid, which we call “MM22 /TIn.”

Since the luminosities of a precursor depend in part on the radius
of the progenitor launching them, we employ a prior on R, such
that our models reflect a physically motivated underlying stellar
population. We discuss these priors in the following section.

2.2. Constructing Priors for the Progenitor Radii of Simulated
Precursors

We impose empirical priors on the distribution of CCSN
progenitor radii with a separate suite of single and binary stellar
evolution models (A. Gilkis & E. Laplace et al. 2024, in
preparation) using version 15140 of the Modules for Experi-
ments in Stellar Astrophysics (MESA; B. Paxton et al.
2011, 2013, 2015, 2018, 2019) code.'> We assume a mixing
length parameter of a,,L.T =2 for all simulations. In super-
adiabatic regions, we employ the MLT++ method (B. Paxton
et al. 2013) at late evolutionary stages (after carbon depletion)
for models with log 1o(Tesr/K) < 4.3, or log 10(Te/K) < 5.025
and log |o(L/Ls) < 5.65 at core carbon depletion. In all other
models, the use_superad_reduction option is used.

Simulations were run for three different assumed metalli-
cities: that of the SMC (Z = 0.00224), the LMC (Z = 0.0056),
and the Milky Way (Z = 0.014). For the binary simulations, the
initial conditions were 27 initial primary masses between 4 and
99 M., 3 mass ratios (0.25, 0.55, and 0.85), and 14 initial
orbital periods evenly distributed in log-space between 2 and
2223 days. For single stars, 92 initial masses were used,
including those of the primaries in binaries. The explosibility in
simulations that reached iron core collapse was determined
following B. Muller et al. (2016), and in simulations that
reached the end of core carbon burning but not iron core
collapse, an explosion was assumed if the CO-core mass was
above the Chandrasekhar mass and below 9 M., In total, 1534
simulations were considered to represent SN progenitors: 109
single stars, 1031 primaries in binaries, and 394 merged stars
resulting from coalescence during common envelope evolution
following unstable mass transfer. Models with hydrogen mass
greater than 0.033 M, at the end of the simulation were taken
to represent a population of SNII progenitors (S. Hachinger
et al. 2012; A. Gilkis & 1. Arcavi 2022).

We find negligible differences in the radius distributions of the
three metallicities, and select the Milky Way model set as our
CCSN progenitor radius distribution. We use the stats module
in Scipy to compute a kernel density estimate (KDE) of R,,, and
sample our KDE with 301 log-uniform bins in the range
log(R«/R) € [2, 4]. In our subsequent LSST simulations, we
reweight the flat probability density function of our precursor
SEDs (for both MM22/1I and L21/1I) by this distribution. For our
MM22/TIn models, we adopt the distribution of progenitor radii
of all stars in binary systems as our prior on R,. To prevent
adding an extra dimension to our precursor model grids, we do
not weight our SEDs by the distribution of progenitor masses
from these simulations; our detection statistics are only weakly
dependent on M,,.

15 All MESA runs can be downloaded via Zenodo doi:10.5281 /zenodo.14047988.


https://doi.org/10.5281/zenodo.14047988

THE ASTROPHYSICAL JOURNAL, 978:110 (16pp), 2025 January 01

We plot the priors on progenitor radii for our ITP/IIL and IIn
precursors in Figure 1. We find a clear overdensity near
R, ~ 10° R, and a slight overdensity at higher radii for binary
CCSN progenitors relative to the full population. For
comparison, we show the reported progenitor radii for the
Type II SN 2004A, SN2009ib, SN 2017eaw, SN 2017gmr
(J. A. Goldberg & L. Bildsten 2020), and SN 2024ggi
(D. Xiang et al. 2024). Despite the small number of events,
we find broad agreement with the SN II progenitor estimates
from literature. We caution that our MESA models have
assumed hydrostatic equilibrium, and a violation of this
assumption in the case of, e.g., radial pulsations will lead to
variations in the adopted radius distribution.

We also show the radius estimates for a sample of Galactic
LBVs from L. Mahy et al. (2022) in Figure 1. The majority of
estimates fall toward the low-density tail of the binary system
distribution, inconsistent with the direct detection of LBV
progenitors in the case of the SNe IIn SN 2005¢gl (A. Gal-Yam
& D. C. Leonard 2009) and SN 2009ip (N. Smith et al. 2010;
R. J. Foley et al. 2011). We caution that, at the luminosities of
these LBV-like IIn progenitors, our MESA simulations predict
direct collapse into a black hole with no associated SN. Late-
stage eruptive mass loss may alter the core structure of these
progenitors, altering their explosibility and our subsequent
progenitor radius priors (e.g., S. E. Woosley 2019; E. Laplace
et al. 2021). Nonetheless, as we discuss in subsequent sections,
the resulting model grid is able to reasonably reproduce the
properties of observed SNIIn precursors without excessive
fine-tuning of the sampled precursor energies. We note that, for
a fixed progenitor mass, a decrease in progenitor radius will
lead to a less luminous precursor (Figure 4 from T. Matsumoto
& B. D. Metzger 2022a), leading to greater inconsistencies
between our IIn precursor simulations and those reported in
N. L. Strotjohann et al. (2021). This inconsistency suggests that
additional interaction (of a binary progenitor or between
multiple shells/clumps of surrounding CSM) contributes to the
observed emission of precursors, as will be discussed later.

We plot high-cadence, noise-free light curves in the LSST i
band for our four precursor scenarios in Figure 2. We show
1000 realizations of each model with low opacity, and a single
representative event as a solid line. As expected, the i-band
brightness of the 2020tlf-like model stays roughly constant for
longer than each of the other models. The lower ejecta masses
of the L21/II model relative to the MM22 /1T model manifest in
a population of shorter-lived events. The typical brightness of
events from the MM22 /IIn model grid generally exceeds those
of the other three models, and the longest-lived events exceed
75 days. For comparison, we also show i-band photometry for
the low-luminosity SNe ITP 2005ay and 2005cs retrieved from
the Open Supernova Catalog API'®

2.3. A Forward Model for LSST Observations

We use the SNANA simulation code (R. Kessler et al. 2009)
as a forward model for our synthetic LSST observations. The
LSST DESC collaboration'” has produced cadences associated
with existing and upcoming sky surveys that can be used by the
simulation (OpSim; R. Biswas et al. 2020). Starting from a grid
of rest-frame SEDs for a transient model, the SNANA code
draws an SED (its selection can be weighted, as is done here for

16 hitps: //github.com/astrocatalogs/ OACAPI
17 https://Isstdesc.org/
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progenitor radius), places the transient at a random sky
position, reddens it according to the Galactic extinction along
the line of sight, and selects a random redshift based on a
chosen volumetric rate (our adopted volumetric rates will be
discussed in detail below). Synthetic magnitudes are computed
using filter transmission curves and a cadence associated with a
proposed survey strategy. An observed flux and its associated
uncertainty are determined for each synthetic magnitude using
the OpSim-generated zero point, sky noise, and PSF. Detec-
tions from the DESC Difference Imaging Analysis pipeline'®
are based on a computed curve that tracks efficiency versus the
signal-to-noise ratio (S/N) for LSST (R. Kessler et al. 2019;
B. O. Séanchez et al. 2022), obtained through the injection of
point sources in synthetic LSST images from the DC2 sky
simulations (LSST Dark Energy Science Collaboration et al.
2021). To minimize spurious detections from Poisson fluctua-
tions, we impose a trigger requirement of two detections
separated by more than 30 minutes for discovery.

We adopt the latest baseline v3.4 LSST survey strategy in
our simulations,'” which was released in 2024 May and
includes the primary Wide—Fast-Deep (WFD) survey, the
subsurvey of five deep drilling fields (DDF), a rolling cadence,
and a fraction of observational triplets to increase the median
cadence of observations in a single photometric filter.
Additional details on this strategy can be found in the Rubin
Observatory’s Survey Cadence Optimizations Committee
recommendations document.”” While the exact survey strategy
adopted by the Rubin Observatory is actively evolving,
variations at this stage are expected to be minor and are
unlikely to substantially alter the results reported here.

We assume that all IIP/TIL and IIn SNe are preceded by an
eruptive precursor, and adopt the same volumetric rates for
their precursors. For our IIP/IIL precursor models (2020tlf-
like, MM22 /1, and L.21 /TI), we multiply the volumetric CCSN
rate from L.-G. Strolger et al. (2015) by 0.87, following the
volumetric fraction estimated from the LOSS sample in I. Shi-
vvers et al. (2017). For our MM22 /TIn model, we multiply the
rate by 0.05 (I. Shivvers et al. 2017; C. Cold & J. Hjorth 2023).

We caution that these rates are likely an overestimate, given
the results of E. O. Ofek et al. (2014), N. L. Strotjohann et al.
(2021), and A. Reguitti et al. (2024), but we emphasize that
serendipitous precursor discoveries among both SNeIln and
the SNII 2020tlf have been driven by targeted searches
preceding nearby explosions. Given the limited depth and
baseline coverage of current wide-field surveys (ZTF was
commissioned in 2018 and is multiple magnitudes shallower
than the Rubin Observatory in a single pointing), LSST data
can be used to probe fainter, earlier precursors than have been
found to date.”' A multi-year archival search among extant
wide-field photometric surveys will shed additional light on
relative rates, but the tightest constraints will come from the
Rubin Observatory itself.

For each precursor grid, we run two simulations. In the first,
we simulate the number of precursors recovered in single-
epoch photometry spanning the first year of LSST operations
(MJD 60796 to 61161). We impose an additional selection cut

'8 hitps://github.com /LSSTDESC /dia_pipe

' hitps: //community.lsst.org/t/release-of-v3-4-simulations /8548

20 hitps: / /pstn-055.Isst.io/

2L A Reguitti et al. (2024) caution that their discovery of precursor activity in
~30% of SNelln is an underestimate of the intrinsic rate driven by
observational biases.
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Figure 3. Histogram over distance for the single-visit precursor events passing our two-detection trigger in one year of LSST. The vertical lines at the top reflect the
distances at which observed precursors to 2020tlf (shown in purple) and SNe IIn (red) from N. L. Strotjohann et al. (2021) reach the single-visit limiting magnitude of
LSST in r. Gray vertical lines indicate the upper limits of precursor emission in 2023ixf (C. L. Ransome et al. 2024) and 2024ggi (M. Shrestha et al. 2024).

beyond the trigger criterion, and require at least two detections
with a signal-to-noise ratio >5 in any bands. In the second
simulation, we exclude the detection trigger and our selection
cut and write out all events occurring within the observing
footprint of the simulated survey. We expand our simulation to
the first three years of LSST operations in the second
simulation (spanning MJD 60796 to 61526) to mitigate
variations due to Poisson statistics, which become relevant
when examining binned events discovered in DDF fields.

3. Results
3.1. Annual Discovery Rates from Single-visit Observations

We first consider the events passing our detection trigger in
single-epoch differential photometry (our “single-visit precursors”).
We present histograms for the detected event distances of our four
models in Figure 3. We define the median distance d and the 90th
percentile of detection distances dy, for each model. Due to their
low luminosity, 2020tlf-like events are only detected to
d =~ 74 Mpc and doy~ 108 Mpc. Because the distribution for
our L21/II models extends toward lower-mass precursors, we
observe systematically lower distances for the detected population
relative to the T. Matsumoto & B. D. Metzger (2022a) grid: we

detect L21/I events with d ~ 110 Mpc and dy~ 205 Mpc,
compared to MM22/II events with d ~ 143 Mpc and
dgy ~ 241 Mpc. The luminous MM22 /TIn precursors are detected
to significantly greater distances, with over twice the median
distance (d ~ 340 Mpc) and over twice the dy, distance of the
second-highest model (dgy =497 Mpc). We summarize these
metrics and the total number of detections for all single-visit
precursors in Table 2.

For comparison, we also show the maximal LSST
detection distances of the SN 2020tlf precursor from W. V. Jacob-
son-Galdn et al. (2022) and observed SNIIn precursors from
N. L. Strotjohann et al. (2021) (using the anticipated LSST limiting
magnitude) as vertical lines in Figure 3. Overall, we find good
agreement between our simulated detection distances and the
observed events. The observed SN IIn precursors extend toward
the higher end of our predicted distribution, but this is due to the
greater abundance of longer-lived events that can be recovered
through binning (as is done in N. L. Strotjohann et al. 2021). We
also show the reported upper limits for emission preceding the
nearby Type II SN 2024ggi and SN 2023ixf from M. Shrestha
et al. (2024) and C. L. Ransome et al. (2024), respectively. Neither
event showed optical signatures of precursor activity, despite their
close proximity; we will return to these events in Section 3.4.
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Figure 4. Brightness vs. observed timescale for the single-visit precursors
passing the detection trigger, where the timescale is defined as the number of
days from first to last 5o detection in any band. Models are listed in the legend.
Also shown are the brightnesses and timescales for observed SN IIn precursors
from N. L. Strotjohann et al. (2021), as well as those of LRNe reported in
M. M. Kasliwal (2013).

Table 2
Median Distance, 90th-percentile Distance, and Total Number of Single-visit
Precursors Detected in One Year of LSST

Model d dgo Neot
(Mpc) (Mpc)

MM22/11 143 241 125

L21/1 110 205 39

2020tlf-like 74 108 64

MM22/IIn 341 497 112

Next, we investigate the properties of the discovered events.
We plot the peak absolute brightness in any band for the single-
visit precursors as a function of the observed timescale, which
we have estimated as the number of days from first to last
detection in any band. We caution that this observational
definition does not directly correspond to the intrinsic timescale
of an event, in particular for events poorly characterized at
higher redshifts. We present the results in Figure 4, and
compare our simulations to the properties of the reported IIn
precursors from N. L. Strotjohann et al. (2021). We also overplot a
sample of luminous red novae (LRNe) from M. M. Kasliwal
(2013). These transients are believed to be powered by hydrogen
recombination following the ejection of a common envelope or
merger of a binary stellar system (A. Pastorello et al. 2019), and
their similarity to IIn precursors has been discussed extensively in
the literature (the T. Matsumoto & B. D. Metzger 2022a model we
employ has also been used to model LRNe; see T. Matsumoto &
B. D. Metzger 2022b).

The brightness distribution of synthetic and observed IIn
precursors is comparable, but we are unable to reproduce the
subpopulation of longer-lived (>50 days) IIn precursors. We
note that multiple precursor events spanning ~100 days have
been reported for the SNe IIn in N. L. Strotjohann et al. (2021).
Because these long-lived events will be easier for LSST to
detect in both single-visit and binned searches, our subsequent
annual rates for SNIIn precursors can be taken as a
conservative estimate.
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Figure 5. Ejecta masses as a function of the minimum ejecta velocities for the
single-visit precursors passing the detection trigger. Precursor models are listed
in the legend. We also show the properties of well-constrained IIn precursors
detected in N. L. Strotjohann et al. (2021): their estimated CSM velocities from
narrow line profiles in early SN spectra, and upper limits to the inferred ejecta
mass from SN rise times.

We observe significant scatter in the estimated timescale for
2020tlf-like events due to the flat, long-lived emission, which
can sit at the LSST detection limit and be marginally detected
above the noise in only a few observations. As expected, the
observed population of LRNe spans the full parameter space of
our precursor models. This makes them a primary contaminant
of upcoming precursor searches.

Next, we consider the distribution of physical parameters for
single-visit MM22/II, MM22/IIn, and L21/II precursors. We
plot M, versus v, for detected events in Figure 5, and
superimpose the well-constrained velocities and ejecta mass limits
reported by N. L. Strotjohann et al. (2021). The CSM velocities in
this work have been estimated from shock-ionization line profiles,
and the mass limits are inferred from the maximum allowable
diffusion time consistent with the timescale of the subsequent SN
rise. Again, we find good agreement between detected and
simulated IIn precursors, although we caution that the literature
values are order-of-magnitude estimates. We find minimal overlap
between parameter properties between models, with 121 /I
precursors occupying the lowest velocities and ejecta masses.

In Figure 6, we compare the total number of detections for
each single-visit precursor versus the number of days between
first and last detection. Events in the top right corner of this
phase space are ideal for photometric and spectroscopic follow-
up, while follow-up will not be possible for the events in the
bottom left. Again, we find a strong dependency on model type,
with 2020tlf-like precursors being ideal follow-up targets, due
to their longer timescales, followed closely by MM22/IIn
precursors, due to their high relative luminosities.

3.2. Annual Discovery Rates from Binned Photometry

Discovery from a two-detection trigger may be possible for
the brightest tail of the precursor luminosity distribution, but
the majority of observed precursors have been discovered
through stacking of archival photometry a posteriori once an
SN is found. We investigate this possibility by excluding all
LSST detection triggers from our observing model and saving
the differential photometry for all events of each model
simulated within z<0.3 and across the first three years
of LSST.
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Figure 6. Total number of photometric detections vs. the time difference
between first and last detection for single-visit precursors. Events at the top
right are ideal for spectroscopic follow-up, while data for events at the bottom

right are unlikely to be scientifically valuable. Trends in this space are reflective
of the luminosity—timescale relation of each precursor model (Figure 4).

For each event, we bin the differential photometry separately
in each LSST filter using a fixed bin size N in days. We adopt a
similar detection criterion for our binned photometry as for the
unbinned case, and require at least one S/N >3 binned
detection. We consider four bin sizes: N=1, 20, 50, and
100 days. Because the typical single-filter cadence of LSST in
Wide—Fast—Deep mode is ~18 days, bin sizes less than 20 days
are unlikely to consistently capture more than a single
observation. Further, the vast majority of our precursors do
not last longer than 50-75 days; using a wider bin would
average out any potential detections with the background.

We present the three-year recovery statistics for our four
classes in the WFD and DDF surveys across all bin widths in
Figure 7, and overplot the single-visit detections described in
the previous section. We find a ~70% increase in the median
detection distance in the three-year WFD photometry relative to
single-visit across all models: up to 431 Mpc for the MM22 /TIn
precursor, 206 Mpc for the MM22/II precursor, 162 Mpc for
the L21/II precursor, and 94 Mpc for 2020tlf-like precursors.
The WFD distributions all feature a substantial positive skew,
where faint precursors are marginally detected above the
background. We also show example precursors with binned
detections above 50 for each bin width in the Appendix.

As expected, the median detection distance is also higher in
the DDF fields than in WFD, as a result of the higher single-
band cadence. In all SNII models (MM22/II, L21/1I, and
2020tlf-like), we nearly double our median recovery distance
relative to WFD. These longer-lived, more abundant precursors
relative to the MM22 /IIn model are significantly aided by the
increased DDF cadence. The median distance for recovered
MM22 /1In precursors increases by a smaller fraction, from 432
to 637 Mpc. This is a consequence of the relative luminosity of
these events and the lower assumed volumetric rate (such that a
larger fraction of the intrinsic population is detected with the
baseline WFD cadence than the SN II precursors).

Finally, we present the peak absolute brightness as a function
of distance for all single-visit and binned precursors in
Figure 8, and compare these to the 5o single-visit r-band
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detection limit of LSST and ZTF. We find that the vast majority
of detections for all precursor models surpass the ZTF r-band
single-visit 50 depth of ~20.8 (F. J. Masci et al. 2019),
reflecting the necessity of the Rubin Observatory to character-
ize dim transient populations such as the ones considered here.
We also find that the events discovered by binning will have
very few statistically significant detections for characterization,
and they may only be scientifically valuable to constrain
demographics (unless timescales are inferred by comparing
multiple binning approaches, as we discuss in Section 3.2.1).

We can broadly compare our recovery statistics in Figure 8
to previously detected precursors. Given the observational
biases associated with targeted binned searches, we limit our
comparison to precursors recovered in our single-visit simula-
tion. N. L. Strotjohann et al. (2021) report (their Figure 2) that
precursor emission was securely detected at the 5o level
preceding 14 SN IIn in single-visit (unbinned) ZTF pointings,
versus none in our one-year simulation. In 10 of these SNe, the
brightest detected precursor event had a median flux of
M < —15 in either ZTF-g or ZTF-r, brighter than the vast
majority of MM22/IIn events. Earlier simulations have been
similarly unable to reproduce this high-luminosity tail of
observed SNe IIn (e.g., J. H. Shiode & E. Quataert 2014).

Given the existence of bright, long-duration SNIIn pre-
cursors not captured by our simulation framework, we have
compared our annual single-visit detection rates with those
from a simpler IIn precursor model consisting of persistent
emission for ~100 days and peaking at M ~ —16. The relative
rarity of these brighter events among the sample analyzed by
N. L. Strotjohann et al. (2021) (associated with ~1% of all
SNelln, and ~5% of long-lasting precursors <90d from
explosion; see Figures 7 and 8 of N. L. Strotjohann et al. 2021)
corresponds to a detection rate of ~10yr ' with the LSST,
subdominant to our reported IIn rate. However, we caution that
these statistics are highly sensitive to the assumed proportion of
this bright subpopulation; a relative fraction of 2% (within 1o
of the fraction reported by N. L. Strotjohann et al. 2021) leads
instead to a detection rate of ~30yr ', with multiple now
detected above the ZTF detection limit.

In 11 of the 14 SNe with single-visit precursor detections,
the brightest detected precursor occurred in the final month
preceding detonation. CSM velocities far above the values
considered here (v,; > 10*km s™") could increase the luminos-
ity of the observed precursor, but would be inconsistent with
values inferred from spectroscopy. Kinetic energy from the
interaction between multiple CSM shells ejected prior to the
explosion can contribute additional luminosity to an observed
precursor, and is suggested by the detection of multiple
precursor events preceding several of the SNe IIn reported in
N. L. Strotjohann et al. (2021). Early eruptions may also alter
the density structure of a progenitor envelope, decreasing the
photon diffusion time and increasing both the luminosity and
duration of subsequent precursor emission (N. Kuriyama &
T. Shigeyama 2021). Modeling the long-term response of the
progenitor system to these eruptions, as well as the interaction
of the CSM from distinct outbursts, may be necessary to
reproduce the full diversity of SN IIn precursors.

Next, we consider unbinned detections of SNIIP/IIL
precursors. Each of our SN II models (MM22 /11, L21 /11, and
2020tlf-like) predict precursor emission detectable in unbinned
photometry above the 5o magnitude limit of ZTF, yet none
have been discovered to date. We caution that the timescale and
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Figure 7. Distances of precursors detected in LSST data in the idealized binning case at any bin width during the first three years of the primary WFD survey (red) and
the DDF survey (blue). For comparison, we also show the distances of precursors from our 1 yr single-visit study described in Section 3.1 (purple). The median of

each distribution is shown as a solid line.

SED of potential SN IIP/IIL precursors is highly uncertain,
informed only by the observational constraints provided by
SN 2020tlf (and the single-epoch luminosity and blackbody
properties of this precursor are not well-constrained). A
decrease in the inferred blackbody temperature of 2020tlf-like
events of a factor of two pushes the peak of the emission into
the infrared and beyond the reach of ZTF (though it may still be
detected in LSST-y). Furthermore, the persistent emission
observed in the 2020tlf precursor may be more consistent with
an enhanced wind rather than eruptive mass loss (W. V. Jacob-
son-Galdan et al. 2022; T. Matsumoto & B. D. Metzger 2022a).
Finally, as we discuss in Section 3.4, extinction from dust
surrounding the SN II progenitor may render these dimmer
precursors undetectable at optical wavelengths.

3.2.1. Strategies for Binning Pre-explosion Photometry in the Case of
Multiple Precursors

By default, our simulations have assumed that the templates
used to calculate differential photometry contain zero flux. In
practice, the selection of a baseline flux level for binning studies

is a nontrivial task. Sky noise leads to stochastic variations in
flux, host-galaxy light can be substantial for these local events,
and a reference flux baseline chosen across some pre-explosion
window could be contaminated by marginal emission from the
current or a separate undetected precursor event.

To explore strategies to mitigate template contamination by
precursor emission, we use the SEDs in Figure 2 to calculate
the average flux contribution in each LSST passband from each
of the precursor models. We consider three strategies for
baseline flux estimation:

1. Baseline Averaging, 50 days.In the first strategy, we
average the flux contribution from the first 50 days of precursor
emission, mimicking the pessimistic case in which a precursor
is fully captured in the coadded template and the template spans
the approximate timescale of precursor emission. We adjust the
raw differential fluxes from our three-year simulation according
to these new model-specific baselines and repeat our experi-
ment, binning the resulting photometry in 1, 20, 50, and
100 day bins.

II. Baseline Averaging, 500 days.In the second case, we
average the flux contribution across 500 days, starting at the
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Figure 8. All single-visit and binned CCSN precursors from one year of synthetic LSST observations. Color corresponds to the precursor model assumed (given in
legend), and point size corresponds to the total number of 5o detections for that precursor. The dashed gray line corresponds to the r-band single-visit 5o detection
limit of the Zwicky Transient Facility, and the solid gray line corresponds to the r-band single-visit 5o detection limit of the Rubin Observatory. Binned detections are
only shown beyond the single-visit VRO detection limit for clarity. Colored lines at bottom and right give the upper 75th percentile for distance and peak brightness

for each model type.

eruption time of each precursor, in the hopes of averaging out
the added flux in the contaminated template.

Il Iterative Median. In the third case, we employ a similar
iterative median strategy to the one introduced in N. L. Strotjo-
hann et al. (2021) to find SN IIn precursors. For each LSST
band, we choose a 500 day window starting from eruption time.
We calculate the median raw flux across all observations,
remove the observation with flux farthest from the baseline (not
considering uncertainties), and recalculate the median flux. We
repeat this process until 20% of the data are left, and select the
final median flux as our baseline value in each passband. We
then average the contribution across all light curves for each
model at a fixed distance. During our binning experiments, we
calculate this baseline flux contribution at the distance of our
candidate precursor.

We report the total number of events recovered, and the 70th
percentile of their detection distance dys, as a function of bin
width for each of our three cases (50 and 500 day baseline
averaging, and iterative median) compared to our “ideal”
uncontaminated baseline, in Figure 9.

The d;5 distance of recovered precursors is fully determined
by the chosen model and bin width, and is not impacted by the
baseline strategy adopted. We find the most significant absolute
decrease in detection distance across bin widths with the L21/
II model, from 240 Mpc with 1day bins to 200 Mpc with
100 day bins. The MM22/TIn precursors are recovered to
comparable distances with every bin width, a result of their
high intrinsic luminosities and low volumetric rates relative to
the other models.

In the ideal (zero template flux) case, we find an increase in
the number of detected events with 20 day binning across all

10

models. With the MM22 /T and L21 /I models, we observe a
decrease in detected events with 50 and 100 day bins, and a
similar reduction with 100 day binning for our MM?22 /IIn
model. In contrast, a monotonic increase in the number of
detected 2020tlf-like events can be seen when increasing the
bin width from 1 to 100 days. These differences are reflective
of the different phenomenology of each event, and may be
useful for broadly characterizing precursor timescales even if
individual events are not well-constrained.

When contaminated flux for the 2020tlf-like precursor is
averaged across a 50 day window, we lose ~50 precursors at
every bin width considered. We recover our full detected
population equally by extending our averaging window to
500 days or employing the iterative median strategy. We
conclude that our recovery statistics are not significantly
impacted by contaminated templates, except in the case of
2020tlf-like precursors. We note that, if the flux baseline is
systematically increased, a precursor may still be detectable by
looking for statistically significant flux decreases. These
transient events will be flagged in the LSST alert pipeline.

To investigate the impact of Poisson fluctuations on our
recovery statistics, we dim the SED of our 2020tlf-like model
by 20 magnitudes and run the same binning experiment on all
raw flux values at the location of each transient. In our flux-free
template, we find no 5o detections at any bin width, indicating
that our precursor estimates are precise. A caveat exists for the
50 day iterative binning technique where the template is
contaminated by precursor flux: the technique led to the
spurious “identification” of 2-5 events at all bin lengths. We
therefore caution that this approach, while able to mitigate the
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Figure 9. Maximum distance (top) and total number (bottom) of detected precursors in three years of LSST operations as a function of bin width for the four models in
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effects of template contamination, may also lead to unreliable
statistics for upcoming population studies.

We show sample events discovered by binning in 1 day,
20 day, 50 day, and 100 day bins for each of our models in the
Appendix. The shaded region indicates the bin in which a
detection was made.

Because these precursors are recombination-driven, the peak
of their assumed blackbody emission can be calculated from
Wien’s law. Assuming the recombination temperature of
hydrogen to be ~4000 K, we find a peak of ~7200 A, between
the effective wavelengths of the LSST-r and LSST-i filters. As
expected, the majority of both single-visit and binned
precursors at all bin widths are detected in LSST-r and -i.

3.3. Maximizing Precursor Identification via a Local Volume
Galaxy Survey

SNe detected by LSST will outnumber detected precursors
10,000 to 1. Rapid association of these transients to galaxies at
well-constrained distances is essential to clarify their nature as
low-luminosity transients. To explore this possibility, we query
the GLADE+ (G. Dalya et al. 2022) and DECaLS Data
Release 10 (A. Dey et al. 2019) catalogs for all galaxies within
800 Mpc and overlapping with LSST fields. We present the
cumulative number in each catalog as a function of distance in
Figure 10. We overplot the 75th percentile for the distance of
detected 2020tlf-like precursors from Figure 8. We find 168
spectroscopically confirmed galaxies within the GLADE+
catalog within this distance, 1912 photometric galaxies within
the GLADE+ catalog, and 5090 photometric galaxies within
the DECaLS DR10 catalog. Spectroscopically confirming the
distances of the photometric galaxies, e.g., through The Dark
Energy Spectroscopic Instrument’s upcoming MOST Hosts
Survey (M. T. Soumagnac et al. 2024), is critical for
distinguishing new precursors from the transient zoo and
further uncovering the diversity of pre-explosion variability.
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et al. 2022) and DECaLS (A. Dey et al. 2019) overlapping with the LSST
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confirmed GLADE+ galaxies in blue, the upper 68th phot-z percentile for the
photometric GLADE+ galaxies in red, and the 68th phot-z percentile for the
photometric galaxies in DECaLS DR10 in purple. Horizontal lines correspond
to the cutoff distance of each catalog within which 75% of 2020tlf-like single-
visit precursors are detected.

The majority of undetected events in our simulation were
missed not because of the LSST survey strategy, but because of
their intrinsic faintness. A higher-cadence search with smaller-
aperture telescopes is unlikely to lead to additional discoveries.
As a case study, we take the La Silla Schmidt Southern Survey
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(LS4) with its forecasted limiting magnitude of ~21.* A
coadded image of 20 background-limited LS4 exposures taken
in the span between LSST observations (LS4 will observe 5000
deg? in alternating nights between gi and iz, allowing for 20
i-band exposures in 20 days) will reach an apparent magnitude
of ~22.6, still magnitudes shallower than the LSST single-visit
limiting magnitude of ~24.5. BlackGEM, a wide-field South-
ern Hemisphere optical imager operating concurrently with
LSST and with an anticipated limiting magnitude of ~23 and a
planned Local Transient Survey scanning local overdensities
with six exposures per night, has greater potential for detecting
additional precursors.”® Nonetheless, photometry from smaller
instruments will still be useful for characterizing events
discovered in sparse LSST data. Our single-visit simulations
recovered between 12 and 40 total precursors per year brighter
than the coadded LS4 limit. Further, these surveys are useful
for characterizing the photometric evolution of the most nearby
CCSNe that would saturate the LSST CCDs (a transient
peaking at M < —18within ~60 Mpc would saturate the CCD
within the anticipated 15s exposure time),”* as well as
constraining the signatures of SN—-CSM interaction. We therefore
recommend a subsurvey of local galaxies to complement LSST
observations and further enable this science case.

3.4. Impact of Dust on Precursor Recovery Rates

The lack of an optical detection of enhanced pre-explosion
emission in the case of SN 2023ixf (C. L. Ransome et al. 2024) to
an absolute magnitude limit of ~ —7, despite years-long infrared
variability observed with Spitzer, suggests that dust can
significantly limit the precursor yield of LSST. Detection limits
of —9.5 mag were similarly obtained from pre-explosion
observations of the SN 2024ggi explosion site, despite flash-
ionization lines in early SN spectra suggesting the presence of
local CSM (W. V. Jacobson-Galén et al. 2024a). SED modeling

%2 hitps:/ /www.snowmass21.org /docs/files/summaries /CF/SNOWMASS
21CF6CF4PeterNugent171.pdf

2 hitps: //astro.ru.nl/blackgem/?page_id=302
24 https: //www.Isst.org/sites /default/files /docs /sciencebook /SB_3.pdf
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of the SN 2023ixf precursor was consistent with a line-of-sight
extinction of Ay 2 4.6 mag, where the extinction is dominated by
the progenitor environment. While additional limits can be
derived from supernova observables, precursor emission can be
obscured by substantially more dust being destroyed in the
subsequent explosion. To estimate the impact that intervening dust
has on precursor recovery rates, we run an additional set of 1 yr
LSST simulations with the 2020tlf-like precursor model. We
assume a fixed volumetric rate and increase the line-of-sight
extinction parameter Ay in 27 linearly spaced bins from 0.1 to
5 mag. We report the recovery fraction in each bin in Figure 11.

The fraction of recovered events drops to 20% + 7% at
Ay~ 1.5 and 2% +£2% at Ay~4.6 (the reported extinction
value for the progenitor of 2023ixf; see C. D. Kilpatrick et al.
2023), dramatically limiting the demographic studies possible
with LSST. At intermediate extinction values, a highly
reddened precursor may allow some constraints to be placed
on dust mass, but large uncertainties on composition and grain
size distribution may limit the constraining power of optical
photometry alone. The forthcoming Nancy G. Roman Space
Telescope, which will image 2000 square degrees of the sky in
four NIR filters to a depth of J~26.7 AB during its High
Latitude Wide Area Survey, will be more naturally suited to
detect precursor emission from dust-enshrouded progenitors
and reconstruct a warm dust SED.

4. Conclusions

In this work, we have explored the anticipated discovery rates
of eruptive precursors to CCSNe with the upcoming Rubin
Observatory LSST. Our key findings are summarized below.

1. Our models suggest that 40—130 eruptive precursors to
SNe IP/IIL, and ~110 eruptive precursors to SNe IIn,
will be detectable in single-visit LSST photometry
annually. This recombination-powered emission will
primarily occur in the r and i bands. These rates are
strongly dependent on our assumed model: longer-lived
and substantially brighter SN IIn precursors have been
reported in the literature (N. L. Strotjohann et al. 2021)
than can be explained by the IIn model outlined here,
which will further increase detection rates.

2. Assuming that the template for difference imaging
contains zero flux, we anticipate ~400 SN IIn precursors
by binning single-passband LSST photometry in 20 day
bins and ~250 2020tlf-like precursors binning in 100 day
bins in the first three years of LSST. If IIP/IIL precursors
are brighter and shorter-lived than the archetypal 2020tlf
precursor, as is modeled with the MM22/II eruptions,
more may be detectable in the same period.

3. When the data are binned, the DDF survey is expected to
roughly double the median depth at which eruptive
precursors to SNeIIP/IIL are detected relative to the
primary WFD survey.

4. Line-of-sight extinction from a dusty CSM can signifi-
cantly reduce the fraction of recovered precursors with
optical photometry, with ~0 events recovered at the
reported extinction of the 2023ixf progenitor.

5. Despite the low number of single-visit events detected
relative to other models, 2020tlf-like precursors will be
prime targets for spectroscopic follow-up, due to their
long duration and high number of LSST detections.


https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21CF6CF4PeterNugent171.pdf
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6. Spectroscopic confirmation of precursor host galaxies will
be critical to distinguish these rare transients from more
distant events, although they will still be easily confused
with luminous red novae. Complementary photometric
surveys will allow for greater characterization of local
CCSNe, offering the possibility of linking detected
precursors to the post-explosion behavior of the SN.

Our similar LSST discovery rates between SN IIP/IIL and
SNIIn precursors at first seem discrepant with observed
precursor detections, which are overwhelmingly associated
with SNeIIn. This result is a reflection of the significantly
higher volumetric rate of SNeIIP/IIL and their dimmer
modeled precursors, such that a greater fraction of events
may be detectable only with the Rubin Observatory. Dedicated
searches for this hidden population will significantly improve
predicted event rates and characteristics.

A full treatment of eruptive precursors to CCSNe would model
both phenomena simultaneously and self-consistently. Though
this approach has been undertaken for individual events (e.g.,
2021qqgp; D. Hiramatsu et al. 2024), we have avoided imposing
assumptions about the phases at which these eruptions occur in
this work. Future simulations could include an associated SN
using the CSM masses derived from precursor events, and
investigate correlations in SN properties. Another extension to this
work would be to model the dust produced during precursor
episodes and link the line-of-sight extinction to the ejecta mass—
although, as has been mentioned in Section 3.4, this requires
imposing additional model assumptions.

We have considered single-visit and binned precursors
separately, but LSST detections of a precursor in the alert
stream will prompt binned searches to recover additional
observations. This will be possible only for a subset of high-
cadence WFD observations for precursors that evolve accord-
ing to our theoretical models, or for the bulk of observations for
longer-lived 2020tlf-like emission. The discovery of an
associated SN will aid in selecting specific pre-explosion
phases for these more targeted precursor searches.

The number of annual CCSNe within 800 Mpc is low
enough that binned searches for pre-explosion emission at
every site should be attempted; nonetheless, this represents a
major computational undertaking, and support from Interna-
tional Data Access Centers (IDACs) associated with the Rubin
Observatory would greatly facilitate this search.”> Where
comprehensive searches are not possible, triaged searches
preceding SNe with clear signatures of CSM interaction could
be prioritized, although this will severely limit the inferences
that could be made about the population at large.

The number of proposed models for precursor emission
continues to grow. Recently, D. Tsuna et al. (2024b) proposed
a mechanism by which super-Eddington accretion from a
stripped low-mass He primary onto a compact companion
drives outflows that power a long-duration transient. The
bolometric luminosity of this precursor (with variations from
the geometry of the outflows) is constant for years prior to the
destruction of the system (via either core collapse or merger),
and brightens to ~10* erg s~ in its final months. This model
has been invoked to explain the long-lived precursor emission
in the SN Ibn 20203fyq. While we only consider eruptive mass
loss from hydrogen-rich progenitors in this work, this model
will be the focus of a follow-up study. In another recent model,

% https: //www.Isst.org/scientists /in-kind-program /computing-resources
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weak shock waves from an RSG interacting with an extended
chromosphere are proposed to explain mass-loss rates derived
for SN IIP/IIL progenitors (which are argued to probe winds
driven by radiation pressure at the dust formation radius;
J. Fuller & D. Tsuna 2024). A dearth of optical precursors
detected in LSST data would lend support for this theory.

Although we have explored binning strategies when there are
multiple eruptions preceding a single SN, we have not explicitly
modeled the SED that arises from interacting shells of ejected
CSM. A multi-eruption model of this kind was explored in
D. Tsuna et al. (2023), and a single-eruption model was also
introduced using radiation hydrodynamics. These RSG precursors
last hundreds of days, significantly longer than any of the models
considered in this work, and peak in the infrared at approximately
the luminosity of the 2020tlf-like precursor. Extrapolating the
results from our 2020tlf-like results, we expect more optimistic
recovery statistics for these events when binning >100 day
photometry in LSST-Y and higher median distances from events
in the Deep Drilling Fields. A systematic comparison between the
estimates reported here and the precursors observed in the early
years of LSST will shed additional light on the physical
mechanisms driving terminal mass loss in SNIIn and SNIIP/
IIL progenitors.
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Appendix

In Figure 12, we provide examples of precursor events
across each of our four assumed models (MM22/TIn, MM22/
I, L21/11, and 2020tlf-like) with photometry detected at >50
in 1-100 day bins and assuming uncontaminated templates.



THE ASTROPHYSICAL JOURNAL, 978:110 (16pp), 2025 January 01

¢ u O g O r
MM22/IIn, 1 day binning MM22/IIn, 20 day binning
100 100-
ER ALY .. TV
3 0-3@-%@.-@&_ 2O ¢ ©
—1001 i
61000 61050 61100 60850 60900 60950
M22/11, 1 day binning M22/11, 20 day binning
100
L 1007 ¢ . N
= e ;@--o ........... P AN RN
_100 T T T T T T
60900 60950 61000 60800 60850 60900
L21/11, 1 day binning L21/11, 20 day binning
2004
y $ 100 +
N N o 12%m 4 0-3-4%@@ o_la.
) ¢ o
60000 60950 61000 60950 61000 61050
2020t1f-like, 1 day binning 2020t1f-like, 20 day binning
2004
100
z ¢ 3@ ®
= ] A S
[ 0_?___8_ ______ Sh 0 QL@ ;
61050 61100 61150 61000 61050 61100

Date (MJD) Date (MJD)

Gagliano et al.

o i © =z ® Y
MM22/IIn, 50 day binning MM?22/IIn, 100 day binning
100
1001
>
0_ - R
SAGM <, = O A -%@3@1;-
~100- +
60950 61000 61050 60900 60950 61000

M22/11, 50 day binning M22/11, 100 day binning

100 $ 100 ¢
éo RR @--@—g
0____.8$99_©__ _________ 0
~100-
60800 60850 60900 60800 GOS50 60900
L21/11, 50 day binning L21/11, 100 day binning
1004 100
© :
0---mm-mmm §§§14ng—59— I Q000
: :
60750 60800 60850 61000 61050 61100

2020tlf-like, 50 day binning 2020t1f-like, 100 day binning

2001
100 +
$ %9, o] oA ¢
0By~ T === ‘
60900 60950 61000 60750 60800 60350

Date (MJD) Date (MJD)

Figure 12. Examples of binned precursor events with at least one 5o detection for each model (rows) and bin width (columns), considering both WFD and DDF
observations. Each bin in which a 50 detection was made (in any band) is shaded. Most detections are made in LSST-r and LSST-i.
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