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Abstract

Transient astronomy of the early, high-redshift (z > 3) Universe is an unexplored regime that offers the possibility
of probing the first stars and the epoch of reionization. During Cycles 1 and 2 of the James Webb Space Telescope
(JWST), the IWST Advanced Deep Extragalactic Survey program enabled one of the first searches for transients
in deep images (~30 AB mag) over a relatively wide area (25 arcmin?). One transient, AT 2023adsv, was
discovered with an F200W magnitude of 28.04 AB mag, and subsequent JWST observations revealed that the
transient is a likely supernova (SN) in a host with zg,.. = 3.613 &= 0.001 and an inferred metallicity at the position
of the SN of Z, = 0.3 £ 0.1 Z.. At this redshift, the first detections in F115W and F150W show that
AT 2023adsv had bright rest-frame UV flux at the time of discovery. The multiband light curve of AT 2023adsv is
best matched by a template of a Type IIP SN (SN IIP) with a peak absolute magnitude of Mz ~ —18.3 AB mag.
We find a good match to a 20 M, red supergiant progenitor star with an explosion energy of 2 x 10°" erg, likely
higher than normally observed in the local Universe, but consistent with SNe IIP drawn from local, lower-
metallicity environments. AT 2023adsv is the most distant photometrically classified SN IIP yet discovered with a
spectroscopic redshift measurement, and may represent a global shift in SN IIP properties as a function of
redshift.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Core-collapse supernovae (304); Type II supernovae
(1731); High-redshift galaxies (734); Metallicity (1031)
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1. Introduction

Core-collapse supernovae (CCSNe) are the explosive deaths
of massive stars with initial masses >8 M, and are
remarkably diverse in their properties (A. Heger et al. 2003;
S. J. Smartt 2009; J. P. Anderson et al. 2014; N. E. Sanders
et al. 2015; S. Valenti et al. 2016; C. P. Gutiérrez et al. 2017).
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This diversity is driven by the broad range of their progenitor
masses, binarity, mass-loss history, rotation, and metallicity,
which sensitively affect their evolution, setting the initial
conditions for both their stellar structure and circumstellar
environments prior to collapse and resulting in a similarly
broad range of explosion energies, ejecta compositions, and
observed luminosities (A. Gal-Yam et al. 2014; N. Smith
2014; S. Wu & J. Fuller 2021). These explosions connect to
astrophysical phenomena across many scales—due to their
high mass, the progenitors of CCSNe produce ionizing
photons that contribute to the reionization of the Universe.
Their short lifetimes allow these explosions to trace both the
instantaneous star formation rate (SFR) of their locales, and
their rate constrain the high-mass end of the initial mass
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function (IMF). Consequently, these supernovae (SNe)
profoundly affect their explosion sites through the energy,
momentum, and nucleosynthetic yields that they deposit into
into the interstellar medium, providing a feedback mechanism
to moderate star formation and acting as factories for cosmic
dust (N. Lahén et al. 2024).

This diversity yields a wide range of luminosities, and in
particular for CCSNe—across all subtypes—their peak B-band
magnitudes range from —16.8 > Mp > —18.6 mag, making
them luminous enough to be observed at cosmological
distances (D. Richardson et al. 2014). Moreover, while Type
Ia SNe (SNe Ia) are in general more luminous (~—19 mag),
because their progenitors arise from lower-mass stars, the
delay time between their formation and explosion is much
longer than that of CCSNe. Therefore, we expect to detect
fewer SNe Ia at high redshift (L.-G. Strolger et al. 2010, 2020;
S. A. Rodney et al. 2014), making luminous CCSNe intriguing
probes of the early Universe.

In the last two decades, work based on the Hubble Space
Telescope (HST) has pushed the study of CCSNe rates and
properties to further distances (M. T. Botticella et al. 2008;
G. Bazin et al. 2009; O. Graur et al. 2011; T. Dahlen et al.
2012; J. Melinder et al. 2012), culminating with observations
from the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (N. A. Grogin et al. 2011; A. M. Koekemoer
et al. 2011) and Cluster Lensing and Supernova survey with
HST (M. Postman et al. 2012), which constrained the CCSN
rate out to z ~ 2.5 (L.-G. Strolger et al. 2015).

The optical emission for CCSNe discovered at even greater
distances (z > 2.5) will peak at wavelengths of 2 ym and
beyond, placing more distant samples out of reach for HST but
not for the James Webb Space Telescope (JWST). Indeed,
JWST is already removing this barrier to discovering distant and
observer-frame IR bright CCSNe due to its combination of
wavelength coverage and sensitivity, opening a new frontier in
transient astronomy with the discovery of several high-z SNe
since its launch (W. Chen et al. 2022; M. Engesser et al.
2022a, 2022b; C. DeCoursey et al. 2023a, 2023b; J. D. R. Pierel
et al. 2025, 2024a, 2024b, 2024c; M. R. Siebert et al. 2024).
Such discoveries are vital laboratories to test whether SN
properties, including their rates and explosion characteristics,
are affected by global environmental changes like metallicity
across cosmic time.

Indeed, lower metallicities can reduce a progenitor’s mass-
loss rate due to the suppression of stellar winds (J. S. Vink
et al. 2001; M. R. Mokiem et al. 2007), and if the star is
initially rotating, can limit the amount of angular momentum
lost, resulting in deeper mixing. This rotationally induced
mixing can in turn lead to larger helium cores prior to collapse,
and produce more energetic explosions (S. E. Woosley et al.
2002). In general, if environmental conditions systematically
result in the alteration of the internal structure of massive stars
with respect to their local counterparts, we may expect a
corresponding evolution in observed Type II SN (SN II)
properties, such as their resulting colors, peak luminosities,
and for Type IIP SNe (SNe IIP), their plateau durations
(D. V. Popov 1993; A. Heger et al. 2003; L. Dessart et al.
2013). In addition to testing whether and how SN properties
change as a function of redshift, important questions such as
whether the CCSN rate follows the cosmic SFR density or if
the high-mass end of the IMF flattens with redshift in low-
metallicity stellar populations (R. B. Larson 1998; J. J. Ziegler

Coulter et al.

et al. 2022) is only possible by building a sample of high-z
CCSNe.

Recent studies of nearby SNe II have suggested a link
between the metallicity of the host galaxy and an SN II’s
spectral and photometric properties (J. P. Anderson et al. 2016;
F. Taddia et al. 2016; C. P. Gutiérrez et al. 2017, 2018), and
theoretical work has suggested that SNe IIP may be effective
probes of a host’s underlying metallicity if properly calibrated
(L. Dessart et al. 2014). This prediction was tested by an
empirical study of 12 SNe II in low-luminosity host galaxies
(i.e., low metallicity via the mass—metallicity relationship
(MZR)), which showed that these SNe tend to be up to
~0.5 mag more luminous than the average SN II at solar
metallicities. In agreement with the prediction from L. Dessart
et al. (2014), it was also observed that the depth of the pseudo-
equivalent width (pEW) of Fell (A\5018) was suppressed at
lower metallicity (S. Scott et al. 2019, hereafter S19).

These findings are potentially biased, however, by the fact
that most SNe II have been discovered within the local
Universe where hosts tend to be luminous and at solar
metallicity. Local, notable exceptions include the discovery of
SN 20015bs, which purports that its progenitor was particu-
larly massive with a zero age main-sequence (ZAMS) mass of
~17-25M, (J. P. Anderson et al. 2018), and SN 2023ufx, a
luminous (M, ~ —18.5 mag) SN II discovered in a low-
metallicity dwarf galaxy (M. A. Tucker et al. 2024); both SNe
have metallicities of Z < 0.1 Z, and both are potential analogs
to SNe II discovered at high z. However, these assertions need
to be tested through the discovery of many more CCSNe in the
early Universe.

Fortunately, this is a task to which JWST is particularly well
suited. The JWST Advanced Deep Extragalactic Survey
(JADES) program (D. J. Eisenstein et al. 2025) observed
~25 arcmin® of the sky to depths of mag Z 30 in nine
NIRCam filters in two separate epochs, the first between 2022
September 29 and October 5, and the second between 2023
September 28 and October 3. These repeated observations
allowed for these images to be subtracted to discover new
transients beyond the redshift limitations of HST, with a
sensitivity for CCSNe to z > 4. Using this ~1 yr baseline
dozens of new transient objects were discovered (C. DeCoursey
et al. 2025, hereafter D25), and here we present a candidate for
one of the most distant SN II discovered to date: AT 2023adsv,
a very blue and likely subsolar metallicity SN IIP-like transient
located at R.A. =3"32"39%4574 and decl. = —27950™19:6660
(although see J. Cooke et al. 2012; S. Gomez et al. 2024 for
previous high-z superluminous SN candidates). AT 2023adsv is
embedded in its host, JADES-GS+53.16439-27.83877, with a
spectroscopically confirmed redshift of zge. = 3.613 4= 0.001.

In what follows, we describe the identification and analysis
of AT 2023adsv, as well as a brief comparison to other SNe
IIP in the local Universe. This paper is structured as follows. In
Section 2, we present a summary of the observations for this
SN, our reduction of the data, and obtaining AT 2023adsv’s
host redshift. In Section 3 we describe our classification of
AT 2023adsv as a likely SN II, present the properties of its
host, and model AT 2023adsv’s light curve. In Section 4 we
discuss AT 2023adsv in the context of a sample of local SNe
IIP, and in Section 5 we conclude with a discussion on the
prospects for building an SN IIP sample at high redshift and its
use as a metallicity probe of the Universe, as well as the
implications of the new frontier enabled by JWST. Throughout
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this paper, we assume a standard ACDM cosmology with
Hy = 70kms™' Mpc™' and ©,, = 0.315.

2. Summary of Observations

AT 2023adsv was discovered as a part of a transient search
for the JADES program (D. J. Eisenstein et al. 2026), centered
on the Great Observatories Origins Deep Survey’s south
(GOODS-S) field (M. Giavalisco et al. 2004). A full
description of JADES, including its survey design, data
products, the selection process for discovering new transients,
and the follow-up observations of those subsequent discoveries
through its approved Director’s Discretionary Time (DDT)
program, are described and presented in detail in D25.

To summarize, the first JADES observations were acquired
between 2022 September 29 and 2022 October 5, in the
NIRCam filters FOOOW, F115W, F150W, F200W, F277W,
F335M, F356W, F410M, and F444W to a 50 depth of
map ~ 30. Nearly a year later, a second set of observations in
the same filters and to the same depths were taken between
2023 September 29 and 2023 October 3, resulting in an
overlapping footprint of ~25 arcmin® (both observations under
PID 1180). During this second epoch, several observations
failed, and subsets of the field were observed on 2023
November 15 and 2024 January 1. Upon the identification of
many interesting transients in color, redshift, and luminosity
space (see D25 for a complete accounting), a JWST DDT
program was approved to follow-up the most interesting
transients in this field (E. Egami et al. 2023). These subsequent
observations were obtained on 2023 November 28 (NIRCam
filters F115W, F150W, F200W, F277W, F356W, and F444W)
and on 2024 January 1 (NIRCam filters F150W, F200W,
F277W, F356W, and F444W; PID 6541) with the latter epoch
including NIRSpec multiobject spectroscopy (MOS) coverage
using the microshutter assembly (MSA; P. Ferruit et al. 2022).
NIRSpec covered the most promising ~10 transients (as well
as a variety of galaxy spectra) using the MSA with the prism
(R~ 100) grating, of which AT 2023adsv was one of three
objects that are described in a pair of companion papers
(J. D. R. Pierel et al. 2024a; M. R. Siebert et al. 2024). Below,
we describe the data reduction and photometric measurements
we derive for AT 2023adsv.

2.1. Measuring Photometry

AT 2023adsv is embedded in a relatively compact host and
therefore obtaining accurate photometric measurements
requires removing the underlying host light from the SN
position. We achieve this through the process of “difference
imaging,” or subtracting a template image (preferably with no
SN light in it) from a series of science images containing the
SN flux we wish to measure. For every science epoch, we align
each of the underlying JWST Level 2 (“CAL”) images to a
catalog of JADES galaxies (that has in turn been aligned to
Gaia sources), using the IWST/HST Alignment Tool (JHAT;
A. Rest et al. 2023).”> CAL images are those that have been
bias subtracted, dark subtracted, and flat-fielded but not yet
corrected for geometric distortion. We drizzle these CAL
files into Level 3 (“I2D”) files using the JWST pipeline
(H. Bushouse et al. 2022). The extra JHAT step improves the
relative alignment by an order of magnitude between the

%2 https:/ /jhat.readthedocs.io
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epochs (from ~1 to ~0.1 pixel), allowing for subtractions with
fewer artifacts between the template and science images. To
perform the subtraction, we use the High Order Transform of
PSF and Template Subtraction (HOTPANTS; A. Becker
2015)* code (with additional improvements implemented in
photpipe; A. Rest et al. 2005), resulting in the difference
images upon which we perform our photometry (see Figure 1;
the right three columns are the difference images [per filter]
generated from subtracting the “template” [top, leftmost
epoch] from the “science” image [bottom, leftmost image]).

We measure the photometry in the difference images with a
process described in J. D. R. Pierel et al. (2025, 2024c), using the
space_phot24 Level 3 point-spread function (PSF) fitting
routine centered on a 5 x 5pixel cutout at AT 2023adsv’s
position. space phot models the Level 3 PSF by drizzling
the Level 2 PSF models from webbps £,% which account for
the spatial and temporal dependence of the JWST PSF and
corrects for the losses in flux incurred by imposing a finite
aperture. The resulting fluxes, measured in units of MJy sr™ !,
are converted to AB magnitudes using the native pixel scale of
each image (0.03 pixel ' for short-wavelength images and
0.06 pixel ' for long-wavelength images), and the final,
measured photometry is given in Table 1.

2.2. NIRSpec Reduction

We obtained the Stage 2 spectroscopic data collected from
the DDT program from the Mikulski Archive for Space
Telescopes (see Table 2). With the context file jwst 1185.
pmap, we used the JWST pipeline (H. Bushouse et al. 2022) to
generate the 2D spectrum and applied a correction for slit
losses based on the position of the SN within the MSA shutters
(Figures 2(a) and (b)). Next, we performed an optimal point-
source extraction using the algorithm from K. Horne (1986;
implemented as a Jupyter notebook as part of the NIRSpec
integral-field unit optimal point-source extraction guide)®® to
extract the superimposed spectra of the SN and its host. For an
SN II, we expect Ha to be the brightest feature during the
photospheric phase, and in our last epoch (when the spectrum
was obtained, see Table 1) AT 2023adsv’s flux in F277W
(near 3 pm) is ~14 nlJy while the flux in the spectrum is
~50 nly at the same wavelength. With nearly three-quarters of
the flux contaminated with host light, even if a decomposition
were possible, the SN spectrum is likely to have a signal-to-
noise ratio of ~3 pixel ™ according to the JWST exposure time
calculator.”” For these reasons, we use the prism spectrum
primarily to measure AT 2023adsv’s redshift (Figure 2(c)),
and the oxygen line ratios to estimate the host’s metallicity
(see Section 3.1). We report our NIRSpec observation
configuration in Table 2.

2.3. Host-galaxy Redshift

AT 2023adsv was discovered in the host galaxy JADES-GS
+53.16439-27.83877, and the first step in analyzing
AT 2023adsv is to determine its host redshift by identifying
prominent emission lines seen in Figure 2. These lines are

2 hitps: //github.com/acbecker/hotpants
space-phot.readthedocs.io
5 htps: //webbpsf.readthedocs.io
26 https: / /spacetelescope.github.io /jdat_notebooks /notebooks /ifu_optimal /
ifu_optimal.html
2 https: / /jwst-docs.stsci.edu/jwst-exposure-time-calculator-overview
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Figure 1. Top and middle rows: JADES Epoch 2 (2023) and Epoch 1 (2022), respectively. AT 2023adsv is present in the 2023 epoch. Bottom row: difference
images created by subtracting Epoch 2 from Epoch 1 observations within the same filter. Columns: images in each of six filters reported in Table 1. AT 2023adsv’s
position is marked with a red indicator. Short-wavelength (F115W, F150W, and F200W) and long-wavelength (F277W, F356W, and F444W) images are drizzled to

0.03 pixel " and 0.06 pixel ', respectively, and have the same spatial extent.

Table 1
Observations of AT 2023adsv Discussed in Section 2
Filter/
PID MID Instrument Grating Mmap Exp. Time
(mag) (s

1180 60215 NIRCam F115W 29.91 £ 0.09 35,732
1180 60215 NIRCam F150W 28.75 £ 0.06 23,363
1180 60217 NIRCam F200W 28.06 + 0.04 12,368
1180 60215 NIRCam F27TW 27.93 £+ 0.04 23,363
1180 60217 NIRCam F356W 28.00 £+ 0.04 12,369
1180 60215 NIRCam F444W 28.14 £ 0.05 23,363
1180 60276 NIRCam F115W >29.6 2512
1180 60276 NIRCam F150W >29.7 2512
1180 60276 NIRCam F200W 28.51+£0.13 2512
1180 60276 NIRCam F277TW 28.22 +0.12 2512
1180 60276 NIRCam F356W 28.05 £ 0.10 2512
1180 60276 NIRCam F444W 28.30 + 0.21 2512
6541 60310 NIRCam F150W >29.5 2512
6541 60310 NIRCam F200W 29.03 £ 0.14 5025
6541 60310 NIRCam F277TW 28.56 +0.17 2512
6541 60310 NIRCam F356W 28.09 £ 0.12 2512
6541 60310 NIRCam F444W 28.66 + 0.28 2512
6541 60310  NIRSpec prism e 22,175

Note. Columns are JWST Program ID, modified Julian date (MJD), JWST
instrument, NIRCam filter, photometry plus final uncertainty for
AT 2023adsv, and total exposure time of the Level 3 12D file rounded to
the nearest second. Photometry errors are taken from the PSF fitting posterior,
which includes the sky, detector, and Poisson noise. Upper limits are 5o.

best matched by [OTI] alold Ho, which hgve rest-frame
wavelengths of ~5008.24 A and ~6564.61 A in vacuum,
respectively, and provide a robust spectroscopic redshift of
Zspec = 3.613 4= 0.001. We use this value for all analyses going

Table 2

AT 2023adsv NIRSpec Observation Details
Instrument NIRSpec
Mode MOS
Wavelength range (pm) 0.6-5.3
Slit Three shutter
(arcsec X arcsec) (0.46 x 0.2 each)
Grating /filter prism/CLEAR
R=\/A\ ~30-300"
Readout pattern NRSIRS2
Groups per integration 19
Integrations per exposure 2
Exposures /nods 3
Total exposure time (s) 22,175
Note.

# JWST NIRSpec prism resolving power is a function of wavelength, with
R =30 near A\gps ~ 1.1 pm and R = 300 near Aops ~ 5 pm; see https://jwst-
docs.stsci.edu/jwst-near-infrared-spectrograph /nirspec-instrumentation /
nirspec-dispersers-and-filters.

forward, and present a detailed analysis of these host
properties in Section 3.1.

3. Analysis
3.1. Host-galaxy Properties

At a redshift of z=3.61, the host of AT 2023adsv opens a
window into the environment of an SN when the Universe was
<2 Gyr old. However, because there are no clear SN features
in the spectrum of AT 2023adsv, yet we know that SN light
must be contaminating the spectrum, any fit of the star
formation history (SFH) of JADES-GS+53.16439-27.83877
will be biased by this unaccounted for SN light—with the
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Figure 2. (a) The MSA slit-let position over AT 2023adsv. (b) The 2D NIRSpec prism spectrum of AT 2023adsv and JADES-GS+53.16439-27.83877. We note that
the data presented in this 2D spectrum are proportional to units of F,. (¢c) The 1D extracted NIRSpec spectrum for AT 2023adsv transformed into the rest frame in
units of F, with host emission lines color coded and labeled. A spectroscopic redshift of z = 3.613 £ 0.001 was measured based on the host’s [O 11I] and He lines.

No SN features are readily apparent in the resulting 1D spectrum.

added light leading to systematically higher masses, and the
SN color altering the inferred stellar properties. To address
this, we perform a fit to the pre-SN photometry of the host
galaxy to explore the SFH. We fit the JADES photometry of
the source measured from the HST Advanced Camera for
Surveys in the filters F435W, F606W, F775W, F814W, and
F850LP along with JWST/NIRCam in the filters FO9OW,
F115W, F150W, F182M, F200W, F210M, F277W, F335M,
F356W, F410M, and F444W. For the fit, we use the tool
Prospector’® (B. D. Johnson et al. 2021) and follow the
method outlined in J. M. Helton et al. (2026, in preparation).
Briefly, within Prospector we employ the Flexible Stellar
Population Synthesis code (C. Conroy et al. 2009; C. Conroy
& J. E. Gunn 2010), and we sampled the posterior distributions
of the stellar population groperties using the dynamic nested
sampling code dynesty?’ (J. S. Speagle 2020). We utilize a
Chabrier IMF with a lower bound of 0.08 M., and an upper
bound of 120 M.,. Additionally, we assume a delayed-7 star-
forming history of the form SFR ~ 7,5, X e /T where tage 18
the age of the galaxy and 7 is the e-folding time. For the fit, we
fix the redshift to z = 3.61, and allow the stellar- and gas-phase
metallicity to vary uniformly between log(Z/Z.) = —3.0-0.0.
We plot the Prospector fit corresponding to the 50th
percentile on the posterior, along with the fit photometry, in
Figure 3.

From these fits we estimate a host mass of log,,(My/M.)=
8.4170:13, host age log,(t+/yr)= 8.5510:13, and host extinction
Ay = 0.1570¢} mag. These and additional host properties are
summarized in Table 3.

Because there are no clear SN features in the spectrum for
AT 2023adsv, we rely on the metallicity inferred from the host
to estimate the metallicity of the SN. However, while we use
Prospector to infer host properties like mass, we do not use
it to infer the host metallicity because the host spectral energy
distribution (SED) modeling can be unreliable due to the
strong degeneracy between metallicity and stellar age
(A. Dotter et al. 2017). To infer the host metallicity, we
instead turn to spectral fitting of the forbidden oxygen lines

2 hitps: / /prospect.readthedocs.io/en/stable/
29 hitps:/ /dynesty.readthedocs.io /en/stable/
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Figure 3. Host template photometry fit using Prospector. The blue circles
represent the observed JADES pre-SN photometry, and the dark gray shaded
line represents the 50th percentile of the final Prospector fit to the
photometry, with a lighter gray color showing the 16th and 84th percentiles on
the fit. The gray boxes are the estimated Prospector photometry
corresponding to the fit. We provide the derived Prospector host-galaxy
parameters in Table 3.

Table 3
Prospector Derived Host Properties
Parameter Value
log(age [t,./yr]) 8.55101
log(stellar mass formed [M./M]) 8.41f8j,‘§

log(SFR/[Moyr™']) 0.3175098

Gas-phase metallicity [Z.]" 03 £+ 0.1
log(O/H) + 12° 8.1 + 0.2
Ay [mag] 0.15%5%7
Notes.

% We derive a gas-phase metallicity using the oxygen line ratio diagnostic
050, from M. Curti et al. (2020); see Section 3.1 for a detailed discussion.

We convert between gas-phase metallicity expressed in solar units to units of
log(O/H) + 12 following the relation in M. Asplund et al. (2009).

present in the spectrum (see Figure 2). In the photospheric
phase, we do not expect much SN contamination in [O II] and
[O111], and use the ratio of [OIII] to [O1I] (i.e., the O30,
diagnostic from M. Curti et al. 2020) to estimate the
metallicity at the position of the SN. We find that O30, =
3.0732, and assuming a solar metallicity of log(O/H) + 12 =


https://prospect.readthedocs.io/en/stable/
https://dynesty.readthedocs.io/en/stable/
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Figure 4. AT 2023adsv’s inferred host-galaxy mass and metallicity (gold star)
compared to a selection of local galaxies. Gray contours correspond to
galaxies selected from SDSS DR8 with z < 0.7 (H. Aihara et al. 2011;
D. J. Eisenstein et al. 2011), purple points correspond to CCSN hosts
(P. L. Kelly & R. P. Kirshner 2012), yellow—pink points correspond to JWST-
selected galaxies redshifts at 3 <z <9 (K. Nakajima et al. 2023; M. Curti
et al. 2024; T. Morishita et al. 2024), and blue points correspond to low-
metallicity dwarf galaxies from D. A. Berg et al. (2012). The red dashed line
corresponds to the MZR for galaxies at 2.65 <z < 3.4 from M. Li et al.
(2023); the green dashed line corresponds to the MZR at 3 <z < 10 from
M. Curti et al. (2024). Overplotted are horizontal dashed lines, which
correspond to the 1.0x, 0.3x, and 0.1 x solar oxygen abundance values
derived from M. Asplund et al. (2009).

8.69 (M. Asplund et al. 2009), we find a host oxygen
abundance of log(O/H) + 12 = 8.1 £ 0.2, or Z, =~ 0.3Z..
We note that Prospector finds a gas-phase metallicity of
log(O/H) + 12 = 7.1 £ 0.1, or Z, ~ 0.02 Z., ~an order of
magnitude lower. This is a substantial discrepancy, however,
we adopt the derivation from the oxygen ratio due to the
aforementioned issues when using the integrated fit from
Prospector. For the remainder of the paper, we adopt a
gas-phase metallicity of log(O/H) + 12 = 8.1 £ 0.2. This
metallicity is notably lower than the mean derived oxygen
metallicity found for a collection of SNe II (dominated by
SNe IIP) by J. P. Anderson et al. (2010) of log(O/H) +
12 = 8.580 + 0.027.

We place this galaxy in a wider context of SN II hosts in
Figure 4. We compare the mass and metallicity of the host of
AT 2023adsv with a population of z < 0.7 galaxies from the
Sloan Digital Sky Survey (SDSS) Data Release (DRS; gray
contours; H. Aihara et al. 2011; D. J. Eisenstein et al. 2011),
galaxies from JWST with redshifts 3 <z <9 (yellow—pink
points; K. Nakajima et al. 2023; M. Curti et al. 2024;
T. Morishita et al. 2024), CCSN hosts (purple points;
P. L. Kelly & R. P. Kirshner 2012), and low-metallicity dwarf
galaxies (blue points; D. A. Berg et al. 2012). Metallicities for
both the SN hosts and SDSS sample were derived following
the PPO4 O3N2 calibration from M. Pettini & B. E. J. Pagel
(2004), while metallicities for both the JWST-selected, high-z
sample and dwarf sample were derived using the direct
electron-temperature method (A. Campbell et al. 1986).
Overplotted are horizontal dashed lines corresponding to the

Coulter et al.

1.0x, 03x, and 0.1 x solar oxygen abundance values
converted from M. Asplund et al. (2009), as well as the
MZR for galaxies at 2.65 > z > 3.4 from M. Li et al. (2023, red
dashed line), and the MZR at 3 >z > 10 from M. Curti et al.
(2024, green dashed line). These MZR scalings are supported
by recent work with JWST (D. Schaerer et al. 2022;
A. J. Taylor et al. 2022; H. Katz et al. 2023; J. E. Rhoads
et al. 2023), tracing this relation to even further distances with
measurements of two galaxies at z ~ 8, and has confirmed that
at fixed stellar mass, galaxies are generally less enriched at
higher redshift (D. Langeroodi et al. 2023). We find that the
metallicity of the host of AT 2023adsv is consistent with the
MZR from M. Li et al. (2023) as well as with the lower-
metallicity tail of the core-collapse distribution.

3.2. Is AT 2023adsv an Active Galactic Nucleus Flare?

AT 2023adsv was first reported in D25, and in that work
nuclear transients corresponding to previously published active
galactic nucleus (AGN) catalogs in the GOODS-S field
(spanning X-ray to radio, including JWST/MIRI data; J. Lyu
et al. 2022; J. Lyu et al. 2024; also see D25 Section 3.3), as
well as transient sources that had faded and rebrightened, were
removed. Additionally, in the spectrum presented in Figure 2,
there is no evidence of broad MgIl emission, primarily
associated with Type 1 AGN (L. C. Popovi¢ et al. 2019).
Finally, AT 2023adsv is separated from the center of JADES-
GS+53.16439-27.83877 by an offset of ~0.07, which at a
redshift of 3.61, corresponds to ~0.5 kpc—this offset is large
enough to be resolved with JWST and generally disfavors an
AGN explanation for AT 2023adsv’s flux. Taken together with
the strength of the light-curve matching in Section 3.3 below,
we find that AT 2023adsv is unlikely to be an AGN flare.

3.3. Supernova Light-curve Matching

Following the procedures outlined in Section 5.1 of D25, we
fit the measured photometry from Table 1 with a custom
extension of SNCosmo™ (K. Barbary et al. 2025) called
STARDUST2?!' (S. A. Rodney et al. 2014). For a full
description of this package’s contents see D25. Briefly,
STARDUST?2 utilizes SALT3 near-IR SN Ia light-curve
models (J. D. R. Pierel et al. 2022) to represent SNe Ia for
fitting, as well as over 40 CCSNe spectrophotometric time-
series templates. These CCSNe are well-observed, low-z
CCSNe and represent a wide range of diversity in each
subtype (ranging from SNe II to Type Ib/c SNe), and were
originally developed for SNANA (R. Kessler et al. 2009). The
core functionality of STARDUST2 is the same as SNCosmo,
and when referencing these functions below we will simply
refer to STARDUST2 /SNCosmo as “SNCosmo.”

Using SNCosmo we fit for SNe Ia, as well as all included
CCSN time-series spectral models with rest-frame UV to near-
IR (to observer-frame ~4 um) wavelength coverage
(J. D. R. Pierel et al. 2018, and references therein). In general,
SNCosmo allows for fitting input photometry by shifting its
model SEDs to a desired redshift, and then convolves them
with the desired bandpasses to create synthetic photometry of
the source. We include Galactic dust based on the maps of
E. F. Schlafly & D. P. Finkbeiner (2011) and the reddening law

30 hitps: //sncosmo.readthedocs.io
31 https: / /github.com /srodney /starDust2
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Figure 5. The photometry measured in Section 2.1 is shown as black circles with errors, with (20) upper limits denoted by triangles. The best-fit SN II (red solid
line), SN Ib/c (green dashed line), and SN Ia (blue dotted line) models are shown for comparison. The time axis is shown relative to MID 60142.4, chosen as an
arbitrary date compatible with each model’s varying time of explosion, which is a free parameter of the fitting. The SN II model shown is the SN 2006kv template

discussed in Section 3.3. The uncertainties shown are purely statistical.

from E. Fitzpatrick (1999), which corresponds to E
(B — V) = 0.01 mag with Ry, = 3.1. We also allow for
host-galaxy dust (up to E(B — V) = 1.5 mag with 1 < Ry, < 5)
of rest-frame, host-galaxy dust in the CCSN light-curve fits
and a SALT3 near-IR color parameter range of —1 < ¢ < 1.

Figure 5 shows the best-fit models for each SN subtype in
all filters plotted relative to MJD 60142.4, chosen as an
arbitrary date compatible with each model’s varying time of
explosion (which is a free parameter of the fitting). The
resulting x> per degree of freedom (1) for each specific model
is shown in Table 4. Of the models included in the SNCosmo
library, the SALT3 near-IR SN Ia and SN Ib/c models,
SDSS004012, are heavily disfavored (Xz/u = 16.63 and 6.76,
respectively) compared to the best-fitting SNII model,
SN 2006kv (x*/v = 1.10). SN2006kv is a normal SN IIP
discovered at z=0.0620 (C. B. D’Andrea et al. 2010),
however, we note that the UV coverage of SN 2006kv’s
spectral template did not extend to cover AT 2023adsv’s
F115W detection (at z =3.61, F115W ~ 2500 A; see Figure 5
and Section 3.4), and therefore is omitted from the fitting. This
blue emission could plausibly be due to a more exotic
explosion with similarities to an SN II, a possibility that we
explore in Section 3.4. While the fit to SN 2006kv is quite
good (see Table 4), AT 2023adsv’s luminosity required a
modeled peak B-band absolute magnitude of —18.3 =+
0.1 mag, ~0.5 mag brighter relative to the real SN 2006kv;
while this is still within the range of normal SN IIP absolute
magnitudes observed in the local Universe (~30 above the
distribution mean D. Richardson et al. 2014), it is also in
agreement with the suggestion from S19 that low-metallicity
SNe II could be up to ~0.5 mag brighter than SNe II at high

Table 4
Comparison of the Best-fit Model x> Statistics for Each Supernova Subtype
SN Type Model/template /v
Ia SALT3-NIR 16.63
Ib/c SDSS004012 6.76
I SN 2006kv 1.10

Note. Columns are SN type, spectral model/template used, and the light-curve
fitting x> per degree of freedom (v/) without model uncertainties, as they do not
exist for CCSN models.

metallicity. We take the results of this light-curve fitting
process as conclusive and give AT 2023adsv a classification of
SN II as a result.

3.4. Light-curve Modeling

In order to estimate the explosion properties of
AT 2023adsv, we compare synthetic light curves with those
of AT 2023adsv. For this purpose, we first obtained red
supergiant (RSG) SN progenitor models with 0.3 Z. (in
agreement with the inferred metallicity measured for its host;
see Section 3.1) by using Modules for Experiments in
Stellar Astrophysics (MESA) version v.23.05.1%
(B. Paxton et al. 2011, 2013, 2015, 2018, 2019; A. S. Jermyn
et al. 2023). We selected a grid of models with ZAMS masses
(Mzams) of 12, 16, and 20 M,,. The details of the assumptions
in the stellar evolution calculations are presented in the

32 In lists available on Zenodo at doi: 10.5281/zenodo.17128107.
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Table 5
Progenitor Properties for the Light-curve Computations
Mzams M My rich Rein
M) (M) M) (Re)
12 11.8 8.6 434
16 14.7 10.0 632
20 15.9 9.5 847
175 163.8 79.4 2499

Note. Columns are ZAMS mass (Mzams), final mass at explosion (Mg,),
hydrogen-rich envelope mass at explosion (Mpy_ich), and progenitor radius at
explosion (Rgp).

accompanying paper (T. J. Moriya et al. 2025). The final
progenitor properties are summarized in Table 5.

The RSG progenitor models are then transferred to the 1D
multifrequency radiation hydrodynamics code STELLA
(S. I. Blinnikov et al. 1998, 2006; S. Blinnikov et al. 2000).
STELLA numerically evaluates the SED evolution of SNe, and
thus we can directly estimate light curves in the observer frame
(including K-corrections), from the theoretical SED evolution
when they appear at z=3.6. We refer to the accompanying
paper for the details on the light-curve calculations
(T. J. Moriya et al. 2025). Because SNe II are generally found
to be embedded within a dense and confined circumstellar
medium (CSM; e.g., F. Forster et al. 2018), we also include a
version of each of our models with this close-in CSM
(deposited up to 10" cm). This approach was taken to account
for the amount of UV flux detected in the first epoch (i.e., at
z=23.6, F115W and F150W span ~2500-3250 A in the rest
frame), and the fact that a typical mass-loss rate of
10° M, yr " with a wind velocity of 10kms ™', can act as
an additional early power source in the light curve (T. Moriya
et al. 2011; L. Dessart & D. J. Hillier 2022). The confined
CSM masses are 0.07M, (Mzams = 12Mz), 0.11 M,
(Mzams = 16 M), and 0.16 M, (Mzams = 20 M).

While the three progenitor models explain the overall
properties of AT 2023adsv well, the M < 20 M. models
without CSM struggle to reproduce the observed UV flux in
the first epoch. Introducing CSM to these less massive models
does better at matching the early time UV flux, but are
underluminous compared to the first detections in F277W,
F356W, and F444W despite boosting their explosion energies
to 2.5 x 10°! erg. All models fail to fit the last epoch F200W,
F277W, and F444W detections. Despite this, we find that the
best overall fit to be the 20 M., progenitors (both with and
without CSM), and cannot distinguish between them due to not
having observations during the time frame of the inferred
modeled peak. Therefore, find that the best-fit model to our
data is the 0.3 Z, 20 M, RSG SN progenitor, and present our
fit in Figure 6. Notably, we found that higher-mass models
with larger explosion energies were required to fit both the
luminosity of AT 2023adsv as well as its early blue colors (i.e.,
the F115W detection).

In general, we find that an explosion energy of
(2-3) x 10°"erg is required to account for the brightness of
AT 2023adsv. Comparing to the results of T. J. Moriya et al.
(2025), we note that they adopted a progenitor metallicity of
0.1 Z., while we use the host-galaxy metallicity of 0.3 Z., in
this paper. This choice results in slight differences in the
estimated progenitor and explosion properties, however, the
overall conclusions remain unchanged.
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Figure 6. Broadband light curves of the best-fit, 20 M, 0.3 Z., RSG SN
progenitor model in comparison to our photometry. The time axis is shown
relative to MJD 60110, chosen as the best fit to our low-metallicity models
(and is distinct from the SNCosmo explosion time in Figure 5). The vertical
dashed line represents the time of the DDT spectrum.
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Figure 7. Broadband light curves of the Z = 0.07 Z, metallicity, H-poor PISN
model P175 (M. S. Gilmer et al. 2017) in comparison to AT 2023adsv. The
time axis is shown relative to MJD 59850, chosen as the best-fit time of
explosion for this model. We show that this PISN model, chosen for being one
of the few nonzero metallicity PISN models, does not fit the colors or
luminosity of AT 2023adsv’s photometry.

3.4.1. Pair-instability Explosion

Motivated by exploring an alternative explanation for the
measured early blue flux at the redshift of AT 2023adsv, as well
as the prediction that pair-instability SNe (PISNe) could form
either at relatively high metallicities (Z./3, the metallicity of
AT 2023adsv’s host; N. Langer et al. 2007), or relatively low
redshift (2 < z < 5; L. Tornatore et al. 2007), we compare
PISNe models to our measured photometry. While no explicit
Z-/3 models exist, M. S. Gilmer et al. (2017) have explored
H-poor PISN models at Z = 0.07 Z.. The best-fit model was
that of a 175 M., PISN model (P175) with an H-envelope mass
of 2.3 M, from M. S. Gilmer et al. (2017), shown in Figure 7.
Because this particular PISN model is at a metallicity lower than
solar, it still retains a fraction of its hydrogen-rich envelope and
could spectroscopically appear as an SN II if found early
enough in its evolution (<30 days). In general, we find this
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model a poor fit for AT 2023adsv, both in terms of its
luminosity and color, disfavoring a PISN interpretation.

4. Discussion

4.1. AT 2023adsv’s Metallicity and Comparison to Low-z Type
IIP Supernovae

Owing to the fact that the outermost ejecta of SNe IIP are
probed by the photosphere throughout the plateau phase, and
the fact that these ejecta are characterized by the molecular
clouds from which the pre-SN stars are formed (L. Dessart
et al. 2014), definitive assessments of an SN IIP’s metallicity
are done through detailed spectroscopic studies of the strengths
of metal-line absorption during an SN IIP’s plateau phase
(L. Dessart & D. J. Hillier 2020). In particular, the pEW of
Fe 11 A5018 has been shown as a proxy for the metallicity of an
SN IIP, with larger widths suggesting higher metallicities. This
result has been confirmed observationally for the local
Universe (J. P. Anderson et al. 2016; F. Taddia et al. 2016;
C. P. Gutiérrez et al. 2017, 2018), but relies on
spectral coverage during the plateau phase to accurately
measure the effect.

In our analysis of AT 2023adsv, we do not have a spectrum
with distinct SN features to perform this measurement, but an
intriguing study by S19 finds that when comparing the plateau
luminosity of a sample of SNe IIP with their host luminosity
(in rest-frame r band), spectroscopically confirmed, low-
metallicity SNe IIP tend to separate from a “control” sample
taken from the literature. Specifically, S19’s sample are
constructed from ‘“high-contrast” SNe IIP—those with high
SN luminosities but with low-luminosity hosts (and therefore
low-metallicity hosts), versus a sample of SNe IIP without this
property. The central idea is to test the assertion that these
high-contrast SNe IIP also have low metallicities as measured
in spectra taken during their plateau phase (i.e., because of the
inferred low metallicity of low-luminosity hosts via the
MZR). S19’s result confirms this statistically, and
crucially, S19 compares the low-metallicity sample with the
control sample photometrically.

Motivated by this, and because AT 2023adsv is well modeled
by SN 2006kv, we fit the last observed epoch of AT 2023adsv
(F200W, F277W, F356W, and F444W) with a blackbody and
find a temperature of ~6200 K—within the range of the
recombination temperature of hydrogen, which supports the
plateau phase of an SN IIP light curve (5500-7000 Kj;
E. K. Grasberg et al. 1971; S. W. Falk & W. D. Arnett 1977,
L. Dessart et al. 2014). Therefore, if we assume that
AT 2023adsv is an SN IIP and is within or near the plateau
phase in the last observed JWST epoch, we can provisionally
compare AT 2023adsv with the sample in S19. We perform
K-corrections on both the host and SN photometry, and find that
the fitted SN 2006kv model’s absolute magnitude (a proxy for
AT 2023adsv) at +50 days is —17.5 mag in r band. The
resulting comparison is shown in Figure 8.

In this parameter space, AT 2023adsv’s high luminosity
places its abscissa in the same region as the low-metallicity
SNe IIP selected by S19, however, AT 2023adsv’s host
brightness places its ordinate between the control sample and
the low-metallicity sample. The apparent tension of an
“overluminous” host for a lower-metallicity SN IIP can be
related to the result presented in Figure 4. In the context of an
MZR that evolves with redshift (see Section 3.1), we expect
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Figure 8. Figure adapted from S19, with a sample of local, low-metallicity-
selected SNe IIP (orange points) compared to a “control” sample of local, SNe
IIP from the literature (purple points). All photometry is reported in r band,
and SN Iuminosities are taken during the plateau phase. The gold star
corresponds to an estimate of AT 2023adsv’s plateau absolute magnitude
based on the fit to SN 2006kv, were it definitively an SN IIP (see Section 4.1)
along with its host luminosity, which occupies a space between the two
samples. The errors in the host absolute magnitudes are smaller than the
plotted marker.

that at a fixed stellar mass, the gas-phase metallicity,
log(O/H) + 12, should decrease with increasing redshift
(D. Langeroodi et al. 2023; M. Curti et al. 2024). Because
we do not correct for this systematic offset between the local
data presented in S19 and AT 2023adsv’s host at z=3.61, and
because S19 infers a metallicity from the the host’s luminosity,
this trend in MZR has the effect of shifting AT 2023adsv’s
position in this parameter space closer to the control sample
(i.e., those with higher-metallicity hosts).

5. Conclusion

We have presented JWST observations of AT 2023adsv with
a spectroscopic redshift of z = 3.613 4 0.001, discovered by the
JADES program. We classify AT 2023adsv using light-curve
information as a relatively bright (M = —18.3 + 0.1 mag)
SNII. We further model the light curve using the MESA code
and find a good match to an RSG progenitor star with ZAMS
mass 20 M., albeit with a slightly high explosion energy of
2 x 10°" erg. We also compare AT 2023adsv to relatively high-
metallicity (Z = 0.001 Z.) PISN models from M. S. Gilmer
et al. (2017), however, we find that this comparison is
disfavored in both luminosity and color.

While the DDT spectrum of AT 2023adsv confirms its
redshift, we could not reliably isolate specific SN features in the
spectrum, and we limited our analysis of AT 2023adsv and
JADES-GS+53.16439-27.83877 to their photometric proper-
ties to prevent bias. Examining the host of AT 2023adsv,
JADES-GS+53.16439-27.83877, we find a relatively low-mass
(log,,(Myx/M:)= 8.41%313), moderately dusty (Ay = 0.1504}
mag), low-metallicity (Z, = 0.3 + 0.1 Z.) galaxy. A more
careful study of the host environment, and potentially of the
SN itself, would be possible with a template spectrum of the
host with the same observing parameters in a future JWST
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cycle—allowing a direct comparison of a spectrum with, and
without, contaminating SN light.

AT 2023adsv is one the most distant SNell with a
spectroscopic redshift yet found (see also AT 2023adst, a
reported SN II with a host z=4.117; C. DeCoursey et al.
2025), and provides a timely opportunity to study massive SN
progenitors at z > 3. Intriguingly, AT 2023adsv’s inferred
metallicity places it in a parameter space between that of low-
z, low-metallicity SNe IIP and a control sample of solar-
metallicity SNe IIP hosted in massive galaxies. While the best
fit to AT 2023adsv was of a massive progenitor with a higher
than average explosion energy, testing whether or not there is a
trend in SN II properties with increasing redshift and/or
decreasing global metallicity—including the possibility of
calibrating SNe IIP as metallicity probes of their environments
(L. Dessart et al. 2014; J. P. Anderson et al. 2016)—will
require larger samples with substantially better spectral
coverage. Carefully following up these high-z SNe may lead
to novel constraints on the early Universe IMF, as well as
metal enrichment and mixing. Upcoming surveys such as the
Nancy Grace Roman Space Telescope High Latitude Time
Domain Survey (R. Hounsell et al. 2018; B. M. Rose et al.
2021) will likely open a new frontier for this science by finding
thousands of distant massive progenitor CCSNe. However,
JWST will remain our only resource capable of rest-frame
optical-IR imaging and spectroscopy at high z, highlighting
the need for building a sample of such observations now and
into the future.
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