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ABSTRACT

We present an abundance tomography analysis of SN 2024pxl, an intermediate luminosity Type Iax supernova (Mr = −16.82 ± 0.19 mag), with
the most-detailed follow-up in the Type Iax subclass to-date. As one of the few intermediate luminosity Type Iax objects, SN 2024pxl may link the
two extremes of the peculiar thermonuclear supernova subclass. To test this hypothesis, we analyze its spectral evolution through the first 100 days
after the explosion and aim to probe the structure of its ejecta. We conduct an abundance tomography analysis using synthetic spectra produced
with the one dimensional radiative transfer code TARDIS. The fit of the spectral time series provides a radial scan of physical properties and probes
the stratification of chemical elements throughout most of the SN ejecta. The observed spectral evolution is well fit with the final model, similar
to the general predictions of the pure deflagration scenarios, but significant modifications are required in the density function of the inner ejecta
and in the chemical profiles of the outermost regions. The constrained physical characteristics, such as the photospheric velocities and the time of
maximum light, are also consistent with other SNe Iax. Despite their small number, intermediate luminosity Type Iax SNe are not outliers in the
subclass but demonstrate the continuous nature of SNe Iax through their luminosity range. Following this observation, we argue that all SNe Iax
share the same progenitor and explosion origin.

1. Introduction

Type Iax supernovae (SNe Iax) form one of the most numer-
ous subclasses of white dwarf (WD) explosions. Their estimated
rate for all WD SNe varies between 5 and 30% based on differ-
ent volume-limited samples (Dimitriadis et al. 2025; Foley et al.
2013, respectively). The main properties of SNe Iax are their
relatively low-luminosity, along with other peculiar character-
istics of a low-energy thermonuclear explosion. Unlike other
subclasses of SNe Ia, the Iax group exhibits great diversity in
all of these properties. The peak absolute magnitudes range10

from −18.6 mag (SN 2011ay; Szalai et al. 2015) to −12.6 mag
(SN 2021fcg; Karambelkar et al. 2021) in the r/R-band, while
the expansion velocities of the photosphere span from ∼2000
(SN 2008ha; Foley et al. 2009) to ∼9000 km s−1 (SN 2012Z;
Stritzinger et al. 2015) at the moment of maximum light. Spec-
⋆ CIERA Fellow
⋆⋆ LSST-DA Catalyst Fellow

troscopically, SNe Iax are similar to “normal” SNe Ia at early
epochs, although the well-known features of intermediate mass
elements (IMEs), such as the Ca II H&K or the Si II λ6355 lines,
are less prominent. At the same time, features of iron group el-
ements (IGEs), such as the regions around 4100 and 5200 Å 20

formed by Fe II, are dominant from the first days indicating
the presence of IGEs in the outer layers of the SN ejecta. SNe
Iax never turn fully nebular at later epochs; instead, they show
permitted P Cygni and forbidden emission lines simultaneously,
even years after the explosion (Camacho-Neves et al. 2023). The
blackbody emitting source required by this phenomenon can be
explained via a bound remnant, which is formed from the burned
material falling back due to the insufficient kinetic energy that
failed to fully unbind the progenitor WD.

The most promising explosion scenario, the so-called pure or 30

“failed” deflagration (Jordan et al. 2012; Kromer et al. 2013) can
explain both the relatively low luminosities and the low kinetic
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energies. All published hydrodynamic models (Jordan et al.
2012; Kromer et al. 2013; Long et al. 2014; Fink et al. 2014;
Kromer et al. 2015; Leung & Nomoto 2020; Lach et al. 2022)
predict spherically symmetric ejecta, with a uniform abundance
structure due to heavy mixing. The nearly constant mass frac-
tions of chemical elements, dominated by unburned material
(C and O from the WD) and IGEs, can successfully reproduce
the observed spectral evolution in general (see e.g. Kwok et al.40

2025) around and after maximum (i.e., over the majority of the
ejecta), even at extremely late epochs, which probe the innermost
regions of SNe Iax (Camacho-Neves et al. 2023). The assump-
tion of completely uniform ejecta has been questioned by both
the locations of line forming regions (Stritzinger et al. 2015)
and abundance tomography analyzes (Barna et al. 2018, 2021a;
Singh et al. 2023, 2024; Barna et al. 2026). However, the signs
of a stratified abundance structure are limited to early epochs,
and thus, the outer regions of the ejecta.

State-of-the-art pure deflagration models of C/O WDs can50

only account for the relatively luminous (RL, with a peak ab-
solute magnitude of Mr < −17 mag) and intermediate lu-
minosity (IL, with −17 < Mr < −14.5 mag) cases of
the SN Iax class. For the extremely low-luminosity group
(EL, Mr > −14.5 Barna et al. 2026), the only plausible so-
lution so far has been the deflagration of a hybrid C/O/Ne
WD (Meng & Podsiadlowski 2014). Kromer et al. (2015) pre-
sented hydrodynamic simulations that reproduced the main ob-
servables of the prototype object SN 2008ha (MR = −14.3,
Foley et al. 2009). The lack of a general explanation for the ex-60

plosion scenario of the EL sample, including the even less lu-
minous objects discovered since SN 2008ha (e.g. SNe 2019gsc,
2021fcg, 2024vjm; Tomasella et al. 2020; Srivastav et al. 2020;
Karambelkar et al. 2021; Zimmerman et al. 2026), has raised the
question of whether SNe Iax indeed form a few-parameter fam-
ily (Barna et al. 2018) or can be distinguished into two (or more)
subclasses with distinct observables and/or origins (Singh et al.
2023). To resolve this question, the slowly growing IL sample
is of great importance, as these transitional objects can con-
strain the continuous nature of SNe Iax over the entire luminosity70

range.
SN 2024pxl is only the third IL SN Iax with a multi-

wavelength photometric dataset and spectral series, after SNe
2019muj (Barna et al. 2021a) and 2022xlp (Bánhidi et al. 2025).
The study of these objects may link the two extremes of SNe
Iax, assuming that the physical properties change continuously
through the luminosity range of the subclass. The follow-up of
SN 2024pxl provided the most detailed dataset of the subclass,
both in the covered time period and wavelength range. The mon-
itoring of the SN started just a few days after the explosion and80

continued for an unprecedented late +500 days. While it was
observed by Swift, the Hubble Space Telescope, and numerous
ground-based telescopes, SN 2024pxl was also the first SN Iax
that was targeted by the James Webb Space telescope with NIR-
Spec and MIRI detectors (Kwok et al. 2025). The analysis of the
emission lines at near- and mid-infrared wavelengths (NIR and
MIR) provided constraints on the symmetry and uniformity of
the ejecta. All these factors made SN 2024pxl the most well-
observed and, simultaneously, one of the most important objects
in the Iax subclass. After detailed photometric and spectroscopic90

studies (Hoogendam et al. 2025; Kwok et al. 2025; Singh et al.
2026), we aim to reconstruct the properties of the ejecta via
abundance tomography to complete its analysis.

The paper is organized as follows. Section 2 summarizes
the published results regarding SN 2024pxl and the observed
datasets. Section 3 presents the abundance tomography, in-

cluding the description of the radiative transfer code TARDIS
and the adopted fitting strategy. The results of the analysis
are presented in Section 4, while the main conclusions are
summarized in Section 5. 100

2. SN 2024pxl

SN 2024pxl was discovered by the BTSbot machine-learning
model (Rehemtulla et al. 2024) at 60514.4 MJD using obser-
vations from the Zwicky Transient Facility (ZTF, Graham et al.
2019). Its host galaxy, NGC 6384, is a spiral galaxy at a red-
shift of z = 0.0056, and has been the subject of several distance
measurements over the last two decades. Most of these estimates
were obtained via the Tully-Fisher method, with results vary-
ing between 18.7 and 29.7 Mpc. As the most recent estimate, 110

Singh et al. (2026) presented a light curve analysis of the Type
Ia SN 2017dh, which exploded close to the center of NGC 6384.
The well-sampled BgVri photometry was fitted with the BayeSN
code (Thorp et al. 2021; Mandel et al. 2022) and constrained its
distance to d = 23±2.0 Mpc (assuming H0 = 73 km s−1 Mpc−1).
This value is consistent with both previous results and matches
well with that of Cosmicflow-3 (d = 25.1 ± 4.0 Mpc), the latest
Tully-Fisher study (Tully et al. 2016).

The observed spectra of SN 2024pxl suffered significant red-
dening. Schlafly & Finkbeiner (2011) estimated E(B − V)MW = 120

0.11 mag as the Milky Way extinction in the direction of NGC
6384. The host galaxy reddening is constrained based on the nar-
row Na I D features by Singh et al. (2026), because the lines at
the redshift of NGC 6384 have similar widths to those at Milky
Way wavelengths. Thus, the total reddening is assumed to be
E(B − V) = 0.22 mag. Note that this value of extinction might
still be underestimated, as the slope of the early spectral con-
tinuum falls short of that of SNe 2019muj and 2022xlp, two
Type Iax SNe with similar peak absolute magnitudes (see Fig.
1). However, the redder continuum of SN 2024pxl could be due 130

to intrinsic properties as well.

Table 1. Observables and estimated light curve properties of SN
2024pxl adopted from Singh et al. (2026).

Host Galaxy NGC 6384

redshift 0.0056
distance [Mpc] 23.0 ± 2.0
distance modulus [mag] 31.81 ± 0.11
E(B-V)MW [mag] 0.11
E(B-V)host [mag] 0.11

Tfirst [MJD] 60513.9 ± 0.1
Tmax in V-band [MJD] 60526.9 ± 0.5
Tmax in r-band [MJD] 60527.6 ± 0.5
MV(max) [mag] −16.58 ± 0.19
Mr(max) [mag] −16.82 ± 0.19

The peak absolute magnitudes are MV = −16.6 mag and
Mr = −16.8 mag (Singh et al. 2026), which place SN 2024pxl
in the intermediate luminous (IL) group of the Type Iax class.
Due to its transitional luminosity and proximity, SN 2024pxl be-
came an ideal target for a follow-up campaign. Right after its
discovery, high-cadence optical monitoring commenced, result-
ing in the most detailed photometric and spectroscopic dataset of
a Type Iax SN. The ground-based data were collected and pub-
lished by Singh et al. (2026), where the authors performed light 140
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curve analysis (including the estimation of peak properties, the
time of first light, and decline rates), constructed and studied the
bolometric light curve, and compared the spectral evolution of
SN 2024pxl to that of other SNe Iax. In Table 1 we summarize
the main observables of SN 2024pxl as published by Singh et al.
(2026).

SN 2024pxl was selected for target of opportunity obser-
vations with the James Webb Space Telescope and became the
first Type Iax SN observed with the Near-Infrared Spectrograph
(NIRSpec) and the Mid-Infrared Instrument (MIRI). The four150

spectral epochs presented by Kwok et al. (2025) sampled the
panchromatic evolution between +11 and +40 days with respect
to r band maximum, allowing for the study of the simultaneously
present photospheric and nebular lines. The analysis of the for-
bidden lines showed similar and centrally symmetric line pro-
files for all identified elements, indicating a uniform chemical
distribution.

In this study, we use the published spectral series of
Singh et al. (2026) and also adopt the estimated date of maxi-
mum light (Tmax = 60527.6 ± 0.5 MJD in the r band) as the160

reference time. The detailed description and log of observations
can be found in Singh et al. (2026); here, Table 2 only lists those
spectra that were adopted for spectral synthesis in our study.
One spectrum is obtained with the Double Beam Spectrograph
(DBSP; Oke & Gunn 1982) from Palomar Observatory, with
the Robert Stobie Spectrograph (RSS) of the Southern African
Large Telescope (SALT), with the Kast double spectrograph at
Lick Observatory, and with the Low Resolution Imaging Spec-
trometer (LRIS; Oke et al. 1995) on the Keck I telescope. Two
epochs were observed with the Alhambra Faint Object Spectro-170

graph and Camera (ALFOSC) mounted on the Nordic Optical
Telescope (NOT), and four epochs were acquired through the
Global Supernova Project (GSP) collaboration using the tele-
scopes of Las Cumbres Observatory (LCO; Brown et al. 2013).
These spectra are chosen to sample the ejecta almost uniformly:
the time intervals are shorter at earlier epochs when the photo-
spheric velocity is expected to decrease rapidly, while the sam-
pling becomes less frequent when the spectral evolution slows
down. Additionally, two yet unpublished spectra are also in-
volved in the analysis, which were obtained by the ePESSTO+180

project (Smartt et al. 2015) with the ESO Faint Object Spectro-
graph and Camera version 2 (EFOSC2; Buzzoni et al. 1984) at
the 3.6-m New Technology Telescope (NTT) are used here. The
epochs of SN 2024pxl chosen for this study sample the first 100
days after the explosion. All spectra are scaled to photometry us-
ing polynomial functions and dereddened for the total assumed
reddening of E(B − V) = 0.22 mag.

3. Abundance tomography

Abundance tomography analysis is a powerful technique for
studying expanding ejecta. As the SN expands, the photosphere190

recedes, allowing the observer to see deeper into the ejecta. The
new layers contributing to the spectrum are denser and thus pre-
dominantly affect the formation of the spectral lines at a certain
epoch. By fitting the spectral time series with the same ejecta
model, we can map both the physical properties and the abun-
dance of line forming elements layer by layer.

Since the first abundance tomography study of SN 2002bo
(Stehle et al. 2005), only a handful of objects have been ana-
lyzed using this method. Mapping the distribution of the chem-
ical elements provided an effective tool to distinguish between200

the various explosion scenarios; thus, tomography analysis was
adopted for multiple thermonuclear SNe: the well-observed

normal Type Ia SNe 2011fe (Mazzali et al. 2014, 2015) and
2014J (Ashall et al. 2014), the transitional Type Ia SN 2021rhu
(Harvey et al. 2023), the subluminous SN 1986G (Ashall et al.
2016), the super-Chandra SN 2009dc (Hachinger et al. 2012),
and 1991T-like SNe (Sasdelli et al. 2014; O’Brien et al. 2024).
The method was also used to constrain the IGE abundances in
outer layers, which have a particular impact on the observed UV
fluxes (Hachinger et al. 2013; Barna et al. 2021b). However, the 210

broad and often saturated absorption features of SNe Ia increase
the degeneracy of spectral fits and thus limit the accuracy of the
inferred ejecta models. Type Iax supernovae exhibit more nu-
merous and narrower spectral lines, significantly increasing both
the number and quality of the fitting constraints. To date, 16 of
these subluminous events, ∼13% of the discovered Iax popula-
tion, have been the subject of abundance tomography analysis.
The full list and references of the objects can be found in Table
A.1. All of the spectral synthesis of these tomography analyzes
was performed with the 1D Monte Carlo-based radiative transfer 220

code TARDIS (Kerzendorf & Sim 2014).

TARDIS provides robust tracking of photon propagation in a
homologously expanding atmosphere, which allows for obtain-
ing reliable ejecta properties even with the computational power
of a desktop PC. The code also allows for the design of SN
ejecta by defining the densities and chemical composition of ra-
dial layers; thus, it provides a powerful tool to synthesize and fit
SN spectra. Here we use the v2025.10.12 release of the radia-
tive transfer code TARDIS (Kerzendorf et al. 2025). The code
assumes radially symmetric ejecta with a sharp blackbody emit- 230

ting photosphere and follows the propagation of photon packets
through the predefined layers via Monte Carlo simulations. Mul-
tiple options are available for light-matter interaction, excitation,
and ionization rates. The chosen options and the convergence
strategy of the TARDIS model runs are presented in Appendix
A.2, while the fitting strategy is described in Sec. 3.

In this study, we aim to constrain the mass fraction of twelve
chemical elements, assuming a non-uniform distribution. We
chose the seven most abundant elements (O, C, Si, S, Fe, Co,
Ni) of the N1def model and five additional elements (namely 240

Ca, Mg, Ti, V, Cr), whose line formation impact has been pre-
viously identified in Type Iax spectra by abundance tomogra-
phy studies. The abundance of every other chemical element is
fixed at the same value as in the N1def model (Fink et al. 2014),
which has been shown to provide a solid match with the spectral
features of SN 2024pxl (Kwok et al. 2025). In the case of mass
fraction deficit, we choose oxygen as the “filler” element for nor-
malization, since its spectral lines are well distinguished and the
overestimation of its mass fraction does not spoil the fits. We de-
fine radial layers with velocity steps of 1000 km s−1, in which 250

we fit the mass fraction of the chemical elements. This choice
is necessary to test the possible stratification of the ejecta, but it
provides a large number of free parameters, which is unsuitable
for exploring the entire parameter space. Instead, we set all mass
fractions to a constant value representing the general abundances
of the N1def model as an initial guess and alter the mass frac-
tion of any layers if the fit of a spectral feature requires it. Note
that this fitting strategy is not aimed at finding the best-fit syn-
thetic spectra (even though we use the term “best-matching” in
the following for simplification); rather, it is intended to provide 260

a plausible solution for the ejecta model.

We adopt a density formula similar to that of Barna et al.
(2021a), which contains an exponential inner part and a shallow
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Table 2. Log of the spectra of SN 2024pxl involved in the abundance tomography analysis.

Date MJD texp [d] Phase [d] Telescope/Instrument Wavelength range [Å]

2024-07-24 60515.34 4.6 −8.8 P200/DBSP 3400 - 10500
2024-07-26 60517.45 6.7 −6.7 FTN/FLOYDS 3500 - 10000
2024-07-28 60519.26 8.5 −4.9 FTN/FLOYDS 3500 - 10000
2024-07-30 60521.79 11.1 −2.3 SALT/RSS 3500 - 9400
2024-08-02 60524.69 14.0 +0.6 Lick/Kast 3600 - 10700
2024-08-05 60527.29 16.6 +3.2 FTN/FLOYDS 3500 - 10000
2024-08-10 60532.97 22.3 +8.9 NOT/ALFOSC 3500 - 9800
2024-08-18 60540.32 29.6 +16.2 FTN/FLOYD 3500 - 10000
2024-08-31 60553.04 42.3 +28.9 NTT/EFOSC2 3650 - 9250
2024-09-08 60561.05 50.3 +36.9 NTT/EFOSC2 3650 - 9250
2024-09-21 60574.86 64.1 +50.75 NOT/ALFOSC 3500 - 9650
2024-10-30 60613.20 103.5 +89.09 Keck/LRIS 3650 - 10000

Notes. texp shows the time since the date of explosion constrained in the abundance tomography (MJD 60510.9); while the phases are given relative
to the maximum in r-band (MJD 60527.6).

cut-off toward higher velocities:

ρ(v, texp) =

ρ0 ·
( texp

t0

)−3
· exp

(
− v

v0

)
for v ≤ vcut

ρ0 ·
( texp

t0

)−3
· exp

(
− v

v0

)
·C
−

(v−vcut)2

v2
cut for v > vcut

(1)

where v is the velocity coordinate, ρ0 is the core density (i.e.,
density at v = 0 km s−1) at the reference time t0; v0 defines the
decline rate of the exponential density profile; vcut marks the start
of the rapid decline of the outer regions, and C scales the strength
of the cut-off. Eq. 1 can effectively reproduce the density profiles
of pure deflagration models (for an example, see Fig. 4). To re-270

duce the number of free parameters, we fix the strength of the
cut-off as C = 8.2 × 105, which produces a similar decline in
the density function to that of the N1def model. The vcut can be
adjusted by the widths of the strongest absorption features, such
as the Fe II lines between 4500 and 5200 Å both before and after
maximum light. Fitting the blue wings of these lines indicates a
velocity shift of ∼6500 km s−1, which is adopted for vcut in the
whole abundance tomography. Note that during the abundance
tomography, the core of the ejecta is not covered; thus, ρ0 can-
not be constrained directly, and it acts as a simple scaling factor280

for the density profile. Moreover, the ρ0 and v0 parameters are
strongly coupled because a spectral epoch samples only a short
range of the whole ejecta, and the layers have continuously lower
impact outward in the SN atmosphere. To handle the degeneracy
between the parameters of Eq. 1, we fix the slope of the expo-
nential function to v0 = 3000 km s−1, which has already provided
plausible solutions for the spectral synthesis of similar Type Iax
SNe such as SNe 2015H and 2022xlp (Mr = −17.27 and −16.06,
Magee et al. 2016; Bánhidi et al. 2025, respectively). The date
of the explosion is fit by assuming that the moment of first-light290

(Tfirst = 60513.86 ± 0.10 MJD, Singh et al. 2026) adopted from
the LC analysis works as an upper limit. Luminosities and pho-
tospheric velocities are constrained individually for each spec-
trum.

4. Results

The TARDIS radiative transfer code and the fitting strategy de-
scribed in Sec. 3 were proven to be effective methods for synthe-
sizing the spectral evolution of SN 2024pxl. TARDIS becomes
less reliable with time after maximum light for normal SNe Ia
because it works in the optically thick regime. However, it can300

Fig. 1. The comparison of early spectral evolution of SN 2024pxl (red)
with that of a less luminous SNe 2019muj and 2022xlp (Barna et al.
2021a; Bánhidi et al. 2025, magenta and green, respectively) and the
more luminous SN 2015H (Magee et al. 2016, blue) SNe Iax. The listed
epochs show the time since explosion / the time since the r band maxi-
mum in days.

be used for SNe Iax even at late epochs due to the existence of
a continuum emitting photosphere possibly originating from a
bound remnant (Foley et al. 2016; Camacho-Neves et al. 2023).
As presented in Figs. 2 and 3, both the continuum in general and
most of the P Cygni lines are reproduced with the same ejecta
model over 100 days of evolution.

The evolved spectral features of the first spectrum (60515.34
MJD; texp = 4.6 days), such as the two Fe II dominated regions
around 4300 and 5400 Å, and the lack of a visible Si II λ6345
line, indicate that the photosphere has already reached the denser 310
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region of the ejecta but is still relatively hot, as assumed by the
required excitation temperatures. These characteristics constrain
the epoch to 4-6 days after the explosion, according to the anal-
ysis of other SNe Iax. The direct comparison of SN 2024pxl to
its closest relatives by luminosity, SNe 2015H and 2019muj (see
Fig. 1), by peak luminosity (Mr = −17.27 and −16.35 mag, re-
spectively), also supports this estimation of the time since explo-
sion (texp).

The density structure of the N1def model used as an initial
guess had to be reduced, as the fits of lines at near- and post-320

maximum epochs required lower densities by an order of mag-
nitude. The final model was constructed with a core density of
ρ0 = 0.2 g cm−3 (at the reference time of texp = 100 s), deter-
mined by the form of Eq. 1. This produces densities close to the
photosphere (in the most impactful line forming region) at the
latest epochs that were an order of magnitude lower than those
of the N1def model. These modifications also allowed for a re-
alistic result for the date of explosion, which, based on the fits
of the first two epochs, is constrained to Texp = 60510.7 MJD
with an approximate uncertainty of 1.5 days. Although a "dark330

phase” (Piro & Nakar 2013, 2014) between the moment of ex-
plosion and the first observed light (Tfirst = 60513.9 MJD) is
expected, the difference of ∼ 3.2 days marks a significant dis-
crepancy.

The assumption of a sharp photosphere is robust throughout
the studied time period. The location of the inner boundary of
the ejecta, i.e., the velocity of the photosphere (vphot), affects not
only the blueshift of multiple P Cygni features but also has a sig-
nificant impact on the temperature profile of the SN atmosphere
and, thus, on the ionization/excitation relations. More specifi-340

cally, the fit of the thinner lines (such as Ni II λ4068, the S II
W-feature, C II λ6580) and the relative strengths of Fe II and
Fe III features between 4500-5200 Å are effective ways to con-
strain vphot before and around maximum light. At later epochs,
vphot was mainly estimated from modeling the shape of the con-
tinuum flux (via Tphot) and the shift of several strong Fe II lines
(see Fig. 3).

The complex impact on the synthetic spectrum allows vphot

to be set with sufficient precision of a few hundred km s−1 in
the abundance tomography analysis. The time function of vphot350

(the inferred values are presented in Fig. 6) declines rapidly at
the earliest epochs, showing a nearly linear trend around maxi-
mum light, and slowly flattens during late-time. This resembles
that of normal SNe Ia, with the difference being a non-ceasing
photospheric phase.

The best-matching chemical abundances are shown in Fig.
5. Similar to other studies of SNe Iax, the outermost layers -
sampled by the first epochs - cannot be described well with a
uniform structure. As presented in Fig. 2, both C, IMEs (e.g.,
Si) and IGEs (e.g., Fe and 56Ni) would produce overwhelmingly360

strong and blueshifted lines if the initial abundance structure of
the N1def model is kept. Instead, these elements are introduced
in the best-matching model with increasing mass fractions in the
deeper layers revealed at subsequent epochs. The outermost re-
gion over 6000 km s−1 is dominated by C and O, representing the
unburned material of the progenitor WD. While oxygen is used
as a filler element in general, and thus its abundance is overes-
timated (see the misfit of the O I λ7779 line), the carbon mass
fraction is estimated according to the fit of C II λ6580 and is
also constrained by the barely detectable C III λ4647 line. As370

a further discrepancy from the uniform abundance scheme of
the deflagration model, carbon is limited to being present above
7000 km s−1 in the final TARDIS model because even a few per-

Fig. 2. Early spectral evolution of SN 2024pxl (grey) fitted with the
TARDIS synthetic spectra (red) of the the abundance tomography anal-
ysis. The unambiguous identification of spectral features based on
the TARDIS photon packet statistics are marked with dashed lines.
TARDIS spectra calculated by assuming the N1def abundance struc-
ture (blue) are also shown for comparison.

centages of carbon mass fraction would form extremely strong
features.

Around two weeks after maximum, the Fe II lines start to
dominate the optical spectra. The only strong feature formed by
another element is the Ca II NIR triplet, while weaker features
can be clearly associated with magnesium, chromium, titanium,
nickel, and oxygen. Other elements, such as silicon, sulfur, and 380

carbon, do not show any identifiable lines, and the output spectra
are relatively insensitive to their mass fractions. According to the
fitting strategy described above, these elements are present with
constant, N1def-like abundances in the deepest regions of our
model.

The relationship between various physical properties and the
peak luminosity of SNe Iax has been investigated, including
the rise time, ∆m15, and photospheric velocities. These studies
could not identify any strong correlation, either because of the
small sample or the uncertain properties, while the distribution of 390

∆m15 parameters even raised the possibility of two populations
within the Type Iax class (Singh et al. 2023). In the case of the
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Fig. 3. Late spectral evolution of SN 2024pxl (grey) fitted with the
TARDIS synthetic spectra (red) of the the abundance tomography anal-
ysis.

photospheric velocity, it can be difficult to accurately measure,
due to numerous and overlapping lines as compared to normal
SNe Ia. The classical method for thermonuclear SNe is based
on the blueshift of the absorption minimum of the prominent
and unblended Si II λ6355. For Type Iax SNe, the same feature
appears significantly weaker, and it is polluted by Fe II λ6456
even a few days before maximum light. In a few days, the Fe II
line dominates the observed P Cygni feature and makes the vphot400

underestimated due to its longer rest wavelength (Szalai et al.
2015; Maguire et al. 2023). This effect provides an explanation
for the scattering of the previously published luminosity-velocity
relations and why the measured Doppler-shift of Si II is always
lower than that of other elements.

In Bánhidi et al. (2025), the authors suggested that abun-
dance tomography analysis with radiative transfer codes could
offer a better measurement for vphot. Reliable spectral synthesis
was presented using radiative transfer codes with a sharp black-
body emitting inner ejecta boundary for thermonuclear SNe, im-410

plying that the assumption of the photosphere is robust. The
naive vphot estimate is based on the line forming region of chem-
ical elements, which starts at the photosphere; thus, the Doppler-

shift of the absorption minimum marks its location according to
the formation of the P Cygni profiles. In radiative transfer codes
like TARDIS, the location of the photosphere influences the den-
sity and temperature functions of the model ejecta, which greatly
affects the shape of the continuum and the optical depth profiles
of every line. Due to the numerous reconstructable lines, the lo-
cation of the photosphere can be constrained with the precision 420

of a few hundred km s−1 at the early and near-maximum epochs.
The uncertainty is mainly caused by the poorly constrained mo-
ment of explosion since vphot is coupled with texp. The uncer-
tainty increases later as the strong, saturated features are less
sensitive to the photosphere. Even at the latest epochs, a change
of vphot by 500 km s−1 produced discrepancies that could not be
counterbalanced by tuning other parameters. Thus, we can safely
assume a general uncertainty of ±500 km s−1 for measurements
at each epoch of SN 2024pxl.

The vphot values inferred from the tomography analysis are 430

shown in Fig. 6 as a function of texp. The velocities estimated
from the blueshifts of the observed series of the unblended NIR
Co II lines (Singh et al. 2026) are also presented for comparison.
The difference of ∼ 200 km s−1 from the values of TARDIS fits
between texp = 20 and 50 days indicates that the region form-
ing the Co II line is indeed linked to the photosphere, providing
an independent way to constrain vphot and further validate the
tomography method.

4.1. Relation to other SNe Iax

It has been shown in numerous studies that the spectroscopic 440

evolution of SNe Iax is diverse (Magee et al. 2017; Dutta et al.
2022). However, such discrepancies might occur due to the phys-
ical properties of the ejecta instead of their chemical compo-
sition. In the case of more luminous explosions, higher ejecta
masses have been estimated, which is consistent with the pre-
dictions of the deflagration models (Fink et al. 2014). The dif-
ferences are also present in light curves, as less energetic explo-
sions tend to show more rapid evolution, although the correlation
is less strong (considering ∆m15, Singh et al. 2023) or the esti-
mates of light curve properties are uncertain (Magee et al. 2025, 450

rise time).
In Fig. 1, we compare the spectral evolution of SN 2024pxl

with the slightly less energetic Type Iax SNe 2022xlp and
2019muj (Mr = −16.06 and −16.40 mag, respectively), and
the more energetic SN 2015H (Mr = −17.27 mag), at similar
epochs. The most obvious difference can be observed at pre-
maximum epochs when SN 2019muj shows a steeper continuum
flux, which can be interpreted as the result of a hotter photo-
sphere, but could also be the consequence of the uncertain host-
galaxy extinctions. At the same time, the observed set of lines 460

is identical, and there are only moderate differences in the rela-
tive strength of the spectral features. The agreement between the
spectra is even more striking after maximum, when the discrep-
ancies in the continuum and P Cygni profiles almost completely
disappear among the three objects. This behavior disfavors the
assumption of additional host-galaxy extinction and suggests
that SNe Iax with the same peak luminosity have very similar
inner properties regarding their temperature, densities, and po-
tentially the continuum source bound remnant. The differences
are rather characteristic of the outer ejecta, which also actively 470

shape the light curves before and around maximum light.
In Fig. 6, the photospheric velocities of SN 2024pxl are also

compared to those of SNe Iax with either similar peak luminosity
or a long coverage of spectral synthesis (Camacho-Neves et al.
2023; Bánhidi et al. 2025). The photospheric evolutions show
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a similar trend in general: vphot values rapidly decrease first,
then the curves continuously flatten after texp ≃ 50 days. All
three long-term velocity functions converge to a few hundred
km s−1. This feature is a potential clue for the existence of the
super-Eddington wind emerging from the bound remnant pre-480

dicted by the failed deflagration scenario (Foley et al. 2016).
Assuming a steady state wind, the vphot = 550 km s−1 and
ρphot = 2.6 × 10−1 g cm−3 at 100 days indicate a mass-loss rate
of ∼ 6 × 10−4 M⊙ yr−1. This is almost an order of magnitude
lower than the mass loss rate of SN 2014dt (∼ 4× 10−3 M⊙ yr−1,
Camacho-Neves et al. 2023) estimated at a similar epoch.

The interpolated photospheric velocity at the moment of the
r band maximum is 4700 km s−1. This value fits perfectly into
the trend of SNe Iax shown in Fig. 7, where the peak r band
absolute magnitudes are plotted as a function of vphot values esti-490

mated for the moment of r band maximum. Here we considered
only those SNe Iax that have been the subject of abundance to-
mography analysis, as the naive method based on the blueshift of
P Cygni features, typically that of Si II λ6355, usually underes-
timates vphot (Szalai et al. 2015; Maguire et al. 2023). The con-
tinuity of the luminosity-velocity (L-v) correlation, supported
by SN 2024pxl, is an indirect sign of the common origin of
the whole Type Iax subclass. Note that the uncertainties of the
adopted distances strongly affect the peak absolute magnitudes
while also weakly affecting the spectral fits and thus the esti-500

mated vphot values. For this reason, we marked those SNe in Fig.
7 that were analyzed based on their relatively uncertain Hubble-
flow distance. Due to this and the lack of total coverage over
the luminosity range of SNe Iax, the proposed L-v correlation
requires further validation.

5. Conclusions

We conducted an abundance tomography analysis on the type
Iax SN 2024pxl, one of the most well-observed objects of its
subclass. The peak luminosity increases the importance of SN
2024pxl, as it belongs to the small sample of the IL group, and510

as such, it may provide further insights into the link between
the extremities of SNe Iax. The comparison with other SNe Iax
with similar peak luminosity revealed practically the same set
and shapes of spectral lines but significant differences in the
continuum at pre-maximum epochs. This can be interpreted as
intrinsic differences in the temperature and/or density profiles
of the ejecta or as the result of the uncertain host-galaxy ex-
tinctions. Considering the similar inner ejecta properties inferred
from the tomography analysis and the lack of spectral discrep-
ancies around three weeks after the explosion, the source of dif-520

ferent reddening is probably related to the outer regions of the
ejecta.

The tomography analysis is carried out by spectral synthe-
sis performed with the radiative transfer code TARDIS. The
described fitting strategy ensures that, despite the large num-
ber of free parameters, we can effectively map the properties
of the ejecta, including the possible layering of chemical ele-
ments. The analysis used the predictions of the single-ignition-
point deflagration N1def model, which can effectively describe
the ejecta structure of SN 2024pxl based on the line profiles of530

post-maximum NIR and MIR spectra Kwok et al. (2025), as an
initial assumption for the model ejecta. Although the abundance
and density structures of the N1def model produced the major-
ity of the existing spectral features, the fit of their line profiles
revealed several notable discrepancies. The updates to the abun-
dance structure mainly affected the outermost layers, where both

Fig. 4. The assumed density function of the best-matching TARDIS
model for SN 2024pxl (red). The density structures of the pure defla-
gration models with similar peak abosulte magnitudes as SN 2024pxl
are also plotted for comparison. The vertical lines show the velocity of
the photosphere at the studied epochs.

IMEs and IGEs are present with no or significantly decreased
mass fractions in our best-fit model. This region has significantly
lower densities than the rest of the ejecta; thus, it mainly affects
the earliest spectra, while its impact on the forbidden emission 540

line profiles is insignificant. The stratification of the inferred
abundance structure indicates that the mixing of the ejecta af-
ter the explosion is not as strong as expected from current pure
deflagration models.

The fits of the post-maximum optical spectra are consis-
tent with the assumption that the ejecta are well mixed on large
scales, as a constant mass fraction below 4000 km s−1 provides
the same quality of fitting as stratified solutions. Carbon was
identified only in this outer region, but its presence between
4000 and 8000 km s−1 would produce overwhelmingly strong 550

carbon features in the early spectra. The carbon abundance is
highly ambiguous below 4000 km s−1, since no spectral features
were identified during the post-maximum epochs. However, the
N1def-like abundance of carbon in the inner region is also con-
sistent with the spectral synthesis. As another significant differ-
ence from the predictions of N1def, the densities in the inner lay-
ers were decreased by an order of magnitude in our final ejecta
model to fit the strong iron features dominating the optical wave-
lengths.

The photospheric velocity evolution of SN 2024pxl fits well 560

into the sample of SNe Iax. The estimated velocity curves of the
SNe show differences according to the absolute magnitudes at
the early epochs, as the more energetic explosions expand faster,
which provides a strong correlation between vphot values and lu-
minosities at the moment of maximum light. This attribute fur-
ther supports the idea that SNe Iax originate from a similar ex-
plosion mechanism, as there are no breaks or outliers appear-
ing in the IL-region of the velocity distribution. The vphot values
match well with those estimated from the Doppler-shift of Co II
NIR features, instead of the classical method based on the Si II 570

λ6355 feature (Singh et al. 2026).
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Fig. 5. The mass fractions of chemical elements fitted in the abundance
tomography analysis of SN 2024pxl (dashed lines), compared them to
those of the N1def pure deflagration model (solid lines).

Fig. 6. The photospheric velocity evolution of SN 2014pxl and other
SNe Iax with similar absolute magnitude.

Fig. 7. Absolute magnitudes in r/R-band of SNe Iax as a function of
their photospheric velocity at the moment of maximum light. We only
plot SNe Iax which have been the subject of abundance tomography.
The colors indicate wether the distance of the host galaxy was estimated
from the Hubble-flow (orange) or based on any more precise indicators,
such as Tully-Fisher relation or SNe (red). In case of no spectral cov-
erage around the maximum (SNe 2014dt, 2015H, and 2023zgx), photo-
spheric velocity is estimated with linear extrapolation and the approxi-
mate uncertainty is doubled. The corresponding references are listed in
Tab. A.1.
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Appendix A: Some extra material

Table A.1. The peak absolute magnitudes in r/R-band and photospheric velocities
of type Iax SNe at the moment of maximum light.

Supernova Mr [mag] vphot [km s−1]
SN 2011ay -18.60 Szalai et al. (2015) 8100 Barna et al. (2017)
SN 2012Z -18.60 Stritzinger et al. (2015) 7600 Barna et al. (2018)

SN 2020rea -18.30 Singh et al. (2022) 6300 Kayal et al. (2025)
SN 2005hk -18.07 Stritzinger et al. (2015) 6700 Barna et al. (2018)

SN 2022eyw -17.90 Das et al. (2026) 5000 Das et al. (2026)
SN 2020udy -17.86 Maguire et al. (2023) 7900 Singh et al. (2024)
SN 2018cni -17.82 Singh et al. (2023) 7500 Singh et al. (2023)
SN 2002cx -17.67 Li et al. (2003) 6700 Barna et al. (2018)
SN 2014dt - 17.46 Camacho-Neves et al. (2023) 5500 Camacho-Neves et al. (2023)
SN 2015H -17.27 Magee et al. (2016) 6100 Barna et al. (2018)

SN 2024pxl -17.13 Singh et al. (2026) 4700 This work
SN 2019muj -16.40 Barna et al. (2021a) 4600 Barna et al. (2021a)
SN 2022xlp -16.06 Bánhidi et al. (2025) 4700 Bánhidi et al. (2025)
SN 2023zgx -14.70 (Barna et al. 2026) 3100 (Barna et al. 2026)
SN 2020kyg -14.50 Singh et al. (2023) 3000 Singh et al. (2023)
SN 2019gsc -13.97 Srivastav et al. (2020) 2100 Srivastav et al. (2020)
SN 2022ywf -13.81 Barna et al. (2026) 2400 Barna et al. (2026)

Table A.2. The settings and best-matching parameters of the TARDIS model of SN 2024pxl

Physical treatments
ionization mode nebular
excitation mode dilute-lte
radiative rates type dilute-blackbody
line interaction type macroatom

Number of photon packets 50000
Number of final pakcets 150000
Iterations 15

Density function
ρ0 [g cm−3] 0.2
v0 [km s−1] 3000
vcut [km s−1] 6500
C 8.2 × 105

Outer velocity boundary vphot + 5000
Texp [MJD] 60510.6

Article number, page 11


	Introduction
	SN 2024pxl
	Abundance tomography
	Results
	Relation to other SNe Iax

	Conclusions
	Some extra material

