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Abstract
Type Iax supernovae (SNe Iax) are a distinct subclass of supernovae that share some ob-
servational characteristics with normal Type Ia supernovae (SNe Ia) but exhibit notable
differences in their lightcurve and spectroscopic evolution. In this project, we study
and perform spectral modelling of SNe Iax, by choosing a target object SN 2020rea.

We use TARDIS, an open-source Monte Carlo based 1D radiative-transfer spectral syn-
thesis code, to model the SN ejecta and generate synthetic spectra. We investigate the
spectral evolution of the SN 2020rea from −7 days before to +21 days after maximum
light. Our best-fit models indicate stratified, velocity-dependent abundances at early
times, successfully reproducing most observed spectral features. As the SN evolves,
the ejecta transition from a layered to a more homogeneous composition, posing a
challenge to pure deflagration models that predict fully mixed ejecta. These results
highlight the need for further investigation, as current pure deflagration models can-
not fully explain the origin or spectral properties of Type Iax SNe like SN 2020rea.
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Chapter 1

Introduction

A supernova (SN) is a star ending its life in a powerful explosion, nearly always leav-
ing behind an expanding gaseous remnant. Supernovae (SNe) events have a strong
influence on the intergalactic medium. They play a vital role in the synthesis of many
heavier elements, which provide the raw material for the formation of stars and plan-
etary systems.

Currently we have identified two mechanisms which result in a SN explosion. Type Ia
SNe involve a binary star system, where a white dwarf (WD) accretes matter from a
companion star, leading to a catastrophic thermonuclear explosion when pushed over
the Chandrashekhar limit.

Type II, Type Ib and Type Ic are core-collapse SNe which involve stars of mass ≥ 8
M⊙. These stars fuse increasingly heavy elements in their core until they reach iron.
Beyond that, it takes more energy to keep fusion going than the star can manage, so
the core collapses, while the outer layers of the star explode outward. The cores of the
most massive stars collapse into black holes, while the middle range of masses leaves
behind neutron stars.

The observational diversity amongst Type Ia SNe can generally be described using a
single parameter that correlates peak-luminosity with with its lightcurve shape, indi-
cating similar projenitors and/or explosion mechanism. However, there have been ob-
servations of a sub-class of Type Ia SNe, which seem to be outliers to this trend (Foley
et al., 2013). The members of this sub-class are named Type Iax SNe, and are detailed
in the following section.

1.1 Type Iax SNe

Type Iax SNe, previously labeled “SN 2002cx-like” after its prototypical member, are
a class of objects similar in some observational properties to normal Type Ia SNe, but
with clear differences in their lightcurve and spectroscopic evolution. They show sys-
tematically lower luminosities and reduced explosion energies (Li et al., 2003; Foley
et al., 2013), and lower velocities (∼ 2000 - 7000 km/s, Jha 2017) as compared to the
typical expansion velocities observed in SNe Ia (∼10,000 km/s, Folatelli et al. 2013) at
maximum light as well as lower peak magnitudes (−13 < MV, peak < −19 mag, Jha
2017).
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1.1.1 Spectral Characterstics

FIGURE 1.1: Near-maximum light spectra of SN Iax compared to normal
and 91T/99aa-like SN Ia. The left panel shows the similarity of SN Iax
to normal SN Ia (including the weak presence of S II lines) and the lower
expansion velocities (compare the locations of the Si II lines). The right

panel shows the range of SN Iax expansion velocities. Source: Jha, 2017

SNe Iax typically display homogeneous spectral evolution (see Figure 1.1), similar to
the evolution of SN Ia over the period of a few months from maximum light, (except
with lower line velocities). The early-time spectra show Fe-group and intermediate
mass elements (Si, S, and Ca), similar to SN Ia. This similarity extends to the near-UV.
Likewise, in their near-infrared maximum-light spectra, SN Iax show Fe II and Si III
lines similar to SN Ia, except at lower line velocities.

The pre-maximum spectra show intermediate-mass (Si, S, and Ca) and iron-group el-
ements (IMEs and IGEs), similar to SNe Ia, which extends upto the near-UV region.
Similarly, SNe Iax show Fe II and Si III lines similar to SNe Ia in the near-infrared
spectra at maximum light, except again, with lower line velocities (Jha, 2017).

The late time spectra of SN Iax radically diverge from SN Ia. Unlike Ia, SN Iax never
truly enter a fully nebular phase in which broad forbidden lines dominate the optical
spectrum (McCully et al., 2014; Stritzinger et al., 2015). In fact, they show permitted
lines of predominantly Fe II along with forbidden lines of Fe II, Ni II, and Ca II. The
relative strengths of the lines vary significantly among different SN Iax, approaching
an order of magnitude of difference.

1.1.2 Explosion Mechanism

The progenitor system of these explosions are not yet fully understood. Since 56Ni
dominates the external part of the ejecta (Mazzali et al., 2007), constraining the 56Ni
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mass using photometric data can provide valuable insights into the explosion mecha-
nism.

In the pulsational delayed detonation (PDD) scenario, the WD remains bound while
expanding due to slow deflagration. After that, detonation occurs during pulsation be-
cause of compression and ignition caused by infalling C-O layers. This model predicts
56Ni mass in the range 0.12 to 0.66 M⊙, and expansion velocities in the range 8400 km
s−1 (Hoflich, Khokhlov, and Wheeler, 1995). The low-energy core-collapse explosion
model of a massive star, however, predicts 56Ni mass around 0.003 M⊙ (Moriya et al.,
2010). The observational features of some faint Type Iax SNe (such as SN 2008ha) have
been explained using this model. The deflagration to detonation (DDT) model pre-
dicts that at a late stage of the explosion, there is a transition of deflagration flame into
a detonation front. This leads to a high amount of 56Ni in the ejecta, around 0.32 to 1.1
M⊙ (Khokhlov, 1991; Sim et al., 2013). Finally, the three-dimensional pure deflagration
model of a carbon-oxygen (CO) WD predicts a wide range of 56Ni mass from 0.03 to
0.38 M⊙ Fink et al., 2014.

Among these, the two widely accepted ideas are that of a CO (Fink et al., 2014) or
a hybrid carbon-oxygen-neon (CONe; Meng and Podsiadlowski 2014, Kromer et al.
2015) WD undergoing incomplete deflagration as a result of interaction with a He-star
companion (Foley et al., 2009; Foley et al., 2013). This deflagration is predicted not to
completely disrupt the star (Magee et al., 2021).

One of the primary predictions of this model is a mixed abundance distribution of the
ejecta. Preliminary spectroscopic analysis suggests that a strong mixing of elements
does exists in the ejecta. However, on further inspection of the spectral models, we
find certain deviations from the spectral models, especially for the earlier epochs (pre-
maximum). Our work focuses on analysing the spectra generated using a stratified
abundance model (Barna et al., 2017) to see if we can better describe the observational
features.
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Chapter 2

Target of Study: SN 2020rea

SN 2020rea was discovered on August 11, 2020 (JD = 2459072.702), in the host galaxy
UGC 10655 at a redshift of 0.02869±0.00015 (Falco et al., 1999), by the Supernova and
Gravitational Lenses Follow-up (SGLF) team in the Zwicky Transient Facility (ZTF)
data (Perez-Fournon et al., 2020). The SN was classified as Type Ia-pec based on the
spectroscopic features Poidevin et al., 2020. SN 2020rea has been thoroughly analysed
in Singh et al., 2022. They estimated the explosion epoch by fitting a radiation diffusion
model to the pseudo-bolometric light curve, and it was found to be August 9, 2020 (JD
= 2459070.64+1.45

−0.76). The SN lies at the brighter end of the SNe Iax luminosity distri-
bution (MV, peak ∼ −18.30 ± 0.12 mag), similar to SNe 2011ay (Szalai et al., 2015) and
2012Z (Stritzinger et al., 2015; Yamanaka et al., 2015). The peak absolute magnitude in
g-band is Mg, peak ∼ −17.34± 0.03 mag, and occurs on JD 2459084.74. Throughout this
study, we have used the g-band maximum (gmax) as a reference for further analysis.

Figure 2.1 shows the location of the SN within its host galaxy and Table 2 lists lists
other details of the SN and its host galaxy derived in Singh et al., 2022.

FIGURE 2.1: Location
of SN 2020rea in UGC
10655. This image is ac-
quired on 2020 August 22
in V-band with 1m LCO
telescope. Source: Singh et

al., 2022

RA (J2000.0) 16h59m37.82s

Dec. (J2000.0) 56o04′08.48′′

Galactic extinctiona 0.02 mag
Host extinctiona 0.08 mag

Host galaxy UGC 10655
Redshift 0.02869 ± 0.00015

TABLE 2.1: SN 2020rea
and its host galaxy details

aE(B-V)
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Spectroscopic observations of SN 2020rea were conducted ∼ 5 days after discovery and
continued for ∼ a month, using the FLOYDS spectrograph on the 2m FTN telescopes.
The spectrograph provides a wavelength range of 3300–11000 Å with resolution rang-
ing between 400 and 700. The spectra were subsequently reduced as described in Singh
et al., 2022.

Singh et al., 2022 performs an in-depth spectral analysis of SN 2020rea.The Fe III fea-
ture between 4000 and 5000 Å was prominently seen in the pre-maximum spectra.
They also showed Si II and Ca II features in the blue region, Si III, S II, Fe III, and a rel-
atively weak Si II feature around 6000 Å. These spectroscopic features commonly seen
in brighter SNe Iax, like SNe 2011ay and 2012Z. The near-maximum and maximum
spectra also show prominent Si II, Fe II, and Fe III features. The post-maximum spec-
tra of SN 2020rea shows a relatively weak Ca II triplet feature around 8500 Å. The Fe
II multiples, Fe III, and Cr II lines were also prominently visible in these spectra. The
+20.9 day spectrum was found to closely resemble the +20 day spectrum of SN 2012Z.

Based on spectral modelling, they reason that the pure deflagration of a Chandrasekhar-
mass WD is the most promising explosion scenario for the SN (section 3). However
certain spectral deviations were also observed between the observed and the modelled
spectra. Our study attempts to present a different ejecta structure which could provide
a better model fit to the observed data and test the validity of the proposed explosion
mechanism.
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Chapter 3

Radiative Transfer Code - TARDIS

Understanding cosmic element production requires a close linkage between stellar
evolution and SN physics. Carrying out a comparative analysis of the synthetic spectra
obtained by modelling and the observed spectra can be used to find the best-fit model
and explore the large physical parameter spaces. Using 1D models, this analysis can
explain the composition and velocity of the ejecta, the deflagration model and other
explosion mechanisms and progenitor systems.

TARDIS is an open-source Monte Carlo radiative-transfer spectral synthesis code for 1D
SN ejecta models and their spectrum generation (Kerzendorf and Sim, 2014; Kerzen-
dorf et al., 2024). TARDIS works by assuming that the SN consists of an opaque core
emitting a blackbody continuum through a homologously expanding ejecta. The spec-
trum emerging from the ejecta is calculated by sending virtual photon packets. This
chapter briefly outlines the working principle behind the simulational code.

3.1 Mechanism

TARDIS models the SN as it starts at a point and expands radially outward such that the
ratio of the velocity of the ejecta and and its distance from the centre of the explosion is
a constant. It also divides the space between the inner and outer boundaries into radial
shells for which the state of the ejecta is constant.

As shell velocities do not change over time, the density is written as the function of the
ejecta velocity. The density is uniform throughout the shell and is determined by the
velocity (v) at the centre, as described in equation 3.1.

ρ
(
v, texp

)
= ρ(v, t0)

(
t0

texp

)3

(3.1)

where texp is the time since explosion, and ρ(v, t0) is the density at texp = t0, for some
arbritary time t0. The radius of the inner boundary (rinner) is calculated from the ve-
locity of the inner boundary (vinner) using the relation rinner = vinner · texp. One can
also use the built-in Branch85 W7 density profile (Nomoto, Thielemann, and Wheeler,
1984), exponential, or any other power law density profile as required.

The model has initial estimations of the temperature of the photosphere (Tinner) and
that of the plasma in each cell (Trad), which is updated throughout the simulation.
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In the Monte Carlo method, the underlying radiative transfer process is simulated by
introducing a large number of test photons, which can move, scatter and/or be ab-
sorbed. The initial properties of these photons are randomly assigned in accordance
with the macroscopic properties of the radiation field. Based on the behaviour of these
photons, we can draw conclusions about the propagation of light through the ejecta as
a whole. This is eventually used to determine the actual steady-state plasma properties
and the emitted spectrum.

In TARDIS during packet initialization, all packets are assigned three parameters —
energy, propagation direction and frequency. Each packet is assigned identical energies
in the lab frame, and the total energy of the packets is 1 erg. The initial frequencies are
sampled using the Planck distribution function. The initial propagation direction is
given by µ = cos(θ) where θ is the angle its path makes with the radial direction.

After a packet is initialized, it is launched and may then perform interactions with
the surrounding material in a probabilistic manner. The packet propagation is fol-
lowed until it escapes through the outer boundary of the computational domain, at
which point the packet contributes to the synthetic spectrum, the main product of a
TARDIS simulation. The different spectral features are simply a combined product of
the changes in the packet properties induced in the radiation-matter interactions.

3.1.1 Spectrum Generation

During the final Monte Carlo iteration, TARDIS calculates the emitted spectrum. TARDIS
offers three methods for spectrum generation – a basic spectrum generation directly
from the Monte Carlo packets, one using virtual packets and a formal integral method.

FIGURE 3.1: A Spectral element DEComposition (SDEC) plot generated
using TARDIS detailing various spectral features of SN 2020rea at −4 days

since gmax, compared with the observed spectrum.
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The underlying principle for spectrum generation involves recording the properties
of all escaping Monte Carlo packets and binning their contributions in frequency (or
wavelength) space. This “real packet” spectrum, however, suffers from Monte Carlo
noise (∝ N− 1

2 , N = Number of real packets). Virtual packets solve this problem by
introducing a predefined number of virtual packets, Nv, every time a real packet is
launched or performs a physical interaction. These virtual packets propagate similarly
to the real ones, but their trajectory never changes. Hence, it greatly improves the
signal-to-noise ratio of the synthetic spectrum.

3.2 Parameters required for spectral modelling

Model fittings are usually done by changing only time-dependent parameters – time
since explosion texp, inner boundary of the modelling volume, mass fractions of 56Ni
and 56Co and luminosity.

Other parameters include the density profile, velocity of the outer boundary, elemental
abundances of C, O, Na, Mg, Si, S, Ca, Cr and Fe and plasma properties of the ejecta,
which follow a somewhat consistent pattern for all type Iax SNe.

3.2.1 Luminosity

To estimate the luminosity, a Python package for calculating the bolometric lightcurves
of SNe using observed photometry - SUPERBOL (Supernova Bolometric lightcurves)
has been used (Nicholl, 2018). To calculate the Quasi-bolometric luminosity, it con-
verts observed magnitudes to monochromatic fluxes at the effective wavelengths of
the filters, then integrates using the trapezoidal rule to get an approximation of the
total observed flux.

3.2.2 Density

The density profile of the ejecta is a function of velocity and time since explosion. Pre-
determined NXdef models are used for this. The “X” in NXdef refers to the number of
sparks used to ignite the model. The peak brightness of these models typically scales
with the number of ignition sparks, from −16.8 MV ≤ −19.0. H/L refer to the ejecta
density being higher/lower relative to the N5def model (Fink et al., 2014).

3.2.3 Time since explosion

The explosion date is usually estimated from photometric flux data by extrapolating
when the flux reaches zero (Figure 3.2). Without good photometric coverage, the ex-
plosion date can also be constrained from spectral synthesis or analysing the color evo-
lution. The parameter ‘time since explosion’ of any spectral model is critical, especially
for pre-maximum epochs.
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FIGURE 3.2: Using ZTF g-band photometric flux (Bellm et al., 2018), the
best-fit model estimates the time since explosion as ∼58575.4 MJD for SN

2019cxu

3.2.4 Elemental abundances

Barna et al., 2018 calculates the template abundance profile of type Iax SNe based on
the average chemical abundances of the four most luminous SNe in the sample (Figure
3.3). While the template abundance profile preserves the common characteristics of the
individual SNe, these particular mass fractions exist at different velocities for each SN.
Hence, the velocity shift of the abundance profile can be considered as a free parameter.

The transition velocities seem to correlate with the peak luminosity and the expansion
velocities. This model can serve as a starting point for other SNe, which can be varied
according to the spectral features of the observed data.

FIGURE 3.3: Template abundance profile for SNe Iax. Here, the transition
velocity, where X(O) = X(56Ni), is chosen as the reference point, and thus

it appears at 0 km/s. Source: Barna et al., 2018
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3.2.5 Photospheric Velocity

Taking Si II absorption line (6355 Å) as the baseline, we determine a region around it
and perform a Markov-Chain Monte Carlo (MCMC) fit to determine the mean and
standard deviation values of the velocity of the inner boundary (vphot) (Hogg and
Foreman-Mackey, 2018). This uses the EMCEE package (Foreman-Mackey et al., 2013).

(A) MCMC fit performed on the Si II absorption
feature for SN 2019gsc.

(B) The corresponding corner plot, showing the
posterior spreads of the one-dimensional Gaus-

sian fit.

FIGURE 3.4: Measurement of photospheric velocity from the Si II absorp-
tion line

The wavelength is first converted to velocity space in the observed spectra and then
a least-square based guess is used to find the best fitting model parameters of the rel-
evant absorption line. These parameters are then used as a “guess” for the next step,
which is MCMC fitting to the absorption line to determine parameters with full poste-
rior distributions and the associated errors.

The velocity of outer boundary is set sufficiently high to 4000 km/s above velocity
of inner boundary (vphot) for the first spectral fitting of each SN. This criterion was
described in Barna et al., 2018.

3.3 Abundance models

TARDIS offers two types of abundance modelling – the uniform abundance model and
the stratified abundance model.

In the uniform abundance model, the mass fractions of the elements are predetermined
and kept constant along with the input of density parameters and the ejecta velocity.
This is consistent with the pure deflagration model, which predicts a well-mixed ejecta.
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In stratified abundace modelling, however, the mass fractions of each element in the
ejecta change outwards with the velocity, which increases with each shell. As the SN
evolves with time, the ejecta expands, and the photosphere recedes into deeper layers,
meaning that the earlier epochs’ spectra probe the outer regions. In contrast, the later
epochs probe the inner regions of the ejecta. This allows us to construct a velocity-
dependent abundance profile (Stehle et al., 2005; Barna et al., 2017). .
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Chapter 4

Spectral Modelling of SN 2020rea

4.1 Using uniform abundance model

Singh et al., 2022 performs spectral modelling for three epochs: −4.0, 0.0 and +9.9
days using the uniform abundance model using TARDIS. They found that the overall
continuum matches well with the observed spectrum and Fe features between 4000
and 5000 Å were well reproduced. The region between 4000 and 5200 Å at peak-
brightness and the +9.9 day spectrum were also reproduced well by the model.

Since their uniform abundance model provides a good fit for the +9.9 day spectrum,
this indicates a well-mixed ejecta in the later phases of the SN explosion, as is expected
in a deflagration scenario (Gamezo et al., 2003). However, for the pre-maximum spec-
trum, the model did not produce a good fit, especially near 5000 Å and the “W” feature
at ∼ 6000 Å was not reproduced. The origin of this line has been attributed to the Sul-
phur (S) during the early evolutionary stages, which gets converted into Fe as the SN
transitions into a Fe-dominated phase. Although the model reproduces most of the
observed spectral features, it produces an inferior fit in the 3400–4000 Å wavelength
range for the maximum and pre-maximum spectra.

We performed spectral modelling of 2020rea for six different epochs from −7.0 days
to +20.9 days, assuming uniform elemental abundance throughout the ejecta for each
epoch. The mass fractions of elements present in the ejecta were varied to find the
best-fit model for each epoch. Additionaly, we used an exponential density profile (Eq.
4.1) with t0 = 2 days, ρ0 = 6 × 10−11 and v0 = 7000 km/s.

ρ
(
v, texp

)
= ρ0e−v/v0

(
t0

texp

)3

(4.1)

The model parameters are described in Table 4.1. As seen in Figure 4.1, the evolution
of our TARDIS model spectra seems to be in good agreement with the observations.
This pure deflagration model fits the overall continuum and explains the main obser-
vational features of SN 2020rea.

While the abundance models for SN 2020rea described in Singh et al., 2022 reproduce
spectral features after 4000 Å, they fail to match pre-4000 Å spectra. Assuming zero
Cr in our uniform abundance models reproduced spectral features from 3400 - 4000 Å.
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Date texp Phasea Luminosity Velocity
(days) (days) (log L/L⊙) (km/s)

16-08-2020 7.0 −7.0 8.75 6900
19-08-2020 10.1 −4.0 8.90 6800
22-08-2020 13.2 −0.9 9.12 6600
23-08-2020 14.1 0 9.15 6500
02-09-2020 23.0 +9.9 8.99 6000
13-09-2020 34.0 +20.9 8.80 5800

TABLE 4.1: Parameters used for spectral modelling for the respective
epochs

a

3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000
Wavelength [Å]

N 
rm

al
ise

d 
Fl
ux

 +
 c
 n

st
an

t

Å7.0 days

Å4.0 days

Å0.9 days

0 days

+9.9 days

+20.9 days

Si II
+Fe II

C  III
+Ni II

Ca II

C  II

Ca IIFe III

Fe II

Fe III+
C  III

Fe II+
C  II

FIGURE 4.1: Observed (grey) and modelled spectra (black) for six different
epochs of SN 2020rea, assuming a uniform abundance profile. The marked
lines were identified by the TARDIS line identification tool. These were
compared with Li et al., 2003 and Barna et al., 2018. Fe III and Co III lines
in the earlier epochs transform into their corresponding lower ionisation

states as the SN evolves.
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Flux suppression due to Cr II near 3800 Å has previously been observed in Barna et al.,
2017.

Several M-peaks affiliated to Ca II, in the region around ∼ 4000 Å have been repro-
duced by our model as well. As the SN evolves over time, the Fe III feature at ∼ 5200
Å is observed to grow stronger.

For near maximum brightness, the peak around 4700 Å has not been reproduced by
the uniform abundance model. The pre-maxima spectra and maxima spectra of SN
2020rea show a significant dip at around ∼ 4300 Å which can be attributed to Co III.
This has been reproduced in the synthetic spectra as well. However, post-maxima
shows a peak in its place which has not been replicated by the model.

An increasingly strong Ca II line mixed with Ti III around 8350 Å is seen in the post-
maxmimum spectra, which were also reproduced by our model. Since Oxygen and
Neon are used as filler elements, we cannot draw any conclusions about the mass frac-
tions of either of those in the ejecta. In +20.9 days spectra, the model also could not
accurately reproduce the S II absorption feature around 5600 Å. It also could not pro-
duce the ‘W’ feature at ∼ 6000 Å which grows more prominent throughout the epochs.

This leads us to formulate a model that better describes the state of ejecta, especially
during the earlier epochs. The stratified model as explained in section 3.3 and 4.2,
varies the mass fractions of elements throughout the shells to better fit the synthetic
spectra.

4.2 Using stratified abundance model

We fit TARDIS models to the six epochs using a stratified abundance model, shown in
Figure 4.2 using the process described in section 3.3. The mass fractions are varied in a
velocity grid between 5800 kms/s and 6900 km/s with a step size of ∼ 200 km/s, and
are shown in Figure 4.3

In the synthetic spectra at pre-maximum and at maximum, a very low amount of Fe is
used, which is then increased for post-maximum spectra. IMEs such as Mg, Ca, and S
are used to fit the spectra and have been kept near the same value, which implies that
there is not much of a change in the abundance of these elements as the SN evolves.

Ni plays an important role in the spectra being the reason for around half of the emis-
sion lines. Its significance, however, decreases for the outer regions of the ejecta. For
the pre-maxima epochs, the stratified abundance model provides a better fit for 3400 -
4200 Å. The ‘W’ features at around 6000 Å reproduced by our model, originates from S
during the initial evolutionary phases. As the SN enters its Fe-dominated phase, this S
is converted into Fe (Singh et al., 2022). The peaks at around 4700 Å for near-maxima,
which was earlier missing in the uniform abundance model, are present in the strati-
fied model. This represents the presence of Ti II in near-maxima spectra. However, the
stratified abundance model could not reproduce 6000 - 7000 Å region in the +20.9 day
spectrum accurately.

The C II feature near 6580 Å, prominent in fainter SNe, is very weak here, as SN 2020rea
is a bright SN (Barna et al., 2020). Thus, overall, the pre-maximum and maximum
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FIGURE 4.2: The observed spectra of SN 2020rea obtained between −7 and
+20.9 days compared to the best-fitting TARDIS models assuming strati-

fied and uniform abundance profile.
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spectroscopic features obtained in the synthetic spectra are typical of a bright SN Iax.
The velocity profile also matches that of bright SNe Iax.
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FIGURE 4.3: The best-fit chemical abundance structure for the synthetic
spectrum.

The outer regions of the ejecta seem to be stratified rather than mixed based on the
overall better fit of this model as compared to the uniform model, especially for the
earlier epochs. Therefore, this difference in the abundance distribution could indicate
that the propagation of the outer layers of the ejecta is different from a pure deflagra-
tion, as previously understood.
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Chapter 5

Conclusion & Future Work

Type Iax supernovae (SNe Iax) are a distinct sub-class of supernovae that share some
observational characteristics with normal Type Ia supernovae (SNe Ia) but exhibit no-
table differences in their lightcurve and spectral characteristics. In this project, we
study and perform spectral modelling of SNe Iax, by choosing a target object SN
2020rea.

The inital part of the project was dedicated to literature review of the SNe Iax sub-class
and understanding the mechanism behind spectral modelling using the 1D radiative
transfer code TARDIS (see sections 1 and 3). Following that, we focus on the target of
our study, SN 2020rea (see sections 2 and 4).

Based on photometric and spectroscopic measurements, SN 2020rea is categorized as
one of the most luminous members of the Type Iax subgroup with a peak absolute
magnitude of MV, peak ∼ −18.3 ± 0.07 mag. We have perform a comprehensive study
of the spectra of Type Iax SN 2020rea for six epochs from −7 days to +21 days since
maximum light. Following Singh et al., 2022, we perform spectral modelling of SN
2020rea using the uniform abundance model. We compare and identify several de-
viations from the observed spectra. After significant analysis of the synthetic spectra
obtained using this model, the parameters for the best fit for each epoch was then used
to build a stratified abundance model. This is velocity-dependent, stratified abundance
structure, following the strategy introduced in Barna et al., 2017.

A comparative analysis of both the models and the observed spectra is then performed,
from which we can conclude that the stratified abundance model is overall a better fit,
especially for the pre-maximum epochs. Thus, the ejecta’s inner layers are found to
be more homogenous, while the outer layers are found to be stratified in structure.
These findings suggest that, with time, the SN ejecta transitions from being stratified
to becoming uniformly mixed, challenging the pure deflagration interpretation.

Since this particular analysis is restricted to SN 2020rea, detailed modelling covering
the full spectral time series of multiple SNe Iax can be conducted in the future, to
constrain their possible explosion scenario and progenitor systems Type Iax SNe.

The results of this work have been submitted to the Journal of Astronomy and Astro-
physics and is currently under review.
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