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Abstrakt

Práce se zaměřuje na specifické astronomické tranzienty - výbuchy supernov. Teo-
retická část se zabývá klasifikací supernov a především rozebírá fotometrická
specifika jejich světelných křivek napříč nejznámějšími typy. Teoretická část je
zakončena přehledem dvou pozorovatelských nástrojů k pozorování supernov
a obecně tranzientů. Jedním nástrojem je současná přehlídka - Zwicky transient
facility a druhým je budoucí vesmírný dalekohled QUVIK. Praktická část práce se
zabývá světelnými křivkami supernov a je rozdělena do dvou částí - pozorovatel-
ské a modelovací. Výsledkem jsou fotometrická pozorování osmi supernov typu
Ia, Iax, Ic a II z přelomu roku 2024 a 2025 a odhad jejich parametrů na základě
modelování jejich světelných křivek.

Abstract

The work focuses on the specific astronomical transients - supernova explosions.
In the theoretical part we deal with the classification of supernovae and espe-
cially discuss the photometric specifics of their light curves across the most known
types. The theoretical part concludes with an overview of two observational tools
for observing supernovae and transients in general. One instrument is the cur-
rent survey, the Zwicky transient facility, and the other is the future QUVIK space
telescope. The practical part of the thesis deals with supernova light curves and
is divided into two parts - observational and modelling. As a result, we present
photometric observations of eight supernovae type Ia, Iax, Ic and II from the turn
of 2024 and 2025 and estimation of their parameters based on modelling of their
light curves.
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Poděkování
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Žofii a oběma Mariím.
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Introduction

Astronomical transients are important carriers of sudden changes in the universe.
Historically, for example, the discovery of Tycho’s supernova in 1572 upset the
ancient Aristotelian dogma of the immutability of the realm of fixed stars.

The momentum that a supernova (SN) explosion brings to the surrounding
universe is invaluable; SNe, by triggering the star formation process, drive future
generations of stars. Moreover, supernova nucleosynthesis chemically enriches
their host galaxies with many heavy elements, roughly speaking, from oxygen to
rubidium. The top half of the periodic table of elements would not exist without
kilonovae (KNe), i.e., the neutron star mergers, which, however, are themselves
the products of SNe.

Heavy elements, formed as a result of the transients, are essential for the for-
mation of planets and consequently in the evolution of life.

Observations and subsequent studies of astronomical transients are significant
domains of modern astrophysics. The main currently ongoing systematic surveys
of transients are Zwicky Transient Facility (ZTF) and All-Sky Automated Surveys
for SuperNovae (ASAS-SN).

This thesis focuses mainly on SNe and their light curves. The first practical
part demonstrates our own systematic observations of eight selected SNe over
a period of six months. Photometry of these SNe results in dozens of light curve
points that can complement data from large observational campaigns such as ZTF
and ASAS-SN. The second practical half deals with modelling of SN lightcurves in
the Monte-Carlo (MC) radiative-transfer (RT) code SEDONA. For the eight SNe,
we compared the measured light curves with an appropriate model to estimate
the parameters of the SN and its closer or more distant surroundings (interstellar
or intergalactic extinction in its direction), including some characteristics of their
progenitor stars.
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Chapter 1

Astronomical Transients

In astronomy, we understand transients as sudden, powerful, and mostly deep-
sky events. They change their brightness in a relatively short time, their duration
can range from fractions of a second to months or even years. These events are
typically associated with a complete or partial destruction of an astrophysical ob-
ject. Transient events are a source of significant amounts of energy, emitting radia-
tion across the electromagnetic spectrum and sometimes generating gravitational
waves. We can observe them in our Galaxy (most of novae and, rarely, SNe), but
most are extragalactic, having occurred in the distant past of faraway galaxies.

To summarize this phenomenon: The events that we classify as astronomical
transients include novae, SNe, KNe, hypernovae or collapsars, gamma-ray bursts
(GRB), tidal disruption events (TDE), and some others, such as giant irregular
bursts associated with galactic core events, giant pre-collapse stellar eruptions or
outbursts, and so on. We do not include regular variable stars, our solar-system
events like solar activities or comets, and near-Earth phenomena such as bright
bolides and other small-scale events.

1.1 Classical novae

The name nova comes from Latin, where "stella nova" means "new star". A nova
is the most frequent transient phenomenon in which only the outer envelope of
a white dwarf is ejected. The evolution of a nova develops in a close binary star
system consisting of a donor star (which may be a main-sequence (MS) star or
a red giant (RG), for example) and a white dwarf. White dwarfs are considered
to be the final evolutionary state of most stars in the universe. They are dense
remnants of a stellar core, composed mostly of electron-degenerate matter. Most
of them are carbon-oxygen (CO) white dwarfs [42].

The physical process within the classical nova is in a nutshell as follows: The
donor star in the binary system ages and expands, and when it overflows its Roche
lobe, it starts to transfer its matter (mostly hydrogen) to the white dwarf. Because
the white dwarf consists of electron-degenerate material, the volume of the star,
including the envelope of accreted hydrogen, does not increase but decreases with
increasing mass, so the temperature of the surface layer grows. When this surface
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4 Chapter 1. Astronomical Transients

hydrogen layer reaches a temperature about 2×107 K, it initiates the rapid nuclear
burning of the complete hydrogen envelope via the CNO cycle. In most cases,
this hydrogen burning is thermally unstable. This process releases lots of energy,
ejects remaining hydrogen away from the surface of a white dwarf, and produces
a bright burst of light [42].

Figure 1.1: (left) Nova in the Cygni constellation called V1974 Cyg, captured with
HST in 1994 [6]. It was discovered visually on February 1992 by Peter Collins,
amateur astronomer. (right) V838 Monocerotis, also known as Nova Monocerotis
2002, reached a maximum visual magnitude of 6.75 on February 6, 2002. This
nova is referred to as a red nova, which is thought to be caused by the merger of
two main sequence stars [57] [58].

Classical novae are the most frequent type of transients seen in a typical galaxy.
Observed rates are 26 ± 5 novae per year for the Milky Way. This Galactic nova
rate is estimated by analyzing observations from 2019 to 2021 from ASAS-SN [79].
The 20-year period (1995–2016) study [80] estimates a nova rate of 40+5

−4 novae per
year in M31. The spatial distribution analysis indicates that novae in M31 closely
follow the galaxy’s bulge light.

1.2 Supernovae

A supernova is a powerful and luminous explosion of a star. SNe are important in
two main aspects; they chemically enrich their host galaxies and drive formation
of future generations of stars.

There are two basic types of supernova according to the physical nature of the
process; thermonuclear SN and core-collapse SN. Historic, observational spectral
classification follows presence of spectral lines of mainly hydrogen, helium and
silicon, while especially the hydrogen presence defines the classification of SNe as
types I (no hydrogen lines in spectra) and II (hydrogen lines are present) [40].
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Figure 1.2: (left) Tycho’s supernova (SN 1572) remnant in Cassiopeia constellation.
X-rays observations from Chandra satellite [55]. (right) The remnant of the Cas-
siopeia A supernova explosion in the infrared. The image was obtained by the
James Webb Space Telescope [56].

1.3 Gamma-Ray Bursts

Gamma-ray bursts (GRBs) were first detected in 1967 by the VELA satellite, which
was designed to monitor compliance with a nuclear test ban treaty concluded in
1963 between the USA and the Soviet Union that prohibited atomic bomb tests
underwater, in the atmosphere, and in space. GRBs are the brightest explosions
since the Big Bang, generating approximately 1051 ergs of energy, or even more,
in just a few seconds, which is at least comparable to the energy released in a
"standard" supernova explosion.

The duration of GRBs is measured by a metric called T90 parameter, which
represents the time it takes for the total recorded signal to rise from 5% to 95%,
covering 90% of the total observed energy. Proper investigation has shown that
the duration distribution of GRBs displays a bimodal pattern. Generally, shorter
bursts tend to be more intense than longer ones, indicating that this distinction is
likely due to a physical cause rather than just a bias in observation [41].

Due to their extreme brightness, GRBs are visible from even very distant galax-
ies, but they are very rare events in individual galaxies. The paper [81] conclude
that the mean rate in the Milky Way is approximately 5.5 × 10−7 per year, or one
GRB every 1.8 million years.

1.3.1 Short GRBs

Short GRBs (T90 < 2s) are predominantly associated with neutron star mergers.
The result of mergers of binary neutron stars (BNS) is the ejection of a substantial
amount of neutron-rich material, in which heavy elements with Z > 26 are synthe-
sised via the process of rapid neutron capture nucleosynthesis, otherwise known
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as the r-process. The radioactive decay of the newly produced material results in
a transient source known as a kilonova [64].

1.3.2 Long GRBs

Long GRBs (T90 > 2s) are linked to the collapse of massive stars directly into
a black hole, a phenomenon that is also referred to as hypernovae or collapsars.
Connection between long GRBs and SNe is described in Figure 2.5.

The theory of the physical nature of short and long GRBs is significantly obser-
vationally supported by the fact that long GRBs almost entirely occur in the star-
forming galaxies where the existence of young massive stars is expected, whereas
short GRBs occur in all types of galaxies, including the oldest elliptical ones.



Chapter 2

Supernovae and their Light Curves

2.1 Classification of the Supernovae

The main categorisation of SNe from 1941 by Rudolph Minkowski [32] relies on
the characteristics of their optical spectra near the maximum luminosity when the
ejecta are optically thick. These spectra exhibit Doppler-broadened features gener-
ated above the photosphere, with velocities generally around 10 000km s−1. Spec-
tral features often display P Cygni profiles, which are characterised by emission
near the rest wavelengths of the lines, accompanied by blue-shifted absorption
that indicates the formation of the lines within an expanding medium.

The occurrence of the Balmer hydrogen spectral lines is the essential distin-
guishing feature between two major spectroscopic types of SNe. Supernovae Type
II show evidence of hydrogen and supernovae Type I do not. The SNe Type I are
further sub-categorised to Type Ia, if their spectra show singly-ionized silicon ab-
sorption lines (Si II), Type Ib, if they show strong neutral helium lines (He I) and
no or weak silicon lines, and finally Type Ic, if they have absent or weak hydrogen,
helium, and silicon lines but strong absorption of oxygen (O I) [35].

From the point of view of the physical nature, two model types of SNe can
be distinguished, corresponding to two types of stellar death: Thermonuclear SN
(Type Ia), thought to be the thermonuclear explosions of accreting white dwarf
stars; and core-collapse SN (Types Ib, Ic, II), which occur when the iron core of a
massive star collapses to form a neutron star or a black hole.

Figure 2.1: Spectral classification tree of the main types of SNe [31].

– 7 –
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Among Type II SNe, Barbon et al. (1979) [33] classified these into two photo-
metric subclasses characterized by their light curves: those that exhibit prominent
plateaus (Type II-P) and those that decline linearly (Type II-L). Later, two addi-
tional spectroscopic subclasses of Type II supernovae were introduced: Type IIb
SNe, which transition from hydrogen-rich early spectra to helium-dominated SN
Ib-like spectra near their peak [34], and Type IIn SNe, which show strong and
relatively narrow emission lines of hydrogen, indicating a dense circumstellar
medium (CSM), surrounding the progenitor star before the SN event [36].

Type Ia SNe also show prominent sulphur (S II) absorption lines that are not
seen in other SN classes. They have also been sub-divided into more special
classes, e.g. Type Ia regular, Iax, Ia-CSM, "super-Chandrasekhar" Ia (mergers of
two white dwarfs), and others.

Figure 2.2: Optical spectra of different types of SNe close to maximum light.
Prominent spectral features are labeled with their contributing ions. Data were
collected at McDonald Observatory, Texas [30].

2.1.1 SN Type Ia

It is theorised that Type Ia SNe are the result of the thermonuclear disruption of a
white dwarf that has accreted sufficient amount of matter from a companion star
to approach the Chandrasekhar limit of 1.44M⊙. During the process of accretion,
the white dwarf experiences a contraction to a radius of ∼ 108 cm. The central
density increases to ρc ≳ 109 g cm−3, and the central temperature to Tc ≳ 108 K.
At this point, unstable carbon fusion ignites and a nuclear burning front propa-
gates through the white dwarf in approximately 1 second. This releases nuclear
energy while synthesising heavier elements, raises the temperature to T ≳ 109 K,
and drives the white dwarf into expansion [35].
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SNe Ia occur in both spiral and elliptical galaxies. After the thermonuclear
explosion, they leave no bound remnant (at least in absolutely most cases, except
for some rare events of Type Iax such as the "Parker star" [39]), the white dwarf
is completely disintegrated. Their event rate is ∼ one in 300yr in our Galaxy and
they produce ∼ 2/3 of iron in Galaxy [40].

In the proposed progenitor model for Type Ia supernovae, the exploding white
dwarf can have either a non-degenerate companion star (known as the single de-
generate scenario) or another white dwarf (referred to as the double degenerate
scenario). In the single-degenerate model, the white dwarf can accumulate mat-
ter from a red giant, sub-giant/main sequence, or a helium star. In contrast, the
double degenerate scenario involves the violent merger of two white dwarfs of
similar mass (typically ∼ 0.9M⊙), which has been demonstrated to result in sub-
luminous Type Ia supernova explosions. However, white dwarfs that are more
massive, owing to their higher density, will generate larger amount of 56Ni and
iron group elements, leading to brighter SNe Ia [44].

Type Ia SNe are employed as standardised candles due to the (almost) identical
physical nature and, therefore, expected identical luminosity; they also meet an
empirical relationship linking their intrinsic luminosity to their rate of dimming.
The dimming behaviour is quantified by the decline in brightness, measured in
the B-band, occurring 15 days after peak luminosity. This B-band decline is de-
noted as ∆m15(B). The so-called Phillips relation [45] reveals that SNe exhibiting
smaller values of ∆m15(B) are intrinsically more luminous than those with larger
values. The empirical form of this relation specifies the absolute magnitude at
maximum brightness in the B-band as

Mmax(B) = −21.726 + 2.698∆m15(B). (2.1)

This relationship facilitates the determination of an absolute magnitude of an SN
once ∆m15(B) has been measured. In normal Type Ia SNe, the decline rate typi-
cally falls within the range 0.85 < ∆m15(B) < 1.70 magnitudes [44].

Figure 2.3: The maximum in the B-band is associated with the rate at which the
light curve decreases in the 15 days, referred to as ∆m15(B). Supernovae that are
brighter tend to have a slower decline, while those that are fainter decline more
quickly. This relationship is recognized as the luminosity-decline rate connection
(Phillips relation) [47].
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By comparing the inferred absolute magnitude with the observed apparent
magnitude at peak brightness, it is possible to calculate the distance to the SN.
Owing to their exceptional luminosity, we use Type Ia SNe as distance indicators
on cosmological scales, beyond the reach of other standard distance measurement
techniques [40].

Although the majority of Type Ia SNe follow the luminosity–decline rate rela-
tion, it is crucial to recognise that a significant subset of thermonuclear SNe de-
viate from this trend. The over-luminous (super-Chandrasekhar SNe Ia) occupy
the extreme end of the ∆m15(B)–MB relation, characterised by their slow decline.
In contrast, SNe Iax represent a peculiar subclass of thermonuclear explosions,
distinguished by their relatively low luminosities and reduced kinetic energies in
comparison to standard SNe Ia [44].

SN Type Iax

Type Iax supernovae (SN Iax), commonly also referred to as SN 2002cx-like SNe,
represent a subclass of peculiar white dwarf SNe distinguished by their relatively
lower ejecta velocities and luminosities compared to normal type Ia SNe. With
over fifty known examples, SN Iax predominantly occur in late-type host galax-
ies, suggesting a younger stellar population. The only SN Iax for which a pre-
explosion progenitor has been identified is SN Iax 2012Z, supporting the prevail-
ing hypothesis that these events may result from an explosion of a carbon-oxygen
white dwarf, instigated by helium accretion up to the Chandrasekhar mass. De-
spite their spectral similarities to normal SN Ia, particularly the “hot” variants,
SN Iax are characterised by their expansion velocities, which range from 2 000 to
7 000km s−1. The possibility of misclassifying SN Iax as normal SN Ia increases
with uncertainties in velocity measurements and host galaxy redshifts [37].

2.1.2 Core-collapse SNe

A core-collapse SN explosion occurs when a star rapidly collapses onto a neutron
star or a black hole. In very massive stars (M⋆ ≳ 8 − 9M⊙), nuclear processes go
more rapidly than the removal of their outer layers. This allows the star’s core
to evolve to the stage where it synthesizes elements in the iron group (this stage
occurs predominantly in stars initially more massive than ∼ 10M⊙, while stars
with initial masses in range ∼ 8−10M⊙ end their "lives" as the so-called electron-
capture (EC) SNe, synthesising only O-Ne-Mg elements [50]). Once the star begins
to synthesise iron, it ceases to produce additional nuclear energy within a short
period of time. The exhaustion of exothermic reactions within the iron core leads
to a rapid contraction of the star. When the mass of the iron core exceeds the Chan-
drasekhar mass limit (1.44M⊙), the pressure exerted by the electron-degenerate
material is no longer able to resist its own gravity, resulting thus in further gravi-
tational collapse [49].

This process continues until the neutron gas degenerates at densities ∼ 1014 −
1015 g cm−3, resulting in the formation of an extremely dense neutron star. How-
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ever, in rare instances where the initial mass of a star exceeds 40 − 50M⊙, even
neutron-degenerate matter may be unable to resist the gravitational force, result-
ing in a direct collapse onto a black hole [50] [51] [52].

Core-collapse SNe are found in spiral or irregular galaxies, which, in contrast
to elliptical galaxies, are still actively forming new stars. After explosive pro-
cesses, their cores collapse to compact remnants, that is, neutron stars or black
holes. Their event rate is ∼ 2 in 100yr in our Galaxy and they produce ∼ 1/3 of
all the iron and oxygen in Galaxy [40] (this does not mean that all of them were
observed in history; many of them exploded in dust-shielded Galactic plane or
near the Galactic centre).

The current consensus is that Type Ib/c SNe are associated with the evolu-
tion of close binaries or very massive helium or Wolf-Rayet stars. Type II SNe
are mostly connected with explosions of red supergiants, sometimes even yel-
low or blue supergiants. The large hydrogen envelope of red supergiants and the
reversely propagating recombination wave within it is the reason for the (afore-
mentioned) plateau in the SNe Type II-P. Table 2.1 shows the simplified connection
between progenitor properties and core-collapse SN types [50].

SN Type Pre-SN Stellar Structure

IIP ≳ 2M⊙ hydrogen envelope
IIL/b ≲ 2M⊙ hydrogen envelope
Ib/c no hydrogen envelope

Table 2.1: Progenitor properties for different core-collapse SNe [50].

The paper by Heger et al. [50] shows clear distribution of SNe types (demon-
strated in Figure 2.4) as a function of metallicity and progenitor initial mass. The
thick green line indicates where stars retain their hydrogen envelope, while the
dashed blue line marks the boundary for direct black hole formation. Type II-P
SNe (green hatching) occur in the lower left region; potentially weak and faint
SNe due to 56Ni fallback, especially at low metallicity, are then on the right side
of the SN II-P region. Near the hydrogen envelope loss edge are Type II-L/b SNe
(purple hatching). Above both lines, Type Ib/c SNe occur; they may also be weak
due to fallback. In the direct black hole infall regime, normal SNe do not exist, ex-
cept for the pulsational pair-instability SNe (brown hatching) that explode due to
the γγ → e−e+ reaction, that is, two gamma photons create at extreme conditions
(that are in cores of very massive stars above ∼ 80− 100M⊙) an electron-positron
pair that is insufficient to resist gravitational contraction of the star. Unlike the
yet more massive non-pulsational pair-instability SNe (red hatching), they are not
disintegrated completely; some fraction of the star survives which may later again
undergo the SN phase. Another domain forming black holes at low metallicities
and high masses (white), where no SNe are produced, is at the lower right cor-
ner of the graph, however, so massive stars have to be so rare that these cases are
almost hypothetical.
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Figure 2.4: SNe types of nonrotating massive single stars as a function of initial
mass and initial metallicity. Obviously, both these parameters have significant
effect on the various SN-types creation. Adapted from [50].

The additional graphical subdivision in Figure 2.5 shows how different types
of collapsar arise from single massive stars, depending on their initial mass and
metallicity. The key distinction is between Type II collapsars, which form after
fallback (indicated in red; the fallback means the subsequent fall of SN into the
black hole after early expansion; we may regard it as an intermediate category
between "normal" SNe and direct black hole collapsars), and Type I collapsars,
which form directly (shown in violet). They are further categorised into those with
a hydrogen envelope (indicated by cross-hatching) that can create jet-powered
supernovae (JetSNe), and hydrogen-free collapsars (diagonal cross-hatching) that
could lead to either JetSNe or gamma-ray bursts (GRBs). The hydrogen envelope
is lost below a certain threshold (thick green line), while direct formation of very
massive black holes (Type III collapsars) occurs at high mass and low metallicity.
Notably, no collapsars occur in regions of low mass, high metallicity, or the pair-
instability SNe zone (shown in white) [50].

Jet-driven supernovae (JetSNe) are highly asymmetric explosions fuelled by
bipolar outflows from a central object, making them potentially more energetic
than regular SNe and a precursor to hypernovae. Although JetSNe can occur
alongside GRBs, not all will generate the highly relativistic ejecta needed for a
strongly gamma-radiating burst event [50].
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Figure 2.5: Collapsar types resulting from single massive stars as a function of
initial mass and metallicity [50].

2.2 SNe Light Curves

Light curves are utilised to constrain fundamental physical quantities, including
the total ejected mass, the mass of synthesised unstable 56Ni, the kinetic energy of
the ejecta, and the radius of the progenitor star. A bolometric light curve tracks
the total luminosity of an SN and is closely linked to the physics of explosion.
’Bolometric’ typically refers to integration over all wavelengths, but in the con-
text of SNe, it often means UVOIR, encompassing near-UV, optical, and near-IR,
sometimes called "quasi-bolometric". The apparent magnitude at peak brightness
can be converted to absolute magnitude by estimating distance and interstellar
extinction [35].

Typically, Type Ia and Type II SNe have a B − V colour index around 0.0 near
maximum light, which is similar to the colour of a blackbody with a temperature
of about 104 K. In contrast, Type Ib/c SNe are somewhat redder because their
photospheres are cooler. After reaching maximum light, the colors of SNe tend to
become redder over time as the ejected matter cools down [35].

2.2.1 Light Curves of SN Type Ia

For a standard SN Ia, one energy source is dominantly responsible for powering
the light curve after maximum, that is the radioactive decay of nickel that is pro-
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duced at the moment of the 212C + 216O → 56Ni thermonuclear reaction during
the SN explosion. Therefore, the luminosity increases as more 56Ni is produced.

The first phase of the light curve is powered by the inverse-β decay of 56Ni,

56Ni + e− → 56Co∗ + νe (2.2)

with a half-life τNi = 6.1 days. The product 56Co∗ is an excited state of cobalt that
decays down to its ground state by emitting γ-rays that eventually transfer their
energy to the stellar plasma. The produced isotope 56Co is unstable again and
decays with another electron capture to iron,

56Co + e− → 56Fe + νe (2.3)

with a half-life τCo = 77.7 days [40].

Figure 2.6: Radioactive decay of nickel as the source of the SN Ia light curve [43].

The initial phase of the light curve is characterized by the following physical
assumptions: homological expansion and spherical symmetry, the dominance of
radiation pressure, a significant presence of the radioactive isotope 56Ni in the
expanding material, a small initial radius and constant opacity. The well-known
Arnett’s law [48] (Equation 2.6) quantifies this feature; it shows that the peak of the
light curve must be close to the instantaneous decay power at that time,

L(t) = L(0)φ(t) ∼ fE

τ0
φ(t), (2.4)

where f is numerical factor (ratio of the initial thermal energy Eth(0) to the total
energy E; typically, f = 0.5). The dimensionless function φ(t) is [48]

φ(t) ≈ e−(t/τ0+t2/τ2m)

∫ t

0

Q̇(t′)

L(0)
e(t

′/τ0+t′2/τ2m)

(
τh + 2t′

τ 2m

)
dt′, (2.5)

where the various timescales τ0, τh, and τm mean the diffusion timescale (τ0 ∝
κM/R where κ is the opacity), hydrodynamical timescale (τh = R⋆/⟨v⟩ where ⟨v⟩
is the averaged expansion speed of SN), and their combination (τm =

√
2τ0τh),

respectively. The quantity Q̇ in Equation 2.5 is the heating power; we may in this
case regard it as a heating power from radioactive decay.
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We may also use the simplified Equation 2.5 for "early time" in the form [48]

d(lnL)

dt
= −4cR

κM
+

ϵ0
E

exp

(
− t

τNi

)
(2.6)

to find the time of maximum luminosity. If we approximate E = ϵ0t (where E and
ϵ0 are the energy and the SN power, both per unit mass), then Equation 2.6 is zero
at t ≈ 1.25 τNi for the asymptotic velocity of SN v∗ = 109 cm s−1, κ = 0.2 cm2 g−1,
and M = 1M⊙. The maximum thus occurs at t1 ≈ 9.5 × 105 s ≈ 11 d, when the
radius is R = t1v∗ ≈ 9.5× 1014 cm.

From the observations, the maximum luminosity LUVOIR ≳ 1043 erg s−1 occurs
approximately 20 days after the explosion. Inferred from the blueshift and width
of the spectral lines, the velocity at the photosphere (in the early time, we may
identify the outer SN expansion front with the photosphere) is estimated to be v ∼
10 000km s−1. The radius of the photosphere when it reaches maximum bright-
ness is calculated from velocity and time to maximum light as R = vt = 1015 cm.
To determine the luminosity, we use the formula σT 4

ph = L/(4πR2), which yields
a photosphere temperature of approximately Tph ≈ 104 K [35].

Light Curves of SN Type Iax

The optical light curves of SN Iax show a general similarity to those of SN Ia but
exhibit greater diversity. SN Iax typically experience faster grows (10 to 20 days)
in all bands, with notable variations in the pre-maximum light curves [72]. Their
decline rates in the B and V bands tend to be faster in general then regular SNe Ia
[73]. The optical colour evolution of SN Iax, such as in the B − V colour index, is
roughly similar to that of normal SN Ia [71], although SN Iax show significantly
slower declines in redder bands [72].

Generally, faster-rising SN Iax also fade more quickly, with some exceptions,
such as SN 2007qd [77]. Unlike SN Ia, SN Iax do not show a prominent second
peak in the redder and near-infrared bands [76] (red bump). This peak is espe-
cially enhanced in slowly declining SNe Ia, which means that those most spec-
troscopically similar to SNe Iax exhibit different photometric behaviour. Despite
this, weeks after maximum brightness, SNe Iax show modest colour evolution,
allowing late-time colours to serve as indicators of host-galaxy reddening [71].

The late-time light curves of typical SN Iax decline more slowly than those of
regular SN Ia up to about 300 to 400 days after maximum light, after which both
types show similar decline rates around 0.01 to 0.02 mag day−1 [75]. The peak
optical luminosity of SN Iax ranges significantly from MV ≈ −19 for the brightest
to MV ≈ −13 for the faintest, falling below the Phillips relation 2.1 by 0.5 to several
magnitudes [71].

Magee et al. (2016) [72] suggest that peak luminosity may correlate more
strongly with rise time than decline rate. In the NIR, SN 2005hk shows a broad
peak delayed by about 10 to 15 days relative to the B band. In the near-ultraviolet
(NUV) range, SNe Iax evolve more quickly in near-UV than regular SNe Ia, ini-
tially appearing bluer but becoming redder (by 1.5 to 2 mag in Swift UVW1) ap-
proximately ten days post maximum [78] [37].
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Figure 2.7: A major breakthrough in understanding SNe Iax occurred with the dis-
covery of the progenitor system of SN 2012Z [74], which exploded in the nearby
galaxy NGC 1309. This galaxy had extensive deep, multi-epoch HST imaging that
covered SN 2012Z’s pre-explosion location. The high-resolution imaging revealed
a luminous and blue source identified as a helium-star companion of the explod-
ing white dwarf; this was the first detection of progenitor of a thermonuclear su-
pernova. The left panel of the associated figure shows the deep Hubble Heritage
image of NGC1309, while the upper and lower panels depict the progenitor sys-
tem and its post-explosion position, respectively (adapted from [74] [38] and [37]).

2.2.2 Light Curves of SN Type Ib/c

Massive stars that are the progenitors of core-collapse SNe, which have shed their
hydrogen layers (stripped stars) produce these types of SNe. The radii of the
stripped envelopes themselves are estimated within the range 0.1 − 1R⊙. After
a core collapse, a shock wave emerges at the base of the envelope, leading to
the heating and ejection of material. Within minutes, the shock wave reaches the
progenitor’s photosphere, resulting in an X-ray flash during the breakout phase.

Subsequently to the fireball phase, in the absence of circumstellar interactions,
the light curve is supported by the radioactive decay of 56Ni and 56Co, which
is analogous to the behaviour of a Type Ia supernova. Although fundamental
physical processes are comparable, the light curves of SN Ib/c differ because of
variations in ejected masses, kinetic energies, elemental compositions, opacities,
and asymmetries. Typically, SN Ib/c exhibit greater asymmetry than SN Ia and
have lower metallicities; however, in some cases, SN Ic-BL (broad lines), which
are sometimes linked to GRBs, can exhibit higher MNi and kinetic energies than
SNe Ia.

One noteworthy distinction compared to SN Ia is, that over many years, the
decay of the long-lived isotope 44Ti (which has a half-life of 60 years) could be-
come important. The decay process of 44Ti leads to the release of hard X-rays and
gamma-rays [35].
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2.2.3 Light Curves of SN Type II

The question of whether SNe II-P and SNe II-L are physically different or merely
two extremes of the same process remains a subject of debate. However, other
SNe II, notably SNe IIn, exhibit a more gradual decline. Most SNe II eventually
undergo a linear tail phase in magnitude, which typically corresponds closely to
the 77-day half-life of 56Co∗. In the context of core-collapse SNe, the interaction of
SN with the circumstellar medium has been shown to be a significant source of
radiation in the UVOIR range [53], also constituting a major source of non-UVOIR
radiation.

Light Curves of SN Type IIP

SNe IIP progenitors are believed to be red supergiants, which have massive hy-
drogen envelopes with mass ∼ 10M⊙ and large radii ∼ 100 − 1000R⊙. The fire-
ball phase of a SN II-P light curve persists for several weeks until the outer layers
cool sufficiently (below 104 K) for hydrogen to undergo recombination. As the
ejecta expand, the photosphere moves inward with respect to mass, while keeping
a nearly constant radius. The temperature stabilizes around the hydrogen recom-
bination temperature, ∼ 5500 K, at the relevant electron densities. Consequently,
the luminosity remains relatively steady, leading to the formation of a plateau in
the light curve. The duration of this plateau, typically around ∼ 100 days, is influ-
enced by the mass of the hydrogen envelope, the kinetic energy of the explosion,
and the degree of mixing of radioactive 56Ni with respect to the surface. When the
recombination front reaches the base of the hydrogen envelope, it enters the inner,
metal-rich core material, resulting in a sharp decline in luminosity and signalling
the end of the plateau phase.

SNe II-P eject radioactive 56Ni, typically around 0.1M⊙, although this can vary
widely. During the initial plateau phase, the luminosity from radioactivity is sig-
nificantly lower than the shock-deposited thermal energy released by the hydro-
gen recombination front. Following the plateau and plateau-tail phases, the initial
shock energy becomes exhausted, but the decay of 56Co continues [35].

Light Curves of SN Type IIb

SNe IIb refer to the explosions of massive stars that have shed the majority of their
hydrogen layers, either through stellar winds or interactions in binary systems.
SN IIb is considered an intermediate type between SN Type I and Type II. Even
a small remaining hydrogen envelope (around 1 solar mass) can result in a con-
siderable radius of the progenitor, allowing the fireball phase to be long enough
for observation. Following this initial fireball phase, similar to the case of SNe
Ib/c, there is a drop in luminosity that is succeeded by a rise to a secondary peak
and a subsequent tail phase. Both the secondary maximum and the tail phase are
driven by the decay of 56Co∗, much like in SN Ia and SN Ib/c [35].
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Figure 2.8: Idealised early-to-intermediate phase of light curves of the main "clas-
sical" types of SNe [46]. Some more recently classified types, such as the super-
luminous SNe (SLSNe), are missing.
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QUVIK satellite

The Quick Ultra-Violet Kilonovae Surveyor will be the first Czech space telescope
scheduled to be launched in 2027 [59] [60] [61]; its basic orbit is planned to be
a sun-synchronous (SSO) low-Earth orbit, with an altitude of 550 km. The basic
duration of the QUVIK mission is expected to be 3 years. The telescope will be
equipped with an ultraviolet (UV) space telescope and will be attached to a small
satellite of approximately 100 kg. The satellite will have a moderately fast re-
pointing capability and a real-time alert communication system. Its main goals in-
clude monitoring the UV-brightness evolution of KNe as quickly as possible after
receiving the gravitational wave signal by one of their detectors (LIGO, VIRGO,
and possibly others, if will be already in operation) to distinguish between differ-
ent models of a KN explosion.

The close coordination of the FUV-capable QUVIK with the alertive support of
the Israeli Ultraviolet Transient Astronomy Satellite (ULTRASAT) will therefore
lead to a multiplicity of scientific results of both missions [59].

Figure 3.1: Mission logo and artwork of the QUVIK satellite [62] [59].

The instrument will also provide unique follow-up capabilities in both the
near- and far-UV bands for other transients, including GRBs, SNe, outbursts in
active galactic nuclei, and tidal disruption of stars by supermassive black holes.
The field of GRB science stands to benefit significantly from the integration of an
onboard GRB detector with the capacity for localisation. In addition to the ob-
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servation of transients, the satellite will be directed towards other objects, namely
stars and stellar systems, as well as galactic nuclei.

The UV-telescope and detectors

The primary science payloads will consist of a modified Cassegrain telescope with
a primary mirror measuring D = 33 cm in diameter. This will be imaged by
a 4k × 4k complementary metal–oxide–semiconductor (CMOS) sensor. The field-
of-views (FoV) of UV light channels will be at least FoV (NUV) = 1◦ × 1◦ and
FoV (FUV) = 0.25◦ × 0.25◦. As described in [59], the effective area of the UV tele-
scope and detectors is adequate to detect a mAB = 22 object with a signal-to-noise
ratio 5, using an 18-minute exposure image composed of individual 20-second
exposures (mAB is the so-called effective magnitude, where the frequency depen-
dent absolute magnitude is defined as ABν = −2.5 log fν − 48.60, where fν is the
photometric radiative flux per unit frequency [52]).

The image presented in Figure 3.2 is a simulated NUV band QUVIK image of
a KN with mAB = 21 at an angular distance from its host galaxy of 1.5 effective
radii (radius containing half the luminosity of a given galaxy) at a distance of
200 Mpc. QUVIK’s angular resolution will facilitate the clear detection of a KN on
the background of its host, unless it occurs in the galaxy’s bright central region.

Figure 3.2: A simulated NUV band QUVIK image of an mAB = 21 KN
(pixel resolution of 1.75 arcsec px−1, FoV cutout of 1.75 arcmin × 1.75 arcmin), as-
suming the star field and the host galaxy of the famous KN AT2017gfo [59]. This
transient resulted from the iconic binary neutron star merger that produced the
gravitational wave source GW170817. It was the first simultaneous detection (and
unfortunately the last one so far) of gravitational waves and electromagnetic ra-
diation in history [65].
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The Zwicky Transient Facility

The Zwicky Transient Facility (ZTF) is a wide-field optical survey project based at
the Palomar Observatory in California, United States [67]. Commissioned in 2018,
ZTF is a successor to the Intermediate Palomar Transient Factory (iPTF), which
operated from 2009 to 2017. The facility is named after the Swiss astronomer Fritz
Zwicky, a pioneer in the study of SNe and dark matter. The primary instrument
of ZTF is a novel 600-megapixel camera mounted on the 48-inch Samuel Oschin
Schmidt Telescope with a 72-inch (1.8-metre) mirror, designed to rapidly survey
the sky for transient and variable phenomena [66].

The ZTF camera contains 16 CCD detectors, each with a resolution of 6144 ×
6160 pixels, resulting in a total field of view of approximately 47 square degrees
per exposure. This configuration enables ZTF to image the entire northern sky
every two nights and to scan the plane of the Milky Way twice a night. The facility
observes in both the visible and near-infrared wavelengths, which allows for the
detection of a wide variety of transient events, including dust-obscured and high-
redshift phenomena [67].

The survey reaches a limiting magnitude of r ≈ 20.5 (5σ), making it sensitive
to a broad range of astrophysical transients, such as SNe, GRBs, tidal disruption
events, and the electromagnetic counterparts of neutron star mergers. ZTF per-
forms a systematic study of the northern sky, enabling not only discovery but
also time-domain analysis of transient and variable sources [67]. ZTF produces

Figure 4.1: The 48-inch (1.2-meter) Samuel Oschin Telescope [66].

– 21 –
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a significantly larger volume of data compared to its predecessor, generating ap-
proximately ten times more detections. This vast data output makes ZTF also a
valuable prototype for next-generation facilities such as the Vera C. Rubin Obser-
vatory, formerly known as the Large Synoptic Survey Telescope (LSST)[66]. In
addition to the 48-inch discovery telescope, ZTF employs the 60-inch telescope at
Palomar for rapid spectroscopic follow-up. This telescope is robotically controlled
and equipped to deliver low-resolution optical spectra of newly discovered tran-
sients, facilitating prompt classification and enabling rapid-response science [66].

ZTF operates with three custom-designed optical filters: ZTF-g, ZTF-r, and
ZTF-i. These filters were optimised for high signal-to-noise ratio performance
rather than strict conformity with standard photometric systems (e.g. SDSS, PS1,
Gaia). This decision was motivated by the goal of maximising the detection effi-
ciency of transient phenomena while avoiding major spectral features that could
reduce photometric sensitivity [67].

Figure 4.2: A comparison of ZTF g, r, and i-band filters transmission with data
from different observational campaigns, the Pan-STARRS1 (PS1) and Sloan Digital
Sky Survey (SDSS). Adapted from [26].
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SEDONA

5.1 3D Monte Carlo Radiative Transfer Code

SNe explosions, crucial for understanding the evolution of the universe, emit ob-
servable light curves, spectra, and polarisation, offering insights into explosion
physics and progenitor stars. Standard and traditional 1D models, although use-
ful, cannot capture the complexity of asymmetric ejecta observed through po-
larisation and unusual flux features. SEDONA code is able to calculate time-
dependent, 3D radiative transfer in SN atmospheres, including detailed treatment
of gamma-ray transfer and temperature structure. Either by directly linking or
by data input from different multidimensional hydrodynamic models, SEDONA
eliminates the need to adjust free parameters in radiative transfer calculations.
This approach enables proper modeling of emerging spectra, light curves, and
polarization across various viewing angles, which is crucial for validation of the-
oretical predictions against observational data [7].

Figure 5.1: SEDONA logo [9].

Monte Carlo method used in SEDONA fol-
lows individual packets of radiative energy
- representing photons - as they propagate
through the expanding SN ejecta. These pho-
ton packets undergo random interactions, such
as absorption, scattering, and re-emission, un-
til they eventually escape the SN ejecta or the
whole computational domain. Each packet car-
ries information about its wavelength, polar-
isation state, and energy, which are updated
during the simulation process. By tracking
a large number of photon packets, SEDONA
reconstructs the emergent spectrum and other observable properties of the SN.
Unlike traditional numerical radiative transfer methods, Monte Carlo techniques
offer greater flexibility in handling complex, multidimensional structures and are
less prone to numerical instabilities [7].

One of the strengths of SEDONA is its ability to handle multi-dimensional
SN ejecta in the three basic geometries, Cartesian, cylindrical, and spherical. The
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code accepts input from either self-calculated or different hydrodynamic explo-
sion models that describe the density, velocity components, temperature, radia-
tive energy, and chemical composition of the ejected material. It then computes
the time evolution of radiative transfer, including non-local thermodynamic equi-
librium (NLTE) effects and detailed atomic processes including, e.g. the line flu-
orescence. Furthermore, SEDONA incorporates a comprehensive treatment of
gamma-ray transfer, which plays a crucial role in shaping the observed spectra
of SNe due to ejecta heating by radioactive decay chains [10].

In addition to its scientific accuracy, SEDONA is computationally efficient. The
Monte Carlo approach allows for straightforward parallelisation, making the code
suitable for high-performance computing environments. Despite the inherent sta-
tistical noise in Monte Carlo simulations, SEDONA achieves rapid convergence
even in highly asymmetric configurations, enabling reliable predictions for a wide
range of SN models. The code has been extensively tested against existing radia-
tive transfer codes and observational data, demonstrating its capability to model
realistic SN spectra, light curves, and polarisation signatures [10].

By providing a direct and parameter-free connection between multidimen-
sional explosion models and observed SN properties, SEDONA represents sig-
nificant progress in radiative transfer modelling. Its ability to capture the com-
plexity of SN ejecta makes it an excellent tool for interpreting observational data
and improving theoretical models of stellar explosions [7].

SEDONA enables to calculate opacities in various modes, including the grey,
Thomson scattering, bound-free, bound-bound, and free-free opacities, for LTE or
NLTE regimes. SEDONA includes various atomic data linelists, including, e.g.
the Kurucz & Bell database [27] which contains over 40 million spectral lines.

5.2 Generating Synthetic Light Curves

Besides the detailed spectra calculations, SEDONA also outputs a file that pro-
vides the time series of the light curve L(t) at frequencies ν and output times t [9].
The bolometric luminosity is simply given as

Lbol(t) =

∫
L(ν, t) dν.

Similarly, the absolute bolometric magnitude is given as

Mbol = −25 log10 Lbol + 88.697425.

In order to obtain light curves in certain filters, you have to convolve the luminos-
ity with a given transmission curve. If Tb(ν) is the transmission for a given filter
band at frequency ν, then the luminosity convolved with the filter is expressed as

L(b) =
∫
Tb(ν)L(ν, t) d ln ν∫

Tb(ν) d ln ν
.
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The formula to convert this to an AB magnitude is

MAB(b) = −2.5 log10

(
L(b)
4πd2

)
− 48.600,

where d = 10pc is the standardized distance to convert to a flux [9].

Figure 5.2: Example of the SEDONA calculation of the synthetic UBVRIJHK light
curves of the w7 Type Ia SN explosion model from [7]. Overplotted are the Krisci-
unas et al. 2003 [11] observations of SN 2001el, assuming a distance modulus
m −M = 31.45 and correcting for an extinction of AV = 0.5 and RV = 2.88. The
model seems to match well in terms of rise times, decline rates, and peak magni-
tudes. However, there is a significant secondary peak in the near-infrared bands
(IJHK), which appears stronger in the model than in the actual observations [7].

The plot of absolute magnitudes M calculated in various bands of the Type
Ia SN explosion model, is shown in Figure 5.2, adapted from [7]. The extinction
corrections AV and RV mean the absolute interstellar extinction and the scaled
extinction, respectively, where RV = AV /E(B − V ) is the total extinction divided
by the B − V colour excess. For this adjustment, SEDONA includes additional
routines to calculation the AB magnitudes in different photometric bands (it stores
complete parameters for 175 different bands).
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Photometric Analysis of Supernovae

6.1 Measurement and Post-Processing Overview

We measured eight SNe in total over ten observing nights, from November 2024
to April 2025. The observation itself was preceded by the selection of suitable SN
candidates using the latest SN database [2]. The parameters for selecting suitable
SNe were: brightness measurable at short exposure (< 19mag), recent maximum
and position in the sky (circumpolar or winter constellation in the northern sky).
We have not constrained the SN candidates on the basis of the distance of the SN
from the centre of the host galaxy, in order to find the observational limits and the
performance of post-processing tools.

SN name Host galaxy Discovery date Discoverer Type Max mag

2024vfo UGC 690 2024/09/11.582 K. Itagaki II 18.0
2024vim UGC 4108 2024/09/13.454 Fink Ia 15.9
2024xqe LEDA 2078778 2024/10/09.466 PS1 Ia 16.4
2024aecx NGC 3521 2024/12/16.557 ATLAS Ic 13.9
2024aeee NGC 2523 2024/12/17.645 S. Ono II 15.3
2025dr UGC 670 2025/01/06.267 ATLAS Ia 16.1
2025oq NGC 2744 2025/01/17.024 ATLAS Ic 14.7
2025qe IC 529 2025/01/18.262 ATLAS Iax 15.7

Table 6.1: List of observed SNe with their properties. The discovery date column
is in format year/month/day, which contains the fractions of the day. Adapted
from [2].

We collected photons using the Vyškov Observatory telescope with a half-
meter diameter. The average exposure time in each filter was twenty minutes.
We used a CCD camera with three broad-band Johnson filters: B, V , and R. Our
observation setup has a resulting FoV of 0.45 ° × 0.45 ° and a pixel resolution of
0.786 arcsec px−1. For image post-processing, we use the Munipack [4], which in-
cludes photometric correction with biases, dark frames, and flat fields, as well as

– 27 –
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astrometric calibration and frame composition in each filter.
The preliminary results of the photometry are given in Table 6.3. These mag-

nitudes include the brightnesses not only of SNe but also of their host galaxies.
The next important step will be subtracting the host galaxies using the Galfit
programme or other sophisticated methods. It will be essential to convert the
measured magnitudes to AB magnitudes in order to properly combine our light
curves with data from other observatories. A more detailed analysis of the pho-
tometric part of our work will be discussed in the bachelor thesis in progress, V.
Kolaříková: Photometric study of supernovae.

The images included in this chapter are zoomed in at 500px × 500px, which
corresponds to the 6.5′ × 6.5′ angular size of the frames. The length of the blue
focus line (to compare the distance of the SN from the centre of the host galaxy) is
90 px, which corresponds to the angular size 71 ”.

Figure 6.1: Half-meter diameter Newton telescope in Vyškov observatory under
the winter starry sky. Photo is taken by V. Kolaříková during our supernova ob-
servations.

6.2 Observations of SN Lightcurves

6.2.1 SN2024vfo

The SN2024vfo (also referred to as GOTO24fwv, ZTF24abhbrcs, or ATLAS24oen)
was discovered on 2024 September 11.582 by Koichi Itagaki (the date is expressed
as the decimal fraction of the day). It is located in galaxy UGC 690 at RA =
1h 07m 27.385s and Dec = +39° 24′ 13.60” in the Andromeda constellation, posi-
tioned 62.7" west and 11.9" north (25kpc) of the center of UGC 690. The SN is
classified as Type II [1]. The classification of AT 2024vfo as an SN is confirmed
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Date SN name Filters

2024/11/05 2024vim B,V
2024xqe B,V

2024/11/07 2024vfo B,V,R

2024xqe B,V,R
2024/12/05 2024vfo B,V,R

2024vim B,V,R
2024xqe R

2025/01/31 2024vim B,V,R
2024xqe B,V,R
2025oq B,V,R

2024aecx B,V,R
2024aeee B,V,R

2025/02/04 2024aeee B,V,R
2025oq B,V,R
2025dr B,V,R
2025qe B,V,R

2024aecx B,V,R

Date SN name Filters

2025/02/10 2025dr B,V,R
2025qe B,V,R

2024aecx B,V,R
2025/02/18 2024aecx B,V,R

2025oq B,V,R
2025qe B,V,R

2025/02/20 2024aeee B,V,R
2025dr B,V,R

2025/03/07 2024aeee B,V,R
2025oq B,V,R
2025dr B,V,R
2025qe B,V,R

2024aecx B,V,R
2025/03/18 2024aeee B,V,R

2025oq B,V,R
2025dr B,V,R
2025qe B,V,R

Table 6.2: List of observation nights and measured SNe.

based on early spectral observations from [18]. The early spectrum showed an
almost featureless blue continuum with possible broad hydrogen lines at the host
redshift (UGC 690: zhost = 0.019577, d = 85.6Mpc). The spectrum peak was be-
low observed wavelength range (∼3000 Å), indicating a temperature higher than
10 000 K [18].

Further classification of SN 2024vfo as a Type II SN is supported by a follow-
up spectrum obtained in September 2024 with NOT/ALFOSC (Nordic Optical
Telescope, Alhambra Faint Object Spectrograph and Camera). The spectrum re-
vealed a blue continuum with broad P-Cygni Balmer features (Hα, Hβ, Hγ) and
an absorption dip at approximately 13 000 km s−1, as well as a feature of He II at
the similar velocity [24].

6.2.2 SN2024xqe

The SN2024xqe (also referred to as PS24jlp or ZTF24ablssfw) was discovered on
2024 October 9.466 at RA = 2h 21m 11.941s and Dec = +36° 19′ 48”.69 in the Triangu-
lum constellation. The SN is classified as a Type Ia [14], with redshift of z = 0.034
and the host galaxy is identified as LEDA 2078778 (zhost = 0.048560). The SN is
located 5.21" north and 2.00" west of the center of the host galaxy. Additional pho-
tometry of the SN on 2024 October 13.436 showed a g-band magnitude of 16.94
(0.01) and a g-r color index of +0.44 (0.02) [1].
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6.2.3 SN2024vim

The supernova 2024vim (also referred to as ZTF24abgvscf or Gaia24cpg) was dis-
covered on 2024 September 13.454 by the Fink survey. It is located in UGC 4108
at RA = 7h 57m 32.03s and Dec = +59° 05′ 07”.98 (Ursa Major constellation), posi-
tioned 4.2" west and 5.7" north (2.5 kpc) of the centre of UGC 4108. The SN is
classified as Type Ia (zhost = 0.018946) [13].

6.2.4 SN2024aecx

The SN2024aecx (also referred to as ZTF24abyaspl, ATLAS24rkq or PS24-msg)
was discovered on 2024 December 16.557 by the ATLAS survey. It is located in
NGC 3521 (zhost = 0.002665) at RA = 1h 05m 49.552s and Dec = −0° 02′ 05.44” in the
Leo constellation, positioned 14.5" east and 3.7" north (0.8 kpc) from the center of
NGC 3521. The SN is classified as Type Ic. Although the light curve and compar-
isons with SNID [82] and GELATO software suggested that SN was most likely
Type IIb, other types of stripped-envelope SN were not excluded [18].

Further spectroscopy from Gemini-N/GMOS (Gemini Multi-Object Spectro-
graphs) was used to classify this event as a Type Ic SN, when it was near its max-
imum brightness. Both GELATO and SNID indicated that the SN is very similar
to the famous SN 1994I [18].

6.2.5 SN2024aeee

The transient 2024aeee (also known as GOTO24jbu, Gaia24dth, and ZTF24abyatjx)
was discovered on 2024 December 17.645 by Shinichi Ono. It was found in the
galaxy NGC 2523 at coordinates RA = 8h 14m 50.929s and Dec = +73° 34′ 43.94” in
the Camelopardalis constellation, approximately 37.7" west and 2" north of the
center of the galaxy (corresponding to a projected distance of 6.4kpc). The dis-
tance of the host galaxy NGC 2523 is 33.9Mpc (zhost = 0.011578). The observed
magnitude was 15.3 on December 29, and the object was classified as a Type II SN
[15], with a redshift z = 0.0116 (host redshift).

The near maximum spectrum exhibited narrow hydrogen emission lines as
well as a blend of He II and N III/C III features around 4650 Å, characteristic of
a flash-ionized spectrum of a young hydrogen-rich SN. The event is classified as
Type II SN; however, the exact subtype should be determined once the features of
the ejecta become clearly visible [15].

6.2.6 SN2025dr

The SN2025dr (also known as ATLAS25agc and ZTF25aabnwba) was discovered
on 2025 January 6.267 by the ATLAS survey. It was found in the galaxy UGC 670
at coordinates RA = 1h 06m 46.083s and Dec = +75◦ 36′ 12.11” in the Cassiopeia
constellation, located approximately 15.7" west and 10.8" north (corresponding to
a projected distance of 6.2kpc) of the center of UGC 670. The observed magnitude



Chapter 6. Photometric Analysis of Supernovae 31

was 17.0 on February 18 (previously 16.1 on January 20), and it was classified as
a Type Ia SN with a host galaxy redshift of z = 0.015948. A spectrum recorded
approximately seven days after maximum light confirmed the Type Ia SN classi-
fication [20].

6.2.7 SN2025oq

The SN2025oq (also known as GOTO25io, ZTF25aaccmjq, and ATLAS25als) tran-
sient was discovered on 2025 January 17.024 by the ATLAS survey. It was found in
the galaxy NGC 2744 at coordinates RA = 9h 04m 38.432s and Dec = +18◦ 28′ 00.03”
in the Cancer constellation, located approximately 10.6" west and 10.6" north of
the center of NGC2744 (corresponding to a projected distance of 2.7kpc). The red-
shift of the host galaxy is zhost = 0.011. The matching of the templates suggested
good agreement with some young Type Ic SNe, at the known host redshift [21].
The near-peak spectrum was consistent with broad-lined Type Ic SNe [22].

6.2.8 SN2025qe

The transient SN2025qe (also known as ZTF25aacerkv) was discovered on 2025
January 18.262 by the ATLAS survey. It was located in the galaxy IC 529 at coordi-
nates RA = 9h 18m 28.190s and Dec = +73◦ 45′ 44.89” in the in the Camelopardalis
constellation, approximately 19.1" west and 11.3" north of the center of IC529 (cor-
responding to a projected distance of 3.2kpc). The first observed magnitude was
15.7 on 28 January 2025, and the object was classified as a Type Ia-02cx SN with
redshift z = 0.0075 (host redshift zhost = 0.007532) [1]. Subsequently, the object
was classified as a Type Ia SN [17]. The follow-up observations of the spectrum
exhibited strong C,II and weak Si,II characteristics and were generally consistent
with Type Iax (02cx-like) SNe [16].
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SN Date Filter Magnitude

2024vfo 2024/11/07 B 19.7 ± 0.2

2024/12/05 R 18.5 ± 0.1

2024vim 2024/11/05 B 17.09 ± 0.03

V 15.98 ± 0.03

2024xqe 2024/11/05 B 16.70 ± 0.2

V 15.86 ± 0.01

2024/11/07 B 16.74 ± 0.02

V 16.14 ± 0.01

R 15.5 ± 0.3

2024aecx 2024/01/31 V 15.5 ± 0.2

R 15.0 ± 0.2

2024/11/07 V 16.2 ± 0.2

R 15.4 ± 0.2

2024aeee 2025/01/31 B 17.1 ± 0.02

V 16.3 ± 0.02

R 15.9 ± 0.02

2025/02/04 B 17.1 ± 0.04

V 16.4 ± 0.03

R 16.0 ± 0.01

2025/02/10 V 16.6 ± 0.04

R 16.1 ± 0.04

2025/02/20 B 17.9 ± 0.06

V 16.9 ± 0.04

R 16.3 ± 0.03

2025/03/07 V 17.61 ± 0.11

R 17.04 ± 0.07

2025/03/18 B 18.54 ± 0.12

V 17.95 ± 0.12

R 17.5 ± 0.1

SN Date Filter Magnitude

2025dr 2025/02/04 B 17.6 ± 0.06

V 16.7 ± 0.04

R 16.48 ± 0.04

2025/02/10 V 17.2 ± 0.1

R 16.57 ± 0.08

2025/02/20 B 19.56 ± 0.37

V 17.67 ± 0.11

R 16.86 ± 0.08

2025/03/07 V 19.18 ± 0.61

R 17.85 ± 0.24

2025/03/18 V 18.65 ± 0.29

R 17.9 ± 0.2

2025oq 2025/01/31 B 16.11 ± 0.01

V 15.465 ± 0.009

R 15.22 ± 0.01

2025/02/04 B 16.50 ± 0.02

V 16.696 ± 0.001

R 15.36 ± 0.01

2025/02/18 B 16.98 ± 0.03

V 16.22 ± 0.02

R 15.82 ± 0.02

2025/03/07 B 17.16 ± 0.05

V 16.46 ± 0.04

R 16.16 ± 0.04

2025/03/18 B 17.17 ± 0.04

V 16.58 ± 0.03

R 16.58 ± 0.03

2025qe 2025/02/04 B 17.23 ± 0.04

V 16.38 ± 0.03

R 16.01 ± 0.03

2025/02/10 B 18.4 ± 0.4

V 16.95 ± 0.08

R 16.29 ± 0.07

2025/02/18 B 18.85 ± 0.17

V 17.43 ± 0.07

R 16.66 ± 0.06

2025/03/07 V 17.73 ± 0.15

R 17.1 ± 0.1

2025/03/18 V 17.97 ± 0.13

R 17.4 ± 0.1

Table 6.3: Estimated magnitudes of measured SNe without subtraction of host
galaxies by V. Kolaříková (whose bachelor thesis on a related topic is currently in
progress), with the use of Munipack [4].
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Figure 6.2: Image of the SN2024vfo (SN type II) in the host galaxy UGC 690.
Image is taken in the V filter with 20 minutes exposure time during the night of
2024/11/07. Light curve is a combination of our (B, V , R) and ZTF (g, r, i) data
from ALeRCE ZTF [1].
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Figure 6.3: Image of the SN2024vim (SN type Ia) in the host galaxy UGC 4108.
Image is taken in the B filter with 20 minutes exposure time during the night of
2024/11/07. Light curve is a combination of our (B, V , R) and ZTF (g, r, i) data
from ALeRCE ZTF [1].
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Figure 6.4: Image of the SN2024xqe (SN type Ia) in the host galaxy LEDA 2078778.
Image is taken in the V filter with 20 minutes exposure time during the night of
2024/11/07. Light curve is a combination of our (B, V , R) and ZTF (g, r, i) data
from ALeRCE ZTF [1].
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Figure 6.5: Image of the SN2024aecx (SN type Ic) in the host galaxy NGC 3521.
Image is taken in the V filter 20 minutes exposure time during the night of
2025/02/04. Light curve is a combination of our (B, V , R) and ZTF (g, r, i) data
from ALeRCE ZTF [1].
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Figure 6.6: Image of the SN2024aeee (SN type II) in the host galaxy NGC 2523.
Image is taken in the R filter 20 minutes exposure time during the night of
2025/02/04. Light curve is a combination of our (B, V , R) and ZTF (g, r, i) data
from ALeRCE ZTF [1].
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Figure 6.7: Image of the SN2025dr (SN type Ia) in the host galaxy UGC 670. Image
is taken in the V filter 20 minutes exposure time during the night of 2025/02/04.
Light curve is a combination of our (B, V , R) and ZTF (g, r, i) data from ALeRCE
ZTF [1].
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Figure 6.8: Image of the SN2025oq (SN type Ic) in the host galaxy NGC 2744.
Image is taken in the R filter 20 minutes exposure time during the night of
2025/02/04. Light curve is a combination of our (B, V , R) and ZTF (g, r, i) data
from ALeRCE ZTF [1].
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Figure 6.9: Image of the SN2025qe (SN type Iax) in the host galaxy C 529. Image
is taken in the R filter 20 minutes exposure time during the night of 2025/02/04.
Light curve is a combination of our (B, V , R) and ZTF (g, r, i) data from ALeRCE
ZTF [1].
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6.3 Distance Modulus and Galactic Extinction

Model light curves in following Chapter 7 are calculated in absolute magnitudes.
For specific SNe, we converted the absolute magnitudes to apparent magnitudes
using the Pogson equation, including the extinction and reddening caused by the
dust and gas in the Milky Way. The redshifts z are taken from the spectral observa-
tions reported in [2], and the luminosity distances are calculated using the cosmol-
ogy calculator from [29], assuming a flat universe with H0 = 67.74 km s−1Mpc−1,
ΩM0 = 0.31 and ΩΛ0 = 0.69. Here, H0 denotes the Hubble constant, ΩM0 the matter
density parameter and ΩΛ0 the vacuum energy density parameter, both relative to
the critical density. These cosmological parameters are adopted from the Planck
Collaboration 2015 results [68].

We calculated the Galactic extinction factors A in the SDSS g, r, i filters in the
direction of each SN with the use of [28]. The used extinction law, assuming the
ratio RV = AV /E(B−V ) = 3.1, is adopted from [69] and [70]. All these parameters
are listed in Table 6.4. The formula of the resulting conversion is

m = M + 2.5 logDL − 5 + A. (6.1)

SN name z DL [Mpc] µ [mag] Ag [mag] Ar [mag] Ai [mag]

2024vim 0.01895 85.1 34.6084 0.208 0.151 0.114
2024xqe 0.03400 154.4 35.8703 0.254 0.185 0.140
2024vfo 0.01958 87.9 34.6775 0.183 0.133 0.101
2025oq 0.01133 50.6 33.4949 0.117 0.085 0.064
2024aeee 0.01160 51.8 33.5463 0.115 0.083 0.063
2025dr 0.01595 71.4 34.2348 1.420 1.030 0.781
2024aecx 0.00267 11.8 30.3594 0.218 0.158 0.120
2025qe 0.00750 33.4 32.5991 0.089 0.064 0.049

Table 6.4: List of SNe with their redshifts, luminosity distances, distance moduli
and galactic extinction in SDSS g, r, and i filters.





Chapter 7

Modelling of Supernova Light
Curves

7.1 SN Type Ia

The SEDONA SN type Ia model consists of SN ejecta moving in homologous ex-
pansion (that means, that velocity is proportional to radius) with a density profile
of the power law. The parameters of the model are the mass of the ejecta M [M⊙],
the kinetic energy Ek [erg], the maximum velocity at the outer edge of the ejecta
vmax [cm s−1], the initial temperature T [K] and the number of radial zones nx. The
compositional structure is composed of 3 layers: the inner MNi [M⊙] of the ejecta is
pure radioactive 56Ni the surrounding Mime [M⊙] is a mixture of intermediate-mass
elements (Si, S, Ca) and the remaining mass in the outer layers is a 1:1 mixture of
carbon and oxygen. The radioactive 56Ni will be the energy source of the radiation
that is then observed in the final spectrum. The SN Type Ia models include the
following elements: 12

6 C, 16
8 O, 28

14Si, 32
16S, 40

20Ca, 56
26Fe, 56

27Co, and 56
28Ni [8].

Figure 7.1: Example of compositional structure of SN Type Ia model. Adapted
from [25].
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The parametric setup used for the initial density calculation is given as

M⊙ = 1,99× 1033 g, (7.1)
texp = 2 days, (7.2)
rmax = vmax texp, (7.3)

ve =

√
Ek

6M M⊙
, (7.4)

ρ0 =
M M⊙

8π(vetexp)3
. (7.5)

where ve is the characteristic velocity of the ejecta derived from the kinetic energy
Ek and the mass of the ejecta M , texp is the SN explosion time used as an initial
time in the SEDONA hydrodynamic models, and rmax is the radius of the outer
SN ejecta that propagates homologously. The calculations use LTE atomic line
data taken from the Kurucz list ("fuzz"), with 2×104 radioactive particles (photon
packets) emitted in each time step. The frequency grid for the opacity calculations
ranges from ν1 = 1014 Hz to ν2 = 1016 Hz, and the maximum time step for the
calculation of the spectrum in the "time grid" is set to 1 day.

7.1.1 SN Ia models for examining the effect of model parameters
on light curves

Before modelling the light curves of real SNe, observed by us and ZTF, we tested
the SEDONA built-in model of SN Ia by changing its parameters and plotting
synthetic light curves in ZTF filters g, r, and i. All synthetic light curves were
calculated with nx = 100 radial zones and 1 day time step.

Effect of the Nickel Mass MNi

First synthetic light curves (Figure 7.2) of SN type Ia show dependence of g, r, i
absolute magnitudes on the mass of 56Ni. The estimated range of 56Ni mass for
normal SNe Ia from [12] is 0.09 − 0.87M⊙. The light curves were plotted in the
range MNi = 0.1 − 0.8M⊙ and for the total mass M = 1.0M⊙. Other parameters
remained fixed at the following values, Mime = 0.3M⊙ Ek = 1 × 1051 erg, vmax =
1× 109 cm s−1, T = 104K.

In the first graphs 7.2, we can already see a strong correlation between 56Ni
mass and absolute magnitude in all filters. In filters r and i, the amount of nickel
strongly increases the second maximum. As the total mass remained fixed at M =
1.0M⊙, the last two light curves with MNi = 0.7M⊙ and MNi = 0.7M⊙ are models
for ejecta without an outer carbon-oxygen layer.

In the second set of light curves (Figure 7.3), the ratio between MNi and Mime

varies from 4:5 to 8:1, while the total mass is fixed at M = 1.0M⊙. These light
curves are more physical than the previous ones, as the carbon-oxygen layer re-
mains fixed at MCO = 1.0M⊙. Other fixed parameters are Ek = 1 × 1051 erg,
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vmax = 1 × 109 cm s−1, T = 104K. The light curves of the models with the most
nickel have the highest magnitudes. The change in the MNi/Mime ratio affects the
relative heights of the first and second maxima in the r and i filters.
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Figure 7.2: SN Type Ia model light curves in ZTF g, r, i filters with variable 56Ni
mass.
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Figure 7.3: SN Type Ia model light curves in ZTF g, r, i filters with variable ratio
of MNi and Mime.
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Effect of the Mass of the Intermediate-Mass Elements Mime

Figure 7.4 shows that the light curves are only minimally affected by the change
in Mime. The fixed parameters are M = 1M⊙, MNi = 0.3M⊙, Ek = 1 × 1051 erg,
vmax = 1× 109 cm s−1, T = 104K.
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Figure 7.4: SN Type Ia model light curves in ZTF g, r, i filters with variable mass
of the intermediate-mass elements.

Effect of the Mass of the Ejecta M

The third observed influencing parameter is the total ejected mass M . In Figure
7.5 MNi and Mime remain fixed (MNi = 0.3M⊙, Mime = 0.3M⊙), which means
that with increasing M , we actually increase MCO. The other parameters remain
unchanged, vmax = 1× 109 cm s−1, T = 104K.

Figure 7.6 compares the light curves of regular Type Ia SNe and the super-
Chandrasekhar Type Ia SNe (originating from double white dwarf binaries) that
exceed the Chandrasekhar mass limit (1.4M⊙). For these light curves, the ratio
MNi/Mime remains 2 : 1. The exact values of the parameters are listed in Table 7.1.

M [M⊙] MNi [M⊙] Mime [M⊙] Ek [erg] vmax [cm s−1] T [K]

model 1 0.5 0.3 0.15 1× 1051 1× 109 104

model 2 1.0 0.6 0.3 1× 1051 1× 109 104

model 3 1.5 0.9 0.45 1× 1051 1× 109 104

model 4 2.0 1.2 0.6 1× 1051 1× 109 104

model 5 2.5 1.5 0.75 1× 1051 1× 109 104

Table 7.1: Parameters for light curves in Figure 7.6, with variable mass of the ejecta
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Figure 7.5: SN Type Ia model light curves in ZTF g, r, i filters with variable ejected
mass.
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Figure 7.6: SN Type Ia model light curves in ZTF g, r, i filters with variable ejected
mass.



Chapter 7. Modelling of Supernova Light Curves 51

Effect of the Velocity vmax

The maximum of the outer velocity vmax affects the heights of first maxima in
all filters (Figure 7.7). The invariable parameters are M = 1M⊙, MNi = 0.2M⊙,
Mime = 0.1M⊙, Ek = 1× 1051 erg, T = 104K.
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Figure 7.7: SN Type Ia model light curves in ZTF g, r, i filters with variable veloc-
ity.

Effect of the Temperature T

The temperature has almost no effect on the shape of the light curves (Figure
7.8). The values of the unchanging parameters are M = 1M⊙; MNi = 0.3M⊙,
Mime = 0.1M⊙, Ek = 1× 1051 erg, vmax = 1× 109 cm s−1.
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Figure 7.8: SN Type Ia model light curves in ZTF g, r, i filters with variable T .
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Figure 7.9: SN Type Ia model light curves in ZTF g, r, i filters with variable kinetic
energy.
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Effect of the Kinetic Energy Ek

As the kinetic energy increases, the overall brightness in all filters decreases (Fig-
ure 7.9). Other model parameters are fixed at M = 1M⊙, MNi = 0.6M⊙, Mime =
0.3M⊙, vmax = 1× 109 cm s−1, T = 104K.

7.1.2 SN2024vim and SN2024xqe

SNe SN2024vim and SN2024xqe have a very similar shape of their light curves
with prominent r-bump in 40 days. We confronted their measured data with the
same models from Table 7.2. These synthetic light curves are plotted in Figure
7.10. The graphs of the bolometric quantities Mbol and Lbol are also plotted for the
corresponding models in Figure 7.11.

The result graphs with the observed and synthetic light curves are in Figures
7.12 and 7.13. The graphs indicate that model 3 (in Table 7.2) is the most ap-
propriate model to describe the shape of the light curves in all filters. The only
discrepancy is the difference in the absolute displacement of the light curves. For
SN2024vim is the vertical displacement ∼ 1mag, in the case of SN2024xqe, the
difference is greater than ∼ 1.5mag. This shift is most likely explained by the
presence of interstellar matter in the vicinity of the SN or by the effect of interstel-
lar extinction, which would increase the apparent magnitude.

M [M⊙] MNi [M⊙] Mime [M⊙] Ek [erg] vmax [cm s−1] T [K]

model 1 0.5 0.1 0.2 1× 1051 1.8× 109 104

model 2 0.5 0.2 0.4 1× 1051 1.8× 109 104

model 3 1.0 0.2 0.7 1× 1051 1.8× 109 104

model 4 1.3 0.3 0.9 0.8× 1051 1.8× 109 104

model 5 1.1 0.3 0.7 1× 1051 1.8× 109 104

Table 7.2: List of parameters of SN Ia models, used for SN2024vim and
SN2024xqe.

7.1.3 SN2025dr

It is evident that the observed light curve of SN2025dr contains only a limited
number of measured data points near the maximum. Possible models (Table 7.3)
that could fit this SN are shown in 7.14, together with the measured data. The
graphs of Mbol and Lbol for these three models are plotted in Figure 7.15.

7.1.4 SN2025qe

Table 7.4 shows parameters of tested models for this SN type Ia. Figure 7.17 shows
the best of tested models for this SN type Ia (Table 7.4) that could correspond to
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M [M⊙] MNi [M⊙] Mime [M⊙] Ek [erg] vmax [cm s−1] T [K]

model 1 1.0 0.2 0.7 1× 1051 1.8× 109 104

model 2 1.0 0.4 0.5 0.8× 1051 1× 109 104

model 3 1.1 0.8 0.2 1× 1051 1× 109 104

Table 7.3: List of Type Ia SN2025dr models and their parameters.

this SN are shown, in combination with the measured data. The graphs of Mbol

and Lbol for these three models are plotted in Figure 7.18.

M [M⊙] MNi [M⊙] Mime [M⊙] Ek [erg] vmax [cm s−1] T [K]

model 1 0.8 0.3 0.4 1.5× 1051 1× 109 104

model 2 0.6 0.25 0.3 1.5× 1051 1× 109 104

model 3 0.5 0.15 0.3 1.5× 1051 1× 109 104

model 4 1.0 0.4 0.5 0.8× 1051 1× 109 104

model 5 1.0 0.4 0.5 1× 1051 1× 109 104

model 6 0.6 0.1 0.3 1× 1051 0.5× 109 104

Table 7.4: List of Type Ia SN2025qe models and their parameters.

7.2 SNe Type Ic

We modeled the Type Ic SNe in a way quite similar to the previous Type Ia SNe,
the major difficulty in this case was the significant change of the stellar parame-
ters that led for some time to poor conversion of the calculation. However, after
some effort, we could find the proper tuning of the initial state model, whose pa-
rameters are listed in Table 7.5. We finally made two models with difference only
in the initial mass, 10M⊙ and 25M⊙, while the other parameters remain identical.

We demonstrate the synthetic light curves in a broader set of colours than in
the previous models, including the UV bands Swift-UVW1, Swift-UVW2, and
GALEX-NUV, which we calculated for this SN Type (and also for the following
SN Type II model), in Figure 7.19. We also show the bolometric luminosity and
bolometric absolute magnitude light curves for both stellar masses’ models in Fig-
ure 7.20.

M [M⊙] MNi [M⊙] R0 [cm] Ek [erg] vmax [cm s−1] Tamb [K]

model 1 10 0.02 7× 1011 1× 1051 1× 109 103

model 2 25 0.02 7× 1011 1× 1051 1× 109 103

Table 7.5: List of SN type Ic models and their parameters.
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7.2.1 SN2025oq

Figure 7.21 shows the comparison of the observed data with the two described
models. Obviously, the model with the lower initial stellar mass M = 10M⊙
shows better agreement with observation; unless near the maximum light, where
the models exhibit higher luminosity in the ZTF g-band than in the r-band. The
other discrepancy occurs in the later phase, where the observed g curve does not
drop as fast as the modelled one. The reason may be the remaining outer layers
of helium (or even hydrogen) that produce a quasi-plateau due to some recom-
bination wave, or, more likely, the higher amount of initially synthesized nickel.

7.2.2 SN2024aecx

The comparison plot of the observed data with synthetic light curves for this SN
is shown in Figure 7.13. The modelled apparent magnitudes are in this case about
1 mag higher on average than the observed ones. The reason would again need
to be carefully investigated by performing a much larger sequence of models,
including various structures of the star-surrounding circumstellar medium and
interstellar or intergalactic extinction.

7.3 SN Type II with circumstellar medium

SN2024vfo light curve (Figure 6.2) shows an almost constant r-magnitude for a
considerable time, which could be a sign of a non-negligible amount of interstel-
lar environment. The radiation hydrodynamic model with nonzero density of
circumstellar surrounding matter had to be created in CASTRO [63] (since the SE-
DONA code is not capable of including the surrounding material) and then remap
its results to SEDONA (see [53] for the equations and parameters related to this
model).

The model parameters are set to the values of a typical red supergiant with
M⋆ = 15M⊙ and R⋆ ≈ 1000R⊙. The SN progenitor star was initially surrounded
by a spherically symmetric stationary stellar wind whose parameters were deter-
mined by the expected stellar mass loss rate

Ṁw = 10−6M⊙ yr−1. (7.6)

This gives the density profile of the stellar wind structure as

ρw =
Ṁ

4πr2vw
= ρ0,w

(
R⋆

r

)2

, (7.7)

where r is the spherical radial distance, ρw = 15km s−1 is the typical wind velocity
of for red supergiants, and R⋆ is the radius of the star. This implies the density of
the wind at the base (at the stellar surface) as ρ0,w ≈ 6.5×10−16 g cm−3. We also set
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the initial stellar wind temperature as the radially decreasing power-law profile,
Tw = T⋆ (R⋆/r)

0.2, where T⋆ ≈ 3300K is the effective temperature of the star.
We let the initial state evolve in the widely used astrophysical code CASTRO

as the radiation hydrodynamical simulation, up to the ultimate time of approxi-
mately 120 days. Figures 7.23 - 7.25 demonstrate the characteristic snapshots of
density, temperature, and radial velocity, respectively. The density picture at ini-
tial time of 4 days shows the surrounding profile of the stellar wind. The evolved
structure at later times of 50 and 100 days shows the radiative instabilities devel-
oped around the cold dense shell of the SN expanding envelope (roughly speak-
ing, the ring with the highest density). The use of the radiation hydrodynami-
cal simulation (not only purely adiabatic hydrodynamics) with the result in the
form of the radiation energy and its variations is necessary for the subsequent im-
plementation of this calculation into SEDONA (otherwise the latter code would
be able to calculate only the blackbody radiation solution). The resulting data
from this model were subsequently remapped using the post-processing proce-
dure built within the CASTRO code to SEDONA. Based on this model, we con-
tinued to calculate light curves for this SN Type, following the already described
SEDONA procedures used for the previous models.

We will not describe here in detail the CASTRO code and its functions, since
this is actually beyond the scope of this work. We only implemented the initial-
state equations used for similar calculations, e.g. in [53], which we have modified
to fit this model. Detailed descriptions of the physics and other implementations
necessary for advanced CASTRO simulations are also provided in the paper [54].

Figure 7.23: Density evolution for the SN Type II model with circumstellar
medium.
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Figure 7.24: Temperature evolution for the SN Type II model with circumstellar
medium.

Figure 7.25: Velocity evolution for the SN Type II model with circumstellar
medium.
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7.3.1 SN2024vfo

We first demonstrate the results of calculation of synthetic light curves in ZTF g,
r, i, Swift UVW1, Swift UVW2, and GALEX FUV bands of the SN II model with
surrounding CSM in Figure 7.26. The line "shaking" is here not physical; it is due
to the statistical noise associated with fewer emitted photon packets ∼ 104 which
is not enough for radiation transfer calculations where the radiating zone is some-
how embedded in surrounding material. The reason is that the relatively optically
thick surroundings transmit relatively few photons, so the resulting light curves
or spectra suffer from high statistical noise. Figure 7.27 shows the bolometric lu-
minosity and absolute bolometric magnitude calculated from the same model.

Figure 7.26 compares the observed data with the synthetic light curves calcu-
lated in SEDONA using the CASTRO model. The resulting profiles show remark-
ably good agreement in slopes of the g and r magnitudes; however, a frequent
shift in brightness, probably due to extinctions on the way, also appears here.
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Figure 7.10: SN Type Ia model light curves in ZTF g, r, i filters. Model parameters
are in table 7.2.
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Figure 7.11: SN Type Ia model bolometric light curves. Model parameters are in
the table 7.2.
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Figure 7.12: Observed data and the best model light curve for SN2024vim.
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Figure 7.13: Observed data and the best model light curve for SN2024xqe.
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Figure 7.14: Observed and model light curves for SN2025dr.
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Figure 7.15: SN Type Ia model bolometric light curves for SN2025dr. Parameters
are in the table 7.3.
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Figure 7.16: SN Type Ia model light curves in ZTF g and r filters for SN2025qe.
Model parameters are in table 7.4.
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Figure 7.17: Observed and model light curves for SN2025qe.
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Figure 7.18: SN Type Ia model bolometric light curves for SN2025qe. Parameters
are in the table 7.4.
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Figure 7.19: SN Type Ic model light curves in ZTF g, r, i filters and SWIFT and
GALEX UV filters. Model parameters are in table 7.5.
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Figure 7.20: SN Type Ic model bolometric light curves. Parameters are listed in
the table 7.5
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Figure 7.21: Observed data and the model light curves for SN2025oq.
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Figure 7.22: Observed data and the model light curves for SN2024aecx.
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Figure 7.26: SN Type II with circumstellar medium model light curves in ZTF g,
r, i filters and SWIFT and GALEX UV filters. Model parameters are described in
the Section 7.3.
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Figure 7.27: SN Type II with circumstellar medium model bolometric light curves.
Model parameters are described in the Section 7.3.
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Figure 7.28: Observed data and the model light curves for SN2024vfo.



Chapter 8

Conclusions

Supernovae, multifarious subspecies of astronomical transients, are nowadays
under the spotlight of many major observational surveys (e.g. ZTF, presented
in chapter 4). The scientific significance of their photometric and spectroscopic
measurements has important consequences and applications. For example, the
use of standard SNe Ia as standard candles is essential for measuring cosmic dis-
tances (Chapter 2, Figure 2.3). Supernova nucleosynthesis is responsible for the
chemical enrichment of galaxies with a multitude of heavy elements that are vital
components of life as we know it.

The scientific contribution of this work is constituted by our observations of
eight SNe from the turn of 2024 and 2025 (Chapter 6). The central focus of this
study is presented in the final Chapter 7, wherein the outcomes of the modelling
of SN light curves employing the SEDONA and CASTRO software are outlined.
By comparing synthetic and observed light curves, we have obtained parameters
for both the progenitor and the SN outbursts themselves. The discrepancy be-
tween the model and the observed light curves, post-accounting for the known
distance of the SN, can be utilised as a metric to estimate interstellar or intergalac-
tic extinction in its direction. This, in turn, can also provide information regarding
the density of closer or more distant surroundings.

In addition to the visual part of the spectrum, we have included UV light
curves in the model light curves of Type Ic and Type II SNe (Figures 7.19 and 7.26);
their time course is significantly faster. Observations of the early-to-intermediate
SN emission in the UV region are rare and of scientific importance. The observa-
tion of the explosion and subsequent interaction of SN and circumstellar medium
(CSM) at these wavelengths can reveal valuable information regarding the explo-
sion mechanism, its morphology and chemical composition. Observations in the
UV region will facilitate the determination of the geometry and global proper-
ties of the CSM. Also the chemical composition of SN eruptions can be revealed
through the use of FUV observations [59]. These and numerous other significant
discoveries, not only in SN astrophysics, will be facilitated by the QUVIK space
telescope. In the future, much more proper work in this field is necessary. How-
ever, the models obtained here appear to be a very good starting point to the
orientation in this problematic and to set further direction in its investigation.
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Chapter 9

Appendix

9.0.1 SN Ic model

Listing 9.1: Python skript, 1D model SNIc
import numpy as np
import h5py

#######################################################
nx = 100 # number of r a d i a l zones
mass = 2 5 . 0 # mass [ m_sun ]
KE = 1 . 0 e51 # SN explos ion energy [ erg ]
R0 = 7 . e11 # progeni tor radius [cm]
texp = 5 . 0 # time s i n c e explos ion [ days ]
vmax = 1 . 0 e9 # outer v e l o c i t y [cm/s ]
Mni = 0 . 0 2 # mass of 56Ni [ m_sun ]
Tamb = 1 . e3 # ambient medium temperature [K]
name = "1 D_SNIc " # name of the model
#######################################################

# elements included
Z = [ 6 , 7 , 8 , 2 6 , 2 7 , 2 8 ]
A = [ 1 2 , 1 4 , 1 6 , 5 6 , 5 6 , 5 6 ]

# two s t a g e s of chemical composition
comp_ni = [ 0 . , 0 . , 0 . , 0 . , 0 . , 1 . ]
comp_C = [ 0 . 7 5 , 0 . 1 , 0 . 1 5 , 0 . , 0 . , 0 . ]

# fundamental p h y s i c a l _ c o n s t a n t s
pi = 3 .14159
m_sun = 1 . 9 9 e33
arad = 7 .5657 e −15 # r a d i a t i o n constant ( 4 * sigmaSB/c )

# pre − c a l c u l a t i o n s
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texp = texp * 3 6 0 0 . 0 * 2 4 # time [ s ]
rmax = vmax* texp # i n i t i a l outer e j e c t a radius [cm]
# progeni tor escape v e l o c i t y
v_e = (KE/6/(mass *m_sun ) ) * * 0 . 5
rho0 = mass *m_sun/8/pi /( v_e * texp ) * * 3 . 0
nelems = len (Z) # number of elements
dv = vmax / ( 1 . 0 * nx )
# amount to reduce thermal energy by = R_ej/R0
# use R_ej ~ 3* v_e * t as rough outer edge of e j e c t a
a d i a b a t i c _ f a c t o r = ( 3 * v_e * texp/R0 ) * * ( − 1 . 0 )

v1d = np . arange ( dv , vmax * 1 . 0 0 0 1 , dv )
t1d = np . zeros ( nx )
rho1d = np . zeros ( nx )
comp_1d = np . zeros ( ( nx , nelems ) )

xx = v1d/v_e
Mime = 1 . e −30
mfrac = 1 − 0 . 5 * np . exp( −xx ) * ( xx * * 2 + 2* xx + 2)
mmid = 0 . 5 * ( Mni + Mime + Mni)/mass
mdel = Mime/mass /1.85
ximem = np . exp ( − 1 . 0 * ( mfrac − mmid) * * 6 . 0 / mdel * * 6 . 0 )

##################################
# Make sedona 1D s p h e r i c a l model
##################################

fout = open (name + "_1D .mod" , "w" )

rmin = 0 . 0
fout . wri te ( " 1 D_sphere standard\n " )
fout . wri te ( s t r ( nx ) + "\ t " + s t r ( rmin ) + "\ t "
+ s t r ( texp ) + " " + s t r ( len (Z ) ) + " \n " )

# wri te out elements
f o r xZ , xA in zip (Z ,A) :

fout . wri te ( s t r ( xZ ) + " . " + s t r (xA) + " " ) ,

# wri te out l a y e r p r o p e r t i e s
f o r i in range ( nx ) :

v = ( i + 1 . 0 ) * dv
vm = ( i + 0 . 5 ) * dv
r = v* texp
rho1d [ i ] = rho0 *np . exp( −vm/v_e )
Eth0 = 0 . 5 * ( 0 . 5 * rho1d [ i ] *vm* * 2 . 0 ) * a d i a b a t i c _ f a c t o r
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t1d [ i ] = ( Eth0/arad ) * * 0 . 2 5

l i n e = "%10.4 e %10.4 e %10.4 e %10.4 e " %
( r , v , rho1d [ i ] , t1d [ i ] )

xime = ximem[ i ]
xni = 0
xco = 0

i f ( mfrac [ i ] < mmid ) :
xni = 1 − xime

e l s e :
xco = 1 − xime

f o r j in range ( nelems ) :
comp_1d [ i , j ] = xni * comp_ni [ j ] + xco *comp_C[ j ]
l i n e = l i n e + s t r ( comp_1d [ i , j ] ) + " "
p r i n t ( comp_C[ j ] )

fout . wri te ( "\ n " )
fout . wri te ( l i n e )

fout . c l o s e ( )
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