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Research on star formation is essential for understanding galaxy evolution and
the universe’s evolution. Astronomers can learn about star formation over time by
observing core-collapse supernovae and determining their occurrence rate. Core-
collapse supernovae are a valuable resource in the investigation of star formation
due to the period between the birth of a massive star and the supernova being so
brief compared to the cosmic timescale.

This thesis explores various aspects related to star formation and core-collapse su-
pernovae rates and their connection to host galaxies. The characteristics of host
galaxies are also examined using the core-collapse supernova sample. The study
also discusses different models of star formation rate, such as Madau & Dickinson
(2014), and compares them. The thesis also addresses highly active galaxies and
their star formation and investigates the relationship between metallicity evolution
and star formation history across cosmic time. It is observed that metallicity in-
creases over cosmic time and reaches its highest value at present day.

This study looks at the rate of nearby core-collapse supernovae, considering both the
cumulative and shell volume rates. It also examines the significance of any decrease
in this rate using statistical methods, as well as the impact of galaxy orientation and
extinction in host galaxies. Additionally, the study calculates the absolute magni-
tudes of these supernovae.

The findings indicate that the rate of core-collapse supernovae decreases at a dis-
tance of 16 Mpc. the study also concludes that observed rates of these supernovae
need to be adjusted to account for different missing supernova fractions at different
redshifts to fit the rates derived from star formation rate models.
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1 Introduction

Before delving into the thesis, it is essential to define the key terms and concepts
used throughout.

The cosmic star formation history studies the rate of star formation in the uni-
verse over time, which is generally measured in terms of star formation rate (SFR).
SFR is expressed as stars born per year per cubic megaparsec (Mpc) volume. Red-
shift is the phenomenon where the wavelength of light emitted from a distant object
is shifted towards the red end of the spectrum due to the expansion of space, which
stretches the wavelength of light over greater distances. This redshift is used not only
to measure the distance to other galaxies but also to infer the age of the universe.

Metallicity measures the abundance of elements heavier than helium in a star
or galaxy. It is typically measured in terms of the fraction of the total mass that
is composed of elements heavier than helium, expressed as a fraction of the total
mass. Metallicity is an important measure because it affects the evolution of stars.
Metallicity also affects the formation of planets and the evolution of galaxies.

Core-collapse supernovae (CCSNe) are some of the most energetic and powerful
phenomena in the Universe. CCSNe are generated when a massive star (more than
8 masses of the sun) runs out of nuclear fuel, resulting in the core collapsing and
releasing an immense amount of energy that causes the star’s outer layers to shoot
into space, creating a spectacular explosion that can outshine an entire galaxy for
weeks. These events can be observed across the whole electromagnetic spectrum,
from radio waves to gamma rays, and they have an important role in the formation of
new elements and the evolution of galaxies. The rate of CCSNe is closely connected
to the SFR, as the timescale of the massive stars (few million to tens of million
years) leading up to a CCSN is much shorter than the cosmic timescale. Therefore,
the rate of CCSN can be estimated using the SFR. Conversely, the SFR can also be

estimated by measuring the CCSN rate.



Various statistical methods were also used in the thesis to analyze the data, such
as the cumulative distribution function (CDF) and the Kolmogorov-Smirnov test
(KS-test), which are explained in more detail later on in the thesis.

This thesis aims to explore the relationship between the evolution of star forma-
tion and metallicity with redshift, the CCSN rate at 0-30 Mpc, and the connection
between CCSN rate and SFR in both our local neighborhood and at larger distances.

It is important and relevant to understand the evolution of SFR, metallicity, and
CCSN rate with redshift to understand the universe’s evolution. By studying these
phenomena, we can gain insight into the formation of galaxies and the structure of
the universe. This is especially true in light of the recent observations of distant
galaxies. My thesis provides a comprehensive analysis of several topics related to the
formation and evolution of stars and galaxies. The study includes an exploration of
SFR, the evolution of metallicity with redshift, and the rate of CCSN within 0-30
Mpec. The analysis also includes cumulative and co-moving CCSN rates, the signif-
icance of decrease analysis using statistics, and the inclinations of galaxies hosting
CCSN. Additionally, the thesis examines the effects of host galaxy extinction, the
absolute magnitudes of CCSN, the faintest and failed supernovae, and a compari-
son of observed CCSN rates with calculated CCSN rates. The topics of this thesis
are important and relevant to gain a better understanding of the universe and its
evolution. I primarily reviewed the relevant literature in the sections on SFR and
metallicity. However, I produced my own results when examining the topic of CCSN

rate, which I compared with other studies.

1.1 Tracking the Cosmic History of Star Formation

In the last few decades, advancements in observational techniques, such as multi-
wavelength imaging with the Hubble Space Telescope and spectroscopic studies,

have enhanced our understanding of the origin and evolution of galaxies. It is now



believed that the peak of cosmic star formation occurred at a redshift of z = 1.9 or
around 3.5 Gyr after the Big Bang. This is mainly because the available gas supply
for star formation is used up over time. This SFR was approximately nine times
higher than the current rate we observe today, indicating that the Universe was
much more active in the past [1]. Further research into the history of star formation

is a key objective of astrophysics and astronomy.
1.1.1 Calibrating the Cosmic Star Formation Rate Evolution with Red-
shift: A Comparison of Models

Madau & Dickinson (2014) present a function that is fitted to observational data in

order to describe the cosmic SFR evolution with redshift [1]:

a(l+ z)°
SERG) = T )70 M

Parameters a,b,c and d used in Madau & Dickinson (2014) [1] are a = 0.015, b =
2.7, ¢c=29and d = 5.6.

Wilkins et al. (2019) [2] proposed a new study to recalibrate the parameters
of the function used in Madau & Dickinson. Wilkins (2019) [2| used two different
models for the parameters: one that was calculated using a study from Murphy et
al. (2011) and one using a v2.2.1 of the Binary Population and Spectral Synthesis
(BPASS) model. The results of the fitted function are represented in the graphs
of Figure . The parameters for each study, in terms of ultraviolet (UV), thermal
infrared (TIR), and UV + TIR, are presented in Table [l In Figure [l a substantial
difference can be observed between the BPASS SFR curve and the other SFR curves.
These differences can be attributed to three distinct choices: a different initial mass
function (IMF) that extends to 300 Mg, the incorporation of binary pathways in

the stellar population synthesis model, and the selection of their metallicity [2].



Table I: Cosmic star formation function parameters.

a Mg yr=' Mpc™®] b c d
Madau & Dickinson et al. (2014) [1]
UV+IR 0.015 2.7 2.9 5.6
Murphy et al. (2011) [2]
[0AY 0.0107 2.70 3.22 7.22
TIR 0.0124 3.43 2.37 5.38
UV+TIR 0.0149 2.52 3.07 6.27
BPASS [2]
[OAY 0.0087 2.70 3.22 7.22
TIR 0.0082 3.43 2.37 5.38
UV+TIR 0.0103 2.48 3.10 6.26
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Figure 1: SFR as a function of redshift. The panels represent results from three
different studies, each with UV and TIR Top left: Madau & Dickinson , top
right: Wilkins et al. 2019 [2], bottom left: Murphy et al. 2011 [2], bottom right:

Combined results from all three studies.




1.1.2 Active Galaxies: Star Formation

The luminous and ultraluminous infrared galaxies (LIRGs and ULIRGs, respec-
tively) are bright in the infrared region (Lig > 10" L, [3]) compared to other wave-
lengths. At the center of these galaxies are extremely powerful supernova factories
because of their ability to create a high-density environment. These galaxies usually
form when two large gas-rich galaxies merge together, which triggers a burst of star
formation that heats up dust within the galaxies and causes them to emit a lot
of infrared light. The most extreme examples of these galaxies are ones that emit
even more infrared light (greater than the brightness of 1 trillion suns!). These very
bright galaxies are usually the result of even larger mergers and can be powered by
both intense star formation and active black holes in the center of the galaxy [4].

The starburst produces a large number of massive stars that eventually go su-
pernova, leaving behind a powerful and bright supernova factory. Dust extinction
in the optical region obscures star formation, active galactic nuclei and supernovae,
making them difficult to detect. LIRGs tend to have large amounts of molecular
gas, which can sustain vigorous star formation. The rare type of galaxies in our
local universe have been found to exist more frequently at higher redshifts between
z~1-215.

Star Forming Dwarf Galaxies (SFDGs) are incredibly prevalent, with estimates
of their population comprising more than 80% of all galaxies in the local universe [6].
Despite this, few SFDGs have been identified due to their low mass and luminosity |7]
and thus contribute little to the overall SFR density. The mass-metallicity relation
(MZR) further supports this, as it suggests that SFDGs typically have very low
metallicity, likely due to their lack of sufficient gravity to hold gas within their
borders.

Garrison-Kimmel (2019) [8] investigated the star formation of dwarf galaxies in

a simulation of 500 dwarf galaxies. They found a large scattering of star formation



in SFDGs and a lack of a universal trend in star forming with a given mass and
environment as a function of redshift. However, they did observe a trend with mass,
with the fraction of stars formed at late times increasing with the stellar mass of

the dwarf galaxy.



1.2 Metallicity Evolution Across Cosmic Time

Studies have revealed a correlation between stellar and gas phase metallicities and
galaxy mass, referred to as the MZR. This suggests that as the stellar mass of
a galaxy increases, so does its metallicity. It is believed that this is due to the
increased gravitational pull of more massive galaxies, which allows them to better
resist processes such as supernova driven winds that may otherwise eject gas from
the galaxy [9]. Conversely, the weaker gravitation of lower mass galaxies makes them
more susceptible to such ejective mechanisms.

This is also supported by the effects of galaxies evolving and increasing their
metallicities through stars evolving and supernovae (SNe). As stars evolve and
eventually die, they return their metals to the interstellar medium, enriching the
gas and increasing the overall metallicity of a galaxy. Similarly, SNe also release
metals into the gas, further increasing the metallicity of a galaxy.

The MZR has been observed to evolve with increasing redshift, with a decrease
in metallicity. This rate of decrease varies depending on the mass of the galaxy,
where lower mass galaxies have a higher rate of metallicity decrease when redshift
is increasing.

In addition to the MZR, there is a secondary effect of gas metallicity known as
the Fundamental Metallicity Relation (FMR). This describes the reverse correlation
between gas metallicity and SFR, and states that there is no or very small amount
of evolution with redshift up to z =~ 2.5. Nevertheless, the transformation of the
FMR at higher redshifts is still a mystery because of adjustments in other galactic
and intergalactic characteristics. [10].

Genzel et al. 2015 [11] reported a fitting function for metallicity as a function of

redshift:



12 4 log(O/H)ppos = a — 0.087 x (log M, — b)?
a = 8.74(0.06),

b = 10.4(0.05) + 4.46(0.3) x log(1 + z) — 1.78(0.4) x (log(1 + 2))?

Where 12+1og(O/H)ppo4 is a measure of the relative abundance between oxygen
and hydrogen atoms and the paranthesis are the uncertainties associated with the
values. The equation is used as a measure of metallicity because oxygen is one of
the most abundant elements in the Universe, and its abundance is related to the
overall metallicity. The measure expresses the abundance of oxygen as a logarithmic
ratio, making it easy to compare the metallicity. M, is defined as the stellar mass
(M, = 10'°M). The graph in Figure [2|shows the trend of decreasing metallicity as
redshift (z) increases. The linearity of the graph suggests that metallicity decreases

with increasing redshift.

Metallicity and redshift Genzel et.al 2015 eq.12a
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Figure 2: Graph of the fitting function for metallicity as a function of the redshift
from Genzel et al. 2015 [11].

The evolution of the metallicity of galaxies over time has an effect on the number

of produced gravitational wave transients.

9



Gravitational wave transients are a fascinating and a brand new field of study
within astronomy and cosmology. These are events that generate gravitational
waves, which are ripples in the fabric of space-time. These events can provide
insights into a multiple astronomical phenomena, such as the formation of black
holes and neutron stars, and supernovae.

In Briel et al. (2022) [12], the predicted rates of both electromagnetic and grav-
itational wave transients were reported, based on the results of BPASS and four
different star formation histories: Empirical star formation history [1] and three
cosmological simulations (Millennium, EAGLE, and IllustrisTNG). Cosmological
simulation is a simulation of the evolution of the large-scale structure of the uni-
verse. The simulation typically models the expansion of the universe, the growth
of structure within it, and the effects of dark matter and dark energy. The empiri-
cal star formation history was combined with the cosmic metallicity evolution from
Langer and Norman (2006) |13], resulting in the mean metallicity evolution shown in
Figure[3] The figure shows the evolution of metallicity of the three cosmological sim-
ulations, in addition to the empirical results. The empirical metallicity appears to
increase over cosmic time, reaching its highest value at present day (lowest redshift).
The cosmological simulations show different metallicity evolutions; for example, the
Millennium simulation seems to have a relatively constant metallicity evolution for

most of cosmic time.
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Figure 3: The evolution of metallicity and SFR density as a function of redshift,
shown for cosmological simulations (Millennium, EAGLE, and TNG) and empirical
results. Figure from Briel et al. 2022 . The median metallicity is indicated with
the red solid line and one sigma uncertainties with grey lines. The blue color shows
the SFR density. The solar metallicity is at Z = 0.020 and the metallicity appears
to increase over cosmic age.

According to Briel et al. (2022), transient rates with high delay times (time
between the formation of a progenitor star and the end product, for example SN
explosion) should be approached with caution when modelling the metallicity, as
these cases can be expected to have the largest discrepancies between simulated
and empirical results. On the other hand, transients with low delay times, such as

CCSN, did not show a significant difference between the two. [12]
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1.3 Classification of Core-Collapse Supernovae Based on Spec-

tral Features

This thesis focuses on the various types of CCSN, which occur when massive stars
with more than eight solar masses run out of fuel, as mentioned above. Over the
years, CCSN have been classified into different categories and subcategories based on
their explosion spectrum, spectral evolution, and brightness evolution. In this study,
I specifically examine the various CCSN types based on their spectral features. The
explanations of these types is based on the knowledge and insights I gained from
the "Spectroscopic Diagnostics" -course held in 2023 at the University of Turku.

The Supernova "zoo" is organized by determining if the spectrum contains hy-
drogen or not. If hydrogen is present, the type is classified as Type II. If not, the
type is classified as Type I. If the answer is somewhere between yes and no, the type
is classified as Type IIb. For Type II, further classification is based on the shape
of the hydrogen spectral features. Narrow hydrogen lines indicate Type IIn, while
broader lines indicate either Type IIP or Type IIL. The "P" in Type IIP stands
for "plateau," which refers to a characteristic plateau in the light curve of these
supernovae that occurs after the initial brightening. The "L" in Type IIL stands for
"linear" light curve. Based on the presence of silicon lines, Type I supernovae can
be subdivided into several classes. CCSN lack silicon features, and Type Ib and Ic
supernovae show helium or no helium, respectively. Narrow lines can further divide
Type Ib and Ic into Type Ibn/Icn. Type Ic-BL is the type with with broad line
features. Another subclass, Type II/I-Pec, can be distinguished by unusual spectral
features or light curve behavior, such as weak hydrogen lines or chemical abundance
signatures. One supernova used in this thesis was classified as a "Gap" supernova,
due to its faintness.

Previous research has established theoretical explanations for the observed spec-

tral and brightness features of the mentioned types. However, as this topic is beyond

12



the scope of this thesis, it will not be discussed further.

1.3.1 Failed Core-Collapse Supernovae and Islands of Explodability

According to study by O’Connor and Ott (2011) [14] some exploding massive stars
result in ’failed” CCSNe. The study investigates how different factors affect the
formation of black holes when a massive star collapses in a supernova explosion.
The study uses computer simulations to model the collapse of over 100 different
types of stars, varying in their initial mass, metallicity, rotation, equation of state
and mass-loss. The study finds that a key factor determining whether a star will
produce a black hole is the compactness of its core at the moment of collapse. The

introduced "compactness" parameter is:

M /Mg ,
R (Myary = M) /1000 km (2)

t=lpounce

§nr =

R is a radial coordinate that has the mass of M within the radius at the time of
core bounce.

Study by Sukhbold et al. (2016) [15] uses the "compactness" parameter in-
troduced in the O’Connor and Ott (2011) study with a one-dimensional neutrino
transport model to calculate various post-explosion properties. The study models 5
different progenitors and outcomes for the supernova 1987A. Fig 4| shows the result-
ing outcomes of the supernova explosions for each model at different zero-age main
sequence (ZAMS) star masses. Successful explosions that leave behind either a neu-
tron star (NS) or a black hole (BH) are shown in green, the failed explosion, where
the explosion fallback directly into a BH without actually exploding, are shown in
color black. According to the study, until about 15 solar masses of ZAMS mass,
they explode and leave a remnant, but there are "islands of explodability" until 30

solar masses. ZAMS masses above 30 solar masses result in few explosions and high

13



mass-loss rates make the models uncertain. All the progenitors used in the models
have solar metallicity. The figure 15 in the Sukhbold et al. (2016) study also shows
a good correlation between the "islands of explodability" and the "compactness"

parameter. [15]

— Explosion & NS
i Explosion & BH
b —__ e

12 14 16 18 20 22 24 26 28 40 80 120
Mzams (M)

Figure 4: Simulations of explodability as a function of ZAMS mass using 5 progenitor
models. ZAMS mass range up to 15 solar masses results in an explosion with all
models. "Islands of explodability" begin after 15 solar masses and continue up to 30
solar masses. Results for ZAMS masses higher than 30 solar masses are uncertain.
Figure is from Sukhbold et al. (2016) [15]

Sukhbold et al. (2016) do not mention how the outcome of the death of a
progenitor depends on the metallicity of the star. The models used in O’Connor and
Ott (2011) have different metallicities in the progenitor stars and the results of
the explosions as a function of mass are shown in figure 13 of the study. It seems
that at lower metallicities progenitors with ZAMS mass above ~35 solar masses
are more likely to result in a BH and the stars with solar metallicity have a larger
fraction of supernova explosions. However they also mention that because of the

uncertainties in the mass-loss of high mass stars, it is hard to make predictions
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about the explosion at high ZAMS mass. [14]

2 The Nearby Core-Collapse Supernova Rate: A 0-
30 Mpc Survey

Discovering CCSNe poses several challenges. For instance, some SNe are intrinsically
too dim to be accurately identified, while others may be hidden behind interstellar
dust, resulting in a large extinction and thus going undetected. This is especially
true in LIRGs and ULIRGs, where dust is abundant, leading to about 83% of all
SNe being undetected. For example, when the redshift value is z ~ 1.2, the missing
fraction of SNe rises from 19% to 38% and remains roughly constant until z ~ 2.
This implies that the observed number of CCSNe is in correlation with the cosmic
formation history of the stars. As ULIRGs and LIRGs are rare in our local space,
they can be assumed to have no significant contribution when calculating the local
supernova rate. [3]

The local CCSN rate has the potential to shed light on a range of astronomical
topics. It can be used to better understand stellar evolution, the distribution of
stellar populations in the universe, and the effects of SNe on the interstellar medium,
dust and gas distribution, and the chemical composition of galaxies. This work seeks
to investigate how the CCSN rate varies as a function of distance.

The first step in calculating the volumetric CCSN rate between 2000-2021 within
a distance of 30 Mpc was to search all the observed SNe using the sne.space catalog,
which has since been moved to a Github repository [16]. The whole CCSN sample
was acquired in July 2022.

Rather than selecting SNe within a Hubble distance for 30 Mpc (which is less
accurate at lower redshifts), an initial distance of 45 Mpc was used. The next step

was to search the NED [17] and HyperLEDA [18|] catalogs for the distance of the
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galaxy where the observed supernova had occurred.

The distances to most galaxies located below 30 Mpc have been calculated us-
ing the Virgo infall method, which is a correction for the Hubble distance at low
redshifts. It corrects for the gravitational pull of the Virgo Supercluster, a cluster
of galaxies that is located relatively close to our own Milky Way galaxy. The cor-
rection accounts for the additional velocity that galaxies in the Virgo Supercluster
have due to the gravitational pull of the other galaxies in the cluster. However, for
more precise estimations, the Cepheid method (explained below) can be employed.
The resulting CCSNe are provided in tables Appendix A and B. After obtaining
this sample of CCSNe, additional information was gathered, such as the extinction
due to the Milky Way (Ay MW), the host galaxy extinction (Ay Host), the peak
absolute magnitude (M), and the age of the SNe at the time of discovery.

Foreground galactic extinction values used in this study were sourced from the
(NED) [17]. Host galaxy extinctions were obtained from a variety of sources, as
referenced in tables in Appendix A. Peak apparent magnitudes, meanwhile, were
sourced from papers found in the NASA Astrophysics Data System (ADS) [19].
The age at discovery of each supernova was determined using its classification spec-
trum, with papers found in ADS [19] and the Transient Name server (TNS) [20]
being searched for classification reports containing this information; these are then
referenced in tables in Appendix B. Absolute magnitudes were then calculated using
the peak apparent magnitudes, host galaxy extinctions, host galaxy distances, and
foreground Galactic extinctions. Equations used for these calculations can be found
in Section 2.5.

Methods used to calculate the distance of the host galaxy where the SN is de-
tected are listed below (HyperLeda [18]):

Cepheids: The approach relies on the correlation between the brightness and

pulsation period of Cepheid variable stars, which is known as the period-luminosity

16



relationship (PL). Essentially, this relationship links the amount of light emitted by
these stars during their fluctuation to the length of their pulsation cycle

Virgo infall: Virgo Infall correction for the redshift is based on the local velocity
field model given in Mould et al. (2003) |21] using the term for the influence of the
Virgo Cluster.

SBF: TThe SBF technique, also known as Surface Brightness Fluctuations, uses
the variations in luminosity resulting from the statistical analysis of stars that con-
tribute to the flux within a pixel of an image. The degree of fluctuation is dependant
on the specific types of stellar populations.

TRGB: The Tip of the Red Giant Branch or TRGB is a method, relying on the
old stellar population. Method uses the shallow colour-magnitude relation of the
TRGB in the I-band.

Sosie: This approach is that galaxies sharing similar characteristics, including
type, inclination, and hydrogen I line width, are expected to have identical absolute
luminosity.

SN Ia: This method uses the relationship between the light-curve and peak
brightness of type a Ia SN. This is a powerful tool to determine cosmological dis-
tances since the explosion produces high luminosity and the behaviour is regular.

EPM: The Expanding Photosphere Method or EPM is a geometric distance

determination technique based on the velocities of and expanding SN explosion.

The distance method used for each CCSN is listed in tables in Appendix A.
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2.1 Cumulative Volume Rates

The CCSN rate can be calculated cumulatively in order to obtain information about
the number of CCSN in an entire spherical volume of space as a function of distance.
This approach also has its drawbacks, as the changes in CCSN numbers at different
distances affects the rate value differently. This makes it more difficult to accurately
analyse the changes in the CCSN rate. The results are expressed in units of per year

per volume. The equation used to calculate the cumulative CCSN rate is as follows:

1 1

CCSN rate = NCCSN X Ny X V (3)

Where Ngy is the number of events (cumulative) and N, is the number of years.
They can be obtained from the gathered data. Volume V' is calculated as a sphere
V =4 7 r?/3, where 1 is the radius of the sphere (in Mpc).

The approach proposed by Gehrels [22] is used to calculate the small number
statistical uncertainties throughout this thesis. For values above 50, the square root
of the value is used to calculate both upper and lower limits.

The cumulative CCSN rates obtained using the events from Appendix B are
listed in Table [l The cumulative CCSN rates and their uncertainties are shown
in Figure )] The x axis of the graphs show the distance bins in Mpc, for example
distance bin 6 Mpc means distances 5 - 6 Mpc and distance bin 10 Mpc means 9
- 10 Mpc. Figure [5| (left) shows that the CCSN rates at distances below 6 Mpc
are high. This might be the effect of a local overdensity of star formation observed
within ~ 10 Mpc (Karachentsev [6]). Another analysis of Figure [5| (right), where
the CCSN sample is cut into sub samples by year of observation, suggests that the
high CCSN rate is produced by supernovae observed in 2000-2006. The 2007-2013

CCSN rates are lower and the 2014-2021 CCSN rate seems to be constant over the
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distance. This might be the result of SN observations relying more on amateur
observers in the earlier years, and shifting into more professional observations in
the more recent years. Amateur observers often observe the most popular galaxies,
such as the Andromeda Galaxy (M31) and the Whirlpool Galaxy (Mb51), because
they are easily visible and well-studied. These galaxies are also relatively nearby in
astronomical terms, which makes them easier to observe and study in detail. This
can cause a bias in the observed rates of CCSN. Using the CCSN sample I examined
the fractions of amateur discovery reports compared to all discovery reports for each
yearly sample. The results indicate that amateur astronomers make up a significant
percentage of all discovery reports, with the percentage around 50% in the 2000-
2006 and 2007-2013 yearly bins. However, in the 2014-2021 bin, the percentage

drops down to around 30%.
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Table II: Cumulative CCSN rates from 0 to 30 Mpc and from 5 to 30 Mpc, excluding
CCSN from 0 to 5 Mpc (listed in cols. 2 and 4) with the cumulative number of CCSN

events at each distance (listed in cols. 3 and 5).

Distance [Mpc]

CCSN rate 5-30 Mpc

[107* yr=! Mpc™?]

Number of CCSN 5-30 Mpc

CCSN rate

[107* yr~ Mpc ™)

Number of CCSN

<1

<2

<3

<4

<d

<6

<7

<8

<9
<10
<11
<12

<13

<15

< 16

<18
<19
< 20
<21
<22
<23
<24
<25
< 26
<27
<28
<29

< 30

0.0
0.0
0.0
0.0
0.0

3.581543

1.997557

2.24% 73

1987078

2.1170%

2.347058

1967044

1.947057

170034

1974038

1971938

L.797030

1601017

1487012

136701

1314543

1267011

1.207919

=+0.10
1.15%4 70

1097008
1057008
1035008
0.961007
0.921000

=+0.06
0.85%006

11
17
26
29
37
41
59
2
79
84
92
99
110
122
133
145
155
169
186
193
205
211

0.0
0.0
0.0

10.1755:0%

5.217341

452418

3.16%55
2.975%
2.537061
2.5010:53
2.61705%
2.20%057
2.12403%
1.86703%
2.09%0%
2.0770%
1.887030
L6701
1557918
14275
1367073
1307013
1.24%07)
1197510
1125959
1087008
1067508
0.98007
0.941008

0.8725:06

10
14
17
23
32
35
43
47
65
78
85
90
98
105
116
128
139
151
161
175
192
199
211
217
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Figure 5: The cumulative CCSN rates for the range of 0 - 30 Mpc (zoomed to 5 - 30
Mpc) are shown. The left graph displays the combined CCSN sample of all CCSNe
observed between 2000 - 2021, while the right graph displays separate CCSN samples
for each of the three time ranges broken down: 2000 - 2006, 2007 - 2013, and 2014
- 2021. For clarity, the data points on the right graph have been shifted along the
x-axis by +0.3 Mpc (2007 - 2013) and +0.6 Mpc (2000 - 2006).

The cumulative CCSN rates were calculated after excluding supernovae within a
distance of 5 Mpc, and the results with their associated uncertainties are presented
in Table [[T] and Figure [l This sample was used to determine the CCSN rate by
subtracting the 5 Mpc sphere from the calculation volume. The graph shows that
the CCSN rate remains constant from 5 Mpc to approximately 18 Mpc, although
uncertainties are large at lower distances. A statistical test to determine the distance

at which the CCSN begins to decrease significantly is conducted below.
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Figure 6: The cumulative CCSN rates for the range of 5 - 30 Mpc are shown. The
left graph displays the combined CCSN sample of all CCSNe observed between 2000
- 2021, while the right graph displays separate CCSN samples for each of the three
time ranges broken down: 2000 - 2006, 2007 - 2013, and 2014 - 2021. For clarity,
the data points on the right graph have been shifted along the x-axis by +0.3 Mpc
(2007 - 2013) and +0.6 Mpc (2000 - 2006).

Cumulative SN rates 0 - 30 Mpc

[ ] — 2000-2021
[ ] e Mattila 2012 CC5N + 508-like

L ]
T . & Mattila 2012 CCSN

I 5 I‘:Ipl: 10 I:-‘Ipc 15 I:J'Ipc 20 I:-‘Ipc 25 Il-"lpc 30 ;-'Ipc

Distance bins [Mpc]

Figure 7: Cumulative CCSN rate (black) graph for the 0 - 30 Mpc sample + CCSN
rates (blue) and S08-like rates (red) from Mattila et al. (2012) [3]. The graph is
zoomed to 5 - 30 Mpec.

22




CCSNrate [Mpc=3 yrt]

10-?

=

(=]
)
'

Cumulative SN rates 6 - 30 Mpc

—_— 2000-2021
e Mattila 2012 CCSN + 508-like
o Mattila 2012 CCSN

5 h:lpu: 10 ;-‘Ipc 15 I:-1pc 20 rlt‘lpc 25 Il-ﬂpc 30 ;-'Ipc
Distance bins [Mpc]

Figure 8: Cumulative CCSN rate (black) graph for the 6 - 30 Mpc sample + CCSN
rates (blue) and S08-like rates (red) from Mattila et al. (2012) [3]. The graph is
zoomed to 6 - 30 Mpc.
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2.2 Co-Moving CCSN Rates

The calculation of co-moving CCSN rates is a useful tool for describing the number
of CCSNe occurring in a given region of space. This approach is more accurate
to analyse the changes in the rate than the cumulative method, as it adjusts the
CCSN rate equation (7) to exclude shorter distance CCSNe from the calculation.
The volume is divided into 5 Mpc bins, and all CCSNe inside each volume bin are
included in the equation. The CCSN rate equation remains the same, however the

volume term is adjusted accordingly (Veo—moving =4 7 12 /3 —4 7 r3_,/3).

1 1
CCSN rate = NCCSN X Fy X m (4)

Where r,, is the radius of the sphere and r,_; is the radius of the excluded sphere,
resulting in the spherical volume Ve, poving. Here Necgny only includes the CCSNe
inside the spherical volume.

Table [[I]] displays the co-moving CCSN rates obtained from Appendix B. The
rates and uncertainties are also presented in Figure [9] (left). It can be seen that the
CCSN rate is high in the 0 - 5 Mpc bin, as previously indicated by the cumulative
CCSN rates.
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Table I1I: Co-moving CCSN rates from 0 to 30 Mpc with the co-moving number of
CCSN events at each distance.

Distance [Mpc]

CCSN rate [107* yr~ Mpc™] | Number of CCSN

0-5
5—10
10 — 15
15 —20
20— 25
25— 30

5.21%501
2117051
1.927058
0.941017

0.807011

0.531007

6
17
42
40
o6
o6

CCSN rates on volumetric shells 0 - 30 Mpc

— 2000-2021

103

CCSNrate [Mpc™3 yro?]

o5 510 1015

1520 20225 .30

Distance bins [Mpc]

CCSN rates on volumetric shells 0 - 30 Mpc

=

=
|
-

— 2014-2021
— 2007-2013
T — 2000-2006

05 510 10.15 15.20 2025 2530
Distance bins [Mpc]

Figure 9: Co-moving CCSN rates. Combined supernova sample with all the CCSN
from years 2000 to 2021 on the left and separate supernova samples with CCSN from
years 2000-2006, 2007-2013 and 2014-2021 on the right. For clarity, data points have
been shifted along the x-axis by +0.3 Mpc (2007-2013) and +0.6 Mpc (2000-2006).

25




CCSN rate [Mpc™3 yr1]

1073

2.2.1 Analysis of the Significance of Decrease Using Statistics

In this section, the CCSN rate was examined over a distance range of 30 Mpc.
Specifically, the CCSN rate was transformed into bins of 2 Mpc, starting from 4
Mpec, and analysed using the co-moving way of counting CCSNe. A bin size of 2
Mpc was employed in order to optimize the balance between distance resolution and
statistical errors. The results of this analysis are presented in Figure [I0] This study
was conducted to determine if the CCSN rate decreases statistically significantly at
some distance.

CCSN rates on volumetric shells 4 - 30 Mpc

[

— 2000-2021

0-2 24 46 &8 810 10-12 12-14 1416 16-18  18-20  20-22  22-24  24-26  26-28
Distance bins [Mpc]

Figure 10: CCSN rates using shell volumes calculated every 2 Mpc from 4 Mpc to
30 Mpc.

The significant decrease in the CCSN rate was analyzed in this study using the
statistical method of bootstrapping. Bootstrapping is a non-parametric approach

to estimating the sampling distribution of an estimator by resampling a dataset
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with replacement. Multiple samples were created from the original dataset, and the
values for each sample were estimated. The difference between the two samples was
assessed using a statistical test, as explained below.

I planned to compare the distributions of the CCSN rates when the CCSN rate
is constant and when it is bootstrapped. I analyzed Figure and observed that
the CCSN rate did not seem to change significantly in the distance range of 4-16
Mpc, even considering the statistical errors. To confirm this a mean subtraction
method was applied. A total of 10,000 bootstrapped values were generated and the
mean differences in CCSN rates between two distance ranges (4 to 16 Mpc and 16 to
30 Mpc) were calculated in my approach. Multiple distributions of the subtracted
means were obtained by performing this calculation at every distance. It was found
that the greatest difference in mean CCSN rate occurred between the distance range
of 4 to 16 Mpc and 16 to 30 Mpc based on the results. The 4-16 Mpc distance range
was chosen as the constant distribution value for the analysis based on this finding.

Bootstrapping was used to simulate a new CCSN rate within the provided sta-
tistical errors. A Poisson distribution centered at the original value was employed
to generate the values on each distance bin. The statistical error limits were kept
constant. The bootstrapping process was repeated 10,000 times, and the mean value
of the CCSN rate between distances of 4-16 Mpc was calculated. Figure [11] displays

the bootstrapped CCSN rates in red and the mean values between 4-16 Mpc in blue.
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Figure 11: Bootstrapping results for the mean subtraction method

After each simulation of the bootstrapped values and the mean, the relationship
of the two distributions was analyzed. I used the Kolmogorov-Smirnov test (KS-
test) to determine if the cumulative distributions differ from each other significantly.
The KS test compares two samples and determines if the samples are from the
same population. The test is based on the maximum absolute difference between
the cumulative distribution functions of the two samples. The scipy.stats.ks2samp
function from the SciPy Python package was used to test the null hypothesis that
two samples were drawn from the same distribution. Calculating the p-values for
each simulation, the null hypothesis was rejected at a 95% confidence level if the
p-value was less than 0.05. Figure [12| shows a distribution of the KS-test p-values
from all of the 10000 simulations and the result suggests that the two samples were

not drawn from the same distribution.
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Figure 12: Bootstrapping results for KS-test, when comparing the bootstrapped
CCSN rate values with a mean CCSN rate values from 4-16 Mpc.

2.3 The Impact of Galaxy Orientation on Observations

Galaxy inclination is an important factor to consider when detecting a CCSN. The
inclination of a galaxy refers to the angle at which it is viewed from the Earth. This
angle can affect the visibility of a CCSN signal and can affect how it is interpreted.
For example, if a galaxy is viewed from an edge-on orientation, the transient signal
may be obscured by dust in the galaxy. This can make it difficult to detect the
signal, as it may be faint or only visible in certain wavelengths. On the other
hand, if a galaxy is viewed from a face-on orientation, the transient signal may be
more easily detected due to the lack of obscuring dust. This can allow for more
accurate measurements of the CCSN properties, as well as better understanding of
the source of the CCSN. Inclination can also affect the interpretation of the CCSN.

For example, a supernova explosion viewed from a face-on orientation may appear
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brighter and may have different features than a supernova explosion viewed from an

edge-on orientation.

2.3.1 Inclination Analysis of Nearby Host Galaxies and Non-Elliptical

Galaxies

The galaxy inclination values were found at HyperLeda. The inclination is defined

in HyperLeda with the equation:

1 — 10—2~1og7"25
. 2 . _
S (Z) - 1 — 10—2logro (5)
where ¢ is the galaxy inclination. The parameter logr25 refers to the logarithmic
ratio between the major and minor axes lengths of galaxies in the B-band, derived

2. 1y is a constant that

from the isophote at a surface brightness of 25 mag/arcsec
is determined based on the morphology of the galaxy.|18] Galaxies with the inclina-

tion of 90 degrees is called an edge on galaxy, and 0 degrees is called a face-on galaxy.

The next step was to gather the inclination data from all galaxies within 30 Mpc,
in addition to the host galaxies of CCSNe. This was done by using the SQL search
feature in HyperLeda. From this search, I excluded any galaxy with the typing of
elliptical or probably elliptical galaxies (types 'E’ and "E?’). These types of galaxies
have very little star formation and therefore very few CCSNe. Elliptical galaxies
have evolved to the point where the remaining stars are too old to produce CCSNe.
The distance was determined with the distance modulus, that corresponds to 30
Mpc distance. In addition, only the galaxies with inclination values were chosen in
the data. In the end I have the inclination datasets for the CCSN host galaxies and
non elliptical galaxies in general within 30 Mpc.

The next thing I did was to plot histograms of the inclinations for the two
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datasets. The histrograms have 3 bins (0° —30°, 30° — 60° and 60° — 90°). Figure

displays histograms describing the inclinations of host galaxies for the CCSN sample

with three distance ranges: 0 Mpc to 15 Mpc, 15 Mpc to 30 Mpc, and 0 Mpc to 30

Mpec. The histogram of all galaxy inclinations from HyperLeda is shown in Figure

[14l The values of each bin and their statistical errors are presented as percentages

from the whole sample.
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Figure 13: Inclinations of all galaxies from the CCSN sample at distances 0 - 30
Mpec (left), 0 - 15 Mpc (middle) and 15 -30 Mpc (right) with statistical errors.
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Figure 14: Inclinations of all non elliptical galaxies from HyperLeda at distances 0
- 30 Mpc (left), 0 - 15 Mpc (middle) and 15 -30 Mpc (right) with statistical errors.
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When comparing the Figures 13| to Figure in the CCSN host galaxy sample,
the distribution is shifted a little bit to the smaller inclinations. This change is
outside the statistical uncertainties and might have an actual physical reason. It is
hard to compare the distributions at 0 - 15 Mpc since the CCSN host galaxy sample

at this distance is quite small and thus has large uncertainties.

2.3.2 Comparing Two Samples with the CDF and KS-test

I present the cumulative distribution functions (CDFs) for the observed CCSN host
galaxy sample, the non-elliptical galaxy sample from HyperLeda [18|, and a theo-
retical distribution in Figure The KS-test was used to compare the CCSN host
galaxy sample to the non-elliptical galaxy sample.

The theoretical distribution can be explained by considering a model in which
an observer is located at the origin of a symmetrical spherical coordinate system,
and a galaxy is situated at a distance r from the origin. If the observer is located
at a random position, the same is true for the galaxy being located at the origin.
Consequently, there is a greater number of possible locations for the observer when
the inclination ¢ is high, since the area for a given angular range is larger near the
xy-plane. As a result, 1 — cos(7) is the fraction of galaxies with inclination smaller

than <.
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Figure 15: The figure shows the cumulative distribution function of the inclination
of supernova host galaxies, all non elliptical galaxies and the predicted distribution
from spherical symmetry. The red line indicates the largest distance between super-
nova host galaxy and all non elliptical galaxy CDFs.

KS-test was conducted at a significance level of a = 0.05 to assess the statistical
significance of the deviation between two samples. The greatest difference between
the samples was 0.134 at ¢ = 72° (shown in figure[L5| with red line). According to the
KS-test, if the statistic Dy, is greater than the critical value of c(a)y /™% then the
hypothesis of the samples originating from the same population can be rejected at
a confidence level of 95%. In the present study, n and m are the sizes of the sample,
respectively 217 and 5504. With the value ¢(a) = 1.358, the critical value with
the sample size becomes 0.0978. Since D, ,,, = 0.134 > 0.0978, the hypothesis of

the samples originating from the same population can be rejected with a confidence
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level of 95%.

2.4 Extinction in Host Galaxies

The extinction in the line of sight is a key consideration when attempting to detect
a CCSN or other transients. Scattering and absorption of light by dust particles
situated in the line of sight cause extinction, which can significantly lessen the ob-
served brightness of CCSNe. This can make it more difficult to detect and measure
the transient. By accounting for extinction, astronomers can more accurately es-
timate the true brightness and color of a CCSN, allowing them to gain a better

understanding of its properties.

fost galaxy extinctions A

Figure 16: The extinctions of host galaxies of CCSN in this study (left) and Mattila
et al. (2012) 3] (right) are shown in the histograms. The x-axis is zoomed to the
range 0-2.5 mag of Ay. The hatched area (right) corresponds to the extinctions of
observed CCSN, and the grey area (right) is a predicted distribution for CCSN, as
presented in Riello & Patat (2005) [23].

This host galaxy extinction analysis focuses on a sample of 28 CCSNe with host
galaxy inclinations ranging from 0° to 60° and located within a distance of 16 Mpc.
For comparison I used the predicted values used Mattila et al. 2012 table 3.
The extinction analysis reveals that the observed average extinction for the 0°-60°

inclination range, < Ay > = 0.67, is higher than the predicted value of < Ay > =
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0.48. The median extinction value is 0.15, which is similar to the predicted value of
0.18. However, when the two events with the highest host galaxy extinctions (SNe
2003jg and 2002hh with < Ay > = 4 and 5, respectively) are excluded, the observed
average extinction becomes < Ay > = 0.37, which is closer to the predicted value.
The median extinction value remains unchanged. The standard deviations of the
observed and predicted distributions are now very similar, with values of 0.53 and
0.68, respectively.

The events with the highest extinction have a host galaxy extinction of Ay, = 4—5
(Ap = 5.3 —6.7). At a redshift of 0.5, a typical Type II-P event with an absolute
peak magnitude of M (B) = —16.80 |24] would have an apparent peak magnitude of
m(B) = 37 if the host galaxy extinction is Ag = 6.7. This makes detecting CCSN
more difficult with current telescopes, especially at higher redshifts where the effects
of extinction are even more significant for an optical CCSN search [3]. As a result,
it is crucial to consider the potential impact of host galaxy extinction on observed
magnitudes of SNe to accurately observe, identify and classify these events at higher
redshifts.

Using the sample of 28 CCSNe within 16 Mpc and host galaxy inclination of 0°
- 60°, as well as the two outlier events with the highest host galaxy extinctions, I

estimate that surveys in normal galaxies may miss a fraction of CCSNe in the range

of 7719%.

2.5 Calculating Brightness: Absolute Magnitudes

The peak absolute magnitude of CCSNe is an important parameter for astronomers
to measure as it provides insight into the type of the progenitor star and the amount
of energy released during the explosion. This helps astronomers to classify the type of
supernova and to study the physical processes underlying the supernova event. Thus,

the measurement of peak absolute magnitude is a key component in understanding
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the physics of CCSN and their role in the life cycle of stars.

By utilizing the host galaxy distance, peak apparent magnitude, and the ex-
tinction of light in the line of sight, I calculated peak absolute magnitudes M for
the sample of CCSNe. The peak absolute magnitudes are computed from the peak
apparent magnitudes m, the host galaxy distance d, and the extinction values Ay

for the Milky Way and the host galaxy:

d
M =m —5-log 1O(Tpc) — AMW _ pHost (©)

In some cases, the peak apparent magnitudes are not reported in the V band.
In these instances, the extinction values can be transformed from the V band to the

reported band using Cardelli’s law [25]:

(Ax/Av) = a(z) + b(x)/ Ry (7)

Where A, is the extinction in the wanted band, Ay is the extinction in the V
band, a(z) and b(x) are the wavelength-dependent coefficients and Ry is a constant
with the value Ry = 3.1. The a(z) and b(x) values are given in Cardelli et al. 1989,

table 3 [25].
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Figure 17: The absolute magnitudes of CCSN are presented in histograms, with the
bin heights representing the total number of supernovae in each magnitude range.
The first seven histograms show the data for different filters, while the bottom right
histogram shows the data for each CCSN type, with counts stacked in each bin and
color-coded for easy reference. The final histogram is constructed from data from
all filters.
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Figure 18: Absolute magnitudes presented as a function of host galaxy distance.
The mean absolute magnitudes are calculated with distance bins of 5 Mpc between
0 Mpc and 30 Mpc. The statistical errors are calculated as one sigma standard
deviation from the mean.

2.5.1 The Dimmest Supernovae

Table [[V] presents the faintest CCSNe in the sample. The faintest CCSNe in the

sample have the lowest peak absolute magnitudes, ranging from -12.82 to -15.91.

This suggests they may have had intrinsically low luminosities or could have been

underluminous due to various physical conditions. Additionally, it is possible that

the properties of the CCSNe were measured incorrectly, leading to an underestima-

tion of their peak brightness.
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Table IV: Table of the faint supernovae in the sample and their absolute peak mag-

nitudes

Supernova | Absolute magnitude Filter Type
SN2000ew —15.48708 unfiltered Ic
SN2002bu —14.547515 \Y Gap
SN2005af —15.67,002 \% I
SN2005c¢s ~15.82;01% V 11
SN20060v —15.67.039 unfiltered II
SN2008bk ~14.65:91 \Y I
SN2009N ~14.64791 \Y 11 P
SN2009ib —15.70753 v 1P
SN2009js ~15.707518 \Y I
SN2009kr —15.35.030 unfiltered 11
SN2011dh ~14.4373% Y 11 P
SN2012fh ~15.3570% \Y Ih/c
SN2013am ~14.907018 \% 11
SN2013dk —15.68;01% unfiltered Ic
SN2013gc —14.6470 1% unfiltered IIn
SN2014bc —14.6473:%8 2 1
SN2016ad; —15.53.039 \Y% II
SN2016aqf —15.28751 \% I
SN2016bkv ~15.32791 \Y I
SN2016cok ~15.0575.98 v 11 P
SN2019ehk —15.91007 r ZTF I1b
SN2019¢jj —14.097915 G-Gaia 11
SN2021gno ~12.82037 orange-ATLAS | Ib
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3 The Core-Collapse Supernova-Star Formation Con-
nection

The rate of CCSNe is closely linked to the SFR. This is because the timescale of the
stars leading up to a CCSN is much shorter than the cosmic timescale. The lifetime
of a massive star is therefore about 0.1 percent of the lifetime of the universe. The
CCSN rate (rcosn) can be estimated by utilizing the SFR, the IMF, marked by ¢,
and the lower and upper mass limits (m; and m,) of the stars that cause the collapse
supernova. Values m,,;, and m,,., are the mass limits of all objects that can be
classified as stars. Thus, the annual occurrence of CCSNe per volume (yr~—'Mpc™3)

can be calculated as: |26]

S G(m)dm

rcesN = fmmax m¢(m)dm

Mmin

x SFR (8)

The IMF used in this study is the Salpeter IMF":

¢(m) = pgm > (9)

where ¢y is a constant that describes the density of stars of a given location. The
ratio of the COSN rate to the SFR is affected by two uncertain factors. One of these
is the adopted IMF, which has only a minor effect on the result. The other variation
is caused by the limits on the mass of the stars that explode as supernovae. The
lower limit typically ranges between 7 < My < 9.5. The upper limit is usually set
at 40My or 50M), as stars with masses greater than these are thought to undergo
direct collapse into black holes instead of producing a supernova explosion. [27]

By using formulas (1), (8) and (9), it is possible to compare the CCSN rate with
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the SFR as a function of redshift. These formulas can be used to explore different

mass limits and investigate the effects of varying IMF values.

3.1 The Universe in Our Backyard

Using equations (8) and (9), the SFR was determined from the CCSN rate value
between 6 and 15 Mpc. A lower limit of 8 solar masses and a higher limit of 50 solar
masses were imposed as the progenitors of CCSNe. My results, presented in Table
[Vl indicate that the calculated local CCSN rate and corresponding SFR are slightly
higher than the four other results. Nevertheless, my result is consistent within the

uncertainties of Botticella et al. (2012) [28].

Table V: Results for the local CCSN rate and corresponding SFR. The distance
within which the rates are calculated are in column 4.

Origin SNR [10~* yr~= Mpc™?] | SFR [Mg yr~! Mpc~?| | Distance [Mpc]
This work 2.09 *p38 0.030 0064 15
Mattila et al. (2012) |3 1.50 F5:40 0.021 +3:9% 15
Botticella et al. (2012) [28] 2.00 +9:20 0.029 0007 11
Bothwell et al. (2011) [29] 1.60 T513* 0.023 *9-002 11
Horiuchi et al. (2011) [30] 1.33 TO10* 0.019 000 11

* These values were calculated in this work using the same mass limits in equation

(11).

3.2 The Distant Universe

We used equation (11) and the SFR as a function of redshift (equation (1)) from
Madau & Dickinson (2014) [1] to calculate the CCSN rates for various mass limits
of the progenitor stars and models from Heger et al. (2003) [31], O’Connor & Ott

(2011) [14], and Sukhbold et al. (2016) [15]. The observed CCSN rates were taken
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from the study by Strolger et al. (2015) [32| and compared to the predicted rates.

3.2.1 Adjusting Observed Rates

The detection of CCSNe is hindered by a variety of issues. Faint CCSNe may go
undetected, while some may be obscured by interstellar dust. This is especially
significant in LIRGs and ULIRGs where high dust content renders the majority of
CCSNe undetectable. Horiuchi et al. (2011) proposed the ’supernova rate problem’
to explain the observation of a CCSN rate that was approximately two times lower
than that predicted from the SFR. This mismatch could be caused by a large fraction
of CCSNe being obscured, an overestimation of the amount of stars born, or a
fundamental misunderstanding of star formation. If the latter is the case, then
theoretical models of star formation must be reassessed. [30].

However, a likely solution to this problem is that in LIRGs and ULIRGs, CCSNe
are difficult to detect optically due to the dust extinction. While these galaxies are
rare in the local Universe, they are common at redshifts of z ~ 1 — 2. A study has
revealed that approximately 83%1;% of SNe remain undetected. This leads to an
increase in the average number of supernovae explosions behind the dust extinction,
which is approximately 38fé9% at redshift z ~ 1.2 and remains constant up to z ~
2. As a result, the observed CCSN rate in the 2011 study [30] is two times lower
than predicted CCSN rate. When these supernovae obscured by dust are included
in the calculation, the observed number of CCSN is in agreement with the cosmic
star formation history. [3]

Near-infrared (NIR) observations are advantageous due to their lower extinction
coefficient, allowing for a more detailed investigation of nearby LIRG with core
extinction values of Ay ~ 4 - 5 mag. In a few LIRGs, values of Ay, > 10 mag have
been reported [3]. An example of this is the nearby LIRG, Arp 299, where optical

observations fail to detect SNe in its nuclei, while only one is detected in the NIR.
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The estimated lower limit of CCSN rate for the space surrounding the nuclei of
Arp 299 is 0.2970%3 yr~'. Compared to the predicted CCSN rate of 0.30-0.61 yr~!,
the suggested missed fraction is 37132%. In comparison, the estimated total CCSN
rate for unobserved CCSNe in Arp 299 is 1.59-1.91 yr~!, with an estimated missed
fraction of 8377, %. [3]

In normal galaxies, where the dust content is lower than in LIRGs and ULIRGs,
a small proportion of CCSNe also remain undetected. Dahlen et al. (2012) [27]
present the "Normal Galaxy Extinction Correction model", which postulates dif-
ferent distributions of dust and CCSNe in galaxies, with the effects of the spiral
structure of spiral galaxies thought to be insignificant.

In this study, I use the observed values between redshifts of 0.3 and 2.3 presented
in Strolger et al. (2015). This work employed the supernova surveys CANDELS and
CLASH to determine the CCSN rate at higher redshifts in six redshift bins, as shown
in Table The table displays the CCSN rates in each redshift bin along with their

corresponding statistical errors.

Table VI: Observed CCSN rate from Strolger et al (2015) table 2 [32]

Redshift | CCSN rate [107* yr~! Mpc 7]
0.3 793 1.97 it
0.7 703 2.68 *1:51
1.1 402 1.70 +119
1.5 %93 3.25 +203
1.9 703 3.16 7337
2.3 102 6.17 T51

The observed rates of CCSNe have not been corrected for those missed in the
surveys. To assess the effects of this, I used correction values derived by Mattila

et al. (2012) [3]. These corrections consider the contribution of missed supernovae
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in LIRGs and ULIRGs, as well as normal galaxies, as a function of redshift. The
fraction of CCSN that are potentially missed in observations, as presented by Mattila
et al. (2012) [3| table 10, is used to scale the observed rates. The corrections to
the observed values are shown in Figure as blue regions with various shades
of blue. These corrections shift the observed values to higher values with their
corresponding statistical errors. The figure also illustrates the shift of the upper
limits of the observed rates to higher values, depending on the fractional correction

used: high, nominal, or low.

3.2.2 Comparing Observed and Predicted Rates

In this section I describe the CCSN rates as a function of redshift obtained from
three studies; Heger et al. (2003) [31], O’Connor & Ott (2011) [14] and Sukhbold
et al. (2016) [15].

In Heger (2003) [31], the SN budgets for different metallicities, IMFs and mass
limits were studied. The maximum mass limit was set to 20 solar masses (low M2,
and 25 solar masses (high Mim.). Using the results given with the Salpeter IMF for
zero metallicity, the high SN fraction was found to be 0.76 and the low SN fraction
was 0.67. The rest were BHs and fallback blackholes (FBH). The main difference
in formation between regular BH and FBH is the amount of mass available to form
the BH. Regular BHs are formed from the complete collapse of a massive star,
whereas FBHs are formed from the incomplete collapse of a massive star, resulting
in a lower mass BH. Correspondingly, the high and low CCSN rate values were
determined to be roosnmigh = 0.0051784 FE and reosyrow = 0.004557 S A
similar analysis was performed for the solar metallicity progenitors, yielding a high
supernova fraction of 0.87 and a low supernova fraction of 0.75, as presented in
Table [VIT, The corresponding supernova rate values were determined to be g, =

0.005941 IS[ZR and 77, = 0.005121 ISIZR . The results indicate that higher metallicity
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models result in higher supernova rates, as seen in Table [VIII]

Table VII: Heger et al. (2003) fractions of massive stars that explode as CCSN. [31].

Solar metallicity | Zero metallicity

High Mlm 0.87 0.76

low Ml 0.75 0.67

Table VIII: Calculated CCSN rate (rcosn) values using equation (8), with two
different mass limits and metallicities.

Solar metallicity | Zero metallicity

High Mim. | 0.005941 SR 0.005178 SER

low Mim. | 0.005121 ¥R 0.004557 SIR

In Sukhbold et al. (2016) [15], the observable supernova fractions were calcu-
lated for a mass range of 9 to 120 solar masses using Table 4. The fractions were
determined to be 66%, 67%, 55%, and 74%. The remaining fraction do not produce
observable supernovae. Utilizing these fractions to calculate the supernova rates
(rcosn) between 9 to 120 solar masses and 100% for masses between 8 to 9, the
corresponding supernova rates were determined to be 0.004860 %, 0.004918 S&—g,

0.004223 {F, and 0.005323 {{* respectively (Table [X).

o} ?

Table IX: Sukhbold et al. (2016) CCSN rate (rocsn) values [15].

SFR]

Model TccsN [ M_@

W15.0 0.004860
W18.0 0.004918
W20.0 0.004223
N20.0 0.005323
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In O’Connor & Ott (2011) [14], the black hole fractions for six different models of
metallicity and other properties were studied. The fractions were found to be 13%,

15%, 0%, 7%, 1%, and 4%. Using mass limits of 8 and 125 solar masses for the pro-

genitors, the resulting supernova rates were found to be ry gwo2 = 0.005941 _ﬁZR ’
rwawoz = 0.005804 T, rwpwor = 0.006760 S, rroess = 0.006829 i,

rrcosa = 0.006351 %, and rwgor = 0.006555 %, as shown in Table . The
differences between models with varying metallicity are illustrated in Figure 5. It is
also worth noting that the CCSN rates include possible fallback blackholes, which

are not taken into account when calculating the observed supernova fractions.

Table X: O’Connor & Ott (2011) reesn values. |14]

ﬁ]
Mg

WHWO02 (zero metallicity) 0.005941

Model rccsN [

WHWO02 (10~* metallicity) 0.005804
WHWO02 (solar metallicity) 0.006760
LCO6B (solar metallicity) 0.006829
LCO6A (solar metallicity) 0.006351
WHO7 (solar metallicity) 0.006555

By combining the CCSN rate values from the three studies with the Madau &
Dickinson SFR (equation (1)), I plotted them in Figure [19 alongside the observed
rates discussed earlier.

The Figure (19 allows us to make some deductions about the predicted and ob-
served CCSN rates. The top panel (Heger et al. (2003)) shows that the solar
metallicity model is better suited for redshifts z = 0-1, while the zero-metallicity
model appears to fit the data more accurately at higher redshifts (z = 2). The
middle panel (O’Connor & Ott 2011) shows a similar trend, while the bottom panel

(Sukhbold et al. 2016) seems to have the opposite effect. We should bear in mind
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that these models also have varying parameters other than metallicity, and thus

should not be compared in isolation.
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Figure 19: The figure displays the CCSN rate as a function of redshift for different
theoretical models. The top panel shows four models from Heger et al. (2003) [31],
the middle panel three models from O’Connor & Ott (2011) [14], and the bottom
panel four models from Sukhbold et al. (2016) [15]. The blue dots represent observed
CCSN rate values from Strolger et al. (2015) with errorbars indicating statistical
errors, while the blue-filled regions show the effect of different corrections |3| on the

upper limits of the observed CCSN rates.
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4 Discussion

Having analyzed and presented the main findings from the preceding sections, this
discussion section aims to provide more interpretation and evaluation of the results.
In this section, I will delve into the implications, explore possible explanations, and
highlight areas for further investigation.

As discussed earlier in the Cumulative Rates section, the accuracy and com-
pleteness of supernova observations can be influenced by various factors, such as
the availability of resources and the expertise of the observers. In this context,
it is important to consider that professional astronomers may have had fewer re-
sources available for SN observations in the early years, which could have limited
their ability to make significant contributions. An example of this could be the lack
of advanced telescopes and imaging technologies that are available today. In the
early years, astronomers had to rely on less sophisticated equipment, which made it
more difficult to observe and study supernovae accurately. Additionally, the field of
astronomy may not have been as well-funded as it is today, which could have limited
the resources available to astronomers for their research. Moreover, relying on am-
ateur reports of SN might have biased the observations towards shorter distances,
potentially affecting the estimated CCSN rate.

In Mattila et al. (2012) [3], the volumetric CCSN rate was examined from 0 to
15 Mpc as well as from 6 to 15 Mpc. This sample covered supernovae from 2000 to
2011, with the CCSN rate being calculated with and without 08S-like supernovae.
The study has suggested that SN 20085 may be representative of a new class of
transients, distinct from traditional supernovae, due to its low peak luminosity.
This new class has been categorised as 08S-like supernovae. This thesis does not
differentiate between the two. Figure [7] compares the CCSN rate from 0 to 15 Mpc
and the CCSN + 08S-like rate from 0 to 30 Mpc in Mattila et al. [3| with the

cumulative CCSN rates of this study. There is some discrepancy between the two
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rates at distances 4 - 7 Mpe, which is likely due to the Mattila (2012) sample being
somewhat biased by amateur observations. That said, the rates at distances 8 - 15
Mpc appear to be in good agreement.

In order to further compare the results of this study, a supernova sample was
created that excluded supernovae closer than 6 Mpc. The CCSN and CCSN + 08S-
like rates from 6 to 15 Mpc, as well as the cumulative CCSN rates from 6 to 30 Mpc
are displayed in Figure[§ It appears that the Mattila 2012 CCSN -+ 08S-like rates
are more similar to my results than the Mattila 2012 CCSN rates, likely because
the S08-like supernovae were not taken into account in this study and were instead
included in the CCSN sample used to calculate the rates.

The CCSN rate in Figure [9] appears to be relatively constant in the 5 - 10 Mpc
and 10 - 15 Mpc bins, before dropping sharply between 15 - 20 Mpc. This suggests
that supernovae become increasingly difficult to observe beyond 15 Mpc. A more in-
depth statistical analysis of this significant decrease is presented in the subsequent
subsection. Additionally, the sphere shell CCSN rates remain fairly similar across
different years of observation, within the uncertainties.

The results of the KS-test showed that bootstrapped values and constant values
are not drawn from the same population, thus the decrease of the CCSN rate beyond
16 Mpc can be considered statistically significant. This suggests that CCSN rates are
likely to be lower at larger distances, and that the decrease is not a result of random
fluctuations or sampling bias. This could suggest various explanations, such as a
decrease in CCSN rates with increasing distance due to some underlying physical
phenomenon or an increased difficulty in detecting CCSNe at greater distances.

The angle of galaxy orientation to the observer can affect the visibility of a CCSN
signal and can affect how it is interpreted. For example, if a galaxy is viewed from an
edge-on orientation, the transient signal may be obscured by dust in the galaxy. This

can make it difficult to detect the signal, as it may be faint or only visible in certain
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wavelengths. On the other hand, if a galaxy is viewed from a face-on orientation,
the transient signal may be more easily detected due to the lack of obscuring dust.
This can allow for more accurate measurements of the CCSN properties, as well
as better understanding of the source of the CCSN. Inclination can also affect the
interpretation of the CCSN. For example, a supernova explosion viewed from a face-
on orientation may appear brighter and may have different features than a supernova
explosion viewed from an edge-on orientation.

In this work, I compare the CCSN host galaxies data sample to the sample of
all non-elliptical galaxies and the theoretical distribution of galaxy inclinations. I
find that the total galaxy sample does not follow the theoretical prediction of a
monotonically increasing slope. Instead, the slope begins to decrease at around 70°
and jumps to 100 % at 90°. I propose that this is because galaxies at high inclination
2 75 are difficult to distinguish from those that have an inclination of 90°, and are
therefore often assigned an inclination of 90°. This effect can also be seen to a lesser
degree at 0° and in the supernova host sample. In contrast, the central region of the
picture shows the CDF from the sample of all galaxies matching the shape of the
theoretical prediction. These findings are illustrated in Figure [I5]

The sample of supernova host galaxies is significantly distinct from the sample of
all galaxies. This is remarkable considering the large sample size and the fact that
the majority of the inclination data comes from the same source. If inclination had
no influence, then it can be assumed that the CDF of CCSN host galaxies would be
nearly identical to that of all galaxies.

Figure [16] shows the distributions of extinction for this study and Mattila et al.
(2012). The peak of the extinction distribution at 0-0.1 is significantly higher in
this study than that of Mattila et al. (2012). However, the sample size of Mattila
et al. (2012) is smaller than that of this study, making a direct comparison difficult.

However, this difference could also be due to other factors, such as the different
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regions of the sky that are being studied or the different methods used to measure
extinction. A more detailed comparison of the two studies, including a comparison
of the methods used, could help to determine the exact cause of the difference in
the extinction distributions.

Figure[16]shows the host galaxy extinctions of CCSN up to 2.5 magnitudes, which
is quite a significant amount of obscuration. However, some CCSN in the sample
had more than 2.5 magnitudes extinction, which makes them especially difficult to
detect. This could be because their brightness is so heavily reduced by the dust
and gas along the line of sight, making them much fainter than they would be
otherwise. As a result, these CCSN can be difficult to detect and study, and may
be missed entirely in surveys that only consider brighter sources. For this reason,
it is important to take into account the host galaxy extinction when searching for
CCSN.

Richardson et al. (2014) |24] investigated the average peak absolute magnitudes
of various types of CCSNe in the B-band. Building upon this work, the present
study expands the scope to include absolute magnitudes in multiple observational
filters. With a limited sample size, the uncertainties in the results for each CCSN
type are considerable. To reduce complexity and provide an appropriate overview
of the data, the results are presented in a histogram format (Figure instead of
a table. The lack of data limits the ability to draw conclusions from the study, and
further research is needed to refine the results and better understand the average
peak absolute magnitudes for each CCSN type. Additionally, the current results
may be used to improve classification system for CCSNe, providing more detail to
categorize the different types of CCSNe based on their peak absolute magnitude
values. This could aid future studies by improving the accuracy of their results.

The peak absolute magnitude of CCSN was an intriguing parameter to consider

when examining the sample. Figure [1§] illustrates the peak absolute magnitude of
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all CCSNe in the sample as a function of distance, using data from all filters. It
was discovered that the observed number of sources with peak absolute magnitudes
above 18 Mpc decreases. This is likely due to the reduced amount of available
apparent magnitude data or host galaxy extinction data in this distance range. As
displayed in Tables [[I] and [[TI] there are numerous sources categorized as CCSN
above 18 Mpc. However, a substantial proportion of them lacked the necessary
information to determine their absolute magnitudes.

An increase in the average peak absolute magnitude was also observed with
increasing distance, which could be attributed to a combination of factors. Firstly,
the luminosity of the source decreases with distance, making it more difficult to
detect dimmer CCSNe at larger distances. Secondly, the effects of dust extinction
become more significant farther away from us, resulting in a reduction of the source’s
apparent magnitude and thus its peak absolute magnitude. Lastly, the number of
sources with accurate magnitudes decreases with distance due to the limited amount
of available data.

These faint CCSNe could have been missed at peak brightness due to inadequate
detection techniques or observational bias. The physical causes of the faintness of
these CCSNe are still unknown, and further research is needed to better understand
the underlying mechanisms. Moreover, further observations of these faint CCSNe
could lead to new insights into their properties and the physics at work.

Several faint supernovae have been discovered and studied in detail. For example,
SN2002bu, SN2005cs, SN2013am, SN2019¢jj, and SN2021gno have all been identified
as being fainter than the typical CCSN.

Szczygiel et al. (2002) researched SN2002bu and noted disparities in its physical
properties when compared to usual CCSN. This could be proof of a previously
unknown subset of CCSNe which are dimmer than the traditional type. Kozyreva

et al. (2022) explained the low brightness of SN2005cs as a result of a low-energy
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explosion from a low-mass iron-core progenitor. Tomasella et al. (2017) [33] reported
that SN2013am was fainter than the standard luminosity type IIP supernova. They
suggested that the supernova was produced by a moderate-mass red supergiant. Gill
et al. (2022) [34] studied the time of gravitational wave emission from CCSN and
reported the peak brightness of SN2019ejj to be around -14 mag in the V-band.
Furthermore, Bo Jacobson-Galan et al. (2022) [35] reported on SN2021gno, which
has a peak absolute magnitude of —14.9 £ 0.1 in the g-band. This is much fainter
than the typical luminosity of type Ib CCSN, and it was classified as a "Ca-strong
transient" in the study.

My results for the local CCSN rate and the SFR were slightly higher than the
four other studies. This could be because the studies conducted by the four other
authors are more than 10 years old and the techniques for observing supernovae
have advanced significantly in that time. Amateur observations were often used in
the past to discover supernovae, but now more professional surveys are used for this
purpose. This could account for the slight difference in the results. It is important to
note, however, that the difference between my results and those of the other papers
is quite small and could be due to other factors such as observational bias or errors
in the data.

In the more distant universe, results of Figure suggest that, at redshifts of
0.5 to 1, corrections with smaller missing supernova fractions better fit the observed
CCSN rate. At higher redshifts, however, corrections with higher missing fractions
seem to provide a better match to the predicted CCSN rate. It is important to note,
however, that errors become large when observing at redshifts greater than 2, due to
the logarithmic scale of the y-axis. Further research is needed in order to accurately
understand the relationship between the observed and predicted CCSN rates at
higher redshifts. A more detailed examination of Figure led me to evaluate

which models were most consistent with the observed data. In the top panel, only
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the model with zero metallicity and an upper mass limit of 20 solar masses matched
the observed values at redshifts between 1 and 1.5. For the middle panel, all models
of the CCSN rate were too high when compared to observations between redshifts
of 1 and 2. In the bottom panel, the Sukhbold 20W 1/3 solar metallicity model
performed the best, with the other models being too high at redshifts between 1
and 1.5. The Heger zero metallicity, 20 solar mass and the Sukhbold 20W 1/3 solar

metallicity models provided the best performance for this comparison.

35



5 Conclusions

The evolution of SFR with redshift peaks at z = 2, and dust obscures most SN
explosions in galaxies with high star formation rates, such as LIRGs and ULIRGs.

There is a correlation between galaxy mass and metallicity, known as the MZR,
and an anti-correlation between gas metallicity and SFR, known as the FMR. The
MZR evolves with increasing redshift, with a decrease in metallicity at different
rates depending on the mass of the galaxy. The SFR weighted metallicity appears
to increase over time, reaching the highest value at present day.

The local CCSN rate within 30 Mpc is estimated as cumulative rates and co-
moving rates. The rate is higher at close distances for earlier years, likely due to
reliance on amateur observations in those years. The rate decreases significantly
after a distance of 16 Mpc.

The inclination distributions of CCSN host galaxies suggest that the sample of
supernova host galaxies is significantly distinct from the sample of all galaxies. The
overall trend is that CCSN are observed more easily in lower inclination galaxies. A
substantial number of CCSN may be missed from galaxies with high inclinations.

The observed average peak absolute magnitude distribution of CCSNe increases
with distance, likely due to a combination of undetected faint CCSNe, dust extinc-
tion, and data availability.

The correlation between CCSN rate and SFR in both the local and higher redshift
universe suggests that at redshifts of 0.5 to 1, corrections with smaller missing
supernova fractions better fit the observed CCSN rate. However, at higher redshifts,
corrections with higher missing fractions seem to provide a better agreement with

the predicted CCSN rate.
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