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Introduction

Supernova (SN) events have been witnessed over millennia. These fleeting phenomena
occasionally attained a brilliance that made them visible to the unaided eye. The earliest doc-
umented SN, observed by ancient Chinese astronomers, dates back to the year 185. Employing
modern nomenclature, it is designated as SN 185. Other significant SNe of historical impor-
tance encompass SN 1006, distinguished by its remarkable apparent brightness; SN 1054, the
progenitor of the renowned Crab Nebula; SN 1572, observed by Tycho Brahe, which played a
vital role in refuting archaic cosmological models centered around a static celestial realm; and
SN 1604, the most recent supernova directly observed within our own Galaxy. The inaugural
extragalactic SN was detected in 1885 within the Andromeda galaxy. Tycho Brahe and his
contemporaries categorized SN 1572 as the emergence of a novel star, or nova stella, within
the celestial expanse. This interpretation led to the widespread adoption of the term “nova”
to describe such occurrences of transient star-like entities that endured for weeks or months
before gradually diminishing. Subsequently, Walter Baade and Fritz Zwicky in 1934 made a
distinction between novae and a more intrinsically luminous category of events termed “super-
novae”. Novae were discerned as eruptions from white dwarf (WD) stars that accumulated
matter, whereas the origins of the significantly more potent SNe were proposed to involve the
metamorphosis of massive ordinary stars into extraordinarily dense neutron stars during their
final stages, culminating in immensely energetic detonations. Subsequent observations of SNe
validated this hypothesis. Further variants of SNe were also identified, stemming from diverse
sources such as the terminal detonations of WDs in the class known as thermonuclear SNe.

Taking all of this into account, astronomical research of the SNe progenitor stars was and is of

11
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crucial importance. The progenitors can be studied in a variety of ways, from directly observing
them before the explosion to other techniques that look into their environments statistically.

In 1938, Baade made a notable observation that SNe constitute a homogenous category
of celestial objects. For 18 SNe, he determined that the average absolute magnitude at the
peak is —14.3 mag, exhibiting a dispersion of 1.1 mag. Subsequently, SNe have emerged as
reliable etalons for measuring distances in the Cosmos [1]. Seven decades later, the Nobel Prize
was bestowed upon Saul Perlmutter, Brian Schmidt, and Adam Riess for their groundbreaking
contributions in unveiling the enigma of dark energy and the Universe’s accelerating expansion,
made possible by scrutinizing SNe. Curiously, both teams led by Perlmutter and Schmidt
initially anticipated a decelerating expansion of the Universe |2, 3].

In a broad context, SNe are star explosions that can culminate in the formation of a neutron
star or a black hole, or in the complete destruction of the progenitor star. With advancements
in our observational capabilities regarding SNe, the diverse nature of these events has become
progressively evident. This trend underscores the growing significance of investigating the
progenitors of SNe. In the initial stages, the categorization of SNe was established by Minkowski
[4] through differentiation in their photospheric spectra: Type I SNe displayed spectra devoid of
hydrogen characteristics, while Type II SNe exhibited such hydrogen features. These primary
classifications underwent additional partitioning into a subtypes, meticulously explicated by
Filippenko [5]. Fig. 1 shows a scheme of simplified classification of SNe.

In the modern view, SNe are generally divided into two categories according to their pro-
genitors: core-collapse (CC) and Type Ia SNe. CC SNe result from massive young stars that
undergo CC [6-8]. They are observationally classified in three major classes, according to the
strength of lines in optical spectra [5]: Type IT SNe show hydrogen lines in their spectra, includ-
ing the IIn (dominated by emission lines with narrow components) and IIb (transitional objects
with observed properties closer to SNe II at early times, then metamorphosing to SNe Ib) sub-
classes; Type Ib SNe show helium but not hydrogen, while Type Ic SNe show neither hydrogen
nor helium. According to their light curves (LCs), Type II SN is divided into the II-P and II-L

subclasses. Type II-P SN shows a “plateau” in its LC, whereas a Type II-L SN has a steady
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Figure 1: A simplified scheme of SN classification (is taken from [9]).

(linear) decline. All these CC SNe types arise from young massive progenitors with possible
differences in their masses, metallicities, ages, etc [10]. Fig. 2 presents LCs and photospheric
spectra of different CC SNe subtypes.

Two main channels have been suggested for the removal of the hydrogen and helium en-
velopes from SNe Ibc progenitors: (1) Wolf-Rayet massive stars (M > 30 M), which have lost
all its hydrogen and helium through winds, eruptions or mass transfer to a companion star [11];
(2) Binaries with lower masses due to interaction with a nearby companion may be stripped of
outer envelopes. The progenitors of SN II may be less massive (8 — 16 M, [8]) than those of
SN Ib and SN Ic. Fig. 3 presents an optical spectra of SNe, as well as their progenitor stars’
pre-explosion structures.

It is now evident that SNe Ia are not a homogeneous population of WD explosions, instead
they exhibit photometric and spectroscopic diversities [12]. One of the characteristic parameters
of SNe Ia is the difference in B-band magnitudes between the max and 15 day, or the so-

called SN LC decline rate Am;s, which is practically extinction-independent [13|. There is a
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Figure 2: Upper panel: examples of LCs of different subtypes of CC SNe. Type IIn is absent
in this representation, as SNe of this subtype do not exhibit a consistent pattern in their
LCs. Bottom panel: examples of photospheric spectra of the subtypes of CC SNe with some
prominent spectral lines identified. Both panels are taken from [14].
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Figure 3: Spectral characteristics of SNe and their progenitor stars’ pre-explosion structures
(spectra and visuals are borrowed from [15] and modified).

correlation between this parameter and SN Ia luminosities at the maximum light: SNe Ia with
larger Amys values, or faster declining LCs, are fainter [16]. There are two most prevalent
subclasses of peculiar SNe Ta: (1) 91T-like events show strong Felll lines at pre-maximum
phases in their optical spectra. These events are ~ 0.6 mag overluminous than normal ones
and have slow-declining LCs [12]; (2) 91bg-like events show strong OT and Till lines at pre-
maximum phases in their optical spectra. These events are ~ 2 mag subluminous at the B-band
maximum than normal SNe Ia and have fast-declining LCs. Fig. 4 presents examples of optical
LCs and spectra for the SN Ia subclasses.

It is believed that the progenitor of SNe Ia is a carbon-oxygen (CO) WD in close binaries,
whose properties and explosion channels are still under debate [17]. To encompass a range of
progenitor scenarios for Type Ia SNe, several explosion models have been suggested [17,18].
They are mainly grouped into the classes outlined below: the single-degenerate (SD) and double-

degenerate (DD) channels (Fig. 3). In the SD channel [19], an older WD accretes material from
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SNe Ia, and 91bg-like events are plotted in red, black, and blue, respectively. Spectra of other
peculiar SNe Ia are plotted in different colours (are taken from [21]).
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Figure 5: Various SN Ia explosion models in the framework of either Chandrasekhar-mass or
sub-Chandrasekhar-mass explosions (is taken from [22]). The models that are shown here are
not yet comprehensive.

its companion, causing the WD mass to exceed the Chandrasekhar limit (=~ 1.4M), at that
moment a thermonuclear explosion ensues. In the DD channel [23,24], double WD system loses
angular momentum due to gravitational wave emission, leading to coalescence and explosion
(see |25], for a comprehensive review including the scenarios where the WD explodes at masses
both above and below the Chandrasekhar limit.

Theoretically, in sub-Chandrasekhar-mass (sub-M¢;, < 1.4My) explosion models, the lumi-
nosity of SN Ia is closely proportional to the exploding WD’s mass [26,27]: WD in DD system,
which has mass lower than Mg, may, under appropriate circumstances, explodes as fainter
SN Ia with faster declining LCs [28,29]. Note that, in comparison to WD around the Mcy
mass, WD with a lower mass comes from a main-sequence progenitor star with a lower mass
and consequently with a longer lifetime (older progenitors). Fig. 5 provides a diagrammatic rep-
resentation illustrating different explosion models (channels) for Type Ia SNe, proposed within
the context of either Mcy, or sub-Mcy, detonations.

It is observationally confirmed that CC SNe host galaxies are mostly spiral or irregular
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galaxies with young stellar populations, while only SNe Ia can be produced by the aged stellar
population residing within early-type galaxies [30,31]. The spatial distribution of SNe within
host galaxies offers a significant constraint on the characteristics of their progenitor stars.
Instead of SNe Ia [32], CC SNe are strongly connected to the spiral arm structure |33-35]
and all to the disc of their hosts [33]. Much work has been done to determine the nature of
SNe progenitors by studying the relations between the properties of SNe and characteristics of
galaxies in which they are discovered [36-45].

Interestingly, in addition to regular spiral arms and bars, the star formation desert (SFD)
phenomenon has been observed in discs of some spiral galaxies [46-48|, which is a region swept
up by a strong bar with almost no recent star formation (SF) on both sides of the bar. There
are increasing evidences in observations and simulations that SFD consists of old stars, and
the quenching of SF in this region was due to the bar formation [49, 50|, which dynamically
removed gas from SFD over a timescale of ~ 2 Gyr [49]. It can be considered that the SFD is
practically not contaminated by the radial migration of young stars from the outer disc [51].

On the other hand, the distribution of Type Ia SNe traces the distribution of old stellar
population via R-band continuum emission in host disc galaxies, while the distribution of CC
SNe is strongly related to the distribution of young SF population traced by Ha emission
(see [42], for the recent review). Therefore, it is expected that the bar effect (or SFD) in disc
galaxies would leave its “fingerprints” on the radial distributions of Type Ia and CC SNe.

Importantly, SN Ta LC decline rate can be linked to the global age (or morphology, see
Fig. 6) of host galaxy 28], which is usually considered as a rough proxy for the SN Ia delay
time (i.e. time interval between the progenitor formation and its subsequent explosion). The
correlation between the Amys of normal SNe Ta and hosts’ global age appears to be due to
the superposition of at least two distinct populations of faster and slower declining SNe Ia
from older and younger stellar populations, respectively [52|. For the most common peculiar
SNe TIa, the 91bg-like (subluminous and fast declining) events probably come only from the
old population, while 91T-like (overluminous and slow declining) SNe originate only from the

young population of galaxies. Thus, the SN Ta LC properties, delay time distribution (DTD),
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Figure 6: Host galaxy morphological type (a proxy of global age) versus SN Ia LC decline rate
Amys. Figure is taken from [36] and modified.

and relations with other host characteristics allow to strongly constrain the SN Ia progenitor
scenarios (see discussion in [52]). Given this, and if the progenitor age is the main driver of the
decline rate, the SNe Ia discovered in the SFDs should have faster declining LCs.

Constraints on SN progenitors can also be approached from an alternative perspective, such
as by studying the spiral structure of host galaxies. The spiral arm structure of star-forming
disc galaxies was explained in the framework of density wave (DW) theory by the pioneering
work of Lin & Shu [53]. According to this theory, semi-permanent spiral patterns especially in
grand-design (GD) galaxies, i.e. spiral galaxies with prominent and well-defined spiral arms,
are created by long-lived quasi-stationary DWs. The results of many studies are consistent with
the picture where the DWs cause massive SF to occur by compressing gas clouds as they pass
through the spiral arms of GD galaxies [54-58|. The first attempt to study the distribution of
SNe within the framework of DW theory was performed by Moore [59]. The mentioned study
suggested that stars in a spiral galaxy are formed in a shock front on the inner edge of a spiral

arm, then drift across the arm as they age, predicting for SN progenitors (more likely for CC



Introduction 20

SNe) a short lifetime (a few million years) and high masses (a few tens of solar masses). In the
context of mentioned scenarios, it is important to study the possible impact of spiral DWs (SF
triggering effect) on the distribution and surface density of SNe in discs of host galaxies, when
viewing in the light of different nature of Type Ia and CC SNe progenitors [60,61|. Thus, the
distance from the spiral arm /from progenitor birthplace is a potential indicator of SN progenitor
lifetime, offering a means to constrain SN progenitors. In addition, SN Ia LC decline rates can
be examined based on their spatial location, whether on spiral arms or in the interarm regions.
Moreover, the SN Ta L.C decline rate Am;5 can be associated with the aforementioned distance
from the host arms, functioning as a proxy for progenitor stellar age.

The central aim of this PhD thesis is to scrutinize the spectral and photometric properties
of Type Ia and CC SNe and establish connections with the properties of their host stellar
populations, specifically focusing on dynamical ages within galaxies. This exploration seeks to
provide additional constraints on the nature of the SNe progenitors.

The thesis consists of four chapters. In Chapter 1 is analysed the impact of bars and bulges
on the radial distributions of the different types of SNe in the stellar discs of host galaxies
with various morphologies. Chapter 2 performs a comparative analysis of the locations and
LC decline rates (Amys) of normal and peculiar SNe Ia in the SFDs and beyond. Chapter 3
presents an analysis of the impact of spiral DWs on the radial and surface density distributions
of CC SNe in host galaxies with different arm classes. Chapter 4 performs an analysis of the
distribution of SNe Ia relative to spiral arms of their host galaxies and study their LC decline
rates. The derived principal findings are succinctly recapped in the General Conclusions.

A substantial part of this research embodies new exploration, and the resultant findings are

mostly unprecedented. These outcomes constitute the essence of the thesis defense.



Chapter 1

The impact of bars and bulges on the

radial distribution of SNe in disc galaxies

1.1 Introduction

In the realm of disc galaxies, bars are a common feature observed in approximately 40 per
cent of nearby SO-Sm galaxies [62]. In the central regions of these disc galaxies, about one-third
have strong barred structure, which generally affects both the motions of stars and interstellar
gas and can affect spiral arms as well (for a comprehensive review see [63]). In addition, the
relative sizes of bars and bulges seems to be correlated [64], thus indicating that the growth of
bars and bulges are somehow connected.

In spiral galaxies, most of the massive SF occurs in the discs where bars, if present, have
a strong impact on the radial distribution of SF, particularly in early Hubble types. [46] used
Ha and R-band imaging to determine the distributions of young and old stellar populations
in several hundreds of nearby S0/a—Im field galaxies. They identified a clear effect of bars on
the pattern of massive SF as a function of radius within discs. This effect results in a strongly
enhanced Ha emission, and moderately enhanced R-band emission in both the central regions
and at the bar-end radius of galaxies (see also [47]). The authors noted that this effect seems

to be stronger in galaxies classified as barred Sb or Sbe, where the overall distributions of SF

21



Chapter 1 22

markedly different from that in their unbarred counterparts.

In this context, we are investigating the possible impact of stellar bars and bulges on the
radial distributions of the different types of SNe in S0-Sm host galaxies.

[65] attempted to find differences in the radial distributions of SNe in barred and unbarred
spiral host galaxies (see also [66-68]). No significant differences were found, most probably due
to small number statistics, inhomogeneous data sets of SNe and their hosts, and unsatisfying
considerations for the relations between the bar lengths, bulge sizes, and morphological types
of SNe host galaxies. On the other hand, [69] attempted to estimate the contribution from
bulge components of spiral host galaxies to the entire radial distribution of SNe la. They noted
that the stellar bulges in spirals are not efficient producers of Type Ia SNe (see also [70]). But
again, the above mentioned impact of bars on the radial distributions of young and old stellar
populations in the discs was not considered.

The aim of this Chapter is to address these questions properly through a study of the radial
distributions of Type Ta and CC (Ibc and IT) SNe in a well-defined and homogeneous sample
of 500 nearby SNe and their low-inclined and morphologically non-disturbed S0-Sm galaxies
from the coverage of Sloan Digital Sky Survey-III (SDSS-IIT; [71]).

In [72] is created a large and well-defined database that combines extensive new measure-
ments and a literature search of 3876 SNe and their 3679 host galaxies located within the sky
area covered by the SDSS Data Release 8 (DRS8). This database is much larger than previous
ones, and provides a homogeneous set of global parameters of SN hosts, including morpholog-
ical classifications and measures of activity classes of nuclei. Moreover, [72] is analysed and
discussed many selection effects and biases, which usually affect the statistical studies of SNe.
In 73] is presented an analysis of the relative frequencies of the different SN types in nearby
spiral galaxies with various morphological types and with or without bars. We used a subsample
of spiral host galaxies of 692 SNe in different stages of galaxy-galaxy interaction and activity
classes of nucleus. We proposed that the underlying mechanisms shaping the number ratios of
SNe types could be interpreted within the framework of interaction-induced SF, in addition to

the known relations between morphologies and stellar populations. For more details, the reader
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is referred to [72| and [73].
Throughout this Chapter, we adopt a cosmological model with €, = 0.27, Q) = 0.73, and
a Hubble constant is taken as Hy = 73kms~! Mpc™! [74], both to conform to values used in

the mentioned database.

1.2 Sapmle selection and reduction

For this Chapter, we compiled our sample by cross-matching the coordinates of classified Ia,
Ibc!, and IT SNe from the Asiago Supernova Catalogue? (ASC; [75]) with the coverage of SDSS
DR10 [71]. All SNe are required to have coordinates and/or positions (offsets) with respect to
the nuclei of their host galaxies. We use SDSS DR10 and the techniques presented in [72] to
identify the SNe host galaxies and classify their morphological types. Since we are interested
in studying the radial distribution of SNe in stellar discs of galaxies, the morphologies of hosts
are restricted to SO-Sm types.

[72] showed that the sample of SNe is largely incomplete beyond 100 Mpc (see also [73]).
Thus, to avoid biasing the current sample against or in favour of one of the SN types, we
truncate the sample to distances < 100 Mpc.

In addition, following the approach described in detail in [73], we classify the morphological
disturbances of the host galaxies from the visible signs of galaxy—galaxy interactions in the
SDSS DR10. We adopted the following categories for SN host disturbances: normal (hosts
without any visible disturbance in their morphological structure), perturbed (hosts with visible
morphological disturbance, but without long tidal arms, bridges, or destructed spiral patterns),
interacting (hosts with obvious signs of galaxy—galaxy interaction), merging (hosts with ongo-
ing merging process), and post-merging/remnant (single galaxies that exhibit signs of a past
interaction, with a strong or relaxed disturbance). Here, we make use of this classification

in order to exclude from the present analysis any host galaxy exhibiting strong disturbances

!By SN Ibc, we denote stripped-envelope SNe of Types Ib and Ic, as well as mixed Ib/c whose specific
subclassification is uncertain.
2We use the updated version of the ASC to include all classified SNe exploded before 2014 January 1.
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Table 1.1: Numbers of SNe at distances < 100 Mpc and inclinations ¢ < 60° within host disc
galaxies as a function of morphological types, split between barred and unbarred.

Barred
S0 SO/a Sa Sab Sb Sbc Sc¢ Sed Sd Sdm Sm  All

Ia 1 9 5 8 13 13 13 6 12 3 0 83
Ib 0 0 0 0 1 5 3 0 1 2 1 13
Ib/c 0 0 0 o 0 2 0 0 0 0o 0 2
Ic 0 0 0 0 1 3 5 4 4 0o 0 17
11 0 0 0 2 15 17 19 8 25 8 2 96
IIb 0 0 1 o 0 3 2 0 2 0o 0 8
All 1 9 6 10 30 43 42 18 44 13 3 219
Unbarred

S0 SO/a Sa Sab Sb Sbe Sc¢ Sed Sd Sdm Sm  All
Ia T 11 4 410 22 26 5 4 0 4 97
Ib 0 0 0 1 0 7 8 2 0 0 0 18
Ib/c 0 0 0 1 3 0 1 1 1 o 0 7
Ic 0 0 0 0 1 6 13 2 1 0 0 23
II 1 0 0 0 15 22 64 13 6 3 2126
b 0 0 0 o 0 0 5 3 0 2 0 10
All 8 11 4 6 29 57 117 26 12 5 6 281

Among the SNe types, there are only 31 uncertain (‘:” or “*’) and 35 peculiar (‘pec’) classifica-
tions. All Type IIn SNe are removed from the sample due to uncertainties in their progenitor
nature, and often in their classification [7,76].

(interacting, merging, and post-merging /remnant).

We measure the geometry of host galaxies using the Graphical Astronomy and Image Anal-
ysis? tool according to the approaches presented in [72].* First, we construct 25 mag arcsec™>
isophotes in the SDSS DR10 g-band, and then we visually fit on to each isophote an elliptical
aperture centred at each galaxy centroid position. From the fitted elliptical apertures, we derive
the major axes (Dss), elongations (a/b), and position angles (PA) of the major axes of galaxies.
In further analysis, we use the D5 corrected for Galactic and host galaxy internal extinction.
We then calculate the inclinations of host galaxies using elongations and morphological types

following the classical Hubble formula. More details on these procedures are found in [72].

Finally, an additional restriction on the inclinations (i < 60°) of hosts is required to minimize

3Graphical Astronomy and Image Analysis tool is available for download as part of JAC Starlink Release at
http:/ /starlink.jach.hawaii.edu.

“The database of [72] is based on the SDSS DRS&. Here, because we added new SNe in the sample, for
homogeneity we re/measure the geometry of all host galaxies based only on DRI0.
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absorption and projection effects in the discs of galaxies.’?

After these restrictions, we are left with a sample of 500 SNe within 419 host galaxies.® For
these host galaxies, we do visual inspection of the combined SDSS g-, -, and i-band images,
as well as check the different bands separately to detect any sign of barred structure in the
stellar discs. In [72], is demonstrated that given their superior angular resolution and three-
colour representations, the SDSS images, especially for low-inclined galaxies, offer a much more
reliable and capacious source for bar detection than do the other images, e.g. plate-based
images on which most of the HyperLeda/NED classifications were performed. To check the
consistency of bar detection in our sample with that of the SDSS-based EFIGI” catalogue of
nearby visually classified 4458 PGC galaxies [77], we select a subsample of 149 galaxies that
are common to both EFIGI and to our sample of SNe hosts. Following 73], we compare the
EFIGI Bar Length attribute® with our detection (bar or no bar). When the Bar Length is 0
or 2, our bar detection is different for only 6 per cent of cases. When the Bar Length is 3 or 4,
our bar detection completely matches with that of the EFIGI. However, we do not detect bars
in 30 per cent of the cases when Bar Length is 1. Hence, the EFIGI Bar Length = 1 mainly
corresponds to the threshold of our bar detection, i.e., barely visible bar feature with a length
about one-tenth of Dys.” Table 1.1 displays the distribution of all SNe types among the various

considered morphological types for their barred and unbarred host galaxies.

1.3 Results and discussion

We now study the possible influence of bars and bulges on the SNe distributions through an

analysis of the radial distributions of different types of SNe in discs of host galaxies with various

5The sample with i > 60° is only used in Section 1.3.1 for ancillary purposes.

6The full database of 500 individual SNe (SN designation, type, and offset from host galaxy nucleus) and
their 419 host galaxies (galaxy SDSS designation, distance, morphological type, bar, corrected g-band D5, a/b,
PA, and inclination) is available online [78].

"Extraction de Formes Idéalisées de Galaxies en Imagerie.

8This attribute quantifies the presence of a central bar component in the galaxy, in terms of length relative
to the galaxy major axis Dsos. Bar Length = 0 (no visible bar); 1 (barely visible bar feature); 2 (short bar, with
a length about one-third of Da5); 3 (long bar, that extends over about half of Dss); 4 (very long, prominent bar
that extends over more than half of Dys).

9Later in this Chapter, we will see that this very central region of galaxies with tiny bars is almost always
restricted to the first bin of the radial distribution of SNe, and therefore cannot statistically bias our results.
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morphological types. Here, we widely use our morphological classification, bar detection, and
geometry for SNe host galaxies, while for bulge parameters (e.g. bulge-to-disc mass ratio: B/D)

we only indirectly consider their statistical relations to the Hubble sequence [62]).

1.3.1 Galactocentric radius deprojection and normalization

We apply the inclination correction to the projected (observed) galactocentric radii of SNe
as described in [65]. The reliability of the inclination correction is based on the fundamental
assumption that SNe belong mostly to the disc, rather than the bulge component in SO-Sm
galaxies [33,79-87|. This assumption is natural for CC SNe, considering the requirement that
massive young stars are progenitors |7,8] located in the discs of host galaxies [65,88]. The spatial
distribution of SNe Ia, arising from older WD in binary systems [25], is more complicated and
consists of two interpenetrating components [89]: disc and bulge SNe.

If SNe belong mostly to the bulge component, one would expect that the distributions of
their projected galactocentric distances (normalized to the g-band 25" magnitude isophotal
semimajor axis; Ros = Da5/2) along major (U/Rss) and minor (V/Rss) axes would be the
same both in face-on (¢ < 60°) and in edge-on (i > 60°) disc galaxies. The projected U and V'

galactocentric distances (in arcsec) of an SN are

U = Aa sin PA + A) cos PA |
(1.1)
V = Aa cos PA — Aé sin PA |

where Aa and A are offsets of the SN in equatorial coordinate system, and PA is position
angle of the major axis of the host galaxy. For more details of these formulae, the reader is
referred to [65].

The Ry5 normalization is important because the distribution of linear distances (in kpc) is
strongly biased by the greatly different intrinsic sizes of host galaxies (see fig. 2 in [65]). In
linear scale, there would be a systematic overpopulation of SNe at small galactocentric distances

as this region would be populated by SNe exploding in all host galaxies, including the smaller
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Table 1.2: Comparison of the 2D spatial distributions of SNe among different subsamples of
S0-Sm galaxies.

Subsamples SN 1 < 60° 1 > 60°
(1) versus (2) NSN 01 09 PKS PAD NSN 01 09 PKS PAD
U/Rys versus V/Rys 1a 180 0.394 0.299 0.217 0.026 105 0.385 0.154 0.001 0.000
U/ Rys versus V/Rg; CC 320 0.382 0.299 0.003 0.002 181 0.349 0.132 0.000 0.000
U/Rgs versus V/ros Ta 180 0.394 0.387 0.561 0.646 105 0.385 0.390 0.174 0.321
U/Ras versus V/ros CC 320 0.382 0.384 0.120 0.162 181 0.349 0.327 0.564 0.568

The Pgs and Pap are the probabilities from two-sample KS and AD tests, respectively, that the
two distributions being compared (with respective standard deviations oy and o3) are drawn
from the same parent distribution. The Pxg and Pap are calculated using the calibrations
by [90] and [91], respectively. The statistically significant differences between the distributions
are highlighted in bold.

ones, while larger distances would only be populated by the SNe occurring in the larger hosts.

Fig. 1.1 shows (in red) the V/Rys versus U/Rys distributions in face-on and edge-on S0-
Sm galaxies, as well as their histograms. The sample of SNe in face-on galaxies consists of
180 Ta and 320 CC SNe (see Table 1.1), while the ancillary sample of SNe in edge-on hosts
(not shown in Table 1.1) includes 105 Ia and 181 CC SNe. In disc galaxies, all types of SNe
preferentially appear along the major U axis (see the standard deviations in Table 1.2). This
effect is stronger in edge-on galaxies. In fact, the two-sample Kolmogorov—Smirnov (KS) and
Anderson—Darling (AD) tests,'” shown in Table 1.2, indicate that the distributions of U/Ras
and V/ Ry are significantly different, both for Type Ia and CC SNe (except for Type Ia SNe
in face-on hosts with the KS test).

It is worth mentioning that Sa—Sm galaxies contain stellar populations of different ages and
host both Type Ia and CC SNe. While SO and S0/a galaxies, which are mostly populated
by old stars and have prominent bulges, host Type Ia SNe. A tiny fraction of CC SNe has
also been detected in galaxies classified as SO. Nevertheless, in these rare cases, there is some
evidence of residual SF in the SN hosts, due to merging/accretion or interaction with close

neighbours in the past |72,92|. The distribution of SNe types versus morphology of the host

10The two-sample AD test is more powerful than the KS test [93], being more sensitive to differences in the
tails of distributions. Traditionally, we chose the threshold of 5 per cent for significance levels of the different
tests.
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Figure 1.1: Distributions of normalized galactocentric distances of Type la and CC SNe along
major (U/Rg5) and minor (V/Rys and V/ra5) axes in face-on (i < 60°) and edge-on (i > 60°)
disc (S0-Sm) galaxies, where ros = Ras cosi is the isophotal semiminor axis. The red crosses
represent U/Ry; and V/Rys pairs, while the black open circles show U/Rgs and V/ry5 pairs.
The solid histograms are the distributions of U/Rss, while the shaded histograms are the
distributions of V/Ras and V/ras. The two concentric circles are the host galaxy Ros and 2Ras
sizes.
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galaxies, shown in Table 1.1, is consistent with this picture. In this sense, when selecting only
Sa—Sm hosts, the Pxg for Type Ta SNe in the face-on sample becomes significant (it is reduced
to 0.045), suggestive of a possible contribution from bulge SNe Ia in S0-S0/a galaxies. For
Sa—Sm galaxies, the probabilities of KS and AD tests for the other subsamples do not change
the results of Table 1.2.

Performing simple calculations, we find that the ratio of the mean values of |V| and |U] is
0.71 for Type Ia and 0.75 for CC SNe in face-on, and, respectively, 0.35 and 0.36 in edge-on
galaxies. These numbers are very close to the mean values of the cosines of the inclinations
({(cos i) = 0.74 £ 0.01 in face-on galaxies and 0.31 4 0.02 in edge-on galaxies — where the
uncertainties are the errors on the means), thus supporting the fact that the vast majority of
SNe in SO-Sm galaxies are distributed within the stellar discs. Similar results are found when
only considering Sa-Sm galaxies. This also suggests that the rate of SNe Ia in spiral galaxies
is dominated by a relatively young/intermediate progenitor population [94-97].

For deprojected host discs, in Fig. 1.1 we also show (in black) the V/ro5 versus U/Rys
distributions and their histograms for different samples, where 795 is the g-band 25th magnitude
isophotal semiminor axis (195 = Ras cos 7). In contrast to the previous normalization, the KS
and AD tests show that the distributions of U/Ry; and V/re5 both for Type Ta and CC SNe
could be drawn from the same parent distribution (see Table 1.2). In addition, the ratios of
the mean values of |V|/res and |U|/Rys in different samples are approximately equal to unity.
Thus, after correcting the host galaxies for inclination effects, the distributions of SNe along
major (U/Ry;) and minor (V/ry5) axes turn to be equivalent (see also the standard deviations
in Table 1.2). Hereafter, we restrict our analysis to the face-on sample to minimize absorption
and projection effects in the discs of galaxies.

We now adopt the oversimplified model where all SNe are distributed on infinitely thin
discs of the host galaxies. While this is a reasonable assumption for SNe within spiral hosts,
we shall extend this assumption to S0-S0/a galaxies, for which many find a disc distribution
of SNe [65, 88| for CC and [86, 98| for Type la SNe.

In this thin-disc approximation, the corrected galactocentric radius (in arcsec) of the SN in
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the host disc satisfies

Rix=U?+ (Lf : (1.2)

COoS
We pay particular attention and discuss the cases when the contribution from the bulge SNe

Ta becomes apparent, especially in S0-S0/a hosts.

1.4 Influence of bars and bulges on the radial distribution

of SNe

The upper panel of Fig. 1.2 compares the distributions of deprojected, normalized galacto-
centric radii (7 = Rgn/Ras) of Type Ia and CC SNe in S0-S0/a and Sa—Sm galaxies. In this
panel, we see an initial rise of SNe number as a function of 7 and a negative radial gradient
outside the maximum, suggestive of the exponential surface brightness distribution of stellar
discs, which we will study in more detail in Section 1.4.1. In previous studies, based on smaller
samples, similar deprojected distributions of SNe were already obtained by normalizing them
to the radii of hosts at some fixed surface brightness isophot |33,65-68,80-82,86,87,99-107|.

The observed numbers of SNe at 7 < 0.2 indicate that different SN searches fail to discover
objects at or near the centre of the surveyed galaxies [98,108]. In an earlier study, [109] noted
that this effect is stronger for distant host galaxies relative to nearer ones. Then it became
apparent that this Shaw effect is important for deep photographic searches and negligible for
visual and CCD searches [108,110]. Presently, SN searches are conducted only with CCD
cameras and SNe are discovered via image subtraction, so the discrimination against SNe
occurring near the bright nuclei of galaxies is less strong. Nevertheless, an area with a radius
of a few pixels centred on every galaxy nucleus is usually excluded during a search, because
galactic nuclei often suffer imperfect image subtraction and introduce many false sources [111].
Another difficulty is that extinction by dust in host galaxy discs, depending on inclination, can
affect the radial distributions of SNe, particularly in the nuclear region [69,89,112].

To check the possible influences of these selection effects on the radial distribution of SNe,
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Figure 1.2: Upper panel: distributions of deprojected and normalized galactocentric radii (7 =
Rsn/ Ros) of Type Ta SNe in S0-S0/a and Sa—Sm hosts, as well as CC SNe in Sa-Sm galaxies.
Middle panel: the distributions of CC SNe in barred and unbarred Sa—Sbc hosts. Bottom panel:
the distributions of CC SNe in unbarred Sa—Sbc and Sc-Sm galaxies. The insets present the

cumulative distributions of SNe. The mean values of the distributions are shown by arrows.
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Table 1.3: Comparison of the normalized, deprojected radial distributions of SNe among dif-
ferent pairs of subsamples possibly affected by selection effects.

Ta CC
Subsample 1 Subsample 2 NSN(l) NSN(Q) PKS PAD NSN(l) NSN(Q) PKS PAD
0 < D(Mpc) < 60 (S0-S0/a) versus 60 < D(Mpc) < 100 (S0-S0/a) 10 18 0.566 0.416 0 I - -
0 < D(Mpc) < 60 (Sa—Sm) versus 60 < D(Mpc) < 100 (Sa—Sm) 69 83 0.692 0.620 168 151 0.683 0.465
0° < i < 40° (S0-S0/a) versus 40° < i < 60° (S0-S0/a) 11 17 0.973 0.883 0 1 - -
0° <i<40° (Sa—Sm) versus 40° < i < 60° (Sa—Sm) 64 88 0.190 0.412 134 185 0.938 0.821
t < 2000 yr (S0-S0/a) versus ¢ > 2000 yr (S0-S0/a) 6 22 0.348 0.560 0 1 - -
t < 2000yr (Sa—Sm) versus ¢t > 2000 yr (Sa—Sm) 58 94 0.997 0.857 108 211 0.517 0.635

Each pair of the subsamples is selected, if possible, to include comparable numbers of SNe in
both subsamples.

we compare, in Table 1.3, the radial distributions of SNe in different pairs of subsamples where
these selection effects may produce different radial SN distributions. For this, we performed
two-sample KS and AD tests between the pairs of radial SN distributions. These tests show
that the radial distributions of Type Ia and CC SNe in our sample are not affected by distance
or inclination of the host galaxy, nor by the SN discovery epoch (photographic/CCD searches).

We now compare, in Table 1.4, the distributions of the normalized deprojected radii for pairs
of subsamples that should not be affected by selection effects. We see no statistically significant
differences between the radial distributions of Type Ia and CC SNe in all the subsamples of
Sa—Sm galaxies. In contrast, the cumulative radial distributions of SNe Ia in S0-S0/a and
Sa—-Sm galaxies apparently deviate from one another (as seen in the AD statistic but only very
marginally so in the KS statistic). Fig. 1.2, indeed shows signs of a bimodal radial distribution
for SNe Ia in S0-S0/a galaxies.

Naturally, one expects that among disc galaxies, bulge SNe Ia should have highest contri-
bution to the whole distribution of SNe Ta in S0-S0/a subsample, because among disc galaxies
the ratio of bulge luminosity over disc luminosity (or B/D) is highest in the S0-S0/a subsam-
ple [62,113-115|. In the case of Sa-Sm galaxies, both Type Ia and CC SNe dominate in the
Sbe—Sc morphological bin (see Table 1.1), where the B/D ratio is significantly lower than that
in S0-S0/a galaxies [62,113]. Moreover, the radial distributions of Type la and CC SNe in
all the Sa-Sm subsamples can be drawn from the same parent distribution (see the P-values

in Table 1.4) supporting the fact that in these galaxies SNe Ia mostly exploded in the disc
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Table 1.4: Comparison of the normalized, deprojected radial distributions of SNe among dif-
ferent pairs of subsamples.

Subsample 1 Subsample 2
Host SN NSN Host SN NSN PKS PAD
S0-S0/a Ia 28 versus Sa-Sm Ia. 152 0.099 0.020
Sa—Sm [a~ 152 versus Sa—Sm CC 319 0.568 0.259
Sa—Sm (barred) Ia 73 versus Sa-Sm (barred) CC 136 0.483 0.378
Sa-Sm (unbarred) Ia 79 versus Sa-Sm (unbarred) CC 183 0.349 0.342
Sa-Sm (barred) Ia 73 versus Sa-Sm (unbarred) Ta 79 0.192 0.313
Sa—Sm (barred) CC 136 versus Sa—Sm (unbarred) CC 183 0.060 0.076
Sa—Sbc Ia 79 versus Sa-Shc CC 106 0.683 0.751
Sa—Sbc (barred) la 39 versus Sa-Sbc (barred) CC 50 0.528 0.627
Sa—Sbc (unbarred) Ia 40 versus Sa—Sbc (unbarred) CC 56 0.702 0.473
Sa—Shc (barred) Ia 39 versus Sa-Sbc (unbarred) Ia 40 0.242 0.617
Sa-Sbc (barred) CC 50 versus Sa-Sbc (unbarred) CC 56 0.008 0.028
Sc-Sm Ia 73 versus Sc-Sm CC 213 0.424 0.276
Sc—Sm (barred) Ia 34 versus Sc-Sm (barred) CC 86 0.670 0.575
Sc-Sm (unbarred) Ta 39 versus Sc-Sm (unbarred) CC 127 0.340 0.355
Sc—Sm (barred) la 34 versus Sc—Sm (unbarred) Ia 39 0.503 0.615
Sc—Sm (barred) CC 86 versus Sc—Sm (unbarred) CC 127 0.581 0.276
Sa—Shc Ia 79 versus Sc-Sm Ia 73 0.850 0.956
Sa—Shc CC 106 versus Sc-Sm CC 213 0.183 0.156
Sa-Sbc (barred) la 39 versus Sc-Sm (barred) B} 34 0.992 0.967
Sa-Sbc (barred) CC 50 versus Sc-Sm (barred) CC 86 0.489 0.278
Sa-Sbc (unbarred) Ta 40 versus Sc-Sm (unbarred) Ta 39 0.822 0.961
Sa—Sbc (unbarred) CC 56 versus Sc—Sm (unbarred) CC 127 0.033 0.067

The statistically significant differences between the distributions are highlighted in bold.
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component where all CC SNe also occur. Thus, the apparent deviation of the radial distribu-
tion of Type Ia SNe in S0-S0/a galaxies from that in Sa-Sm hosts (upper panel of Fig. 1.2) is
attributed to the contribution by SNe Ia from the bulge component of S0-S0/a galaxies.

Another interesting results stands out in Table 1.4. The radial distributions of CC SNe in
barred versus unbarred Sa-Sbc galaxies are inconsistent (middle panel of Fig. 1.2), while for
Type la SNe the radial distributions between barred and unbarred Sa-Sbc galaxies are not
significantly different. At the same time, the radial distributions of both Type la and CC SNe
in Sc-Sm galaxies are not affected by bars.

Interestingly, [46] discovered that several early-type barred spiral galaxies that had strong
dips in their radial Ho line emission profiles, near 0.25 Rys.!t This region is roughly where their
unbarred counterparts host the strongest SF. The Ha emission from barred Sb-Shc galaxies
showed central components and concentrations of SF at or just outside the bar-end radius.
Except for the central component, where we have difficulties to discover SNe, the picture of [46]
is very similar to that we observe for CC SNe in barred and unbarred Sa-Sbc galaxies (see the
middle panel of Fig. 1.2 and fig. 8 in [46]). The region between the central component and
bar-end radius of Ha emission profiles is termed the star formation desert (SFD) by [47]. In
addition, they noted that the SFD had significant continuum emission in the R-band and even
showed line emission not consistent with expectations from SF, but most probably from an old
stellar population.

Taking into consideration that the distributions of Type Ia and CC SNe, respectively, trace
the distributions of R-band continuum emission /stellar mass and Ha emission/SF [107,116],
we compare the inner (7 < 0.3) fractions of different SNe (Fgy) in barred and unbarred host
galaxies (see Table 1.5). This inner region is selected because in Sa-Sbc subsample the SNe
dominate in Sb-Sbc galaxies (see Table 1.1), where the mean SFD region has outer radius ~ 0.3

of the optical radius (see fig. 5 in [46])."2

"UThe dip in Ha occurs at one-quarter of the isophotal radius corresponding to a surface magnitude of
pr = 24 mag arcsec”2, which in turn is roughly equal to Ras.

12]deally, instead of using the # < 0.3 region, we could perform bar length measurements for each of barred
galaxy in the sample to obtain the fractions of different SNe in the radial range swept by bars. However, this
is beyond the scope of this Chapter.
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Table 1.5: Fractions of inner SNe in barred and unbarred host galaxies

Fractions of inner (Rgx < 0.3 Rg5) SNe in barred and unbarred host galaxies.
Barred Unbarred
Host SN NSN FSN NSN FSN PB
Sa-Sbe Ia 39 0.2670% 40 0.38700: 0.170
Sa-Shc CC 50 0.2075:04 56 0.36700: 0.044
Sc-Sm Ia 34 0267502 39 0.36700 0.240
Sc-Sm  CC 86 0.267003 127 0.28%005 0.741

The standard deviations of the fractions are calculated using the approach of [117|. The sig-
nificance value P is calculated using Barnard’s exact test [118], which compares the pairs of

numbers rather than the fractions. The statistically significant difference between the fractions
is highlighted in bold.

Table 1.5 shows that the inner 7 < 0.3 fractions of Type Ia SNe in Sa-Sbhc and Sc-Sm hosts
are not statistically different between barred and unbarred galaxies. The same situation holds
true for CC SNe in Sc-Sm galaxies. However, the inner fraction of CC SNe is significantly lower
in barred Sa—Sbc galaxies compared with their unbarred counterparts. It is important to note
that the inner fractions of Type Ia and CC SNe are not statistically different one from another
when the same morphological and barred /unbarred categories are selected.

The results of Table 1.5 agree quite well with the findings of [47] that barred galaxies of
earlier Hubble types have substantially suppressed SF [46], hence the lack of CC SNe in the
inner radial range swept by the strong bars of Sa—Sbc galaxies. On the other hand, this region
is not ‘forbidden’ to Type Ia SNe, because these SNe originate from an older stellar population
also located in the bulge. CC SNe in barred Sc-Sm galaxies can appear in the inner regions
because the effect of SF suppressing by bars is not seen in late-type barred galaxies [46,47].
Thus, we see that bars of host galaxies affect the radial distributions of SNe, at least the CC
ones, in the stellar discs of early-type galaxies.

According to Table 1.4 and the bottom panel of Fig. 1.2, we also see that the radial distri-
bution of CC SNe in unbarred Sa-Sbc galaxies is more centrally peaked and inconsistent with
that in unbarred Sc—Sm hosts (as seen in the KS statistic but only marginally so in the AD
statistic). In contrast, the radial distribution of Type Ta SNe in unbarred galaxies is unaffected

by host morphology.
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The different radial distributions of SNe in unbarred spirals can be explained by the strong
dependence of massive SF distribution in the discs on the morphological type of galaxies. In
particular, for SO/a—Im galaxies [46] studied the distribution of Ha and R-band concentration
indices (C30)'* as a function of Hubble type. They found a strong correlation of Ho C30 index
with Hubble sequence, with the early-type having about two times higher Ha C30 indices in
comparison with the late-type galaxies. The same is true for R-band C30 indices, but with
less difference between early- and late-type galaxies (see fig 1. in [46]). Moreover, the authors
showed that the unbarred galaxies have more centrally concentrated Ha emission than do their
strongly barred counterparts. Note that, in some cases, the C30 indices may be biased by Active
Galactic Nuclei emission from the very central region (< 0.2Rs5) of galaxies. However, fig. 8
in [46] shows that for unbarred early-type galaxies the trends above are virtually unaffected
when the inner regions (< 0.2Ry5) are not considered. Since Type la SNe are less tightly
connected to the Ha emission of the explosion site [119,120], the radial distribution of SNe Ia
in Sa-Sm hosts is not strongly affected by the morphology.

It is important to note that, when selecting Sa—Sbc and Sc—Sm morphologies without split-
ting between barred and unbarred subsamples, all the significant differences in the radial dis-
tributions of SNe are washed out (see Table 1.4). Therefore, the lack of significant differences
in the radial distributions of CC SNe as a function of the morphological type of host galaxies
presented in the earlier studies [65-67, 104, 106, 121, 122]) is a consequence of these samples
mixing barred and unbarred galaxies with different levels of mixing of the stellar populations.

To exclude the effects of (1) bars (two distinct types of bars: strong bars, which are more
common in early-type discs, and weak bars, which are frequently found in late-type spirals; see
fig. 5 of [73]) and (2) the morphological differences between Type Ia and CC SNe hosts (the
mean morphological type of SNe Ia host galaxies is earlier than that of the CC SNe hosts, as
can be deduced from the numbers in our Table 1.1; see also fig. 2 and table 11 of [73]), we
repeat the analysis of the inner (7 < 0.3) fractions of SNe, restricting to unbarred morphological

bins (Sbc and Sb—Sbc). We carry out this analysis because the bulge stars of Sb-Sbc galaxies

13The C30 index is the ratio of the flux within 0.3 times the optical radius and the total flux, which provides
a simple measure of the observed radial distribution of the luminosity of a galaxy in a specified bandpass.
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are typically located in our chosen inner region,!? which enables a better estimation of the
possible contribution of bulge SNe Ta on top of that of the inner disc population. We find that
there is no significant difference in the inner fractions of Type la and CC SNe in the Sbc bin
(Fra = 0.32%057 and Fee = 0.317093). Even selecting unbarred Sb-She bins where the bulge
should be (slightly) more prominent, we get Fi, = 0.31700% and Foc = 0.33700;. Here, we do
not use the earlier morphological bins because they are rarely populated by CC SNe making
it impossible to estimate the Foo (see Table 1.1). On the other hand, the later morphological
bins are not suitable because of the weaker bulge component [62,113].

Interestingly, Fi, = 0.327008 for 28 Type la SNe in all SO-S0/a galaxies, which is the same
as I, = 0.327005 for 152 SNe Ia in all Sa—Sm hosts and even the same as Fj, for only unbarred
Shc galaxies. With the results in Section 1.3.1, this suggests that the deviation of the radial
distribution of Type Ia SNe in S0-S0/a galaxies from that in Sa—Sm hosts (upper panel of
Fig. 1.2 and Table 1.4) is mostly attributed to the contribution by the outer bulge SNe Ia in
S0-S0/a galaxies (see also the corresponding mean values of 7 in Fig. 1.2).

These results confirm that the old bulges of Sa—Sm galaxies are not significant producers of
Type Ia SNe, while the bulge populations are significant for SNe Ia only in S0-S0/a galaxies. In
S0-S0/a hosts, the relative fraction of bulge to disc SNe Ia is probably changed in comparison
with that in Sa—Sm hosts, because the progenitor population from the discs of S0-S0/a galaxies
should be much lower due to the lower number of young/intermediate stellar populations.

Moreover, we do not detect the relative deficiency of Type Ia SNe in comparison with CC
SNe in the inner regions of spiral hosts, contrary to [69,123|, and [70]. Instead, the radial
distributions of both types of SNe are well matched between each other in all the subsamples
of Sa—Sbhc and Sc-Sm galaxies supporting the idea that the relative concentration of CC SNe
in the centres of spirals found by these authors is most probably due to a contribution of the
central excess of CC SNe in disturbed galaxies [73,124|, which are excluded from our sample

(see Section 1.2).

1Fig. 23 of [125] indicates that the bulge half-light radius, Rpuige, is roughly one-quarter of the disc scale
length, which for typical central disc surface brightness amounts to Ryyige < R25/10 (using the relation between
disc scale length and Ry5 given in equation 3 of [65]).
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Table 1.6: Consistency of CC and Type Ia SN distributions with an exponential surface density
model.

7 € [0; 00) 7 € [0.2;00)
Host SN NSN <f> +o PKS PAD NSN PKS PAD ESN
(1) (2) B (4) G) © @O @ ) (10)
S0-S0/a Ia 28 0.57£0.38 0.593 0.344 21 0.297 0.455 0.32+£0.04
Sa—Sm la 152 0.46+£0.28 0.209 0.091 127 0.533 0.488 0.21 £0.02

Sa-Sm (barred) Ia 73 0.47+0.23 0.095 0.076 64 0.421 0.244 0.21+0.03
Sa-Sm (unbarred) Ia 79 0.46 £0.32 0.520 0.548 63 0.962 0.912 0.22£0.02
Sa—Sbc Ia 79 0.46£0.29 0.441 0.295 69 0.968 0.980 0.21+£0.02
Sa—Shc (barred) Ia 39 0.46£0.23 0.315 0.210 35 0.595 0.601 0.20=x£0.03
Sa-Sbc (unbarred) Ia 40 0.47+0.34 0.864 0.874 34 0.683 0.917 0.21£0.03
Sc-Sm Ia 73 0.46 £0.27 0.443 0.265 o8 0.432 0.408 0.22+0.02
Sc—Sm (barred) Ia 34 0.47+0.24 0.279 0.359 29 0.424 0.477 0.22+0.03
Sc—Sm (unbarred) Ia 39 0.45£0.30 0.666 0.628 29 0932 0.792 0.23+0.03
Sa—Sm CC 319 0.494+0.26 0.001 0.000 286 0.075 0.056 0.21+0.01
Sa—Sm (barred) CC 136 0.52+£0.26 0.045 0.005 125 0.062 0.116 0.23 £0.02
Sa—Sm (unbarred) CC 183 0.46 +0.25 0.028 0.008 161 0.454 0.359 0.20+0.01
Sa—Sbc CC 106 0.454+0.21 0.004 0.008 95 0.102 0.118 0.19£0.02
Sa-Sbc (barred) CcC 50 0.494+0.21 0.050 0.029 45 0.030 0.046 0.21 £0.04
Sa-Sbc (unbarred) CC 56 0.42+0.22 0.035 0.052 o0 0.384 0.432 0.17+£0.03
Sc-Sm CC 213 0.50+£0.27 0.036 0.004 191 0.125 0.190 0.23 £0.02
Sc—Sm (barred) CC 86 0.544+0.29 0.118 0.066 80 0.715 0.785 0.24 £0.03
Sc—Sm (unbarred) CC 127 048 +0.26 0.146 0.041 111 0.164 0.226 0.22 £0.02

Columns 1 and 2 give the subsample; Col. 3 is the number of SNe in the subsample for the
full radial range 7 € [0;00); Col. 4 is the mean of 7 with standard deviation; Cols. 5 and 6
are the Pgxs and Pap probabilities from one-sample KS and AD tests, respectively, that the
distribution of SNe is drawn from the best-fitting exponential surface density profile; Cols. 7,
8, and 9 are, respectively, the same as Cols. 3, 5, and 6, but for 7 € [0.2;00); Col. 10 is the
maximum likelihood value of hgy = hsn/Ras with bootstrapped error (repeated 10? times)
for the inner-truncated disc. The Pxg and Pap are calculated using the calibrations by [90]
and [126], respectively. The statistically significant deviations from an exponential law are
highlighted in bold.
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[69] discussed the possibilities that the relative deficiency of Type Ia SNe that they found
(and which we do not confirm) in the inner regions of spiral galaxies may be due to a stronger
dust extinction for Type Ia events than for CC SNe. They suggested that massive progenitors
of CC SNe within associations might create large cavities in the discs through their own stellar
winds or earlier SN explosions, therefore making the discovery of CC SNe easier. Despite the
higher luminosity of Type la SNe at maximum, their lower mass progenitors make such cavities
less likely [127]. However, our results discussed above show that dust extinction in the discs
of nearby non-disturbed spirals should not be different for Type Ia and CC SNe. Moreover,
in [61], is shown that although CC SNe are more concentrated to the brightness peaks of spiral
arms than are Type Ia events, both SN types occur mostly in spiral arms [34,128] where large
cavities, if present, should be shared, on average, between the progenitors of both SN types.

The differences between our results and those of previous studies is that we deproject and
normalize the galactocentric radii of SNe, while the other studies used projected and normalized
[123], or projected linear [69], or normalized to flux 70| galactocentric radii. Another important
difference is that, contrary to this study, [69] and [70] included highly inclined galaxies in their

studies.

1.4.1 The deprojected exponential surface density distribution

It is widely accepted that the surface density distribution of SNe in discs follows an expo-
nential law [65,68,80,82,106,121,123]. However, a comprehensive analysis of the surface density
distribution in different samples of barred and unbarred galaxies has not been performed and
this is one of the main goals of the present study.

Following [65], we fit an exponential surface density profile, X(R), to the distribution of
deprojected normalized radii, using maximum likelihood estimation (MLE). Here, ¥5¥(7) =
SN exp(—7/hgx), where hgy is the scale length of the distribution and 5N is the central
surface density of SNe. To check whether the distribution of SN radii follows the best-fitting
exponential surface density profile, we perform one-sample KS and AD tests on the normalized

cumulative distributions of SNe, where the exponential model has a cumulative normalized
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Table 1.7: Consistency of Types Ibc and II SN distributions with an exponential surface density

model.
7 € [0; 00) 7 € [0.2;00)
Host SN NSN <7:> to PKS PAD NSN PKS PAD BSN
(1) (2) (3 (4) G) © O @) 9 (10)

Sa—Sm Ibc 80 0.40£0.20 0.063 0.043 67 0.240 0.396 0.17+£0.02
Sa—Sm (barred) Ibe 32 0.424+0.22 0.485 0.383 27 0.698 0.649 0.18 £0.02
Sa—Sm (unbarred) Ibc 48 0.38+0.19 0.121 0.105 40 0.430 0.713 0.16 £0.02
Sa—Sbc Ibc 31 0.35£0.15 0.112 0.093 25 0.127 0.160 0.14 £0.02
Sa—Sbc (barred) Ibc 12 0.37£0.18 0.308 0.536 9 0.204 0.251 0.17+0.03
Sa—Sbc (unbarred) Ibe 19 0.34 £0.12 0.170 0.114 16 0.419 0.482 0.13+0.02
Sc-Sm Ibc 49 0.43£0.23 0.267 0.277 42 0.477 0.855 0.18 £0.03
Sc—Sm (barred) Ibe 20 0.454+0.24 0.670 0.591 18 0.792 0.984 0.194+0.03
Sc-Sm (unbarred) Ibc 29 0.41+0.23 0.589 0.616 24 0.881 0.911 0.18 £0.03
Sa—Sm IT 239 0.52£0.27 0.005 0.000 219 0.063 0.052 0.23+£0.01
Sa—Sm (barred) IT 104 0.55+0.27 0.074 0.007 98 0.113 0.131 0.24 £0.02
Sa-Sm (unbarred) 1T 135 0.49+0.26 0.093 0.024 121 0.393 0.323 0.22 4+ 0.02
Sa—Sbhe II 75 0.49+£0.23 0.012 0.022 70 0.323 0.220 0.21 +£0.02
Sa—Sbc (barred) II 38 0.52£0.20 0.029 0.029 36 0.022 0.050 0.22 £0.03
Sa—Sbc (unbarred) 1T 37 0.46 £0.25 0.097 0.229 34 0.588 0.668 0.19+£0.03
Sc—-Sm IT 164 0.534+0.28 0.079 0.008 149 0.189 0.155 0.24 £0.01
Sc-Sm (barred) IT 66 0.56 £0.30 0.176 0.107 62 0.571 0.711 0.25£0.03
Sc—Sm (unbarred) 1II 98 0.50£0.27 0.140 0.051 87 0.186 0.197 0.23 £0.02

The explanation for the columns is the same as for Table 1.6. In the SNe II subsample, there
are 18 Type IIb SNe (see Table 1.1) with (7) + 0 = 0.61 £ 0.25, suggesting that in terms of the
radial distribution they likely belong to SNe II rather than to SNe Ibc group. The statistically
significant deviations from an exponential law are highlighted in bold.
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Figure 1.3: Left: cumulative fractions of the different types of SNe versus deprojected and
normalized galactocentric radius (7 = Rgn/Ra5) in unbarred Sa-Sm host galaxies. The mean
7 values of each SNe type are shown by arrows. Right: surface density distributions (with
arbitrary normalization) of the different types of SNe in the same subsample of hosts. The
different lines show the maximum likelihood exponential surface density profiles estimated for
the inner-truncated disc. The error bars assume a Poisson distribution. Down arrows represent
the upper-limits of surface density (with +1 SN if none is found). For better visibility, the
distributions are shifted vertically sorted by increasing the mean 7 as one moves upwards.

distribution E(7) = 1 — (1 + 7#/hgx) exp(—7/hs).-

In columns 3-6 of Table 1.6, the total number of SNe in the full radial range, their mean
radius with standard deviation, the KS and AD test P-values, Pxs and Pap are, respectively,
presented for the different subsamples. In Table 1.7, despite the small number statistics of
Type Ibc SNe (see Table 1.1), we consider Types Ibc and 1T SNe separately.

From columns 5 and 6 of Tables 1.6 and 1.7, we see that in many subsamples of CC SNe, in
contrast to Type Ia SNe, the surface density distribution is not consistent with an exponential
profile. Fig. 1.2 hints that the observed inconsistency is probably due to the central 7 < 0.2
deficit of SNe (farther, see also in the right-hand panel of Fig. 1.3). For this reason, we repeat
the above described tests for 7 € [0.2;00) range and find that the inconsistency vanishes in
most of the subsamples (see columns 8 and 9 in Tables 1.6 and 1.7). The corresponding
scale lengths for the inner-truncated disc are listed in column 10 of Tables 1.6 and 1.7. As
expected, only the distribution of CC SNe in early-type barred spirals is inconsistent with an
exponential distribution due to the impact of bars on the radial distribution of CC SNe as

discussed in Section 1.4. The effect is not seen for Type Ibc SNe probably due to the small
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number statistics of these SNe in early-type barred spirals (see column 7 in Tables 1.7).

Finally, to eliminate the effects induced by bars, we compare the radial distributions of
Types Ibc and II SNe in unbarred spiral galaxies only. The two-sample KS and AD tests
show that the radial distribution of Type Ibc SNe is highly inconsistent with that of Type II
(Pxs = 0.026 and Pxp = 0.014), because the former are more centrally concentrated (see the
mean of 7 and hgy values in Table 1.7).

The radial position within host galaxies can be used as a proxy for the local metallicity since
the short lifetime of CC SN progenitor (tens of Myr) is not enough to allow far migration from
its birthplace. Therefore, the physical explanation for the more concentrated distribution of SNe
Ibc with respect to SNe II in non-disturbed and unbarred spiral galaxies is that SNe Ibc arise
from more metal-rich environments,'> as has been widely discussed |7,65-67,107,123,129,130]).
Here, we do not go into deeper considerations, instead we refer the reader to the mentioned
references for more complete discussions.

Despite the smaller numbers statistics, we analyse the radial distributions of Types Ib and Ic
SNe in unbarred galaxies (18 SNe Ib and 23 SNe Ic; see Table 1.1). Compared with the SNe Ibc
versus SNe II test, the radial distributions of SNe Ib and SNe Ic are sufficiently similar that the
two-sample KS and AD tests fail to distinguish them with statistical significance (Pxs = 0.119
and Pyp = 0.202). In the inner-truncated disc, the scale length of Type Ib SNe (0.14 +0.03) is
not significantly lower from that of Type Ic SNe (0.17 + 0.03), while the scale length of all the
Ibc family is between these values (see Table 1.7).

Fig. 1.3 presents the cumulative and surface density distributions of the different types of
SNe in unbarred Sa—Sm host galaxies. According to the scale lengths in Tables 1.6 and 1.7, the
fit lines in Fig. 1.3 show the exponential surface density profiles of SNe in the same subsample.
A central (7 < 0.2) drop from an exponential distribution is observed for all the SNe types, less
prominent for SNe Ia.

It is important to note that the scale lengths of SNe (iLSN = hgn/Rgs) in Tables 1.6 and

15The top-heavy initial mass function and/or enhanced close binary fraction in the central regions of strongly
disturbed/interacting galaxies might play an important role in explaining the inner excess of SNe Ibc compared
to SNe II [42,124,131]. However, the roles of these factors are difficult to estimate, since our analysis is restricted
to non-disturbed host galaxies.
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1.7 are calculated using the p, = 25magarcsec™? isophotal level in the SDSS g-band (see
Section 1.2), while the previous papers used the same magnitude isophotal level in B-band
[65,106,122,131,132]. In [72], we showed that galaxies have sizes systematically larger in the
g-band than in the B-band (see fig. 11 and table 4 in |72]) due to the fact that our g-band
measurements are performed at the equivalent of the (up) ~ 25.48 isophote, hence at typically
lower surface brightness threshold. Therefore, considering that our radii of host galaxies are
greater than those in the HyperLeda on average by a factor of 1.32+0.01 |72|, we get generally
about 25 per cent smaller scale lengths of SNe in g-band compared with the earlier estimations

in B-band (see [65] for CC SNe).

1.5 Chapter Conclusions

In this Chapter, using a well-defined and homogeneous sample of SNe and their host galaxies
from the coverage of SDSS DR10, we analyse the impact of bars and bulges on the radial
distributions of the different types of SNe in the stellar discs of host galaxies with various
morphologies. Our sample consists of 419 nearby (< 100 Mpc), low-inclination (i < 60°), and
morphologically non-disturbed SO-Sm galaxies, hosting 500 SNe in total.

All the results that we summarize below concerning the radial distributions of SNe in barred
galaxies can be explained considering the strong impact of the bars on the distribution of
massive SF in stellar discs of galaxies, particularly in early-type spirals. On the other hand,
the bulge component of Type Ta SNe distribution shows a negligible impact on the radial
distribution of SNe Ia, except in S0-S0/a galaxies.

We also check that there are no strong selection effects and biases within our SNe and
host galaxies samples, which could drive the observed behaviours of the radial distributions of
Type Ia and CC SNe in the disc galaxies presented in this study.

The results obtained in this Chapter are summarized below, along with their interpretations.

1. In Sa-Sm galaxies, all CC and the vast majority of Type Ia SNe belong to the disc,

rather than the bulge component (Fig. 1.1 and Table 1.2). The result suggests that
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the rate of SNe Ia in spiral galaxies is dominated by a relatively young/intermediate
progenitor population. This observational fact makes the deprojection of galactocentric

radii of both types of SNe a key point in the statistical studies of their distributions.

2. The radial distribution of Type Ia SNe in S0-S0/a galaxies is inconsistent with that in Sa—
Sm hosts (as seen in Fig. 1.2 and Table 1.4 for the AD statistic but only very marginally
so in the KS statistic). This inconsistency is mostly attributed to the contribution by SNe
Ia in the outer bulges of SO-S0/a galaxies. In these hosts, the relative fraction of bulge
to disc SNe Ia is probably changed in comparison with that in Sa-Sm hosts, because the
progenitor population from the discs of S0-S0/a galaxies should be much lower due to

the lower number of young/intermediate stellar populations.

3. The radial distribution of CC SNe in barred Sa—Shc galaxies is not consistent with that of
unbarred Sa—Sbc hosts (Fig. 1.2 and Table 1.4), while for Type Ia SNe the distributions
are not significantly different (Table 1.4). At the same time, the radial distributions of
both Type Ta and CC SNe in Sc-Sm galaxies are not affected by bars (Table 1.4). These
results are explained by a substantial suppression of massive SF' in the radial range swept

by strong bars of early-type barred galaxies.

4. The radial distribution of CC SNe in unbarred Sa-Sbc galaxies is more centrally peaked
and inconsistent with that in unbarred Sc—Sm hosts (as seen in Fig. 1.2 and Table 1.4
for the KS statistic but only marginally so in the AD statistic). On the other hand, the
radial distribution of Type Ia SNe in unbarred galaxies is not affected by host morphology
(Table 1.4). These results can be well explained by the distinct distributions of massive
stars in the discs of early- and late-type spirals. In unbarred Sa—Shc galaxies, SF is more
concentrated to the inner regions (Ha emission outside the nucleus) and should thus be

responsible for the observed radial distribution of CC SNe.

5. The radial distribution of CC SNe, in contrast to Type Ia SNe, is inconsistent with the
exponential surface density profile (Tables 1.6 and 1.7), because of the central (7 < 0.2)

deficit of SNe. However, in the 7 € [0.2; 00) range, the inconsistency vanishes for CC SNe
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in most of the subsamples of spiral galaxies. In the inner-truncated disc, only the radial
distribution of CC SNe in barred early-type spirals is inconsistent with an exponential
surface density profile, which appears to be caused by the impact of bars on the radial

distribution of CC SNe.

6. In the inner regions of non-disturbed spiral hosts, we do not detect a relative deficiency
of Type Ia SNe with respect to CC (Table 1.5), contrary to what was found by other
authors, who had explained this by possibly stronger dust extinction for Type la than
for CC SNe. Instead, the radial distributions of both types of SNe are similar in all the
subsamples of Sa—Sbc and Sc-Sm galaxies (Table 1.4), which supports the idea that the
relative increase of CC SNe in the inner regions of spirals found by the other authors is

most probably due to the central excess of CC SNe in disturbed galaxies.

7. As was found in earlier studies, the physical explanation for the more concentrated dis-
tribution of SNe Ibc with respect to SNe II in non-disturbed and unbarred spiral galaxies
(Fig. 1.3) is that SNe Ibc arise from more metal-rich environments. The radial distri-
butions of Types Ib and Ic SNe are sufficiently similar that the KS and AD tests fail to

distinguish them with statistical significance.



Chapter 2

Type Ia SNe 1n the star formation deserts

of spiral host galaxies

2.1 Introduction

Recently, [52] showed that the correlation between the Amys of normal SNe Ia and hosts’
global age appears to be due to the superposition of at least two distinct populations of faster
and slower declining SNe Ta from older and younger stellar populations, respectively. For the
most common peculiar SNe Ia, [52] showed that 91bg-like (subluminous and fast declining)
events probably come only from the old population, while 91T-like (overluminous and slow
declining) SNe originate only from the young population of galaxies. Such results have been
obtained also from more accurate age estimations of SNe Ia host populations, using the local
properties for SN sites [40, 133, 134|. Eventually, the SN LC properties, DTD, and relations
with other host characteristics allow to constrain the SN Ta progenitor scenarios (see discussion
in [52]).

In this Chapter, for the first time, we link the Amy5 of SN Ia with the progenitor age from
the perspective of SFD phenomenon. In short, the SFD, observed in some spiral galaxies [47,48],
is a region swept up by a strong bar with almost no recent SEF on both sides of the bar. There

are increasing evidences in observations and simulations that SFD consists of old stars, and the

46
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quenching of SF in this region was due to the bar formation [49,50|, which dynamically removed
gas from SFD over a timescale of ~ 2 Gyr [49]. The bar can show SF through its length, or SF
can be found only at the bar ends, or the entire bar might not show SF [135]. Some bars might
even dissolve during the evolution |136], leaving the central SFD in galactic disc. On the other
hand, it can be considered that the SED is practically not contaminated by the radial migration
of young stars from the outer disc [51]. Therefore, from the dynamical age-constrain of SFD
(2 2 Gyr), we consider that the DTD of its SNe Ia is truncated on the younger side, starting
from a few Gyr, in comparison with those outside the SFD, where mostly young/prompt SNe Ia
occur (delay time of ~ 500 Myr, [137]). Given this, and if the progenitor’s age is the main
driver of the decline rate, the SNe Ia discovered in the SFDs should have faster declining LCs.
In this Chapter, we simply demonstrate the validity of this assumption according to the picture
briefly described above, which provides an excellent new opportunity to constrain the nature

of SN Ia progenitors.

2.2 Sample selection and reduction

We selected the sample for this Chapter from a well-defined sample of [52], which includes
data on the spectroscopic subclasses of nearby (<150 Mpc) SNe Ta (normal, 91T-, 91bg-like,
etc.) and their B-band LC decline rates (Amy;), as well as homogeneous data on the host galax-
ies (distance, corrected ugriz magnitudes, morphological type, bar detection, etc). The SFDs
are observed in some barred Sa-Scd galaxies [47,48|, therefore we restricted the morphologies
of SNe hosts to the mentioned types, with barred and unbarred counterparts. We also ignored
hosts with strong morphological disturbances, which may add undesirable projection effects
and complicate the assignment of an SN Ta to the SFD.

As seen in [69,70,138], the vast majority of SNe Ia in spiral galaxies belong to the disc, rather
than the bulge (spherical) component. Here, we checked this observational fact for the most
common SN Ta subclasses separately. If SNe Ia belong mostly to the disc component, where

SFD can be located, one would expect that the distributions of projected and Rss-normalized
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galactocentric distances' of SNe Ia along major (|U|/Rys) and minor (|V|/Ry5) axes would be
different, being distributed closer to the major axis (i.e. smaller (|V'|/Ry;) in comparison with
(|U|/Ras), for more details see [138]). Table 2.1 shows the results of the two-sample KS and AD
tests on the comparison of the major versus minor axes distributions of 238 SNe Ia (based on a
subsample from [52]). The P-values of the tests suggest that the SNe Ia distribution along the
major axis is inconsistent with that along the minor axis in Sa-Scd host galaxies with different
inclinations, showing that the SN Ta subclasses in these hosts originate mostly from the disc
population.

It should be noted that, because of the absorption and projection effects in the discs,
the SFDs are observed in some spiral galaxies only with low/moderate inclinations [47,48].
Therefore, we also limited our host galaxy sample to inclinations ¢ < 70°. In total, there are
185 normal, 91T- and 91bg-like SNe Ia meeting the above criteria, of which 79 and 106 events
have barred and unbarred hosts, respectively. These SNe Ia are discovered in 180 host galaxies,
five of which host two events in each.

For these host galaxies, we used archival Galaxy Evolution Explorer (GALEX) far- and near-
UV [139], Swift UV [140], and available Hoa images [141] to visually classify the morphology of
their ionized discs into four SF classes: i) SF is distributed along the entire length of unbarred
disc, from the center to the edge (97 SNe Ia hosts); 4i) like in the first case, but for barred disc,
SF along the bar, without SFD (36 objects); iii) SF along the bar, or SF might occur only at
the bar ends, with SED (43 objects); iv) SF is distributed along the unbarred disc, except the
central SFD (9 objects). In all the cases, the circumnuclear SF is also possible. The r-band
and UV images representing the classes? of galaxies can be found in Fig. 2.1. Note that the
cosmic surface brightness dimming is insignificant for our galaxy sample, since hosts’ z < 0.036
((z) = 0.017 £ 0.009).

Based on the optical g-band images, we measured bar radii of host galaxies using ellipse
fitting to the bar isophotes with maximum ellipticity [142] and references therein, for more

details on the bar radius measurement method). Then we deprojected each bar radius for host

!Normalized to the g-band 25" magnitude isophotal semimajor axis of host galaxy (Ras = Das/2).
2With some differences, a similar visual classification is also proposed by [135].
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Table 2.1: Comparison of the projected and normalized distributions of the SN Ia subclasses
along major (U) and minor (V') axes of Sa-Scd hosts.

SN Nsx Subsample 1 VS Subsample 2 PRC PYE
U1/ B (IV]/ Ros)

Normal 196 0.32+0.02 VS 0.2040.02 <0.001 <0.001

91T 27 0.38+0.06 VS 0.201+0.03 0.018 0.021

91bg 15 0.34+0.06 VS 0.184+0.06 0.020 0.037

Notes: The PYE (P is the two-sample KS (AD) test probability that the distributions are
drawn from the same parent sample, using a Monte Carlo (MC) simulation with 10° iterations
as explained in [52]. The respective mean values and standard errors are listed. The statistically
significant differences (P < 0.05) between the distributions are highlighted in bold.
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Figure 2.1: Optical (top) and UV images (bottom) representing examples of SN Ta hosts with
different SF' classes of their discs. (Galaxies’ identifiers, morphologies, and discs’ classes are
listed at the top. Classes ¢ and 4 do not have SFD, while classes iz and v have SFD. SN Ia
names,/positions are also shown.
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Table 2.2: Numbers of the SN Ta subclasses according to their locations in the SFD of Sa—Scd
hosts or beyond.

SNe Ia in class ¢ disc outer disc bar/SF SFD All
TSN >0 >Tdem <Tdem <Tdem

Normal 75 52 12 12 151
91T 19 4 1 0 24
91bg 3 5 0 2 10
All 97 61 13 14 185

inclination and normalized it to the disc radius, i.e. Thay = Rpar/Ros. For unbarred hosts with
the central SFD (class v in Fig. 2.1), we used the UV images to roughly estimate the radii of
SFDs (rspp = Rspp/Ras), where almost no UV fluxes are detected. Note that for our sample
(rsFp) & (Tpar) = 0.30. For further simplicity, we define a demarcation radius as:
N Thar,  foriiandiii disc classes,
Tdem =

rsFp, foriv class.

For SNe Ta, we deprojected and normalized their galactocentric distances as well, i.e. rgy =
Rsn/Ras [138].

Based on the host disc classification and the definition of demarcation radius, we grouped
SNe according to their locations as follows: 97 SNe Ta are found in the disc of galaxies without
a bar or SFD; 61 SNe are in the outer disc of hosts, which have either a bar or SFD; 13 SNe are
found in bar or star-forming regions inside 7gen; and 14 SNe Ia are in SFD. Table 2.2 displays
the distribution of the SN Ia subclasses according to their locations in the SFD? or beyond.

The first 10 rows of the database of 185 SNe Ia (SN name, location, deprojected and Ros-
normalized galactocentric distance) and their 180 hosts (galaxy name, morphological type,
bar detection, disc’s class, and demarcation radius) are shown in Table 2.3. The full table
is available online [143]. Recall that more data on these SNe la and their host galaxies are

available in [52] (e.g. SN spectroscopic subclass, Am;s, galaxy distance).

3Although detailed measurements of the underlying fluxes at SNe locations are beyond the scope of this
study, nevertheless, for our confidence, we checked the vicinity of 14 SNe Ia in the SFDs simply using different
apertures on the fits images, and found no detectable underlying UV /Ha fluxes.
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Table 2.3: The database (first 10 rows) of 185 SNe Ia and their 180 host galaxies. The full
table is available online [143].

SN Host Morph. Bar Disc’s class  Location  7sy Tdem
1974G  NGC4414 Sc 7 disc 0.425 -
1981B NGC4536 Sbc i disc 0.697 -
1982B NGC2268 Sc B i ? outer disc  0.267 0.150
1989A NGC3687 Sc B IR outer disc 0.524 0.175
1989B NGC3627 Sb B 1 bar/SF 0.171 0.200
1990N  NGC4639 Sbhc B 10 outer disc 0.859 0.253
19900 MCG+03-44-003 Shc B 147 outer disc 0.764 0.333
1991T NGC4527 Sbe i disc 0.518 -
1992bc  ESO300-009 Scd: i disc 0.897 -
1992bg  PGC343503 Sh: 7 disc 0.546 -

2.3 Results and discussion

With the aim of linking the Amys of SN la with the progenitor age, we study the SN
decline rates that exploded in SFDs and other regions of hosts. In addition, we compare
the SN galactocentric distances between the spectroscopic subclasses, and check the possible

correlations between the Amgs; and galactocentric distances.

2.3.1 SNe Ia in the SFDs and beyond

To link the LC properties of SN Ia with the progenitor age from the perspective of the
dynamical age-constrain of SFD, in Table 2.4, we compare the Amy;5 distribution of normal
SNe la in the SFD with that in the bar/SF (see also the upper panel of Fig. 2.2). The KS and
AD tests show that these distributions are significantly different. Normal SNe Ia that are in
the SFD, dominated by the old population (2 2 Gyr; [49]), have, on average, faster declining
LCs compared to those located in the bar/SF, where UV /Ha fluxes are observed (i.e. age < a
few 100 Myr; [144]).

Table 2.4 also shows that the Am;s distribution of normal SNe Ia that are in the outer
disc population is consistent with that in the bar/SF and inconsistent with that in the SFD
(see also Fig. 2.2). Interestingly, any inconsistency vanishes when we combine the bar/SF and

SED subsamples and compare the LC decline rates with those in the outer disc population
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Figure 2.2: Upper panel: cumulative Amys distributions for normal SNe Ta inside (in SFD
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and bar/SF) and outside the demarcation radius (in outer disc). Bottom panel: variation of
the Am;s as a function of ry.,-normalized galactocentric distance, split between different SN
locations. The best-fits are shown by thick (black) solid lines. The vertical dashed line indicates
the location of radial demarcation (see the text for details). The mean values (with standard
errors) of the distributions are shown by arrows (with error bars) in the upper panel, and by
horizontal lines in the bottom panel.
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Table 2.4: Comparison of the B-band Am;5 distributions between normal SNe Ia in different
locations (as described in Table 2.2).

———— Subsample 1 —— vs ——— Subsample 2 ——— PR’ PYC
SN in Nsn o (Amys) SN in Nsn (Amys)

SFD 12 1.3240.08 vs bar/SF 12 1.07£0.05 0.005 0.020

SFD 12 1.32+0.08 vs outer disc 52 1.1340.03 0.009 0.029

bar/SF 12 1.07£0.05 vs outer disc 52 1.13£0.03 0.660 0.682

SFD+bar/SF 24 1.20+0.05 vs outer disc 52 1.13+0.03 0.445 0.477
inner class 4 disc 17 1.1940.05 vs outer class ¢ disc 58 1.1140.02 0.517 0.253
Notes: Since, the (Tgem) = 0.30 for class ii-iv discs, we define inner and outer class i discs

when 79y < 0.30 and > 0.30, respectively. The explanations for P-values are the same as in
Table 2.1.

(Table 2.4). This suggests that the discs of Sa-Scd hosts are indeed outnumbered by normal
SNe Ia with slower declining LCs (e.g. Amys < 1.25, outside the Tgen in Fig. 2.2) whose
progenitor ages peak below 1 Gyr, corresponding to the young/prompt SNe Ia [145].

In addition, even for discs of class i (without demarcation radius), the KS and AD tests, in
Table 2.4, show that the Amq5 distributions are consistent for normal SNe Ia in the inner and
outer discs, excluding a radial dependency of Amys (see also Section 2.3.2). For class ¢ discs,
the (Amgs) values are sufficiently consistent with the same values in the corresponding radial
intervals for hosts having a demarcation radius (see Table 2.4). Thus, the SFD phenomenon
gives an excellent possibility to separate a subpopulation of normal SNe Ia with old progenitors
from a general population of host galactic disc, which contains both young and old progenitors.
On average, the LCs of this SN Ia subpopulation decline faster, whose DTD is most likely
truncated on the younger side, starting from a several Gyr (= 2 Gyr).

These results are qualitatively agree with the theoretical predictions. In particular, for sub-
Chandrasekhar mass (Mg, =~ 1.4M) explosion models in double WD systems, the luminosity
of SN Ia is directly related to the exploding WD’s mass, which decreases with age [26-29]. This
is because WD’s mass is directly linked to the main-sequence (MS) mass of the progenitor star,
which is in turn related to the MS lifetime. Therefore, older stellar populations would host
less luminous SNe Ia, i.e. faster declining events [28]. Note that, we prefer sub-Mcy, explosion

models, because different mechanisms of the M, explosions do not reproduce the observed
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distribution in the luminosity—decline rate relation for various SN Ia subclasses (e.g. [17] and
references therein).

Despite the small number statistics of peculiar 91T- and 91bg-like SNe, Table 2.2 shows that
the old SFDs of Sa—Scd galaxies host along with faster declining normal SNe Ia also two 91bg-
like (fast declining) events. While the bar/SF hosts along with slower declining normal events
also one 91T-like (slow declining) SNe. Outer disc population hosts all the SN Ia subclasses
(see Table 2.2). The latter is also correct for the entire class ¢ disc. These results can be
explained from the perspective of the SFD’s properties in addition to the previously known
relations between the SNe Ia and the global (or SN local) properties of their hosts.

In particular, the discovery of 91bg-like events (progenitor age is greater than several Gyr
[52,133, 146, 147]) and a population of faster declining normal SNe Ta in the SFDs can be
explained within the scenario of SF' suppression by bar, where the SFDs of galaxies show a
sharp truncation in SF histories and contain mostly old stellar population of several Gyr (2,
2 Gyr; [49]). On the other hand, the discovery of 91T-like SNe ( progenitor age is less than a Gyr,
e.g. [148-150]) and a population of slower declining normal events in the bar/SF (Tables 2.2-
2.4), can be explained in the context of SF suppression scenario, where the recently formed bar,
within the ~ 1.5 Gyr timescale, has not yet completely removed the gas and quenched ongoing
SF inside the demarcation radius [49]. Recall that in the bar/SF regions, the UV fluxes are
observed that trace the SF up to a few 100 Myr [144].

The outer disc of Sa—Scd galaxies (or entire class i disc), contains stellar populations of all
ages [151]. Therefore, the appearance of all the SN Ia subclasses in this region is not unexpected
(Table 2.2). Note that the results in Table 2.4 remain statistically unchanged when we combine
(following [28]) normal, 91T-, and 91bg-like SNe together.

To test different galaxy properties that could affect the results in Tables 2.2-2.4, we compare
the distributions of morphologies, masses, colours, and ages (available in [52]) of classes di-iv
hosts with and without SFD. The KS and AD tests show that the global parameters of hosts
are not statistically different (P > 0.1), thus could not be the main drivers behind our results.

On the other hand, the bar/SF regions have higher surface brightness and dust content in
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comparison with the SFDs, and therefore the discovery of intrinsically faint (faster declining)
SNe in the bar/SF can be complicated, biasing the statistical results in Table 2.4. However,
this does not affect the result that the SFD’s SNe Ia are mostly faster declining (fainter) events.

Let us now briefly address the possible effects of the progenitor metallicity, which theoret-
ically might cause a variation in the SN Ta L.C properties. The mean radial metallicity profile
of Sa—Scd galaxies declines from solar to ~ 0.3 dex below solar from the galactic centre up to
the disc end, respectively [151]. On the other hand, the simulation by [152] shows that the
metallicity on both sides of the bar, i.e. in SFD, is only ~ 0.15 dex below solar. For any pro-
genitor model, such metallicity variations can account for less than 0.2 mag in SN la maximum
brightness and about 0.1 mag in Amys [153,154], which is not enough to be the main reason
for the observed differences in Am;s values in SFD and beyond (Fig. 2.2 and Table 2.4). Thus,
our results support earlier suggestions that the progenitor age is most probably the decisive
factor shaping the observed distribution of SN Ia decline rates [36]. Nevertheless, we would like
to stress that the discussed effect of metallicity is heavily based on a very limited number of
models. Therefore, further modelling of the impact of metallicity on the LC properties of SNe

Ia would help to place our findings in context.

2.3.2 The radial distribution of SNe Ia

In spiral discs, a radial gradient of physical properties of stellar population (e.g. age gradient
[151]) might be a useful tool and has been used in the past to probe the possible dependencies of
SNe Ia decline rates on their galactocentric distance [36,43,155]. However, in these studies, the
authors were unable to find a significant correlation between the decline rate and 7sy, which is
correct, also for our sample (Table 2.5). Moreover, the radial distributions of peculiar (extreme
decliners) and normal SNe Ia in Sa—Scd galaxies are consistent with one another (P > 0.2) [156].
Note that these results remain statistically insignificant (P > 0.1) when we perform the same
tests after separating the hosts into barred/unbarred, and early/late-types. The Amyjs is not
correlated with 7gn (P > 0.4) also for the class ¢ disc only, where no bar/SFD phenomena are

observed.
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Table 2.5: Spearman’s rank correlation test for the B-band Am;5 values of the SN Ta subclasses
versus their galactocentric distances.

SN Galactocen. dist. Nsn T PMC
Normal TSN 151 —0.070 0.394
91T TSN 24 0.087 0.686
91bg TSN 10 0.503 0.138
Normal (SFD+outer disc) TsN/Tdem 64 —0.280 0.025
Normal (bar/SF+outer disc) TSN/Tdem 64 0.019 0.879
Normal (SFD+bar/SF+outer disc) TSN /Tdem 76 —0.147 0.206

Notes: Coefficient ry (€ [—1;1]) is a measure of rank correlation. The variables are not in-
dependent when P < 0.05. The PSMC values are obtained using permutations with 10> MC
iterations.

In this context, it should be taken into account that a significant correlations between SNe Ta
decline rates (stretch parameters) and the global ages of hosts have been observed when the
ages range from about 1 to ~ 10 Gyr [39,52,157,158|. In the stacked discs of Sa—Scd galaxies,
however, the azimuthally averaged age of the stellar population ranges roughly from 8.5 to
10 Gyr from the disc edge to the center, respectively [151]. Most likely, this narrow average age
distribution across the mean (stacked) host disc does not allow to see a significant correlation
between the Ams and rgy in Table 2.5.

It is clear that such a mean disc contains an overlaid components of old and young stars
at any radius. On the other hand, as shown in [61,159], a considerable fraction of SNe Ia
in spiral galaxies is (observationally) linked to the young/star-forming disc population, rather
than to the population of old disc or bulge. These SNe Ia exhibit an average delay time of
200 — 500 Myr ( prompt events, e.g. [137]) and should have slower declining LCs (smaller Am;s
values, e.g. [28]). For this reason, the SNe Ia host disc is outnumbered by slower declining
events outside the SFD (Fig. 2.2).

Given these results, we check the Amis — Tsn/Tqem correlation for normal SNe Ia in the
SFD+outer disc, bar/SF+outer disc, and combined samples. Table 2.5 shows that the men-
tioned correlation is statistically significant for the first sample, while it is not significant for
the second and combined samples. Thus, the old SFD population (2 2 Gyr), which contains

mostly faster declining SNe Ia (larger Amys), in combination with the younger outer disc, which
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is outnumbered by SNe Ia with slower declining LCs (smaller Am;;), cause the observed trend

in the SFD+outer disc (Fig. 2.2 and Table 2.5).

2.4 Chapter Conclusions

In this Chapter, using a sample of nearby Sa—Scd galaxies hosting 185 SNe Ia and our visual
classification of the ionized (UV and/or Ha) discs of the galaxies, we perform an analysis of the
locations and LC decline rates (Am;s) of normal and peculiar SNe Ia in the SFDs and beyond.

As in earlier studies, we confirm that in the stacked spiral disc, the Am.5 of SNe Ia do
not correlate with their galactocentric radii, and such disc is outnumbered by slower declin-
ing/prompt events.

For the first time, we demonstrate that from the perspective of the dynamical timescale of
the SFD, its old stellar population (22 Gyr) hosts mostly faster declining SNe Ia (Amy; > 1.25).

By linking the LC decline rate and progenitor age, we show that the SFD phenomenon gives

an excellent possibility to constrain the nature of SNe Ia.
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The impact of spiral density waves on the

distribution of SNe

3.1 Introduction

Despite an excellent progress of the DW theory (for recent comprehensive reviews, see
[160,161]), there are many disputes on the lifetime of spiral patterns, and the ability of DWs
to generate large-scale shocks and trigger SF, as originally proposed by [162]. For example,
the simulations by [163] manifest short-lived patterns. In another example, using a multiband
analysis for some GD galaxies, |164| found that there is no shock trigger, and that the spiral
arms just reorganize the material from the disc out of which stars form (see also [165]).

Nevertheless, the results of many other studies are consistent with the picture where the
DWs cause massive SF to occur by compressing gas clouds as they pass through the spiral arms
of GD galaxies [54-58|. For example, using Ha direct imaging accompanied with broad-band
images in R and I bands, [166] studied the distribution of H II regions of spiral arms and found
clear evidence for the triggering of SF in the sense of a high density of H II regions at the
fixed radial ranges in some GD galaxies. Recently, [167| showed that pitch angle of galaxies is
statistically more tightly wound, i.e. smaller, when viewed in the light from the evolved /older

stellar populations. Both the results, complementing each other, are in excellent agreement

o8
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with the prediction of theory that stars are not only born in the DW but also move out of it
as they age (see also most recent results by [168]).

An alternative to the DW theory is the idea of reorganization of the distribution of H II
regions in multiple arms of differentially rotating disc with SF processes generated by the
stochastic self-propagating method developed by [169] and [170]. This mechanism is supposed
to work in non-GD (NGD) galaxies, producing flocculent spiral arms.

In the context of above-mentioned scenarios, the main goal of this study is to study the
possible impact of spiral DWs (triggering effect) on the distribution of SNe in discs of host
galaxies, when viewing in the light of different nature of Type Ia and CC SNe progenitors. Recall
that Type Ia SNe result from stars with masses lower than ~ 7.5 M, (ages from ~ 0.5 Gyr
up to ~ 10 Gyr [171]) in close binary systems, while the progenitors of Types Ibc and IT SNe,*
collectively called CC SNe, are massive (M 2 7.5 M [172]) young short-lived stars (from a
few up to ~ 100 Myr [42,173,174]).

The first attempt to study the distribution of SNe within the framework of DW theory was
performed by [59]. Using the locations of 19 SNe, he suggested that stars in a spiral galaxy are
formed in a shock front on the inner edge of a spiral arm, then drift across the arm as they age,
predicting for SN progenitors (more likely for SNe II) a short lifetime (a few million years) and
high masses (a few tens of solar masses). However, using the fractions of GD and flocculent
galaxies in a sample of 111 hosts with 144 SNe, [175] suggested that DWs do not greatly enhance
the massive SF rate per unit luminosity of a galaxy, mentioning that SF in most galaxies may be
dominated by stochastic processes. Results similar to those in [59] were obtained also by [128]
and [60] for Types II and Ibc SNe, respectively. In other studies, different authors [34,66,176])
investigated the distribution of SNe relative to spiral arms of galaxies. Such studies did not
interpret their results within the DW theory nor did they distinguish among various spiral arm
classes (ACs; [177]) of SNe host galaxies.

Indeed, in [61], we already studied the distribution of SNe relative to the spiral arms of their

!Traditionally, SNe of Types Ib and Ic, including uncertain spectroscopic Type Ib/c, are denoted as SNe Ibc.
All these and other subtypes of CC SNe, i.e. Ibc, II, IIb (transitional objects with observed properties close to
SNe II and Ib), and IIn (dominated by emission lines with narrow components) SNe, arise from young massive
stars with possible differences in their masses, metallicities, and ages (see e.g.for more details [10]).
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GD and NGD host galaxies, using the SDSS images from the g, r, and ¢ bands. We found that
the distribution of CC SNe (i.e. tracers of recent SF) is affected by the spiral DWs in their host
GD galaxies, being distributed closer to the corresponding edges of spiral arms where large-
scale shocks, thus SF triggering, are expected (see also farther in the text of Section 3.4). Such
an effect was not observed for Type Ta SNe (less-massive and longer-lived progenitors) in GD
galaxies, as well as for both types of SNe in NGD hosts. In this study, we expand our previous
work, and for the first time study the differences between the radial distributions of SNe in
unbarred Sa—Sc host galaxies with various spiral ACs. In parallel, to check the triggering effect
at different galactocentric radii, we study the consistency of the surface density distribution of
SNe (normalized to the optical radii, and for a smaller sample also to corotation radii of hosts)

with an exponential profile in GD and NGD galaxies.

3.2 The sample

In order to obtain a homogeneous dataset of structural features of SNe host galaxies, includ-
ing morphology, identification of bars and spiral ACs, we compile the sample of this Chapter
in the same way as in [72|, being restricted to relatively nearby SNe with distances < 150 Mpec.

The whole compilation, reduction, and classification procedures are given below.

3.2.1 Sample selection and reduction

In this Chapter, we used the updated version of the ASC [75], which includes SNe detected
before 1 July 2017. To identify SNe host galaxies, we cross-matched the coordinates of all
classified Type Ia and CC (Ibc and II) SNe from the ASC with the footprint of the SDSS
DR13 [178]. We then classified the identified host galaxies according to [72] and selected only
Sa-Sc types,? since it is known that both GD and NGD shapes are well represented in Sa—Sc

spirals [179,180].

2Many of the identified host galaxies are already listed in database of [72], which is based on the SDSS DRS.
Here, because we added new SNe, for homogeneity we redid the entire reduction for this restricted sample based
only on DR13.
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We excluded all barred galaxies from our sample to eliminate the effect of substantial sup-
pression of massive SF in the radial range swept by strong bars [46, 48], i.e. the observed
suppression of CC SN numbers inside the bar radius [138|, and study only the expected impact
of the DWs on the distribution of SNe.? In addition, we removed host galaxies with strong mor-
phological disturbances according to [73], i.e. interacting, merging and post-merging/remnant
cases, which may add significant distortion into the SN distribution in discs of galaxies.

For the remaining SNe host galaxies, the next step is the measurement of their photometry
and geometry. Following |72|, we constructed 25 mag arcsec™ isophotes in the SDSS DR13
g-band, and then visually fit onto each isophote an elliptical aperture. We then measured the
major axes (Dss), elongations (a/b), and PA of galaxies. In our analysis, we used the Das
corrected for Galactic [181] and host galaxy internal extinction [182]. Finally, we calculated the
inclinations of host galaxies using elongations and morphological types, following the method
presented in [183]. These procedures are explained in detail in [72].

We also removed highly inclined galaxies (i > 60°), because at these inclinations strong
absorption and projection effects play a destructive role in discovering SNe [184] and correcting
their radial distribution for inclination of host disc [138]. Moreover, it is difficult to classify
highly inclined galaxies and determine their barred structure (see review by [185]).

After these operations, we obtained 353 SNe within 285 host galaxies with the aforemen-

tioned restrictions.

3.2.2 Determination of spiral arm classes

Following our recent study [61], we determined ACs of 285 host galaxies (unbarred Sa—Sc
types) with ¢ < 60° according to the classification scheme by [177]. To accomplish this, we
used the background subtracted and photometrically calibrated g-band* SDSS images, as well

as the RGB colour images from the g, r, and ¢ SDSS data channels. We assigned ACs according

3Tt is important to note that in some SN host galaxies we may not detect tiny bars with lengths shorter than
a tenth of the optical disc [73]. However, by the inner truncation of host discs (see Subsection 3.3.1) we exclude
any possible impact of these bars on the distribution of SNe.

4Among the SDSS g, r, and i bands with good signal-to-noise ratio, the arm-interarm contrast is the highest
in the g-band, as it traces the young stellar populations in the spiral arms (see [61]).
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PGC 033809 (Sa) AC-1 PGC 035824 (Sab) AC-2  PGC 037520 (Sbc) AC-3  PGC 030136 (Sbc) AC-4

PGC 020539 (Sbc) AC-5 PGC 027723 (Sc) AC-6 PGC 034552 (Sab) AC-17

PGC 026666 (Sc) AC-12

Figure 3.1: SDSS images representing examples of unbarred Sa—Sc host galaxies with different
arm classes (ACs) according to [177]. The Principal Galaxy Catalogue (PGC) objects’ identi-
fiers, morphological types (in parentheses), and ACs are listed at the top. In all images, north
is up and east is to the left.
to the flocculence, regularity, and shapes of the spiral arms. The SDSS three-colour images
representing examples of SN host galaxies with different ACs can be found in Fig. 3.1. Below,
we describe these classes in detail according to [177].

Galaxies with AC 12 contain two long symmetric arms, and the ones with AC 9 have two
symmetric inner arms, multiple long and continuous outer arms. The underlying mechanism
that explains the lengths of arms and their global symmetry in these galaxies is most probably

a DW, dominating the entire optical disc [186]. We denote galaxies with ACs 9 and 12 as

long-armed GD (LGD) galaxies.
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Galaxies with AC 5 have two symmetric short arms in the inner region and irregular outer
arms. The AC 6 is like AC 5 in the inner disc region, however with feathery ringlike outer
structure. The short inner symmetric arms in these galaxies might be explained by the DW
mechanism, dominating only in the inner part of the optical disc [186]. We denote galaxies
with ACs 5 and 6 as short-armed GD (SGD) galaxies.

Galaxies with AC 1 are described by chaotic, fragmented and unsymmetric arms, AC 2
is fragmented spirals arm pieces with no regular pattern, AC 3 is fragmented arms uniformly
distributed around the galactic centre. Galaxies with AC 4 have only one permanent arm,
otherwise fragmented arms. All these flocculent galaxies (ACs 1-4) appear to lack global DWs,
instead their spirals may be sheared self-propagating SF regions (see review by [185] and refer-
ences therein). We denote galaxies with ACs 1-4 as NGD galaxies.

Galaxies with AC 7 have two symmetric long outer arms, feathery or irregular inner arms.
In these galaxies, the DWs play a role, most probably, only in the outer part of the optical disc
(see review by [185] and references therein). In our study, due to the small number statistics
(especially for CC SNe), these galaxies are not denoted to a separate class. We have only 11
Type Ia and 6 CC SNe in these hosts. On the other hand, because of the different placement
of DWs, it is inadvisable to mix them with other classes. Therefore, we simply omit them from
the sample.

Galaxies with AC 8 have tightly wrapped ringlike arms. These ringlike arms (rings and
pseudorings) are thought to be related to the gathering of material near dynamical resonances
in the disc (see review by [185]). Because of the different structural feature and small number
statistics (only 3 Type Ia SNe), we omit these galaxies from the sample as well.

Finally, according to [177], ACs 10 and 11 were previously reported to be barred galaxies
and objects with close neighbors, respectively, and are no longer used.

In the present study, we mainly used these broad classes: LGD (AC 9, 12), SGD (AC 5,
6), and NGD (AC 1-4). Table 3.1 presents the distributions of 333 SN types among various
morphological types of the broad ACs of host galaxies. The number of individual host galaxies

is 269. The mean distance of the galaxies is 82 Mpc (standard deviation is 39 Mpc). The mean
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Table 3.1: Numbers of SNe at distances < 150 Mpc in unbarred Sa—Sc hosts with inclinations
1 < 60°, split between LGD, SGD, and NGD galaxies.

Sa. Sab Sb  Sbhc Sc All

LGD (9, 12)
Ia 2 4 7 21 27 61
Tbe 1 0 2 14 19 36
1 0 1 13 2 61 97
Al 3 5 22 57 107 194
SGD (5, 6)
Ta 0 0 2 8§ 8 18
Ibe 0 0 2 1 6 9
11 0 0 3 T2 32
Al 0 0 7 16 36 59
NGD (1-4)
Ia 3 3 5 10 11 32
Ibe 0 5 1 4 4 14
1 1 1 4 9 19 34
Al 4 9 10 23 34 80

Notes. Among these 333 SNe, there are only 23 uncertain (20 peculiar) classifications. SNe
of Type II include only 10 SNe IIb. All Type IIn SNe are removed from the sample due to
uncertainties in their progenitor nature |76], and often in their classification [187,188|.

Dys of the hosts is 120 arcsec with the minimum value of 23 arcsec. In Table 3.1, we present
the numbers of Types Ibc and II SNe separately. However, to increase statistical significance of
our results (especially in Section 3.4), we combined SNe Ibc and II into a single CC SNe class.
In order to test our visual classification of spiral arms, the entire sample of SNe host galaxies
was independently classified. By comparing these classifications, we determined that our ACs
are 97 per cent reliable. Following [61], it is important to note that the most common mis-
classifications of ACs are from 2 or 3 to 4 (or vice versa), from 5 to 6 (or vice versa), and from
9 to 12 (or vice versa). Because we separated SNe host galaxies by their ACs into three broad
classes: LGD, SGD, and NGD, the possible mis-classification between them is negligible.

Of the sample galaxies, 56 are in common with galaxies for which ACs were determined
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by [177] on the blue images of the Palomar Observatory Sky Survey.” A comparison of the
ACs shows that about 65 per cent of the galaxies have the same broad classes. On the other
hand, about 25 per cent of objects change from NGD to SGD or from SGD to LGD (or vice
versa). The ACs change from NGD to LGD (or vice versa) only in about 10 per cent of the
cases (6 individual galaxies). In all the cases, the SDSS images have deeper exposure and better
resolution that the blue photographic plates of the Palomar Observatory Sky Survey (in some
cases, they are even overexposed due to high surface brightness of the object). Therefore, the
SDSS based arm-classification seems to be more reliable and more structure is revealed.

The full database of 333 individual SNe (SN designation, type, and offset from host galaxy
nucleus) and their 269 hosts (galaxy SDSS designation®, distance, morphological type, a/b, PA,

corrected g-band Dy, and AC) is available online [189).

3.3 Results

To reveal the possible influence of DWs in discs of Sa-Sc galaxies on the distribution and
surface density of SNe, we now study the deprojected and normalized galactocentric radii of

Type Ia and CC SNe in discs of host galaxies with various ACs.

3.3.1 The radial distribution and surface density

In [138,190], is already shown that in spiral galaxies all CC SNe and the overwhelming
majority of Type Ia SNe belong to the disc, rather than the bulge component. Considering this
observational fact, we adopt a simplified model where all SNe are located on infinitely thin host
discs and, following [65], we deproject the galactocentric radii of SNe (Rgy) for the inclinations
of these discs. For each SN, we then normalize Rgy to the corresponding host galaxy optical

radius, i.e. Ros = Das/2, to neutralize the greatly different linear (in kpc) sizes of various hosts

>For comparison of ACs, another arm-classification by [191] might be used. However, it is based on middle-
infrared images (while we use the SDSS/optical images) and another definition of broad ACs (flocculent: group-
ing 1-4 ACs, multi-arm: grouping 5-9 ACs, and GD: only AC 12), which complicate the comparison.

SFor the host galaxies included in Table 3.4, the PGC names are also available in the database.
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Table 3.2: Comparison of the deprojected and normalized radial distributions of SNe (7 =
Rsn/Ros) among different pairs of NGD, SGD, and LGD subsamples. The corresponding
values for the inner-truncated disc (7 > 0.2) are listed in parentheses.

Subsample 1 Subsample 2
Host SN NSN Host SN NSN PKS PAD
LGD Ta 61 (50) versus NGD Ia 32 (24) 0.521 (0.497) 0.690 (0.708)

LGD Ia 61 (50) versus SGD Ta 18 (16) 0.761 (0.800)  0.505 (0.821)
NGD la  32(24) versus SGD Ia 18 (16) 0.557 (0.641)  0.216 (0.671)

LGD CC 133 (111) versus NGD CC 48 (40) 0.087 (0.048) 0.106 (0.022)
LGD CC 133 (111) versus SGD CC 41 (39) 0.410 (0.096)  0.430 (0.125)
NGD CC 48 (40) versus SGD CC 41 (39) 0.080 (0.356)  0.108 (0.312)

LGD Ia 61 (50) versus LGD CC 133 (111) 0.720 (0.702) 0.719 (0.706)

SGD Ia 18 (16) wversus SGD CC 41 (39) 0.834 (0.697) 0.862 (0.590)

NGD 1Ia 32 (24) versus NGD CC 48 (40) 0.545 (0.384)  0.284 (0.169)
Notes. The probabilities from two-sample KS and AD tests (Pxs and Pap) are calculated using
the calibrations by [90] and [91], respectively. The statistically significant differences between
the distributions are highlighted in bold.

(as was shown in [65]).”

In Table 3.2, using the two-sample KS and AD tests, we compare the deprojected and
normalized (7 = Rgn/Rgs) radial distributions of Type Ia and CC SNe in different pairs of
NGD, SGD, and LGD subsamples. From the P-values in Table 3.2, we see no statistically
significant differences between the radial distributions of SNe in various subsamples. However,
when we compare the inner truncated radial distributions (7 > 0.2; shown in brackets), a
significant difference appears for CC SNe in LGD versus NGD hosts. The upper panel of
Fig. 3.2 presents the histograms of radii of CC SNe. From these histograms, we see that the
radial distribution of CC SNe in NGD subsample is concentrated to the centre of galaxies with a
relatively narrow peak and fast decline in the outer disc. In contrast, the distribution of CC SNe
in LGD galaxies has a broader peak, shifted to the outer region of the discs, with a somewhat

slower decline. The radial distribution of SNe in SGD hosts appears to be intermediate between

"For the normalization, one can suggest to use the SDSS scale lengths (exponential model fits) of galaxies.
However, our sample includes a large number of host galaxies with large angular sizes (> 100 arcsec) for which
the SDSS fails in estimation of the model scale lengths due to the blending/defragmenting of galaxies with large
angular sizes (the scales are not reliable, this is well-known problem). In [72], we already commented about the
SDSS model failure. Thus, reliable scale lengths are not available for many galaxies of our sample.
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Table 3.3: Consistency of global (7 > 0) and inner-truncated (7 > 0.2) SN distributions with
exponential surface density models in different subsamples of host galaxies.

r>0 r>0.2

Host SN Nsn  Pxs  Pap hsn Nsn Pxs  Pap hsn

L (2 I CO ) (6) (M ©® (10)

All Ta 111 0.141 0.148 0.21 +£0.01 90 0.272 0.333 0.20£0.01
LGD 1Ia 61 0.730 0.514 0.22+0.02 50 0.886 0.791 0.20=+0.02
SGD Ia 18 0.318 0.290 0.24 +0.03 16 0.737 0.506 0.21 £0.03
NGD Ia 32 0.557 0.489 0.19+0.02 24 0.449 0.379 0.18 £0.02
All CC 222 0.005 0.002 0.22+0.01 190 0.117 0.172 0.19+£0.01
LGD CC 133 0.017 0.018 0.22+0.01 111 0.070 0.043 0.20=£0.01
SGD CC 41 0.023 0.035 0.21 £0.01 39 0.349 0.440 0.17£0.02
NGD CC 48 0.191 0.180 0.20£0.02 40 0.579 0.407 0.18 £0.02

Notes. Columns 1 and 2 give the subsample; Col. 3 is the number of SNe in the subsample;
Cols. 4 and 5 are the Pxs and Pap probabilities from one-sample KS and AD tests, respectively,
that the global (7 > 0) distribution of SNe is drawn from the best-fitting exponential surface
density profile; Col. 6 is the maximum likelihood value of hsn = hsn/ Ras with bootstrapped
error (repeated 10° times); Cols. 7-10 are respectively the same as Cols. 3-6, but for the inner-
truncated (7 > 0.2) distribution. The Pxs and Pap are calculated using the calibrations by [90]
and [126], respectively. The statistically significant deviations from an exponential law are
highlighted in bold.

those in NGD and LGD galaxies.

The inner truncation of the radial distribution of SNe, especially for CC ones, is crucial
because of several important effects. The observed numbers of SNe at 7 < 0.2 indicate that
because of high surface brightness of galactic nuclei and imperfect reduction of astronomical
images it is difficult to discover objects at or near the centre of galaxies, even for nearby ones
[111]. On the other hand, dust extinction in host galaxy disc, particularly in the nuclear region
[112], can affect the radial distributions of SNe [69,89]. Since CC SNe have peak luminosities
that are ~ 2 magnitudes lower than do SNe Ia [192], CC SNe are more strongly affected by
these effects than are Type Ta SNe.

In [138], we already demonstrated that in the central regions of unbarred spiral galaxies the
surface densities of SNe show a drop, significantly for CC SNe (see also in the middle panel of
Fig. 3.2), in comparison with the exponential surface density profiles of the parent populations

(see also [106,123]). We list, in columns 4 and 5 of Table 3.3, for different subsamples of the
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Figure 3.2: Upper panel: distributions of deprojected and normalized galactocentric radii (7 =
Rsn/Ras) of CC SNe in LGD (red solid), SGD (green dotted), and NGD (blue dashed) host
galaxies. The mean values of the distributions are shown by arrows. Middle panel: surface
density distributions (with arbitrary normalization) of CC SNe in the mentioned hosts. For
better visualization, thanks to more data points, the bin size of distribution in LGD galaxies is
0.05, in units of Rs5, while for the other subsamples the bin size is 0.1. The error bars assume
a Poisson distribution. The upper-limits of surface density (with +1 SN if none is found) are
represented by down arrows. The fitted exponential surface density profiles are estimated for
the inner-truncated discs (outside the shaded area). For better visibility, the distributions and
profiles are shifted vertically sorted by increasing the mean 7 as one moves upwards, and also
slightly shifted horizontally. To visually compare the distribution of CC SNe in LGD hosts with
the fitted profile in NGD galaxies, the latter is also positioned with the central surface density
matched with that in LGD hosts. Bottom panel: inner-truncated cumulative distributions of
SN radii and their best-fitting exponential CDFs.



Chapter 3 69

present study, the Pxg and Pap probabilities from one-sample KS and AD tests, respectively,
that the distributions of SNe are drawn from the best-fitting exponential surface density profiles.
We obtain 25V(7) = 25N exp(—7/hgy) profiles using the MLE method, where hgy is the scale
length of the distribution (column 6 of Table 3.3) and X5~ is the central surface density of
SNe. The P-values in Table 3.3 show that the global (7 > 0) distributions of Type Ia SNe in
different subsamples are consistent with the exponential profiles. However, the surface density
distributions of CC SNe are not consistent with the exponential profiles in all subsamples of
host galaxies, except the NGD hosts.

To exclude the selection effects at the centres of host galaxies, we repeat our procedure
for 7 > 0.2 range (see columns 7-10 in Table 3.3). Now, with only one exception, the surface
density distributions of Type Ta and CC SNe in different subsamples are consistent with the
exponential profiles. The inner-truncated scale lengths are in agreement with those in [138]:
using nearby low-inclined early-type spiral galaxies (unbarred Sa—She, without splitting the
sample according to ACs) we found h% = 0.21 & 0.03 and ASS = 0.17 4 0.03 in the SDSS
g-band.

Only the surface density distribution of CC SNe in LGD galaxies is inconsistent with an
inner-truncated exponential profile (as seen in Table 3.3 for the AD statistic but only very
marginally so in the KS statistic). From the middle panel of Fig. 3.2, we see that the surface
density is marginally higher than the best-fitting exponential profile at 0.4 < 7 < 0.7. The
inconsistency becomes more evident if we compare the distribution of CC SNe in LGD galaxies
with the inner-truncated exponential profile with the scale length of CC SNe in NGD galaxies
(Pks = 0.005 and Pap = 0.001). For the visualization, the latter (upper blue dashed line in the
middle panel of Fig. 3.2) is also scaled according to the central surface density of the profile in
LGD hosts. The bottom panel of Fig. 3.2 shows the cumulative distributions of CC SN radii

with their best-fitting exponential CDFs.
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Figure 3.3: The scheme of massive SF triggering by DWs in a model of a GD galaxy with two
logarithmic spiral arms. The direction of galaxy rotation is illustrated by arrows. The shock
fronts of spiral arms are displayed with thick black curves. The corotation region and radius
R¢ are represented by a thick gray ring and red solid circle, respectively. At large radii (2 Ras),
the impact of DWs is expected to be weak (shock fronts are presented by thick dashed curves).

3.4 Interpretation within the framework of density wave
theory

In this section, we interpret the results above in the context of triggered massive SF by the
DWs in GD galaxies, especially in LGD hosts [54, 56, 166].

In a simple model of GD host galaxies (Fig. 3.3), we assume that the spiral pattern rotates
with a constant angular velocity, while the gas and stars have differential rotation, and a
corotation radius,/region (R¢) exists where these two angular velocities are equal. Inside the

corotation radius, the disc rotates faster than the spiral arm pattern, and therefore massive SF
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triggering is expected in a shock front around the inner edges of arms (thick black curves inside
red solid circle in Fig. 3.3, see also fig. 9 of [61]), as originally proposed by [162]. On the contrary,
outside the corotation radius, the arm pattern rotates faster than the disc. Therefore, gas and
stars are caught up by the spiral arms. In this case, SF is expected to be triggered in a shock
front around the outer edges of arms (thick black curves outside red solid circle in Fig. 3.3).
Indeed, in [61] is already shown that the distribution of CC SNe (explosions of young short-lived
massive stars) relative to the SDSS g-band peaks of spiral arms depends on the galactocentric
radial range. In particular, the locations of CC SNe are shifted to the inner and outer edges
of the spiral arms inside and outside the mean corotation radius ((Rc/Ras) =~ 0.45) of LGD
galaxies, respectively. For Type Ia SNe (explosions of less-massive and longer-lived stars), the
distribution relative to spiral arms showed no significant dependence on galactocentric radii.

In the corotation region (thick gray ring in Fig. 3.3) where the stars and gas rotate at the
same velocity as the spiral pattern, the triggering of SF is not expected, given the absence of
spiral shocks. Mainly, the gravitation instability is responsible for the SF in this region (as in
the entire disc of a NGD galaxy). Due to absence of SF triggering spiral shocks in the corotation
region [166], the surface density of CC SNe should show a drop around R¢ in GD galaxies. At
the same time, at large radii (2 Ras) the DWs are expected to fade [186]. Therefore, at large
radii, SF triggered by shock fronts at the outer edges of arms should be not significant (thick
black dashed curves in Fig. 3.3).

To study the distribution of SNe relative to R¢ of hosts, we carried out an extensive liter-
ature search for corotation radii of our SGD and LGD galaxies. Only 30 nearby host galaxies
(< 80 Mpc) with 8 Type Ia and 48 CC SNe have available corotation radii (Table 3.4). These
radii were estimated using different methods. For example, [186] found clear evidences for
the corotation radii in gas-rich galaxies, in the form of sharp endpoints to SF ridges and dust
lanes in GD spirals. [193] used Fourier analysis and focused on the modes of the spiral arms,
computing the torques between the gas and newly formed stars (Ha emission), and the bulk of
the optical matter (r-band), which can be used to locate the corotation regions. [194] used the

potential-density phase-shift method on deprojected H-band images to locate the corotation
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Table 3.4: Available corotation radii of our LGD and SGD host galaxies.

Host name AC N, Nce  Re/Ros Rc/Ros References
(1) 2) 3 ) (5) (6) (7)
PGC043118 12 1 0 0.33+£0.05 - [195]
PGC040153 12 1 1 0.3040.05 - [195,196]
PGC038068 12 0 3 0.50+£0.08 - [194,197]
PGC030087 12 0 4 0.54+0.13 - [198]
PGC024531 12 0 1 0.87+0.11 - [193,199]
PGC007525 12 0 2 0.30+£0.06 - [193]
PGC005974 12 0 3 0.34+£0.09 - [166, 186,200
PGC054018 9 0 1 0.4040.04 - [199]
PGC050063 9 1 3 0.21+£0.03 0.45+0.12 [166,186,201]
PGC042833 9 0 2 0.37+£0.04 0.57+£0.05 [194,199]
PGC039578 9 0 4 0.34+0.06 0.57+0.07 [186,194,202]
PGC038618 9 0 1 0.304+0.01 0.544+0.06 [194]
PGC037845 9 0 1 0.214+0.06 0.4040.06 [194]
PGC037229 9 0 4 0.46 £+ 0.08 - [186,194]
PGC036789 9 0 1 0.2240.06 - [195]
PGC036243 9 0 2 0.45+0.13 - [194,203]
PGC034767 9 0 3 0.28+0.03 - [204]
PGC032614 9 0 2 0.69+0.02 0.83+0.04 [199]
PGC031968 9 0 1 0.26 +£0.02 - [199]
PGC027074 9 0 1 0.3040.06 - [195]
PGC024111 9 1 1 0.6540.06 - [195]
PGC022279 9 0 1 0.16 +0.06 - [193]
PGC002246 9 0 1 0.144+0.06 0.574+0.06 [193]
PGC002081 9 0 1 0.384+0.05 [186, 205]
PGCO38031 6 1 0 0224003 042+0.02 [195,199]
PGC027723 6 1 0 0.17+0.06 0.44+0.06 [195]
PGC012626 6 2 0 0.48+£0.03 - [194]
PGC035594 5 0 1 0.3240.06 - [199]
PGC034836 5 0 2 0.12+0.06 0.58+£0.06 [194]
PGC030010 5 0 1 0.174+0.06 0.414+0.06 [195]

Notes. Column 1 is the host galaxy PGC name; Col. 2 is the galaxy AC (see Subsection 3.2.2);
Cols. 3 and 4 are the numbers of Type la and CC SNe in the galaxy; Cols. 5 and 6 are the
normalized corotation radii of the galaxy; Col. 7 is the references of corotation radii. The
R/ Ras values are calculated using the Rc in arcsec from the mentioned references and the
galaxy Rps in the SDSS g-band (see Subsection 3.2.1). When more than one references are
available for the same corotation region and the reported radii are matched within the errors,
we list their mean values. Nuclear and circumnuclear corotation radii (coincided with star-
forming rings/ovals), as well as those with uncertain (very weak/noisy) estimation are not
selected from the references.
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radii for a large number of spiral galaxies. [199] used the changes in direction of the radial
component of the in-plane velocities, using the emission in Ha, at the resonance radii to find
corotations in disc galaxies. For more details of these and other methods, the reader is referred
to the original papers mentioned in Table 3.4. Farther in our study, we use these corotation
radii normalized to the optical radii of host galaxies in the SDSS g-band, i.e. R¢/Ras.

In Table 3.4, it can be seen that for some individual galaxies more than one corotation
radius is found. This is not unexpected because real spiral galaxies are more complex physical
objects in comparison with the simple model presented in Fig. 3.3. In some galaxies, single
pattern velocities and single corotation radii are observed, while in other systems multiple spiral
patterns with different velocities and resonant coupling [206], and therefore multiple corotation
radii are discovered [194,199]. In particular, [194] found that GD galaxies have on average
2-3 corotation radii, except for exceptionally strong GD spirals (AC=12), which mostly have a
single corotation radius. This is in agreement with our ACs of SNe host galaxies and collected
corotation radii in Table 3.4.

In Fig. 3.4, we present the galactocentric Rc/Ras positions for 30 host galaxies of Table 3.4,
separated according to their ACs: 6 SGD (AC=5 and 6), 17 LGD (AC=9), and 7 LGD (AC=12)
galaxies. Here, we separate LGD host galaxies between two ACs in order to check possible
differences between the distributions and the mean values of their corotation radii. A similar
separation is impossible for SGD galaxies due to the small size of this subsample (see Table 3.4).
In Fig. 3.4, we also show the galactocentric Rgn/Ras positions of SNe for each host galaxy.

The mean values of normalized corotation radii and the standard deviations are 0.3340.16,
0.41+0.18, and 0.46 + 0.21 for SGD, LGD with AC=9 and AC=12 galaxies, respectively. For
the united LGD (AC=9 and 12) subsample, the normalized corotation radius is 0.42 £ 0.18.
Meanwhile, the two-sample KS and AD tests show that the difference between the distributions
of Rc/Ros values in LGD (AC=9 and 12) and SGD galaxies is statistically not significant
(Pxs = 0.550 and Pxp = 0.312). The same is valid when comparing the R¢/Ras distributions
in LGD (AC=12) and SGD galaxies (Pxs = 0.433 and Pyp = 0.268). Therefore, further in our

study we do not separate the LGD subsample. Fig. 3.5 shows the histograms and cumulative
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Figure 3.4: Galactocentric positions of normalized corotation radii (black points) and their
errors for 30 host galaxies of Table 3.4. SGD (AC=5 and 6), LGD (AC=9), and LGD (AC=12)
galaxies are separated by horizontal dashed lines. The filled diamond, triangle, and circle are
the corresponding mean values of the corotation radii (with their standard deviations). For
each host galaxy, galactocentric positions of Type Ia (red empty squares) and CC (blue empty
circles) SNe are also presented. In PGC 050063, one of the CC SNe is located at Rgn/Ros = 1.59
and not shown in the plot.
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Figure 3.6: Surface density profile of CC SNe (with arbitrary normalization) in LGD host
galaxies. The error bars assume a Poisson distribution. The upper-limits of surface density
(with +1 SN if none is found) are represented by down arrows. The black solid and red dashed
lines are the best maximum-likelihood fits of global and inner-truncated (from 0.48 corotation
radii outwards to avoid the obscured inner region [grey shaded|) exponential surface density
models, respectively. The inset presents the histogram of SN radii (the mean value is shown by
arrow).

distributions of Rc/Rgs values of LGD and SGD galaxies. Also, it is important to note, that
the (Rc/Ras) value for LGD galaxies is in good agreement with that (= 0.45) adopted in [61].

To check the possible impact of DWs on the distribution of SNe (as schematically presented
in Fig. 3.3), we now normalize the SN radii to the corresponding corotation radii of host galaxies.
When a host galaxy has two corotation radii in Table 3.4, we use a proximity criterion, selecting
only the value of R that is closest to the value of Rgn. For LGD host galaxies, Fig. 3.6
displays the histogram and surface density of 44 CC SNe positions in units of the corotation
radii (Rsn/Rc). The surface density of CC SNe is consistent with the best-fitting global
(Pxs = 0.600, Pxp = 0.463) and inner-truncated (Pxs = 0.457, Pap = 0.526) exponential
profiles with the MLE scale lengths of (0.60 £+ 0.04) R¢ and (0.57 & 0.05) R¢, respectively.
However, the figure indicates a strong dip at the corotation radius, and excess surface densities
of CC SNe at ~ 0.8 and 1.5 R¢.

Since the lifetime of massive progenitors of CC SNe is significantly short, their explosion

sites, on average, coincide with the birthplace. Therefore, the prominently high surface density
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Figure 3.7: Differential distribution of the distances of CC SNe to nearest corotation radius
in the global disc of LGD galaxies (normalized to the corotation radius). The inset presents
the CDF of the distances. The black curves indicate the distribution of normalized distances
to corotation expected for the best-fitting exponential surface density model (scale length of
0.60 R¢), using egs. (3.1), (3.2), (3.3), and (3.4).

of CC SNe in comparison with the best-fitting exponential profile around the mentioned radii,
inside and outside the corotation region, can be considered as a plausible indicator of triggered
massive SF by the DWs in LGD host galaxies. These results are in agreement with those
of [166], who found clear evidence of massive SF triggering in the sense of a high density of H 11
regions at the fixed radii, avoiding the corotation region, created after the passage of the arm
material through the DW in some GD galaxies (see also [54, 56]).

Considering that the different LGD host galaxies have various corotation radii (see Table 3.4
and Fig. 3.4) distributed around the mean value of (Rc/Ras) = 0.42 £ 0.18 (see Fig. 3.5), the
radii of triggered SF by DWs should be blurred within a radial region including ~ 0.4 to ~ 0.7
range in units of Ras, preventing to observe a drop in the mean corotation region (middle panel
of Fig. 3.2). Therefore, most probably, the impact of DWs (triggering effect) is responsible for
a marginally higher surface density of CC SNe within the mentioned radial range, and for the
inconsistency of the surface density distribution with the inner-truncated exponential profile in
LGD hosts (middle panel of Fig. 3.2 and Table 3.3).

To check the significance of the drop of surface density at R¢ and excess at ~ 0.8 and 1.5 R¢

(see Fig. 3.6), we study the distribution of CC SNe distances to the nearest corotation in units
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of corotation radius, D = |Rsy — Rc|/Rc. Fig. 3.7 displays the differential and cumulative
distances in the global disc of LGD galaxies. Since a given value of distance can occur either
for position 1 — D or for position 1+ D (both in units of corotation radius), the probability

distribution function (PDF) of distances follows

fA-D)+f(1+D) 0<D<1

PDF(D) = (3.1)
f(1+ D) D>1
@) = o5 exp(=7) (3.2)

where h is the best-fitting scale length of the SNe (in units of the corotation radii). The CDF

for D is then

g1 —=D)—g(1+D) 0<D<1

CDF(D) = (3.3)
1—-g9(1+ D) D>1
gla) = (1+7) exp(—7). (3.4)

In Fig. 3.7, the black curves are the best-fitting (with MLE) expected distribution. Fig. 3.7
highlights the lack of CC SNe at corotation and excess outside/inside the R¢ in the LGD hosts.
However, a KS test indicates a P-value of 0.176, while an AD test indicates a P-value of 0.197.
We check the significance of the drop/excess in the global disc, adding also four CC SNe from
SGD sample. The result is: Pxs = 0.170 and Pap = 0.224. For the inner-truncated disc of
LGD (LGD+SGD) galaxies, the Pxs = 0.353(0.445) and Pap = 0.299 (0.428). Thus, the lack
of CC SNe at corotation and excess at ~ 0.8 and 1.5 R¢ do not appear statistically significant.
Note that these tests ignore the uncertainties on the corotation radii. Including them would
weaken even more the statistical significance of these features in the surface density profile of
CC SNe.

It is important to note that, if one wants to test the SF activity at the corotation, the
estimates of corotation radii based on kinematic or dynamic arguments [199] would be preferable

as they would be more independent of the regions with lack of SF [186] or specific morphological
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features in the discs [194]. Only 18 CC SNe (17 in LGD and one in SGD) have host galaxies
with such preferable estimates of R¢. If we consider only these objects, the triggering evidence
and the dip in the global disc remain not significant (Pxg = 0.514 and Pyp = 0.425), probably
due to even smaller statistics.

Another importance is that galaxies with several spiral patterns with different angular ve-
locities, i.e. more than one corotation, might have interactions between the patterns (e.g. at
R¢ of one with inner/outer Lindblad resonance of the other [199]) causing turbulence in the
interface regions between the patterns and thereby increase SF activity at those regions (see
reviews by [160,161]). Therefore, the distribution of CC SNe (Figs. 3.6 and 3.7) might be
contaminated by the objects at the R¢, weakening the observed dip. In Table 3.4, we see that
31 CC SNe (30 in LGD and one in SGD) have host galaxies with single Rc. If we consider only
these objects, the triggering evidence and the dip in the global disc are again statistically not
significant (Pxs = 0.457 and Pap = 0.354).

Unfortunately, due to the insufficient number of CC SNe in SGD galaxies (only 4 objects,
see Table 3.4), as well as Type Ia SNe in the LGD (4 cases) and SGD (4 objects) subsamples,
a similar study of their distributions relative to R¢ is ineffective. In the future, when more
information is available on corotation radii of SN host galaxies, we will be able to extend our

study including all SN types in LGD and SGD galaxies.

3.5 Chapter Conclusions

In this Chapter, using a well-defined and homogeneous sample of SN host galaxies from the
coverage of SDSS DR13, we analyse the radial and surface density distributions of Type la and
CC SNe in host galaxies with different ACs to find the possible impact of spiral DWs as triggers
for SF. Our sample consists of 269 relatively nearby (< 150 Mpc, the mean distance is 82 Mpc),
low-inclination (i < 60°), morphologically non-disturbed and unbarred Sa—Sc galaxies, hosting
333 SNe in total. In addition, we perform an extensive literature search for corotation radii,

collecting data for 30 host galaxies with 56 SNe.
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The main results concerning the deprojected and inner-truncated (7 > 0.2) distributions of

SNe in host galactic discs are the following:

1. We find no statistical differences between the pairs of the Rs5-normalized radial distribu-
tions of Type Ia and CC SNe in discs of host galaxies with different spiral ACs, with only
one significant exception: CC SNe in LGD and NGD galaxies have significantly different
radius distributions (Table 3.2). The radial distribution of CC SNe in NGDs is concen-
trated to the centre of galaxies with relatively narrow peak and fast exponential decline
at the outer region, while the distribution of CC SNe in LGD galaxies has a broader peak,

shifted to the outer region of the discs (upper panel of Fig. 3.2).

2. The surface density distributions of Type Ia and CC SNe in most of the subsamples
are consistent with the exponential profiles. Only the distribution of CC SNe in LGD
galaxies appears to be inconsistent with an exponential profile (Table 3.3 for the AD
statistic but only very marginally so for the KS statistic), being marginally higher at
0.4 < Rsn/Ros < 0.7. The inconsistency becomes more evident when comparing the

same distribution with the scaled exponential profile of CC SNe in NGD galaxies (middle

panel of Fig. 3.2).

3. Using a smaller sample of LGD galaxies with estimated corotation radii, we show, for the
first time, that the surface density distribution of CC SNe shows a dip at corotation, and
enhancements at 705 corotation radii around it (Fig. 3.6). However, these features are not

statistically significant (Fig. 3.7). The CC SNe enhancements around corotation may, if

confirmed with larger samples, indicate that massive SF is triggered by the DWs in LGD
host galaxies. Considering that the different LGD host galaxies have various corotation
radii (Table 3.4 and Fig. 3.4) distributed around the mean value of (R¢/Ra5) = 0.42+0.18

(Fig. 3.5), the radii of triggered SF by DWs are most probably blurred within a radial

region including ~ 0.4 to ~ 0.7 range in units of Ry5, without a prominent drop in the

mean corotation region (middle panel of Fig. 3.2).

These results for CC SNe in LGD galaxies may, if confirmed with larger samples and better
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corotation estimates, support the large-scale shock scenario [59|, originally proposed by [162],

which predicts a higher SF efficiency, avoiding the corotation region [54, 56,61, 166].
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Constraining Type Ia SNe via their

distances from spiral arms

4.1 Introduction

From host galaxy studies, significant correlations are observed between SN Ia LC decline
rate and the global ages of their hosts or local age at SN explosion sites |39, 52,157,158, 207|.
On average, SNe Ta with larger Amy5 values are associated with older stellar environments.
On the other hand, important relationships between host stellar population and properties of
SNe Ia progenitors can be found by looking at the distribution of SNe Ia relative to spiral arms
of galaxies [61,66|. It is worth noting that, according to the spiral DW theory [53,162|, SF
typically occurs at shock fronts near the edges of spiral arms. However, SN Ia LC decline rates
have never been examined in SN studies based on where they are located on spiral arms or
between, as well as Am;; as a function of the mentioned distance. In this Chapter, we link the
Amys and SN Ia distributions relative to spiral arms of nearby host galaxies and demonstrate,
for the first time, how this could provide another interesting way to study the properties of

SN Ta progenitors.

81
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4.2 Sample selection and reduction

The database of this Chapter consists of SNe Ia from the sample of [52], after applying the
restrictions described below. Note that [52] database is a compilation of 407 nearby SNe Ia (z <
0.036) with known spectroscopic subclasses and B-band LC decline rates (Am;s). In addition,
the database contains information on the distances of SNe la host galaxies, morphologies,
ugriz magnitudes, and other parameters. For the current study, we selected only normal, 91T-,
and 91bg-like SN Ta subclasses, which include a sufficient number of events from a statistical
perspective.

For hosts, we restricted to Sab—Scd morphologies since we are interested in studying SNe Ia
in galaxies with well-developed arms, where spiral DWs play an important role [167,177,208].
Following the approach of [73], we visually checked the levels of morphological disturbances
of the host galaxies using their images from different surveys. The hosts with interacting and
merging attributes were excluded from the sample since we are interested in studying SNe Ia
in non-disturbed spiral galaxies. In addition, to avoid projection and absorption effects in the
discs due to high inclinations, as well as to accurately investigate the immediate vicinity of SNe
in terms of the existence of host spiral arms, the sample is limited to galaxies with ¢ < 60°.
Only 142 SNe Ia in 137 host galaxies met the applied restrictions.

In spiral galaxies, the vast majority of SNe Ia belonging to normal, 91T-, and 91bg-like
subclasses are discovered in disc of hosts [209]. Given this and using SN coordinates on the
g-band images,' for each SNe la we visually inspected the area of a circular ring in a quadrant
of host disc, where the SN is discovered, in terms of presence of well-pronounced spiral arms.
This is important because we aimed to link SN progenitors to a population of stars born due
to the SF after passing and compressing gas clouds through the DW [60,61]. SNe Ia in the
circumnuclear region or in the far outer disc (SN galactocentric distance < 0.1 Ry; or > Ras)
were excluded from this study,? as well as those visually identified within the radius swept up

by host galactic bar. As a result of this selection, we were finally left with 77 SNe Ia in 74 host

'We used the FITS images from the SDSS sdss.org), the SkyMapper (skymapper.anu.edu.au), and the Pan-
STARRS (outerspace.stsci.edu/display /PANSTARRS) surveys.
2Ry5 is the g-band 25'™ magnitude isophotal semi-major axis of the disc.


https://www.sdss.org/
https://skymapper.anu.edu.au/
https://outerspace.stsci.edu/display/PANSTARRS
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Table 4.1: Morphological distribution of the sampled SNe Ta host galaxies, split between dif-
ferent SN subclasses.

SN Sab Sb Sbhc Sc Sed All
Normal 6 18 25 17 1 67
91T 2 0 4 2 0 8
91hg 2 0 0 0 0 2
ALL 10 18 29 19 1 77

Table 4.2: Numbers of arm and interarm SNe Ia within Sab—Scd galaxies, split between different
SN subclasses.

SN arm nterarm
Normal 37 30
91T 6 2
91bg 0 2
All 43 34

galaxies (see Table 4.1).

We determined the host spiral arm structures and the SNe positions with respect to the
spiral arms according to the approaches detailed in [61]. In short, we defined arm and interarm
SNe Ia that are discovered inside the host arm edges or in the interarm region, respectively. To
accomplish this, we used the residual images of the host galaxies after subtraction of the fitted
/4 bulge+exponential disc profiles from the smoothed g-band fits images. In the residual
images, the values of the interarm pixels are negative, since the fitted profiles use fluxes from
both the arm and interarm regions. Similar to [61], we fixed the edges of the spiral arms when
the flux values change the sign. Fig. 4.1 shows examples of original and bulge+disc subtracted
images of galaxies that host arm and interarm SNe Ta. Table 4.2 lists the numbers of SNe Ia
in arm and interarm subsamples.

For each SNe Ia in the subtracted images, we measured the distance (d) from the g-band
surface brightness peak of the nearest spiral arm through the galactocentric direction (bs dis-
tance in Fig. 4.2). Only for two cases (SN1997cw and SN2002ck), the interarm SN association
with the nearest spiral arm is somewhat ambiguous. Following [61]|, we normalized d to the

corresponding semiwidth of the spiral arm, i.e. d= d/W., to compensate for the various linear
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NGC 3687

Rea dual Image

NGC 5861

Figure 4.1: Upper panels: SDSS g-band image of interarm SN 1989A host galaxy (left) and
its residual image (right), after subtracting bulge and disc components. Bottom panels: Pan-
STARRS g-band image of arm SN 2017erp host (left) and its residual image (right). The
locations of SNe are signed by crosses in all images (north is up and east to the left). Names
of host galaxies are noted. In the residual images, bright projected stars are masked.
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Table 4.3: The database of 77 SNe Ia of the study. The first ten entries are presented, while
the entire table are available online [210].

SN Arm/interarm definition d D TSN
1989A interarm 1.442  0.272  0.524
1989B arm 0.220 0.420 0.171
1990N arm 0.830  0.117  0.859
19900 interarm 1.753  0.541 0.764
1995al arm 0.516  0.601  0.302
1995E arm 0.478 0.398 0.411
1996ai arm 0.584 0.163 0.151
1996bo arm 0.445 0.537 0.122
19967 interarm 1.226  0.173  0.649
1997bp interarm 2.326  0.837 0.459

sizes of the arm width. The semiwidth is the distance from the spiral arm peak to the in-
ner/outer edge of the arm through the galactocentric direction. The W_ is the inner semiwidth
(ba length in Fig. 4.2) with negative sign when SN is located between the nearest spiral arm
peak and the host galaxy nucleus, and the W, is the outer semiwidth (bc length in Fig. 4.2)
with positive sign when the arm peak is between SN and the nucleus (see [61], for details).

It is worth noting that, according to the DW theory [53,162|, SF activities usually take
place at a shock front around the inner edges of spiral arms inside the corotation radius (R¢),
and around the outer edges of arms outside the corotation (see Fig. 4.2). For each SNe Ia, we
also measured the distance (D) from the shock front of spiral arm through the galactocentric
direction (as and cs distances in Fig. 4.2 inside and outside R¢ radius, respectively). We
normalized D to the width (W) of the spiral arm (ac length in Fig. 4.2), i.e. D = D/W.

In addition, we estimated the deprojected galactocentric distances of SNe la (Rgx), using
well-known approach of correction for the host galactic disc inclination (see for details [138]).
This requires the offsets of SNe from the nucleus of host galaxies (Aa and AJ), the PA and
inclinations of the discs. Eventually, for each SNe Ia, the Rgy is normalized to the g-band
Ry, i.e. Tsy = Rsn/Ras, to compensate for the various linear sizes of hosts. Note that the
mentioned parameters are not listed in [52], however they were compiled and/or estimated at

the time of that study and are now available online [210].
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Figure 4.2: A scheme of GD galaxy with logarithmic arms (only one arm is shown), where
additional SF is triggered by DWs. The arrow indicates the galaxy’s rotational direction around
nucleus (0). Thick black and blue dashed curves present shock fronts of spiral arm and arm’s
density (brightness) peak, respectively. A broad gray ring and a red solid circle indicate the
corotation region and radius R, respectively. Two orbits of SN progenitors are represented
by red dashed circles. The purple arc depicts traveled distance of an SN progenitor from
birthplace (e) up to the explosion (s), through the arm peak (f) in the particular cases. The
radial directions connecting SNe and nucleus are shown by green lines. The ac, ba, and bc
lengths are full, inner, and outer (semi)widths of the arm, respectively.
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Figure 4.3: Cumulative Amy; distributions of all arm (green solid) and interarm SNe la (red
dashed). The associated spreads for each cumulative curve are shown by colored regions, taking
into account the uncertainty in Am;s values. Arrows show the mean values (with their standard
errors) of the distributions. The inset is the same but only for normal SNe Ia.

Table 4.3 contains new database of this paper on all 77 individual SNe Ia (SN name, arm

and interarm SN definition, d, D, Tsn), while [52] contains data on the spectroscopic subclasses

and B-band Am;; of the events, as well as data on host galaxies.

4.3 Results and discussion

4.3.1 SNe Ia in arm and interarm regions of spiral galaxies

Fig. 4.3 presents the cumulative Am;; distributions of all sampled SNe Ta in arm and
interarm regions. The inset in Fig. 4.3 shows the same distributions, but only for normal
SNe Ta. To statistically compare the distributions, we use nonparametric methods [93|: the

two-sample KS and AD tests.®> The P-values of the tests in Table 4.4 indicate that the two

3Due to the small number statistics, to get a better estimate of the P-value of the KS and AD tests, we employ
MC simulation with 10° iteration, as explained in detail in [52]. The threshold for the tests has traditionally
been set at a 5 per cent significance level.
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Table 4.4: Comparison of the LC decline rate distributions of arm and interarm SNe Ta.

SN NarmSN <Am15> Versus Ninterarm SN <Am15> P}lz{SC PM)C

All 43 1.09%£0.03 versus 34 1.23+0.04 0.006 0.005

Normal 37  1.12£0.03 versus 30 1.21£0.04 0.037 0.075
Notes. The Amis mean values and their standard errors for each sample are presented. MC
simulation with 10° iteration is used to provide Py and PyS’ probabilities for the KS and AD
tests. Differences in the distributions that are statistically significant (P < 0.05) are marked
in bold.

Amy5 distributions, being compared for all sampled SNe Ia, are significantly different. For each
SN Ia subclass, we also try to perform the same comparison. However, this can only be done for
normal SNe la, while the numbers are insufficient for 91T- and 91bg-like events (see Table 4.2).
As for all SNe Ia, the tests’ results show that the Am;5 distributions of normal SNe Ta in arm
and interarm regions are inconsistent significantly (with only barely AD test significance): the
Amys values of arm SNe Ia are, on average, smaller (slower declining LCs) in comparison with
those of interarm SNe Ia (faster declining LCs).

The results presented above can be interpreted within the framework of DW theory [53,162]
and WD explosion models with a sub-Mcy, [28,29]. According to the DW theory, stars (or SN Ia
progenitors) were born around shock fronts of spiral arms (birthplace e in Fig. 4.2) and migrate
in the same direction as the disc rotation relative to the spiral pattern (traveled distance eS).
In comparison with arm SNe Ia, interarm SNe Ia should have, on average, longer lifetime of
their progenitors to travel from the birthplace through the entire arm and explode in interarm
regions. Therefore, it can be assumed that interarm SNe Ia originates from an older progenitors
than those in arms. The arm/interarm separation thus provides an effective way to distinguish,
on average, between younger and older SN Ta progenitors.

On the other hand, as mentioned in the Introduction, in sub-Mcy, explosion models [26,27|
the Amqs of SN Ia is correlated with the age of the progenitor system (larger Amqs values -
older progenitors; [28,29]). The described link, together with what is indicated in the paragraph
above, allows us to assume that interarm SNe Ia come, on average, from older stellar population

with faster declining L.Cs in contrast to arm SNe Ia.
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Table 4.5: Results of Spearman’s rank correlation tests for different continuous parameters of
SNe Ia.

SN Ngn  Par. 1 versus Par. 2 T PMC
All 77 Amys versus ren 0.032 0.783
Normal 67 Amqs versus ren —0.021 0.867
All 77 d versus Tsx 0.330  0.003
Normal 67 d versus TSN 0.370  0.002
All 77 Amys versus D 0.283  0.011
Normal 67 Amys versus D 0.280 0.022
All 77 Amys versus |d| 0.183  0.111
Normal 67 Amys versus |d| 0.077  0.360

Notes. Spearman’s coefficient (—1 < ry < 1) is a measure of rank correlation. The test’s
null hypothesis is that the variables are independent, whereas the alternate hypothesis is that
they are not. The permutations with 10° MC iterations are used to generate the PMC values.
Statistically significant correlations are marked in bold (P < 0.05).

4.3.2 The distribution of SNe Ia relative to spiral arms

To supplement and develop the results obtained in the previous section, it is preferable to
analyse continuous parameter distributions, such as the galactocentric radii of SNe and their
distances from the host spiral arm, and relate them with SN LC decline rates rather than
utilizing the arm and interarm discrete binning of SNe Ta.

In this context, a negative radial gradient of stellar population age seen in spiral discs [151]
prompts us to check the dependency between the Am;ys and rsy of SNe Ia. This dependency has
been studied extensively in the past, but no significant correlation has been found [36,43,155,
209]. For different subsamples of our study, the Spearman’s rank test in Table 4.5 also shows not
significant trends between the mentioned parameters. In our recent study [209], we explained
this negative result by the observed fact that in stacked spiral discs the azimuthally averaged
stellar population age radially varies only from around 10 down to 8.5 Gyr from the center to
the periphery [151]. While a significant correlation is observed between the LC decline rate
and the global ages of hosts (the ages range approximately from 1 to 10 Gyr, [39,52,157,158]).
The relatively narrower radial age range is most likely the reason why the Amq5 versus rgy
correlation cannot be well-observed.

However, we can uncover an important relationship between host stellar population and
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Figure 4.4: Distribution of the distances of SNe Ia relative to the peaks of spiral arms versus the
deprojected and normalized galactocentric distance. The inner and outer edges (solid lines), as
well the peak of spiral arm (dashed line) are shown by parallel lines. The best fits for all and
normal SN subclass are presented by the solid- and dashed-thick lines, respectively. The error
bars in the bottom-right corner display the typical measurement errors.
properties of SNe Ia progenitors by looking at the distribution of SNe Ia relative to spiral arms
of galaxies [60,61,66|. The relation between the normalized distances d of SNe Ta from the arm
peak and their deprojected and normalized galactocentric distances rsy are shown in Fig 4.4.
There is a positive trend between the parameters, as shown by the fit line to the data. The
Spearman’s rank correlation test in Table 4.5 indicates that this trend is statistically significant
for all and normal SNe Ia samples. In [61], the corresponding trend was not significant, probably
because of approximately 3.5 times smaller sample of SNe Ia and their different selection criteria
for hosts and SN Ta subclasses.

In Fig 4.4, the fit line to the distances of SNe Ia relative to the arm peak intersects with
the arm roughly at a value of 0.35 in units of isophotal radii. Since direct measurements of
the corotation radii of host galaxies are not available for the current sample, we examine the

averaged value of R for seven host galaxies of SNe Ia from our previous paper [208]. These

galaxies’ averaged morphological type, Shec, agrees well with that of the host galaxy sample
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used in the current study (Table 4.1). Moreover, the mean R¢ ~ 0.38 £ 0.05 for the mentioned
sample from [208] is in good agreement with the intersection point in Fig 4.4. Therefore, this
intersection point 0.35 can be adopted as an average corotation radius for our hosts in units of
isophotal radii.

The findings in Fig 4.4 can be interpreted in the context of the DW theory where the
steady waves in GD galaxies have a strong influence on triggering SE' processes close to the
shock fronts of spiral arms ( |53, 162|, see also Fig. 4.2). This is supported by the mentioned
quantitative agreement for the average corotation radius of hosts and the observational fact
that the SNe la explosion sites are mainly distributed around the inner and outer edges of the
arms (shock fronts) inside and outside the corotation radius, respectively. Such locations of
SNe Ta may be due to a combination of the circular velocity of progenitors in the disc relative
to the pattern speed of the spiral arms [61] and the ages of SN Ia progenitors [145]. Long lived
progenitors could travel farther by their circular orbits from the birthplaces around the shock
fronts to the explosion sites. Inside the corotation radius this circular direction is from the
inner to outer edges, while outside the corotation the direction is from the outer to inner edges
of arms (e.g. es arcs in Fig 4.2). Given that spiral galaxies are outnumbered by short-lived
(prompt, i.e. 200-500 Myr) SN Ta progenitors [137,145], we observe their distribution close to
their birthplaces around the shock fronts.

From the above described DW scenario, we can assume that the traveled circular distance
of SN progenitor is an indicator of their age. On the other hand, from the esc (esa) curvilinear
triangle outside (inside) the corotation in Fig 4.2, it can be understood that the sc (sa) distance
is proportional to the es distance. Here, the sc (or sa) is the distance of SN Ia from the shock
front of spiral arm through the galactocentric direction, which we measured in Section 4.2 and
normalized to the arm width (i.e. D), while the es is the traveled circular distance of SN
progenitor.

Considering that SNe Ia LC decline rate can also be an age indicator for the progenitors in
sub-M¢y, explosion models, in Table 4.5 and Fig 4.5 we study the correlations between Amy;

values and D distances from the shock fronts of host spiral arms. The corresponding P, values
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Figure 4.5: Distributions of Am;s values of SNe Ta versus D distances from the shock fronts of
host spiral arms. The best fits for all and normal SN subclass are presented by the solid- and
dashed-thick lines, respectively.

in Table 4.5 show that there are significant correlations between these parameters. The result
enables us to draw the conclusion that, on average, the progenitors of SNe Ia with smaller
Amqs values have shorter lifetimes and thus traveled shorter distances from the shock fronts,
i.e. birthplace, in contrast to progenitors with larger Amy5 values, which have longer lifetimes
and thus traveled farther away from the shock fronts.

The correlation tests in Table 4.5 show the positive trend between the Amqs of SNe Ia
and their measured distances from the arm peak, which might be assumed from the result of
the Amgs differences between SN Ia in arm/interam regions. However, the P, values of the
test show that this trend is not statistically significant. This insignificance likely caused by
the blurs in |Elv| as a lifetime indicator in the distribution of Am;s versus \cﬂ, because the SN
distance from the arm peak does not represent the progenitors’ traveled distance during entire
lifetime (till to SN explosion): the spiral arm peak cannot be considered as a main birthplace
of progenitors of SNe Ta.

It is worth noting that when conducting all statistical tests of our study without two SNe Ia
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with ambiguous association with the nearest spiral arm (see Section 4.2), all the results of the

study and their significance remain unchanged.

4.4 Chapter Conclusions

In this Chapter, using a sample of Sab—Scd galaxies hosting 77 SNe Ia and our measurements
of the SN distances from the nearby spiral arms, we perform an analysis of the SNe distribution
relative to host arms and study their LC decline rates (Am;s).

We demonstrate that the Amy; values of arm SNe Ia are typically smaller (slower declining)
than those of interarm SNe Ia (faster declining).

We show that the SN distances from the spiral arms and their galactocentric radii are
correlated: before and after the average corotation radius, SNe ITa are located near the inner
and outer edges (shock fronts) of spiral arms.

For the first time, we find a correlation between Am;s values and the SN distances from
the shock fronts of the arms.

The results can be interpreted within the frameworks of DW theory, where SN progenitors
were born around shock fronts of spiral arms and migrate crossing the spiral pattern to the
explosion sites, and WD explosion models with sub-M¢y,, where SN LC decline rate is an
indicator of progenitor age. On average, the progenitors of SNe Ia with smaller Am;; values
have shorter lifetimes and thus traveled shorter distances from the shock fronts, i.e. birthplace,
in contrast to progenitors with larger Am;; values, which have longer lifetimes and thus traveled

farther away from the shock fronts.



(General Conclusions

This PhD thesis is concerned with the study of SNe and their host galaxy dynamical features.

The most significant conclusions are follows:

1. In Sa-Sm galaxies, all CC and the vast majority of Type Ia SNe belong to the disc, rather
than the bulge component. The result suggests that the rate of SNe Ia in spiral galaxies is
dominated by a relatively young/intermediate progenitor population. This observational
fact makes the deprojection of galactocentric radii of both types of SNe a key point in

the statistical studies of their distributions.

2. The radial distribution of Type Ia SNe in S0-S0/a galaxies is inconsistent with that in
Sa—Sm hosts. This inconsistency is mostly attributed to the contribution by SNe Ia in
the outer bulges of S0-S0/a galaxies. In these hosts, the relative fraction of bulge to
disc SNe Ia is probably changed in comparison with that in Sa-Sm hosts, because the
progenitor population from the discs of S0-S0/a galaxies should be much lower due to

the lower number of young/intermediate stellar populations.

3. The radial distribution of CC SNe in barred Sa—Sbc galaxies is not consistent with that
of unbarred Sa-Sbc hosts, while for Type Ia SNe the distributions are not significantly
different. At the same time, the radial distributions of both Type Ia and CC SNe in
Sc-Sm galaxies are not affected by bars. These results are explained by a substantial
suppression of massive SF in the radial range swept by strong bars of early-type barred

galaxies.

4. The radial distribution of CC SNe in unbarred Sa-Sbc galaxies is more centrally peaked
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and inconsistent with that in unbarred Sc-Sm hosts. On the other hand, the radial
distribution of Type Ta SNe in unbarred galaxies is not affected by host morphology.
These results can be well explained by the distinct distributions of massive stars in the
discs of early- and late-type spirals. In unbarred Sa—Shc galaxies, SF is more concentrated
to the inner regions (Ha emission outside the nucleus) and should thus be responsible for

the observed radial distribution of CC SNe.

5. The radial distribution of CC SNe, in contrast to Type Ia SNe, is inconsistent with
the exponential surface density profile, because of the central (7 < 0.2) deficit of SNe.
However, in the 7 € [0.2; 00) range, the inconsistency vanishes for CC SNe in most of the
subsamples of spiral galaxies. In the inner-truncated disc, only the radial distribution of
CC SNe in barred early-type spirals is inconsistent with an exponential surface density
profile, which appears to be caused by the impact of bars on the radial distribution of

CC SNe.

6. In the inner regions of non-disturbed spiral hosts, we do not detect a relative deficiency of
Type Ia SNe with respect to CC, contrary to what was found by other authors, who had
explained this by possibly stronger dust extinction for Type Ia than for CC SNe. Instead,
the radial distributions of both types of SNe are similar in all the subsamples of Sa—Sbc
and Sc—Sm galaxies, which supports the idea that the relative increase of CC SNe in the
inner regions of spirals found by the other authors is most probably due to the central

excess of CC SNe in disturbed galaxies.

7. As was found in earlier studies, the physical explanation for the more concentrated distri-
bution of SNe Ibc with respect to SNe II in non-disturbed and unbarred spiral galaxies is
that SNe Ibc arise from more metal-rich environments. The radial distributions of Types
Ib and Ic SNe are sufficiently similar that the KS and AD tests fail to distinguish them

with statistical significance.

8. As in earlier studies, we confirm that in the stacked spiral disc, the Ami5 of SNe Ia

do not correlate with their galactocentric radii, and such disc is outnumbered by slower
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10.

11.

12.

declining/prompt events.

For the first time, we demonstrate that from the perspective of the dynamical timescale
of the SFD, its old stellar population (22 Gyr) hosts mostly faster declining SNe Ia
(Amys > 1.25). By linking the LC decline rate and progenitor age, we show that the

SED phenomenon gives an excellent possibility to constrain the nature of SNe Ta.

We find no statistical differences between the pairs of the Ros-normalized radial distribu-
tions of Type Ia and CC SNe in discs of host galaxies with different spiral ACs, with only
one significant exception: CC SNe in LGD and NGD galaxies have significantly different
radius distributions. The radial distribution of CC SNe in NGDs is concentrated to the
centre of galaxies with relatively narrow peak and fast exponential decline at the outer
region, while the distribution of CC SNe in LGD galaxies has a broader peak, shifted to

the outer region of the discs.

The surface density distributions of Type Ia and CC SNe in most of the subsamples are
consistent with the exponential profiles. Only the distribution of CC SNe in LGD galaxies
appears to be inconsistent with an exponential profile for the AD statistic but only very
marginally so for the KS statistic), being marginally higher at 0.4 < Rgn/Ras < 0.7.

The inconsistency becomes more evident when comparing the same distribution with the

scaled exponential profile of CC SNe in NGD galaxies.

Using a smaller sample of LGD galaxies with estimated corotation radii, we show, for
the first time, that the surface density distribution of CC SNe shows a dip at corotation,
and enhancements at T)5 corotation radii around it. However, these features are not
statistically significant. The CC SNe enhancements around corotation may, if confirmed
with larger samples, indicate that massive SF is triggered by the DWs in LGD host
galaxies. Considering that the different LGD host galaxies have various corotation radii
distributed around the mean value of (R¢/Ra5) = 0.42 + 0.18, the radii of triggered SF
by DWs are most probably blurred within a radial region including ~ 0.4 to ~ 0.7 range

in units of Rys, without a prominent drop in the mean corotation region.
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13.

14.

15.

In Sab-Scd galaxies, the Amys values of arm SNe Ia are typically smaller (slower declin-

ing) than those of interarm SNe Ia (faster declining).

The SN distances from the spiral arms and their galactocentric radii are correlated: before
and after the average corotation radius, SNe Ia are located near the inner and outer edges

(shock fronts) of spiral arms.

For the first time, we find a correlation between Amq5 values and the SN distances from
the shock fronts of the arms. The results can be interpreted within the frameworks of
DW theory, where SN progenitors were born around shock fronts of spiral arms and
migrate crossing the spiral pattern to the explosion sites, and WD explosion models with
sub-Mcy, where SN LC decline rate is an indicator of progenitor age. On average, the
progenitors of SNe Ta with smaller Am;; values have shorter lifetimes and thus traveled
shorter distances from the shock fronts, i.e. birthplace, in contrast to progenitors with
larger Amq5 values, which have longer lifetimes and thus traveled farther away from the

shock fronts.
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