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Abstract

The thesis is devoted to the investigation of the diversity of type la supernovae (SNe)
progenitors. First of all we present an analysis of the height distributions of the
different types of SNe from the plane of their host galaxies. We use a well-defined
sample of 102 nearby SNe appearing inside high-inclined (i = 85°), morphologically
non-disturbed SO-Sd host galaxies from the Sloan Digital Sky Survey. Then, in the next
chapter, using spectroscopically classified normal, 91T-, and 91bg-like 197 SNe la, we
perform an analysis of their height distributions from the disc in edge-on spirals and
investigate their light-curve (LC) decline rates (Am;s).

After this, we present an analysis of the LC decline rates of 407 normal and peculiar
SNe la and global parameters of their host galaxies. Next, we perform an analysis of the
galactocentric distributions of the normal and peculiar 91bg-like subclasses of 109 SNe
la, and study the global parameters of their elliptical hosts.

To perform various comparisons between the properties/numbers of the different
subsamples, we use the well-known statistical tests (Kolmogorov-Smirnov and
Anderson-Darling tests, etc.) with the implementation of the WOLFRAM
MATHEMATICA software and Monte Carlo simulations. In addition to the mentioned
tests, we use the Kendall’s v and Spearman’s (p) rank coefficients/tests to analyse the
possible correlations between the physical (intrinsic) properties of SNe la (subclass,
Amys, etc.) and their host galaxies (stellar mass, age, etc.).

Our investigation of SNe la LC decline rates at different locations within their host
galaxies aided in distinguishing between SNe la with young progenitors (slow-
decliners), corresponding to the “prompt” component with short delay times, and
those (fast-decliners) with “older” components exhibiting long delay times. The
observational findings are in line with the SN la explosion models involving a sub-Mch
mass white dwarf (WD), where the SN LC decline rate serves as a suitable indicator of
progenitor population age.

Relevance and motivation

The detailed understanding of the spatial distribution of SNe in galaxies provides
important links between the nature of SNe progenitor stars and host galactic stellar
populations. These links make it possible to constrain crucial physical parameters of
various SN progenitors, such as their masses, ages, and metallicities. Despite numerous



excellent studies, the progenitor nature and explosion channels of SNe have been the
subject of controversy for decades.

There are many efforts in studying the links between the spectral as well as LC
properties of SNe la and the global as well as local properties at SN explosion sites of
their host galaxies, such as mass, colour, SFR, metallicity, and age of the stellar
population. In short, these studies showed that more luminous and slower declining
SNe la explode, on average, in galaxies with later morphological type, lower mass,
higher specific SFR, and younger stellar population age (for SN local environment as
well). In [1], recently claimed a significant correlation between the SN la luminosity (or
LC decline rate) and the stellar population age of its host, at a 99.5% confidence level.
They suggested that the previously reported correlations with host morphology, mass,
and SFR are originated from the difference in population age. However, SN la samples
in these studies consist only of spectroscopically normal events with known LC
properties, or sometimes include only a tiny portion of peculiar SNe la. Therefore, the
relations between LC properties of peculiar SNe la and the characteristics of their host
galaxies have not been explored in such detail as it was done for normal SNe la.

Moreover, in such studies, SNe la host galaxies with various morphological
properties, e.g. old ellipticals with spherically-distributed stellar content, lenticulars
with an old stellar population in a huge spherical bulge plus a prominent exponential
disc, and spirals with old bulge and young star forming disc components are
simultaneously included in the samples. In this case, it is difficult to precisely analyse
the spatial distribution of SNe, and associate them with a concrete stellar component
(bulge or thick/thin discs, old or intermediate/young) in the hosts due to different or
unknown projection effects. In addition, E-SO and spiral host galaxies have had
different evolutionary paths through major/minor galaxy-galaxy interaction, and
therefore, this important aspect should be clearly distinguished.

Usually, the spatial distribution of SNe in SO-Sm galaxies is studied with the
reasonable assumption that all core-collapse (CC) SNe and the vast majority of SNe la
belong to the disc, rather than the bulge population. Moreover, the distributions of
SNe in the disc are studied assuming that the disc is infinitely thin. The height
distribution of SNe from the disc plane is mostly neglected when studying the host
galaxies with low inclinations (close to face-on orientation) assuming that the
exponential scale length of the radial distribution is dozens of times larger in
comparison with the exponential scale height of SNe.



Direct measurements of the heights of SNe and estimates of the scales of their
vertical distributions in host galaxies with high inclination (close to edge-on
orientation) were performed only in a small number of cases. Mainly due to the small
number statistics of SNe and inhomogeneous data of their host galaxies, the
comparisons of vertical distributions of the different types of SNe resulted in
statistically insignificant differences. Therefore, while the detailed study of the vertical
distributions in edge-on galaxies has allowed to constrain ages, masses and other
physical parameters of their components, the lack of analogous studies on the
distribution of various SN subclasses has prevented the determination of their parent
populations via the direct comparison with the nearby extragalactic discs and the
thick/thin discs of the Milky Way (MW) galaxy.

Aim of the thesis

The main purpose of this PhD thesis is to investigate the vertical distributions of the
subclasses of SNe la in their edge-on host galactic discs and check the potential
correlation between SNe la LC decline rates and their heights, which may provide an
indication that both parameters are appropriate stellar population age indicators. As well
as to properly identify the diversity of SNe la, and better constrain the progenitor nature
and explosion channels through a comprehensive study of the SN la LC decline rates and
global properties of their host galaxies (e.g. morphology, stellar mass, colour, and age of
stellar population). An additional objective is to investigate the galactocentric
distributions of various subclasses of type la SNe within elliptical host galaxies.

Novelty of the work

e  For the first time, we present an analysis of the height distributions of SNe
types, including different subclasses of SNe la, from the plane of their host
galaxies and investigate their LC decline rates.

e  We present an analysis of the LC decline rates of normal and peculiar SNe la
and global parameters of their host galaxies.

e  We discuss the possible explosion channels and present our favoured SN la
models that have the potential to explain the observed SN—-host relations.

e  We present an analysis of the galactocentric distributions of the normal and
91bg-like subclasses of SNe la, and study the global parameters of their
elliptical hosts.



Main points of defence

e  The vertical distribution of SNe types, also different subclasses of SNe la in
different morphological types of edge-on host galaxies are studied.

e SNe la progenitors’ ages are constrained by their vertical locations.

e  Correlation of SN la LC decline rates with their heights from the host discs are
obtained.

e The radial distributions of SN la subclasses, and their host elliptical galaxies’

colours and luminosity-weighted ages are compared.

Structure of the thesis

The thesis consists of Introduction, four Chapters, General conclusions and
Bibliography. The thesis contains 140 pages, including 31 figures and 31 tables.

Content of the thesis

In the Introduction the main characteristics of type la SNe are presented, with the
graphical representation of the relationship between the peak B-band magnitudes of
SNe la and their LC decline rates, emphasizing the discernible variations in photometric
characteristics across the SNe la subclasses. General relations between SNe la and
properties of host galaxies are presented, as well as LC properties of SNe la and the
global as well as local properties at SN explosion sites of their host galaxies, such as
mass, colour, SFR, metallicity, and age of the stellar population.

The content of the chapters of the thesis is given.

Chapter 1

The first chapter is devoted to the vertical distribution of SNe in disc galaxies. Detailed
studies of the vertical distributions of different stellar components in edge-on galaxies
allow to constrain their ages, masses, and other physical parameters. The lack of
comparable studies on the distribution of various SN types has motivated us to
determining their parent populations through direct comparison with nearby
extragalactic discs and the thick/thin discs of the MW galaxy. The purpose of this Chapter
is to address these questions properly through an investigation of the vertical



distributions of the main classes of SNe in a nearby sample of 102 SNe and their well-
defined edge-on S0-Sd host galaxies.

We fit sech? and exp forms of f(Z) profile to the distribution of normalized absolute
heights (|Z| = |v|/R,5) of SNe, using maximum likelihood estimation (MLE). It
immediately becomes clear that in all the subsamples of host galaxies the vertical
distribution of CC SNe is about twice closer to the plane of host disc than the distribution
of type la SNe. In fact, the two-sample Kolmogorov-Smirnov (KS) and Anderson-Darling
(AD) tests, shown in Table 1, indicate that this difference is statistically significant? in Sa-
Sd galaxies, although not significant if only late-type hosts are considered.

35,

Subsample 1 Subsample 2 £
Host SN Nsy Host SN Nsy Pgs  Pap 30.F E
Sa-Sd la 44  wversus  Sa-Sd  CC 48  0.045 0.025 25.F 14
Sa-SdT Ia 28 wversus  Sa-SdT CC 28 0011 0.003 £ 3
Sa-Sbe  Ia 21 versus  Sa-She CC 21 0041 0037w 20.f 3
S-S la 23 versus  Se-Sd CC 27 0690 0310 & sk 13
Sa-She  la 21 versus  Se-Sd  la 23 0387 0440 E
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Table 1. Comparison of the normalized

absolute  vertical ~ distributions (|| = Figure 1. Vertical distributions of type la (red

|vl/R,s) of SNe amongst different pairs of
subsamples. The P-values are bolded when
differences between the distributions are
statistically significant.

thick line) and CC (blue thin line) SNe in Sb—
Sc galaxies. The inset presents the
cumulative distributions of SNe and fitted
sech? (dashed curve) and exp (solid curve)

CDFs. The mean values of the distributions
are shown by arrows.

We conclude that the vertical distributions of type la and CC SNe in Sbh-Sc galaxies can
be well fitted by both the sech? and exp profiles. The vertical distribution of CC SNe is
significantly different from that of type la SNe, being 2.3+0.5 times more concentrated to
the plane of the host disc. In Fig. 1, we present the comparison of vertical distributions as
well as the fitted sech? and exp CDFs between both the types of SNe in Sbh-Sc host
galaxies.

Interestingly, [2] found that the scale height of a stellar population increases with age,
which is also correct for the MW galaxy. They used colour-magnitude diagrams to
estimate the ages of resolved stellar populations. The young population in their main-
sequence (MS) box of the colour-magnitude diagram is dominated by stars with ages
from ~10 up to ~100 Myr, the intermediate population in the asymptotic giant branch

! Traditionally, we chose the threshold of 5% for significance levels of the different tests.



(AGB) box is dominated by stars with ages from a few 100Myr up to a few Gyr, while the
old population in the red giant branch (RGB) box is dominated by stars with ages from a
few Gyr up to ~10 Gyr. In light of this, we compare in Table 2 the ratios of radial to
vertical scales of SNe with those detected from resolved stars in nearby edge-on late-
type galaxies [2] and from unresolved populations of extragalactic thick and thin discs
estimated using the edge-on surface brightness profiles [3], [4]. Here, to be consistent
with the original values from the references, we use the hgy /25" ratios.

Host h/zo Reference
Edge-on Sc galaxies” (RGB-box) 1.83£0.99 [2]
SNe Ia (Sb-Sc) 2.08 + 0.40 This study
Edge-on Sc galaxies” (AGB-box) 2404+ 1.30 [2]
Edge-on galaxies” (thick+thin disc) ~ 2.67 £ 0.86 [4]
Edge-on Sd galaxies® (thick disc) 287 +0.72 [3]
Edge-on Sc galaxies” (MS-box) 383+£1.79 [2]
SNe CC (Sh-Sc) 4.76 £+ 0.93 This study
Edge-on Sd galaxies® (thin disc) 548 £ 1.15 [3]

Table 2. Comparison of the length to sech? height ratios of type la and CC SNe in Sb—Sc galaxies
with those detected from resolved stars in nearby edge-on galaxies and from unresolved
populations of extragalactic thick and thin discs.

In Table 2, we see that the ratio of scales of the distribution of CC SNe is consistent
with those of the resolved MS-box stars in [2] and unresolved stellar population of the
thin disc in [3]. On the other hand, the hgy/z3" ratio of type la SNe is consistent and
located between the values of the same ratios of resolved RGB- and AGB-box stars,
respectively [2]. In addition, the hSN/ng ratio of type la SNe is consistent with those of
the unresolved population of the thick disc in [3] and with the thick+thin disc population
in [4].

These results are interpreted within the frames of the age-scale height relation of stars
in galaxy discs [2], and that type la SNe result from stars of different ages (from ~0.5 up
to ~10 Gyr), with even the shortest lifetime progenitors having much longer lifetime
than the progenitors of CC SNe (from a few Myr up to ~0.2 Gyr).

Chapter 2

In the second chapter, using spectroscopically classified 197 SNe la subclasses
(normal, 91T- and 91bg-like), we perform an analysis of their height distributions from
the disc in edge-on spirals and check the potential correlation between the SN la



heights from host discs and their LC decline rates, which may provide an indication that
both parameters are appropriate stellar population age indicators.

Subsample | Ngn  versus Subsample 2 Nsy  PMC  pMC
|Ul/R>s of Normal 144 versus |U|/Ra5 of 91bg 23 0.279  0.166
|Ul/Ras of Normal 144 versus |UN/Ras of 91T 30 0828  0.835
|UJ/R25 of 91bg 23 versus |U|/Ra5 of 91T 30 0756 0611
|V)/Ras of Normal 144 versus |VI/R25 of 91bg 23 0079 0.010
|V)/R2s of Normal 144 versus [V]/Ras of 91T 30 0685 0.588
|VI/Ras of 91bg 23 versus [VI/R2s of 91T 300 0033 0.022

Table 3. Comparison of the |U|/R,s and |V|/R,s distributions between
different subclasses of SNe la. The P-values are bolded when differences
between the distributions are statistically significant.

We compare the projected and normalized radii |U|/R,5 and the heights |V|/R,s
between different SN la subclasses. In Table 3, the KS and AD tests show that the radial
distributions of normal, 91T- and 91bg-like SNe are consistent with one another. In
addition, the height distributions of normal and 91T-like SNe are consistent between
each other. At the same time, the height distributions of 91T- and 91bg-like SNe are
significantly different. The same is happens for the distributions of normal and 91bg-
like SNe (with barely KS test significance). Fig. 2 shows a scatterplot of |V|/R,s versus
|U|/R,5, and the cumulative distributions of |V|/R,s values for different SN la
subclasses. The mean heights are growing, starting with 91T-like events and
progressing through normal and 91bg-like SNe. On the other hand, it is well-known
that spiral galaxies have a vertical stellar age gradient, with the age increasing as the
vertical distance from the disc plane increases [2], [3]. Therefore, from the perspective
of the vertical distribution (an age tracer) it may be deduced that the progenitors of
91T-like and normal SNe la are relatively younger than those of 91bg-like events. At
least the age differences should be significant for 91T- versus 91bg-like SNe (Table 3,
Fig. 2). We emphasize that this study is the first to demonstrate the observational
differences in the heights of the SN la subclasses.

norm |4

|UIIRzs Cumulative fraction
Figure 2. Left-hand panel: Distributions of |V|/R,s versus |U|/R,s for normal, 91T-, and
91bg-like SNe. The error bar on the right side of the panel shows the characteristic error in
the height estimation due to possible inclination floating in 80°-90°. The lines show the
mean |V|/R,s values for each SN la subclass. Right-hand panel: The heights’ cumulative
distributions for different SNe la. The light coloured regions around each curve represent
the appropriate spreads considering the uncertainties in height measurements.
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With the qualitative age constraints of SN la progenitors we add also quantitative
ones. The various SN la subclasses correspond to different stellar population ages
being distributed at the various average heights from the disc [2]. We impose rough
numerical constraints on the SN progenitors: 91T-like events arise from progenitors
with ages about several 100 Myr, the ages of progenitors of 91bg-like SNe are
comparable to ~10 Gyr, while normal SNe la arise from progenitors with ages from
about one up to ~10 Gyr.

Torm 1
THyEeT I SN Nsn {IVI/Ras) versus Amys) I PMC
All 69 0087002 versus  121£032 0118 0.334
_ All 36 0147500 versus 118 +£029 0471  0.004
€ ° E
S f ? | Table 4. The correlation test for the
“F t S |V|/R,s versus Am,s parameters. The
3E E variables are not independent when P <
=1 0.05 (highlighted in bold).
T s 2

A5
Figure 3. Distributions of |V|/R,s versus Am,s
for different SN la subclasses. The dotted and
dashed lines, which encompass all SN la
subclasses, present the best-fitting lines for
entire and dust-truncated (outside the shaded
area) discs, respectively.

The correlation between SNe la decline rate and the height from the host disc, which
is a reliable age indicator of stellar population, has not yet been investigated. Here, we
intend to fill this gap. Fig. 3 and the Spearman's rank correlation test in Table 4 show
that the trend between |V |/R,5 and Am;5 is positive, but not statistically significant. It
should be taken into account that due to the dust extinction in galactic disc the
discovery of SNe la in edge-on galaxies is complicated and biased against objects at
lower heights from the disc. The impact of this effect would be greatest on
subluminous SNe (91bg-like events). Therefore, to avoid the possible impact of dust we
truncate the heights of SNe with |V|/R,s = 0.04, leaving 36 SNe la in our sample. For
this dust-truncated sample, the Spearman's rank test reveals a significant positive
correlation between the |V|/R,s and Am,s parameters (Table 4, Fig. 3). Thus, despite
the limited sample size, we demonstrate for the first time a significant correlation
between LC decline rates and SNe la heights, which is consistent with a sub-Mc, WD
explosion models and vertical age gradient of stellar population in discs.

10



Chapter 3

The third chapter is devoted to the analysis of the LC decline rates (Am;s) of 407
normal and peculiar SNe la and global parameters of their host galaxies. With the aim
of clarifying the progenitor natures of normal and peculiar (91T-, 91bg-, and 02cx-like)
SN la subclasses, in this chapter we comparatively study the important relations
between the LC decline rates of these SNe la and the global properties of the stellar
population of their host galaxies with different morphological types.

25 [enomal #9817« 5ibg ]

E E/SO SO S0/a Sa Sab Sb Sbc Sc Scd Sd Sdm Sm
Morph. of host

Figure 4. B-band Am,s versus host galaxy morphology for different SNe la
subclasses, displayed as a scatter plot (smaller symbols) and averaged in bins of
morphological type (bigger symbols).

In Fig. 4, we show the distribution of the B-band Am,s values as a function of
morphological type of host galaxies, for different SN la subclasses. When dividing SNe
la hosts between E-SO (galaxies with only old stellar component) and SO/a-Sm
morphological types (galaxies with both old and young stellar components), Table 5
shows that the distributions of Am,5 values of 91bg-like SNe are not different between
the host subsamples, being distributed mainly within old ellipticals/lenticulars and
early-type spirals (Fig. 4). In contrast, the Am,5 distribution of normal SNe la in E-SO
hosts is not consistent with that in SO/a-Sm galaxies.

Subsample 1 Versus Subsample 2 Pxs Pap PR P

Host SN subclass  Nsy (Am)s) Host SN subclass  Nsn (Amys)

E-S0 Normal 47 145£004  versus  SO/-Sm Normal 256 LIS£001 <0001  <0.001 <0001 <0.001
E-S0 Ylbg 23 L83 +£0.03 versus S0/a-Sm 9lbg by 1.82 +£0.03 0.876 0.840 0.806 0.842
E-SO Normal 47 145£004  versus  SO/a-She Normal 177 LI6£002 <0001 <0001  <0.001 <0.001
E-S0 Normal 47 145£004  versus Sc-Sm Normal 790 LITE002 <0001 <0001  <0.001 <0.001
S0/a-Sbe Normal 177 L16£0.02  versus Sc-Sm Normal 79 LIL£0.02 0.050 0067  0.048 0068
S0/a-Sbc 91T 27 091 £0.02 versus Sc-Sm 9T 14 0.89 + 0.03 0.608 0.322 0.557 0.366
E-S0 91bg 23 183003  versus  SO/a-She 91bg 23 184003 0.991 0936 0931 0937

Table 5. Comparison of the B-band Ams distributions of SNe la among different subsamples of
host morphologies. The P-values are bolded when differences between the distributions are

statistically significant.
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Figure 5. Colour-mass diagram for 326 SNe la host galaxies with measured u and r
magnitudes, displayed as scatter plots and distributions. In the bottom right corner of the lower
left panel, the error bar represents the characteristic errors in our estimations of colours and
masses of galaxies. The region between two solid lines marks the Green Valley. For host
galaxies of different SN subclasses, the right and upper panels show separately the histograms

(distributions of relative fractions) of the colours and masses, respectively. The mean values

(with standard errors) of the distributions are shown by arrows (with error bars).

Fig. 5 shows how the host galaxies of different SN la subclasses are distributed in the
colour-mass diagram. The figure also displays the distributions of u-r colours and
masses for host galaxies for the different SN subclasses. Host galaxies of 91bg-like SNe
are clearly located in the Red Sequence, and most of them have u-r colours =2 mag
(i.e. above the Green Valley). In comparison with hosts of normal, 91T-, and 02cx-like
SNe, the colour distribution of host galaxies of 91bg-like SNe are significantly redder.
Also, the bulk of hosts of 91bg-like SNe are significantly massive (log (M,/Mg) > 10.5).
The distribution of host masses is significantly inconsistent with those of the other SN
la subclasses. At the same time, the colour (respectively, mass) distributions are not
statistically different between hosts of normal and 91T-like SNe, spanning almost the
entire ranges of host colour (respectively, mass). Finally, although the small number
statistics, all the host galaxies of 02cx-like SNe are positioned in the Blue Cloud, mostly
below the Green Valley in Fig. 5. Their colour (mass) distribution is significantly bluer
(lower) in comparison with that of normal SNe la host galaxies, but closer to that of
91T-like SNe hosts.

12



Chapter 4

In the fourth chapter we present an analysis of the galactocentric distributions of the
normal and peculiar 91bg-like subclasses of 109 SNe la, and study the global
parameters of their elliptical hosts.

To reveal possible differences in global properties of SNe la elliptical hosts, in Table 6,
using the two-sample KS and AD tests, we compare absolute magnitudes, colours,
sizes, elongations, stellar masses, average metallicities and luminosity-weighted ages
between the subsamples of host galaxies of normal and 91bg-like SNe. The table shows
that the distributions of absolute magnitudes, g-i and r-z colours, sizes, elongations,
stellar masses and average metallicities are not significantly different between host
galaxies of normal and 91bg-like SNe. On the other hand, the distributions of u-r
colours and luminosity-weighted ages of the hosts are significantly inconsistent
between the subclasses of SNe la. In the histograms of Fig. 6, we show the distributions
of host galaxy stellar masses and u-r colours. The cumulative distributions of
luminosity-weighted ages of the elliptical hosts are presented in Fig. 7. It is clear that,
despite their comparable stellar masses, the elliptical host galaxies of normal SNe la are
on average bluer and younger than those of 91bg-like SNe.

Parameter normal versus  9lbg-like Pxs  Pap
(Parameter) & o (Parameter) £ o
R = 0 (66 versus 41 hosts)
M, (mag) =196 £ 1.0 versus =198 £ 0.9 0.218 0276
M, (mag) —21.2 £ 1.1 versus —21.5 £ 0.9 0.112 0137
M, (mag) —=220 £ 1.1 versus =223 09 0113 0.134
M; (mag) —224 + 1.1 versus —22.7 + 09 0.188 0.153
M. (mag) —226 £ 1.1 versus —22.94 09 0260 0.156
u — r(mag) 24 4+ 0.1 versus 2501 0.013  0.007
g — i (mag) 1.2 £ 0.1  versus 1.2 £ 01 0.101 0.255
r— z (mag) 0.7 £ 0.05 versus 0.7 £ 004 0.107 0.179
Ros (kpe) 23.0 & 12.6 versus 256 £ 11.3  0.096 0.142
R (kpe) 6.0 £ 3.8  versus 6.0 £ 3.0 0296 0345
alb 1.3 £ 02 versus 13 +£02 0.766 0.729
log (M,/Mg) 11 versus 11.2492 0.107 0.175
log (Zu/Z) 0.091000  versus 01100 0.107 0175
age (Gyr) 117433 versus 12.84]7 0.017 0.012

Table 6. Comparison of the distributions of absolute magnitudes, colours, sizes,
elongations, stellar masses, average metallicities, and luminosity-weighted ages
between the subsamples of host galaxies of normal and 91bg-like SNe. The P-values
are bolded when differences between the distributions are statistically significant.

We interpret and summarise our results within an evolutionary (interacting) scenario
of SNe la elliptical host galaxies. In Fig. 6, the region between two solid lines indicates
the location of the Green Valley, i.e. the region between blue star-forming galaxies and
the Red Sequence of quiescent E-SO galaxies. For galaxies with elliptical morphology,
this is a transitional state through which blue galaxies evolve into the Red Sequence via
major merging processes with morphological transformation from disc to spheroidal

13



shape, and/or a state of galaxies demonstrating some residual star formation via minor

merging processes with no global changes in spheroidal structure.
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Figure 6. The u - r colour—-mass diagram for 109 SNe la elliptical host galaxies. Green triangles,
red circles, and blue crosses show normal, 91bg-like, and 06gz-like SNe hosts, respectively. The
region between two solid lines indicates the Green Valley. The vertical and horizontal error
bars, in the bottom right corner, show the characteristic errors in the colour and mass
estimations, respectively. For normal (green dashed and filled) and 91bg-like (red dotted) SNe
hosts, the right and upper panels represent separately the histograms of the colours and
masses, respectively. The mean values of the distributions are shown by arrows.

The rate of SNe la can be represented as a linear combination of prompt and delayed
components. The prompt component is dependent on the rate of recent star
formation, and the delayed component is dependent on the galaxy total stellar mass. In
this context, the normal SNe la with shorter delay times correspond to the prompt
component. The bluer and younger ellipticals (with residual star formation) can also
produce 91bg-like events with lower rate, because of long delay times of these SNe, i.e.
a delayed component of SN la explosions. However, the distribution of host ages (lower
age limit of the delay times) of 91bg-like SNe does not extend down to the stellar ages
that produce a significant excess of u-r colour (i.e. u-band flux, see Figs. 6 and 7) -
younger stars in elliptical hosts do not produce 91bg-like SNe, i.e. the 91bg-like events
have no prompt component. The redder and older elliptical hosts that already
exhausted nearly all star formation budget during the evolution may produce
significantly less normal SNe la with shorter delay times, outnumbered by 91bg-like
SNe with long delay times.
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Finally, we note that our results favour SN la progenitor models such as helium-
ignited violent mergers as a unified model for normal (CO WD primary with CO WD
companion) and 91bg-like (CO WD primary with He WD companion) SNe that have the
potential to explain the different luminosities, delay times, and relative rates of the SN
subclasses. In particular, the models predict shorter delay times for normal SNe la in
agreement with our finding that normal SNe occur in younger stellar population of
elliptical hosts. Moreover, the model prediction of very long delay times for 91bg-like
SNe (= several Gyr) is in good qualitative agreement with our estimation of older ages

of host galaxies of these events.
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Figure 7. Cumulative distributions of luminosity-weighted ages of elliptical host galaxies
of normal (green dashed) and 91bg-like (red dotted) SNe. The mean values of the
distributions are shown by arrows.

General Conclusions

The main results of the thesis are:

For the first time, we show that in both early- and late-type edge-on spiral galaxies
the vertical distribution of CC SNe is about twice more concentrated to the plane of
host disc than the distribution of type la SNe.

When considering early- and late-type spiral galaxies separately, the vertical
distribution of type la is consistent with both the sech? and exp profiles. In wider
morphological bins (S0-Sd or Sa-Sd), the vertical distribution of type la SNe is not
consistent with sech? profile, most probably due to the earlier and wider
morphological distribution of SNe la host galaxies and the systematically thinner
vertical distribution of the host stellar population from early- to late-type discs.

By narrowing the host morphologies to the most populated Sb-Sc galaxies (close to
the MW morphology) of our sample, we exclude the morphological biasing of host
galaxies between the SN types and the dependence of scale height of host stellar
population on the morphological type. In these galaxies, we find that the sech? scale
height Z3¥ of type la SNe is 0.096 + 0.016. The exp scale height Hgy is 0.065 + 0.012.
In Sb-Sc hosts, the exp scale height (also the hgy/Hgy ratio) of SNe la is consistent
with that of the old population in the thick disc of the MW.
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10.

11.

12.

For the first time, we show that the ratio of scale lengths to scale heights (hgy/z5")
of the distribution of type la SNe is consistent and located between the values of the
same ratios of the two populations of resolved stars with ages from a few 100 Myr
up to a few Gyr and from a few Gyr up to ~10 Gyr, as well as with the unresolved
population of the thick disc of nearby edge-on galaxies.

For the first time, we demonstrate that 91T- and 91bg-like subclasses of SNe la are
distributed differently toward the plane of their host edge-on disc. On average, the
SN heights are rising, beginning with 91T-like events and progressing through normal
and 91bg-like SNe la.

We roughly estimate that 91T-like events originate from relatively younger
progenitors with ages of about several 100 Myr, the ages of progenitors of normal
SNe la are from about one up to ~10 Gyr, and 91bg-like SNe la arise from
progenitors with significantly older ages ~10 Gyr.

We show that the SN la LC decline rates correlate with their heights from the host
disc, after excluding the selection effects brought by dust extinction, which means
the correlation between Am; 5 and ages of SNe progenitors.

In general, the B-band Amys distribution of SNe la seems to be bimodal, with the
second (weaker) mode mostly distributed within ~1.5-2.1 mag. This faster declining
range is generally occupied by 91bg-like (subluminous) events, while the Am,s of
91T-like (overluminous) SNe are distributed only within the first mode at slower
declining range (Am;5 < 1.1 mag).

The host galaxies of normal, 91T-, and 91bg-like SNe la have morphological type
distributions that are significantly inconsistent between one another.

As for galaxies in general, the distribution of SNe la hosts in the u-r colour-mass
diagram is bimodal. The hosts of 91bg-like SNe are located in the Red Sequence of
the diagram, most of them have u-r colours = 2 mag (i.e. above the Green Valley). In
comparison with hosts of normal, 91T-, and 02cx-like SNe, the colour distribution of
hosts of 91bg-like SNe are significantly redder. Importantly, the bulk of hosts of 91bg-
like SNe are significantly massive (log(M,/Mg) > 10.5) and old (more than 10 Gyr).
The hosts' mass (age) distribution is significantly inconsistent with those of the other
SN la subclasses.

As previously shown with smaller nearby SN la samples, there is a significant
correlation between normal SNe la LC decline rates and global ages (morphologies,
colours, and masses) of their host galaxies. On average, those normal SNe la that are
in galaxies above the Green Valley, i.e. in early-type, red, massive, and old hosts,
have faster declining LCs in comparison with those in galaxies below the Green
Valley, i.e. in late-type, blue, less massive, and younger hosts.
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14.

15.

16.

17.

18.

For the first time, we show that the LC decline rates of 91bg-like SNe and 91T-like
events do not show dependencies on the host galaxy morphology and colour. The
distribution of hosts on the colour-mass diagram confirms the known tendency for
91bg-like SNe to occur in globally red/old galaxies (from halo/bulge and old disc
components) while 91T-like events prefer blue/younger hosts (related to star-
forming component).

We show that the distributions of projected galactocentric radii (with different
normalizations) of normal and 91bg-like SNe in elliptical galaxies follow the de
Vaucouleurs model, except in the central region of ellipticals where the different SN
surveys are biased against the discovery of the events.

We show that the distributions of absolute magnitudes, stellar masses and average
metallicities are not significantly different between host galaxies of normal and 91bg-
like SNe.

We show that the distributions of u-r colours and luminosity-weighted ages are
inconsistent significantly between the elliptical host galaxies of different SN Ia
subclasses: the hosts of normal SNe la are on average bluer and younger than those
of 91bg-like SNe.

The distribution of host ages (lower age limit of the delay times) of 91bg-like SNe
does not extend down to the stellar ages that produce a significant excess of u-r
colour (i.e. u-band flux) - younger stars in elliptical hosts do not produce 91bg-like
SNe, i.e. the 91bg-like events have no prompt component. The redder and older
elliptical hosts that already exhausted nearly all star formation budget during the
evolution may produce significantly less normal SNe la with shorter delay times,
outnumbered by 91bg-like SNe with long delay times.

Our results favour SN la progenitor models such as helium-ignited violent mergers as
a unified model for normal (CO WD primary with CO WD companion) and 91bg-like
(CO WD primary with He WD companion) SNe that have the potential to explain the
different luminosities, delay times, and relative rates of the SN subclasses.
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Lpp Twpnuth Fuppunuput

Ia nuuph GLpunpkph éuny wuwmpbph
puqiuquinipjul ntunidbwuhpnipint

Udthnthwmghp

Unktwpinunipmitip wlhpyws £ Ia nuuh @kpunp wuwnnbph (@U-kph)
twjuwgbpunpph puquuquinipjutt nunidtwuhpnipjwip: Lwpp b wpwy
Ubpluyugyt] &u wwppbp quup QU-tph pupdpmpmbtbph pupunudubph
nuunulbwuppmpymibipp - gputg  duyp qujmynpuikph - ufjunjuewyh
hwppnipju tjwndwdp: Oqunugnpéyk) E Unwn Shkqkppnid quntigny 102 @U-kph
punpuip: Uy @U-tpp hwyntwptpyt) th ks plipjwénipinit niutgnny (7 = 85°),
sdlwputinusd S0-Sd vwyp qujuynpluitkpmd Gphuwfudwph Unbyub @quih
Cpowhwjnipjut  nppnyphg: Ujunthbnl  hwenpny  qumid  oquuwgnpsting
uybnpughtt puuuupgdus tnpdwy, 91T- b 91bg-udwt 197 Ia nuup FU-kpp,
Juunwpyk] b ppubg pwpdpmipnibibiph pupinidubtph nunmdbwuhpnipmnit
Ynnphg nhuny wwpmpwdlb  quiunpjuikph vjujuewyh hwppnipeut
tjuundwbp b numdbwuhpyl] o gpuig wujbwenipjut Ynpbiph wiuldwb
wmbdugkpp (Amys):

Ujunthtnl, uhpfujugyk] b unpdwy) b wyhiniyyup 407 Ia nuuh QU-tph
wuydwenipjut Ynph wiuwt nkdytph b gputg duyp qujuljnhluubph
qnpup wuwpudbnpbiph niunidbwuhpoieniip: Qphg hnn junwpdt) b anpduyg
b 91bg-udwt 109 Ia QU-tph Gupwnuwubph ownwynuyhtt pwplunidubph
nuunidtwuhpnipnil, htsybu bwb ntunmdtwuppdl) B gputg fhyuwdt dugp

quuljnhuibph gnpw] yupuwdbnpbpp:
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Supplp Gupwnuubph QU-tph wwpwdbnpbph/pwtwyitph dholt wiwppkp
hwdbdwwnnipniiubp wighugubint btywwnwlny oquugnpdyt] Eu hwjnuh
Jhdwjugpujut ptuntp (Kolmogorov-Smirnov L Anderson-Darling b wyp
phuwnbp) Inydpuad dwpbUdunhlju (WOLFRAM MATHEMATICA)
hwdwlwupgsuyhtt thowquypnid b Monte Carlo Unphjwynpdwidp: b hubnidi
s Jhdwhugpuljut - phuwnbph,  QU-tph - dhqhjulub  (ubthwlwb)
hunympymbbbph (kipunuu, Amgs b wyl) b npubg duyp quyulpnhlijubbkph
wuwpwdtnpbph (wunquihtt quugqqws, nwphp b wy) dhel Ynphjughwubpp
quwhwwnbjnt hwdwp oquugnpédyty b Kendall’s T Spearman’s (p) rank phuwntph

punipwgnbpp:

Ia. guuh QU-tpp  wuwydbwpnipjmtt Ynph  wbldwb  wbkdwyhkpp
nuunliwuhpnipyniup npuitg dwjp quuljnhubph nwppkp ghpptpmud poy)
nb]  quimquik]  tppunwuwpy - twjowgbpinptphg wowgugus - FU-tpp
(quunun Wwwqnnubkp), npnup hwdwywunwupwind B jupd  Jubph
nlinnnipjudp «prompt> punuphsht, b wit U-tpp (wpwg tjwqnnibp), npnbp
wnwguigh) & dkp pununphshg bpwp Yubiph nbnnuppudp: Uy ghunquijub
wpynitipp (wy bjupugpoud B oughnwy pqnty wunnh dhigh 1.4 Mopigwy
qubquény (sub-Men) wuypnith unplnyg, npomud Amgs-p hwighuwtimd k
twjiwgbkpunph wwuphph gnighs:
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Jlunnr Baprarnosna bapxyapas

HccnepoBanme pasHoo6Gpasusa pOAUTENbCKHX
3Be3J, CBepXHOBEIX THma la

Pesome

Juccepranya IOCBALIeHA MCCIENOBAaHUIO pa3sHOOOpasHA POJUTENBCKUX 3Be3[
CBepxHOBBIX THma la. IIpexze Bcero, mpeACTaBIeH aHAIU3 BEPTUKAJIBHBIX
pacrpeneieHUil pasIUYHBIX TUIIOB CBEPXHOBBIX la OTHOCHTENPHO IUIOCKOCTH WX
POAUTENBCKUX TaJNaKTUK. bblia Mcmosrb3oBaHa BeIGOpKa u3 102 GIM3KMX CBEPXHOBBIX
tuna la, oGHapy)XeHHBIX B TJAKTHKAX C OoibumM HakioHoM zucka (i > 85°) u
mopdonornyecku He HapyureHHsIX TUIIOB SO0-Sd 13 CioanoBckoro 1udposoro 063opa
Heba. 3areM, B  cjlemyiomell  TIJaBe,  MCHOAB3YyS  CHEKTPOCKOIIMYECKH
xiraccudunupoBanssie 197 HopMmapHbIe CBepxHOBbIe Thma la, a taxke 91T- u 91bg-
moZoGHbIe CBEPXHOBBIE, OBUI IIPOBeleH aHANIU3 WX BEPTUKANBHBIX pacIpefieleHUi
OTHOCHTEJIPHO IWCKA B CIMPAJbHBIX TaJaKTUKAX BUAWMbBIE C pebpa u ObLIM

WICCIIe[OBAHBI CKOPOCTH Ta/IeHI s KPUBBIX Grecka (Amys).

Ilocme sToro mpexcTaBieH aHAIW3 CKOPOCTeH TazeHusa KpuBbix Oiecka 407
HOPMaJIBHBIX nu HeKyJIﬂPHBIX CBePXHOBLIX Tuna la u FJIO6aJII>HLIX HapaMeTPOB nux
PO,HI/ITCJII)CKI/IX TAaJIaKTHUK. BHTEM, 6LI)'[ HPOBe,I[eH AHAIN3 raHaKTOHeHTPH‘{eCKI/IX
pacrpezneneHuil HOPMAIbHBIX U IeKyIapHbIX (91bg-momo6mserx) moxkiaccoB us 109
CBePXHOBBIX THMma la ¥ OBUIM HCCIeZOBaHBL IJIOGAaNbHBIE IIAPaMeTPBl  HMX

IJITUNITUYIECKUX POAUTEIBCKUX IaIaKTUK.

,Z[)'If[ IIpOBEIEHUS PA3TMYIHBIX CPaBHeHHﬁ MeXmy CBOfICTBaMI/I/KOJII/I‘IECTBOM

Pa3In9IHBIX HO,ZLBI:I6OPOK HCIIOJB30BAIMCh XOPOIIO M3BECTHBIE CTATHCTHUYIECKHE TECTHI
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(tectsr Konmoroposa-CmuproBa u AHpepcona-/lapinHra U [p.) ¢ HCIIOTB30BaHHEM
nporpammHoro obecrmedenuss WOLFRAM MATHEMATICA u wmogennpoBaHus
Monre-Kapno pgna cumynanuii. B gomonHeHme K YHOMAHYTBIM — TeCTaM,
ncronb30BaIuck Koaduiments/rects: Kenpanna (1) u Cnupmena (p) i aHamusa
BO3MOJKHBIX KOppeninuili Mexzay busudeckuMu (COOCTBEHHBIMU) XapaKTE€PUCTHKAMU
CBepXHOBBIX Twma la (mogxiacc, Amys ¥ [p.) ¥ UX POAUTENBCKUMHU TaJaKTUKAMU

(3Bé3mHas Macca, BO3pacT U Ap.).

ViccnenmoBaHue CKOPOCTH NafieHNsA KPUBBIX OJleCKa CBEPXHOBBIX THIA la B pasHBIX
MecTaxX BHYTPH UX POAMTEIBCKHUX TaJaKTHK IIOMOTIJIO Pa3sIH4YUTh CBEPXHOBbIE THIA la C
MOJIOABIMH IIPe/ICBEPXHOBBIMHU (Me/IJIEHHO yOBIBAIOIINE), COOTBETCTByIOMHUM "prompt"
(6BI1CTPOMY) KOMIIOHEHTY C KOPOTKMMM BpPeMEHaMM >XM3HU, U CBEpXHOBBIE (OBICTPO
yOBIBAIOIUE) CO «CTAPBIM» KOMIIOHEHTOM, IIPOABIAIONMMY GOJIbIINE BpeMeHa JKU3HU.
Ha6miomaTensHble pe3ynbTaThl COOTBETCTBYIOT MOZENAM B3phIBA CBepXHOBOM Ia,
BKJIIOYAIOMMM GeJbIX KapIMKOB C Maccoil Hibke Maccsl JaHzpacekapa (sub-/ch), roe
CKOPOCTh IaZleHUs KPUBOM GJeCcKa CBEPXHOBOM CIYXKUT IOAXOAAIIMM HHIMKATOPOM

BO3pacTa HpeﬂCBePXHOBOﬁ 3B€3bI.
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