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Introduction

The detailed understanding of the spatial distribution of Supernovae (SNe) in galaxies pro-

vides important links between the nature of SNe progenitor stars and host galactic stellar

populations [1�8]. These links make it possible to constrain crucial physical parameters of var-

ious SN progenitors, such as their masses [9,10], ages [11,12], and metallicities [13,14]. Despite

numerous excellent studies, the progenitor nature and explosion channels of SNe have been the

subject of controversy for decades (see [15], for a review).

Based on modern understanding, SNe are divided into two general categories: core-collapse

(CC) and Type Ia (thermonuclear) SNe. CC SNe are the colossal explosions that mark the

violent deaths of young massive stars [16�18],1 while SNe Ia are believed to be the evolutionary

endpoint, accompanied by the thermonuclear explosion, of carbon-oxygen (CO) white dwarf

(WD) stars in interacting close binary systems (see [19, 20], for comprehensive reviews about

thermonuclear SNe). These events play a key role in understanding the evolution of binary

stellar systems [21], the chemical enrichment of galaxies [22], and the nature of accelerating

expansion of the Universe [23, 24].

It is now clear that Type Ia SNe are not a homogeneous population of WD explosions, as

they display a variety of photometric and spectroscopic properties [25,26]. In the local Universe,

in comparison with moderately uniform normal SNe Ia [27], about one third of all SNe Ia events

have peculiar characteristics [28, 29]. The most common subclasses of peculiar SNe Ia are: i)

91T-like events [30, 31], which are overluminous at the B-band maximum (∼ 0.6 mag more

1According to the spectral features in visible light, CC SNe are classi�ed into three basic classes [32]: hydrogen
lines are visible in the spectra of Type II SNe, but in Types Ib and Ic SNe; helium lines are seen in the spectra
of SNe Ib, but in SNe Ic. Subclass IIn SNe are dominated by narrow emission lines, while subclass IIb SNe
have transitional spectra closer to SNe II at early times, then evolving to SNe Ib.

10
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luminous than normal SNe Ia) and have slow-declining light curves (LCs), with distinctive

pre-peak spectra dominated by Fe iii lines, ii) 91bg-like SNe [33�35], which are subluminous

events (∼ 2 mag less luminous than normal ones) and have fast-declining LCs, with post-

maximum spectra dominated by unusually strong O i and Ti ii lines, and iii) low luminosity

(more than 2 mag fainter than normal SNe Ia) and faster declining 02cx-like SNe (also called

SNe Iax, [36, 37]), with early spectra resembling those of 91T-like events. There is also a tiny

percentage of other peculiar SNe Ia, including the faint but slowly declining 02es-like SNe, so

called Ca-rich transients, the extremely luminous 06gz-like (also called super-Chandrasekhar)

SNe, and other SNe Ia with spectra showing evidence of interaction with the circumstellar

medium (see [25] for a review on the extremes of SNe Ia).

The upper panel of Fig. 1 displays examples of spectral pro�les for SNe Ia. The upper

spectrum presents normal SN 2011fe acquired 2.9 days prior to reaching its peak B-band

magnitude. Notably, the dominant characteristic of the spectrum consists of absorption lines

stemming from intermediate-mass elements. Supplementary absorption features arise from iron-

group elements, with a more comprehensive elucidation provided in [38]. The middle spectrum,

representative for the SN 1991T-like subclass, demonstrates a spectral resemblance to post-

peak normal events [39], but shows very distinctive features at earlier epoch. Members of

the SN 1991bg-like classi�cation (bottom spectrum [33]) exhibit a comparable likeness, albeit

presenting a distinctive broad absorption trough (attributed to blends of Fe-group elements

[40]), spanning the spectral range of 4000Å to 4500Å at the peak phase.

The bottom panel of Fig. 1 shows LC examples of di�erent subclasses of SNe Ia. Within

the panel situated on the left-hand side, the solid curves illustrate the observed R-band LCs

from the database of [41]. At the same time, the dash-dotted line is the smoothed LC of

SN 1991T [42] and the dashed line mentioned as �91bg� is the same for SN 1999by [43], which

have absolute peak magnitude at �19.5 and �17.5 mag, correspondingly. Spanning between

these two extreme curves is an interpolated set of 21 LCs, employed for the �tting procedure

on the individual objects presented in the panels on the right-hand side.

In general, the behaviour of the LCs of SN Ia depends on the mass of synthesized radioactive
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Figure 1: Upper panel: examples of spectra for di�erent subclasses of SNe Ia. The panel is
reproduced from [44]. Bottom panel: LC examples for the SN Ia subclasses (adopted from [28]
and modi�ed).
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Figure 2: Graphical representation of the relationship between the peak B-band magnitudes
of SNe Ia and their LC decline rates, emphasizing the discernible variations in photometric
characteristics across the SNe Ia subclasses. The �gure is taken from [25].

56Ni, the kinetic energy of the explosion, and the opacity of the ejecta [45, 46]. Importantly,

Type Ia SNe show a key relation between their luminosity at the B-band maximum and their

LC decline rate ∆m15 (i.e. magnitude di�erence between the maximum and 15 days after).

This is known as the width-luminosity relation (often called the Phillips relation [47]: faster

declining SNe Ia are fainter) that played an enormous role in standardization of SNe Ia and

their use in cosmology as the best distance indicators. However, the width-luminosity relation

is well established for normal SNe Ia, while peculiar events deviate, sometimes very strongly,

from that relation [25, 48]. Fig. 2 illustrates the peak absolute B-band magnitude against the

LC decline rate, quanti�ed as the ∆m15(B) [47]. Distinct classes of SNe Ia are delineated using

varying color schemes. A signi�cant number of the events manifest distinct segregation from

the normal SNe Ia within this spatial representation, underscoring their inherent uniqueness

based on the attributes of their LCs. An exception arises with 91T-like SNe, which display

an intersection with the more gradual range of the distribution characterizing normal SNe Ia.
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Notably, the distinctive characteristics of 91T-like SNe predominantly stem from spectroscopic

qualities. Note that the ∆m15 and colours of SNe Ia are also related: the faster declining

events correspond to the intrinsically redder SNe [49]. For more details, see a review [25] on

the extremes of SNe Ia.

Theoretically, there are many possibilities in the proposed progenitor channels for Type Ia

SNe that are still under debate [50,51], however they are generally categorized into the following

main classes; the single-degenerate (SD) and double-degenerate (DD) channels, both of which

probably occur in nature [52]. In the SD channel [53], a degenerate WD grows in mass through

accretion from a non-degenerate companion, consequently causing an explosion when the WD

mass reaches the Chandrasekhar mass limit (MCh ≈ 1.4M⊙). The non-degenerate companion

can be a main-sequence (MS)/subgiant star, or a red giant, or a helium (He) star [54]. In the DD

channel [55,56], an explosion occurs when two degenerate WDs coalescence or interact through

accretion with each other in a binary system, after having been brought together due to the loss

of orbital angular momentum via the emission of gravitational waves. Fig. 3 diagrammatically

illustrates various evolutionary channels of binary stars to the subsequent explosion of Type Ia

SNe.

A promising and important addition is the explosion model of sub-Chandrasekhar mass

(MCh < 1.4M⊙) WD. The explosion mechanism is realized in the double detonation of a sub-

MCh WD, in which accreted helium shell detonation initiates second detonation in the core

of CO WD [57�59]. More luminous SNe Ia that have slower declining LCs (smaller ∆m15

values) are produced by the explosion of more massive sub-MCh WD, because the luminosity

of SN Ia is related to the mass of 56Ni synthesized during the WD explosion [60], which in

turn is related to the mass of the WD (e.g. [61, 62] for a variety of speci�c explosion models).

On the other hand, more massive WD would come from more massive MSs stars, which have

shorter lifetime than the progenitors of less massive WDs. In addition, due to the gravitational

wave emission, massive WDs in the binary system would interact in a shorter timescale. Thus,

it should follow that the LC decline rate ∆m15 of SN Ia is correlated with the age of the SN

progenitor system [58,63].
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Figure 3: Diagrammatic representation of binary evolutionary channels for Type Ia SNe within
the SD and DD scenarios. It should be noted that the evolutionary pathways presented herein
are not complete (�gure is taken from [64]).

When considering only the most populated subclasses of SNe Ia, i.e. normal, 91T- and 91bg-

like events, the lower mass of the host galaxy (the later morphological type or higher the speci�c

star formation rate [SFR]), the brighter and slower the SNe Ia that are exploded, on average

[28,65�70]. Fig. 4 shows the comparison of SNe Ia host galaxy morphological classi�cations with

the ∆m15(B) parameter. Only SNe Ia with accurately established host galaxy classi�cations

are represented in the �gure. Open circles denote SNe Ia with spectroscopic peculiarities. SNe

are positioned in relation to their corresponding t-type (aligned with the right axis), while the

left axis serves a purely illustrative purpose. 91T-like SNe occur in star-forming host galaxies,

while such an object has never been discovered in elliptical galaxies [28, 67, 68], where the

stellar population almost always consists of old stars. 91bg-like events prefer host galaxies

with elliptical and lenticular morphologies (E�S0), sometimes they explode also in early-type

spirals [28, 67]. Normal SNe Ia are discovered in host galaxies with any morphologies from

ellipticals to late-type spirals [28]. Theoretically, this is because the progenitor age distribution

at the current epoch should have a bimodal shape, with the �rst peak being below or close to
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Figure 4: Comparison of Type Ia SNe host galaxy morphological classi�cations with the
∆m15(B) parameters (�gure comes from [67]).

1 Gyr and corresponding to the young/prompt SNe Ia, and the second peak being at about

several Gyr and including old/delayed events [71].

In the literature, there are many e�orts in studying the links between the spectral as well

as LC properties of SNe Ia 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

[1,68,69,72�81]. In short, these studies showed that more luminous and slower declining SNe Ia

explode, on average, in galaxies with later morphological type, lower mass, higher speci�c SFR,

and younger stellar population age (for SN local environment as well). In [82], recently claimed

a signi�cant correlation between the SN Ia luminosity (or LC decline rate) and the stellar

population age of its host, at a 99.5% con�dence level. They suggested that the previously

reported correlations with host morphology, mass, and SFR are originated from the di�erence

in population age (see also [71, 79, 83]). However, SN Ia samples in these studies consist only

of spectroscopically normal events with known LC properties, or sometimes include only a tiny

portion of peculiar SNe Ia. Therefore, the relations between LC properties of peculiar SNe Ia
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and the characteristics of their host galaxies have not been explored in such detail as it was

done for normal SNe Ia.

Moreover, in such studies, SNe Ia host galaxies with various morphological properties, e.g.

old ellipticals with spherically-distributed stellar content, lenticulars with an old stellar popu-

lation 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 di�cult 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 di�erent or unknown projection e�ects [84,85]. In addition, E�S0 and spiral host galaxies

have had di�erent evolutionary paths through major/minor galaxy-galaxy interaction [86�88],

and therefore, this important aspect should be clearly distinguished.

Usually, the spatial distribution of SNe in S0�Sm galaxies is studied with the reasonable

assumption that all CC SNe and the vast majority of SNe Ia belong to the disc, rather than

the bulge population [1, 89, 90]. Moreover, the distributions of SNe in the disc are studied

assuming that the disc is in�nitely thin [3, 90]. 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 [91].

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 [92�94]. Mainly due to the small number statistics of SNe and

inhomogeneous data of their host galaxies, the comparisons of vertical distributions of the

di�erent types of SNe resulted in statistically insigni�cant di�erences. 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 [95�97], 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 extragalacric discs and the thick/thin

discs of the Milky Way (MW) galaxy [98�100].
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The main purpose of this PhD thesis is to investigate the vertical distributions of the

subclasses of SNe Ia in their edge-on host galactic discs and check the potential correlation

between SNe Ia 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 Ia, and better constrain the progenitor nature and explosion channels through

a comprehensive study of the SN Ia 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 Ia SNe within

elliptical host galaxies.

The thesis consists of four Chapters. Chapter 1 presents an analysis and modeling of the

height distributions of the main SNe classes from the plane of their edge-on S0�Sd host galaxies.

Chapter 2 performs an analyses of the vertical distributions and link the SN heights to the LC

decline rates∆m15 of normal SNe Ia, 91T-, and 91bg-like events. Chapter 3 presents an analysis

of the LC decline rates (∆m15) of normal and peculiar SNe Ia and global parameters of their

host galaxies. Chapter 4 performs an analysis of the galactocentric distributions of normal

SNe Ia and peculiar 91bg-like events, as well as study the global parameters of their elliptical

hosts. The General Conclusions provide a brief overview of the inferred key �ndings.

A considerable portion of this study represents innovative exploration, and the resultant

�ndings are entirely novel. These outcomes constitute the essence of the thesis defense.
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The vertical distribution of SNe in disc

galaxies

1.1 Introduction

Detailed studies of the vertical distributions in edge-on galaxies have allowed us to constrain

the ages, masses, and other physical parameters of their components, the lack of comparable

studies on the distribution of various SN types has prevented us from determining their parent

populations through direct comparison with nearby extragalacric 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-de�ned edge-on S0�Sd host galaxies from the Sloan Digital Sky Survey-III (SDSS-

III; [101]).

To conform to values used in the data base [102], a cosmological model with Ωm = 0.27,

ΩΛ = 0.73, and H0 = 73 km s−1Mpc−1 Hubble constant [103] are adopted in this study.

19
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1.2 Sample selection and reduction

For this Chapter, we composed our sample by cross-matching the coordinates of classi�ed

Ia, Ibc1, and II SNe from the Asiago Supernova Catalogue2 (ASC; [104]) with the footprint

of SDSS Data Release (DR) 12 [101]. All SNe are required to have equatorial coordinates.

We use SDSS DR12 and the approaches presented in [102] to identify the host galaxies and

classify their morphological types. It is worth noting that morphological classi�cation of nearly

edge-on galaxies is largely based on the visible size of bulge relative to the disc because other

morphological properties, such as the shape of spiral arms or presence of the bar, are generally

obscured or invisible. The morphologies of galaxies are restricted to S0�Sd types, since we are

interested in studying the vertical distribution of SNe in host stellar discs. A small number of

Sdm�Sm host galaxies are not selected, because they show no clear discs.

From the signs of galaxy�galaxy interactions, we classify the morphological disturbances of

the hosts in the SDSS DR12 following the techniques described in detail in [105]. We then

exclude from this analysis any galaxy disc exhibiting strong disturbances: interacting, merging,

and post-merging/remnant.

Using the techniques presented in [102], we measure the apparent magnitudes and the

geometry of host galaxies.3 In the SDSS g-band, we �rst construct isophotes, and then centred

at the each galaxy centroid position an elliptical aperture visually �tted to the 25 mag arcsec−2

isophote. We measure the apparent magnitudes, major axes (D25), position angles (PA) of the

major axes, and elongations (a/b) of galaxies using these apertures. In this analysis, we correct

the magnitudes and D25 for Galactic and host galaxy internal extinction [102].

1`Stripped-envelope' SNe of Types Ib and Ic, including the mixed Ib/c with uncertain subclassi�cation, are
denoted as SNe Ibc.

2We use the updated version of the catalogue, which includes SNe exploded before 2015 January 1.
3Instead using the data from [102], which is based on the SDSS DR8, for homogeneity we re/measure the

magnitudes and the geometry of all host galaxies, with additional new SN hosts included, based only on DR12.
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1.2.1 Inclination

The main di�culty in measuring the vertical distribution of SNe above the host stellar discs

is that we have no way of knowing where along the line of sight the SNe lie. This means that

reliable measurements can only be done in discs which are highly inclined, i.e., closer to an

edge-on orientation (e.g. 85◦ ⩽ i ⩽ 90◦). In contrast to galaxies with lower inclination, the

matter is complicated by the di�culty of making an accurate determination of the inclination

angle. For these galaxies, the inclination cannot be measured simply from the major and minor

axes because the presence of a central bulge places a limit on the axis-ratio even for a perfectly

edge-on galaxy.

This problem with the bulge has been solved by using the axial ratio of the exponential

disc �ts in the g-band provided by the SDSS (from the model with r1/4 bulge and exponential

disc), i.e., expAB_g. Indeed, real stellar discs are not �at with negligible thicknesses, but have

some intrinsic width, and a proper measurement of the inclination depends on this intrinsic

ratio of the vertical and horizontal axes of the disc, known as q. Therefore, we calculate the

inclinations of SNe host galaxies following the formula

cos2 i =
(expAB_g)2 − q2

1− q2
, (1.1)

where i is the inclination angle in degrees between the polar axis and the line of sight and q is

the intrinsic axis-ratio of galaxies viewed edge-on. According to [106],

q = dex[−(0.43 + 0.053 t)] (1.2)

for −1 ≤ t ≤ 7, where t is the morphological type code. Using equations (1.1) and (1.2), we

restrict the inclinations of host galaxies to 85◦ ⩽ i ⩽ 90◦.

All the selected SNe host galaxies are visually inspected because sometimes bright stars

projected nearby, strong dust layers, bright nuclear/bulge emission, large angular sizes, etc. do

not allow the SDSS automatic algorithm to correctly determine the parameters of galaxies, in
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Table 1.1: Numbers of SNe as a function of morphological types of edge-on S0�Sd host galaxies.

S0 S0/a Sa Sab Sb Sbc Sc Scd Sd All
Ia 6 3 2 5 9 5 16 4 3 53
Ibc 0 0 0 0 2 0 1 3 3 9
II 0 1 1 1 11 6 12 5 3 40

All 6 4 3 6 22 11 29 12 9 102
Notes. Among SNe II, four are of Type IIb (two in Sb and two in Scd galaxies). Due to the uncertainties in the
progenitor nature of Type IIn SNe, and often their misclassi�cation [9, 107], we remove them from the sample.

particular the axis-ratio expAB_g. The host discs with a clearly seen dust layer, or without signs

of non-edge-on spiral arms, are selected as true edge-on galaxies. In other words, we exclude the

discs whose galactic plane is not aligned along the major axis of their �tted elliptical apertures

(e.g. warped edge-on discs, see [108]). As a result, we select 106 SNe in edge-on host galaxies.

In S0�Sd galaxies, all CC SNe and the vast majority of Type Ia SNe belong to the disc,

rather than the bulge component [84]. Therefore, for the selected 106 SNe in this restricted

sample of edge-on galaxies, we perform a visual inspection of the SNe positions on the SDSS

images to identify the SNe from the bulge population of host galaxies. The result is that three

Type Ia (1990G, 1993aj, and 2003ge) and one Type Ib/c (2005E) SNe may belong to the bulge

because of their location. The three SNe Ia are clearly outside the host discs, located far in the

bulge population. The Type Ib/c SN is also located far from the host galaxy disc but it is a

peculiar, calcium-rich SN whose nature is still under debate and may have a di�erent progenitor

from typical CC [109]. All these four SNe are excluded from the sample.

After these restrictions, we are left with a sample of 102 SNe within 100 host galaxies. The

mean distance of this sample is 100± 8 Mpc, the median distance and standard deviation are

78 Mpc and 84 Mpc, respectively. The mean D25 of our host galaxies is 108 ± 10 arcsec with

the smallest value of 22 arcsec. Table 1.1 displays the distribution of all SNe types among

the various considered morphological types of host galaxies. Fig. 1.1 shows images of typical

examples of edge-on host galaxies with marked positions of SNe.
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Figure 1.1: SDSS images representing examples of edge-on SNe host galaxies. The objects'
identi�ers with host morphologies and SN types (in parentheses) are listed at the top. The
positions of SNe (marked by cross sign) are also shown.

1.2.2 Measurements of the heights of SNe

The heights of SNe above host galactic plane might be calculated by using the simple

formulas presented in [3] with available SNe o�sets from host galaxy nuclei and PA of the

galaxies (see also [84]). However, as demonstrated in [102], SN catalogs report di�erent o�sets

with di�erent levels of accuracy. Individual o�sets are based on the determination of the

positions of the host galaxy nuclei, which might be uncertain and depend on many factors

(e.g. colour of image, plate saturation, galaxy peculiarity, incorrect SDSS �ber targeting of the

galaxy nucleus, etc.). For more details, the reader is referred to [102].

For this study, using the SN coordinates and its edge-on host galaxy image in the SDSS g-

band, we measure the perpendicular distance, i.e., the height, from the major axis of the �tted

elliptical aperture of each galaxy to the position of SN. At the same time, using the coordinates

of the host galaxy nucleus, we also measure the projected galactocentric radius of SN along the

same major axis. Fig. 1.2 schematically illustrates the geometrical location of an SN within an

edge-on disc, where v is the height (in arcsec) and u is the projected galactocentric radius (in
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Figure 1.2: Location of the SN within its edge-on host galaxy. The center of the galaxy is at
the origin of coordinate systems and the asterisk is the projected location of the SN. The u (the
projected galactocentric radius) and v (the height) are coordinates of the SN in host galaxy
coordinate system along the major (U) and the minor (V) axes, respectively. The inset in the
upper-left corner illustrates the 90◦ inclination of the polar axis of the galaxy with respect to
the line of sight.

arcsec) of the SN. A similar technique was also used in [92] on the Digital Sky Survey images

to determine the v and u coordinates of SNe.

It is important to note that as in the case of the radial distribution of SNe in face-on

galaxies [3], the distribution of linear distances in the vertical direction is biased by the greatly

di�erent intrinsic sizes of host discs. Fig. 1.3 illustrates the comparison of the heights v of SNe

and R25 of host galaxies in kpc. Also shown are the best �t lines

log(vIa) = (−1.10± 0.11) + (0.89± 0.08) log(R25) ,

log(vCC) = (−1.68± 0.15) + (1.07± 0.13) log(R25)

with near unity slopes. To check the signi�cance of the correlations, we use the Spearman's

rank correlation test, which indicates strong positive trend between the heights and R25 for

Type Ia SNe (rs = 0.382, P = 0.005), while not signi�cant for CC SNe (rs = 0.166, P =
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0.255). Therefore, in the remainder of this Chapter, we use only relative heights and projected

galactocentric radii of SNe, i.e., normalized to R25 = D25/2 of host galaxies in g-band.

The full data base of 102 individual SNe (SN designation, type, equatorial coordinates, v

and u) and their 100 host galaxies (galaxy SDSS designation, distance, morphological type and

corrected g-band D25) is available online [110].

1.3 The model of stellar disc

In our model, the volumetric density ρSN(r̃, z̃) of SNe in the host axisymmetric stellar discs

is assumed to vary as follows in the radial r̃ and vertical z̃ directions:

ρSN(r̃, z̃) = ρSN0 exp(−r̃/h̃SN)f(z̃) , (1.3)

where r̃ = RSN/R25, z̃ = zSN/R25 and (RSN, zSN ≡ v) are cylindrical coordinates, ρSN0 is the

central volumetric density, h̃SN = hSN/R25 is the radial scale length, and f(z̃) is a function

describing the vertical distribution of SNe.

In equation (1.3), we adopt a generalized vertical distribution

f(z̃) = sech2/n(nz̃/z̃SN0 ) , (1.4)

where z̃SN0 = zSN0 /R25 is the vertical scale height of SNe and n is a parameter controlling the

shape of the pro�le near the plane of host galaxy. Following the vertical surface brightness

distribution of edge-on galaxies [111, 112], we also assume that the scale height of SNe is

independent of projected galactocentric radius (see also [113], for late-type galaxies), i.e., there

is no disc �aring.

Recent photometric �ts to the surface brightness distribution of a large number of edge-

on galaxies in near-infrared [114] and SDSS g-, r-, and i-bands [95] (see also [96] for other

photometric bands) suggest that a value of n = 1 is an appropriate model of stellar discs.

When n → ∞, equation (1.4) reduces to f(z̃) ∼ exp(−|z̃|/H̃SN), where H̃SN = z̃SN0 /2 at large
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Figure 1.3: Comparison of the heights v of SNe and R25 of host galaxies in kpc. Red circles,
blue triangles and crosses respectively show Types Ia, Ibc and II SNe. Red dashed (Ia) and
blue solid (Ibc+II) lines are best �ts to the samples.

heights, and is widely used to successfully �t the dust distribution in edge-on galaxies [95,115].

In linear units, the exponential (exp) form of f(z̃) is used to model the distribution of Galac-

tic stars [98,99], novae [116], SNe [117,118], SN remnants [119], pulsars [120], and extragalactic

SNe [91�93], while the sech2 form is used to �t the vertical distribution of resolved stars [97]

and CC SNe [94] in highly inclined nearby galaxies.

Note that sech2 pro�le (n = 1) is expected for an isothermal stellar population [121], while

exp pro�le (n → ∞) can be obtained by a combination of isothermal stellar populations with

di�erent �temperatures� (velocity dispersions). While at large heights, sech2(x) → 4 exp(−2x),

at low heights, the sech2 pro�le is uniform, while the exp pro�le is cuspy.

1.4 Results and discussion

1.4.1 The vertical distribution and scale height of SNe

We �t sech2 and exp forms of f(z̃) pro�le to the distribution of normalized absolute heights

(|z̃| ≡ |v|/R25) of SNe, using maximum likelihood estimation (MLE). Here, because of the small

number statistics of Type Ibc SNe (see Table 1.1), we group them with Type II SNe in a larger

CC SNe sample. Fig. 1.4 shows the histograms of the normalized heights with the �tted sech2
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Figure 1.4: Vertical distribution of SNe (scaled to isophotal radius of disc) in Sa�Sd galaxies.
Upper panel: �tted sech2 (dashed curve) and exp (solid curve) PDFs of the normalized absolute
heights (|z̃| ≡ |v|/R25) of Type Ia SNe (red histogram). Bottom panel: the same for CC SNe
(blue histogram). The dark blue histogram presents the distribution of Type Ibc SNe only.
The insets present the di�erent forms of �tted CDFs in comparison with the SN distribution.
The mean values of the distributions are shown by arrows.

and exp probability density functions (PDFs) for Type Ia and CC SNe in Sa�Sd galaxies.4 In

columns 4, 7, and 10 of Table 1.2, we list the mean values of |z̃| and the maximum likelihood

scale heights for both types of SNe in various subsamples of host galaxies.

From column 4 of Table 1.2, 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 Ia SNe. In fact, the two-sample Kolmogorov�Smirnov (KS) and

4For this comparative illustration, we do not include S0�S0/a galaxies because they host almost only Type
Ia SNe (see Table 1.1). For the sake of visualization, the distribution of Type Ibc SNe is also presented in the
bottom panel of Fig. 1.4.
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Figure 1.5: Distribution of coordinates of SNe along the major (u/R25) and minor axes (z̃ ≡
v/R25) of their Sa�Sd host galaxies. Circles, triangles and crosses respectively show Types Ia,
Ibc and II SNe. One-sigma intervals of the distributions of the z̃ coordinates for Type Ia and
CC (Ibc+II) SNe are presented by dashed (σ = 0.078) and solid (σ = 0.037) lines, respectively.
Background SDSS image shows the PGC 037591 galaxy (scaled to the distribution), which is
one of the representatives of the edge-on galaxies with a prominent dust line along the major
axis. Dotted lines show the |z̃| ≤ 0.02 opaque region.

Anderson�Darling (AD) tests,5 shown in Table 1.3, indicate that this di�erence is statistically

signi�cant in Sa�Sd galaxies, although not signi�cant if only late-type hosts are considered.

Note that four Type IIb SNe are included in Type II SNe sample (see Table 1.1). For Sa�Sd

galasies, it might be reasonable also to group Types IIb and Ibc SNe as a wider `stripped-

envelop' (SE) SN class (13 objects) and compare them with pure Type II SNe (35 objects).

However, we �nd no di�erence between the vertical distributions of SE and pure Type II SNe

(PKS = 0.401, PAD = 0.320), resulting in statistically indistinguishable scale lengths between

these SN types. Therefore, in the remainder of this study, we will group all these subtypes as

the main CC SN sample and compare that with Type Ia SN sample.

It is important to note that dust extinction in edge-on SN host galaxies might have an

impact on our estimated scale heights.6 In [102], we demonstrated that in general there is

a lack of SNe host galaxies with high inclinations, which can be explained by a bias in the

5The two-sample AD test is more powerful than the KS test [122], being more sensitive to di�erences in the
tails of distributions. Traditionally, we chose the threshold of 5% for signi�cance levels of the di�erent tests.

6Another factor, such as a deviation from perfectly edge-on orientation of the host discs, may also a�ect our
estimation of the scale heights, increasing them. However, we are quite con�dent that our galaxies can vary
by a few degrees only from perfectly edge-on orientation (see Section 1.2.1). In addition, other authors have
demonstrated that slight deviations from i = 90◦ have minimal impact on the derived structural parameters of
the vertical distributions of di�erent stellar populations [111].
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Table 1.2: Consistency and scale heights of the vertical distributions of Type Ia and CC SNe
in edge-on galaxies with sech2 (n = 1) and exp (n → ∞) models.

n = 1 n → ∞
Host SN NSN ⟨|z̃|⟩ PKS PAD z̃SN0 PKS PAD H̃SN

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
S0�Sd Ia 53 0.058± 0.009 0.068 0.012 0.089± 0.015 0.196 0.165 0.058± 0.009

Sa�Sd Ia 44 0.055± 0.009 0.147 0.031 0.083± 0.012 0.319 0.239 0.055± 0.007
Sa�Sd CC 48 0.028± 0.003 0.644 0.209 0.042± 0.004 0.648 0.287 0.028± 0.003
Sa�Sd† Ia 28 0.082± 0.011 0.983 0.973 0.098± 0.014 0.970 0.973 0.062± 0.012
Sa�Sd† CC 28 0.044± 0.003 0.459 0.723 0.041± 0.006 0.331 0.525 0.024± 0.004

Sa�Sbc Ia 21 0.061± 0.014 0.168 0.055 0.094± 0.014 0.371 0.151 0.061± 0.011
Sa�Sbc CC 21 0.028± 0.004 0.860 0.299 0.040± 0.005 0.492 0.239 0.028± 0.003
Sc�Sd Ia 23 0.049± 0.011 0.627 0.354 0.073± 0.018 0.849 0.919 0.049± 0.009
Sc�Sd CC 27 0.029± 0.005 0.493 0.353 0.044± 0.007 0.497 0.684 0.029± 0.004

Sb�Sc Ia 30 0.064± 0.011 0.476 0.212 0.096± 0.016 0.679 0.482 0.065± 0.012
Sb�Sc CC 32 0.028± 0.004 0.476 0.203 0.042± 0.007 0.586 0.264 0.028± 0.003
Sb�Sc† Ia 21 0.089± 0.013 0.853 0.962 0.108± 0.021 0.594 0.821 0.070± 0.014
Sb�Sc† CC 19 0.044± 0.004 0.908 0.948 0.041± 0.008 0.728 0.794 0.024± 0.006
Sb�Sc∗ Ia 24 0.065± 0.014 0.686 0.281 0.097± 0.020 0.927 0.657 0.065± 0.014
Sb�Sc∗ CC 31 0.028± 0.004 0.422 0.224 0.042± 0.007 0.576 0.335 0.028± 0.004
Notes. Columns 1 and 2 give the subsample; Col. 3 is the number of SNe in the subsample; Col. 4 is the mean
of normalized absolute vertical distribution with the error of the mean; Cols. 5 and 6 are the PKS and PAD

probabilities from one-sample KS and AD tests, respectively, that the vertical distribution of SNe is drawn from
the best-�tting sech2 pro�le; Col. 7 is the maximum likelihood value of the scale height with bootstrapped error
(repeated 103 times); Cols. 8, 9, and 10 are, respectively, the same as Cols. 5, 6, and 7, but for the best-�tting
exp pro�le. The subsamples labeled with `†' symbols correspond to SNe with |z̃| > 0.02. The subsamples
labeled with `∗' symbols correspond to SNe with distances ≤ 200 Mpc. We calculate the PKS and PAD using the
calibrations by [123] and [124], respectively. The statistically signi�cant deviations from the best-�tting pro�le
are highlighted in bold.
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Table 1.3: Comparison of the normalized absolute vertical distributions (|z̃| ≡ |v|/R25) of SNe
among di�erent pairs of subsamples.

Subsample 1 Subsample 2
Host SN NSN Host SN NSN PKS PAD

Sa�Sd Ia 44 versus Sa�Sd CC 48 0.045 0.025
Sa�Sd† Ia 28 versus Sa�Sd† CC 28 0.011 0.003
Sa�Sbc Ia 21 versus Sa�Sbc CC 21 0.041 0.037
Sc�Sd Ia 23 versus Sc�Sd CC 27 0.690 0.310

Sa�Sbc Ia 21 versus Sc�Sd Ia 23 0.387 0.440
Sa�Sbc CC 21 versus Sc�Sd CC 27 0.765 0.802

Sb�Sc Ia 30 versus Sb�Sc CC 32 0.039 0.009
Sb�Sc† Ia 21 versus Sb�Sc† CC 19 0.013 0.001
Sb�Sc∗ Ia 24 versus Sb�Sc∗ CC 31 0.112 0.028

Notes. The subsamples labeled with `†' symbols correspond to SNe with |z̃| > 0.02. The subsamples labeled
with `∗' symbols correspond to SNe with distances ≤ 200 Mpc. The PKS and PAD are the probabilities from
two-sample KS and AD tests, respectively, that the two distributions being compared are drawn from the same
parent distribution. The PKS and PAD are calculated using the calibrations by [123] and [125], respectively.
The statistically signi�cant di�erences between the distributions are highlighted in bold.

discovery of SNe due to strong dust extinction [126], particularly in edge-on hosts [127].

The vertical distribution of dust in disc galaxies has an exponential pro�le with about

three times smaller scale height in comparison with distribution of all stars (Hstars/Hdust ≈ 3,

[115]).7 Analysing the vertical distribution of the resolved stellar populations in nearby edge-on

galaxies, [97] found that the dust has negligible impact on the distribution parameters of stars

at |z| ≳ Hdust heights (for the edge-on surface brightness pro�les of unresolved populations,

see e.g. [115]). Therefore, in Table 1.2, to check the impact of the dust extinction on the

obtained scale heights, we also estimate the distribution parameters considering the SNe in Sa�

Sd galaxies only at |z̃| > H̃dust heights. For the average dust scale height, we use H̃dust = 0.02,

roughly considering that Hdust ≈ HIa/3 (see also [128]). In Fig. 1.5, we show the distribution

of coordinates of SNe along the major (u/R25) and minor axes (z̃ ≡ v/R25) of their Sa�Sd

host galaxies with the |z̃| ≤ 0.02 opaque region, and for the sake of visualization, we scale the

distribution to the PGC 037591 galaxy (also shown in Fig. 1.1, better known as NGC 3987),

which is one of the representatives of the edge-on galaxies with a prominent dust line along the

7This value can vary from two to four, depending, respectively, on early- and late-type morphology of edge-on
spiral galaxies [129].
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major axis.

From columns 7 and 10 of Table 1.2 (the subsamples of Sa�Sd hosts labeled with `†' symbols),

despite the small number statistics (column 3), we see that the extinction by dust near to the

plane of host galaxies does not strongly bias the estimated scale heights of SNe. The scale

height of CC SNe with |z̃| > 0.02 is almost equal to that with the |z̃| ≥ 0, while the scale height

of Type Ia SNe with |z̃| > 0.02 is only ∼ 15% greater (still statistically insigni�cant) than that

with the |z̃| ≥ 0. In the remainder of this study, we will generally use the scale heights of SNe

without height-truncation due to the small number statistics and insigni�cance of the e�ect,

however, if needed, we will emphasize the impact of the dust extinction on the scale heights.

To check whether the distribution of SN heights follows the best-�tting pro�les, we per-

form one-sample KS and AD tests on the cumulative distribution of the normalized abso-

lute heights (|z̃|), where the sech2 and exp models have E(|z̃|) = tanh(|z̃|/z̃SN0 ) and E(|z̃|) =

1− exp(−|z̃|/h̃SN
z ) cumulative distribution functions (CDFs), respectively. Columns 5, 6, 8 and

9 of Table 1.2 show the KS and AD probabilities that the vertical distributions are drawn from

the best �tting pro�le. Cumulative distributions of the heights and CDFs of the �tted forms

for Type Ia and CC SNe in Sa�Sd galaxies are presented in the insets of Fig. 1.4.

From columns 5, 6, 8 and 9 of Table 1.2, we see that the vertical distribution is consistent

with both pro�les in most subsamples of Type Ia SNe and in all subsamples of CC SNe. For

Type Ia SNe in Sa�Sd (also in S0�Sd) galaxies, the vertical distribution is consistent with the

exp pro�le, but not with the sech2 one (as seen in the AD statistic but only very marginally

in the KS statistic). When we separate SNe Ia between early- and late-type host galaxies,

the inconsistency vanishes with only barely AD test signi�cance in early-type spirals (see the

PAD value in column 6 of Table 1.2 for SNe Ia in Sa�Sbc galaxies). The ⟨|z̃|⟩ value (scale

heights too) for SNe Ia is ∼ 25% greater in Sa�Sbc galaxies than that in Sc�Sd hosts (although

the di�erence is not signi�cant, see Table 1.3), while for CC SNe this parameter has a nearly

constant value in the mentioned subsamples. This e�ect can be attributed to the earlier and

wider morphological distribution of SNe Ia host galaxies (from S0/Sa to Sd, see Table 1.1 and

also [102] and [105]) in comparison with CC SNe hosts, and the systematically thinner vertical



Chapter 1 32

distribution of the host stellar population from early- to late-type discs [95,96,130].

In the �rst attempts to estimate the mean value of the vertical coordinates of SNe, [131,132]

used the distribution of SN colour excesses without precise information on their spectroscopic

types and host galaxy morphology in a sample of non-edge-on spirals. No di�erence was found

in the vertical distributions of Type I and II SNe with indication that both types belong to the

young population I. However, the inclinations of host galaxies and the uncertain separation8

of SN types might be the reason for the similarity between the vertical distributions of the

mentioned SN types. Using a similar colour excess data of the best photometrically studied

Type Ia SNe in late-type galaxies, [128] showed that these SNe have a considerably broader

vertical distribution than the dust discs of their hosts and concluded that SNe Ia are older than

the old disc population.

Direct measurements of the heights of SNe and estimation of the scales of their vertical

distributions were performed only in a small number of cases [92�94]. [93] examined the o�sets

between the major axes of a sample of highly inclined (i ≥ 60◦) galaxies and the SNe they

hosted in an attempt to measure the scale heights of Type Ia and II SNe. Unfortunately, the

sample of such objects was quite small (66 galaxies), especially when restricted to galaxies at

i ≥ 75◦, which resulted in statistically indistinguishable vertical distributions (in kpc) between

the mentioned types of SNe. [94] used data from the ASC to study the vertical distribution

(in kpc) of 64 CC SNe in highly inclined (i ≥ 80◦) Sa�Sd host galaxies. He showed that the

distribution can be well �tted by a sech2 pro�le. However, these studies only used linear scales

to estimate the vertical distribution of SNe. This is somewhat undesirable because the absolute

distribution of SN heights (in kpc) is biased by the greatly di�erent intrinsic sizes of host discs

(as already shown in Fig. 1.3).

[92] studied the absolute (in kpc) and relative (normalized to radius of host galaxy) vertical

distributions of SNe using a sample of 26 Type Ia, 8 Ibc, and 44 II SNe in spiral host galaxies

with i ≥ 85◦. They found that the distributions can be �tted by exp pro�les with scale heights

H̃Ia = 0.030 ± 0.006, H̃Ibc = 0.024 ± 0.006, and H̃II = 0.029 ± 0.005. The scale heights for

8Type Ibc SNe were labelled as `I pec' types during observations before 1986 and included in the sample of
Type I SNe.
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Type Ibc and II SNe are in good agreement with our H̃CC = 0.028 ± 0.003 in Sa�Sd galaxies,

while their scale height for Type Ia SNe is much smaller than our H̃Ia = 0.055 ± 0.007 in the

same morphological bin. However, the direct comparison of the scale heights obtained by [92]

with ours is di�cult because they used the Digital Sky Survey images for reduction of SNe host

galaxies without mentioning the photometric band (we assume that they used B-band), while

we use the SDSS g-band to normalize the heights to the 25th magnitude isophotal semimajor

axes of host galaxies. On the other hand, we are not able to check the consistency between the

morphological distributions of edge-on galaxies hosting Type Ia and CC SNe in their and our

samples because morphological types were not provided by [92].

To exclude any dependence of scale height of host stellar population on the morphological

type, we analyse the vertical distribution of SNe in the most populated morphological bins, i.e.,

in the narrower Sb�Sc subsample (see Table 1.1).9 In addition, the Sb�Sc subsample is more

suitable for comparison of the estimated vertical scale heights of SNe with those of di�erent

stellar populations of thick and thin discs of the MW galaxy (see Section 1.4.2), and to exclude

a small number of very thin discs [133], which usually appear in late-type galaxies.

From Table 1.2, we conclude that the vertical distributions of Type Ia and CC SNe in Sb�Sc

galaxies can be well �tted by both the sech2 and exp pro�les. The vertical distribution of CC

SNe is signi�cantly di�erent from that of Type Ia SNe (Table 1.3), being 2.3± 0.5 times more

concentrated to the plane of the host disc (Table 1.2). This di�erence also exists when the

above-mentioned e�ect of the dust extinction is considered for the particular subsample (Sb�Sc

hosts labeled with `†' symbols in Tables 1.2 and 1.3). In Fig. 1.6, we present the comparison of

vertical distributions as well as the �tted sech2 and exp CDFs between both the types of SNe

in Sb�Sc host galaxies.

It is important to note that Type Ia SNe, because of their comparatively high luminosity

(in about two absolute magnitudes in B-band [134]) and the presence of dedicated surveys,

are discovered at much greater distances than CC SNe [102]. To check the possible distance

9On the other hand, by selecting these bins we reduce the possible contribution by SNe Ia from central bulges
of host galaxies, although the bulge contribution is only up to 9% of the total SN Ia population in Sa�Sd host
galaxies [135].
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Figure 1.6: Vertical distributions of Type Ia (red thick line) and CC (blue thin line) SNe in
Sb�Sc galaxies. The inset presents the cumulative distributions of SNe and �tted sech2 (dashed
curve) and exp (solid curve) CDFs. The mean values of the distributions are shown by arrows.

biasing on the vertical distribution of SNe, we truncate the sample of Sb�Sc galaxies to distances

≤ 200 Mpc.10 In Table 1.2, the comparison of ⟨|z̃|⟩, z̃SN0 , and H̃SN as well as PKS and PAD values

of distance-truncated sample (labeled with `∗' symbols) with those of Sb�Sc host galaxies allows

to conclude that possible distance biasing in our sample is negligible. Due to the smaller

number statistics, we get larger error bars in Table 1.2, and lose only the KS test signi�cance

in Table 1.3. Therefore, in the remainder of this Chapter, we will use SNe in Sb�Sc galaxies

without distance-truncation.

1.4.2 The thick and thin discs

It is largely accepted that the disc of the MW, one of the well-studied representatives of

Sb�Sc classes, is separated into at least three components/populations: (1) the youngest star-

forming disc (H̃ ≲ 0.01), including molecular clouds and massive young stars; (2) the younger

thin disc (H̃ ∼ 0.02), which contains stars with a wide range of ages; and (3) the old thick disc

(H̃ ∼ 0.06), composed almost exclusively of older stars [98�100, 136�142]. For extragalactic

discs of nearby edge-on spirals, the thick and thin components are also resolved [96,97]. In this

10It would be more e�ective to check this with distance-truncation at 150 (100) Mpc (see [105] and [84]),
however the remaining statistics in this case is very low, which destroys any comparison with signi�cance. With
the mentioned distance-truncation, we have only 19 (9) Type Ia SNe with ⟨|z̃|⟩ = 0.071± 0.019 (0.086± 0.025)
and 30 (24) CC SNe with ⟨|z̃|⟩ = 0.027± 0.005 (0.031± 0.006).
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Table 1.4: Comparison of the H̃SN values of Type Ia and CC SNe in edge-on Sb�Sc galaxies
with those of the MW thick and thin discs.

Host H̃ Reference
MW thin disc 0.020 ± 0.005 [100]
MW thin disc 0.022 ± 0.003 [98]
MW thin disc 0.022 ± 0.005 [99]
SNe CC (Sb�Sc) 0.028 ± 0.003 This study

MW thick disc 0.050 ± 0.005 [98]
MW thick disc 0.051 ± 0.005 [137]
MW thick disc 0.057 ± 0.014 [140]
MW thick disc 0.058 ± 0.005 [99]
MW thick disc 0.060 ± 0.013 [100]
MW thick disc 0.061 ± 0.020 [139]
SNe Ia (Sb�Sc) 0.065 ± 0.012 This study
MW thick disc 0.067 ± 0.008 [138]

Notes. The MW H̃ values are calculated using the original values of H from the references and assuming
RMW

25 = 15± 1 kpc. The H̃ values are listed in ascending order.

sense, we may be able to put constraints on the nature of the progenitors of Type Ia and CC SNe

by comparing the parameters of their distributions (H̃SN or z̃SN0 and hSN/z
SN
0 or hSN/HSN) in

edge-on Sb�Sc galaxies with those of di�erent stellar populations of thick and thin discs of MW

and other similar galaxies. Note that the mean luminosity of our sample of Sb�Sc host galaxies

(⟨Mg⟩ = −20.5±1.0) is in good agreement with that of the MW (⟨MMW
g ⟩ = −21.0±0.5, [143]).

In Table 1.4, we list the exp scale heights of SNe estimated in this study and the exp scale

heights of the MW thick and thin discs derived from star counts (from hundreds of thousands

to millions of individual stars) by other authors. As can be seen, the scale height of the vertical

distribution of CC SNe is consistent with those of younger stellar population in the thin disc (a

wide range of ages up to a few Gyr, [144]), while the scale height of Type Ia SNe is consistent

with those of old population in the thick disc (from a few Gyr up to ∼ 10 Gyr, [144]) of the

MW galaxy.

Note that, in Table 1.4, the MW H̃ values are calculated using the original values of H (in

kpc) from the references and assuming RMW
25 = 15 ± 1 kpc, i.e., H̃ = H/RMW

25 , while the ratio

of radial to vertical scales (h/H) would be better for a comparison of SNe distribution with the

distribution of stars in the MW, avoiding the use of ambiguous value of RMW
25 .
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Table 1.5: Comparison of the length/height ratios of Type Ia and CC SNe in Sb�Sc galaxies
with those of the MW stars in the thick and thin discs.

Host h/H Reference
SNe Ia (Sb�Sc) 3.08 ± 0.65 This study
MW thick disc 3.30 ± 1.97 [139]
MW thick disc 3.68 ± 1.08 [137]
MW thick disc 4.00 ± 1.13 [100]
MW thick disc 4.30 ± 1.29 [140]
MW thick disc 4.50 ± 0.46 [138]
MW thick disc 5.41 ± 0.41 [99]

MW thin disc 6.82 ± 3.03 [98]
SNe CC (Sb�Sc) 7.14 ± 1.05 This study
MW thin disc 8.67 ± 2.45 [100]
MW thin disc 10.86 ± 2.70 [99]

Notes. For both the types of SNe, we use h̃SN = 0.20± 0.02 [84]. The h/H values are listed in ascending order.

[84] studied the radial distributions of SNe and estimated the scale lengths of Type Ia and

CC SNe using a well-de�ned sample of 500 nearby SNe and their low-inclined (i ≤ 60◦) and

morphologically non-disturbed S0�Sm host galaxies from the SDSS.11 In particular, the radial

distributions of Type Ia and CC SNe in spiral galaxies are consistent with one another and with

an exponential surface density according to exp(−r̃/h̃SN) in equation (1.3) where r̃ = RSN/R25

and h̃SN = hSN/R25 = 0.21 ± 0.02. However, to be consistent with the present study, we use

the estimation of the scale lengths of SNe restricted to Sb�Sc host galaxies from that sample.

Note that the similar determination of the sample of the present paper is not possible because

of its extreme inclination. For both types of SNe, we �nd h̃SN = 0.20± 0.02 using 79 Type Ia

and 198 CC SNe.

In Table 1.5, we list the ratios of radial to vertical scales of SNe (hSN/HSN) estimated in this

study and the analogous ratios of MW thick and thin discs derived from star counts by other

authors. The ratio of scales of CC SNe appears consistent with those of the younger stellar

population in the thin disc, while the corresponding ratio of Type Ia SNe is consistent with the

old population in the thick disc of the MW (although on the small side).

11At these inclinations, dust extinction has minimal impact on the e�ciency of SNe discovery [126], making
the estimation of the scale lengths as the most reliable.
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Table 1.6: Comparison of the length to sech2 height ratios of Type Ia 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.

Host h/z0 Reference
Edge-on Sc galaxiesa (RGB-box) 1.83 ± 0.99 [97]
SNe Ia (Sb�Sc) 2.08 ± 0.40 This study
Edge-on Sc galaxiesa (AGB-box) 2.40 ± 1.30 [97]
Edge-on galaxiesb (thick+thin disc) 2.67 ± 0.86 [95]
Edge-on Sd galaxiesc (thick disc) 2.87 ± 0.72 [96]

Edge-on Sc galaxiesa (MS-box) 3.83 ± 1.79 [97]
SNe CC (Sb�Sc) 4.76 ± 0.93 This study
Edge-on Sd galaxiesc (thin disc) 5.48 ± 1.15 [96]

Notes. For both the types of SNe, we use h̃SN = 0.20± 0.02 [84]. The h/z0 values are listed in ascending order.
aThe mean ratio of all six galaxies with the additional components of NGC 55 and NGC 4631 (from table 4
in [97]). These galaxies have lower masses than the MW.
bTo be consistent with the present study and the mentioned references, the mean ratio in g-band is estimated
for a subsample of 529 galaxies from table 4 in [95] with bulge-to-total luminosity ratio (B/T) in r-band between
0.2 to 0.4 and distances ≤ 200 Mpc (a few galaxies, with obviously incorrect B/T values, are removed). The
mean luminosity of this subsample (⟨Mg⟩ = −20.9±0.7, corrected for Galactic extinction) is in good agreement
with that of our Sb�Sc host galaxies (⟨Mg⟩ = −20.5± 1.0).
cThe mean ratio of all 34 galaxies in R-band from table 4 in [96]. These galaxies have lower kinematic masses
than the MW.

It should be noted that the parameters of the vertical distributions of di�erent stellar pop-

ulations in the MW are determined using samples dominated by stars relatively near the Sun,

not including the sizable population of the disc (see the discussion in [145]). Therefore, the

structural parameters of the MW may be di�erent from those of other galaxies. In partic-

ular, [97] analysed the vertical distribution of the resolved stellar populations in nearby six

edge-on Sc galaxies observed with the Hubble Space Telescope and found that the ratios of

radial to vertical scales of young star-forming discs are much smaller (∼ 3-4 times) than that

of the MW. In other words, the young star-forming discs of their sample galaxies are much

thicker in comparison with that of the MW. Their results are in agreement with those of [96],

who analysed the vertical structure of 34 late-type, edge-on, undisturbed disc galaxies using

the two-dimensional �tting to their photometric pro�les.

Interestingly, [97] found that the scale height of a stellar population increases with age,

which is also correct for the MW galaxy [141, 145]. They used colour-magnitude diagrams

to estimate the ages of resolved stellar populations (see �gs. 1 and 4 in [97]). The young
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population in their MS box of the colour-magnitude diagram is dominated by stars with ages

from ∼ 10 Myr up to ∼ 100 Myr, the intermediate population in the asymptotic giant branch

(AGB) box is dominated by stars with ages from a few 100 Myr 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 1.6 the ratios of radial to vertical scales

of SNe with those detected from resolved stars in nearby edge-on late-type galaxies [97] and

from unresolved populations of extragalactic thick and thin discs estimated using the edge-on

surface brightness pro�les [95,96].12

In Table 1.6, we see that the ratio of scales of the distribution of CC SNe is consistent

with those of the resolved MS-box stars in [97] and unresolved stellar population of the thin

disc in [96]. On the other hand, the hSN/z
SN
0 ratio of Type Ia SNe is consistent and located

between the values of the same ratios of resolved RGB- and AGB-box stars, respectively [97]. In

addition, the hSN/z
SN
0 ratio of Type Ia SNe is consistent with those of the unresolved population

of the thick disc in [96] and with the thick+thin disc population in [95].

These results are in good agreement with the age-scale height relation of stars in galaxy

discs [97, 145], and that Type Ia SNe result from stars of di�erent ages (from ∼ 0.5 Gyr up to

∼ 10 Gyr, see [146]), 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, see [147]).

1.5 Chapter Conclusions

Using a well-de�ned and homogeneous sample of SNe and their edge-on host galaxies from

the coverage of SDSS DR12, we analyse the vertical distributions and estimate the sech2 and

exp scale heights of the di�erent types of SNe, associating them to the thick or thin disc

populations of galaxies. Our sample consists of 100 nearby (the mean distance is 100±8 Mpc),

high-inclination (i ≥ 85◦), and morphologically non-disturbed S0�Sd galaxies, hosting 102 SNe

in total.
12Here, to be consistent with the original values from the references, we use the hSN/z

SN
0 ratios.
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The extinction by dust near to the plane of edge-on host galaxies has an insigni�cant impact

on our estimated SN scale heights, although as was shown previously [102], it is signi�cantly

decreasing the e�ciency of SN discovery in these galaxies. We also check that there is no

strong redshift bias within our SNe and host galaxies samples, which could drive the observed

behaviours of the vertical distributions of the both SN types in host galaxies with edge-on discs.

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

For the �rst 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 Ia SNe (Fig. 1.4 and Table 1.2). The di�erence between the

distributions of the SN types is statistically signi�cant with only the exception in late-type

hosts (Table 1.3).

When considering early- and late-type spiral galaxies separately, the vertical distributions

of Type Ia and CC SNe are consistent with both the sech2 and exp pro�les (Table 1.2). In wider

morphological bins (S0�Sd or Sa�Sd), the vertical distribution of Type Ia SNe is not consistent

with sech2 pro�le, most probably due to the earlier and wider morphological distribution of SNe

Ia host galaxies in comparison with CC SNe hosts (Table 1.1), 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 �nd that the sech2 scale heights (z̃SN0 ) of Type Ia and CC SNe are

0.096±0.016 and 0.042±0.007, respectively. The exp scale heights (H̃SN) are 0.065±0.012 and

0.028±0.003, respectively. In Sb�Sc galaxies, the vertical distribution of CC SNe is signi�cantly

di�erent from that of Type Ia SNe (Table 1.3), being 2.3± 0.5 times more concentrated to the

plane of the host disc (Table 1.2).

In Sb�Sc hosts, the exp scale height (also the hSN/HSN ratio) of CC SNe is consistent with

that of the younger stellar population in the thin disc of the MW, derived from star counts,

while the scale height (also the ratio) of SNe Ia is consistent with that of the old population in
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the thick disc of the MW (Tables 1.4 and 1.5).

For the �rst time, we show that the ratio of scale lengths to scale heights (hSN/z
SN
0 ) of the

distribution of CC SNe is consistent with those of the resolved young stars with ages from

∼ 10 Myr up to ∼ 100 Myr in nearby edge-on galaxies and the unresolved stellar population

of extragalactic thin discs (Table 1.6). On the other hand, the corresponding ratio for Type

Ia 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.

All these results can be explained considering the age-scale height relation of the distribution

of stellar population and the mean age di�erence between Type Ia and CC SNe progenitors.
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Constraining Type Ia SNe through their

heights in edge-on galaxies

2.1 Introduction

In Chapter 1, taking into account that the height from the disc plane is an indicator of

stellar population age [96, 97, 148], we showed that the majority of SNe Ia are localized in the

discs of edge-on galaxies and they have about two times larger scale height than CC SNe,

whose progenitors' ages are up to ∼100 Myr. Also, we showed that the scale height of SNe Ia

is compatible with that of the older MW thick disc. Nevertheless, we did not investigate

di�erent SN Ia subclasses separately. However, many studies demonstrated that the progenitor

population age of SN Ia subclasses is increasing in the sequence of 91T-, normal, and 91bg-like

events [48,67]. Therefore, in this Chapter, for the �rst time, we attempt to accomplish this by

studying the heights distributions of the SN Ia subclasses from the host discs.

In [149], we veri�ed an earlier �nding on the correlation between LC decline rates of SNe Ia

and the global ages of their host galaxies: SNe Ia from older and younger stellar populations,

respectively, have larger and smaller ∆m15 values. This result can be interpreted within the

frameworks of the sub-MCh WD explosion models. As mentioned in the Introduction, for this

explosion model, it should follow that the LC decline rate ∆m15 of SN Ia is correlated with

41
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the age of the SN progenitor system [58, 63]. Given this, in this Chapter we simply check the

potential correlation between the SN Ia heights from host discs and their LC decline rates,

which may provide an indication that both parameters are appropriate stellar population age

indicators.

2.2 Sample selection and reduction

For this Chapter, to ensure a su�cient number of SNe and to appropriately measure the

SN heights from their host galactic discs, we selected the spectroscopically classi�ed SN Ia

subclasses (normal, 91T- and 91bg-like) with distances ≤ 200 Mpc from the Open Supernova

Catalog [150]. In order to have high con�dence on the SN subclasses, the information is

additionally veri�ed utilizing data from the Weizmann Interactive Supernova data REPository

[151], Astronomer's Telegram, website of the Central Bureau for Astronomical Telegrams, etc.1

Since we are interested in SNe Ia that exploded in highly inclined spiral galaxies, we need

to roughly classify the morphology and estimate the inclination of hosts. To perform this

we employed the SDSS DR16 [152], the SkyMapper DR2 [153], and the Panoramic Survey

Telescope and Rapid Response System (Pan-STARRS) DR2 [154], which together cover the

whole sky and provide the gri bands composed images for each host galaxy. Hosts with visible

low inclinations (i ≲ 60◦) and obviously elliptical, lenticular, or irregular morphology were

excluded from the study. Following [149], we further morphologically classi�ed the hosts and

created the 25 mag arcsec−2 elliptical apertures for each galaxy on the surveys' g-band images

enabling exact measurements of the SN hosts' inclinations, semi-major (R25) and semi-minor

(Z25) axes.

The next step was to use the estimated elongations (R25/Z25) and morphological types of

galaxies to calculate inclinations, following the approach of [106]. It is worth noting that the

calculated inclinations for galaxies with prominent bulges are inaccurate, as the isophotes of

bulges in highly inclined galaxies reduce the real galaxy disc inclinations. Such scenarios got

1The sources provide also the equatorial coordinates of the selected SNe Ia.



Chapter 2 43

Table 2.1: Broadly binned morphological distribution of SN Ia subclasses in edge-on spiral host
galaxies.

SN S0/a�Sab Sb�Sc Scd�Sdm All
Normal 46 81 17 144
91T 5 18 7 30
91bg 13 10 0 23
All 67 108 22 197

special attention for exact inclination calculation, with only the isophotes of discs being taken

into account [85]. Finally, we limited the sample of host galaxies to those with an inclination

of 80◦ ≤ i ≤ 90◦. As a result, we sampled 196 S0/a�Sdm galaxies with a nearly edge-on view,

where a total of 197 SNe Ia were discovered (Table 2.1).

It is important to test the representativeness of our edge-on SN host sample compared to

a sample of galaxies arbitrarily aligned along line-of-sight. Using the two-sample KS and AD

tests, we compared the distributions of the sampled SN Ia subclasses and the morphological

types of their hosts with the same distributions of nearly complete volume-limited (≤ 80 Mpc)

sample of the Lick Observatory Supernova Search (LOSS; [28]). In our and LOSS samples,

the representations of SN Ia subclasses are not statistically di�erent (the probabilities that

the distributions are drawn from the same parent sample are > 0.6). The frequencies of

morphologies in our and LOSS samples are also consistent between each other (probabilities

are > 0.1). Therefore, any arti�cial loss or excess of SN subclasses and/or host's morphologies

should be not signi�cant in our sample.

We used the methods described in our earlier study on edge-on SN hosts [85] to determine

the height (V ) of a SN from the plane of its host disc (i.e. the vertical distance of a SN from

the major axis of host), as well as the projected radius (U) along the plane. The g-band images

were used for these measurements. The values of U and V are given in arcsec units. In this

study, we used the R25 normalization (in arcsec) to bring the galaxies to relatively the same size

(normalized height is V/R25, normalized projected radius is U/R25). For more details on the

measurement techniques, the reader is referred to [84, 85]. We also applied Z25 normalization

to the V parameter (V/Z25).
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Recall that the galaxies in our sample have an inclination of 80◦− 90◦, which can introduce

discrepancies in (projected) height measurements when compared to physical heights in the

same galaxies with inclination of 90◦. To check the impact of this e�ect, using a Monte Carlo

(MC) simulation, we generated 1000 SN heights in i = 90◦ disc adopting a generalized vertical

distribution (f(z̃) = sech2(z̃/z̃0), where z̃ = V/R25) and its scale heights for SNe Ia in spiral

galaxies (z̃0 = 0.083; [85]). Then, we randomly assigned an inclination within 80◦ − 90◦ to

the disc for each SN and estimated the projected SN height from the major axis of the host.

Eventually, the comparison of the generated and projected heights showed that the di�erences

between them is not signi�cant (PKS = 0.130, PAD = 0.200). Thus, the mentioned e�ect has a

minor impact on the real height measurements, which accounts, on average, for about 10% of

the measured value (±0.01 in absolute units, typically within the range of measurement errors).

Because we aim to investigate the possible relationships between photometric features like

∆m15 and the heights of SNe Ia from the disc, following [149], we conducted a thorough

literature search to assemble the B-band LC decline rates for our 197 SNe. Only 69 of the

SNe Ia in our sample have available ∆m15 values.

The database of 197 individual SNe Ia (SN designation, U and V , spectroscopic subclass

and ∆m15 with their sources) and their 196 hosts (galaxy designation, distance, morphological

type, R25, and Z25) is available online [155].

2.3 Results and discussion

2.3.1 Directional distributions of SNe Ia in edge-on spiral hosts

Following [156], for the SNe Ia in edge-on spirals of the current study, we perform the two-

sample KS and AD tests comparing the |V |/R25 and |U |/R25 distributions between each other.

Table 2.2 shows that the bulk of SNe Ia in all of the SN subclasses are localized in the host

galaxies' discs. For 91bg-like SNe only, the AD test shows barely signi�cance, unlike the KS

test, which is probably due to the statistics with the smallest sample size.

We then compare the projected and normalized radii |U |/R25 and the heights |V |/R25 be-
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Table 2.2: Comparison of the positional distributions of the SN Ia subclasses along major U
and minor V axes.

SN NSN ⟨|U |/R25⟩ versus ⟨|V |/R25⟩ PMC
KS PMC

AD

Normal 144 0.28+0.05
−0.04 versus 0.07+0.01

−0.01 <0.001 <0.001
91T 30 0.25+0.12

−0.07 versus 0.05+0.03
−0.02 <0.001 <0.001

91bg 23 0.25+0.15
−0.08 versus 0.14+0.08

−0.04 0.022 0.145
All 197 0.27+0.04

−0.03 versus 0.07+0.01
−0.01 <0.001 <0.001

Notes. The PKS and PAD probabilities that the distributions are drawn from the same parent sample are
calculated using a MC simulation with 105 iterations. Each subsample's mean values with their 95% con�dence
intervals (CIs) are presented. The P -values are bolded when di�erences between the distributions are statistically
signi�cant (P ≤ 0.05).

Table 2.3: Comparison of the |U |/R25 and |V |/R25 distributions between di�erent subclasses
of SNe Ia.

Subsample 1 NSN versus Subsample 2 NSN PMC
KS PMC

AD

|U |/R25 of Normal 144 versus |U |/R25 of 91bg 23 0.279 0.166
|U |/R25 of Normal 144 versus |U |/R25 of 91T 30 0.828 0.835
|U |/R25 of 91bg 23 versus |U |/R25 of 91T 30 0.756 0.611
|V |/R25 of Normal 144 versus |V |/R25 of 91bg 23 0.079 0.010
|V |/R25 of Normal 144 versus |V |/R25 of 91T 30 0.685 0.588
|V |/R25 of 91bg 23 versus |V |/R25 of 91T 30 0.033 0.022

Notes. The explanations for the P -values are identical to those in Table 2.2.

tween di�erent SN Ia subclasses. In Table 2.3, 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 signi�cantly di�erent. The

same is happens for the distributions of normal and 91bg-like SNe (with barely KS test signi�-

cance). Fig. 2.1 shows a scatterplot of |V |/R25 versus |U |/R25, and the cumulative distributions

of |V |/R25 values for di�erent SN Ia subclasses. The 91T-like SNe have the smallest height

distributions, closest to the disc plane, whereas the 91bg-like SNe have the highest distribution

(see also the ⟨|V |/R25⟩ values in Table 2.2). Normal SNe Ia have a height distribution that is

somewhat between those of the two others, but closer to 91T-like events.

The results, in Table 2.2, are in agreement with those of [84,85,156]. As already stated, the

disc, rather than the spherical component, is where the majority of normal, 91T- and 91bg-like

SNe Ia in spiral galaxies arise. In particular, [71] showed that SN Ia progenitor age distribution
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Figure 2.1: Left panel: distributions of |V |/R25 versus |U |/R25 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 �oating in 80◦ − 90◦. The lines show the mean
|V |/R25 values for each SN Ia subclass. Right panel: the heights' cumulative distributions
for di�erent SNe Ia. The light coloured regions around each curve represent the appropriate
spreads considering the uncertainties in height measurements.

Table 2.4: Comparison of the |V |/Z25 distributions between di�erent subclasses of SNe Ia.

Subsample 1 NSN versus Subsample 2 NSN PMC
KS PMC

AD

Normal 144 versus 91bg 23 0.112 0.005
Normal 144 versus 91T 30 0.311 0.307
91bg 23 versus 91T 30 0.042 0.048

Notes. The explanations for the P -values are identical to those in Table 2.2.

in spirals peaks up to several hundred Myr (< 1 Gyr) and has a long tail up to ∼ 10 Gyr,

implying that the bulk of progenitors come from young/intermediate stellar component [146],

which is mostly found in discs [157]. Although the old stars (> 1 Gyr) are distributed in both

disc and spherical components of spiral galaxies, most of the old progenitors of SNe Ia also

distributed in discs, as evidenced by the behaviour of the bulge to disc (B/D) �ux ratio [158]

or mass ratio [157]. For example, the B/D �ux ratio in the K-band, which is a tracer of the

old population, decreases passing from early- to late-type spirals [158]: the average B/D �ux

ratios are ∼ 0.33 and ∼ 0.07 for S0/a�Sbc and Sc�Sdm galaxies, respectively.

Now let us look at the results in Table 2.3. Recall that we only use edge-on host galaxies,

therefore it is practically impossible to correct the discs for the inclination e�ect and properly

study the de-projected radial distributions of SNe. This could explain why the projected radial

distributions of normal, 91bg, and 91T-like SNe are all consistent (see Table 2.3), although it
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is known that the ages and other parameters of various stellar populations in spiral galaxies

demonstrate radial dependency [159].

Table 2.3 also shows, statistically, that 91T- and 91bg-like SNe Ia are distributed di�erently

toward the plane of their host disc. The mean heights are growing, starting with 91T-like

events and progressing through normal and 91bg-like SNe (Table 2.2). 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 [96,97,148]. Therefore, from the perspective

of the vertical distribution (an age tracer) it may be deduced that the progenitors of 91T-

like and normal SNe Ia are relatively younger than those of 91bg-like events. At least the

age di�erences should be signi�cant for 91T- versus 91bg-like SNe (Table 2.3, Fig. 2.1). The

results are una�ected when the Z25 normalization is applied (Table 2.4). We emphasize that

the current study is the �rst to demonstrate the observational di�erences in the heights of the

SN Ia subclasses.

In fact, more luminous 91T-like SNe could be found more easily at the brighter host galaxy

background than less luminous 91bg-like events. This would mean that 91T-like SNe could

be observed closer to the disc than 91bg-likes. If so, the observed e�ect would be a selection

bias. However, it is crucial to note that 91T-like SNe are not as frequently detected at higher

heights as 91bg-likes (see Fig. 2.1). More luminous 91T-like SNe would undoubtedly be found

if they had exploded at the higher heights from the disc. Hence, it is likely that the detection of

91T-like SNe at lower heights as opposed to 91bg-likes is a real e�ect rather than the product

of the mentioned selection bias. This is further supported by the observation that 91T-like SNe

are mostly associated with star-forming environments [149,160,161] than 91bg-like SNe, which

are more frequently seen in older environments [162]. On the other hand, the star-forming

environment has the lowest height in the galactic disc [100].

2.3.2 Constraining the age of SN Ia progenitors

It is noteworthy that along with the qualitative age constraints of SN Ia progenitors we can

add also quantitative ones. Table 2.5 compares the scale heights of SN Ia subclasses in our



Chapter 2 48

Table 2.5: Comparison of exponential scale heights of SN Ia subclasses with those of CC SNe,
and thick and thin discs of edge-on galaxies.

Disc N H̃ Reference
Early-type galaxies

S0/a�Sc thin disc 122 0.02+0.01
−0.01 [163]

S0/a�Sab thin disc 38 0.04+0.02
−0.01 [163]

Normal (S0/a�Sab) 46 0.07+0.03−0.02 This study
S0/a�Sc thick disc 122 0.11+0.02

−0.02 [163]
91bg (S0/a�Sc) 23 0.14+0.08−0.04 This study
91bg (S0/a�Sab) 13 0.16+0.15−0.06 This study
S0/a�Sab thick disc 38 0.17+0.07

−0.04 [163]
Late-type galaxies

MW thin disc � 0.02±0.01 [100]
Sb�Sc thin disc 84 0.02+0.01

−0.01 [163]
CC SNe 27 0.03+0.02

−0.01 [85]
91T (Sb�Sdm) 25 0.04+0.02−0.01 This study
Normal (Scd�Sdm) 17 0.05+0.04−0.02 This study
MW thick disc � 0.06±0.01 [100]
Normal (Sb�Sc) 81 0.07+0.02−0.01 This study
Scd�Sd thick disc 19 0.08+0.06

−0.03 [163]
Sb�Sc thick disc 84 0.08+0.02

−0.02 [163]
91bg (Sb�Sc) 10 0.12+0.13−0.05 This study

Notes. H̃SN = ⟨|V |/R25⟩. Morphological classi�cation of galaxies from [163] is available via the HyperLeda

and/or NED. The H̃ values are displayed in ascending order.

sample with the exponential scale heights of the MW thin and thick discs, as well as with those

of 141 edge-on S0/a�Sd galaxies from [163], sampled according to the di�erent morphological

groups. The scale height of CC SNe in late-type host galaxies is also shown from our previous

paper [85]. Here an exponential vertical distribution exp(−|z̃|/H̃) is used, where the scale

height H̃ is normalized to the galaxy R25 radius. The scale height of SNe H̃SN = ⟨|V |/R25⟩

for an exponential vertical distribution (see [85], for more details). Because the scale height

of a stellar population depends on the morphological type of galaxies, being larger in early-

types [95, 96], we split the sample into early- and late-type hosts in Table 2.5 to accurately

compare di�erent scales. Note that in spiral galaxies the majority of 91T-like events are found

in Sb�Sdm (late-type) morphological bin, while most of normal SNe Ia and 91bg-like events

are distributed in S0/a�Sc (early-type) bin (Table 2.1, see also [149]).

As shown in Table 2.5, in early-type spirals, the scale height of normal SNe Ia is found
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Figure 2.2: Distributions of |V |/R25 versus ∆m15 for di�erent SN Ia subclasses. The dotted and
dashed lines, which encompass all SN Ia subclasses, present the best-�tting lines for entire and
dust-truncated (outside the shaded area) discs, respectively. Averaged values of |V |/R25 (and
∆m15) with their 95% CIs (and 1σ errors) for entire and dust-truncated samples are presented
by medium-transparent and big-�lled symbols, respectively.

between those of the thick and thin discs, while the scale height of 91bg-like events is clearly

consistent with the thick disc. In late-type spirals, the scale height of 91T-like SNe Ia is close

to that of CC SNe, while being larger. The average height of normal SNe Ia again is between

thin and thick discs. The scale height of 91bg-like events again is in agreement with those of

thick discs. This is a rough comparison when taking into account the error bars of the mean

heights, it nevertheless gives us a numerical understanding of the relative vertical distributions

of SN subclasses in comparison with thin and thick components of galactic disc.

On the other hand, [96] found that the scale height of thin disc of 34 late-type spiral galaxies

corresponds to those of young/intermediate stellar populations with ages from ∼ 10 Myr up to

a few Gyr, while the scale height of thick disc is comparable to those of old stellar population

with ages from a few Gyr up to ∼ 10 Gyr [97, 164]. A similar result was obtained by [165] for

the thick disc, where the age of stellar population increases from ∼ 5 to ∼ 10 Gyr [163,166,167].

Similarly, the ages of stellar populations of the MW thin and thick discs are estimated to be up

to a few Gyr and from a few Gyr up to ∼ 10 Gyr, respectively [100,168]. Notably, CC SNe arise

from young progenitors with ages up to ∼ 100 Myr and their vertical extend is accordingly less

than the thin disc [85].
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Thus, the various SN Ia subclasses correspond to di�erent stellar population ages being

distributed at the various average heights from the disc [85, 97, 164]. From Table 2.5, we

can 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 Ia arise from progenitors with ages from about one

up to ∼ 10 Gyr.

It is important to note that the delay time2 of the SN progenitor system could be dominated

by the timescale of the gravitational inspiral of WDs in comparison with the stellar age (a

lifetime till it becomes WD, see [50, 52]). In this study, however, we consider the stellar age of

SN progenitors rather than the system's entire delay time when comparing their average heights

with those of various disc components. Note that a signi�cant change in the mean vertical scales

of the young and old stellar populations is not expected during the SN progenitor stellar age or

the delay time of the systems. As mentioned above, 91T-like events (and the most of normal SNe

Ia) are associated with star-forming environments (≲ 500 Myr; [160, 161]), therefore the e�ect

of the gravitational inspiral's timescale should play a role mostly for 91bg-like SNe.

2.3.3 Relating LC decline rates with SN heights from host disc

SNe Ia span a variety of properties from subluminous SNe with fast-declining LCs to over-

luminous and slowly evolving events [25]. The majority of earlier theoretical studies have failed

to �t the full range of observed SNe Ia properties with a single explosion/progenitor scenario

(see reviews by [50, 52]). Fortunately, recent theoretical studies in the sub-MCh WD explosion

models showed an excellent quantitative agreement with observed photometrical behaviours of

SNe Ia in the entire range of the [47] relation [57, 58, 63]. As mentioned in the Introduction,

the explosion is realized in the double detonation of a sub-MCh WD, where the LC decline rate

∆m15 of SN Ia is positively correlated with the age of the SN progenitor system [58,63].

Numerous researches extensively studied the links between the SNe Ia LC decline rates

and the global age (or age tracers) of host galaxies, as well as local age at SN explosion

2Time interval between the progenitor formation and the SN explosion.
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Table 2.6: The correlation test for the |V |/R25 versus ∆m15 parameters.

SN NSN ⟨|V |/R25⟩ versus ⟨∆m15⟩ rs PMC
s

All 69 0.08+0.02
−0.02 versus 1.21±0.32 0.118 0.334

All† 36 0.14+0.06
−0.04 versus 1.18±0.29 0.471 0.004

Notes. A coe�cient of Spearman's rank correlation (rs ∈ [−1; 1]) is a metric for determining how closely two
variables are related by a monotonic function. The variables are not independent when P ≤ 0.05 (highlighted
in bold). The PMC

s values are generated using permutations with 105 MC iterations. The subsample marked
with † symbol corresponds to SNe with |V |/R25 ≥ 0.04.

sites [48,73,74,76,149,169]. These studies demonstrated that, at di�erent levels of signi�cance,

the LC decline rate is correlated with the global/local age: the B-band ∆m15 values increase

with stellar population age. However, the correlation between SNe Ia 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 �ll this gap.

Fig. 2.2 and the Spearman's rank correlation test in Table 2.6 show that the trend between

|V |/R25 and ∆m15 is positive, but not statistically signi�cant. At low heights, in Fig. 2.2, we

observe all the SN Ia subclasses (full range with slower and faster declining LCs), but with

increasing height, the decline rate of objects increases on average. However, it should be taken

into account that due to the dust extinction in galactic disc the discovery of SNe Ia in edge-on

galaxies is complicated and biased against objects at lower heights from the disc [127]. The

impact of this e�ect would be greatest on subluminous SNe (91bg-like events).

In late-type galaxies, the vertical distribution of dust has a scale height that is ∼ 3 times

less than that of thick disc stars [115]. While the dust layer is ∼ 1.5 times thicker in early-

type galaxies [129, 170], which is closer to our sample of SNe Ia host galaxies (see Table 2.1).

Therefore, to avoid the possible impact of dust we truncate the heights of SNe with |V |/R25 ≥

0.04, leaving 36 SNe Ia in our sample. For this dust-truncated sample, the Spearman's rank test

reveals a signi�cant positive correlation between the |V |/R25 and ∆m15 parameters (Table 2.6,

Fig. 2.2). The results are una�ected when the Z25 normalization is applied (Table 2.7). Thus,

despite the limited sample size, we demonstrate for the �rst time a signi�cant correlation

between LC decline rates and SNe Ia heights, which is consistent with a sub-MCh WD explosion

models [57�59] and vertical age gradient of stellar population in discs [96,148].
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Table 2.7: The correlation test for the |V |/Z25 versus ∆m15 parameters.

SN NSN ⟨|V |/Z25⟩ versus ⟨∆m15⟩ rs PMC
s

All 69 0.24+0.07
−0.05 versus 1.21±0.32 0.058 0.633

All† 36 0.41+0.18
−0.11 versus 1.18±0.29 0.396 0.016

Notes. For the explanations of the parameters see Table 2.6. The subsample marked with † symbol corresponds
to the dust-truncated SNe with |V |/Z25 ≥ 0.123. For our host galaxy sample, the truncation is obtained by
considering that ⟨Z25/R25⟩ ≈ 0.325.

It would be important to verify the results in Tables 2.3 and 2.4 while accounting for the

selection e�ects brought by dust extinction. However, in these tables we compare the SN

positions (heights) between the subclasses, and after the dust-truncation the samples for 91T-

and 91bg-like SNe become, unfortunately, insu�cient to perform the statistical tests.

2.4 Chapter Conclusions

We analyse the height distributions of the SN Ia subclasses from their host disc plane using

spectroscopically classi�ed 197 SNe in edge-on spiral galaxies with distances ≤ 200 Mpc. In

addition, this study is performed to examine potential links between photometric characteristics

of SNe Ia, like LC decline rates (∆m15), and SN heights from the disc.

For the �rst time, we demonstrate that 91T- and 91bg-like subclasses of SNe Ia are dis-

tributed di�erently 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 Ia.

Considering that the height from the disc is a stellar population age indicator and comparing

the mean heights of the SN Ia subclasses with those of thin and thick discs with known ages, 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 Ia are from about one up to

∼ 10 Gyr, and 91bg-like SNe Ia arise from progenitors with signi�cantly older ages ∼ 10 Gyr.

In addition, we show that the SN Ia LC decline rates correlate with their heights from the host

disc, after excluding the selection e�ects brought by dust extinction. The observed correlation

is consistent with the explosion models of a sub-MCh mass WD [57,58,63] and the vertical age

gradient of stellar population in discs [96,97,148].
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The diversity of Type Ia SN progenitors

3.1 Introduction

In [135], we comparatively studied nearby elliptical host galaxies of 66 normal SNe Ia and

41 subluminous/91bg-like events from the footprint of the SDSS, without considering SN Ia

LC properties. Our results supported the earlier suggestion [68, 81] that the characteristics

of normal SNe Ia and 91bg-like events depend more on age than on mass or metallicity of

the elliptical host galaxies. We showed, that the majority of the elliptical hosts of 91bg-like

events are very old (> 8 Gyr) in comparison with those of normal SNe Ia, which are on average

bluer and might have more residual star formation that gives rise to younger/prompt SNe Ia

progenitors. In other words, we showed that the age distribution of 91bg-like SNe hosts does

not extend down to the stellar ages that produce signi�cant u-band �uxes in early-type hosts of

normal SNe Ia, thus younger stars in these hosts do not produce 91bg-like SNe. Therefore, we

concluded that the delay time distribution (DTD) of 91bg-like SNe is likely weighted toward

long delay times, larger than several Gyr [162, 171]. These results led us to favour SN Ia

progenitor models such as He-ignited violent mergers [172] that have the potential to explain

the di�erent DTDs of normal SNe Ia and 91bg-like events.

In this Chapter, we signi�cantly improved the inclusion of various spectroscopic subclasses

of Type Ia SNe (normal SN Ia and peculiar 91T-, 91bg- and 02cx-like events) from host galaxies

53
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with almost all Hubble morphological types, including objects not only from the SDSS, but

also from the Pan-STARRS and the SkyMapper Southern Sky Survey, thus covering the entire

sky. In addition, instead of relying only on the discrete spectroscopic classi�cations, SNe Ia

in our sample now have the available continuous and extinction-independent LC decline rate

(∆m15) values in the B-band. The goals of this Chapter are to properly identify the diversity

of SNe Ia and better constrain the nature (i.e. the progenitor channel, through the DTD) of

their di�erent subclasses through a comprehensive study of SN Ia LC decline rates and global

properties of their hosts (e.g. morphology, stellar mass, colour, and age of stellar population).

3.2 Sample selection and reduction

3.2.1 SN Ia sample

For this Chapter, we used the Open Supernova Catalog [150] to collect spectroscopically

classi�ed SNe Ia with distances ≤ 150 Mpc (z ≲ 0.036),1 discovered up to 2019 May 1. All

SNe Ia are required to have a B-band LC decline rate (∆m15). We compiled the LC decline

rates with their errors from various publications where di�erent LC �tters were applied on

the B-band photometry (or measured directly from the LCs) with wide temporal coverage for

individual SNe [41,48,173�175]. Note that the B-band is historically the most often used in SN

studies, and therefore the data is best sampled in this band. It should be noted also that the

∆m15 of an SN Ia is a weak function of the line-of-sight dust extinction towards the SN in host

galaxy, which a�ects the LCs [49]: ∆mtrue
15 = ∆mobs

15 +0.1E(B−V ), where the last term in the

equation contains colour excess towards the SN. The E(B − V ) values are mostly distributed

within 0 to 0.3 mag, with the mean value of ∼ 0.1 mag [48, 49]. Therefore, the term in the

equation is between 0 to 0.03 mag, while the mean error in ∆m15 estimation is ∼ 0.1 mag.2 For

this reason, we consider the B-band ∆m15 as a practically extinction-independent parameter.

1The luminosity distances of SNe and/or host galaxies are calculated using the recession velocities both
corrected to the centroid of the Local Group and for the Virgocentric infall (see [102], for more details).

2In some cases, the values of E(B − V ) towards SN can reach up to ∼ 0.5 mag, and only in unique cases up
to around 1 mag [48, 176]. However, in all these cases the errors in ∆m15 estimations are higher, reaching up
to about 0.2 mag.
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Table 3.1: Numbers and fractions of SNe Ia subclasses in our (distances ≤ 150 Mpc) and LOSS
(distances ≤ 80 Mpc) volume-limited samples.

Our LOSS
SN subclass NSN fr NSN fr
normal 303 73.5+2.8

−3.0 52 70.3+7.0
−7.8

91T 42 10.2+2.2
−1.9 7 9.4+5.9

−4.1

91bg 50 12.1+2.3
−2.0 11 14.9+6.7

−5.2

02cx 12
4.1+1.5

−1.2

2
5.4+5.1

−3.002es 5 2
06gz 2 � 0 �
All 414 � 74 �

Notes. To be comparable with the LOSS sample, the fractions (in %) of SN subclasses in our sample are
calculated, using the approach of [177], without two 06gz-like SNe. Despite the di�erent nature of 02cx- and
02es-like events [178], the LOSS merged these SNe in a single bin, and we therefore presented the corresponding
merged fraction in our sample as well (however the SN numbers are presented separately).

In the compilation of SNe Ia LC decline rates, we avoided using any transformation from LC

stretch3 to ∆m15, because it is unclear how reliable such a transformation is [48,179].

The collected SNe Ia are also required to have available subclasses of their spectroscopy

(e.g. normal, 91T-, 91bg-, and 02cx-like). Following [135], we carried out an extensive literature

search to compile the information on the subclasses. As an interactive archive of SN spectra and

corresponding references, we mostly used the Weizmann Interactive Supernova data Repository

[151]. We considered also the websites of Central Bureau for Astronomical Telegrams4, the

Astronomer's Telegram5, and other references with information on the SN subclasses [174,180,

181]. Note that we included in the 91T-like SNe subclass the transitional 99aa-like events.

Very early spectra of these SNe resemble those of 91T-like events. The di�erence with 91T-like

SNe is that in the spectra of 99aa-like SNe the Ca ii lines are always prominent. However, at

maximum light the 99aa-like SNe spectra are similar to those of normal SNe Ia. In addition,

the photometry shows that 99aa-like SNe are similarly luminous and slow-declining as 91T-

like SNe. At the same time, we included two transitional 86G-like events in the 91bg-like

SNe subclass. Spectroscopically, these events show properties intermediate between normal

3The stretch parameter, usually used in cosmological studies for the standardization of SN Ia, is related to
the width of the SN Ia LC (see [182], for more details).

4http://www.cbat.eps.harvard.edu/iau/cbat.html
5http://www.astronomerstelegram.org/

http://www.cbat.eps.harvard.edu/iau/cbat.html
http://www.astronomerstelegram.org/
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Figure 3.1: Variation of the B-band LC drop, ∆m15, of di�erent subclasses of SNe Ia as a
function of the host galaxy distance. Because of very few data points for 02es- and 06gz-like
SNe, their best-�tting lines are useless and not presented.

and 91bg-like SNe. The Si ii lines are as strong as in 91bg-like spectra, while Ti ii lines are

somewhat weaker. The LCs of 86G-like events peak at magnitudes intermediate between those

of normal and 91bg-like SNe, and decline rapidly similar to the latter. For more details on the

properties of these transitional events, the reader is referred to [25]. In total, we succeeded to

collect the subclasses for 414 SNe Ia with available LC decline rates. The second column of

Table 3.1 shows the numbers of di�erent subclasses of the collected Type Ia SNe.

We compared the fractions of SN subclasses in our sample with those in the volume-limited

sample of the LOSS [28]. Based on the detection e�ciency of LOSS, the authors noted that

their survey did not miss any SNe Ia that exploded within the sample of targeted galaxies

out to 80 Mpc, achieving a completeness more than 98% (74 events). Table 3.1 shows that

the representation of the SN subclasses in our sample is in good agreement within errors with

that in the LOSS. We checked this by applying the two-sample KS and AD tests on the

reconstructed two discrete data sets (distributions) with sizes of 414 and 74, using the ordered

frequencies {303, 42, 50, 12, 5, 2}Our and {52, 7, 11, 2, 2, 0}LOSS from Table 3.1, respectively. The

P -value of two-sample KS (AD) test represents the probability that the two distributions being

compared are randomly drawn from the same parent distribution. The KS and AD tests showed

that the frequencies of SN subclasses in our and LOSS samples are not signi�cantly di�erent

(PKS = 0.728 and PAD = 0.929).
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Table 3.2: Numbers of SNe Ia subclasses and coe�cients of the linear best-�ts (∆m15 = a +
bD[Mpc]) from Fig. 3.1 with results of the Spearman's rank correlation test.

SN subclass NSN a b× 10−3 rs Ps

normal 303 1.17± 0.03 0.3± 0.3 0.057 0.320
91T 42 0.95± 0.05 −0.6± 0.5 −0.131 0.407
91bg 50 1.87± 0.04 −0.7± 0.6 −0.135 0.350
02cx 12 2.07± 0.18 −6.1± 2.6 −0.559 0.058

Notes. See Table 2.6, for the explanations of rs and Ps.

For small-size samples like in Table 3.1, in addition to the original two-sample KS (or AD)

test, a MC simulation is usually used for a better approximation of the P -value [183]. If the

original two data samples have m and n members, the MC simulation randomly generates

partitions of joint m + n size sample into an m-set and an n-set, computing the two-sample

KS (or AD) test statistic D(m,n) for the generated sets. The PMC
KS -value (or PMC

AD -value) is

the proportion of Di(m,n) values that are greater than d, where i is the number of iterations

(we used i = 105) and d is the test statistic based on the original two data samples. The

described analysis also showed that the frequencies of SN subclasses in our and LOSS samples

are consistent between each other (PMC
KS = 0.710 and PMC

AD = 0.650). Thus, we believe that the

arti�cial loss/excess of any of the SN subclasses in our sample is not signi�cant.

It is important to recall that the 91T-like SNe have peak luminosities that are ∼ 0.6 mag

overluminous than do normal SNe Ia, while 91bg-like SNe have luminosities that are ∼ 2 mag

lower in comparison with normal ones. In general, the peak luminosities of 91bg- and 02es-like

SNe are comparable. On the other hand, the peak luminosities of some 06gz-like events are

even higher than those of 91T-like SNe, while the 02cx-like SNe can be less luminous than

91bg-like SNe (see [25] for a review on the extremes of SNe Ia). Therefore, the discoveries of

the events with lower luminosities might be complicated at greater distances.

To check the possible in�uence of the distance e�ect, in Fig. 3.1 we illustrated the dependence

of extinction-independent ∆m15, which is a good proxy for the intrinsic luminosity of a SN Ia

[47], on distance for the di�erent SN subclasses. The parameters of best-�tting lines from

Fig. 3.1 and results of the Spearman's rank correlation test for ∆m15 versus distance (in Mpc)

are presented in Table 3.2. The Spearman's rank test shows not signi�cant trends between the
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Figure 3.2: Cumulative distributions and stacked histogram (upper left inset) of distances of
the subclasses of Type Ia SNe. The mean values (with standard errors) of the distributions are
shown by arrows (with error bars).

∆m15 and distances for all the SN subclasses. Only for 02cx-like SNe, the Ps-value of negative

trend (rs < 0) is close to the 0.05 threshold, but still statistically not signi�cant (see Table 3.2).

Note that, in this study we avoided merging 02cx- and 02es-like SNe subsamples, because

they are two distinct subclasses based on their spectroscopic, photometric, and host galaxy

properties [178]. For this reason and due to a small number of 02es-like events, we simply

removed these �ve SNe from our analysis. For the same reasons, we also removed two 06gz-like

SNe from our statistical/comparative study.

To further check the redshift-dependent biases in our SN sample, in Fig. 3.2 we compared

the cumulative distance distributions of the SN subclasses. In Table 3.3, the two-sample KS

and AD tests showed that the distance distributions of normal, 91T-, and 91bg-like events are

not signi�cantly di�erent from one another and could thus be drawn from the same parent

distribution. However, only in the AD statistic, the distance distributions of 91T- and 02cx-

like SNe are not consistent between each other. At the same time, the corresponding P -

value for a MC simulation is slightly higher than the signi�cance threshold (see Table 3.3).

Therefore, in comparison with more luminous SNe, the detection of 02cx-like events might be

biased/complicated at greater distances (see Fig. 3.1 and the mean values in Fig. 3.2), most

probably due to their low intrinsic luminosity at maximum light [25]. With this in mind, we

will be cautious in our comparison of the properties of 02cx-like SNe and their host galaxies
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Table 3.3: Comparison of the distributions of distances D (in Mpc) among di�erent SN sub-
classes.

SN subsample 1 vs SN subsample 2 PKS PAD PMC
KS PMC

AD

Subclass ⟨D⟩ Subclass ⟨D⟩
normal 72± 2 vs 91T 83± 6 0.094 0.071 0.089 0.074
normal 72± 2 vs 91bg 65± 5 0.137 0.206 0.131 0.216
normal 72± 2 vs 02cx 59± 11 0.613 0.426 0.594 0.471
91T 83± 6 vs 91bg 65± 5 0.060 0.055 0.056 0.061
91T 83± 6 vs 02cx 59± 11 0.126 0.038 0.104 0.051
91bg 65± 5 vs 02cx 59± 11 0.863 0.843 0.822 0.867

Notes. The explanations for the P -values are identical to those in Table 2.2. The statistically signi�cant
di�erence between the distributions is highlighted in bold.

with those of other SN subclasses. None of our SN Ia subsamples (except perhaps 02cx-like)

should be a�ected by redshift-dependent biases.

3.2.2 SN Ia host galaxy sample

Our sample of SN Ia host galaxies was obtained by cross-matching the coordinates of our

407 SNe Ia with the footprints of the SDSS DR16 [152], the Pan-STARRS DR2 [154], and the

SkyMapper DR2 [153], using the techniques described in [102]. Note that these surveys cover

together the entire sky, complementing one another, and with some intersection. As a result,

we identi�ed 394 individual host galaxies of all collected SNe Ia: 1, 2, and 4 SNe are found in

383, 10, and 1 galaxies, respectively. It should be noted that some of the identi�ed host galaxies

from the footprint of SDSS DR16 are already listed in databases of [84,85,102,135,184], which

are based on older DRs of SDSS. We nevertheless re-implemented the entire reduction process

for all SDSS host galaxies using the DR16 properties.

Following the approach described in detail in [102], we morphologically classi�ed all 394

host galaxies by visual inspection of images of hosts from the SDSS6, Pan-STARRS7, and

SkyMapper8 imaging servers, all of which build RGB colour images from the g, r, and i data

channels. Note that SDSS, Pan-STARRS, and SkyMapper use di�erent ugriz, grizy, and

6http://skyserver.sdss.org/dr16/en/tools/chart/listinfo.aspx
7https://ps1images.stsci.edu/cgi-bin/ps1cutouts
8http://skymapper.anu.edu.au/sky-viewer/

http://skyserver.sdss.org/dr16/en/tools/chart/listinfo.aspx
https://ps1images.stsci.edu/cgi-bin/ps1cutouts
http://skymapper.anu.edu.au/sky-viewer/
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Table 3.4: Numbers of the subclasses of Type Ia SNe at distances ≤ 150 Mpc as a function of
morphological types of host galaxies.

E E/S0 S0 S0/a Sa Sab Sb Sbc Sc Scd Sd Sdm Sm All
normal 20 7 20 22 20 15 57 63 47 13 8 7 4 303
91T 0 0 1 1 1 5 7 13 4 4 2 2 2 42
91bg 17 3 3 8 5 5 1 4 4 0 0 0 0 50
02cx 0 0 0 1 0 0 2 3 2 1 0 2 1 12

All 37 10 24 32 26 25 67 83 57 18 10 11 7 407

uvgriz �lters, respectively. However, the gri sets of Pan-STARRS and SkyMapper are very

similar to the SDSS �lters of the same names [154, 185]. The SDSS RGB colour images of

typical examples of SNe host galaxies with morphological classi�cation according to the modi�ed

Hubble sequence (E-E/S0-S0-S0/a-Sa-Sab-Sb-Sbc-Sc-Scd-Sd-Sdm-Sm) can be found in [102].

Table 3.4 displays the distributions of the subclasses of SNe Ia among the various morphological

types of host galaxies.

We �rst applied corrections to transform the Pan-STARRS and SkyMapper photometry

to the SDSS system [153, 185, 186]. For all host galaxies, we �tted 25 mag arcsec−2 elliptical

apertures in the SDSS g-band according to the approach presented in [102]. Following [135],

for each host galaxy the corresponding SDSS ugriz �uxes (apparent magnitudes9) are mea-

sured using the mentioned elliptical apertures in g-band. The u-band �ux measurements are

performed only for host galaxies located on the footprints of SDSS and SkyMapper survey,

which have the corresponding �lter support. During the �ux measurements, we masked out

bright projected/saturated stars. The absolute/apparent magnitudes are corrected for Galactic

extinction based on the [187] recalibration of the [188] dust map. In addition, these values are

corrected for elongation/inclination e�ects and for the host galaxy internal extinction according

to [189]. Finally, the colour-based K-corrections [190] are mostly negligible (< 0.15 mag), since

the host redshifts are ≲ 0.036.

The database of 407 individual SNe Ia (SN designation, spectroscopic subclass, ∆m15, and

corresponding sources of the data) and their 394 hosts (galaxy designation, distance, corrected

9The magnitudes are in the AB system (https://www.sdss.org/dr16/algorithms/�uxcal/).

https://www.sdss.org/dr16/algorithms/fluxcal/
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Figure 3.3: Upper panel: stacked histogram of the B-band ∆m15 values of di�erent SN Ia
subclasses. Bottom panel: cumulative ∆m15 distributions for the SN subclasses. The light
shaded regions around each cumulative curve show the corresponding spreads considering the
uncertainties in ∆m15 values. The mean values (with standard errors) of the distributions are
shown by arrows (with error bars).

ugriz apparent magnitudes, and morphological type) is available online [191].

3.3 Results and discussion

With the aim of clarifying the progenitor natures of normal and peculiar (91T-, 91bg-, and

02cx-like) SN Ia subclasses, in this section we comparatively study the important relations

between the LC decline rates of these SNe Ia and the global properties of the stellar population

of their host galaxies with di�erent morphological types.
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Table 3.5: Comparison of the B-band ∆m15 distributions among di�erent SN Ia subclasses.

SN subsample 1 vs SN subsample 2 PKS PAD PMC
KS PMC

AD

Subclass ⟨∆m15⟩ Subclass ⟨∆m15⟩
normal 1.19± 0.01 vs 91T 0.90± 0.02 <0.001 <0.001 <0.001 <0.001
normal 1.19± 0.01 vs 91bg 1.82± 0.02 <0.001 <0.001 <0.001 <0.001
normal 1.19± 0.01 vs 02cx 1.71± 0.11 <0.001 <0.001 <0.001 <0.001
91T 0.90± 0.02 vs 91bg 1.82± 0.02 <0.001 <0.001 <0.001 <0.001
91T 0.90± 0.02 vs 02cx 1.71± 0.11 <0.001 <0.001 <0.001 <0.001
91bg 1.82± 0.02 vs 02cx 1.71± 0.11 0.031 0.002 0.025 0.003

Notes. The explanations for the P -values are identical to those in Table 2.2. The statistically signi�cant
di�erence between the distributions is highlighted in bold.

3.3.1 Light curve decline rates of SN Ia subclasses

Fig. 3.3 shows the histogram and cumulative distributions of B-band ∆m15 values for the

di�erent SN Ia subclasses in our sample. The ∆m15 distribution appears to be bimodal, with

the second (weaker) mode mostly distributed within ∼ 1.5 − 2.1 mag range. This faster de-

clining SN range is dominated by 91bg-like (subluminous) events, while the ∆m15 of 91T-like

(overluminous) SNe are distributed only within the �rst mode at slower declining range with

∆m15 ≲ 1.1 mag. This picture of the ∆m15 distributions of faster and slower declining Type

Ia SNe is very similar to the ∆m15 distribution found by [48], who studied a data set of 165

low redshift (z < 0.06) SNe Ia [172,179]. It should be noted that the separate ranges of ∆m15

distributions of 91T- and 91bg-like SNe are almost equal to each other (∼ 0.6 mag), but about

2.2 times narrower than that of normal SNe Ia (∼ 1.3 mag). At the same time, despite the

small number statistics of 02cx-like SNe, their B-band decline rates with some extremes are

spread in the faster side of the ∆m15 distribution of normal SNe Ia [192]. The range of ∆m15

distribution of these peculiar events is ∼ 1.2 mag.

In Table 3.5, two-sample KS and AD tests show that the ∆m15 distributions are inconsis-

tent signi�cantly between any pairs of SN Ia subclasses of our sample. Therefore, the ∆m15

distributions of 91T- and 91bg-like SNe, which cross the tails of ∆m15 distribution of normal

SNe Ia, without crossing one another (see Fig. 3.3), suggest that these SN Ia subclasses may

come from di�erent stellar populations [48, 172]. A similar idea can be viable also for the pro-

genitor population of 02cx-like SNe (see [26] and references therein), when comparing the ∆m15
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Figure 3.4: Upper panel: cumulative distributions of host galaxy morphological types of the
subclasses of Type Ia SNe. The mean morphological types (with standard errors) of the host
subsamples are shown by arrows (with error bars). Bottom panel: B-band ∆m15 versus host
galaxy morphology for di�erent SNe Ia subclasses, displayed as a scatter plot (smaller symbols)
and averaged in bins of morphological type (bigger symbols). The abscissae of the smaller
symbols are randomly shifted by ±0.3 in t for clarity, while they are slightly shifted according
to SN Ia subclass for the bigger symbols. The S0, S0/a, and Sa morphological bins of 91T-like
SNe are merged because each of them contains only one 91T-like event. For 91bg-like SNe, the
Sb bin contains only one SN, therefore it is merged with the Sab bin. Similarly, given their
small number, the hosts of 02cx-like SNe are merged into two broad morphological bins.

properties of normal SNe Ia with those of 02cx-like events (Fig. 3.3 and Table 3.5).

In next subsections, we obtain more robust constraints on the SN Ia progenitor populations,

by studying the host galaxy global properties combined to the distributions of LC decline rates

of the SN subclasses.

3.3.2 Morphologies of host galaxies of SN Ia subclasses

The upper panel of Fig. 3.4 presents the cumulative distributions of host galaxy morpho-

logical types of the subclasses of SNe Ia. It is clear that the host galaxies of normal, 91T-
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Table 3.6: Comparison of the distributions of host galaxy morphological types among di�erent
SN Ia subclasses.

Host subsample 1 vs Host subsample 2 PKS PAD PMC
KS PMC

AD

SN subclass ⟨t⟩-type SN subclass ⟨t⟩-type
normal 2.8± 0.1 vs 91T 4.2± 0.3 0.015 0.004 0.015 0.007
normal 2.8± 0.1 vs 91bg −0.1± 0.4 <0.001 <0.001 <0.001 <0.001
normal 2.8± 0.1 vs 02cx 4.9± 0.7 0.134 0.006 0.122 0.015
91T 4.2± 0.3 vs 91bg −0.1± 0.4 <0.001 <0.001 <0.001 <0.001
91T 4.2± 0.3 vs 02cx 4.9± 0.7 0.673 0.470 0.668 0.475
91bg −0.1± 0.4 vs 02cx 4.9± 0.7 <0.001 <0.001 <0.001 <0.001

Notes. The explanations for P -values are the same as in Table 2.2. The statistically signi�cant di�erences
between the distributions are highlighted in bold.

Table 3.7: Comparison of the B-band ∆m15 distributions of SNe Ia among di�erent subsamples
of host morphologies.

Subsample 1 vs Subsample 2 PKS PAD PMC
KS PMC

AD

Host SN NSN ⟨∆m15⟩ Host SN NSN ⟨∆m15⟩
E�S0 normal 47 1.45± 0.04 vs S0/a�Sm normal 256 1.15± 0.01 <0.001 <0.001 <0.001 <0.001
E�S0 91bg 23 1.83± 0.03 vs S0/a�Sm 91bg 27 1.82± 0.03 0.876 0.840 0.806 0.842

E�S0 normal 47 1.45± 0.04 vs S0/a�Sbc normal 177 1.16± 0.02 <0.001 <0.001 <0.001 <0.001
E�S0 normal 47 1.45± 0.04 vs Sc�Sm normal 79 1.11± 0.02 <0.001 <0.001 <0.001 <0.001
S0/a�Sbc normal 177 1.16± 0.02 vs Sc�Sm normal 79 1.11± 0.02 0.050 0.067 0.048 0.068
S0/a�Sbc 91T 27 0.91± 0.02 vs Sc�Sm 91T 14 0.89± 0.03 0.608 0.322 0.557 0.366
E�S0 91bg 23 1.83± 0.03 vs S0/a�Sbc 91bg 23 1.84± 0.03 0.991 0.936 0.931 0.937
Notes. The explanations for P -values are the same as in Table 2.2. The statistically signi�cant di�erences
between the distributions are highlighted in bold. Due to small number statistics of 02cx-like SNe, their study
in the subsamples of host morphology is statistically useless, and therefore not presented.

(overluminous), and 91bg-like (subluminous) SNe Ia have morphological type distributions

that are signi�cantly mutually inconsistent (see Table 3.6). Host galaxies of 91bg-like SNe

have, on average, earlier morphological types (⟨t⟩ ≈ 0), with 46% of the events discovered in

E�S0 galaxies. In contrast, host galaxies of 91T-like SNe have, on average, later morphological

types (⟨t⟩ ≈ 4), with a single 91T-like event in E�S0 hosts (only ∼ 2% of the subsample, see

Table 3.4). The morphological distribution of host galaxies of spectroscopically normal SNe Ia

occupies an intermediate position between the host morphologies of 91T- and 91bg-like events.

The morphological distribution of 02cx-like SNe hosts is similar to that of 91T-like SNe hosts,

though the LC decline rates of the former SN subclass are signi�cantly larger than those of the

latter subclass (see Fig. 3.3 and Table 3.5).
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These results are in good agreement with those of [65], who presented a photometric identi-

�cation technique for 91bg-like SNe, separating them from the normal Type Ia population, and

comparatively studied SNe host galaxy morphologies (see also [109, 193, 194] for other SN Ia

subclasses). [65] showed that the morphological distribution of host galaxies of 91bg-like can-

didates is signi�cantly earlier (PKS ≃ 0.002) from that of normal SNe Ia.10 In addition, using

a Fisher exact test, [65] noted that the number ratio of normal SNe Ia in passive (E�S0) to

star-forming (S0/a�Sm) galaxies is statistically di�erent (smaller) from the same ratio of 91bg-

like SNe with a probability PF ≃ 0.002. For our SN sample in Table 3.4, the behaviour of the

ratios is the same as in [65], with PF < 0.001. For the hosts of other SN Ia subclasses, [193]

and [109] mentioned that 91T- and 02cx-like objects have consistent host morphologies, while

hosts of 91T-like SNe have later morphological types in comparison with normal SNe Ia.

Taking into account that the mean stellar population age of galaxies is steadily decreasing

along the Hubble sequence from early- to late-type galaxies [159], the results in the upper panel

of Fig. 3.4 and Table 3.6 indicate that the progenitor population age of SN Ia subclasses in the

sequence of 91bg-, normal, and 91T(or 02cx)-like events is decreasing as well.

In the bottom panel of Fig. 3.4, we show the distribution of the B-band ∆m15 values

as a function of morphological type of host galaxies, for di�erent SN Ia subclasses. When

dividing SNe Ia hosts between E�S0 (galaxies with only old stellar component) and S0/a�Sm

morphological types (galaxies with both old and young stellar components), Table 3.7 shows

that the distributions of ∆m15 values of 91bg-like SNe are not di�erent between the host

subsamples, being distributed mainly within old ellipticals/lenticulars and early-type spirals

(Fig. 3.4). In contrast, the ∆m15 distribution of normal SNe Ia in E�S0 hosts is not consistent

with that in S0/a�Sm galaxies.

Using narrow morphological bins, i.e. E�S0, S0/a�Sbc, and Sc�Sm, shows that the ∆m15

values of normal SNe Ia are decreasing on average from early- to late-type galaxies. Indeed,

the Spearman's rank test shows that the signi�cant correlation between ∆m15 and host t-

10It should be noted that [65] also identi�ed other peculiar SNe Ia subgroup, which includes 02cx- and 06gz-like
events. However, the results concerning to the hosts morphologies of this peculiar subgroup are not comparable
with those of our case, because their subgroup include nearly equal numbers of 02cx- and 06gz-like SNe whose
hosts morphologies have di�erent distributions [135,194,195], thus mixing the morphological types.
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types exists only for normal SNe Ia (rs = −0.416, Ps < 0.001), although the discrete t-type

values are not convenient for the test. The ∆m15 distributions of 91T-like events are not

di�erent in S0/a�Sbc and Sc�Sm galaxies (Table 3.7), which lie mostly within spiral hosts

(Fig. 3.4). Without a clear separation between the SN Ia spectroscopic subclasses, similar

results have been obtained in the past with samples of SNe Ia and their host galaxies at

di�erent redshifts [48, 66�68, 77, 196, 197]. Note that, because of few data points for 02cx-like

SNe, their study in the subsamples of host morphology is statistically useless, and therefore

not presented in Table 3.7.

Recall that the intrinsic ranges of∆m15 distributions of 91T- and 91bg-like SNe are narrower

than that of normal SNe Ia (see Subsection 3.3.1). Could these narrow ranges of ∆m15 prevent

us from seeing any trends with host galaxy properties such as morphology? We probe this

issue by searching for trends of ∆m15 and morphology for normal SNe Ia, in the corresponding

narrow ranges of ∆m15 as for 91T-like events �rst and then as for 91bg-like SNe. For 189

normal SNe Ia with ∆m15 ≲ 1.26 mag, the rs = −0.177 and Ps = 0.015, and for 64 normal

events with ∆m15 ≳ 1.38 mag, the rs = −0.305 and Ps = 0.014. Thus, normal SNe Ia keep the

∆m15 � morphology trend direction and signi�cance even in each of the narrower ∆m15 ranges,

showing that the ∆m15 ranges of 91T- and 91bg-like SNe should not play a signi�cant role in

the absence of the trends for peculiar events.

Along with the mean stellar population ages of galaxies, the ratio of bulge luminosity (old

halo/bulge component) over disc luminosity (old and young star-forming disc components)

is steadily decreasing along the Hubble sequence [198, 199]. There is no disc component in

elliptical galaxies, while the stellar bulge component is negligible in late-type spiral galaxies

where the star-forming disc is prominent. Therefore, most probably the results above indicate

that 91bg-like SNe (subluminous SNe Ia) come only from the old stellar component (halo/bulge,

old disc) of hosts, while 91T-like events (overluminous SNe Ia) originate only from the young

component (star-forming disc) of galaxies. Faster and slower declining normal SNe Ia likely

come from older and younger stellar populations of host galaxies, respectively. Despite their

small numbers, 02cx-like SNe typically lie in star-forming galaxies with late-type morphology
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(Fig. 3.4), hinting that these events likely originate from young stellar component.

It is instructive to consider counter-examples. The discovery of SN 2004br [200], a 91T-like

event [180], in NGC 4493 of S0 morphology (see Table 3.4 and Fig. 3.4), which consists of

only old stellar population from a naive point of view. In NGC 4493, another SN Ia was also

discovered (SN 1994M; [201]) with a normal spectroscopic classi�cation [202]. Interestingly,

this host galaxy has a distorted stellar disc and shows obvious evidence of an interaction with

neighbor/companion galaxy [102]. The age of the younger stellar component in this galaxy is

estimated to be down to about a few hundred Myr [203]. There are many indications that

residual star formation episodes (birth of relatively young stellar component) could also take

place in elliptical or lenticular galaxies, due to galaxy-galaxy interaction with close neighbors

[86, 87, 204, 205]. In such early-type galaxies, in very rare cases, even core-collapse SNe were

discovered [2, 102, 206, 207] whose progenitor ages are thought to be up to about hundred

Myr [147]. Therefore, in our sample, the presence of unique 91T-like SN in the mentioned

interacting lenticular galaxy can be interpreted as a result of such a residual star formation

that could deliver SN Ia from relatively young progenitors.

3.3.3 Colour�mass diagram of SNe Ia host galaxies

Galaxy colours represent a more quantitative measure of galaxy classes, albeit spectral

classes. Therefore, in this subsection we only use the photometric data of SNe Ia hosts, accom-

panied with the values of SN LC decline rates. To analyse the distribution of SN host galaxies

on the colour�mass diagram, we estimate the stellar masses (M∗) of our sample galaxies, using

a simple empirical relation of [208] between log(M∗/M⊙), g− i colour and i-band absolute mag-

nitude, Mi (see [135] for details). While this mass estimate is rudimentary and may be biased

relative to more re�ned mass measurements, it su�ces for our aim to. In the colour�mass dia-

gram (Fig. 3.5), we prefer to use u−r colours, which present the largest contrast among optical

colours between the inputs of young and old stellar populations [87, 135]. Recall that u-band

measurements are available only for 326 SNe Ia host galaxies (80% of the sample) located in

the footprints of the SDSS and SkyMapper survey, which provide the corresponding �ts images
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Figure 3.5: Colour�mass diagrams of SNe Ia host galaxies viewed as density and contours. The
region between two solid lines marks the Green Valley (see text for details). Upper panel: all
326 SNe Ia host galaxies with measured u and r magnitudes. The colour bar shows the linear
(arbitrary) units of density. Bottom panels: same for the E�S0 (left) and spiral (right) host
morphologies.

(see Subsection 3.2.2).

In the upper panel of Fig. 3.5, the u − r colour�mass diagram clearly displays a bimodal

distribution of colours of SNe Ia host galaxies (see also [209] for the g − i colours), as seen in

general galaxy samples [210]. More precisely, galaxies with dominant old stellar populations and

low speci�c SFRs (mostly massive galaxies) lie in the so-called Red Sequence of the diagram,

which is located at u − r ≳ 2 mag, with a tail of about 10% of the population reaching down

to u − r ≈ 1.5 mag [87, 210]. Star-forming galaxies with prominent young stellar population

are located in the so-called Blue Cloud of the diagram, mostly at u− r ≲ 2 mag, with a tail to

redder colours.

The bottom left panel of Fig. 3.5 shows the colour�mass relation for our E�S0 hosts with

83 SNe Ia. Similarly, spiral galaxies of the sample that host 243 SNe Ia are presented in the

bottom right panel of Fig. 3.5. The bimodality in the diagram is due to the superposition of
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Figure 3.6: Colour�mass diagram for 326 SNe Ia host galaxies with measured u and r magni-
tudes, 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 (see text for details).
For host galaxies of di�erent 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).

colours of these two distinct populations of galaxies [87]. A dip between bimodal (red and blue)

colours in the colour�mass diagram is called Green Valley (the region between two solid lines

in Fig. 3.5, see also [135]). This region is thought to include galaxies that are in transitional

stage of the evolution between star-forming galaxies in the Blue Cloud and passively evolving

quenched galaxies in the Red Sequence [87,88,210,211].

Fig. 3.6 shows how the host galaxies of di�erent SN Ia subclasses are distributed in the

colour�mass diagram. The �gure also displays the distributions of u− r colours and masses for

host galaxies for the di�erent 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 signi�cantly redder (see Table 3.8). Also, the bulk of
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Table 3.8: Comparison of the distributions of host galaxy u − r colours and stellar masses
among di�erent SN Ia subclasses.

Host subsample 1 vs Host subsample 2 PKS PAD PMC
KS PMC

AD

SN NSN ⟨u− r⟩ SN NSN ⟨u− r⟩
normal 244 1.86± 0.03 vs 91T 34 1.74± 0.06 0.064 0.092 0.060 0.101
normal 244 1.86± 0.03 vs 91bg 39 2.23± 0.05 <0.001 <0.001 <0.001 <0.001
normal 244 1.86± 0.03 vs 02cx 9 1.47± 0.10 0.020 0.007 0.016 0.013
91T 34 1.74± 0.06 vs 91bg 39 2.23± 0.05 <0.001 <0.001 <0.001 <0.001
91T 34 1.74± 0.06 vs 02cx 9 1.47± 0.10 0.140 0.041 0.117 0.059
91bg 39 2.23± 0.05 vs 02cx 9 1.47± 0.10 <0.001 <0.001 <0.001 <0.001

⟨log(M∗/M⊙)⟩ ⟨log(M∗/M⊙)⟩
normal 244 10.72+0.03

−0.03 vs 91T 34 10.66+0.07
−0.08 0.342 0.432 0.325 0.444

normal 244 10.72+0.03
−0.03 vs 91bg 39 10.98+0.06

−0.07 <0.001 <0.001 <0.001 <0.001
normal 244 10.72+0.03

−0.03 vs 02cx 9 10.30+0.14
−0.21 0.030 0.014 0.027 0.024

91T 34 10.66+0.07
−0.08 vs 91bg 39 10.98+0.06

−0.07 0.019 0.001 0.016 0.001
91T 34 10.66+0.07

−0.08 vs 02cx 9 10.30+0.14
−0.21 0.175 0.130 0.143 0.169

91bg 39 10.98+0.06
−0.07 vs 02cx 9 10.30+0.14

−0.21 0.001 <0.001 <0.001 0.001
Notes. The explanations for P -values are the same as in Table 2.2. The statistically signi�cant di�erences
between the distributions are highlighted in bold.
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Figure 3.7: B-band ∆m15 values of the SN Ia subclasses versus host galaxy colour (left) and
host galaxy stellar mass (right). Binned and averaged values of ∆m15 (bigger symbols) are
superposed on the original distributions (smaller symbols). Horizontal bars show the bin sizes.
Depending on the numbers of SNe Ia for certain subclasses, di�erent binning sizes are selected
to include su�cient numbers of the objects.
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Table 3.9: Results of Spearman's rank correlation test for the B-band ∆m15 values of the SN Ia
subclasses versus u− r colours and stellar masses of host galaxies.

SN subclass NSN Variable 1 vs Variable 2 rs Ps

normal 244 ∆m15 vs u− r 0.429 <0.001
normala 149 ∆m15 vs u− r 0.210 0.010
normalb 53 ∆m15 vs u− r 0.285 0.038
91T 34 ∆m15 vs u− r 0.143 0.421
91bg 39 ∆m15 vs u− r −0.092 0.576
02cx 9 ∆m15 vs u− r 0.417 0.264

normal 244 ∆m15 vs log(M∗/M⊙) 0.286 <0.001
normala 149 ∆m15 vs log(M∗/M⊙) 0.159 0.052
normalb 53 ∆m15 vs log(M∗/M⊙) 0.062 0.657
91T 34 ∆m15 vs log(M∗/M⊙) −0.052 0.770
91bg 39 ∆m15 vs log(M∗/M⊙) −0.091 0.582
02cx 9 ∆m15 vs log(M∗/M⊙) −0.300 0.433

Notes. The explanations for rs and Ps-values are the same as in Table 2.6. a∆m15 ≲ 1.26 mag, similar to
91T-like SNe. b∆m15 ≳ 1.38 mag, similar to 91bg-like events. Statistically signi�cant correlations between the
variables are highlighted in bold.

hosts of 91bg-like SNe are signi�cantly massive (log(M∗/M⊙) > 10.5). The distribution of host

masses is signi�cantly inconsistent with those of the other SN Ia subclasses (Table 3.8). At the

same time, the colour (resp. mass) distributions are not statistically di�erent between hosts of

normal and 91T-like SNe, spanning almost the entire ranges of host colour (resp. 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. 3.6. Their colour (mass) distribution is

signi�cantly bluer (lower) in comparison with that of normal SNe Ia host galaxies, but closer

to that of 91T-like SNe hosts (Table 3.8).

In Fig. 3.7, we show the distribution of the B-band ∆m15 values of the SN Ia subclasses as

a function of u−r colours and stellar masses of host galaxies. Interestingly, only normal SNe Ia

show average systematic increase in ∆m15 values with an increase in colour (mass) values of

hosts. The results of Spearman's rank test, shown in Table 3.9, con�rm that only for normal

SNe Ia we do see a signi�cant correlation between LC decline rates and host galaxy colours

(masses). We note that similar dependence of SNe Ia LC properties, such as decline rates, on

the stellar masses of host galaxies have been shown in the literature using various SN Ia/host
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Table 3.10: Comparison of the B-band ∆m15 distributions of only normal SNe Ia among
di�erent subsamples of host parameters.

Subsample 1 vs Subsample 2 PKS PAD PMC
KS PMC

AD

Host parameter NSN ⟨∆m15⟩ Host parameter NSN ⟨∆m15⟩
u− r > 2 mag 1001.30± 0.02vsu− r ≤ 2 mag 1441.13± 0.02<0.001<0.001<0.001<0.001
log(M∗/M⊙)> 10.5 1391.26± 0.02vs log(M∗/M⊙)≤ 10.5 1051.13± 0.02<0.001<0.001<0.001<0.001
above Green Valley 811.33± 0.03vsbelow/in Green Valley 1631.14± 0.02<0.001<0.001<0.001<0.001
above Green Valley 811.33± 0.03vsbelow Green Valley 1331.13± 0.02<0.001<0.001<0.001<0.001
Notes. The explanations for P -values are the same as in Table 2.2. A 0.15 mag and 0.25 dex variations in colour
and mass demarcations, respectively, do not change the statistical behaviour of the tests. The statistically
signi�cant di�erences between the distributions are highlighted in bold.

samples [69,70,73,76,78,169,212�214]. However, instead of ∆m15, these studies used the SN Ia

LC shape parameter ∆ (adding and subtracting template LC shapes) or stretch x1 (stretching

or compressing the time axis of the LC by a single �stretch factor�) obtained from two commonly

used LC �tters in cosmology: MLCS2k2 [215] and SALT2 [216], respectively. These parameters

(∆ and x1) show di�erent correlations with the observed ∆m15 [179]. In addition, these studies

did not perform a clear separation between normal and peculiar (91T-, 91bg-, and 02cx-like)

SN Ia spectroscopic subclasses. The dependence of SNe Ia LC properties on the u−r colours of

host galaxies was not directly studied in the literature,11 although it is expected, because similar

dependencies on host morphology and other colours were known [48, 66�68, 77, 169, 197, 215],

again without clear separation between the spectroscopic subclasses of SNe Ia.

As in Subsection 3.3.2, for normal SNe Ia we check for the correlations between their ∆m15

and host galaxy properties in two separate ∆m15 ranges corresponding to the sizes of the ∆m15

ranges of 91T- and 91bg-like SNe. Table 3.9 shows that normal SNe Ia keep the ∆m15 �

colour trend direction and signi�cance in each of the narrower ∆m15 ranges, while the ∆m15

� log(M∗/M⊙) trend becomes insigni�cant, hinting that the ∆m15 ranges might play a role in

the absence of the ∆m15 � log(M∗/M⊙) trend for peculiar SNe Ia.

Without mixing the SN Ia subclasses, we compare in Table 3.10 the distributions of LC

decline rates of normal SNe Ia between two distinct populations of host galaxies in the colour�

mass diagram. The separations between two populations of galaxies are done according to

u − r colour [87], stellar mass [213], or according to locations of galaxies above and below

11But see [214], for indirectly obtained U −R colours of SNe Ia host galaxies.
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the Green Valley. Indeed, the Green Valley separates best the two populations of passively

evolving quenched (older) galaxies and of star-forming (younger) hosts. Table 3.10 shows that

the distributions of ∆m15 values of normal SNe Ia are signi�cantly di�erent between all the

mentioned host subsamples. On average, those normal SNe Ia that are in galaxies above the

Green Valley have faster declining LCs compared to those in galaxies below the Green Valley.

This result suggests that the correlation seen in Fig. 3.7 and Table 3.9 is due to a superposition

of faster and slower declining normal SNe Ia from old and young stellar populations of host

galaxies, respectively dominating in the Red Sequence and Blue Cloud of the colour�mass

diagram (see Fig. 3.6). In addition to the �ndings in Subsection 3.3.2, the colour�mass study of

SN Ia hosts also suggest that there could be at least two distinct populations of normal SNe Ia:

the halo/bulge and old disc components of galaxies most likely host faster declining normal

SNe Ia, while star-forming component of galaxies hosts their slower declining counterparts.

Taken separately, the LC decline rates of 91bg-like SNe (subluminous SNe Ia) and 91T-like

events (overluminous SNe Ia) do not show dependencies on host galaxy colour (Fig. 3.7 and

Table 3.9). At the same time, the distribution of hosts on the colour�mass diagram con�rms the

known tendency for 91bg-like SNe to occur in globally red/old galaxies while 91T-like events

prefer blue/younger hosts. Therefore, the results in Figs. 3.5, 3.6, and Table 3.8 reinforce

those obtained in Subsection 3.3.2 that among the considered SN Ia subclasses, 91bg-like SNe

come only from old stellar population of hosts (halo/bulge and old disc components), while

91T-like events originate only from young population of galaxies (star-forming component).

Probably, the decline rates of 02cx-like SNe also do not show dependencies on host galaxy

properties (Table 3.9), although we note that statistics of these events is based on small num-

bers. Complementing the results of Subsection 3.3.2, the positions of 02cx-like SNe hosts in

the colour�mass diagram suggest that these events may all originate from the young stellar

component, although they diverge from 91T-like events in their signi�cantly higher LC decline

rate.

Since the g- and i-bands photometry is available for all 407 SNe Ia host galaxies, we also

check the stellar mass-based results in Tables 3.8-3.10 using the entire SN Ia subsamples. As a
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Figure 3.8: Distributions of the B-band ∆m15 values of di�erent subclasses of 360 SNe Ia as a
function of b/a of S0�Sm host galaxies (a measure of galaxy inclination), and their best-�tting
lines.

result, all behaviours of the dependencies (∆m15 vs log(M∗/M⊙)) and statistical signi�cances

of the tests remain almost unchanged.

Interestingly, some studies suggested that the correlations between the optically-based LC

properties and host galaxy mass might be due to di�erences in dust extinction in galaxies with

di�erent masses [217, 218]. However, most recently [176] observed near-constant correlations

between SN Ia LC properties and host galaxy mass across near-infrared, which are less sensitive

to dust, and optical bands. They suggested that dust extinction might not play a signi�cant role

in the observed correlation [219]. In this respect, the combination of the lack/non-signi�cance

of ∆m15 � host stellar mass (morphology, colour) correlations for peculiar SNe Ia and the

observed signi�cant correlation for normal SNe Ia (Figs. 3.4, 3.7 and Table 3.9) also suggest

that dust may not be the dominant process in the correlations of LCs and host properties for

normal SNe Ia. If the impact of dust were strong, then one would expect that, contrary to

what we found in Fig. 3.4, the B-band ∆m15 of 91T-like SNe would be correlated with host

galaxy properties, because the bulk of these events are discovered in star-forming galaxies with

di�erent masses and dust properties.

Indeed, one could also expect that SNe Ia in strongly inclined hosts are more extinguished

and will show smaller ∆m15 (see Subsection 3.2.1). Fig. 3.8 shows the distribution of ∆m15



Chapter 3 75

2 4 6 8 10 12 14
0.0

0.2

0.4

0.6

0.8

1.0

Host age (Gyr)

C
um
ul
at
iv
e
fr
ac
tio
n
of
S
N
e

normal

91T

91bg

02cx

●

●

●
●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

● ●
●

●

●

●

●
●

●
●

●

●

●

● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

● ●

●

●
●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●
●

●

●

●
●

●
●

●

● ●

● ●

●
●

●

●
●

●

●

●●●

● ●

● ●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

● ●

●

●
●

●●

●

●

●●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●
●

●
●

●

● ●●

●

●

●

●

●●

●

●

●

●
●

●
●

●
●

●
● ●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●●

●
●

●

●

●●

●
●

●

●

●

●●

●

● ●
●

●

●

●

●

●

●

●

●●
● ●

●●
●

●

●●

●

● ●

●

●

●● ●
●

●
● ●

●
● ●●

●

●

●●

● ●

●
●

●

●
●

● ●

●

●

●

●

●

◆

◆
◆

◆
◆◆
◆

◆
◆
◆
◆
◆

◆
◆

◆

◆

◆

◆

◆

◆

◆
◆

◆

◆

◆

◆◆
◆

◆

◆

◆
◆

◆

◆

◆

◆

◆
◆
◆
◆

◆

◆

◆

◆

◆◆◆
◆

◆

◆

★

★

★

★
★

★

★

★
★ ★

★

★

★

★

★ ★
★

★

★★
★

★

★

★ ★
★ ★

★

★
★

★

★ ★

★
★

★

★

★★

★

★
★

■

■

■

■

■
■

■

■

■

■

■

■

● ● ● ● ●
● ●

◆ ◆ ◆ ◆

★ ★
★ ★

■
■

2 4 6 8 10 12 14
0.5

1.0

1.5

2.0

2.5

Host age (Gyr)

Δ
m
15

● normal ★ 91T ◆ 91bg ■ 02cx

Figure 3.9: Upper panel: cumulative distributions of SNe Ia host galaxy luminosity-weighted
ages. The mean ages (with standard errors) of the host subsamples are shown by arrows (with
error bars). Bottom panel: B-band ∆m15 values of the SN Ia subclasses versus luminosity-
weighted ages of host galaxies. Binned and averaged values of ∆m15 (bigger symbols) are
superposed on the original distributions (smaller symbols). Horizontal bars show the bin sizes.
Depending on the numbers of SNe Ia for certain subclasses, di�erent binning sizes are selected
to include su�cient numbers of the objects.

versus b/a of S0�Sm host galaxies,12 which is a measure of galaxy inclination. However, the

Spearman's rank test shows that these variables are not correlated: the Ps-values are 0.745,

0.419, 0.123, and 0.275 for normal, 91T-, 91bg-, and 02cx-like SNe, respectively [213]. Therefore,

we believe that the observed normal SN Ia-host relations are dominated by the diversity of

SNe Ia progenitors.
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Table 3.11: Comparison of the distributions of host galaxy luminosity-weighted ages among
di�erent SN Ia subclasses.

Host subsample 1 vs Host subsample 2 PKS PAD PMC
KS PMC

AD

SN subclass NSN ⟨host age⟩ SN subclass NSN ⟨host age⟩
normal 303 9.9± 0.2 vs 91T 42 9.1± 0.6 0.211 0.310 0.211 0.325
normal 303 9.9± 0.2 vs 91bg 50 12.2± 0.4 <0.001 <0.001 <0.001 <0.001
normal 303 9.9± 0.2 vs 02cx 12 7.7± 1.4 0.029 0.016 0.030 0.030
91T 42 9.1± 0.6 vs 91bg 50 12.2± 0.4 <0.001 <0.001 <0.001 <0.001
91T 42 9.1± 0.6 vs 02cx 12 7.7± 1.4 0.052 0.038 0.051 0.049
91bg 50 12.2± 0.4 vs 02cx 12 7.7± 1.4 0.001 <0.001 0.001 0.002
Notes. The explanations for the P -values are identical to those in Table 2.2. The statistically signi�cant
di�erence between the distributions is highlighted in bold.

3.3.4 Luminosity-weighted ages of SNe Ia host galaxies

In order to move from the qualitative description of the progenitor population ages of the

SN Ia subclasses to the quantitative ones, we determine the luminosity-weighted ages of their

host galaxies.13 To conform to values used in the Chapter 4, we use the �xed redshifts of

the galaxies to �t the PÉGASE.2 templates library [220, 221], comprised of various morpholog-

ical/spectral types, to the measured ugriz photometry of SN hosts. Five photometric values

of a host galaxy (in some cases only four griz band values are available, see Subsection 3.2.2)

and its �xed redshift are used to select the best locations of the values on the spectral energy

distribution (SED) templates. Accordingly, the best matched SED model and corresponding

luminosity-weighted age can be used from the collection of all possible synthetic templates for

di�erent galaxy ages (up to 19 Gyr). The luminosity-weighted stellar population ages are very

sensitive to recent star formation, i.e. bright young stellar populations get more weight in the

estimated ages. An example of SN Ia host galaxy photometry with its best template, and more

information on the SED �tting method can be found in [135].

In the upper panel of Fig. 3.9, we present the cumulative distributions of luminosity-weighted

ages of normal and peculiar (91T-, 91bg-, and 02cx-like) SNe Ia host galaxies. Note that only

about 10% of the host galaxies in our sample have very late-type morphologies (Scd�Sm, see

12The elongations (b/a) of host galaxies are obtained from the �tted 25 mag arcsec−2 elliptical apertures in
the g-band (see Subsection 3.2.2).

13The luminosity-weighted ages of host galaxies are available online in [191].
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Table 3.12: Results of Spearman's rank correlation test for the B-band ∆m15 values of the
SN Ia subclasses versus luminosity-weighted ages of host galaxies.

SN subclass NSN Variable 1 vs Variable 2 rs Ps

normal 303 ∆m15 vs host age 0.314 <0.001
normala 189 ∆m15 vs host age 0.161 0.027
normalb 64 ∆m15 vs host age −0.059 0.644
91T 42 ∆m15 vs host age 0.154 0.330
91bg 50 ∆m15 vs host age 0.082 0.569
02cx 12 ∆m15 vs host age −0.264 0.406

Notes. The explanations for rs and Ps-values are the same as in Table 2.6. a∆m15 ≲ 1.26 mag, similar to
91T-like SNe. b∆m15 ≳ 1.38 mag, similar to 91bg-like events. Statistically signi�cant correlations between the
variables are highlighted in bold.

Table 3.4) that generally exhibit stellar populations younger than a few Gyr [159]. Therefore,

we have a de�cit of hosts with ages less than a few Gyr in our age calculations. The two-

sample KS and AD tests in Table 3.11 show that the age distribution of normal SNe Ia hosts

is consistent with that of 91T-like SNe hosts, but signi�cantly inconsistent with those of 91bg-

and 02cx-like SNe hosts. In comparison with hosts of normal and 91T-like SNe, the ages of

91bg-like SNe hosts are older on average, while the ages of hosts of 02cx-like events are younger.

These results are expected in light of those in Fig. 3.6 and Table 3.8, when considering the u−r

colour as a proxy for recent star formation or stellar population ages of galaxies.

In the bottom panel of Fig. 3.9, we show the distribution of the B-band ∆m15 values of the

SN Ia subclasses as a function of luminosity-weighted ages of host galaxies. In analogy with the

results in Table 3.9, the Spearman's rank test, presented in Table 3.12, shows that the signi�cant

correlation exists only between normal SNe Ia LC decline rates and stellar population ages of

their host galaxies. These SNe Ia show an average increase in ∆m15 values with an increase in

host's age. Using the SN Ia LC stretch instead of ∆m15, similar correlations between the SN

LC and host parameters have been shown many times in the literature [69,74,76,82,212,222].

The samples of these studies mostly include normal SNe Ia events, thus not studying separately

the correlations for peculiar (91T-, 91bg-, and 02cx-like) SN Ia subclasses. While, importantly

we show that these peculiar SNe Ia subclasses originate from host galaxies diverging in age

(Table 3.11), however taken separately their LC decline rates do not show dependencies on host
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galaxy age, contrary to normal SNe Ia events (Table 3.12). These results are in good support

of those obtained in Subsections 3.3.2-3.3.3 that 91bg-like SNe come only from old stellar

population of hosts, while 91T-like events originate only from young population of galaxies,

thus likely belonging to two unique classes of progenitors.

In Table 3.12, for normal SNe Ia we check for the ∆m15 � age correlation in the two separate

and narrower ∆m15 ranges. In the slower declining range, normal SNe Ia keep the ∆m15 �

age trend direction and signi�cance, while in the faster declining range, the trend becomes

insigni�cant, hinting that the ∆m15 ranges and/or small number statistics might play some

role in the absence of the ∆m15 � age trend for 91T- and 91bg-like SNe.

Interestingly, to study the connection between SNe Ia and their host characteristics, [79]

estimated the hosts' global stellar population ages as well as the local environment ages around

the sites of photometrically and spectroscopically classi�ed SDSS II SNe Ia (103 events, z < 0.2).

The authors noted that the signi�cant correlation between SN Ia LC properties/luminosity and

host stellar population age might be an e�ect of age step at ∼ 8 Gyr (corresponding to the

jump in the average LC properties). [79] also noted that both the local environment age and

global one show the equivalent correlations with the SNe properties, however, as expected,

the age of the local stellar population is younger than that of the global one for SN Ia in

star-forming environments. With that in mind, we split the sample of normal SNe Ia into

two subsamples according to the host age step at 8 Gyr, and compare the ∆m15 distributions

between the subsamples (NSN = 107, ⟨∆m15⟩ = 1.10 ± 0.02 for host age ≤ 8 Gyr versus

NSN = 196, ⟨∆m15⟩ = 1.24±0.02 for host age > 8 Gyr). The two-sample KS and AD tests show

that the ∆m15 distributions are signi�cantly inconsistent between each other (PMC
KS < 0.001,

PMC
AD < 0.001). As expected from Fig. 3.9 and Table 3.12, galaxies with ages ≤ 8 Gyr host on

average slower declining/brighter SNe Ia (spectroscopically normal) in comparison with older

hosts (see also [58]). Note that a 3 Gyr variation in the host age step does not change the

statistical behaviour of the tests. Thus, the signi�cant correlation seen in Table 3.12 is due

to a superposition of faster and slower declining normal SNe Ia from older and younger stellar

components of hosts, respectively (see also [83] as measured by the environmental Hα emission
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at the positions of SNe Ia).

This result can be explained considering the correlation between 56Ni mass synthesized in

SN Ia and host galaxy age [73]. In this respect, [69] suggested that the details of the 56Ni

mass � age correlations in their study and in [73] imply an age step/threshold of about several

Gyr for SN Ia hosts, above which galaxies are less likely to produce SNe Ia with 56Ni masses

≳ 0.5M⊙, i.e. slower declining/brighter events.

It is important also to mention that the ∆m15 � morphology, ∆m15 � colour, and ∆m15 �

log(M∗/M⊙) correlations, we showed in previous subsections for spectroscopically normal SN Ia,

and the∆m15 � age correlation agree with one another in the sense that host galaxy morphology,

colour, mass, and age are correlated, with older galaxies mainly being earlier type, redder, and

more massive [159]. Therefore, the previously reported correlations between LC properties

of SNe Ia and physical parameters of their host galaxies are most likely originated from the

di�erences in host stellar population ages (see also earlier discussions in [71,74,79,82,83]).

3.3.5 Constraints on delay time distributions of SNe Ia

Current theoretical models of spectroscopically normal SNe Ia progenitors predict that most

likely their DTD peaks below/close to 1 Gyr, corresponding to the young/prompt component,

then declines fast by over two orders of magnitude at several Gyr [71, 223, 224]. At redshifts

near zero (as in our sample), the SN Ia rate in evolved galaxies, from a large volume, re-

sults in a bimodal shape of the distribution of SN Ia progenitor ages, with assumption that

galaxies have nearly constant SFR [71]. In such a bimodal age distribution, the second peak

includes old/delayed events at current epoch, which are naturally absent at high redshifts.

Young/prompt SNe Ia originate in actively star-forming galaxies, predominantly from progen-

itors whose ages correspond to the �rst peak of the SN Ia progenitor age distribution. While

old/delayed SNe Ia originate in galaxies that already have an old stellar component or they

are entirely old whose star formation ceased in the past. In such old stellar systems, the DTD

is lacking young/prompt events, meaning that delayed SNe Ia occur from di�erent age group

of progenitors [19, 71]. In this respect, the signi�cant correlation between the LC decline rates
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and the global host galaxy ages of normal SNe Ia (see Subsection 3.3.4) is likely caused by the

bimodal behaviour of the age distribution of normal SN Ia progenitors, which includes both

the prompt events from young progenitors (slower declining SNe Ia) and delayed SNe Ia from

old systems (faster declining events). On the other hand, the absence (non-signi�cance) of

the mentioned correlation for peculiar (91T-, 91bg-, and 02cx-like) SNe Ia and the observed

di�erences in the properties of their host galaxies (see Subsections 3.3.2 and 3.3.3) can be con-

sidered as evidences for distinct (single-mode) behaviours of their progenitor age distribution,

thus distinct progenitor channels.

Our results on peculiar 91bg-like events agree with those of [70], who found that sublumi-

nous/91bg-like SNe (18 events with z ≤ 0.6) in their photometrically identi�ed SNe sample are

mainly found in early-type hosts with almost no star formation, and argued that these SNe

come from a delayed progenitor component with a Gaussian DTD centered around 6 Gyr, but

with large uncertainty up to ∼ 11 Gyr. Recently, [162] studied integral �eld observations of the

hosts' explosion sites of 11 spectroscopically identi�ed 91bg-like events (z ≤ 0.04) and found

that the majority of the stellar populations in the vicinity of these SNe locations are dominated

by old stars with a lack of recent star formation. The authors concluded that the DTD of 91bg-

like SNe is likely weighted toward long delay times, larger than ∼ 6 Gyr [171]. Most recently,

in [135] we found that in elliptical host galaxies of SNe Ia, the age distribution of 91bg-like SNe

hosts (≳ 8 Gyr) does not extend down to the stellar ages that produce signi�cant u-band �uxes

of their early-type hosts, contrary to the hosts of normal SNe Ia. Therefore, younger stars in

elliptical galaxies do not produce 91bg-like SNe.

Our study includes the largest sample of 50 subluminous 91bg-like SNe in a much wider

morphological range of host galaxies than previous studies, and shows even more clearly that

the progenitor population age of these events is strongly weighted toward very old ages (oldest

among the other SN Ia subclasses, see Table 3.11 and Fig. 3.9). More than 85% of 91bg-like

SNe hosts are older than 8 Gyr. As already mentioned, such delay times are much longer

than the delays of normal Type Ia SNe from star-forming environments, whose DTD peaks

between several hundred Myr and ∼ 1 Gyr (a sharp initial peak) with a low tail at higher
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delay times [71]. Therefore, most likely 91bg-like events originate exclusively from old stellar

population of host galaxies, and thus these peculiar SNe Ia have no prompt component.

As in [135], we favour the DD channel for the progenitors of these peculiar events that

belong to the old stellar components of galaxies [21, 225, 226]: in particular the progenitor

models such as He-ignited violent mergers (CO WD primary with He WD companion) might

be appropriate for 91bg-like events [171, 172]. These models predict very long delay times for

subluminous 91bg-like SNe (≳ several Gyr). On the other hand, the DD channel with CO WD

primary and CO WD companion [172] can provide an appropriate DTD for normal SNe Ia

with an initial peak below/close to 1 Gyr and a tail up to about 10 Gyr, while most SD models

predict few or no SNe Ia at long delays [19, 71]. In addition, [227] showed that mergers of CO

WD with hybrid He-CO WD could also give rise to normal Type Ia SNe whose synthetic LCs

and spectra are consistent with those of observed SNe Ia (see also [228] for the properties of

hybrid He-CO WDs). These authors noted that together with the contribution from mergers of

massive double CO WDs that give rise to more luminous SNe Ia, their models can potentially

reproduce the full range of normal SNe Ia, their DTD and rate.

Relatively younger global host ages of overluminous 91T-like SNe (Fig. 3.9) can be explained

in the context of shorter DTD in comparison with that of 91bg-like events. In addition, 91T-

like SNe strongly prefer blue (Fig. 3.6) and late-type hosts (Fig. 3.4), and no such an event is

observed in old elliptical galaxies (Table 3.4), thus supporting shorter, i.e. relatively prompt

DTD for these SNe. In this sense, the DTD of the SD channel is di�erent from that of DD

one and can be appropriate for 91T-like SNe [229]. The DTD of SD channel has a sharp cuto�

at 2-3 Gyr, because in its original formulation a donor/companion star in an SD system is a

main sequence or red giant star with only a narrow range of masses that could provide mass

accretion at the su�cient rate resulting in a stable burning and an explosion of WD [230]. Also,

note that massive CO WD primaries in DD models are naturally explode in more luminous

SNe Ia (e.g. overluminous/91T-like events). Such massive WDs, which originated from more

massive intermediate-mass stars, in DD systems have delay times ≲ several hundred Myr (e.g.

the violent WDs merger scenario; [161]), and is therefore expected in late-type star-forming
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galaxies.

These DTDs may seem too young in comparison with the global age distribution of hosts

(see Fig. 3.9 and Table 3.11), however, as mentioned in Subsection 3.3.4 for normal SN Ia in

star-forming environments, the age of the local stellar population at the SN position is younger

(on average) than the global age of its host galaxies [79]. Therefore, in an ideal case, the stellar

population age obtained from the location of the SN in the host galaxy would be preferable

to the global host age that we estimate in the current study (see also discussions in [74, 229]).

Consequently, additional local age-estimations are needed for 91T-like SNe to better test the

DTDs of the SD and DD progenitors models.

Despite the small number statistics of 02cx-like SNe, on average their host galaxies have the

youngest global ages (Fig. 3.9), latest morphology (Fig. 3.4), bluest colour and lowest masses

(Fig. 3.6) among the other SN Ia subclasses, again strongly pointing to a shorter DTD for

the events. In our sample the host galaxy properties of 02cx-like SNe are close to those of

star-forming hosts of 91T-like SNe [109, 193], however, their LC decline rates are signi�cantly

di�erent from those of 91T-like events (Fig. 3.3 and Table 3.5) and fall o� the SN Ia LC width-

luminosity relation [25]. The properties of 02cx-like SNe and evidence of their short DTD

suggest a binary system where 02cx-like SN arises from massive CO WD that quickly accretes

helium from an He-star donor [231]. Then accretion-triggered explosion of a Chandrasekhar

mass WD does not necessarily fully disrupt the star. Among a variety of proposed scenarios,

this is now the leading model (see review by [26] and references therein). This channel might be

the dominant one for delays of up to a few hundred Myr, above which hydrogen-accreting SD

and DD systems dominate [232]. Again, the stellar population ages obtained at the locations

of 02cx-like SNe in the host galaxies would be preferable to the global host ages to better test

the DTD of the leading model.
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3.4 Chapter Conclusions

In this Chapter, using a well-de�ned sample of Type Ia SNe and their host galaxies, we

comparatively analyse the relations between the LC decline rates and the global properties of

hosts of various SN Ia subclasses to better understand the diverse nature of SNe Ia progenitors.

The spectroscopic subclasses of SNe Ia (normal, 91T-, 91bg-, and 02cx-like) and their B-band

LC decline rates (∆m15) are carefully compiled from the available literature, while the data of

the SNe Ia host galaxies is a homogeneous set of consistent measurements performed by the

authors of this study. Our sample consists of 394 relatively nearby (≤ 150 Mpc, the mean

distance is 72 Mpc) E�Sm galaxies, which host 407 SNe Ia in total.

There is no strong redshift bias within our sample, which could drive the observed relations

between global properties of hosts and extinction-independent LC decline rates of the SN Ia

subclasses. In addition, the representation of SN subclasses in our compilation and in nearly

complete volume-limited sample of the LOSS are not di�erent statistically. However, due to

the small number statistics of 02cx-like SNe, the results on these peculiar events and their hosts

should be considered with caution.

All the obtained results and their interpretations are summarized below.

1. In general, the B-band ∆m15 distribution of SNe Ia seems to be bimodal (Fig. 3.3),

with the second (weaker) mode mostly distributed within ∼ 1.5 to 2.1 mag. This faster

declining range is generally occupied by 91bg-like (subluminous) events, while the∆m15 of

91T-like (overluminous) SNe are distributed only within the �rst mode at slower declining

range (∆m15 ≲ 1.1 mag). The decline rates of 02cx-like SNe are spread on the faster

side of the ∆m15 distribution of normal SNe Ia. Statistically, all these distributions are

signi�cantly di�erent from one another (Table 3.5).

2. The host galaxies of normal, 91T-, and 91bg-like SNe Ia have morphological type distri-

butions that are signi�cantly inconsistent between one another (Fig. 3.4 and Table 3.6).

Hosts of 91bg-like SNe have, on average, earlier morphological types (⟨t⟩ ≈ 0) with a large

number of the events discovered in E�S0 galaxies. While hosts of 91T-like SNe have on
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average later morphological types (⟨t⟩ ≈ 4) with a single 91T-like event in the E�S0 bin

(Table 3.4). The same distribution of hosts of normal SNe Ia occupies an intermediate

position between the host morphologies of 91T- and 91bg-like events. The morphological

distribution of 02cx-like SNe hosts is similar to that of 91T-like SNe hosts.

3. As for galaxies in general, the distribution of SNe Ia hosts in the u−r colour�mass diagram

is bimodal (Fig. 3.5). 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 signi�cantly redder (Table 3.8). Importantly, the bulk of

hosts of 91bg-like SNe are signi�cantly massive (log(M∗/M⊙) > 10.5) and old (more than

10 Gyr). The hosts' mass (age) distribution is signi�cantly inconsistent with those of

the other SN Ia subclasses (Tables 3.8 and 3.11). At the same time, the colour (mass,

age) distributions are not statistically di�erent between hosts of normal and 91T-like

SNe. Finally, all the host galaxies of 02cx-like SNe are positioned in the Blue Cloud of

the colour�mass diagram, mostly below the Green Valley (Fig. 3.6). Their colour (mass,

age) distribution is signi�cantly bluer (lower, younger) in comparison with that of normal

SNe Ia hosts, but closer to that of 91T-like SNe hosts.

4. As previously shown with smaller nearby SN Ia samples, there is a signi�cant correlation

between normal SNe Ia LC decline rates and global ages (morphologies, colours, and

masses) of their host galaxies (Tables 3.9 and 3.12). On average, those normal SNe Ia

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 (Tables 3.7 and 3.10). The

results suggest that the observed correlations between normal SNe Ia LC decline rates

and global properties of host galaxies are due to a superposition of at least two distinct

populations of faster and slower declining normal SNe Ia from old (halo/bulge and old

disc) and young (star-forming disc) components of hosts, respectively dominating in the
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Red Sequence and Blue Cloud of the colour�mass diagram.

5. For the �rst time we show that the LC decline rates of subluminous/91bg-like SNe and

overluminous/91T-like events do not show dependencies on the host galaxy morphology

and colour (Figs. 3.4, 3.7, and Table 3.9). The distribution of hosts on the colour�mass

diagram (Fig. 3.6) con�rms 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). Probably, the decline rates

of 02cx-like SNe also do not show dependencies on hosts' properties. On average, the

youngest global ages of 02cx-like SNe hosts and their positions in the colour�mass diagram

hint that these events likely originate from the young stellar component, but they di�er

from 91T-like events in the LC decline rate.

6. As in [135], for the progenitors of 91bg-like events we favour the DD channel, in particular

the progenitor models such as He-ignited violent mergers (CO WD primary with He WD

companion, e.g. [171,172]). In agreement with our �ndings, these models predict very long

delay times for subluminous 91bg-like SNe (≳ several Gyr). In addition, the DD channel

with CO WD primary and CO (or hybrid He-CO) WD companion [172,227] can provide

an appropriate DTD for normal SNe Ia with an initial peak below/close to 1 Gyr and a

tail up to about 10 Gyr [19, 71]. On the other hand, the DTD of the SD channel has a

sharp cuto� at 2-3 Gyr [230] and can be appropriate for 91T-like SNe. Note that massive

CO WD primaries in DD models are naturally explode in more luminous SNe Ia and also

can be appropriate for these overluminous events [161]. Also, we show evidence of short

DTD for 02cx-like SNe, which can be interpreted within the leading model for the events

(a binary system where SN arises from massive CO WD that quickly accretes helium from

an He-star donor, and then explosion of WD does not necessarily fully disrupt the star,

e.g. [231]).
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Normal Type Ia and 91bg-like SNe in

ellipticals

4.1 Introduction

In this Chapter, we morphologically select from the SDSS only elliptical host galaxies of

SNe Ia, which are known to have the simplest structural properties of the composition in com-

parison with lenticular and spiral galaxies [233]. In these galaxies no 91T-like events have been

discovered, they mostly host normal and 91bg-like SNe [67]. Therefore, these two subclasses of

Type Ia SNe are the subject of study in this Chapter.

Recall that the 91bg-like SNe are unusually red and have peak luminosities that are 2± 0.5

magnitudes lower than do normal SNe Ia (the typical peak magnitude of normal SNe Ia isMB ≃

−19.1 mag, see [234] and references therein. They have faster declining LCs 1.8 ≲ ∆m15 ≲ 2.1,

compared with ∆m15 ≲ 1.7 for normal events, and their ejecta velocities are small at any epoch

in comparison with normal SNe Ia [90,235]. In the post-maximum spectra, particularly notable

is the presence of unusually strong O iλ 7774 and Ti ii absorption lines. Despite the recent

detection of strong Hα in the nebular spectrum of ASASSN-18tb (a 91bg-like event; [236]),

there is no evidence that fast declining SNe are more likely to have late time Hα emission [237].

For more details of the spectra and LC properties of 91bg-like events, the reader is referred

86
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to [25].

The explosion mechanism, which should explain the main characteristics of these events,

including the low 56Ni masses, is still under debate. The DD scenario, the helium layer deto-

nation triggered sub-Chandrasekhar mass explosion, and the scenario of collision of two WDs

are competing [171,172,238�240].

In the earlier literature, several attempts have been done to study the projected radial

and surface density distributions of nearby SNe Ia in morphologically selected elliptical host

galaxies [12, 241�243]. These studies showed that, in general, the distribution of Type Ia SNe

is consistent with the light (de Vaucouleurs) pro�le of their elliptical host galaxies, which are

dominated by old and metal-rich stellar populations [159]. However, mainly because of the

lack of the spectral and LC data, these studies did not separate the normal and 91bg-like

subclasses. For the �rst time, [92] attempted to compare the surface density distributions of

the subclasses of nearby SNe Ia, in particular for those of the normal and 91bg-like events.

However, the morphological types of SN hosts were not limited to elliptical galaxies only, thus

mixing di�erent progenitor populations from bulges and discs [81,162].

On the other hand, [81] studied optical absorption-line spectra of 29 early-type host galaxies

of local SNe Ia and found a higher speci�c SN rate in E�S0 galaxies with ages below 3 Gyr than

in older hosts. Recall that the rate of Type Ia SNe can be represented as a linear combination

of �prompt� and �delayed� (tardy) components [244]. The prompt component is more closely

related with the recent SFR, and the delayed component with the total stellar mass of galaxy

[245�248]. Therefore, according to [81], the higher rate seen in the youngest E�S0 hosts may

be a result of recent star formation and represents a tail of the prompt SN Ia progenitors.

Recently, [162] analysed the explosion sites of eleven spectroscopically identi�ed nearby

91bg-like SNe in hosts with di�erent morphologies (including only six E�S0 galaxies) and found

that the majority of the stellar populations that host these events are dominated by old stars

with lack of recent star formation evidence. These authors concluded that the 91bg-like SN

progenitors are likely to have delay times, i.e. the time intervals between the SN Ia progenitor

formation and the subsequent thermonuclear explosion, much longer (> 6 Gyr, see also [171])
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than the typical delay times of normal SNe Ia in star forming environments, whose delay times

peak between several hundred Myr and ∼ 1 Gyr [19,71].

The goal of this Chapter is to properly address these questions through a comparative

study of the galactocentric distributions of normal and 91bg-like SNe, as well as through an

analysis of the global properties of SNe Ia hosts (e.g. stellar mass, metallicity, colour and age

of stellar population) in a well-de�ned and morphologically non-disturbed sample of more than

100 relatively nearby elliptical galaxies.

4.2 Sample selection and reduction

For this Chapter, we used the updated versions of the ASC [104] and Open Supernova

Catalog [150] to include all spectroscopically classi�ed Type Ia SNe with distances ≤ 200 Mpc

(0.003 ≤ z ≤ 0.046),1 discovered before 9 October 2018. All SNe are required to have equa-

torial coordinates and/or o�sets (positions in arcsec) with respect to host galactic nuclei. We

cross-matched these coordinates with the coverage of the SDSS DR15 [249] to identify the host

galaxies with elliptical morphology, using the techniques presented in [102]. Many of the iden-

ti�ed SNe Ia host galaxies are already listed in database of [102], which is based on the SDSS

DR8. However, because we added new SNe Ia, for homogeneity we redid the whole reduction

for the sample of elliptical host galaxies of this study based only on DR15.

Following the approach of [105], we checked also the levels of morphological disturbances of

the host galaxies using the SDSS images. Because we are interested in studying the distribution

of SNe Ia in non-disturbed elliptical galaxies, the hosts with interacting, merging, and post-

merging/remnant attributes are removed from the sample.

For three SNe (1980I, 2008gy and 2018ctv), the almost equality of projected distances from

the few nearest elliptical galaxies did not allow to unambiguously assign them to certain hosts.

Therefore, we simply excluded these objects from our sample.

1Following [102], to calculate the luminosity distances of SNe/host galaxies, we used the recession velocities
both corrected to the centroid of the Local Group [250], and for infall of the Local Group toward Virgo cluster
[251,252].
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Figure 4.1: Cumulative and relative (inset) fractions of 109 Type Ia SNe (all � black solid,
normal � green dashed, and 91bg-like � red dotted) in elliptical galaxies as a function of distance.
The mean values of the distributions are shown by arrows.

For the remaining SNe Ia that satisfy the above-mentioned criteria, we carried out an exten-

sive literature search to collect their spectroscopic subclasses (e.g. normal, 91T-like, 91bg-like

and other peculiar events). To accomplish this, we mainly used the Weizmann Interactive

Supernova data REPository [151], which is an interactive archive of SN spectra and photom-

etry, including data of historical events and ongoing surveys/programs. The archive provides

also the important references to the original publications, which we considered along with the

Astronomer's Telegram, website of the Central Bureau for Astronomical Telegrams and other

supporting publications [27, 180, 253]. In total, we managed to collect the subclasses for 109

SNe in 104 host galaxies: 66 SNe are normal, 41 SNe are 91bg-like, and two SNe are 06gz-like

(super-Chandrasekhar) events. As expected [67, 68], 91T-like events have not been discovered

in elliptical galaxies. On the other hand, less than a dozen of 06gz-like SNe have been dis-

covered so far, and they have a tendency to explode in low-mass (low-metallicity) late-type

galaxies [195]. Therefore, they are not the subject of our study, and because of only two such

objects in our sample, further in the article we do not speci�cally discuss these events and their

hosts, instead we just present them for illustrative purpose.

It is important to note that in this sample of SNe Ia only seven normal events (∼ 6% of

objects: 1939A, 1957B, 1970J, 1981G, 1982W, 1993ae, and 1993C) were discovered photograph-

ically, while all the other 102 SNe were discovered by visual or mostly CCD searches.
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Fig. 4.1 shows the distributions of relative and cumulative fractions of the subclasses of

Type Ia SNe as a function of distances. As was mentioned, the 91bg-like SNe have peak

luminosities that are ∼ 2 magnitudes lower than do normal SNe Ia (see [234] and references

therein), therefore the discoveries of 91bg-like events might be complicated at greater distances.

The mean distances of all, normal and 91bg-like SNe are 105, 108 and 97 Mpc with standard

deviations of 43, 44 and 38 Mpc, respectively. Meanwhile, the two-sample KS and AD tests

showed that the distance distributions of normal and 91bg-like events are not signi�cantly dif-

ferent (PKS = 0.404, PAD = 0.238) and could thus be drawn from the same parent distribution.

Therefore, our subsamples of normal and 91bg-like SNe and their host galaxies should not

be strongly a�ected by the redshift-dependent biases against or in favour of one of the SN

subclasses.

We measured the photometry and geometry of the 104 host galaxies according to the ap-

proaches presented in [102]. For each host galaxy, we used the �tted 25 mag arcsec−2 elliptical

aperture in the SDSS g-band to obtain the major axis (D25), elongation (a/b), and PA of the

major axis relative to North in the anticlockwise direction. The classi�cation of hosts includes

also the ratio 10(a − b)/a: for a projection of a galaxy with a equal to b, the ratio is 0 and

the morphological type is E0. There are only one E5 and ten E4 host galaxies (∼ 10% of the

sample). The rest of the galaxies are almost evenly distributed in E0�E3 bins. The mean D25

of the hosts is 129 arcsec with the minimum value of 21 arcsec. The corresponding u-, g-, r-,

i- and z-band �uxes (apparent magnitudes2) are measured using the g-band �tted elliptical

aperture. During the measurements, we masked out bright projected and/or saturated stars.

The apparent/absolute magnitudes and D25 values are corrected for Galactic extinction using

the [187] recalibration of the [188] infrared-based dust map. These values are not corrected

for host galaxy internal extinction because ellipticals have almost no global extinction, with

mean AV = 0.01± 0.01 mag [159]. Since the redshifts of host galaxies are low (z ≤ 0.046), the

accounted K-corrections for the magnitudes are mostly negligible and do not exceed 0.2 mag

in the g-band. The D25 values are also corrected for inclination/elongation e�ect [189].

2All magnitudes are in the AB system such that uAB = u − 0.04 mag and zAB = z + 0.02 mag (g, r and i
are closer to AB system, see https://www.sdss.org/dr15/algorithms/�uxcal/).

https://www.sdss.org/dr15/algorithms/fluxcal/
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In an elliptical galaxy the real galactocentric distance of SN can not be calculated using

the SN o�set from the host galaxy nucleus (∆α and ∆δ). Instead, we can only calculate the

projected galactocentric distance of a SN (RSN =
√
∆α2 +∆δ2), which is the lower limit of

the real galactocentric distance.3 Following [1], we used the relative projected galactocentric

distances (R̃SN = RSN/R25), i.e. normalized to R25 = D25/2 in the g-band.

However, for the normalization, the e�ective radius (Re) could be more relevant being tighter

correlated with the stellar surface density distribution or surface brightness pro�le of the host

galaxy in comparison with the R25 photometric radius [233]. For elliptical galaxies, the surface

brightness (I) pro�les are described by the Sérsic law [254]:

I(R |Re) = I0 exp
{
−bn

( R

Re

) 1
n
}
, (4.1)

where Re is the radius of a circle that contains half of the light of the total galaxy (also known

as half-light radius), I0 is the central surface brightness of the galaxy, n is the Sérsic index,

de�ning the shape of the pro�le. An analytical expression that approximates the bn parameter

is bn ≃ 1.9992n− 0.3271 [255]. When n = 4, the pro�le, which is called de Vaucouleurs pro�le,

su�ciently describes the surface brightness distribution of elliptical galaxies [256]. Therefore,

following [12], we also normalized RSN to the Re radii of host galaxies (R̂SN = RSN/Re).

The g-band Re radii (in arcsec) of our host galaxies are extracted from the SDSS where

a detailed photometric analysis of galaxies is performed [257]. Their pipeline �tted galaxies

with a de Vaucouleurs pro�le and an exponential pro�le,4 and asked for the linear combination

of the two that best-�tted the image, providing the Re and parameter fracDeV, which is the

fraction of �uxes contributed from the de Vaucouleurs pro�le. An elliptical galaxy with a

pure de Vaucouleurs pro�le should have fracDeV = 1, and a galaxy with pure exponential

pro�le should have fracDeV = 0. In our morphologically selected sample of hosts, most (about

90%) of the galaxies have fracDeV > 0.8, where fracDeV = 0.8 roughly corresponds to S0

3In several cases when SNe o�sets were not available in the above-mentioned catalogues, we calculated ∆α
and ∆δ by ∆α ≈ (αSN −αg) cos δg and ∆δ ≈ (δSN − δg), where αSN and δSN are SN coordinates and αg and δg
are host galaxy coordinates in equatorial system.

4The Sérsic index of n = 1 represents the exponential pro�le of S0�Sm galactic discs [258].
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Figure 4.2: Upper panel: comparison of the projected galactocentric distances of SNe Ia and
R25 of elliptical host galaxies in kpc. Green triangles, red circles and blue crosses show normal,
91bg-like and 06gz-like SNe, respectively. Black solid (all), green dashed (normal) and red
dotted (91bg-like) lines are best-�ts to the samples. Bottom panel: same as in upper panel but
for RSN versus Re.

galaxies [259]. Only for 14 host galaxies (mostly with D25 > 200 arcsec), the SDSS lacks the

mentioned model �ts or provides unreliable parameters due to the blending/defragmenting of

galaxies with large angular sizes. For these 14 galaxies, we used our estimations of half-light

radii based on the SDSS g-band images.

The R25- and Re-normalizations are crucial for studying the projected radial distribution of

SNe, because the distribution of linear values of RSN is strongly biased by the greatly di�erent

intrinsic sizes of elliptical hosts. Fig. 4.2 illustrates the dependencies of the RSN on R25 and RSN

on Re of host galaxies in kpc. The best-�ts from Fig. 4.2 and results of the Spearman's rank

correlation test for RSN versus R25 and for RSN versus Re (regardless of log or linear scales) are

presented in Table 4.1. The Spearman's rank test indicates signi�cant positive trends (rs > 0)
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Table 4.1: The best-�ts from Fig. 4.2 with results of the Spearman's rank correlation test.

log(RSN[kpc]) = a+ b log(R25[kpc])
SN subclass NSN a b rs P
all 109 0.16± 0.25 0.63± 0.17 0.457 6× 10−7

normal 66 0.04± 0.32 0.70± 0.22 0.481 4× 10−5

91bg-like 41 0.53± 0.44 0.39± 0.30 0.316 0.044

log(RSN[kpc]) = a+ b log(Re[kpc])

all 109 0.59± 0.13 0.57± 0.14 0.364 10−4

normal 66 0.49± 0.17 0.65± 0.19 0.414 5× 10−4

91bg-like 41 0.84± 0.23 0.30± 0.28 0.162 0.313
Notes. The explanations for rs and Ps-values are the same as in Table 2.6. The statistically signi�cant correla-
tions (P -values ≤ 0.05) are highlighted in bold.

between the RSN and R25 for all, normal and 91bg-like SNe, as well as between the RSN and

Re for all and normal SNe Ia. Only for 91bg-like SNe in the latter case, the trend is positive

again but not statistically signi�cant. In the remainder of this study, we use only normalized

projected galactocentric radii of Type Ia SNe, i.e. R̃SN = RSN/R25 and R̂SN = RSN/Re.

In addition, we measured the integrated g-band �ux of the concentric elliptical aperture,

which crosses the position of a SN, with the same elongation and PA as the host galaxy aperture.

We then normalized this �ux to the total �ux contained within an elliptical aperture, retaining

the same elongation and PA, out to distances where the host galaxy �ux is consistent with the

sky background values. This fractional radial g-band �ux is commonly referred as Frg and can

have values between 0 and 1, where a value of 0 means that an SN explodes at the center of its

host, while a value of 1 means that the SN explodes at distances where no signi�cant galaxy

�ux is detected, i.e. at the edge of the galaxy. As will be presented in Subsection 4.3.3, the

distribution of Frg values allows to compare the radial distribution of SNe Ia with respect to

that of the g-band light of host galaxies, irrespective of their di�erent elongations and Sérsic

indices (elliptical galaxies can have n ≈ 2 to 6 in the g-band, see e.g. [260, 261]). Note that 15

SNe, which are located far outside the elliptical apertures where �uxes are consistent with the

sky background values, are removed from the Frg analysis in Subsection 4.3.3.5 For a complete

5Their inclusion would arti�cially increase the number of SNe Ia in the fractional radial �ux distribution at
Frg = 1 (see Subsection 4.3.3).
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description of the adopted methodology of Frg measurement, the reader is referred to [262]

and [263].

The full database of 109 individual SNe Ia (SN designation, subclass, source of the subclass,

o�set from host galaxy nucleus, and fractional radial g-band �ux) and their 104 elliptical hosts

(galaxy SDSS designation, distance, a/b, PA, Re, corrected D25 and u-, g-, r-, i-, z-band

absolute magnitudes) is available online [264].

4.3 Results

With the aim of �nding possible links between the properties of SN progenitors and host

stellar populations of elliptical galaxies, we now study the distributions of projected and nor-

malized galactocentric distances and fractional radial �uxes of the subclasses of Type Ia SNe

(normal and 91bg-like events). In this section, we also study the possible di�erences of global

properties (absolute magnitudes, colour, R25 and Re) and estimates of the physical parameters

(stellar mass, metallicity and age) of the stellar population of elliptical galaxies in which the

di�erent subclasses of SNe Ia are discovered.

4.3.1 Directional (major vs. minor axes) distributions of SNe Ia in

elliptical host galaxies

Because the elliptical host galaxies of Type Ia SNe have di�erent elongations (noted in

Section 4.2), it is possible that the distributions of projected galactocentric distances of SNe

along major (U) and minor (V ) axes, normalized to R25 or Re, would be di�erent. Obviously,

the projected U and V galactocentric distances (in arcsec) of an SN are

U = ∆α sin PA +∆δ cos PA ,

V = ∆α cos PA−∆δ sin PA .
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Table 4.2: Comparison of the projected and normalized distributions of the subclasses of Type
Ia SNe along major (U) and minor (V ) axes of elliptical host galaxies.

SN subclass NSN Subsample 1 vs. Subsample 2 PKS PAD

⟨|U |/R25⟩ ⟨|V |/R25⟩
all 109 0.31± 0.03 vs. 0.26± 0.03 0.141 0.052
normal 66 0.27± 0.03 vs. 0.27± 0.05 0.438 0.250
91bg-like 41 0.37± 0.06 vs. 0.26± 0.05 0.279 0.143

⟨|U |/Re⟩ ⟨|V |/Re⟩
all 109 1.31± 0.13 vs. 1.13± 0.15 0.331 0.099
normal 66 1.09± 0.14 vs. 1.10± 0.21 0.721 0.352
91bg-like 41 1.68± 0.27 vs. 1.21± 0.23 0.420 0.210

Notes. The explanations for the P -values are similar to those in Table 2.2.
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Figure 4.3: Distributions of |U |/R25 (green solid) and |V |/R25 (green dashed and �lled) values
for normal SNe Ia. The inset presents the corresponding cumulative distributions.

Here, as already noted, ∆α and ∆δ are o�sets of the SN in equatorial system, and PA is position

angle of the major axis of the elliptical host galaxy.

In the mentioned context, using the two-sample KS and AD tests, we compare the distri-

butions of |U |/R25 versus |V |/R25, as well as the distributions of |U |/Re versus |V |/Re for all,

normal and 91bg-like SNe. Here, the absolute values of U and V are used to increase the sta-

tistical power of the tests. The values of PKS and PAD in Table 4.2 show that the distributions

of projected and normalized galactocentric distances of SNe along major and minor axes are

consistent between each other. Only the PAD values for the entire sample of SNe Ia are close to

the rejection threshold of 0.05, however when we split the sample between normal and 91bg-like

events, both the P -values of KS and AD tests become clearly above the threshold. Therefore,
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Figure 4.4: Upper panels: projected and R25-normalized distributions of the di�erent subclasses
of Type Ia SNe along major (U) and minor (V ) axes of elliptical host galaxies. The green
triangles, blue crosses and red circles represent normal, 06gz-like and 91bg-like SNe, respectively.
The quarters of big black circles are the host galaxy R25 sizes. Bottom panels: same as in upper
panels but for Re normalization. The quarter circles now represent Re. In the insets, we show
the same distributions with log axes.
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the di�erent elongations of elliptical host galaxies in our sample have negligible impact, if any,

on the sky plane projection of the spherical 3D distribution of SNe Ia. For illustration, in

Fig. 4.3 we show the histograms and cumulative distributions of |U |/R25 and |V |/R25 for nor-

mal SNe Ia. Comparison of the same distributions for 91bg-like SNe looks similar (also for the

cases with Re normalization). Fig. 4.4 shows the projected distributions of the subclasses of

Type Ia SNe with R25 and Re normalizations.

4.3.2 The radial distributions of SNe Ia in ellipticals

As already mentioned above, the light pro�les of elliptical galaxies are characterized with

a continuous distribution according to the [254] law with mean index n ≈ 4, when considering

the families of ellipticals from dwarfs to giants (for the g-band see e.g. [260, 261]). In addi-

tion, [12] have already shown that the projected surface density distribution of Type Ia SNe in

morphologically selected early-type host galaxies is consistent with the de Vaucouleurs pro�le

(n = 4) in the 0.2 < RSN/Re < 4 radial range [243, 265]. However, in the literature a compre-

hensive analysis of the surface density distributions of normal and 91bg-like SNe in well-de�ned

elliptical host galaxies with di�erent radius normalizations has not yet been performed and, as

already mentioned, is one of the main goals of the present study.

Using MLE method, we �t the distribution of projected and R25-normalized galactocentric

radii of Type Ia SNe (R̃SN = RSN/R25) with the surface density model of Sérsic pro�le with

n = 4. If the surface density (Σ) of SNe Ia is described by a Sérsic function of R̃SN (see

Eq. [4.1]), then the probability that a SN is observed at R̃SN radius, i.e. PDF, is

p(R̃SN|R̃SN
e ) =

R̃SN Σ(R̃SN|R̃SN
e )∫∞

0
R̃SNΣ(R̃SN|R̃SN

e ) dR̃SN

, (4.2)

where R̃SN
e = RSN

e /R25 is normalized e�ective radius of SN distribution. The likelihood of the
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Table 4.3: Consistency of the distribution of projected and normalized galactocentric distances
of SNe Ia with the surface density model of Sérsic pro�le with n = 4 (de Vaucouleurs pro�le)
in elliptical host galaxies.

SN subclass R̃SN ≥ NSN R̃SN
e PKS PAD

all 0 109 0.28± 0.03 0.008 0.014
normal 0 66 0.26± 0.04 0.184 0.129
91bg-like 0 41 0.31± 0.04 0.036 0.041

all 0.1 94 0.18± 0.02 0.231 0.093
normal 0.1 54 0.18± 0.02 0.369 0.222
91bg-like 0.1 38 0.18± 0.04 0.263 0.185

R̂SN ≥ R̂SN
e

all 0 109 1.15± 0.12 0.016 0.034
normal 0 66 1.03± 0.09 0.176 0.212
91bg-like 0 41 1.38± 0.15 0.059 0.068

all 0.4 92 0.80± 0.12 0.132 0.093
normal 0.4 52 0.78± 0.18 0.144 0.196
91bg-like 0.4 38 0.87± 0.21 0.514 0.206

Notes. The PKS and PAD are the probabilities from one-sample KS and AD tests, respectively, that the
distributions of SNe Ia are drawn from the best-�tting de Vaucouleurs surface density pro�les with the maximum
likelihood values of R̃SN

e = RSN
e /R25 and R̂SN

e = RSN
e /Re (with bootstrapped errors, repeated 103 times). The

PKS and PAD are calculated using the calibrations by [123] and [124], respectively. The statistically signi�cant
deviations from de Vaucouleurs pro�le (P -values ≤ 0.05) are highlighted in bold.

set of {R̃SN i} is

L(R̃SN
e ) =

NSN∏
i=1

p(R̃SN i|R̃SN
e ) , (4.3)

and thus maximizing ln(L) we get the e�ective radii of SN distributions for the subclasses of

Type Ia SNe.

At the same time, to check whether the distributions of SNe Ia follow the best-�t de Vau-

couleurs pro�les, we perform one-sample KS and AD tests on the cumulative distributions of

the projected and normalized galactocentric distances of SNe. In general, the CDF of Sérsic
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model can be expressed as the integral of its PDF (see Eq. [4.2]) as follows:

E(R̃SN) =

∫ R̃SN

−∞
p(t |R̃SN

e ) dt

= 1− Γ
(
2n, bn

(R̃SN

R̃SN
e

) 1
n
)/

Γ
(
2n

)
, (4.4)

where

Γ(z) =

∫ ∞

0

tz−1e−tdt

and

Γ(a, z) =

∫ ∞

z

ta−1e−tdt

are the complete and upper incomplete gamma functions, respectively.

For theRe normalization, in the above-mentioned formulae (Eqs. [4.2�4.4]) we simply replace

R̃SN with R̂SN = RSN/Re and therefore R̃SN
e with R̂SN

e = RSN
e /Re. The estimated R̃SN

e and R̂SN
e

e�ective radii, and the PKS and PAD probabilities that the distributions of SNe Ia are drawn

from the best-�tting de Vaucouleurs surface density pro�les (Sérsic model with n = 4) are listed

in Table 4.3.

From the P -values in Table 4.3, we see that the global (R̃SN ≥ 0 and R̂SN ≥ 0) surface

density distributions of Type Ia SNe in elliptical host galaxies are not consistent with the

de Vaucouleurs pro�les. When splitting the sample between the subclasses of SNe Ia, we see

that the signi�cant inconsistency exists for the R̃SN distribution of 91bg-like events, and the

marginal inconsistency takes place for the R̂SN distribution of the same SNe (Table 4.3). The

left panel of Fig. 4.5 illustrates that the main inconsistency is likely attributed to the slower

growth or decline (in case of 91bg-like events) of the SN surface density at the central region of

hosts with the radius of about one tenth of the optical radius of galaxies (gray shaded region

in the �gure). In our sample, the mean Re/R25 is about four, and a similar behavior of the

Re-normalized surface density is seen at the central 0.4Re region (gray shaded region in the
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Figure 4.5: Left: R25-normalized surface density distributions (arbitrary scaled) of all (black
solid), normal (green dashed) and 91bg-like (red dotted) SNe Ia in elliptical host galaxies. The
vertical error bars assume a Poisson distribution. The horizontal bars show the bin sizes that
are increased at the edges of galaxies to include at least two SNe in each. The di�erent curves
show the maximum likelihood de Vaucouleurs surface density pro�les, estimated using the inner-
truncated distributions (outside the shaded area). For all SNe, the best-�tting inner-truncated
exponential pro�le (black thin line) is also shown. For better visibility, the distributions with
their best-�tting pro�les are shifted vertically (to avoid falling one onto another). Right: same
as in left panel but for Re normalization.

right panel of Fig. 4.5).

It is important to note that di�erent SN surveys are biased against the discovery of SNe

near the centers of host galaxies [266]. This happens because central SNe have lower contrast

with respect to the bright and often overexposed background of elliptical hosts, increasing the

di�culty of their detection in a scan of the survey �gures [267]. In addition, host galaxy internal

extinction AV < 0.2 mag exists only within the central region, while AV is almost zero outside

that region till to the end of optical radius of an elliptical galaxy [159]. Since 91bg-like events

have peak luminosities that are ∼ 2 magnitudes lower than do normal SNe Ia (e.g. [234] and

references therein), 91bg-like SNe are more strongly a�ected by these e�ects than are normal

Type Ia SNe (as seen in Fig. 4.5).

We now exclude SNe from the central regions of hosts (R̃SN ≥ 0.1, R̂SN ≥ 0.4) and compare

the SN distributions with the best-�tting inner-truncated de Vaucouleurs pro�les. From the
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P -values in Table 4.3, we see that all the inconsistencies vanish. In Fig. 4.5, we show the

inner-truncated de Vaucouleurs pro�les, extended to the central regions of host galaxies,6 and

the global surface density distributions of SNe, enabling to roughly estimate the loss in SNe Ia

discoveries, most expressive for 91bg-like events, compared with their expected densities. The

mean loss of SNe in the central regions of elliptical galaxies is 22 ± 4% of the expected total

number of Type Ia SNe. This value is in good agreement with the similar estimation of 23±12%

in E�S0 galaxies by [126], though a di�erent method and sample were used in their study. In

our sample, the mean central losses of normal and 91bg-like SNe are 17 ± 5 and 27 ± 7%,

respectively.

In addition, we check the dependence of the described bias, i.e. the central loss of SNe, on

the distances of their host galaxies (the Shaw e�ect ; [268]), splitting the sample between near

(≤ 100 Mpc) and far (> 100 Mpc) objects. This separation is done to have adequate numbers

of objects in the subsamples. The surface density distributions of SNe in these distance bins

show the equivalent central losses of SNe. In this sense, it is well known that the Shaw e�ect

is important for photographic searches and negligible for visual/CCD searches [269]. Similarly,

the Shaw e�ect is negligible in our sample, in which ∼ 94% of SNe Ia are discovered via visual

and CCD searches (see Section 4.2).

4.3.3 SNe Ia locations vs. fractional radial light distributions of el-

liptical hosts

In the analysis above, we �xed the Sérsic index to n = 4 in Eq. [4.1] when describing the

surface density distribution of SNe Ia, while di�erent elliptical host galaxies have n ≈ 2 to 6 in

the SDSS g-band [260, 261]. Fortunately, the distribution of fractional radial g-band �uxes of

SNe (Frg, see Section 4.2 for de�nition) allows to compare the distribution of SNe with respect

to that of the g-band light of elliptical host galaxies, irrespective of their di�erent Sérsic indices

6For illustrative purpose, in the left panel of Fig. 4.5 we also present the best-�tting inner-truncated ex-
ponential pro�le (black thin line, i.e. n = 1 in Eq. [4.1]). The one-sample KS and AD tests show that the
surface density distribution of SNe Ia is strongly inconsistent with the global (PKS = 0.050, PAD = 0.005) and
inner-truncated (PKS = 0.090 [barely inconsistency], PAD = 0.039) exponential models.
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Table 4.4: Consistency of the Frg (or inner-truncated F̌ rg) distributions of SNe Ia with the
surface brightness distribution of elliptical host galaxies.

SN subclass (Frg or F̌ rg) NSN PKS PAD

all (Frg) 94 0.021 0.054
normal (Frg) 58 0.405 0.436
91bg-like (Frg) 34 0.044 0.056

all (F̌ rg) 79 0.482 0.404
normal (F̌ rg) 46 0.758 0.719
91bg-like (F̌ rg) 31 0.286 0.257

Notes. The PKS and PAD are the probabilities from one-sample KS and AD tests, respectively, that the
distributions of Frg (or inner-truncated F̌ rg) are drawn from the surface brightness distribution of host galaxies.
The statistically signi�cant deviations (P -values ≤ 0.05) are highlighted in bold. Recall that 15 SNe, which
are located far outside the elliptical apertures where �uxes are consistent with the sky background values, are
removed from the fractional radial �ux analysis (see Section 4.2).

and elongations [12]. If the SNe Ia are equally likely to arise from any part of the projected

light distribution of the host galaxies, i.e. the surface brightness of galaxy I and the surface

density of SNe Σ are related by Σ = Const× I, then one would expect that the Frg values are

evenly distributed throughout the projected radii of hosts (a �at distribution, independent of

radius) and the ⟨Frg⟩ = 0.5 [262]. For the Frg values (from 0 to 1), the PDF and CDF are

p(Frg) = 1 and E(Frg) = Frg , (4.5)

respectively.

From the P -values of one-sample KS and AD tests in Table 4.4, we see that the Frg

distribution of Type Ia SNe is not consistent with the g-band light distribution of elliptical

host galaxies (for the KS statistic but marginally so in the AD statistic), mainly due to the

distribution of 91bg-like events. The upper panel of Fig. 4.6 illustrates that, as already stated

above, the main inconsistency is due to the selection e�ect against the discovery of SNe Ia near

the center of the host galaxies (also seen in the right-hand panels of �g. 2 in [12]). Therefore, we

also use the inner-truncated fractional radial g-band �uxes of SNe (F̌ rg), excluding the central
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Figure 4.6: Upper panel: cumulative Frg distributions of SNe Ia (all � black solid, normal
� green dashed, and 91bg-like � red dotted) with respect to the g-band surface brightness
distribution of their elliptical host galaxies (black thin diagonal line). The mean values of
the distributions are shown by arrows. Bottom panel: same as in upper panel but for the
inner-truncated F̌ rg distributions.
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Table 4.5: Comparison of the distributions of R̃SN, R̂SN, Frg and F̌ rg values between the
subsamples of normal and 91bg-like SNe.

Parameter normal vs. 91bg-like PKS PAD

NSN ⟨Parameter⟩ NSN ⟨Parameter⟩
R̃SN ≥ 0 66 0.43± 0.05 vs. 41 0.50± 0.07 0.456 0.357
R̃SN ≥ 0.1 54 0.52± 0.06 vs. 38 0.53± 0.07 0.700 0.804

R̂SN ≥ 0 66 1.77± 0.23 vs. 41 2.25± 0.32 0.502 0.232
R̂SN ≥ 0.4 52 2.18± 0.26 vs. 38 2.41± 0.33 0.852 0.820

Frg 58 0.52± 0.03 vs. 34 0.57± 0.04 0.606 0.429
F̌ rg 46 0.49± 0.04 vs. 31 0.48± 0.05 0.677 0.383

Notes. The explanations for the P -values are similar to those in Table 2.2. For the global distribution of all
109 SNe Ia, the mean values of R̃SN = 0.45 ± 0.04 and R̂SN = 1.94 ± 0.18. For 94 SNe Ia, the mean value of
Frg = 0.54 ± 0.03. Recall that 15 SNe, which are located far outside the elliptical apertures where �uxes are
consistent with the sky background values, are removed from the fractional radial �ux analysis (see Section 4.2).

region of galaxies with one tenth of the optical radius (0.1R25):

F̌ rg =
Frg − frg
1− frg

,

where frg is the fractional �ux of 0.1R25 region. A similar de�nition of inner-truncated frac-

tional �ux for SNe in elliptical galaxies was �rst used by [270].

Simply replacing Frg with F̌ rg in Eqs. [4.5] and using one-sample KS and AD tests, we see

that the F̌ rg distributions of all subclasses of Type Ia SNe are now consistent with the g-band

light distribution of hosts, with mean values of F̌ rg near 0.5 as predicted (see Table 4.4 and

the bottom panel of Fig. 4.6).

We now compare, in Table 4.5, the distributions of R̃SN, R̂SN, Frg and F̌ rg values between

the subsamples of normal and 91bg-like SNe, using the two-sample KS and AD tests. The mean

values of the distributions are also listed. With the tests, we see no statistically signi�cant

di�erences between the global radial distributions of the SN subclasses. Similar results hold

true for the inner-truncated distributions of SNe Ia.
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Table 4.6: 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.

Parameter normal vs. 91bg-like PKS PAD

⟨Parameter⟩ ± σ ⟨Parameter⟩ ± σ

R̃SN ≥ 0 (66 vs. 41 hosts)
Mu (mag) −19.6± 1.0 vs. −19.8± 0.9 0.218 0.276
Mg (mag) −21.2± 1.1 vs. −21.5± 0.9 0.112 0.137
Mr (mag) −22.0± 1.1 vs. −22.3± 0.9 0.113 0.134
Mi (mag) −22.4± 1.1 vs. −22.7± 0.9 0.188 0.153
Mz (mag) −22.6± 1.1 vs. −22.9± 0.9 0.260 0.156
u− r (mag) 2.4± 0.1 vs. 2.5± 0.1 0.013 0.007
g − i (mag) 1.2± 0.1 vs. 1.2± 0.1 0.101 0.255
r − z (mag) 0.7± 0.05 vs. 0.7± 0.04 0.107 0.179
R25 (kpc) 23.0± 12.6 vs. 25.6± 11.3 0.096 0.142
Re (kpc) 6.0± 3.8 vs. 6.0± 3.0 0.296 0.345
a/b 1.3± 0.2 vs. 1.3± 0.2 0.766 0.729
log(M∗/M⊙) 11.1+0.3

−1.3 vs. 11.2+0.2
−0.6 0.107 0.175

log(Z∗/Z⊙) 0.09+0.07
−0.08 vs. 0.11+0.06

−0.07 0.107 0.175
age (Gyr) 11.7+2.3

−2.8 vs. 12.8+1.2
−1.6 0.017 0.012

R̃SN ≥ 0.1 (54 vs. 38 hosts)
Mu (mag) −19.6± 1.0 vs. −19.8± 0.8 0.286 0.416
Mg (mag) −21.2± 1.1 vs. −21.4± 0.8 0.309 0.275
Mr (mag) −22.0± 1.1 vs. −22.2± 0.9 0.306 0.252
Mi (mag) −22.4± 1.1 vs. −22.6± 0.9 0.365 0.325
Mz (mag) −22.7± 1.1 vs. −22.9± 0.9 0.365 0.314
u− r (mag) 2.4± 0.1 vs. 2.5± 0.1 0.047 0.018
g − i (mag) 1.2± 0.1 vs. 1.2± 0.1 0.480 0.721
r − z (mag) 0.7± 0.05 vs. 0.7± 0.04 0.274 0.462
R25 (kpc) 23.3± 12.7 vs. 24.2± 9.9 0.389 0.399
Re (kpc) 6.1± 4.0 vs. 5.5± 2.3 0.450 0.390
a/b 1.2± 0.2 vs. 1.3± 0.2 0.706 0.559
log(M∗/M⊙) 11.2+0.3

−1.2 vs. 11.2+0.2
−0.5 0.224 0.385

log(Z∗/Z⊙) 0.09+0.07
−0.08 vs. 0.10+0.06

−0.06 0.224 0.385
age (Gyr) 11.9+2.1

−2.7 vs. 12.7+1.3
−1.7 0.025 0.032

Notes. The PKS and PAD are the probabilities from two-sample KS and AD tests, respectively, that the two
distributions being compared (with respective mean values and standard deviations) are drawn from the same
parent distribution. The statistically signi�cant di�erences (P -values ≤ 0.05) between the distributions are
highlighted in bold.
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4.3.4 The global properties of SNe Ia elliptical host galaxies

In the SDSS DR15, di�erent estimates of the parameters of galaxies (e.g. stellar mass, metal-

licity and age of stellar population) encompass calculations based on various stellar population

models (e.g. Evolutionary Population Synthesis, [271]; Principal Component Analysis-based

model, [272]; Flexible Stellar Population Synthesis, [273]), and di�erent assumptions about

galaxy extinction and star formation histories.7 However, from 109 SNe Ia elliptical hosts of

our study, only 43 SNe (29 normal, thirteen 91bg-like and one 06gz-like) have available SDSS

spectra of hosts, thus reliable estimates of mass, age, and metallicity. Therefore, instead of

using them we prefer to estimate the stellar masses (M∗) of all our elliptical hosts, using the

empirical relation of [208] between log(M∗/M⊙), g − i colour and i-band absolute magnitude

(Mi) as determined from more than 105 galaxies with redshifts z < 0.65:

log
(M∗

M⊙

)
= 1.15 + 0.70(g − i)− 0.4Mi , (4.6)

where M∗ has solar mass units. According to [208], this relation provides an estimate of the

stellar mass-to-light ratio (M∗/Li) to a 1σ accuracy of ∼ 0.1 dex. In addition, to estimate

average host galaxy stellar metallicities, we use the [274] correlation between stellar mass of

E�S0 galaxy and log(Z∗/Z⊙) as determined from about 26000 SDSS galaxies (see also [275] for

early-type/high mass galaxies):

log
(Z∗

Z⊙

)
= −1.757 + 0.168 log

(M∗

M⊙

)
, (4.7)

where Z∗ has solar metallicity units, with a scatter of ∼ 0.1 dex. It should be noted that

we use mass measurements coupled to a (monotonic) formula to convert it to host metallicity,

which adds no original information to the statistical analysis, however, this gives a chance to

qualitatively discuss our results in term of metallicities of SNe Ia hosts (see Section 4.4).

Finally, following the procedure outlined in [276], we use the �xed redshifts of SN hosts to

7For more detailed information with corresponding references, the reader is referred to
https://www.sdss.org/dr15/spectro/galaxy/.

https://www.sdss.org/dr15/spectro/galaxy/
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Figure 4.7: Photometric points (in the SDSS �ve bands, red asterisks) of SN 2018zs host
elliptical galaxy with the best-SED, all in the rest-frame. The inset shows the curve of the
dependence of the model rms deviations on age for the galaxy, with the best-age of 11 Gyr
(minimum of the curve is shown by the vertical dashed line).
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Figure 4.8: The u − r colour�mass diagram for 109 SNe Ia elliptical host galaxies. Green
triangles, red circles and blue crosses show normal, 91bg-like and 06gz-like SNe hosts, respec-
tively. The region between two solid lines indicates the Green Valley (see the text for more
details). The vertical and horizontal error bars, in the bottom-right corner, show the charac-
teristic errors in the colour and mass estimations, respectively. For normal (green dashed and
�lled) 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.
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�t the PEGASE.2 [220,221] elliptical galaxy models to our u-, g-, r-, i- and z-band photometry

to determine the luminosity-weighted ages of hosts.8 In short, the measured �ve photometric

points of a host galaxy in the SDSS bands with �xed redshift are used to select the best

location of the points on the SED templates. Such a location can be found by shifting the

points lengthwise and transverse the SED template at which the sum of the squares of the

discrepancies is a minimum. From the PEGASE.2 model [220,221], the procedure uses already

computed collection of synthetic SED templates for di�erent ages (up to 19 Gyr) of elliptical

galaxies. Fig. 4.7 presents an example of SN host galaxy photometric points (in the SDSS �ve

bands) with the best-SED, all in the rest-frame. For more detailed information on the SED

�tting procedure with �lter smoothing option, the reader is referred to http://sed.sao.ru/.

To reveal possible di�erences in global properties of SNe Ia elliptical hosts, in Table 4.6, 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 (red part of the SEDs), sizes, elongations, stellar masses

and average metallicities are not signi�cantly di�erent between host galaxies of normal and

91bg-like SNe. On the other hand, the distributions of u − r colours (blue part of the SEDs)

and luminosity-weighted ages of the hosts are signi�cantly inconsistent between the subclasses

of SNe Ia. In the histograms of Fig. 4.8, 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. 4.9. It is clear that, despite their comparable stellar masses, the

elliptical host galaxies of normal SNe Ia are on average bluer and younger than those of 91bg-like

SNe.

In Table 4.6, we also check the impact of the described bias in Subsection 4.3.2, i.e. the

stronger central loss of 91bg-like SNe, on the comparison of the global properties of ellipticals

by excluding the host galaxies with R̃SN < 0.1. We obtain nearly identical results showing

that the central bias has negligible impact on the comparison of the elliptical host galaxies in

8The luminosity-weighted ages of our 104 elliptical host galaxies are available online [264].

http://sed.sao.ru/
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Figure 4.9: 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.

Table 4.6.

4.4 Chapter discussion and summary

In this section, we discuss all the results obtained above and give summary within an evo-

lutionary (interacting) scenario of SNe Ia elliptical host galaxies that can explain the similarity

of the spatial distributions of normal and 91bg-like SNe in hosts and at the same time the

di�erences of some global properties of elliptical hosts such as the u − r colours and the ages

of the stellar population.

In Subsection 4.3.2, we have shown that the distributions of projected galactocentric radii

(with di�erent normalizations) of normal and 91bg-like SNe in elliptical galaxies follow the

de Vaucouleurs model, except in the central region of ellipticals where the di�erent SN surveys

are biased against the discovery of the events (Table 4.3 and Fig. 4.5). These results are in

agreement with a more generalized result of [12], who showed that the projected surface density

distribution of Type Ia SNe (without separating the subclasses) in morphologically selected

early-type host galaxies is consistent with the de Vaucouleurs pro�le [243, 265]. Even without

specifying the pro�le shape and excluding the bias against central SNe, the radial distributions

of SN Ia subclasses are consistent with the radial light distribution of stellar populations of
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elliptical hosts in the SDSS g-band (Table 4.4 and Fig. 4.6). We have not seen any signi�cant

di�erences between the radial distributions of normal and 91bg-like SNe (Table 4.5).

These results are in agreement with those of [68], who studied the distribution of 57 local

Type Ia SNe LC decline rates (∆m15) in the B-band versus projected distances (in kpc) from

the centers of spiral and E�S0 host galaxies. Despite their smaller statistics of E�S0 galaxies,

they found that the ∆m15 values are distributed evenly with projected galactocentric radii,

showing no preference to the center of host galaxies for slowly declining (normal SNe Ia) or

faster declining (91bg-like) SNe (see also [1] for projected and normalized galactocentric radii).

Using a larger SN Ia sample at redshifts below 0.25 and output parameters from two LC �tters,

MLCS2k2 [215] and SALT2 [216], [80] also studied the dependencies between SN properties and

the projected galactocentric radii. For 64 SNe Ia in elliptical hosts, with determined morphology

based on the concentration indices and Sérsic pro�les, the authors found some indications that

SNe tend to have faster declining LCs if they explode at larger galactocentric radii. However,

this trend is visible when the LC parameters from MLCS2k2 were used, in contrast to the

homologous parameters from SALT2. In addition, [80] noted that their �nding might be due to

the possible selection e�ects and explained by the di�culty in detecting faster declining/fainter

SNe Ia near the galaxy center, which we demonstrated in Subsection 4.3.2, based on the surface

density distributions of normal and 91bg-like events in elliptical hosts.

In Subsection 4.3.4, we have shown that the distributions of absolute magnitudes, stellar

masses and average metallicities are not signi�cantly di�erent between host galaxies of normal

and 91bg-like SNe (Table 4.6). Similar results were also obtained by [68], who found no cor-

relation between the LC decline rates of SNe Ia and absolute B-band magnitudes (a su�cient

tracer of galactic mass) of their E�S0 hosts. [81] also studied optical absorption-line spectra of

29 early-type (mostly E�S0) host galaxies of SNe Ia up to about 200 Mpc and found a mild

correlation, if any, between host global metallicity and SN Ia peak luminosity.

Indeed, the variety of metallicities of the MS stars that become WDs could theoretically

a�ect the mass of 56Ni synthesized in SNe Ia [277], and cause a variety in the properties of SNe Ia

(e.g. in luminosities and/or decline rates). These authors hypothesized that less luminous
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SNe Ia arise from high-metallicity progenitors that produce less 56Ni. However, [73] noted

that the e�ect is dominant at metallicities signi�cantly above solar, whereas early-type hosts

of SNe Ia have only moderately above-solar metallicities (with no detectable star formation).

In this respect, our elliptical host galaxies also span moderately above-solar metallicities (see

Table 4.6), mostly within 0 ≲ log(Z∗/Z⊙) ≲ 0.2 range, and therefore the metallicity e�ect

in our sample might be su�cient to vary the optical peak brightness of SN Ia by less than

0.2 mag [277], but not enough for the di�erences between peak magnitudes of normal and

91bg-like SNe (as already mentioned, the latter have peak luminosities that are 2 ± 0.5 mag

lower in optical bands than do normal SNe, see [234]).

On the other hand, the radial metallicity gradient in elliptical galaxies [278] might be a

useful tool to probe the di�erences between the properties of SN Ia subclasses. However, [159]

recently studied nearby galaxies, including 41 ellipticals, with redshifts < 0.03, using the precise

data of integral �eld spectroscopy, and found that the average radial metallicity pro�le of

elliptical galaxies (with negative gradient) declines only moderately from 0.2 dex above solar

to solar from the galactic center up to 3Re, respectively. Therefore, most probably this small

metallicity variation does not allow (according to [277]) to see the di�erences between the

distributions of normal and 91bg-like SNe along the radius of their elliptical hosts (Table 4.5).

Our results con�rm that the masses as well as global and radial metallicity distributions of

elliptical hosts are not decisive factors of the nature of normal and 91bg-like SN populations

(see also discussions by [1, 68,81]).

At the same time, in Subsection 4.3.4, we have shown that the distributions of u− r colours

and luminosity-weighted ages are inconsistent signi�cantly between the elliptical host galaxies

of di�erent SN Ia subclasses (Table 4.6): the hosts of normal SNe Ia are on average bluer (the

right histograms in Fig. 4.8) and younger (Fig. 4.9) than those of 91bg-like SNe. These results

are in excellent agreement with those of [81], who found a strong correlation between SN peak

luminosities and the luminosity-weighted ages of dominant population of E�S0 hosts. They

suggested that SNe Ia in galaxies with a characteristic age greater than several Gyr are on

average ∼ 1 mag fainter at the peak in V -band than those in early-type hosts with younger
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populations (i.e. a fairly large number of subluminous/91bg-like SNe are discovered in older

hosts). In addition, [81] noted about the di�culty to distinguish whether this e�ect is a smooth

transition with age or the result of two distinct SN Ia populations. Recently, [162] analysed

integral �eld observations of the apparent/underlying explosion sites of eleven spectroscopically

identi�ed 91bg-like SNe (redshifts ≤ 0.04) in hosts with di�erent morphologies (including six

E�S0 galaxies) and found that the majority of the stellar populations that host these events are

dominated by old stars with a lack of evidence for recent star formation. [162] concluded that the

91bg-like SN progenitors are likely to have DTD weighted toward long delay times (> 6 Gyr,

see also [171]), much longer than the typical delay times of normal SNe Ia in star forming

environments, whose delay times peak between several hundred Myr and ∼ 1 Gyr [19, 71].

These results are in good agreement with our �ndings in Table 4.6 and Fig. 4.9.

It is important to note that the global ages of elliptical galaxies are not signi�cantly di�erent,

on average, from local ones at any radii, i.e. there is no clear age gradient in ellipticals, being

only mildly negative up to Re and �at beyond that radius [159]. For this reason, we see no

di�erence between the radial distributions of the subclasses of SNe Ia (Table 4.5), meanwhile

seeing the clear di�erences of the global ages of normal and 91bg-like hosts (Table 4.6 and

Fig. 4.9). Thus, our results support the earlier suggestions [1,68,81,279] that the age of SN Ia

progenitor populations is a more important factor than metallicity or mass of elliptical host

galaxies in determining the properties of normal and 91bg-like events.

We now interpret and summarise our results within an evolutionary (interacting) scenario

of SNe Ia elliptical host galaxies. In Fig. 4.8, we show u− r colour�mass diagram of elliptical

host galaxies (the right and upper panels represent separately the histograms of the colours

and masses, respectively). In Fig. 4.8, 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�S0 galaxies [87,211]. 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 shape [88, 280], and/or a state of

galaxies demonstrating some residual star formation via minor merging processes with no global
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Figure 4.10: Distributions of colour residuals of elliptical hosts of normal (green dashed and
�lled) and 91bg-like (red dotted) SNe relative to the upper border of our Green Valley. The
mean values of the distributions are shown by arrows.

changes in spheroidal structure [86].

It should be noted that we use the modi�cation of the Green Valley de�ned by [87]. These

authors used the SDSS modelMag values9 of about 9000 early- and about 17000 late-type galaxies

with redshifts 0.02 < z < 0.05, while we use the magnitudes of host galaxies based on the g-

band 25 mag arcsec−2 elliptical apertures (see Section 4.2). The comparison of SDSS DR15

modelMag measurements of our elliptical host galaxies with those obtained in Section 4.2, and

the best-�t of our u− r versus log(M∗/M⊙) bring a negative shift and a small change in slope

for the modi�cation of the Green Valley10 in comparison with that in [87].

In Fig. 4.8, we see that the tail of the colour distribution of normal SN hosts stretches well

into the Green Valley, while the same tail of 91bg-like SN hosts barely reaches the Green Valley

border, and only at high stellar masses. To quantify this di�erence, we compare the distributions

of colour residuals of elliptical hosts of the SN subclasses relative to the upper border of our

Green Valley (see Fig. 4.10). The two-sample KS and AD tests show that the distributions

are signi�cantly di�erent (PKS = 0.049, PAD = 0.026). Therefore, the bluer and younger

elliptical hosts of normal SNe Ia should have more residual star formation [86, 87] that gives

9The modelMag values are �rst calculated using the best-�t parameters in the r-band, and then applied these
parameters to all other SDSS bands, therefore, the light is measured consistently through the same aperture in
all bands.

10The best-�t is u − r = 0.721 + 0.155 log(M∗/M⊙) for normal and 91bg-like SNe hosts. The upper and
bottom borders of our Green Valley in Fig. 4.8 are simply negative shifts of the best-�t in 0.1 and 0.3 mag,
respectively.
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rise to younger SN Ia progenitors, resulting in normal SNe with shorter delay times [19,71,281].

Interestingly, the results of [204,282] reveal that in such galaxies the residual star formation is

well mixed radially and distributed within entire stellar population.

As was recalled in the 4.1, the rate of SNe Ia can be represented as a linear combination

of prompt and delayed components [244]. The prompt component is dependent on the rate

of recent star formation, and the delayed component is dependent on the galaxy total stellar

mass [245�248]. In this context, the normal SNe Ia 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 [81], because of long delay times of these SNe [162],

i.e. a delayed component of SN Ia explosions [70, 244]. 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 signi�cant excess of u − r colour (i.e. u-band �ux, see Figs. 4.8 and 4.9) �

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 [87] may produce signi�cantly less normal SNe Ia

with shorter delay times, outnumbered by 91bg-like SNe with long delay times.

Finally, we would like to note that our results favor SN Ia progenitor models such as helium-

ignited violent mergers as a uni�ed model for normal (CO WD primary with CO WD com-

panion) and 91bg-like (CO WD primary with He WD companion) SNe [171, 172] that have

the potential to explain the di�erent luminosities, delay times, and relative rates of the SN

subclasses (see also [225, 226], for discussions of binary WDs mergers in elliptical galaxies). In

particular, the models predict shorter delay times for normal SNe Ia in agreement with our

�nding 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, [171]) is in good

qualitative agreement with our estimation of older ages of host galaxies of these events.



General Conclusions

This PhD thesis is mainly focused on investigating the diversity of Type Ia SNe progenitors.

The main results obtained in all the Chapters of the thesis are summarized below.

1. For the �rst 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 Ia SNe. The di�erence between the distributions of the SN

types is statistically signi�cant with only the exception in late-type hosts.

2. When considering early- and late-type spiral galaxies separately, the vertical distribution

of Type Ia is consistent with both the sech2 and exp pro�les. In wider morphological

bins (S0�Sd or Sa�Sd), the vertical distribution of Type Ia SNe is not consistent with

sech2 pro�le, most probably due to the earlier and wider morphological distribution of

SNe Ia host galaxies and the systematically thinner vertical distribution of the host stellar

population from early- to late-type discs.

3. 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 �nd that the sech2 scale height (z̃SN0 ) of

Type Ia SNe is 0.096± 0.016. The exp scale height (H̃SN) is 0.065± 0.012.

4. In Sb�Sc hosts, the exp scale height (also the hSN/HSN ratio) of SNe Ia is consistent with

that of the old population in the thick disc of the MW.
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5. For the �rst time, we show that the ratio of scale lengths to scale heights (hSN/z
SN
0 ) of

the distribution of Type Ia 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.

6. For the �rst time, we demonstrate that 91T- and 91bg-like subclasses of SNe Ia are

distributed di�erently 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 Ia.

7. 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 Ia are from

about one up to ∼ 10 Gyr, and 91bg-like SNe Ia arise from progenitors with signi�cantly

older ages ∼ 10 Gyr.

8. We show that the SN Ia LC decline rates correlate with their heights from the host disc,

after excluding the selection e�ects brought by dust extinction. The observed correlation

is consistent with the explosion models of a sub-MCh mass WD and the vertical age

gradient of stellar population in discs.

9. In general, the B-band ∆m15 distribution of SNe Ia seems to be bimodal, with the sec-

ond (weaker) mode mostly distributed within ∼ 1.5 to 2.1 mag. This faster declining

range is generally occupied by 91bg-like (subluminous) events, while the ∆m15 of 91T-

like (overluminous) SNe are distributed only within the �rst mode at slower declining

range (∆m15 ≲ 1.1 mag). The decline rates of 02cx-like SNe are spread on the faster

side of the ∆m15 distribution of normal SNe Ia. Statistically, all these distributions are

signi�cantly di�erent from one another.

10. The host galaxies of normal, 91T-, and 91bg-like SNe Ia have morphological type dis-

tributions that are signi�cantly inconsistent between one another. Hosts of 91bg-like
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SNe have, on average, earlier morphological types (⟨t⟩ ≈ 0) with a large number of the

events discovered in E�S0 galaxies. While hosts of 91T-like SNe have on average later

morphological types (⟨t⟩ ≈ 4) with a single 91T-like event in the E�S0 bin. The same

distribution of hosts of normal SNe Ia occupies an intermediate position between the host

morphologies of 91T- and 91bg-like events. The morphological distribution of 02cx-like

SNe hosts is similar to that of 91T-like SNe hosts.

11. As for galaxies in general, the distribution of SNe Ia 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 signi�cantly redder. Importantly, the bulk of hosts of 91bg-like

SNe are signi�cantly massive (log(M∗/M⊙) > 10.5) and old (more than 10 Gyr). The

hosts' mass (age) distribution is signi�cantly inconsistent with those of the other SN Ia

subclasses. At the same time, the colour (mass, age) distributions are not statistically

di�erent between hosts of normal and 91T-like SNe. Finally, all the host galaxies of 02cx-

like SNe are positioned in the Blue Cloud of the colour�mass diagram, mostly below the

Green Valley. Their colour (mass, age) distribution is signi�cantly bluer (lower, younger)

in comparison with that of normal SNe Ia hosts, but closer to that of 91T-like SNe hosts.

12. As previously shown with smaller nearby SN Ia samples, there is a signi�cant correlation

between normal SNe Ia LC decline rates and global ages (morphologies, colours, and

masses) of their host galaxies. On average, those normal SNe Ia 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.

13. For the �rst time we show that the LC decline rates of subluminous/91bg-like SNe and

overluminous/91T-like events do not show dependencies on the host galaxy morphology

and colour. The distribution of hosts on the colour�mass diagram con�rms the known
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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). Probably, the decline rates of 02cx-like SNe also do not show dependencies

on hosts' properties. On average, the youngest global ages of 02cx-like SNe hosts and

their positions in the colour�mass diagram hint that these events likely originate from the

young stellar component, but they di�er from 91T-like events in the LC decline rate.

14. We show that the distributions of projected galactocentric radii (with di�erent normaliza-

tions) of normal and 91bg-like SNe in elliptical galaxies follow the de Vaucouleurs model,

except in the central region of ellipticals where the di�erent SN surveys are biased against

the discovery of the events.

15. We show that the distributions of absolute magnitudes, stellar masses and average metal-

licities are not signi�cantly di�erent between host galaxies of normal and 91bg-like SNe.

16. We show that the distributions of u− r colours and luminosity-weighted ages are incon-

sistent signi�cantly between the elliptical host galaxies of di�erent SN Ia subclasses: the

hosts of normal SNe Ia are on average bluer and younger than those of 91bg-like SNe.

17. 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 signi�cant excess of u− r colour (i.e.

u-band �ux)� 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

signi�cantly less normal SNe Ia with shorter delay times, outnumbered by 91bg-like SNe

with long delay times.

18. Our results favor SN Ia progenitor models such as helium-ignited violent mergers as a

uni�ed 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

di�erent luminosities, delay times, and relative rates of the SN subclasses.
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