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Abstract

Type Ia supernovae (SN Ia) are excellent distance indicators for cosmology.
Their intrinsic luminsoities in the optical are found to vary systematically
with the light-curve widths, providing an empirical calibration for precise dis-
tance measurements. Using this calibration, called the width-luminosity re-
lation (WLR) led to the unexpected discovery of the current accelerated rate
of cosmic expansion. Despite observations of large samples of SN Ia there are
several fundamental physical properties that are still poor understood, for e.g.
the progenitor system, progenitor mass, explosion mechanism.

In this thesis, I analyse the near infrared (NIR) and bolometric properties
of SN Ia in order to understand their physical properties and to use them
better as distance indicators in cosmology. I confirm their uniform behaviour
near maximum light in the NIR and find that there is significant diversity in
the NIR light curves at late phases. I find that there is a strong correlation
between the timing of the second maximum in the NIR and the light curve
width indicating that the diversity in the NIR is tied to the total amount
of ®°Ni produced. I then use this measurement to derive the ®°Ni masses
independent of the reddening from the host galaxy dust. I also analyse the
NIR and bolometric behaviour of fast-declining SN Ta and find that their ejecta
masses are significantly sub-Chandrasekhar and that there is possible evidence
for two different sub-classes of fast-declining SN Ia.

I also present NIR spectra of the nearby SN 2014J at ~ 400 days after max-
imum light. For the first time, I present estimates of the reddening from the
host galaxy dust using spectra at such late phases. The NIR spectra prefer
reddening properties that are similar to the Milky Way, whereas, maximum
light colours suggest a steeper reddening law. This is further evidence that
the dust in the environment of SN 2014J is atypical. Since the reddening from
host galaxy dust is one of the dominant systematics for their use as distance
indicators in cosmology, understanding the dust properties of their hosts is
crucial to improving the constraints on cosmology.

A few weeks after maximum light, the NIR contributes significantly to the
bolometric light curve. I construct bolometric light curves using observations
from the u to H bands to account for the contribution of the NIR. Using these
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bolometric light curves, I estimate the total ejecta mass for a sample of SN Ia,
providing constraints on the possible progenitor channels that can explain the
observed diversity of SN Ia.

Finally, I explore the use of future observatories (e.g. Euclid, James Webb
Space Telescope) to measure distances to SN Ia in the restframe Near In-
frared and find that sparsely-sampled NIR light curves, combined with prior
information from the optical, provide precise constraints on the time-varying
equation of state of dark energy. These constraints on the time-variability of
dark energy



1. Introduction

Supernovae have revolutionised our understanding of the universe. The ob-
servation of a supernova in the constellation Cassopeia by Danish Astronomer
Tycho Brahe in the year 1573 questioned the Aristotlean and Ptolemaic world
systems. The Aristotlean viewpoint stated that all changes in the heavens
must be within the lunar sphere, while the distant sphere containing all the
fixed stars was immutable. The lack of parallax of this “new star”, SN 1572
showed that the new star couldn’t be part of the planetary sphere and had to
be in the sphere of the fixed stars. Similarly, Kepler’s supernova (SN 1604)
showed a lack of parallax.

In 1885, Ernst Hartwig discovered a ‘nova’ in the Andromeda nebula. Knut
Lundmark in 1925 [188] tried to separate a subclass of novae, which would
be extremely bright, given extragalactic distances. The more luminous ones
were at first called upper-class novae, which were much rarer, and about 10
magnitudes brighter than regular novae. These luminous novae were later
termed ”super-novae” in before Baade and Zwicky [12] described them as a
separate class of objects.

Supernovae are amongst the most energetic stellar explosions in the universe.
Supernovae that result from the thermonuclear disruption of a White Dwarf
(Type la supernovae or SN Ia” for short; see section 1.1.1 for the classification
0°! erg. Their large luminosities (4
-5 x 109 L, where L denotes the luminosity of the sun; see Fig 1.1) results

of supernovae) have typical energies of ~ 1

from photons generated in the decay chain of ®Ni synthesised in the explosion.
SN Ia have become an exceptional tool in modern astronomy. The recognition
that the light curves of SN Ia can be used to calibrate their apparent peak
luminosity, combined with the high peak brightness, prompted their use as
distance indicators in cosmology. SN Ia have, hence, been instrumental in the
discovery of the accelerated expansion of the universe [234,251]. Along with
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SN 2014J KAIT/LOSS color image

Figure 1.1.: SN 2014J, the nearest Type Ia supernova in over 40 years in M82.
Credits: Lick Observatory Supernova Search.

their excellent use in cosmology, SN Ia are interesting as contributors to the
chemical enrichment of galaxies and the synthesis of heavy elements in the
universe and are important as endpoints of stellar/binary evolution scenarios.

In this Chapter we present a brief overview of Type Ia supernovae and their
use in estimating cosmological parameters.
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1.1. A Brief Overview of Type la supernovae

1.1.1. Supernova Classification

Supernovae were first classified as Type I (or SN I) and Type II (or SN II) by
Minkowski in 1941 [209] on the basis of the absence or presence of hydrogen
Calmer lines in the optical spectra. SN I were further divided into sub-classes
based on the presence (Type Ia) or absence (Type Ib or Ic) of a deep absorption
trough near 6150 A, found to be due to the Si II A\ 6347,6371 doublet (see
Wheeler & Harkness 1990 for details [319]). Although Type Ib and Type Ic
supernovae are distinguish based on the presence or absence of He I in their
spectra, respectively, whether they are physically distinct explosions is still
heatedly debated (for e.g. because the nebular spectra of Type Ib and Ic
supernovae look similar) and hence, some authors combine the classification
as Type “Ib/c”.

Type I supernovae have also been sub-classified into Type Ia and Ib/c by [70]
based on Near Infrared light curves of a total of 13 SNe in 12 galaxies. This
study also was the first to suggest the use of SN Ia in the NIR as distance
indicators to the uniformity of the J and H band magnitudes at ~ 2 weeks
after maximum light.

Although all “Type I” supernovae (Ia/Ib/Ic) are defined by the absence of
Hydrogen in their spectra, SN Ia arise from thermonuclear explosions whereas
all other types of supernovae (Type Ib/c as well as Type II) arise from core-
collapse in a massive star (see Fig. 1.2). There is significant diversity within
the class of SN Ia explosions and various progenitor scenarios and explosion
mechanisms have been proposed to explain the observed diversity (see Sec-
tions 1.1.4 and 1.1.5 for a summary). Several sub-classes of SN Ia are seen to
deviate from the normal spectroscopic and photometric behaviour (properties
of normal SN Ia are summarised in Section 1.1.3). We briefly discuss these
subclasses in section 1.1.6.
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Figure 1.2.: Current classification scheme of supernovae, based on their early-
time optical spectra. From a physical standpoint, Type Ia super-
novae are thermonuclear disruptions of electron degenerate mat-
ter, whilst all other types result from the collapse of the core of a
massive star. See text for a historical overview of the classification
scheme. Credits [308]

1.1.2. Supernova Searches

The advent of charge coupled device (CCD) cameras, allowing pixel based
image subtractions, has dramatically increased the number of supernovae dis-
covered. Until 1996, ~ 1000 SNe were discovered, while in 2015 alone, there
were more than 1400 SN discoveries reported.

Searches for Type Ia supernovae can be segregated based on the redshift range
they are targeting. A short summary of the recently concluded and ongoing
supernova searches is presented here.
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Low-redshift (z <0.1) Typically characterised by a redshift range of z <0.1,
these searches often provide densely sampled light curves in multiple optical
(and in some cases Near Infrared) light curves as well as detailed spectral time
series for the SNe discovered. The low-z SNe are crucial to anchor the distance
measurements to higher-z SN Ia in order to constrain cosmology. The Calan-
Tololo SN survey was the first systematic search for low-z SN Ta by Hamuy et
al. [112-114] Other low-z SN surveys include, the Lick Observatory Supernova
Search (LOSS, [77]), CfA Supernova Survey [119], Carnegie Supernova Project
(CSP) I and II, the Palomar Transient Factory (PTF, [250]) and its successor
the intermediate Palomar Transient Factory (iPTF). One of the key factors
influencing the precision of cosmological constraints from SN Ia is the cross-
calibration between the low- and high-z SN Ia samples.

Intermediate-redshift (0.1 <z <0.4) The Sloan Digital Sky Survey (SDSS)
supernova survey [93] found SN ia in the range 0.04 <z <0.42 [154], dra-
matically increasing the sample size in the redshift range 0.1 <z <0.3. The
SDSS-IT SN survey observed 103 SN Ia in gri filters, with an average of 48
measurements.

High-redshift (0.4 <z <1.0) The High-z Supernova Search team and the
Supernova Cosmology Project presented the first evidence for an accelerated
expansion with SN Ta out to z ~ 0.6 - 0.8. There have been several follow-
up high redshift supernova surveys, to confirm the findings and for precise
constraints on the equation of state of dark energy (w). Some examples of these
high-z searches are the ESSENCE survey [208, 325], the Supernova Legacy
Survey (SNLS; [9,50,290])

The Carnegie Supernova Project conducted a high-redshift SN survey [89] in
the rest frame i-band (observer frame Y and J bands) with PANIC on the
Magellan telescopes. Before the CSP high-z survey, there had been a few
individual supernovae at high-z observed in the rest-frame i-band by Riess et
al. [253] and Nobili et al. [214]

The Dark Energy Survey (Bernstein et al. present simulations and strategies
for the survey in [20]) has an ongoing supernova search to discover and follow-
up ~ 4000 SN Ia. Since it is unfeasible to obtain spectra for each SN to classify
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them, only a subset of SNe will be spectroscopically classified, and the rest of
the SNe will be classified using multi-band colour.

Very High-redshift (z >1) At high redshifts, the rest frame optical bands
shift into the Near Infrared. Due to the high sky brightness in the NIR and
contamination from atmospheric absorption features, NIR observations are
best carried out from space-based observatories. Hence, nearly all very high-z
SN searches have been carried out with the Hubble Space Telescope (HST)
[58,257,258]. Cosmological constraints with z >1 discovered by the High-z SN
search team were presented by Tonry et al. [303]. More recently, Rodney et
al. [260] report the discovery of two SN Ia at redshift ~ 2 with the Wide Field
Camera (WFC) aboard HST.

Future transient surveys, e.g. the Large Synoptic Survey Telescope (LSST)
are designed to observe sizeable samples of SN Ia at redshifts z>1. in the
optical Moreover, future space-based Infrared telescopes (e.g. Euclid, Wide-
Field Infrared Space Telescope, James Webb Space Telescope) will present a
unique opportunity to observe SN Ia at redshifts significantly greater than 1
and at longer rest frame wavelengths, making it an exciting era for precision
cosmology constraints from SN Ia.

1.1.3. Light curves and Spectra
Light Curves

Light curves of SN Ia are an important tool to constrain the explosion en-
ergetics. They are characterised by a rise to maximum lasting ~ 16 - 20
days [51,81,117,252]. The post-maximum decline is comparatively slower with
the light curves settling onto an exponential decline at ~ 50d after maximum
light [53,174].

Even at early times there exists a significant diversity in the light curve proper-
ties of SN Ia. Spectroscopically normal SN Ia reach absolute peak magnitudes
in the B-band of ~ -19.1 and obey the width-luminosity relation (WLR) that
brighter supernovae also have broader light curves [237,241] updated in [84].
The width of the light curves is characterised by the difference in magnitude
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between peak and 15d post-peak in the B-band (Ami5(B)). Typical values
of Ami5(B) range between 0.9 and 1.6 although spectroscopically peculiar
SN Ia can have broader (Am;j5(B)<0.9) or narrower (Amis(B)>1.6) light
curves. Details of the photometric properties of these subclasses of SN Ia are
discussed in Section 1.1.6.

Near Infrared (NIR) light curves of SN Ia peak before tpax(B) (for e.g. see
[84,151]). This is an effect of wavelength dependent ejecta opacity. The Y JHK
bands also show a distinct secondary peak from 2 weeks to about a month after
tmax(B) [70,84]. A similar behaviour is seen in the i band . The V' and r bands
show only a weak shoulder.

The optical (B — V') colours evolves from blue around maximum light to red
thereafter (from ~ 0.1 before maximum light to ~ 1.1 about 30d after). The
B — V colour curves settle on a uniform decline at ~ +35d after maximum
[183,241], which is similar for different SN Ia. A recent study by Forster et
al. [87], however, have shown deviations in the estimate of this late-time slope
which they interpret as evidence for the presence of circumstellar material.
Overall, the light curves of spectroscopically normal SN Ia, after correction for
the light curve width, appear very homogenous.

Spectra

As described in Section 1.1.1, SN Ia spectra show absence of hydrogen and
helium and the presence of a strong absorption line at ~ 6150 Adue to the Si
IT doublet A\ 6347,6371 at maximum light. A large fraction (~ 70% [181])
of the observed events show remarkably similar spectra at maximum light
and almost identical spectral evolution as the example shown in Figure 1.3.
These are so-called spectroscopically normal SN Ia. Prominent well-observed
examples of this sub-class are SN 1994D, SN 2001el, SN 2005cf, SN 2011fe.
Apart from the Si IT doublet at ~ 6150 A, maximum light spectra of SN Ia
show several other lines of intermediate-mass elements e.g. the H& K lines and
the NIR triplet of Ca II at AA3934,3968 and AA8498,8542,8662, respectively.
There are also prominent features of Mg II (AA4481), O I (ANT772,7774,7775)
and S II (AN5468,5612,5654). In the NIR as well, the spectra are dominated
at maximum light by features of Mg II, Si II and Ca II (a time series of NiR
spectra from 14 days before to 75 days after tymax(B) is shown in Figure 1.4).
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Figure 1.3.: Spectral evolution of the nearby, well-observed, normal SN 2011fe
(spectra were obtained with the SNIFS spectrograph, from Pereira
et al [233]). The kinks refer to the changes in the observing ca-
dence. The spectra range in epochs from ~ 15d before to ~ 100d
after maximum light.
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The recession of the line-forming region causes the weakening (and finally, the
disappearance) of the features associated with intermediate-mass elements. At
this stage, the spectrum is dominated by a multitude of strongly blended fea-
tures associated with singly-ionized iron-group elements (mostly FeIl, CoII),
revealing the iron-group elements dominated composition of the ejecta core.
At even later epochs (~ 1 year after explosion, referred to as the “nebular
phase”) the spectra are dominated by forbidden lines of doubly and singly
ionised iron group elements ([FeII], [CoIl], [FeIII], [CoIII]). At these phases
the ejecta are optically thin and collisional de-excitations are too weak to
balance the collisional excitations and the non-thermal excitations by the ~
rays. [170] showed that the ratio of [Co III] to [Fe III] emission evolves ac-
cording to the abundance ratio of cobalt and iron characteristic of the *°Co
— SFeradioactive decay. Complementary evidence for radioactive decay was
provided using NIR spectra at ~ 1 year post explosion by [279] using the
[CoIl], and [FeIl],. Moreover, the width of the [FeIIl], line at 4700 A has
been used as a tracer of the kinetic energy of the SN explosion [203]. Velocities
of [FeII], and [NiII], lines in the nebular spectra have been used as a diagnos-
tic of the asymmetries in the SN Ia explosion [189,190]. Most studies of SN Ia
spectra in the nebular phase have concentrated on the optical. [206] review the
motivation for studying NIR nebular spectra. The [FeIl] and [Co1I] features
in the NIR are more isolated compared to the line blends in the optical. The
[Fell] 1.644 pm line has been used as an important diagnostic to estimate
the total Ni mass [279,280]. Recently, NIR spectral features at ~ 1 year
post-explosion have been use to place constraints on the WD central density
and the magnetic field in the ejecta [62,232].

1.1.4. Progenitor Scenario

Hoyle & Fowler in 1960 [130] demonstrated that thermonuclear burning in an
electron-degenerate stellar core can eventually lead to the disruption of the
star. This led them to the conclusion that SN Ia are thermonuclear explosions
of degenerate material in White Dwarfs (WDs). The progenitor white dwarf
can have three possible chemical compositions depending on the evolution of
the progenitor star [136]: (i) pure Helium WD, (ii) carbon-oxygen (C/O) WD
and (iii) oxygen-neon-magnesium (O/Ne/Mg) WDs.
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Since helium WDs are completely burnt to iron-group elements in a detonation
when they reach ~ 0.7 Mg (e.g. [329]), their explosions cannot explain the
observed spectra of SN Ia, and thus, they can be ruled out as progenitors.
O/Ne/Mg WDs can be ruled out as progenitors since their number is not high
enough to account for the observed supernova rate [186]. Moreover, simulations
of this scenario suggest that the WD is more likely to undergo accretion induced
collapse to a neutron star than a thermonuclear explosion when approaching
the Chandrasekhar mass [217]. Therefore, the strongest candidate for an SN Ia
progenitor is a C/O white dwarf.

White dwarfs are intrinsically inert, hence, the explosion needs to be induced
externally, e.g. through interaction with a binary companion. The progenitor
systems of SN Ia are characterised based on the companion star into two
broad categories, the single-degenerate [321] and double-degenerate [135]
scenario. In the single-degenerate scenario the companion can be a main-
sequence, red giant or helium star. The WD accretes hydrogen-rich material
or pure helium from the companion. In the double-degenerate scenario the
companion can be a carbon/oxygen (C/O) or Helium WD. For each progenitor
scenario, there are several different explosion mechanisms that can yield an
SN Ia explosion. These are discussed in Section 1.1.5. The possible progenitor
systems and observational constraints are reviewed in [121] and [194].

Single-degenerate In the most widely discussed version of this scenario, the
C/0O WD accretes hydrogen-rich material from the companion. The hydrogen
is burnt to helium and further to carbon, increasing the WD mass. As the mass
approaches the Chandrasekhar limit, the WD becomes unstable and explodes
(the mechanism is discussed in Section 1.1.5). There is also a possibility that
the a C/O WD accretes helium and explodes well below the Chandrasekhar
mass limit. The detonation of the surface layer of Helium triggers a secondary
carbon detonation at the center and unbinds the WD [296,330]. Details of this
scenario are discussed in Section 1.1.5.

There are several observational constraints on this scenario. The hydrogen
burning on the surface of the WD releases nuclear energy which is emitted in
X-rays, hence, these systems should be visible as supersoft X-ray source [145].
The expected X-ray luminosity from these systems, without resolving indi-
vidual objects, can also be a viable constraint for this scenario. [101] analysed
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nearby elliptical galaxies and found that the total X-ray flux is not high enough
to account for the rate of SN Ia from Chandrasekhar-mass, hydrogen accreting
progenitor systems.

The presence of circumstellar material (CSM) was originally proposed as a key
diagnostic of the SD scenario. CSM signatures have been detected through
studies of time-varying Na ID absorption in near maximum light spectra (e.g.
[227]). Statistical studies have shown that ~ 20 % of SN Ia show signs of CSM
[191, 284], which is more common for more luminous SN Ia [191]. However,
recent studies (e.g. [249]) have also shown, at least qualitatively that the Na
ID absorption can also occur in the DD scenario, hence, casting doubts on
the presence of CSM as a strong test to distinguish between the two leading
progenitor scenarios .

A complementary method to trace the progenitor scenario of SN Ia is the
presence of stripped/ablated hydrogen from a non-degenerate companion [196].
When the ejecta become optically thin (~ 1 year post explosion), this hydrogen
should be visible in the SN spectra. Most attempts to model the nebular
phase spectra (e.g. [273]) present no evidence for hydrogen, however, a study
by Maguire et al. [192] demonstrated tentative evidence for the detection of
hydrogen in SN 2013ct. More recently, [265] suggested that the Paschen S line
at ~ 1.29 pym is a prominent feature in the J-band between ~ 1 -2 months
post explosion. However, [265] do not find any trace of the Paf line for a small
sample of SNe with NIR spectra at the specific epoch, although this test would
require a larger sample of SN Ta with NIR spectra.

Deep, early time radio observations can provide a crucial constraint on the SD
scenario. For a nearby SN 2011fe in M101, [126] constrain the accretion rate
using radio data (0.3 - 20 cm) as early as 1.3 days after the explosion date
inferred by [219], excluding a circumstellar wind from a giant donor.

Early time optical and NIR light curves can provides constraints on the SD sce-
nario. Marion et al . [197] present evidence for an early time luminosity excess
in the V-band indicating possible interaction of the SN ejecta with a non-
degenerate binary companion. Future experiments are designed to discover
and obtain follow-up observations of SN Ia few hours to days post-explosion.
These proposed data will be an essential test for the SD scenario.
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Double-degenerate In the double-degenerate (DD) scenario, the compan-
ion star can be a helium or another C/O WD. Thus, intrinsically, there is
no hydrogen around in the system, except old circumstellar material from the
formation of the WDs. The merger process is initiated by emission of gravita-
tional waves. As the WDs approach each other, one of them fill its Roche-Lobe
and mass transfer sets in.

Within this scenario, if the companion star is a Helium WD, then the system is
similar to the helium accreting single degenerate scenario. As the maximum He
WD mass is ~ 0.45 Mgand typical masses are lower, the amount of mass that
the primary can accrete is limited. Hence, this scenario is mainly a candidate
for sub-Chandrasekhar mass explosions [23,106].

For the scenario with two C/O WDs, the more massive WD is generally
thought to tidally disrupt and accrete its companion, initially through an ac-
cretion disk configuration, that finally takes on a more spherical geometry.
The high accretion rate of carbon and oxygen would overcome the problem of
inefficient mass growth and lead to a carbon ignition in the core. However,
it has long been argued that the large accretion rate can induce off-center ig-
nition of the C/O material and the burning of carbon to oxygen and neon.
Further ignition and approach to My would drive electron capture on Mg and
Ne, leading to an “accretion induced collapse” to a neutron star as described
above.

Recent 3D hydrodynamical merger models have cast doubt on the picture
of a merger remnant as an unperturbed primary-mass WD that accretes the
remnants of a secondary WD. Instead, complex structures with regions of high
temperature and density are found, in which explosive carbon ignition may
occur. Pakmor et al. [222] find that such “violent mergers” can explain the
observed display of peculiar, subluminous SN Ia, although the model light
curves are too broad for this class of SN Ia . Van Kerkwijk et al. [311] argue
that such mergers may lead to SN Ia even if the total mass is less than Mcy, .
Details depend on the WD masses and the presence of He, which can facilitate
ignition.
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1.1.5. Explosion Models

In this section, we briefly summarise the explosion models that have been
invoked to explain the observed display of SN Ia. These explosion models can
be classified based on the mass of the exploding WD into Chandrasekhar mass,
sub-Chandrasekhar mass and super-Chandrasekhar mass.

Chandrasekhar Mass Models A pure detonation of a C/O WD (e.g. [4])
burns the entire WD to iron-group elements and doesn’t produce the amount
of intermediate mass elements (IMEs) required to reproduce the observed spec-
trum at maximum light. Pure deflagrations on the other hand produce a maxi-
mum of ~ 0.4 M, of %5Ni in the explosion and hence cannot explain a majority
of normal and over luminous SN Ia. Due to large Rayleigh-Taylor instabilities,
the elements are highly mixed in the ejecta [261], which contradicts obser-
vations indicating that there is no carbon in the central parts of the ejecta.

However, this explosion mechanism has been invoked to explain the peculiar
class of SNe similar to SN 2002cx [141,167,240].

It has been proposed that in Mgy models, the nuclear burning starts out as a
deflagration and transitions to a detonation at a transition density [156]. The
deflagration phase pre-expands the WD), leading to low enough densities that
the detonation wave burns some of the material only to intermediate mass
elements. Hence, the strength of the deflagration phase mainly determines the
outcome of the explosion, since a longer deflagration phase leads to a higher
IMEs production, whereas a shorter deflagration phase implies more of the
WD is burnt to iron group elements.

Kasen et al. [148] find that an ensemble of models with different initial flame
configurations and different metallicities can produce the range of °Ni masses
for normal SN Ia. Synthetic observables calculated for these models could re-
produce the observed Phillips relation between the luminosity and light curve
width reasonably well. [28] find a good agreement between a suite of delayed
detonation models with different **Ni masses and photometric and spectro-
scopic properties of SN Ta at maximum light. Futhermore. [27] compare the
photometric and spectroscopic evolution of a broad-lined SN Ia (SN 2002bo) to
one of their suite of models and find that the model reproduces the evolution
of the SN well.
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The main drawback of this model is that the formation of the detonation is
poorly understood and the models to estimate the probability of the formation
of a detonation are highly parameterised. As the properties of the explosion
depend heavily on the timing of the detonations, the formation of the detona-
tion must be understood in order to judge this scenario.

Sub-Chandrasekhar Mass Models In the sub-M¢y, models scenario, the pri-
mary WD is significantly below the Chandrasekhar mass. It accretes helium
from a companion that can be main sequence star (single-degenerate scenario)
or a helium WD (double-degenerate scenario). The surface layer of Helium
undergoes a thermonuclear runaway, inducing a carbon detonation in the core
(known as “double detonations” [330]). Recently, [80] concluded that even for
small Helium shell masses (<0.1 Mg), the helium detonations and subsequent
carbon detonations can form.

More recently, [275] artificially detonated a suite of sub-Mcy, models with dif-
ferent primary mass and obtained a good agreement between the calculated
synthetic observable . Moreover, these systems should be frequent enough to
explain the observed SN Ia rate, hence, making them an exciting possibility
to explain a large fraction of SN Ia.

The collision of two WDs as a possible explosion mechanism was proposed
as early as 1989 by Benz et al. [18] and has recently been studied in [262].
Kozai resonances in triple systems are proposed as the mechanism to decrease
delay time to a collision. Simulations show that the explosion ensues after
collision and synthetic light curves and spectra show reasonable agreement
with observations of normal SN Ia [262]. However, due to large uncertainties
in the properties of triple systems, this mechanism makes no definite prediction
for the expected absolute rate of collisions.

Super-Chandrasekhar Mass Models There are several SN Ia for which the
ejecta masses are claimed to be higher than a Chandrasekhar-mass . One
possibility to explain these events is a double-degenerate merger exploding
during the merging process. Another scenario involves differentially rotating
WDs. Similar to the My, case, these objects may burn as a pure deflagration or
pure detonations. [236] find that these systems lead to bright enough explosions
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Figure 1.5.: The relation between the absolute B-band magnitude and the B-
band decline rate (Amq5(B)) is plotted for SN Ia observed as part
of the CfA SN survey presented in Hicken et al. [118]. The peculiar
SN Ia that are outliers on this relation are labeled and denoted in a
different colour. SN 1991T-like events do not appear distinct from
the relation for normal SN Ia. Credits: Hillebrandt et al. [120]

to explain superluminous SN Ta. However the ejecta are aspherical and have
fast velocities in contradiction with the observations.
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1.1.6. Peculiar Type la supernovae

Type Ia supernovae have diverse spectroscopic and photometric properties.

Dedicated searches for SN Ia have revealed several sub-classes that show devi-
ations from the 'mormal” SN Ia. These sub-classes of SN Ia, typically named
after the prototypical SN, are summarised below:

SN 1991T-like: These SN Ia show features of doubly-ionized iron-
group elements in their pre-maximum spectra and shallow Sill absorp-
tion, though their post-maximum spectra look like those of normal SN Ia.
They have more slowly declining light curves (Am15(B)<0.9) and brighter
peak luminosities (Mp ~ -19.9; [79]) and are seen to obey the width-
luminosity relation.

SN 1991bg-like: They show prominent Ti II features in their near-
maximum light spectra, having deep Sill absorptions [78,299]. Early
time spectra also show features from unburnt material. These SN Ia
have fast-declining light curves and faint peak luminosities.

SN 2002cx-like or Type Iax SNe: This class of SNe typically has
lower, maximum light spectral line velocities. Their peak brightnesses
are >1 mag fainter than normal SN Ia [85]. Their nebular spectra do
not show forbidden emission lines of iron, but instead have P Cygni
line profiles of Fe II and low-velocity OI lines [141] that are not seen in
nebular spectra of normal SN Ia.

Super-Chandrasekhar (or superluminous) SN Ia: For this sub-
class, the total inferred ejecta mass is significantly greater than the Chan-
drasekhar limit. They are brighter than the class of 1991T-like objects
(Mp ~ —20.5). Their spectra at early times have C II lines which are
normally attributed to normal or subluminous SN ia, indicating unburnt
carbon in the ejecta. These SN Ia have slowly evolving light curves,
but unlike the class of 1991T-like objects, they do not obey the width-
luminosity and are brighter than their expected luminosity, extrapolating
the relation for normal SN Ia.

The width-luminosity relation for normal SN Ia from [120] is shown in Fig-

ure 1.5 along with the peculiar subclasses of superluminous, SN 1991bg-like

and SN 2002cx-like SNe over plotted for comparison.
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1.2. Cosmology with Type la supernovae

In this section, we review the arguments to support the use of Type la super-
novae as excellent distance indicators in cosmology. We first setup the ‘stan-
dard model’ of cosmology and define the distance measurements that have
been used in the literature, as a function of the redshift and the cosmological
density parameters.

1.2.1. Friedman-Lemaitre-Robertson-Walker Cosmology

The cosmological principle states that the universe is spatially homogenous and
isotropic on the largest scales. Homogeneity implies an invariance of the sys-
tem under translations and isotropy implies invariance under rotation. Large
galaxy redshift surveys (e.g. CfA redshift survey, Sloan Digitial Sky Survey),
combined with the impressive uniformity of the cosmic microwave background
(as measured for example with the COBE satellite, and more recently and
precisely by the WMAP and Planck satellites) gives a firm observational basis
to this assumption.

The metric ansatz for a homogenous and isotropic universe, known as the
Friedman-Lemaitre-Robertson-Walker (hereafter, FLRW) metric, has a line
element ds given as:

dr?

2 2 2
ds* = —dt* + @ ()| ;=

+ r%(df* + s5in0d¢?)] (1.1)

where t is the coordinate time and (r, 6, ¢) are the co-moving coordinates of
a point in space.

Field Equations The field equations of general relativity, given below

Gap + Agop = 87GTy, (1.2)

encode the information relating the matter content (7y;) and geometry (G )
of space-time. A is the cosmological constant, a fluid with constant density
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and negative pressure that was introduced in order to make the solution to the
field equations 1.2 static ( see Chapter 4, section 2 of Bergstrom & Goobar
2004; [19]).

Inserting the FLRW metric and the expression for the stress-energy tensor,
T, vields the two field equations. A is the cosmological constant.

ao 8tGp k A

bl P A 1.
(a) 3 a? + 3 (13)
a 4T A

-—=—— 3P)+ — 1.4
C e prsp e (1.4

where a is the scale factor, p is the matter density, k is the signature for the
curvature.

Fluid Equation The first law of thermodynamics states that the heat flow
into or out of a system (@) is equal to the change in internal energy E and
the pressure multiplied by the change in the volume

O=(E)+ PV (1.5)

In a homogenous universe

E=—-PV (1.6)
The volume of a sphere with co-moving radius s is

47
_7*3

Vi) =5

a3(t) (1.7)

and the energy is given by

E(t) = V(t)o(t) (L8)
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Table 1.1.: Equation of State (EoS) values for non-relativisitic matter, radia-
tion, cosmological constant

Energy Source w=P/p
Non-relativistic matter 0
Radiation 1/3
Cosmological Constant -1
strings -1/3

taking a time derivative of equation 1.8

E=pV+pV (1.9)

Replacing the expression for V and equation 1.6 in equation 1.9, we get
) a
p+3—(p+P)=0 (1.10)

Equation of state The equation of state of a fluid is defined as the ratio of
the pressure exerted by the fluid to its density, given by the following equation

P =wp (1.11)

If we assume that w is constant for a given energy source, then we can use
the relation between P and p to evaluate the expression for p as a function
of the scale factor and hence for different equations of state, characterise the
evolution of the density. A summary of the equation of state values for the
energy sources in the universe is given in Table 1.1

For a given energy source (and hence, equation of state value), the density is
related to the scale factor as

p(a) o< a=30Fw) (1.12)
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Density Parameters We derive the dimensionless density parameters that
can be constrained from several different observational datasets.

The Hubble parameter H is defined as:

H:d

— 1.13
: (113
Hence, equation 1.3 can be written as
8rG kA
pr="rh R 2 (1.14)
3 a? 3
and re-arranged as
8tGp k A
1= — 1.15
3H?2  a2H? + 3H? ( )
defining the dimensionless matter density 2, = 8;1?2’) , vacuum (or cosmo-
logical constant) density Q) = SAW and the curvature density 2 = —#,
equation 1.15
Qr=1—Qp, —Qp (1.16)
Defining Q4or = 2, + 27, we obtain,
Qr =1— Qo (1.17)

Which relates the energy sources of the universe to its geometry.

1.2.2. Luminosity Distance and the matter-energy content
of the universe

In this section, we derive the expression for the luminosity distance. The
luminosity distance to an astrophysical source can be calculated by knowing
its intrinsic luminosity and the flux observed on earth.
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Redshift In order to derive the expression for distances in cosmology, we
must first derive the relation between the scale factor and time by considering
two pulses of light. The first pulse is emitted at time f. and observed after
travelling a null geodesic ¢, . The distance travelled by the photon a radial
geodesic (# = ¢ = constant) is given according to the FLRW line element

ds? = —dt* + a®(t)dr? = 0 (1.18)

dt? = a*(t)dr? (1.19)

to
r:/t % (1.20)

A second pulse is emitted at t. + dt. and observed at t, + dt, which travels the
same comoving distance such that

to+0t
o o dt
r —/ — (1.21)
t

o+ote a(t)

Equations 1.20 and 1.21 can be combined to show

te+ote to+0to
/ i - / ﬂ (1.22)
te a(t) to a(t)

which means that the integral of dt/a(t) is the same between the emitted and
observed pulses. If we look at the first order perturbation that the universe
has not expanded appreciably between the emission of the two pulses, we can
simplify Equation 1.22

(1.23)
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If the time between the pulses defines the period of the wave then 1.23 can
be re-written in terms of the wavelength as

A A
= (1.24)
a(to)  afte)
Rearranging 1.24 in terms of the expression for the redshift, we obtain
Ao a(to)
l4+z=—= 1.25
Ae  alte) (1.25)

1.2.3. Luminosity Distance and the accelerating universe

The luminosity distance, dy,, in its Euclidean definition, relates the intrinsic
and observed luminosities of an astrophysical source as:

L=F-4nds (1.26)

L
dr =\ —— 1.2
L V 4nF (1.27)

In the FLRW metric, the luminosity distance can be written as an integral

hence, the definition of dj, is

equation, as a function of redshift, z and the dimensionless density parameters
(see [43]; Equation 25.)

1+z #
dr = sinn{ /0. f dz' } (1.28)
Hov/ { kX V(142214 Qm2 ) =2 (2+2)Qn
Where sinn= { sin, n , sinh } for Q; <, =, >0, respectively.

In astronomy, we do not directly measure d,, but instead, we infer a distance
modulus, jt, corrected for extinction from material in the line-of-sight between
the source and the observer. u is defined to be the difference between the
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Figure 1.6.: Top: The distance versus redshift (Hubble diagram) for a sample
of 740 SN Ia. The different sub-samples in varying redshift ranges
are labelled in different colours. Bottom: The residuals with
respect to the ACDM model distance modulus. Credits [21]

apparent magnitude, m = —2.5-logF + constant and the absolute magnitude
M =m—2.5-log(dr/10pc) (i.e. the apparent magnitude that an object would
have at a distance of 10 parsecs - or ~ 33 light years - from the Earth):

pw=m — M = 5logiody, + 25 (1.29)

where d is in units of megaparsecs (Mpc) and M is the absolute magnitude of
the source. For SN Ia this is the calibrated absolute magnitude after corrections
for light curve width, observed colour and host galaxy properties have been
applied.
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the Joint Light Curve Analysis of the SDSS and SNLS samples,
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Planck+WP refers to a combination of the Planck temperature
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background fluctuation and BAO refers to the combination of
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dashed line corresponds to a flat universe. Credits: [21]



34 1. Introduction

1.2.4. Measuring the equation-of-state parameter of dark
energy

A cosmological constant with an associated equation of state w = —1 fits the
SN Ia data well. In this cosmological model, termed as wCDM, the expression
for the luminosity distance is expressed as a function of €, and w (assuming
Q. = 0, i.e. flat universe, hence Q) =1—Q,, )

/

(1+2) dz

Ho VL 23 + (1= Q) (1 + 2)30+0)
0

(1.30)

Thus, one can construct a likelihood contour in the (€, w) plane. The
constraints from SN Ia can be combined with complementary cosmological
probes, e.g. the Cosmic Microwave Background (CMB) and Baryon Acoustic
Oscillations (BAO). Current, the most precise measurements of w (assuming
flat universe and a cosmological constant) are —1.027 4 0.055 (statistical and
systematic uncertainties) from the Joint Analysis of the light curves from SNLS
and SDSS presented in [21].

In Equation 1.30, w is assumed to be a constant equation of state for ‘dark en-
ergy’. The equation of state parameter for ‘dark energy’ can also be parametrized
as a function of redshift to test the time-variability of the acceleration (as
shown in [182]). It is represented as

w(a) = wy + we(l — a) (1.31)

where wq is the constant term and w, is the coefficient for the linear relation
with the scale factor a. Current constraints from a combination of different
probes yield an estimate of wg = —0.957+0.124 and w, = —0.336+0.552 [21].
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1.3.

mological probes, namely SN Ta, BAO and CMB. Labels are the
same as in Figure 1.7 The black dashed line corresponds to a flat
universe. Credits: [21]

Current Status and Recent Developments in

Su

pernova cosmology

With the advent of dedicated large programs to gather multi-band data of
SN Ia, the ability of SN Ia to constrain cosmological parameters is limited
by systematic uncertainties as opposed to statistical uncertainties [21,50]. A
summary of current constraints from different SN Ia surveys is presented in

Table 1.2.

With future transient facilities designed to increase this number by at least 2
orders of magnitude, it is important to understand the systematic effects in
SN Ia datasets.

In this section we provide a (non-exhaustive) list of possible sources of sys-
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tematic uncertainty and the benefits of expanding the wavelength window for
observing SN Ia. See [104] for a comprehensive review.

1.3.1. Sources of Systematic Uncertainties

e Calibration: Precise distance measurements with SN Ia require very
accurate relative photometry (Aw ~ 2Am). While future surveys are
likely to measure most if not all their SNe with a single, well-calibrated
system, current cosmological bounds are derived from a compilation of
surveys. [22] present an improved photometric cross-calibration for the
SNLS and SDSS SN Ia samples, which has been used to create the ” JLA”
sample by [21], demonstrating the importance of photometric calibration
to overall systematic uncertainty budget.

e Reddening and absorption: Intervening material between the SN and
the observer can absorb photons from the explosion or scatter them to
redder wavelengths. Thus, in order to obtain an intrinsic magnitude, a
reddening correction needs to be applied. There are several sources for
material for light from the SN to interact with, namely, the circumstellar
medium around the SN, the interstellar medium in the host galaxy of
the SN, the intergalactic medium and the local dust in the Milky Way.
Although, the Milky Way dust correction is fairly well known, there
are significant problems pertaining to the correction for extinction from
host galaxy dust, which is significantly larger than the other sources
of extinction. Several recent studies [36,161,165,216] have shown that
the total to selective absorption ratio (Ry ), which captures the dust-
size distribution, is significantly smaller for SN hosts (~ 2) than the
Milky Way value of 3.1, especially for SNe with a high colour excess
(E(B —V)). Moreover, low Ry values lead to a smaller scatter in the
Hubble diagram and better global parameter fitting of SN Ia across a
wide range of redshifts, indicating that the properties of dust are not
fully understood.

e Brightness Evolution: The SN brightness has been shown to depend
on host-galaxy environment. E.g. Hamuy et al. [113,116] found that on
average the B and V-band light curve width differs between host galaxy
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types. Elliptical galaxies host a larger fraction of SN Ia with narrow
light curves. Furthermore, studies of nearby [153] and distant [289] SNe
suggest evidence for varying SN Ia properties with host galaxy that are
not entirely corrected for with the standard width-luminosity and colour-
luminosity relations. Splitting the sample by host galaxy mass is seen
to decrease the scatter in the Hubble residuals and hence, improve cos-
mological constraints [21,290]. More recent studies have demonstrated
correlations of SN Ia Hubble residuals with other host galaxy properties,
e.g. star formation rate [259], metallicity [39]. Given the time-evolution
of the metallicity and stellar mass of galaxies, the possibility of the evo-
lution in brightness of SN Ia with redshift is a source of uncertainty for
cosmological parameters.

Light Curve Fitters; Historically, several different consortia used dif-
ferent fitting software to analyse SN Ia light curves. Currently, there
are two main light curve fitters used for low- and high-z SN analysis,
namely, SALT2 [107] and MLCS2k2 [142], next generation versions of
SALT [108] and MLCS [256]. Differences in these light curve fitters arise
from different treatment of host galaxy reddening and different reference
spectral templates in the blue and UV regions. Another key difference
is the color-brightness relation. MLCS assumes that SN Ia reddening
comes from host galaxy dust, therefore allowing for only positive correc-
tions, whereas SALT2 combines intrinsic and extrinsic contributions to
the observed colour, and hence, negative corrections are permitted. More
recently, other light curve fitters have been developed, e.g. SifTO [52]
used by the SNLS collaboration and for low-z studies. SN(oo)Py has
been used by the CSP [37,38], and is unique in its capability to fit NIR,
light curves as well.

Inhomogenous Cosmology: Equations 1.28, 1.30 assume that the uni-
verse is homogenous and isotropic. It has been claimed that the average
expansion in a locally inhomogenous universe behaves different than ex-
pected in a FLRW model, due to the non-linearity of Einstein equations,
which means that spatial averaging and solving the Einstein equations do
not commute [72]. This is known as the ”back-reaction” problem. Since
it is difficult to compute these effects from non-linear back-reaction in
general relativity, it remains unclear whether this is a limitation for pre-
cision tests of w.
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e Peculiar Velocities: Local density perturbations induce peculiar veloc-
ities in galaxies of the order of ~ 300 kms—'. Additionally, the exploding
SN could have a comparable motion in the host galaxy. The error in the

peculiar velocity o, ~ 2 - L[z( e

¢ 1 —tZ -] dominates over the error from
n(10) L2(1+2/2)

intrinsic brightness for SNe for 2<0.015. Davis et al. [57] concluded that

including SNe as nearby as z = 0.02, the systematic uncertainty will be

about Aw ~ 0.01.

e Gravitational Lensing: The light from distant SN Ia is deflected by
massive objects in its path to us. This effect, known as gravitational lens-
ing is used to measure the masses of galaxy halos and galaxy clusters.
These foreground objects introduce a ”scatter” in the observed SN Ia flux
that increases with redshift. Since the number of photons are conserved
under lensing (some objects are magnified, some de-magnified), the lu-
minosity distance over a large number of SN Ia is expected to converge
to Equation 1.28. However, for small number statistics, or magnitude-
limited samples, gravitational lensing can be a source of selection bias.
Jonsson et al. [143] studied the weak-lensing perturbations in the SNLS
three-year data. The distributions of lensing perturbations as a function
of redshifts matches the expectation and no significant bias is seen in the
current high-z sample.

Errors pertaining to the intrinsic diversity of SN Ia and dust extinction can
be overcome by expanding the wavelength window in which the SN Ia are
observed. We discuss this below.

1.3.2. Expanding the Wavelength Window

As detailed above, the ability of SN Ia to constrain cosmological parameters
is limited by different sources of systematic uncertainties. Understanding the
properties of dust extinction and the progenitors of SN Ia are crucial to reduc-
ing these systematic uncertainties. One possible pathway to circumvent these
systematic uncertainties is by expanding the studied wavelength window. For
sizeable samples of nearby SN Ia, it has been found that the scatter in the lu-
minosity in the NIR (Y JHK) filters without any correction is comparable to
the scatter in the optical after applying corrections for the light curve width,



40 1. Introduction

colour and host-galaxy properties, essentially forwarding the case that SN Ia
are close to standard candles in the NIR. Moreover, theoretical arguments have

been put forward to suggest that the intrinsic dispersion of peak magnitudes
is significantly lower in the NIR (Y JHK) filters [27,147].

Ground-based NIR observations of SN Ia are severely limited by the Earth’s
atmosphere. Vibrational bands of HoO and CO2 and thermal emission from
narrow OH-lines reduce the observational windows and the obtainable signal-
to-noise ratio. This is made more challenging by the fact that SN Ia are
fainter in the NIR (Y JHK filters) than in the optical. However, the benefit
of the narrow intrinsic scatter can be exploited at high redshifts with existing
(e.g. Hubble Space Telescope) and future space based facilities (e.g. Euclid,
Wide-Field Infrared Space Telescope, James Webb Space Telescope).

The i-band Hubble diagram of SN Ia has been shown to be consistent with a
flat ACDM universe [214,215]. Freedman et al. [89] use a sample of 56 SN Ia
(21 nearby and 35 in the range 0.1 <z <0.7) and find precise constraints on w.
These high-z observations also favour an atypical Ry of 1.7 over the canonical
Milky Way value of 3.1.

1.4. Organisation of the thesis

The uniform behaviour of SN Ia in the Near Infrared makes them an excellent
possibility to be used as distance indicators in this wavelength region. In this
thesis, we assess the use of SN Ia in the NIR and bolometric properties of
SN Ia to understand the properties of the explosion and the use of SN Ia for
cosmological parameter estimation. In Chapter 2 we analyse a large sample
of SN Ia with NIR light curves presented in the literature. In Chapter 3 we
present a method to measure the *°Ni mass for a sample of SNe using only
their Near Infrared light curves, in order to circumvent systematic uncertainties
from host galaxy reddening correction. In Chapter 4 we analyse the Near
Infrared and bolometric properties of fast-declining SN Ia to shed light on
their progenitor properties. In Chapter 6, we measure the ejecta masses for
SN Ta using the measured contribution in the Near Infrared. In Chapter 5,
we analyse Near Infrared properties of SN Ia at over 1 year after explosion
to measure global properties e.g. 9°Ni mass and to use NIR spectra in the
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nebular phase as an independent method to constrain properties of the dust
around SN Ia. Finally, in Chapter 7 we present constraints on cosmological
models from future experiments that can observe SN Ia in the NIR and hence,
exploit their uniform nature at longer wavelengths.






2. Near Infrared Light Curves of
Type la supernovae: Studying
the properties of the Secondary
Maximum !

2.1. Introduction

The uniformity of Type Ia supernovae (SNe Ia) has led to their use, after
calibration, as distance indicators (reviewed in [104]) and they provided the
first evidence for the accelerated expansion of the Universe [234,251].

Observations of large SN Ia samples show that the peak luminosity in the
optical is not uniform but can be normalised following a variety of calibration
techniques, most notably the correlation between light curve shape and peak
luminosity, and between light curve colour and peak luminosity (e.g. [107—
109,142,237,256]). The variation in bolometric luminosity for the objects [53]
implies variations in the physical parameters of the explosion, in particular the
synthesised Ni mass and the total ejected mass [267,285].

At near-infrared (NIR) wavelengths (900nm > A > 2000nm), SNe Ia have a
very uniform brightness distribution without any prior normalisation [69, 161,
166,207]. The scatter in the peak luminosity in these studies is ~0.2 mag,
which when combined with the lower sensitivity of the NIR to extinction by
dust, has sparked interest in the use of this wavelength region. Following large
observational campaigns, statistically significant samples of SN Ia light curves

IThis Chapter is already published in [61]
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have been made public [15,54,288,324], and have been used to construct the
first rest-frame NIR Hubble diagrams [89,151,214,318].

Dust extinction in the NIR is significantly reduced compared to the optical
leading to smaller corrections and uncertainties. In addition to the photomet-
ric calibration systematics (see [50]), the dust extinction for SNe Ia is one of the
major sources of systematics in SN Ia cosmology measurements (e.g [104,231]).
In particular, extinction law measurements for galaxies remains uncertain (see
discussions in [243,270]). The recent SN2014J is a case in point with de-
rived dust properties very different from local interstellar dust [2,86]. Strongly
reddened SNe Ia may also exhibit variations in their light curve shapes [2,173].

The light-curve morphology in the NIR is markedly different from that in the
optical with a pronounced second maximum in IY JHK filters for ‘normal’
SNe Ta [69,70,84,173,174,207,324]. The formation of the NIR spectrum in
SNe Ia is highly sensitive to the opacity variations [281,320] as the spectrum is
dominated by line blanketing opacity making the evolution of the NIR light a
sensitive probe of the structure of the ejecta. [147] in a detailed study suggested
that the second maximum is a result of a decrease in opacity due to the ionisa-
tion change of Fe group elements from doubly to singly ionised atoms, which
preferentially radiate the energy at near-IR wavelengths. A direct prediction
of [147] is that a larger iron mass leads to a later NIR second maximum.

Studies of the ¢ band light curve find a relation between the phase of the second
maximum and the optical light curve shape (e.g. Ami5(B); [84,115]). The
strength of the second maximum in ¢ does not show such a correlation.

In this paper, we investigate the properties of SN Ia NIR light curves (Y JH)
and establish correlations with other observational characteristics. Connec-
tions to possible physical properties in the explosions are explored. The struc-
ture of this paper is as follows: after a presentation of the input data in Section
2.2, we analyse the NIR light curve properties (Section 2.3) along with a de-
scription of NIR colours. Correlations with optical light curve parameters and
their interpretations are given in §2.4 followed by a discussion in §2.5. The
conclusions are presented in Section 4.4.



2.2 Data

Table 2.1.: SN sample

SN name Phase range N; Ny Ny Ng N Reference
(days)
SN1980N 5.7 --- 99.7 ... 11 3 ... Moo
SN1981B 2.7 ---120.5 17 17 MO0
SN1986G —6.1---101.0 ... 28 20 ... Moo
SN1998bu —8.5 31.5 23 23 MO0
SN1999ac —13.1 63.8 30 30 Pho6
SN1999ee —7.5 27.5 17 18 20 Ko04a
SN1999ek —8.0--- 23.0 14 15 Ko04a
SN2000E —7.7-.-126.6 . 18 18 Vo3
SN2000bh —5.5 39.0 e 21 22 B Ko04a
SN2001ba —6.0 34.9 . . 14 15 . Ko04a
SN2001bt —1.6 --- 65.3 21 21 Ko04a
SN2001lcn 4.2 ... 59.1 19 19 KO04b
SN2001cz —2.4 ... 47.6 12 12 K04b
SN2001el —10.6 - -+ 64.3 33 32 K03
SN2002bo —11.0 --- 44.0 cee B 17 17 17 KO04b, ESC
SN2002dj —11.0 --- 67.0 21 21 P08, ESC
SN2002fk —12.2 ---102.1 24 23 23 C13
SN2003cg —6.4 -.-413.5 ... 13 13 ... ERO06, ESC
SN2003hv 1.2--- 62.0 16 16 16 L09, ESC
SN2004ef —8.7 ... 65.2 46 4 3 4 3 CSP
SN2004eo —12.0--- 63.0 39 8 9 9 8§  CSP, P07, ESC
SN2004ey —8.9 ... 48.1 32 7 9 9 8 CSP
SN2004gs —3.6 --- 99.1 50 12 11 10 CSP
SN2004gu —0.4 ... 48.6 27 8 7 7 ... CSP
SN2005A —3.5-.. 304 35 10 10 0 ... CSP
SN2005M —8.0 -+ T4.7 56 17 17 14 12 CSP
SN2005ag —1.7--- 66.3 44 9 9 9 ... Csp
SN2005al —1.0--- 82.0 35 7 8 8 7 CSP
SN2005am —4.6--- 75.3 36 6 6 6 6 CSP
SN2005el —7.3--- 83.6 25 21 22 15 3 CSP
SN2005eq —3.6 .- 97.3 27 15 15 10 1 csp
SN2005hc —4.5--- 84.4 22 13 11 9 CSP
SN2005hj —2.3 ... 87.6 16 11 12 10 1 CSP
SN2005iq —5.3 --- 67.7 19 11 11 11 1 CSP
SN2005ke —10.4 --- 30.6 13 9 9 8 ... CsP
SN2005ki —9.9 ---155.8 47 12 11 10 CSP
SN2005na —1.8--- 94.0 27 14 11 12 ... CSsP
SN2006D —6.0 ---112.8 42 17 16 16 6 CSP
SN2006X —11.0 ---119.8 39 32 33 32 9 CSP, ESC
SN2006ax —11.7 --- 71.2 26 19 18 16 3 CSP
SN2006bh —4.9 ... 60.0 24 12 11 10 ... CSP
SN2006br 5.8 .- 37.7 9 5 5 5 ... CSP
SN2006¢j 4.4 ... 69.4 13 3 3 3 B CSP
SN2006eq 0.2-.- 43.0 18 10 7 8 csP
SN2006et —7.2-.-105.7 23 18 12 13 CSP
SN2006ev 4.2 ... 48.1 12 10 8 8 CSP
SN2006gj —1.8--- 96.0 19 13 10 4 CSP
SN2006gt —2.1-.- 62.8 13 10 8 6 . CSP
SN2006hb 7.2 ---136.9 25 10 10 9 CSP
SN2006hx —9.3 ... 30.7 8 7 6 5 CSP
SN2006is 6.4 ---118.2 24 8 8 7 CSP
SN2006kf —4.8 ... 86.0 20 17 14 11 CSP
SN20061u 5.1--- 90.1 21 6 4 3 CSpP
SN20060b —2.6--- 583 13 12 9 5 CcsP
SN20060s 2.4--- 57.3 14 10 6 5 CSP
SN2007A —4.7 ... 18.3 9 9 5 3 ... Csp
SN2007S —10.5 ---102.2 19 12 17 18 7 CSP
SN2007af —88 ... 82.1 28 26 25 24 5 CSP
SN2007ai —0.4-.- 86.4 17 7 7 6 3 CSP
SN2007as —0.0 .- 7.7 19 11 10 10 CSP
SN2007be 10 11 8 6 CSP
SN2007bd . 14 12 9 7 CSP
SN2007bm —0.2 .-+ 34.7 10 10 9 7 CSP
SN2007ca —8.8 --- 32.1 12 10 8 7 2 CSP
SN2007if 14.4 ---100.2 16 8 7 5 CspP
SN2007jg —3.1--- 58.8 18 8 6 5 CSP
SN20071e —11.5 ... 71.2 26 17 17 16 CSP
SN2007nq —-1.4--- 77.5 25 19 10 4 CSP
SN20070n —8.6--- 88.2 38 29 28 25 7 CSP
SN2008C 2.9-.- 85.6 19 15 13 18 1 CSP
SN2008R —1.3-.. 326 12 8 7 5 ... CSP
SN2008bc —9.3--- 96.6 32 7 12 11 CSP
SN2008bq —0.8 - .- 43.1 16 4 4 4 . CSpP
SN2008fp —6.0 --- 89.9 28 22 20 20 7 CSP
SN2008gp —10.5--- 344 19 10 11 9 ... CSP
SN2008hv —10.5 --- 78.3 25 18 16 16 CSP
SN2008ia —3.5... 435 15 16 15 14 ... CSP
PTF09dlc —5.56 - -+ 19.5 4 4 BN12
PTF10hdv —3.9 ... 10.3 4 4 BN12
PTF10hmv —10.1--- 7.9 5 BN12
PTF10mwb  —12.3 ... 5.7 5 5 BN12
PTF10ndc —-3.9-.-- 5.1 4 4 BN12
PTF10nlg -5.1--- 3.9 3 5 BN12
PTF10qyx —35-.-- 7.5 4 4 BN12
PTF10tce —6.6 --- 6.5 4 4 BN12
PTF10ufj —-9.0--- 4.1 4 4 BN12
PTF10wnm -7.1--- 4.8 4 4 BN12
PTF10wof —3.9--- 9.1 4 4 BN12
PTF10xyt —4.6 --- 7.3 2 5 BN12
SN2011fe —16.0 --- 45.9 32 35 32 M12
SN2014J —10.0 --- 72.4 24 24 24 Fi14

References: MO0 - [207]; PhO6 - [239]; KO4a - [164]; VO3
_ [310); K04b - [166]; POS - [245); C13 - [44]; ERO6 -
[71]; K09 - [162]; P07 - [225]; CSP - Carnegie Supernova
Project [54,288]; M12 - [201]; F14 - [86]
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2.2. Data

We investigate a large sample of nearby objects with well-sampled optical and
NIR data (Table 2.1). The main data source of NIR SN Ia photometry is the
Carnegie SN Project (CSP; [36,37,54,238,288]). The low-redshift CSP provides
a sample of SNe ITa with optical and NIR light curves in a homogeneous and
well-defined photometric system (in Vega magnitude system) and thus forms
an ideal basis for the evaluation of light curve properties. CSP relies primarily
on SN discoveries from the Lick Observatory SN Search (LOSS; [172]). The
CSP has published light curves on a total of 82 SNe Ia of which 70 have
photometry in Y JH K bands.

From the CSP NIR dataset, we removed spectroscopically peculiar objects such
as SN2006bt and SN2006ot. We also rejected SNe Ia with spectra similar to the
peculiar SN 1991bg [78,175] and objects that do not exhibit a second maximum
(SNe 2005bl, 2005ke, 2005ku, 2006bd, 2006mr, 2007N, 2007ax, 2007ba, 2009F ).

We have included in our sample near-IR SN Ia photometry from [207] and
several SNe Ia observed by the European SN Consortium (ESC; [16, 71,162,
225,245]). Twelve SNe Ia have been discussed by [15] and have data only near
the first maximum. We also included NIR photometry from two recent nearby
explosions, SN2011fe [201] and SN2014J [86].

The 91 objects used in this work are listed in Table 2.1, where the phase range
of observations (first and last observation), total number of observations in
each filter and the reference for each data set are tabulated. The sample is
dominated by SNe Ia from the CSP and we show the results separately for the
CSP and non-CSP objects. It is worth noting that there are 15 SNe Ia with
observed NIR light curves beyond 100 days.

As can be seen in Table 2.1 and displayed in Fig. 2.1, the K-band light curves
are sparsely sampled and not enough objects are available for detailed analysis.
Therefore, we exclude the K-band light curves from further analysis.
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2.3. NIR Light Curve Morphology

In parameterising the NIR light curves we follow the nomenclature introduced
by [24]. The first maximum in filter X, M;(X) is reached at a phase, t1(X)
relative to the phase of the B maximum (#5°*=0 d). The light curves dip to
a minimum My(X) at to(X) before reaching a second maximum, My (X) at
time, t2(X). These three prominent features are shown in Fig. 2.1. The light
curves are plotted without normalisation for phase or corrections for possible
differences in photometric systems or absorption.

2.3.1. Light curve fitting

We fit the optical light curves using the programme SNooPy [37] to determine
the peak of the B-band light curve through cubic-spline fitting and determine
the phase, t'5** used throughout this work and the peak brightness m'g®*.
SNooPY also determines the Amq5 parameter! commonly used to characterise
the SN light curve shape and provides an estimate of the extinction in the host
galaxy. The SNooPy light curve fit parameters and distance moduli for the
SNela in our sample are given in Table 2.2. We used the published values
of the distance modulus, p, for non-CSP objects, (references in Table 2.2).
The distance moduli for CSP SNela not in the Hubble flow are taken from
[54] and [288], and the individual references are listed in Table 2.2. The
distance moduli for the rest of the SNe are based on the host galaxy redshift
from the NASA /TPAC Extragalactic Database adopting a Hubble constant of

Hy=70 km s~ Mpc~1L.

While the extinction is much reduced in the NIR it is not entirely negligible.
Using the Cardelli extinction law [41], the extinction in the H-band is ~18% of
that in V-band. We have also included some heavily-extinguished SNeIa like
SNe 1986G, 2005A, 2006X, 2006br and 2014J without an extinction correction
in our sample. Therefore, the observed scatter is larger than the intrinsic
variation among SNe Ia. We have chosen not to apply a correction for the host
galaxy extinction as the reddening law remains under debate (e.g. [243]).

IThe Amys is calculated by SNooPy from all available filters. It is linearly related
to Ams(B) (see [37])



2. Near Infrared Light Curves of Type Ia supernovae: Studying the
48 properties of the Secondary Maximum

A yﬂ' oy '\"- '.: -': ‘u gh ot Ae o
[ ol g Sy 10 RN SN
5-17F B B T o fwh}..}-z‘:.. ‘o
S . . RS L B N W AP
g . ‘o "‘A}f A 8 I T
g » 5. ) R A T oo Al .‘.A
£ . o e b I‘-'- ‘.&\ A
=-16f T+ s s R N
oMt
., [
-I5F y 1y ta
N=58 N=90 .
L L o e L L By o R
0.8} : + by 4
- '
. ‘:‘AA“AA““ tih. A: A“H' +
e Te ffl“* ‘ 4 +.+ i "ﬂ‘ aaahad
TR TIY L S — AR
dh

1 .4“ aad g @00 LA e
Agate PRV Az,“ ety
[a W Ty Ab R s
. A A .- ol 'Y AA‘“ .‘: .

# oee . .
e BTN e A Mad '
: A‘ AAA A . AAAAAA‘ Y
‘ Y
-15+ H + CSP 1 K
N=91 +  non-CSP N=22
} } } L e o B L e e
0.8 *.n * ‘ L
4 ++ . h.+n ' ‘h ¢ Yy
0041 of ! nﬂ‘hnd‘“:iﬁ ash aatth 1 i ohas W aattt ]
" ‘;:2‘"¢H*u+ﬁ%5*+ '++++" ........... LV YVVY LU o l.}ﬁ.'.z.!.xtﬁ_:_:.‘.:.‘...é_‘_f.‘.:.'....,-.!_A..‘.:.:.::‘.!_.l.::.é.t._.‘....‘..‘.f.A. ............ Pk
-10 0 10 20 30 40 0 10 20 30 40 50
Phase(d) Phase(d)

Figure 2.1.: The Y, J, H and K absolute magnitude light curves of SNe Ia.
The CSP sample is shown as blue pentagons. The green triangles
indicate the non-CSP sample (see Table 2.1 for the references).
The root-mean-square (RMS) scatter for each day is shown in the
lower panels. For guidance a line at a scatter of 0.2 magnitudes is
drawn in each panel. The luminosities are based on the literature
distances (cf. Table 2.2) and no correction has been applied. The
steady increase of the scatter after the first maximum is evident.
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Table 2.2.: Timing of B4, Amys, distance modulus
for the SN in our sample. References for
the published distance moduli are provided
in the footnote.

SN Name t(Bmaaz) err Amqs err M err
(MJD) (mag) (mag)
SN1980N 44585.8 1.28 0.04 31.59 0.10

SN1981B 44672.0
SN1986G 46561.0
SN1998bu 50953.3
SN1999ac 51251.0
SN1999ee 51469.1
SN1999ek 51481.8
SN2000E 51557.0
SN2000bh 51635.2
SN2001ba 52034.5
SN2001bt 52063.4
SN2001cn 52071.6
SN2001cz 52103.9
SN2001el 52182.5

10 0.04 30.95 0.07
76 0.10 28.01 0.12
01 0.02 30.20 0.10
34 0.02 33.50 0.30
09 0.02 33.20 0.20
17 0.03 34.40 0.30
929 0.02 31.90 0.40
16 0.01 34.60 0.30
97 0.05 35.40 0.50
18 0.02 34.10 0.40
15 0.02 34.10 0.30
05 0.07 33.50 0.10
13 0.04 31.30 0.20
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SN2002bo 52356.5 12 0.02 31.80 0.20
SN2002dj 52450.0 0.02 32.90 0.30
SN2002fk 52547.9 02 0.04 32.59 0.15
SN2003cg 52729.4 5 12 0.04 31.28 0.20
SN2003hv 52891.2 .3 63 0.02 31.40 0.30
SN2004ef 53264.4 1 45 0.01 35.57 0.07
SN2004eo0 53278.4 1 32 0.01 34.03 0.10
SN2004ey 53304.3 1 02 0.01 34.01 0.12
SN2004gs 53356.2 1 53 0.01 35.40 0.08
SN2004gu 53362.2 .2 80 0.01 36.59 0.04
SN2005A 53379.7 2 08 0.02 34.51 0.11
SN2005M 53405.4 1 80 0.04 35.01 0.09
SN2005ag 53413.7 2 87 0.01 37.80 0.03
SN2005al 53430.5 1 30 0.01 33.79 0.15
SN2005am 53436.9 1 48 0.01 32.85 0.20
SN2005el 53647.0 1 1.40 0.01 34.04 0.14
SN2005eq 53654.4 1 0.82 0.01 35.46 0.07
SN2005hc 53666.7 0.1 0.80 0.01 36.50 0.05
SN2005hj 53673.8 0.2 0.80 0.02 37.03 0.04
SN2005iq 53687.7 0.1 1.28 0.01 35.80 0.15
SN2005ke 53697.7 0.1 1.12 0.02 33.89 0.15
SN2005ki 53705.5 0.1 1.36 0.01 34.73 0.10
SN2005na 53740.2 0.1 1.03 0.01 35.34 0.08
SN2006D 53757.7 0.1 1.47 0.01 33.00 0.15
SN2006X 53786.3 0.1 1.09 0.03 30.91 0.08
SN2006ax 53827.2 0.1 1.04 0.01 34.46 0.11
SN2006bh 53833.6 0.1 1.42 0.01 33.28 0.20
SN2006br 53853.7 0.6 1.45 0.05 35.23 0.08
SN2006ej 53976.4 0.2 1.37 0.01 34.62 0.11
SN2006eq 53975.9 0.4 1.88 0.04 36.66 0.04
SN2006et 53993.7 0.1 0.88 0.01 34.82 0.10
SN2006ev 53990.1 0.3 1.34 0.01 35.40 0.08
SN2006gj 54000.3 0.2 1.56 0.04 35.42 0.08
SN2006gt 54003.1 0.3 1.71 0.03 36.43 0.05
SN2006hb 54006.0 0.3 1.69 0.02 34.11 0.13
SN2006hx 54021.9 0.2 1.07 0.05 36.47 0.05
SN2006is 54007.5 0.4 0.80 0.01 35.69 0.07
SN2006kf 54041.3 0.1 1.51 0.01 34.78 0.10
SN20061u 54034.4 0.2 0.92 0.01 36.92 0.04
SN20060b 54063.4 0.1 1.51 0.01 37.08 0.04
SN20060s 54063.9 0.2 1.08 0.02 35.70 0.07
SN2007A 54113.1 0.2 1.06 0.04 34.26 0.13
SN2007S 54143.8 0.1 0.81 0.01 34.06 0.14
SN2007af 54174.4 0.1 1.11 0.01 32.10 0.10
SN2007ai 54173.5 0.3 0.84 0.02 35.73 0.07
SN2007as 54181.3 0.4 1.27 0.03 34.45 0.12
SN2007bc 54200.3 0.2 1.27 0.02 34.89 0.10
SN2007bd 54206.9 0.1 1.27 0.01 35.73 0.07
SN2007bm 54224.1 0.2 1.11 0.02 32.30 0.07
SN2007ca 54227.7 0.2 1.05 0.03 34.04 0.14
SN2007if 54343.1 0.6 1.07 0.03 37.59 0.03
SN2007jg 54366.1 0.3 1.09 0.04 36.03 0.06
SN2007le 54399.3 0.1 1.03 0.02 32.34 0.08
SN2007nq 54398.8 0.1 1.49 0.01 36.44 0.05
SN2007on 54419.8 0.4 1.65 0.04 31.45 0.08
SN2008C 54466.1 0.2 1.08 0.02 34.34 0.12
SN2008R 54494.5 0.1 1.77 0.04 33.73 0.16
SN2008bc 54550.0 0.1 1.04 0.02 34.16 0.13
SN2008bq 54562.1 0.2 0.78 0.02 35.79 0.06
SN2008fp 54730.9 0.1 1.05 0.01 31.79 0.05
SN2008gp 54779.1 0.1 1.01 0.01 35.79 0.06
SN2008hv 54817.1 0.1 1.30 0.01 33.84 0.15
SN2008ia 54813.2 0.1 1.34 0.01 34.96 0.09
SN2011fe 55815.0 0.3 1.20 0.02 28.91 0.20
SN2014J 56689.7 0.3 1.10 0.02 27.64 0.10

References: SN1980N, SN1981B, SN1986G, SN1998bu

[207); SN1999ac, SN1999ee, SN2002dj [323]; SN2000E,
SN2002bo [307]; SN2001lel [1]; SN2003hv, SN2007on
[302]; 2006X [91] (note: we add the correction to u’s
from [302] and [1] using the values provided in [140])
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We fit a spline interpolation to the data to derive the phase and magnitude at
maximum, the minimum and the second maximum in each filter. In order for
a measurement of the minimum and second maximum to be made, we require
>4 observations at late phases (>7 d for the minimum and >15 d for the
second maximum). We also require that observations at least 4 d before ¢4,
were available. The uncertainties for each derived parameter were calculated
by repeating the fits to 1000 Monte Carlo realisations of light curves generated
using the errors on the photometry.

The NIR light curves are very uniform up to the time of the B-band maximum,
~3-4 d after the maximum is reached in the NIR light curves. In the lower
panels in Fig. 2.1, we show the RMS scatter for each epoch.

The scatter remains small for ~1 week around maximum in the different bands
independent of the sample (CSP or non-CSP). The two samples show very
consistent scatter out to a phase of ~10 d in J and ~25 d in H, after which
they start to deviate. With only 14 objects in the non-CSP sample in this
phase range compared to 25 from the CSP, we consider the differences not
statistically significant. The scatter continues to increase beyond 35 d, which
we attribute to the colour evolution (see §2.3.6 below).

2.3.2. The first maximum

[69] showed, in a small sample of SNe Ia, that the JHK light curves of SNela
peak earlier than the optical light curves. We confirm this for our sample

(Fig. 2.2).

The NIR light curves peak within —2 to —7 d of the B-band peak confirming
the result of [84] for SNeIa with Am;5(B) <1.8. There is no obvious difference
between our full sample and the CSP sample as seen in the scatter. The
distribution of ¢; is remarkably tight (less than one day dispersion) for all
filters. This indicates a close relationship between ¢%3%* and the NIR 1 values
for the SNela in our sample.

Table 2.3 gives the phase of lowest scatter measured in each filter. Without
any attempt to normalise the light curves, we find the smallest scatter in all
NIR light curves near ¢;. The dispersion remains very low for ~1 week, before
increasing to >0.2 mag at later phases.
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Figure 2.2.: Distribution of ¢; for the Y, J, and H light curves relative to the
B-band maximum. The filled histograms are for SNela from the
CSP sample while the open histograms show the combined CSP
and non-CSP sample. In the Y band, we only use the objects
observed by the CSP. The NIR light curves peak at within —2 to
—7 d relative to the B maximum.

2.3.3. The minimum

The minimum in J occurs ~2 weeks after ¢;** (Fig. 2.3). The Y light curves
dip about 3 d earlier at {9 = +11d. The minimum in H is reached on average
about 2 d before J at tg = +12d. The phase range is still relatively narrow
with the minima all occurring within roughly +2d. While Y and H display a
tight distribution of tg, the J distribution exhibits a tail of late minima.

No significant difference between the CSP and the literature samples can be
seen in the distributions. The scatter among M is fairly small for the three
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Figure 2.3.: Distribution of ¢y in Y, J, and H light curves. The Y and H
minimum is reached a few days before the J light curve dips,
which occurs ~2 weeks after B-band maximum.

Table 2.3.: Magnitude scatter in NIR light curves. The second column indi-
cates the time of minimum magnitude scatter in each filter, while
the third column gives the scatter at this phase. The fourth column
gives the phase range for which the scatter stays below 0.2 mag.

Filter t (M) Phase range SN sample
(days) (mag) (o(M) < 0.2 mag)

Y 14 015 1, +1] CSP
J 36 0.6 —4, 3] CSP
J -3.8 0.17 [—6 , +1] non-CSP
H 51 017 =5, +1] CSP
H —-4.7 0.14 -7, +2] non-CSP
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NIR bands although about 2 to 3 times larger than at t;. In the Y-band, the
scatter is low (<0.2 mag) immediately after tg, while the J and H light curves
display a larger dispersion at this point.

2.3.4. The second maximum

Figure 2.4 shows that to occurs over a wide range of phases and can vary by
as much as 20 d from one SN Ia to another. This diversity had been observed
before for the i light curves (e.g. [84]) and for JHK [24]. In Figure 2.4, we
show that the mean tg is later in Y- and J-bands, with the H-band light curves
reaching to, on average, a few days earlier. The scatter in the luminosity starts
to increase slowly after tp, and is seen to increase significantly (>0.5 mag)
around the time of to (Fig. 2.1).

2.3.5. The late decline

After the second maximum, the light curves steadily decline. In Fig. 2.5 we
show the distribution of slopes calculated for SNe Ia with at least three ob-
servations in phases 40<t<90 d. This choice of phase range ensures that the
measurements are not influenced by the second maximum. All the SNe Ia in
our sample with data at these late phases come from the CSP.

There is a tight distribution of decline rates in the Y- and H-bands, with the
notable exception of SN 2005M in H, which declined twice as fast as the other
SNe Ia. The scatter in the H-band decline rate, when excluding SN 2005M,
is only 0.004 mag per day, similar to the scatter in the Y filter. The same SN
is also one of the two fast declining objects in J (in the fastest bin, middle
panel), where the scatter in the decline rates is significantly larger than for the
other two bands.

2.3.6. NIR colours

[70] showed that the early J — H colour evolution is rather uniform for SNe Ia.
In Fig. 2.6, we show the colour curves (Y — J and J — H) for the CSP and
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Figure 2.4.: Distribution of t2 in the Y, J and H light curves. Note the
expanded scale on the abscissa compared to the phase ranges in
Figs. 2.2 and 2.3.

non-CSP objects. The scatter at each epoch is plotted in the lower panels.
Similar to the light curves, the early colour evolution is similar for most SNe Ia
in our sample.

At the first maximum the scatter is minimal in Y — J (¢(Y — J) = 0.07 mag)
and in J — H (o(J — H) = 0.05 mag). The scatter stays <0.1 mag between
—7and —3 d for Y — J and between —10 and —3 d for J — H. At early times,
we find that the samples display the same scatter. Immediately after the first
maximum, the colour curves start to deviate like the light curves. By the time
of the minimum the colours display a wide spread which continues to increase
into the late decline.

The Y — J colour remains fairly constant until about one week after maximum
when the Y — J colour starts a monotonic evolution towards bluer colours.
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Figure 2.5.: Distribution of decline rates after to.

For the J — H colour, SNela evolve to redder colours after maximum. Then
after the light curve minimum, the J — H colour tends towards slightly bluer
colours until ~30 d.

2.4. Correlations

The uniformity of the NIR light curves at maximum light suggests that the
size of the surface of last scattering at these wavelengths is independent of the
details of the explosion and progenitor.

A diversity in the NIR only becomes visible at later phases as the lines con-
tributing to the line blanketing opacity arise from deeper in the ejecta. The
phase and magnitude the minimum and in particular the second maximum of
the NIR light curves display large variations. Correlating these changes with
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Figure 2.6.: Left: Y — J colour curve. The mean t;, tg and t2 in the Y filter

are plotted as green lines. The scatter plot in the lower panel
only contains information from the CSP objects since the non-
CSP sample does not have Y-filter observations. The blue points
are the objects in the CSP sample, whereas the green points are
the non-CSP objects. Right: J — H colour curve. The epoch of
minimum scatter in J, the average value of #y and ¢9 in J are
overplotted in green. The lower panel shows the evolution of the
scatter around the mean in the colour curve.
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Figure 2.7.: Complete absolute magnitude light curves in Y JH for the 10
objects for which a late decline is measured in all three filters. The
figure illustrates that the decline rates at late times are uniform,
whereas there is a large scatter in the absolute magnitude at +55
d indicated by the vertical line.

other SN parameters should shed light on the physical processes underlying
the explosions and the release of the radiation.

In Fig. 2.7 we show example NIR light curves extending to late times for 10 SNe
[a in our sample. It should be noted that among these 10 SNe are two where
the extinction has been determined to be high (SN 2006X and SN 2008fp).
Therefore, some of the scatter can be attributed to uncorrected host galaxy
extinction.

In the following sections, we note that correlations reported with r» > 0.4 are
significant, and those with r > 0.65 are termed as strong.
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2.4.1. NIR light curve properties

In the previous section, we found a large diversity in the NIR light curve
properties at post-maximum epochs. In this section, we investigate correlations
between these properties in more detail. We find a correlation between ¢y and
to in JH filters (Pearson parameter r ~ 0.5) suggesting that a later minimum
is followed by a later second maximum. We also find a correlation between
My and My in Y and J filters, with » = 0.59 and r = 0.50 respectively.
This implies that SNeIa with a more luminous minimum also display a more
luminous second maximum.

Interestingly, the Ms and t2 do not correlate (r < 0.4) in any filter. However,
there we do find a significant correlation across different filters between My and
ta (e.g. Mz in Y band correlates with ¢3 in J band with r = 0.61). [193] found
that the rate of luminosity increase (rise rate r/f in the [193] nomenclature)
to the second maximum correlated with the luminosity of the first peak. We
cannot confirm this at any significance with our data.

Comparison of Figs. 2.3 and 2.4 reveals that the light curve evolution in the
Y-band is slowest amongst the NIR filters. SNe Ia on average reach tg in Y
earlier than in J and H, but reach ty later in the Y compared to the other
filters. The rise time in Y is nearly 4 d longer than in J and nearly 7 d longer
than in H.

The phase and luminosity of the second maximum strongly correlate between
the NIR filters (Fig. 2.8). SNe Ia with a later to display a higher luminosity
during the late decline. The luminosity at 55 d past the B maximum, hereafter
referred to as M |55 was chosen to ensure all SNe Ia have entered the late decline
well past to. A choice of a later phase may be more representative of the decline
but would result in a smaller SN sample as not many objects are observed at
these epochs and the decreasing flux results in larger uncertainties.

In Figure 2.9 we plot M |55 against ¢t and M. A clear trend between M55
and tg is present in all filters (Pearson coefficients r of 0.78, 0.92, 0.68 in the
Y JH, respectively; Fig. 2.9, left panels). At this phase SNe Ia are on average
most luminous in Y followed by H and J, a trend that is already present at
My. This is also reflected in the NIR colour evolution (see section §2.3.6).

The dispersion in M|s5 is large with o(M|s5) = 0.48 mag, 0.51 mag and
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Figure 2.8.: Phases (left) and luminosity (right) of the second maximum in
NIR filters. There are clear correlations between the filters with
the weakest trend in the H versus J luminosities. The black line
is a one-to-one relation.

0.30 magin Y, J and H, respectively. This is not unexpected as it continues the
trend to larger (luminosity) differences in the NIR light curves with increasing
phase.

2.4.2. Correlations with optical light curve shape parameters

It is interesting to see whether the NIR light curve parameters correlate with
some of the well known optical light curve shape features (Amys; [37]).

[84] have shown that the value of ¢2 in i correlated with Am5(B). Since the
dispersion increases with phase we concentrate on the second maximum and
explore whether the timing and the strength correlate with the optical light
curve shape.

The second maximum in the NIR is a result of an ionization transition of the
Fe-group elements from doubly to singly ionized states. Models predict that to
depends on the amount of Ni (My;) synthesized in the explosion [147]. Since
M is known to correlate with m'g*, which itself is a function of the light
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Figure 2.9.: (Left:) Absolute magnitude at ¢ =55 d in Y JH vs. ta. (Right:)
M55 compared to the absolute magnitude of the second maximum
M.
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Figure 2.10.: Comparison of to in the NIR light curves with Am;5(B).

curve shape [5,204,269,285], we explored the relation between to and Amys
(Tab. 2.2).

Figure 2.10 confirms a strong correlation between t and Amys. The Pearson
coefficients are 0.91, 0.93 and 0.75 for the Y, J, and H-bands, respectively.
The weaker correlation in H may be due to a low dependency on ty for objects
with Amqs < 1.2, where t9 appears independent of Amys. This applies only
to SNe la with a slow optical decline. For higher Amys, the trend is as strong
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as in the other filters.

A linear regression yields equation 2.1 for each filter. The RMS scatter is 2.1
d, 1.8 d and 3.0 d in the Y JH filters.

ta(Y) = (=20.6 + 1.0)Amys + (53.6 + 1.2) (2.1a)
ta(J) = (—20.3 £ 0.9)Amys + (51.7 £ 1.1) (2.1Db)
to(H) = (—16.0 £ 2.7)Amys + (42.3 + 2.8) (2.1¢)

Since the phase of the second maximum (t2) in NIR bands is strongly correlated
with Ami5 and thereby the optical maximum luminosity, t2 could also serve
as an indicator of the luminosity of SNela. It is noteworthy that even extreme
cases, like SN 2007if, which have been associated with super-Chandrasekhar
mass progenitors [266,268] are fully consistent with the derived relations.

There is a weak correlation between My and Amys as shown in Fig. 2.11, with
very little difference between objects. We find r values of 0.59, 0.50 and 0.63
for the Y, J, and H filters, respectively.

2.5. Discussion

As has been shown earlier in this paper and in a number of other publica-
tions [15,207,318,324], SNIa NIR light curves show remarkable uniformity
around maximum light, compared to at optical wavelengths. This uniformity,
combined with reduced effects of extinction, holds great promise for the use of
SNela as distance indicators in the NIR. [151] proposed to further reduce the
scatter in the luminosity of the first maximum in the NIR by a decline rate
correction similar to the procedure in the optical.

The spread in optical luminosity is attributed to different masses, or distri-
butions, of 9Ni within the ejecta [5,269,285]. The indifference of the NIR
maximum light to the nickel mass suggests that it is intermediate-mass ele-
ments that dominate the opacity in these bands at maximum light.
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Figure 2.11.: My versus Am;s is shown and a weak correlation is observed.

The NIR light curves showed an increased dispersion at later times. We at-
tribute this increased scatter to differences in the speed of the evolution of the
SNela. The phase of the second maximum depends on the mass and distri-
bution of ®°Ni, the change in opacity, the ionisation and the dominant species
setting the emission.

Not all SNela display a second maximum (e.g. [162]) and we restricted our
analysis only to objects in which the second maximum is defined well enough to
be fit. This translates into a sample including only SNe Ia with Am5(B) < 1.8
mag. Events without a second maximum tend to be of low luminosity, often
similar to SN 1991bg, and with large Ami5(B).

The strength of the second peak in the iJH K light curves does not correlate
with Amys, but the phase does [24, 84].

As presented in the previous section, we confirm this relation between to and
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Amys for the Y JH filters. The correlation of My with Amys is rather weak
(Fig. 2.11) although it appears somewhat stronger than in [24] (the Pearson

coefficients in our data are 0.5 and 0.63 for J and H compared to 0.12 and
0.08 in [24]).

2.5.1. A possible physical picture

The various features of the NIR light curves can be assembled into a physical
picture of the explosions. The striking similarities of the late decline rates,
when the SN becomes increasingly transparent to the y—rays generated by
the radioactive decays, indicate that the internal structure of the explosions
is probably similar for all SNela considered here. The uniform decline rates
are consistent with the predictions of [328] for a range of Chandrasekhar-
mass models, with different Mp; but similar radial distribution of iron-group
elements. We find that the late-time decline rate in J is faster than in Y
and H, a trend also seen between the simulated J and H light curves in [59].
The NIR light curves depend very little on the explosion geometry [168]. The
DDC15 models of [28] show that the YHK decline rates are similar to the
pseudo-bolometric decline rate (S. Blondin, private communication). The J
band shows a faster decline due to a lack of emission features [281]. This also
explains the evolution of the J— H colour curve to redder colours at late times.

At the these late times M |55 shows a large scatter (cf. Fig. 2.9). If the similar
late decline rates ( cf. Fig. 2.5) indicate a similarity in the evolution of
the y-ray escape fraction for different SNe Ia,then, a higher luminosity would
translate into a higher energy input at late phases, i.e. a larger mass of Fe-
group elements.

[147] predicted that the second maximum should be delayed for larger Fe
masses, which is exactly what is observed in the NIR (see also [137]). According
to [149], the faster decline in the B-band light curve is mostly due to line
blanketing through Fe and Co lines, which shifts the emission into the NIR
and shapes the NIR light curves after maximum. The optical colour evolution
post B-maximum is suggested to be more rapid for explosions with lower Ni
masses. If this is true then the onset of the uniform B — V colour evolution
(referred to as the ’Lira law’ and originally defined as the uniformity of the
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the one-to-one relation.
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Figure 2.13.: A summary of the correlations between the timing parameters
(t1, to and t2), Amys , tr and the late time luminosity (M]|ss),
in each filter There is a strong correlation amongst the to, Amqs,
tr, and M|s5 (r > 0.65). The colorbar scales from white to red in
ascending order of correlation strength. Correlations with r < 0.4
have been set to white

slope of the colour curve from 30 to 90 days, although the onset is generally at
earlier phase; [241]) marks the beginning of the nebular phase. At these epochs,
the SN Ia spectrum is dominated by emission lines from Fe-group elements
and the emission line strength depends on the Fe mass in the explosion. We
measure the time at which the SN enters the Lira law, hereafter ¢, as the
epoch of inflection in the (B — V') colour curve, at late times. The procedure
for measuring ¢, is identical to the measurement of t9 described in §2.3.4.

Figure 2.12 shows that t2 coincides nearly exactly with ¢; for the ¥ and J
bands. While the H light curve peaks 3—4 d earlier. The reason for this is not
entirely clear, but both Y and J-bands are expected to be strongly influenced
by Fe lines, while H is dominated by Co lines (e.g. [137,198]). The striking
coincidence of to and t7 in the NIR light curves is further evidence that to
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directly depends on the Ni mass in the explosion.

[267] found that the Ni mass depends on Ami5(B) and the bolometric peak
luminosity. All these parameters (m’g**, Ami5(B5), t2 and ¢z, and NIR late-
phase luminosity) can be tied to the Ni (and/or Fe) mass in the explosion.
We provide a summary of the important correlations analysed in this work for
the three NIR filters in Figure 2.13, where we correlate the timing parameters
(t1, to, t2), Amys, t and NIR late phase luminosity (M|s5). With most of
the Fe synthesised in the explosion, we propose that all light curve parameters
point to the Ni as the dominant factor in shaping the light curves. We find
a consistent picture that the properties of second maximum in the NIR light
curves are strongly influenced by the amount of Ni produced in the explosion
followed by a more luminous decline.

The NIR colours show a pronounced evolution after ti, the flux in the J band
decreases significantly with respect to both Y and H shortly after t; (Fig. 2.6).
The reason for this depression is most likely the lack of transitions providing
the required channel for radiation to emerge around 1.2 pm [122, 281, 320].
This persists until to when the [Fe II] (1.25 gm) emission line forms and the J-
band magnitude recovers relative to H, although not compared with Y, which
is also dominated by Fe lines [198]. The H filter is dominated by Co II lines
(e.g. [137,147]). After the second maximum J — H turns redder again due to
the faster decline rate in the J filter.

We investigated whether the (optically) fast-declining SNeIa can be grouped
within our analysis. These SNe have very low °Ni mass which is almost
certainly centrally located (low velocities of Fe III in the optical at late times
in SN 1991bg; [203]) and transition so rapidly that a second maximum barely
has time to form. Thus, we could not include them directly in our study.
However, a comparison of M|s5 with Amy5(B) can be made for four objects
of this class (SNe 2005ke, 2006mr, 2007N and 2007ax). The trend of these
objects showing a fainter M |55 luminosity with larger Ams(B) is followed,
but it is unclear whether these SN 1991bg-like SNe Ia follow the same relation
as their brighter counterparts. The result remains inconclusive as the scatter
remains currently too large. We note that the decline rates in the NIR at late
times for these objects do not differ significantly from our sample. They follow
the same distribution as in Fig 2.5.
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2.5.2. Improved Distance Measurements?

The uniformity of the NIR light curves is in use for cosmological projects
[15, 318]. [162] finds no correlation of the maximum luminosity with other
light curve parameters, but identified the (optically) fast-declining SNela as
subluminous in the NIR compared to the other SNeIa in their sample. In [151],
the authors find a weak trend between the NIR first maximum luminosity and
Am15.

We looked for NIR light curve properties to further improve SNe la as distance
indicators. In Fig. 2.14 we find no significant evidence for a correlation between
M and t9 for objects in our sample. The faintness of SN 2006X in this diagram
is probably due to the strong absorption towards this SN.

The scatter in Fig. 2.1 falls to around 0.2 mag at later NIR phases. Between
to and t9 all NIR light curves reach comparable luminosities. These phases
are between 10 and 20 d in Y, near 15 and 20 d in J and H when SNela are
only about 1 (0.5) magnitude fainter than at the first maximum in Y (H). The
decline in the J light curves is quite steep after the first maximum and the SNe
have already faded by nearly 2 magnitudes. At least for Y and H, it might
be worthwhile to investigate whether good distances can be determined at
later phases (between +10 and 415 days). The advantage would be a distance
measurement with a reduced extinction component, i.e. mostly independent
of the exact reddening law, and the possibility of targeted NIR observations
even when the first maximum had been missed.

2.6. Conclusions

The cosmological interest in SNe Ia in the NIR stems from the small observed
scatter in the peak magnitudes. We confirm this with our extended literature
sample despite our simple assumptions on distances and neglect of host galaxy
absorption. The phase of the first maximum in the Y JH light curves shows a
narrow distribution. The uniformity of the SNe Ia in the NIR lasts until about
one week past B maximum. The NIR light curves diverge showing a large
scatter by the time of the second maximum and thereafter. The IR colour
curves are uniform at early phases with increasing scatter after 20 days.
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Figure 2.14.: The magnitude of the first maximum in the Y JH bands is plot-
ted against the phase of the second maximum in J band. The
underluminous object in Y and J bands is the heavily extin-
guished SN 2006X. In the J band SN 2014J also appears fainter.

These findings corroborate the use of only few IR observations near the first
maximum to obtain good cosmological distances [15,318]. The small scatter
prevails for nearly a week around the first maximum and potentially another
window opens near the second maximum, where the scatter again appears
rather small. A condition for these measurements is accurate phase information
to be able to use sparse NIR observations to derive the distances. The phase
information could come from accurate optical light curves, as used here, or
through spectra. The latter are needed for redshifts and classification in any
case.

The information contained in the NIR light curves points towards the nickel /iron
mass as the reason for the variations. The absolute magnitude 55 d past max-
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imum together with the very uniform decline rate of the light curves in all
bands, including the optical [14, 174, 241], points towards differences of the
energy input into the ejecta with a rather uniform density structure. This is
also found in theoretical studies [59, 149, 168|, although most of these mod-
els employ Chandrasekhar-mass explosions and a wider range of ejecta mass
models may need to be explored to confirm the similarities in the structure of
the ejecta. A higher luminosity at a fixed phase in the nebular phase points
towards a larger iron core and hence a higher nickel production in the explo-
sion. A corollary is the phase of the second maximum which also occurs later
for larger iron cores [147].

The strong correlation of the phase of the second IR maximum with the optical
light curve shape parameter Amys and the onset of the uniform (B —V") colour
evolution (‘Lira law’) point towards SNe Ia as an ordered family and nickel
mass as the dominating factor in shaping the appearance of SNe Ia. With a
higher nickel mass a larger Fe core is expected. This would result in higher
expansion velocities observed at late phases [203]. It is worth checking whether
this prediction holds true in future observations.

The phase of the second maximum should provide a handle to determining the
nickel masses in SN Ia explosions, in particular for SNe Ia where absorption is
significant. In cases like SN 2014.J the NIR light curve can yield an independent
check on the nickel mass and a direct comparison to the direct measurements
of the y—rays from the nickel decay [49,63]. A calibration of a fair set of
(preferably bolometric) peak luminosities and the derived nickel masses with
our parameter to should lead to the corresponding relation.

We attempted to improve the IR first maximum for distance measurements and
looked for a possible correlation of M; with the phase of the second maximum.
There is a slight improvement in the J band and none in Y and H. The
resulting scatter after correction in J band is 0.16 mag. This is comparable to
the observed value from previous studies [151,193,318]. It remains to be seen
whether larger samples will provide a better handle in the future.

Since we specifically studied the second maximum in the NIR light curves,
we excluded SNe Ia, which do not display this feature. These are objects
similar to either SN 1991bg, SN 2000cx or SN 2002cx and are typically faint
and peculiar SNe [78,85,175,179,180]. They appear to also display a fainter
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first maximum in the NIR [162]. It would be interesting to check whether the
uniform decline rate observed in the near-IR also applies to SNe Ia which do
not show the second maximum. This could be used to check whether these
explosions share some physical characteristics with the ones discussed here.
There are only very few SNe Ia of this type and we do not find a conclusive
answer. Increasing the number of SNe Ia with this information is important to
assess the physical differences among the different SN Ia groups. The recent
CFAIR2 catalogue [92] will provide some of these data.

The NIR light curves display a decline rate after the second maximum, which is
significantly larger than the optical light curves at the same phase (e.g. [174]).
At very late phases (> 200 days) the near-IR light curves become nearly flat
as observed for SN 2001el, while there is no observable change in the optical
decline rates [287]. It would be interesting to observe the change in decline
rate between 100 and 300 days. Presumably, the internal structure of the
explosions sets the transition towards the positron decays as the dominant
energy source, when the ejecta have thinned enough that the y—rays escape
freely. This phase might be correlated with other physical parameters, like the
nickel and ejecta mass, determined through early light curves.

A possible extension of this photometric study with detailed spectroscopic ob-
servations and theoretical spectral synthesis calculations might be worthwhile
to check on the emergence of the various emission lines, trace the exact tran-
sition to the flatter IR light curves and determine whether it indicates any
differences in the structure of the SNe, e.g. transition to positron channel.

Finally, Euclid will discover many SNe at near-NIR wavelengths out to cos-
mologically interesting redshifts (e.g. [8]). With the small scatter of the peak
luminosity, these observations will provide distances with largely reduced un-
certainties due to reddening. Our study confirms the promise the NIR obser-
vations of SNe Ia offer.
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3. A reddening-free method to
estimate the "°Ni mass of Type
la supernovae !

3.1. Introduction

Type Ia supernovae (SNela) exhibit diverse observable properties. In addition
to the spectral and colour differences, the peak luminosity of SNe Ia range over
several factors [181,292,293]. The amount of *Ni, derived from the bolometric
luminosity, [53] and the total ejecta mass [267,285] also show a wide dispersion.
The Msspy; distribution provides insight into the possible progenitor channels
and explosion mechanisms for SNeIa [121, 185, 306].

The uncertainty in the reddening correction directly impacts the ability to
derive accurate bolometric luminosities and *°Ni masses derived from the peak
luminosity. The total to selective absorption (Ry ) appears systematically and
significantly lower in the SN hosts than the canonical Milky Way Ry value of
3.1. [216] use a large sample of nearby SNela to derive an average Ry which
is significantly lower than 3.1. Taking into account spectroscopic features that
correlate with luminosity, [47] found an Ry of 2.8 £ 0.3 which is consistent
with the Milky Way value. However, objects with high extinction are seen to
have an unusually low Ry [230,243]. Due to interstellar dust a correction for
reddening in the Milky Way and the host galaxy needs to be applied. Our goal
is to establish a relation between the bolometric peak luminosity and the 56Ni
mass independent of reddening.

The Near Infrared (NIR) light curve morphology of SNe Ia is markedly different
from that in the optical. In particular, the light curves start to rebrighten
IThis Chapter is already published in [60]
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about 2 weeks after the first maximum, resulting in a second peak. Recent
studies [24,61] found that more luminous SNela reach the second maximum
in NIR filters at a later phase. This was predicted by [147] who also indicated
that the phase of the second maximum (designated in the following as t2 and
measured relative to the B-band light curve maximum) should be a function
of the 5Ni mass in the explosion. We expect that the phase of the second NIR
maximum can be used to determine bolometric peak luminosity L4, and the
amount of ®’Ni synthesized in the explosion.

In the following, we investigate the link between the peak bolometric luminos-
ity (Lmaz) and the phase of the second maximum in the NIR light curves (¢2).
We use a sample of nearby SNe la with low host-galaxy extinction (described
in Section 4.1) to determine L4, and then employ different methods to derive
Mss py; (Section 4.2). This relation can then be used to derive Ly,q, and Mssy;
for all SNela with a measured to, since the timing parameter is free of redden-
ing corrections and allows us to include heavily reddened objects. We check
our derivation against independent measurements of Mssp; with the nearby
SN 2014J in M82 and SN 2006X (Section 3.4). With the reddening indepen-
dent method we can establish the luminosity function of SNe Ia at maximum
and also derive the distribution of nickel masses among SN Ia explosions (Sec-
tion 3.5). We finish by discussing the implications of this determination of the
Mss y; distribution in the conclusions (Section 3.6).

3.2. Data

Our SN Ia sample is constrained to objects, which have NIR observations at
late times (¢ > 50 days after B maximum) with well-sampled optical and NIR
light curves to construct a (pseudo-)bolometric light curve and measure t2. The
main source of near-infrared photometry of SNela is the Carnegie Supernova
Project (CSP; [36,37,54,238,288]). We add to this sample objects from the
literature. We only included SNela with observations near maximum from U
to H filters. The full description of the selected SNela can be found in [61].

The sample of low-reddening SNe Ia is defined to circumvent the uncertainties
of host galaxy extinction. The 18 objects are presented in Table 3.1. We use
E(B—V)pest values from the literature. Only objects with E(B—V)p0s < 0.1
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The bolometric maximum luminosity Lj,q. is plotted against the
phase of the second maximum t9 in Y JH filter light curves. A
strong correlation is observed in Y and .J, whereas a weaker cor-
relation is seen in the H band. Best fit lines are overplotted in
black. The fit includes errors on both axes.
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mag were included. Since we consider only objects, which display the sec-
ond maximum in their NIR light curves this implies that most low-luminosity
SNe Ia, especially SN 1991bg-like objects were excluded.

At maximum light the UV-optical-IR integrated luminosity represents >90%
of the true bolometric luminosity [27]. We constructed U BV RI.JH bolometric
light curves for objects with sufficient photometry near maximum light in the
optical and the NIR. The K filter data was excluded since only few SN Ia have
well-sampled K light curves. We calculated the fraction of the flux emitted in
K for a few well-observed SNe Ia with sufficient data and determined it to be
around 1 — 3% of the UVOIR luminosity at maximum. The exclusion of the
K-flux results in only a minor uncertainty in the final UVOIR luminosity.

Prior to the derivation of a bolometric flux for the low extinction sample (see
Table 3.3) we apply a correction for the measured extinction following [41].
The assumed distances and their references can be found in Table 3.1.

3.3. Results

Based on our previous work [61], where we found strong correlations between
various derived parameters of SNela with 9 in the Y and J filters, we argued
that the bolometric maximum luminosity should also correlate with t5. The
sample of low-reddening SNe Ia described in Section 4.1 is used to establish the
relation between to and Lj,q,. The to parameter has the advantage that is is
essentially independent of reddening and distance (relative to the calibration
sample). With such a relation we will be in a position to derive the luminosity
function of SNela at maximum.

3.3.1. Correlation between L,,,, and ts

Figure 3.1 displays a strong correlation between to for the Y and J filter light
curves and the bolometric (UVOIR) luminosity Lpq, (determined by fitting
a spline interpolation to the UVOIR light curve) with Pearson coefficients
r = 0.88 and r = 0.86, respectively for the low-reddening sample. A much
weaker trend is observed in the H filter light curve with r~0.60.
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Table 3.2.: Values of the coefficients for correlations between L., and to in
the individual filters

Filter a; b;
Y 0.041 £0.005 —0.065 %+ 0.122
J 0.039 £+ 0.004 0.013 £ 0.106

H 0.032 £ 0.008 0.282+£0.174

The slope of the Ly,q. vs. to relation appears to flatten for objects with to =
27d. This is most prominent in the Y band. However, we would require a
larger sample to confirm this trend amongst the most luminous objects.

We fit a simple linear relation to the data
Loz = a; - ta; + b; (3.1)

which leads to the entries in Table 3.2 (for Y JH filters). The corresponding
fits are shown in Figure 3.1. We compare our observed values to the L4, and
to from the DDC models of [28]. Model spectra and light curves published
in [28] based on delayed detonation explosions show similar correlations to
those described herein.

In the interest of a clean low extinction sample, we have removed 7 objects
with E(B—V)pest < 0.1 but total E(B—V) > 0.1. Interestingly, several of the
excluded objects are amongst the most luminous SNe Ia in the sample. Even
after the removal of these 7 objects we do not derive a significant correlation
for the H band light curves from our sample. It will have to be seen, whether
future data will reveal a correlation or whether the H light curves are not
as sensitive to the nickel mass as the other NIR filters. The relations are
identical for the full and restricted sample within the uncertainties listed in
Table 3.2. We combine the relations from the two bands for extrapolating the
values of L4, in the following analysis. We assume the Y band estimate to
be equivalent to the value in the J band and calculate the slope and intercept
with the photometry of both filters, which leads to improved statistics.
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3.3.2. Deriving Msey; from Ly,

We present three different methods to derive Msepy; from Ly, namely us-
ing Arnett’s rule with an individual rise time for each SN Ia, using Arnett’s
rule with an assumed constant rise time applied to all SNe Ia and by calcu-
lating L4, from delayed detonation models with different Msey; yields [28].
Arnett’s rule states that at maximum light the bolometric luminosity equals
the instantaneous rate of energy input from the radioactive decays. Any de-
viations from this assumption are encapsulated in a parameter o below. It is
quite possible that a depends on the explosion mechanism and shows some
variation between explosions [31,155]. These early papers found rather large
ranges with 0.75 < a < 1.4 depending on the exact explosion model and the
amount of assumed mixing [31,155]. More recently [28] found a range of «
within 10% of 1 for delayed detonation models. These models are not appli-
cable for low-luminosity SNeIa. Should « systematically depend on explosion
characteristics then the derived nickel masses may suffer from a systematic
drift not captured in our treatment. These uncertainties must be taken into
account for the interpretation of the derived Ni mass.

Arnett’s rule with individual rise times

Arnett’s rule states that the luminosity of the SN at peak is given by the instan-
taneous rate of energy deposition from radioactive decays inside the expanding
ejecta [5,6].

This is summarized as [285]:
Limaz(tr) = aFse ni(tR), (3.2)

where Essy; is the rate of energy input from %°Ni and %6Co decays at maximum,
tr is the rise time to bolometric maximum and « accounts for deviations from
Arnett’s Rule. The energy output from 1 Mgof Ni is (o = 1):

eni(tr, 1 Mg) = (6.45 - 108 7tr/88 4 1451088718/ 3)ergs™!  (3.3)
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Table 3.3.: Mssy; measurements for low reddening SNe Ia. The components of the error from L,,q, and rise time

are given along with the total error.

SN Mpy; — Arnerr (Lyqgy) err (rise time) Mpy; — Arn (fixed rise) err (Lyq,) err (rise time) Mpy; — DDC
(Mo) (Mo) (Mo) (Mo) (Mo) (Mo) (Mo)
SN2002dj  0.59 £ 0.16 0.12 0.10 0.63 £+ 0.16 0.13 0.10 0.61 £ 0.13
SN2002tk  0.68 £ 0.16 0.11 0.12 0.71 £ 0.17 0.12 0.12 0.76 £ 0.13
SN20056M  0.59 £ 0.14 0.10 0.10 0.60 £ 0.14 0.10 0.10 0.59 £ 0.11
SN2005am 0.47 £+ 0.13 0.08 0.10 0.55 £ 0.14 0.10 0.10 0.52 £ 0.11
SN2005el  0.45 £ 0.10 0.05 0.09 0.51 £ 0.11 0.06 0.09 0.48 £ 0.07
SN2005eq  0.67 £ 0.15 0.10 0.11 0.66 = 0.15 0.10 0.11 0.67 £ 0.11
SN2005hc  0.69 £ 0.19 0.15 0.12 0.68 = 0.19 0.15 0.12 0.71 £ 0.16
SN2005iq  0.48 £ 0.13 0.09 0.09 0.54 £ 0.14 0.11 0.09 0.51 £ 0.10
SN2005ki  0.45 £ 0.14 0.11 0.09 0.51 £ 0.17 0.14 0.09 0.49 £ 0.14
SN2006bh  0.37 £ 0.10 0.06 0.08 0.43 £ 0.11 0.08 0.07 0.40 £ 0.07
SN2007bd  0.55 £ 0.13 0.06 0.11 0.61 = 0.12 0.07 0.10 0.59 = 0.10
SN2007on  0.23 £ 0.06 0.03 0.05 0.30 £+ 0.07 0.05 0.05 0.28 £+ 0.05
SN2008R  0.20 £ 0.06 0.04 0.05 0.27 £ 0.07 0.05 0.05 0.25 £ 0.06
SN2008bc  0.60 £ 0.14 0.09 0.11 0.62 £+ 0.15 0.10 0.11 0.63 £ 0.11
SN2008gp 0.62 £ 0.13 0.06 0.11 0.65 £ 0.11 0.07 0.09 0.64 £ 0.09
SN2008hv ~ 0.48 £+ 0.11 0.07 0.09 0.54 £ 0.12 0.08 0.09 0.52 £ 0.09
SN2008ia  0.50 + 0.12 0.06 0.10 0.57 £ 0.11 0.07 0.09 0.55 £ 0.09
SN2011fe  0.50 = 0.12 0.07 0.10 0.55 £ 0.12 0.08 0.09 0.52 £ 0.10
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We use the relation for estimates using different rise times in the B filter for
each SN following,

trp=175-5" (Amys — 1.1) (3.4)

from [267] which covers the tgp p-Ami5 parameter space of [96]. Like [267]
we apply a conservative uncertainty estimate of £2 days. The bolometric
maximum occurs on average 1 day before Bi,q, [267].

Arnett’s rule with a fixed rise time

Originally Msep; was determined from L., for a fixed rise time of 19 days
for all SNe Ia [285]. Similar to these analyses we propagate an uncertainty of
43 days to account for the diversity in the rise times.

The peak luminosity then becomes [285]

Limaz = (2.0 £ 0.3) - 1083 (Mzs n; /Mg )ergs L. (3.5)

As described above, we assumed «a = 1 (see [204,285]), which is the analytical
approximation of [5]. For the DDC models of [28] « is within 10 % of 1 for all
but the least luminous model.

Interpolating using delayed detonation models

We interpolate the relation between Ly, (in a given filter set, u — H in this
case) and Msey; found from a grid of Chandrasekhar mass delayed detonation
models of [28] to derive a °°Ni mass from the observed peak luminosity for
the sample presented in Table 3.1. The resulting "Ni mass estimates are
presented in the bottom panel of Figure 3.2. For all but the least luminous of
these models, « is within 10 % of 1 [28].

3.3.3. Comparison of different methods

In Figure 3.2, we plot the distributions of the Mseyy;, inferred for the low-
reddening sample, from the different methods.
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Figure 3.2.: The histograms show the different methods to estimate the Msen;
from the L,pq:. The values found from Arnett’s rule with fixed and
individual rise times are plotted in the top and middle panels. The
bottom panel displays the values estimated by using the relation
between Lj,q, and Msey; found from the DDC models.
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Similar to previous studies we find that there is a large distribution in the
M py; values for the sample in Table 3.1. We note a over a factor of 2 difference
between the lowest and highest Msey; values (a factor of ~ 3 for the variable
rise time formalism). Unlike previous studies, this sample doesn’t include
faint, 91bg-like objects, since their NIR light curves do not display a second
maximum. These objects are found to have a much lower Mssp; ~0.1 Mg
[267,285] from their peak luminosities. There is clearly a majority of objects
with nickel masses between 0.4 and 0.7 M, with extensions to higher and
lower masses. A further difference can be seen in Fig. 3.2 where the mass
distribution between the case of individual and the fixed rise times is slightly
different due to the fact that observed rise times often are shorter than the
assumed 19 days.

The individual errors clearly dominate over the differences between the meth-
ods and the results are not influenced by the chosen method. There appears
a small systematic offset between the *°Ni masses derived from DDC models
and the ones with Arnett’s rule and fixed rise time. The °Ni masses from
the DDC models are about 0.05 M smaller, however, well within the overall
uncertainties, which are typically around 0.15 Mg (Tab. 3.3).

For SN2011fe [233] report a rise time of 16.58 days. Using this rise time, we
obtain an Msey; of 0.49 Mgwhich is a 0.06 Mgshift from the value using a
19d rise. This shift is smaller than the uncertainty on the ®°Ni mass. For the
low-reddening sample we note that the average difference between the fixed
rise and variable rise formalisms is 0.04 M.

For the following analysis, we calculate the Msesy; using to. By substituting
the relation derived between Ly, and ta (equation (3.1) and equation (3.3)),
we obtain

Msé n; _ a; - tg(i) + b; (3 6)
Mg a-eni(tr, Mo)

We mostly will use the fixed rise time formalism in the following analysis,
although in special cases, we will also make use of the more accurately known
rise time.
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3.4. Test with well observed SNe la

Dust in the host galaxy and the Milky Way makes the determination of the
peak luminosity uncertain. Many nearby SNe Ia have shown marked deviations
in the host galaxy dust properties from those observed in the Milky Way
mostly favouring a smaller Ry value [102,243]. The extinction corrections are
notoriously uncertain and directly affect our ability to measure peak bolometric
luminosities of SNe la. Since t9 is independent of reddening, we can use the
derived correlation to determine the peak luminosity and estimate the “6Ni
mass for heavily reddened SNe Ia.

We test this relation on SN 2014J, which has a direct y—ray detection from the
%Ni — *°Co decay chain [49,64]. Using the best fit relation for the reddening-
free sample, we obtain Msesp; = 0.644+0.15M for a t9 = 31.9941.15 days and
a rise time of 19 days. Since the error on the rise time is taken as £3 days, we
expect the error on Msey; to decrease with a less conservative error estimate
on tg. [103] used Palomar Transient Factory (PTF) and Kilodegree Extremely
Little Telescope (KELT) data to measure the rise time of SN 2014J. They find
tr = 17.25 days. We place a conservative error estimate of 1 day and evaluate
the Msep; = 0.60 + 0.10M which has a lower error bar than from the fixed
rise time formalism.

The direct measurement of Msspy; for SN 2014J through the y—ray detection
gives an independent and fairly secure estimate of the nickel mass. [49] derive
%6 Ni = 0.6240.13M. [64] find a slightly lower mass of Msep; = 0.5640.10M,.

A detailed comparison of the derived °Ni masses is given in Table 3.4. The
difficulty of the extinction correction and the advantage of the method pre-
sented here are obvious. The uncertainty in the y—ray determination is due
to the weakness of the signal and leads to slightly different interpretations.
The very good correspondence between the direct Mseyn; measurement and our
relation of the second maximum in the NIR light curves is encouraging.

As a second case, we determine the bolometric peak luminosity Ly,q,; and the
nickel mass Mssy; based on t9 to the heavily extinguished SN 2006X. [313]
derived a peak luminosity for this SN from multi-band photometry and a cor-
rection for dust absorption in the host galaxy. They determined a bolometric
peak luminosity for SN 2006X of (1.02 4 0.1) - 10*3 erg s~!, which compares
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well with our measurement of (1.14 & 0.16) - 1043 erg s=1. [313] determined
Msepn; = 0.50 £ 0.05M¢, which should be compared to Mssy; = 0.57 £ 0.11

M found from t9 using the fixed rise time formalism. The measured rise time
for SN 2006X is tg(B) = 18.24+0.9d, which leads to Msex; = 0.55+0.10 Me.

Table 3.5 presents several additional highly reddened SNe Ia, which had a
previous determination of the nickel mass. The Msey; for these objects were

calculated in the same way as for SN 2014J and SN 2006X.

From Table 3.5, we can see that 1986G has a lower value of Mssy; than the
other heavily reddened objects. This is consistent with the observed optical
decline rate and lower B band luminosity [242]. Using nebular spectra, [264]
calculate the Msey; for SN 1986G and find a value of 0.38 +0.03 My,. This is
fully consistent with the estimate from ts.

[267] give Mss; for SN 2005el and SN 2011fe. The comparison for SN 2011fe
shows Mssp; = 0.52 + 0.15 Mgfrom the NIR light curves, whereas [267] find
Msep; = 0.42 + 0.08 M. The difference is mostly in the adopted value of
a, 1.2 in [267] compared to 1 in this study. Rescaling the value from [267]
to a=1, we obtain Msen; = 0.50 4+ 0.08 Mg, which is fully consistent with
our value. [233] report nickel masses for SN 2011fe for different values of a.
Their nickel mass for a=1 is Msen; = 0.53 £ 0.11 M), nearly identical to our
determination. For SN 2005¢l, [267] obtain an Msey; of 0.52 £ 0.12 M. Scaled
to an a = 1, this gives Msey; = 0.62. We find Mser; = 0.51 £ 0.11 M, which
is broadly consistent with the value found in [267].

From the comparisons in Table 3.5, we conclude that there is good agreement
between our values and those published in the literature. For SN 2001el we
see that the error in the estimate from t9 is substantially smaller than from
the bolometric light curve.

One significant outlier is SN 2007if. This was presented as a super-Chandrasekhar-
mass explosion [268] with a total luminosity of 3.2-10%3 erg s~!. The reddening
from the host galaxy is somewhat unclear. There is no indication of Na fore-
ground absorption, while the colour evolution and the Lira law would indicate
some reddening. Any reddening would only increase the luminosity and the
derived nickel mass based on Arnett’s rule. The Msesy; estimate from ¢o for
SN 2007if is significantly lower than the mass estimate through the bolometric
peak luminosity by [268]. If we recalculate the Mssy; from the bolometric light
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curve presuming no extinction from the host galaxy, we obtain Mssy; = 1.6 M.
This is a factor of ~ 2 larger than our estimate. We discuss this supernova in
Section 3.6.

3.5. The luminosity function of SNe la at
maximum

We are now in a position to derive L,,q, for all SNe Ia with a reliably measured
ta (as given in Tables 3.1 and 3.6) and establish the bolometric luminosity
function of SNe [a at maximum light. For objects in the low-reddening sample,
we use the L, determined from to and the best-fit linear relation (green
histogram in Figure 3.3). Since the phase of the second maximum in the near
infrared is independent from the reddening we can derive the reddening-free
distribution of the luminosity function of SNe la (Fig. 3.3). We show here
the histogram of 58 SNe Ia as derived from the Y and J light curves. The
luminosity scale is based on the calibration sample of low-reddening objects
(Section 4.2).

The luminosity function of SNe Ia is clearly not symmetric. The luminosity
range spans slightly over a factor of 2. We find no obvious difference between
the full sample and the low-reddening sample used to calibrate the relation
between to and Ly,q,. If anything the calibration sample has a flatter distri-
bution with most SNe around 0.9 - 10*® erg s~!, while the full sample includes
more luminous objects. This could be an effect of the magnitude limit of the
searches. The exact biases in our sample are difficult to define as it is not
volume limited.

The bolometric luminosity function can be compared to the R filter luminos-
ity function derived by [181] based on 74 SNe Ia including the low-luminosity
objects missing in our sample. The [181] magnitude-limited luminosity func-
tion (their Fig. 10) peaks at an absolute magnitude of ~ —19 with a few
objects above —19.5 and a tail to fainter objects down to —17. This is also
reflected in our luminosity function (Fig.3.3), where we observe a clear peak at
Limaz = 1.3-10%ergs™! with some more luminous objects and a tail to fainter
objects. The range is also comparable to the one found by [181].
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Figure 3.3.: Histogram distribution of L4, derived from the relations for the
full sample of objects. Green: Estimates of L,q; for the low-
reddening, calibration sample. Yellow: Estimates for all objects
with a 9 measurement in the full sample. The axis labels on top
correspond to the Msey; estimate. We use the combined fit to
obtain the final values.
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In the next step we derive the distribution of Msey; for all SNe Ia with sufficient
infrared light curve data using equation 3.6 and a fixed rise time and o = 1.
Table 3.6 and Fig. 3.3 present the SN Ia nickel mass function.

3.6. Discussion and Conclusion

Using the relation derived from the low-reddening sample we extrapolate an
Lpqr value for 58 SNe Ia objects having a measured to. The estimate of o,
along with this relation, provides a method to deduce the bolometric peak
luminosity, independent of a reddening estimate, distance measurement (rel-
ative to the calibration of our low-absorption sample) and without requiring
multi-band photometry. We hence have established a reddening-free luminos-
ity function of SNe Ia at peak (Fig. 3.3).

We established an intrinsic luminosity function and ®*Ni mass distribution for
all SNe Ia with a to measurement (Tab. 3.5). The distribution of L, has a
standard deviation of 0.2 -10% erg s~! and Msey; has a standard deviation of
0.11 M. [267] find a similar distribution of Msey; with a o of 0.16 M. We test
our method on SN 2014J, a heavily reddened SN Ia in the nearby galaxy M8&2
and find good agreement between the estimates from the y—ray observations
(see Table 3.4 [49,64]). Faint, 91bg-like SNe Ia, which show typically lower
luminosities [78,175], do not display a second maximum in their NIR light
curves and are not in our sample. Therefore, the true dispersion, in peak
luminosity and Msepy;, for SN Ia will likely be larger than what is derived
here. [285] find a dispersion of a factor of ~ 10, since their sample included
peculiar SNe Ia like SN 1991bg and SN 1991T.

Our reddening-free estimate of the Mssy; can be compared to independent
%0Ni mass estimates, e.g. from the late-time (> 200d) pseudo-bolometric light
curve. It should also be possible to determine the amount of radiation emitted
outside the UVOIR region of the spectrum at late phases and a bolometric
correction (e.g. [177]). There are very few objects for which both NIR data
to measure to and nebular phase pseudo-bolometric observations are present,
making a quantitative comparison for a sample of objects extremely difficult.
Thus, we strongly encourage more late-time observations of SN Ia.
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Table 3.6.: M56Ni

and  Ljaz

mea-

surements for the complete
sample of objects with to

measurements

SN MSGNi o Lmax g

(Ms) (10 erg/s)
1980N 042 0.10 084 0.21
1981B 063 0.13 1.26 0.21
1986G 0.33 0.07 0.66 0.18
1998bu 058 0.12 1.16 0.20
1999ac 0.53 0.12 1.06 0.20
1999¢e 0.68 0.15 1.36 0.21
2000E 0.62 0.14 124 0.22
2000bh 065 0.14 1.30 0.22
2001bt 0.55 0.12 1.10 0.20
2001cn 0.58 0.13 1.19 0.20
2001cz 0.67 0.14 133 0.22
2001el 0.61 0.13 1.22 0.21
2002bo 056 0.11 1.12 0.21
2003cg 0.64 0.13 1.19 0.22
2003hv 0.43 0.10 0.84 0.17
2004ey 0.57 0.14 1.14 0.20
2004gs 043 0.11 085 0.18
2004gu 0.71 017 142 0.23
2005A 0.56 0.13 1.12 0.18
2005al 0.49 0.13 0.97 0.21
2005na 064 0.15 1.28 0.22
2006D 0.49 0.13 0.98 0.19
2006X 0.57 0.11 1.13 0.19
2006ax 0.62 0.15 1.24 0.21
2006et 064 0.16 1.27 0.22
2006gt 0.39 0.09 0.77 0.18
2006hb 0.41 0.11 081 0.19
2006kt 0.47 0.12 094 0.19
2007S 0.71 0.16 141 0.22
2007af 0.57 0.14 1.16 0.20
2007as 047 0.14 094 0.25
2007bc 0.55 0.14 1.09 0.20
2007bm  0.54 0.13 1.08 0.20
2007ca 0.66 0.16 1.29 0.22
2007if 0.65 0.16 1.30 0.22
2007jg 0.53 0.14 1.06 0.20
20071e 0.61 0.15 1.21 0.20
2007nq 046 0.13 092 0.20
2008C 0.63 0.16 1.26 0.23
2008fp 0.62 0.13 1.24 0.21
2014J 0.64 0.13 1.28 0.22




3. A reddening-free method to estimate the °°Ni mass of Type Ia
92 supernovae

The observed Ly,q, and Msey; distributions directly connect to the physical
origin of the diversity amongst SNe Ia. A possible explanation is the difference
in the explosion mechanism. Pure detonations of M., WDs [4] were seen to be
unfeasible since they burn the entire star to iron group elements and do not
produce the intermediate mass elements (IMEs) observed in SN Ia spectra.
Pure deflagrations (e.g. [304]) can reproduce observed properties of SNe with
Msen; < 0.4Mg. Deflagration models however, cannot account for SNe with
higher Msey; and hence, cannot explain the entire distribution in Figure 3.3.

Delayed-detonation models (e.g. [156,326]) are more successful in producing
higher Mssp;. In this explosion model a subsonic deflagration expands the
white dwarf to create low densities for IMEs to be produced in a supersonic
detonation phase which is triggered at a deflagration-to-detonation transition

density (pgr).

Recent 1D studies by [28] confront a suite of Chandrasekhar mass (M¢yp,)
delayed detonation models with observations for SNe with a range of peak lu-
minosities. They find a very good agreement of their models with photometric
and spectroscopic observations at maximum. The range of Mssy; produced
by their models corresponds well with the observations in Figure 3.3, making
these models a strong candidate to explain the observed diversity.

Mqy explosion models can possibly account for the observed distribution in
Mss ;. Recent studies (e.g. [311]) on the other hand posit sub-Chandrasekhar
mass explosions as a progenitor scenario for SNe Ia (for e.g. see [330]). This
scenario is attractive since it can account for the progenitor statistics from
population synthesis (see [185,263]) . Moreover, studies like [285] and [267] find
a significant fraction of SNe Ia to have M.; < 1.4 Mg, providing observational
evidence for the sub-Mcy, progenitor scenario. We compare the luminosity
function in Figure 3.3 to the one obtained by [263], using their violent merger
models. They present a relation between primary white dwarf mass (Myp)
and peak brightness for a grid of sub-Mj;, models. For objects in the lowest
two bins of our luminosity distribution, the Myy p corresponds to 1 to 1.1 5. For
the highest luminosity objects, the models indicate an My p of 1.28 M. Thus,
the luminosity function corresponds to a range of sub-Chandrasekhar My p,
which provides further evidence for the plausibility of sub-M¢y, explosions as
a progenitor scenario. The °°Ni mass distribution (Fig. 3.3) is comparable
to the yields from the models of [275]. Our Ly, and Msey; distributions do
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not allow us to distinguish which explosion mechanism is responsible for the
observed variety.

We note that our sample includes one peculiar, super-Mcy event, SN 2007if
[268], with an estimated Msep; = 0.65+ 0.16 Mgusing our technique. This is
significantly lower than the value estimated in [268] of 1.6 + 0.1 M. The t9
estimate for this object is not exceptionally high, indicating a substantial but
not exceptional amount of 5Ni (similar to 91T-like SNe). One of the possible
reasons for this discrepancy could be that the peak luminosity is not just a
product of ®°Ni decay. This idea has been entertained in theoretical models for
these super-Mcp SN Ta. The models advocate a scenario of ejecta interaction
with circumstellar material (CSM; [56,110]). There is also an indication of
a shell interaction in this supernova [268] and if this interaction results in
increased peak luminosity then the 5°Ni mass through Arnett’s rule would
be overestimated. It could well be that additional energy is emitted in these
super-Mcy, objects. A significant, but not extreme, amount of °Ni produced
in the explosion along with interaction with the CSM could then explain the
observed properties, e.g. lower ejecta velocities (~ 9000 km s~!) and high
peak luminosity. In [110], the lower limit on Msey; is ~ 0.6 Mgwhich agrees
well with our estimate.

The literature for such super-Mcy, objects with NIR light curves is still limited.
Using the data in [297] for SN 2009dc, we obtain a ta(J) of 31.7 + 6.2 d which
corresponds to an Mssy; of 0.65 £ 0.18 M. [300] also argue for less extreme
Msey; based on late phase photometry and spectroscopy, although they prefer
a comparatively higher Mssy; (~1 Mg) than our inferred value. One possible
reason could be that the high ejecta densities lead to an earlier onset of the
recombination wave than expected for normal Ia’s and hence an earlier ¢o than
is expected for a given °°Ni mass. This would lead to an inference of lower
Msey; from to for super-Mcyp SNe.

We note that the above derived Msey; estimates for the super-Mqy, SN Ia pre-
sume a “normal” rise time of 19d. It was noted for both SN 2007if and
SN 2009dc that the light curves were slowly-rising compared to normal SN Ia
with tp ~ 20 — 22 d. Using this value of the rise time, the Mssy; for SN 2009dc
is 0.85 + 0.16 M), which is within errors of the estimate of 1 Mg presented by
Taubenberger et al. [300]

If we assume that the inferred ®Ni mass from ¢5 indicate the core °Ni for
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all SNela the peak luminosity of super—-Mcj, SNe Ia would be boosted by an
additional energy source, like shell interaction within the explosion. A good
indicator could be the late bolometric decline phase and luminosity. This
comparison would be much closer to the ?Ni determitation of the second peak
than the peak bolometric luminosity.

Larger samples of well-observed SNe (e.g. [92]) will help in improving the
statistics of such a study. Future investigations with a detailed comparison
between observations and a suite of sub-M¢y, detonation models will help shed
more light on the nature of the progenitor scenario and explosion mechanism
of SN Ta. Moreover, future theoretical studies of peculiar, super-Mcy, SNe will
help in deciphering the nature of these extreme explosions.
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4. Near Infrared and bolometric

properties of fast-declining
SN la indicate sub-Chandra
explosions

Type Ia supernovae (SN Ia) are thermonuclear explosions of a C/O white
dwarf in a binary system [121,130]. They exhibit diverse observable properties
in the optical and the near infrared (NIR). In [61], we analysed NIR light
curves of SN Ia at early and late phases to deduce that the diversity at late
times was caused by the differences in °°Ni mass (e.g. [27,147]). We followed
this up in [60] by correlating the peak bolometric luminosity (L) with
the timing of the second maximum (hereafter, ¢5), and estimating the 9Ni
mass independently of host galaxy reddening. In the above mentioned studies,
however, SN Ia without a second maximum had to be excluded. Here, we
analyse the NIR and bolometric properties of fast-declining SN Ia with two
main aims; firstly, to characterise the diversity in fast-declining SN Ia and
secondly, to determine whether they are a continuation of normal SN Ia to
lower luminosities or if they arise from different explosions.

Dedicated supernova searches have discovered several SN Ia with unusual pho-
tometric and spectroscopic properties. One sub-class of peculiar SN Ia is char-
acterized by high-luminosity at peak, slow post-peak decline rates and a spec-
trum dominated by strong Fe III absorption up to maximum light, similar to
the prototypical SN 1991T [79,244]. At the other extreme end, peculiar SN Ia
show faint peak magnitudes, fast optical post-peak decline and a deep trough-
like feature at ~ 4200 A in their maximum light spectra, attributed to Till.
These observables are similar to the prototypical SN 1991bg [78,175]. [181]
showed that SN 1991T-like objects constitute ~ 9% of all SN Ia and fall on
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the high-luminosity end of the width-luminosity relationship where they ap-
pear to merge with the bright end of normal SN Ta. However, SN 1991bg-like
events comprise a larger fraction (15-20%) of the SN Ia population and ap-
pear distinct from normal SN Ia in their width-luminosity relationship. Unlike
normal SN Ia, 91bg-like events show a preference to occur in elliptical and
lenticular galaxies [127].

Based on multi-epoch spectra and multi-band optical light curves of a sample of
fast-declining, 91bg-like SN Ia, [299] postulate that this class of SN Ia may have
a different physical origin to normal SN Ia, but the possibility that they are a
low-luminosity, fast-declining extension of normal SN Ia cannot be excluded.
These SNe show markedly different optical colour evolution and low *’Ni mass
values, as calculated from UBVRI (pseudo-) bolometric light curves. SNe with
intermediate properties between normal and subluminous SN Ia would lend
support to the latter hypothesis [100].

The optical width-luminosity relation (WLR) for SN Ia [237,241] shows a
notable break for fast-declining objects (Am15(B) >1.6). Fast declining SN Ia
are fainter given their Amq5(B) assuming a linear WLR, possibly due to the
inability of Amg5(B)to properly characterise fast-declining SNe since their
light curves settle onto the linear decline earlier than +15d. [36] propose a
different ordering parameter, spy , to improve the treatment of fast-declining
objects. spy is defined as the epoch at which the (B — V') colour curve is at
its maximum value, divided by 30d. Using spy the fast declining SNe appear
less as a distinct population and more as a continuous tail of normal SN Ia.

[100], reported that the 91bg-like SN 1999by was fainter in the NIR (JHK
filters) than the average peak magnitudes derived for normal SN Ia in [163].
Subsequent studies found a bimodality in the NIR light curve properties of
fast-declining SNe (e.g. [84,151,162,238]). Events whose NIR primary maxima
occur after B-band maximum (tyax(B)) are subluminous in all bands compared
to normal SN Ia. These subluminous SN Ia also tend to lack or have very
weak second maxima in their NIR light curves. However, objects that peak in
the NIR before tmax(B) have NIR absolute magnitudes comparable to normal
SN Ia and show prominent (albeit, early) second maxima. Following these
results, [131] propose the definition of 'transitional’ SNe as fast-declining SN Ia
with an NIR maximum before tyax(B).

Several theoretical models have been invoked to explain the origin of 91bg-like
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SNe. [28] compare a suite of Chandrasekhar mass (Mcy, ) delayed detonation
models to observed properties of normal and fast-declining SN Ta at maximum
light and find a good agreement at this epoch between the models and the
observations for both normal and fast-declining SN Ia.

Recent studies (e.g. [275]) have shown that the detonation of a sub-Mcy WD
can also explain the observed properties of fast-declining SN Ia. A possible
mechanism to detonate a sub-Mcy, WD is by the detonation of a surface layer
of He, accreted from a companion (e.g. [23]), which triggers a secondary carbon
detonation in the WD core (known as the double detonation scenario [80,330]).
[222] showed that the violent merger of two equal mass, sub-Mc, WD’s also
shows a good agreement with the observations of subluminous SN la. [224]
explain both normal and rapidly declining SN Ia as helium-ignited violent
mergers, thus, suggesting a common progenitor scenario for normal and fast-
declining SN Ia.

From current observational and theoretical studies, it is still unclear whether
fast declining SN Ia are a physically distinct population of SNe, arising from
a different progenitor scenario. Our goal here is to analyse the NIR and bolo-
metric properties for a sample of fast declining SN Ia and measure global
parameters, e.g. °°Ni mass and total ejecta mass, in order to characterise
the diversity in the sample of fast declining SNe and see whether they appear
separate from normal SN Ia.

The structure of the paper is as follows. In section 4.1 we describe our sample.
We present our results in section 4.2, discuss them in section 4.3 and conclude
in section 4.4.

4.1. Data

Our sample includes fast-declining SN Ia (Amy5 >1.6, corresponding to sy <0.65)
from the literature with observations in the NIR (Y JH) filters. Most of our
data is compiled from the Carnegie Supernova Project [54,288] as well as
the CfA supernova survey on PAIRITEL [92,324]. To these objects we add
SN1999by [100] and iPTF13ebh [131]. The objects in our sample along with
the source of the data are presented in Table 4.1



4. Near Infrared and bolometric properties of fast-declining SN Ia
98 indicate sub-Chandra explosions

Our sample has 15 SNe. Ten of these SNe are spectroscopically classified as
1991bg-like [83,100]. Seven SNe in our sample show a pronounced NIR second
maximum, three of which are spectroscopically 91bg-like (2006gt, 2007ba and
2008R). We discuss these cases in section 4.2. Since spy is shown to be a better
ordering parameter than Am;s(B) for fast-declining SN Ia [36], we adopt this
parameter for our analysis.

4.2. Results

NIR (Y JH) light curves of some fast-declining SN Ia appear distinct from
those of normal SN Ia [151,162]. In this section, we analyse the NIR (Y JH)
and bolometric properties of fast-declining SN Ia and compare them to normal
SN Ta. We calculate the absolute magnitude and epoch of the NIR light curve
peak as well as the light curve width and luminosity at late phases. The
bolometric peak and late decline rate are calculated for fast-declining SNe and
used to infer physical parameters, e.g. 9°Ni mass and total ejecta mass.

4.2.1. NIR light curve morphology near maximum

Some fast-declining SNe do not show a second maximum in the NIR, hence
we look at the timing and strength of the first maximum and the width of the
NIR light curve for objects in our sample.

Primary Maximum

Normal SN Ia peak in the NIR (Y JH) bands before tmax(B) [61,84, 151].
The magnitude and epoch of the NIR maximum for our sample is reported in

Table 4.2.

Similar to [162] we find that some fast declining SNe peak after tyax(B) in the
NIR. Most of these objects are also subluminous in the NIR filters, whereas
SNe which peak before tymax(B) were not subluminous. The luminosity and
epoch of the NIR maximum is correlated for fast-declining SN Ia, however, no
such correlation is seen for normal SN Ia (Figure 4.1). SN 2007ba is that only
SN that is bright in the Y-band but peaks ~ 1d after tpax(B).
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Table 4.2.: Peak magnitude and epoch of maximum (with respect to tmax(B)) in Y JH K filters for the objects in

our sample

SN ty ty ty my my mp
(d) (d) (d) (mag) (mag) (mag)
1999by . 2.98 (£ 0.63) .. -18.33 (£ 0.19)
2005bl - 1.12 (+ 1.09) .. . -17.96 (£ 0.13) .
2005ke 1.88 (£ 0.52) | 1.33 (£ 0.23) | 2.05 (£ 0.28) | -17.42 (£ 0.08) | -17.45 (£ 0.08) | -17.50 (4 0.08)
2006mr 5.46 (£ 0.41) | 3.26 (£ 0.12) | 5.11 (4 0.47) | -17.17 (£ 0.23) | -17.17 (£ 0.23) | -17.27 (£ 0.23)
2007N 6.62 (4 1.03) | 4.92 (£ 2.00) | 5.96 (+ 1.30) | -17.48 (+ 0.16) | -17.48 (£ 0.18) | -17.65 (£ 0.21)
2007ax 5.56 (£ 0.24) 4.41 (£ 1.63) | -17.01 (£ 0.14) -17.00 (£ 0.15)
2007ba 1.12 (£ 0.63) | -1.05 (£ 1.9) | -0.42 (£ 1.40) | -18.65 (£ 0.06) | -18.56 (£ 0.31) | -18.64 (4 0.11)
2007on -2.88 (£ 0.10) | -2.67 (£ 0.10) | -3.49 (£ 0.10) | -18.28 (4 0.19) | -18.37 (+ 0.19) | -18.18 (£ 0.19)
2008hs -2.77 (£ 0.63) | -3.21 (£ 1.69) -17.92 (£ 0.15) | -17.82 (£ 0.15)
2009F 5.14 (£ 0.90) | 1.80 (£ 1.00) -17.64 (£ 0.19) | -17.57 (£ 0.17)
2010Y . -1.88 (£ 1.70) o o -18.21 (% 0.26) o
iPTF13ebh | -2.02 (£ 0.10) | -0.48 (£ 0.09) | -2.62 (£ 0.91) | -18.57 (£ 0.16) | -18.58 (£ 0.16) | -18.46 (£ 0.16)
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Figure 4.1.: The absolute magnitude versus epoch of the first maximum in the
Y and J bands for normal SN Ia (red) and fast-declining SN Ia
(black). The solid blue line is the mean value for the normal
sample [61].

NIR Light curve width

SN Ta without an NIR second maximum are characterised, in this study, by
the width of the NIR light curve (hereafter, tg 5, defined as time between peak
and the epoch when the SN has declined by 0.5 mag).

There is a correlation between (5 in the Y-band and spy (Figure 4.2) for the
single peaked SNe, suggesting that SNe with higher spy have wider NIR light
curves. The relation is similar to the one between t2 and Am;s(B) for normal
SN TIa, however, the tg 5 values are on average smaller than the to for normal
SNe [24,61].
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Figure 4.2.: Y-band light curve width versus spy for fast-declining SNe with
a single peak.

Table 4.3.: Peak width of the low-luminosity SNe (in the Y filter)
SN tos (d)
SN2005ke | 21.2 (£ 1.4)
SN2006mr | 9.8 (£ 0.3)
SN2007N | 104 (£ 1.2)
SN2007ax | 12.9 (£ 0.5)
SN2009F | 11.2 (£ 0.3)
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Figure 4.3.: M|55 in the Y-band versus spy Red squares are normal SN Ia
whereas black diamonds are the fast-declining objects in our
sample.

4.2.2. Late phase properties

At phases >+40d, the light curves settle onto a period of linear decline. The
NIR absolute magnitude at +55d (M|s5) is measured for SNe with at least 3
observations between +40 and +90d after tyax(B). In [61], we showed that
the decline rate after the second maximum is very similar for all SN Ta and
that the absolute magnitude at +55d (M]|s5) is correlated with the intrinsic

brightness. Here, we compare the M|s5 values of fast-declining and normal
SN Ia.
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Fast-declining SN Ta smoothly extend the relation between M |55 and spy found
for normal SN Ia to fainter luminosities (Figure 4.3). The average M |55 value
for fast-declining SN Ia is clearly lower (-15.13 mag) than the average for
normal SN Ia (-17.02 mag), as can be seen in Figure 4.3. Similar to normal
SN Ia, there is a large spread in the M |55 values for fast-declining SN Ia

UBVRIJH (hereafter, UVOIR) pseudo-bolometric light curves are constructed
for fast-declining SN Ia as described in [60]. The bolometric decline rate in
the late phase was measured for fast-declining and normal SN Ta. Normal and
fast-declining SN Ia have very similar and narrow distribution of their decline
rates. Normal SN Ia have a mean decline rate of 0.034 (£ 0.004) mag d~!
whereas fast-declining SN Ia have a mean value of 0.033 (4 0.004) mag d~!.
We note, however, that the sample of fast-declining SN Ia has only three SNe.

[53] also found that SN Ia in their sample have similar decline rates. The
average value derived here of 0.033 (& 0.004) mag d~! is higher than the rate
of 0.026 (£ 0.002) mag d~! reported for their sample. This is because we
include the NIR filters when constructing the bolometric light curve, which
have significantly faster decline rates than the optical [61].

4.2.3. °5Ni and Ejecta mass

Bolometric light curves are an important tool to measure physical parameters
of SN Ia, e.g. 95Ni mass, total ejecta mass. The UVOIR peak luminosity
(Lmaz ) is determined by fitting a cubic spline to the bolometric light curve.

The distribution of Lj,q, for fast-declining and normal SN Ia is shown in
Figure 4.4. Although the sample is small, there appear to be two subgroups

0%3 erg s~'and another

amongst the fast-declining SNe, one with L4, <0.3 - 1
with Lyee >0.5 - 10%% erg s7!. The faint sub-group appears distinct from
the distribution for normal SN Ia, whereas the brighter sub-group extends the

normal SN Ia distribution to fainter luminosities.

Liaz is correlated with spy for both normal and fast-declining SNe (Fig-
ure 4.5). The relation for the faint subgroup of fast-declining SN Ia is different
from the relation for SNe at the ~ 2 ¢ level (Table 4.4).
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Figure 4.4.: Distribution of peak bolometric luminosity for fast-declining
(black) and normal SN Ia (red). Fast-declining SNe are in two
sub-groups based on their L,,q; , a faint group that is distinct
from the normal SN Ia and a bright sub-group that is an exten-
sion of normal SN Ia.

Table 4.4.: Slope and intercept for the L., -spy for the faint subgroup of
fast-declining SN Ta.
Sample Slope Intercept

Fast-declining (faint sub-group) 0.76 (& 0.17) -0.08 (£ 0.06)
Others 1.24 (£ 0.14) -0.05 (£ 0.11)
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Arnett’s rule states that the luminosity of the SN at peak is given by the
instantaneous rate of energy deposition from radioactive decays inside the ex-
panding ejecta [5,6]. For a rise time of 19(+ 3)d and o = 1 (the a parameter
accounts for deviations from Arnett’s rule), the relation between Ly,q, and
Msey; is shown in equation 4.1 (see [60] for a discussion).

M .
Limaz = 2.0(£0.3) x 1043%@@*1 (4.1)
®©

The resulting *°Ni masses for objects in our sample are reported in Table 4.5.

It has been noted that rise times of fast-declining SN Ia are shorter than for
normal SN Ia (typically ~ 13-16d, see [96,150,299]). Shorter rise times of 13-
16d imply a larger coefficient relating the Liy,q, and Mssy; by 40 -15 % (and
hence, smaller inferred 5°Ni mass) . Moreover, [28] find that the value of «
for their least luminous model is 1.2. Therefore, using a more appropriate rise
time and « would result in even lower °°Ni masses. The values in Table 4.5
should, therefore, be treated as upper limits for fast declining objects.

The values of 5Ni mass in Table 4.5 are significantly lower than the average
amount of *Ni produced by a normal SN Ia (0.5-0.6 Mg, e.g. see [60,267,285]).
The %5Ni mass values range from 0.05 - 0.38 M, indicating significant diversity
in the sample of fast-declining SNe.

Fitting a radioactive deposition function to the quasi-exponential tail of the
bolometric light curve (440 to +90d), we evaluate the fiducial timescale, the
epoch at which the ejecta transition from optically thick to optically thin to ~
rays (known as the fiducial timescale; see [295]).

The deposition function is given by the following equation

Egep = ENi + Ecoet +[1 — exp(—7)] - Ecoy (4.2)

The rise time (¢z) is an important parameter to infer °°Ni mass and hence, the
fiducial timescale and M;. To estimate its effect on the resulting ¢ values,
we calculate tg for two different values of tg (13d and 19d respectively) and
discuss the resulting effect on M;in section 4.3.3.
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Figure 4.5.: Ly versus spy for normal SN Ia (red) and objects in our sample
(black). Th best fit linear relations for the faint sub-group of the
fast-declining SN Ia and the rest are plotted as blue solid lines.
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Table 4.5.: ®°Ni masses for fast declining SNe with sufficient early and late
time coverage to get a peak luminosity and a late time slope

SN Lonaz Mo Msen;

(10%3 erg s71)  tp=19d; M, tp=13d; Mg
1999by 0.26 (+ 0.04) 0.13 (£ 0.03) 0.10 (% 0.02)
2005ke 0.28 (£ 0.09) 0.14 (£ 0.04) 0.10 (£ 0.04)
2006gt 0.58 (£ 0.11)  0.29 (£ 0.07) 0.21 (£ 0.05)
2006mr 0.10 (£ 0.03)  0.05 (£ 0.02) 0.04 (£ 0.01)
2007N 0.18 (£ 0.04) 0.09 (£ 0.03) 0.07 (£ 0.02)
2007ax 0.17 (£ 0.06)  0.09 (£ 0.03) 0.07 (£ 0.02)
2007ba 0.77 (£ 0.13)  0.38 (£ 0.09) 0.28 (£ 0.06)
20070n 0.60 (£ 0.09) 0.30 (£ 0.07) 0.22 (£ 0.05)
2008R 0.53 (£ 0.10)  0.27 (£ 0.07) 0.20 (£ 0.05)
2009F 0.20 (£ 0.05)  0.10 (% 0.03) 0.07 (£ 0.02)
iPTF13ebh 0.75 (& 0.14) 0.38 (£ 0.10) 0.28 (& 0.07)

The total ejecta mass is calculated using Equation 4.3 (see [139] for a detailed
derivation).

ey, 1/3 0.025cm*g ™" v to

M, =1.38-
“ (3000 kms—! q K 36.80d

)M (4.3)

where ¢ is a form factor that describes the distribution of %Ni in the ejecta,
k is the mean ~-ray opacity, and v, is the e-folding velocity of an exponential
model’s density profile. During the optically thin phase for an all-metal (p. =
2) ejecta k is expected to be between 0.025 and 0.033 cm?g™! (see [139,295]).
Following previous studies, (e.g. [267,285]), we adopted 0.025 cm?g~! as our

fiducial mean ~-ray opacity.

For the e-folding velocity, we use a value of 3000 kms™!, as adopted in [285]
from 1-D Chandrasekhar mass models. We note, however, that the least lu-
minous Chandrasekhar mass models of [28] as well as the least luminous sub-
Chandrasekhar mass models (Blondin et al. in prep) v is ~ 2700 kms~!. We
report ejecta mass values using both these values of v, in Table 4.6.

We adopt a ¢ parameter value of 1/3 as in [285] which implies that the 9Ni is
distributed uniformly in the ejecta. We note, however, that there is evidence
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from nebular phase (>+100d) spectra of fast declining SNe that the *0Ni
is concentrated more towards the center of the ejecta (e.g. [29,203]). This
would imply a higher ¢ value and hence, a lower M,;. Therefore, the values in
Table 4.6 should be treated as upper limits for the ejecta masses.

Two SNe in our sample (SN 2007ax, SN 2009F) have sufficient late time cov-
erage in the UBVRI filters, but not J and H filters. Using the optical-only
(pseudo)-bolometric light curve, we calculate the ¢y and M; estimates for these
two SNe (also reported in Table 4.6) .

4.3. Discussion

There is significant diversity in the NIR and bolometric properties of fast-
declining SN Ta. Both the NIR and bolometric properties analyse here point
towards a dichotomy in fast-declining SN Ia. We discuss our findings in context
of the progenitor scenario and explosion mechanism for fast-declining SN Ta.

4.3.1. NIR properties

The peak luminosity and epoch of maximum in the Y and J-bands are corre-
lated (Pearson coefficient r ~ 0.7) for fast-declining SN Ia (Figure 4.1, black
diamonds;see also [36]). No such correlation is seen for normal SNe, indicating
a difference between the normal and fast-declining SN Ia. Most objects with
an NIR maximum before tmax(B) are as bright as normal SN Ia in the NIR
filters, whereas objects with late NIR maxima are faint in all filters (as seen
in [162]).

For SNe with a single NIR peak, the diversity in the NIR is characterised by
a light curve width parameter, ¢y 5, the time between peak and when the SN
has declined by 0.5 magnitudes. tg 5 is correlated with the ordering parameter,
spy , similar to the relation between ¢t and Amqs(B) for normal SN Ia [24,61].
[162] suggest that for faint explosions, ta occurs soon after ¢; and hence, the
two peaks ‘merge’ into a single peak. This would be consistent with our result

that the t( 5 parameter for single peaked SN Ia is analogous to the t2 for normal
SN Ia.
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= Table 4.6.: Fiducial timescales (tp), ejecta masses (M.;) and bolometric decline rate for the low-luminosity SNe
o with sufficient early and late time coverage to get a peak luminosity and a late time slope (see text
)
< for assumptions about ve, &, and the form factor ¢).
...m. SN g Qm =13 &v g ASU, =19 Qv >Nmm. Qm”Hw Qv »\/\N&. A wm”Hw Qv »\Eﬁ. A NNHKW Qv \xmm. @N”H@ ﬁ_v Decline rate
= (d) (d) (Mg; ve=3000 kms~!) (Mg; v,=2700 kms™1) (My; v,=3000 kms~!) (Me; v,=2700 kms~1) (mag d—1)
2005ke  31.69 (£ 0.83) 28.49 (+ 0.60) 1.03 (£ 0.24) 0.84 (+ 0.20) 0.83 (+ 0.20) 0.67 (+ 0.16) 0.030 (% 0.0004)
2006mr  26.72 (£ 0.47) 24.67 (£ 0.40) 0.73 (£ 0.19) 0.61 (£ 0.17) 0.62 (£ 0.17) 0.51 (+ 0.16) 0.039 (& 0.0013)
2007ax*®  28.27 (£ 0.69) 26.07 (< 0.50) 0.81 (& 0.21) 0.70 (& 0.18) 0.70 (& 0.18) 0.56 (& 0.16)
2007on  29.70 (£ 0.77) 26.89 (& 0.16) 0.90 (& 0.21) 0.72 (& 0.19) 0.74 (& 0.19) 0.60 (& 0.16) 0.033 (& 0.0003)
2009F*  26.49 (£ 0.60) 24.69 (& 0.40) 0.72 (& 0.19) 0.60 (& 0.16) 0.62 (& 0.16) 0.51 (& 0.14)

?*:0nly using UBVRI data
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The late phase NIR luminosity (M |s5) is also correlated with spy , extending
the relation for normal SNe to fainter luminosities and smaller spgy values.
M55 estimates for fast-declining SNe span a large range of values, similar to
the spread for normal SN Ia [61].

4.3.2. Bolometric properties and *°Ni mass

The peak bolometric luminosities for fast-declining SNe span a large range
from ~ 0.1-0.8 - 10%3 erg s~1. There are two sub-groups, one with Ly,q, <0.3
- 10% erg s~tand another with L,,ze >0.5 - 10%3 erg s~L. SNe in the faint
sub-group have single-peaked NIR light curves whereas those in the bright
sub-group show a double peak, similar to normal SN Ia. L,,., is correlated
with spy for fast declining and normal SN Ia as shown in Figure 4.5.

The late bolometric decline (between 40 - 90d) for fast-declining SN Ia has
a narrow distribution. This implies that the fraction of energy converted to
the (pseudo-)bolometric flux at late phases appears to change in an identical
manner for the majority of SNe. Although normal SN Ia are brighter in the late
phase than the fast-declining SN Ia, the distribution of the decline rate is very
similar to that for fast-declining SNe implying that the inner ejecta structure
for normal and fast-declining SNe is similar [328]. We caution, however, that
there are only 3 fast-declining SNe with enough data to measure the UVOIR
late decline rate. A larger sample of SN Ia with multi-band data at late epochs
will be useful to confirm this result.

4.3.3. Ejecta mass

By fitting a radioactive energy deposition function to the quasi-exponential
part of the bolometric light curve, we derive fiducial timescale values and
ejecta masses for SN Ia that have sufficient coverage in the specified range
of epochs. From the resulting values in Table 4.6, we find that the ejecta
masses are significantly below 1.4 My, pointing towards a sub-Chandrasekhar
mass progenitor for these SNe. The two SNe 2007ax and 2009F for which
we measured to from the UBVRI (pseudo)-bolometric light curve also show
significantly sub-Mcy, ejecta masses.
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Table 4.6 shows the fiducial timescale (tp) estimates for two different values
of the rise time (13d and 19d). A shorter rise time (tg) implies a smaller
inferred °°Ni mass estimate for the same L,,q, and hence, yields a larger to.
A longer tp of 19d would yield a smaller ¢y and hence, a lower ejecta mass
(Mgj ). Therefore, a tg of longer than 13d, assumed here, would imply smaller
Me; values, further strengthening the argument for a sub-Mcy, progenitor.

Several theoretical studies have invoked the sub-Mcy, scenario to explain SN Ia.
The C/O fuel can be ignited indirectly through the surface detonation of a thin
He-rich accreted layer leading to carbon detonation from compressional heating
(known as the “double detonation” scenario [80,330]). [169] find that the double
detonation scenario can reproduce the single-peak light curve morphology of
faint SN Ia. An alternate mechanism to ignite the C/O fuel is through a merger
of two sub-Mc, WDs with the total system mass (M) that is sub- [311] or
super- [222] Mcy, . [222] show that the prompt explosion of the primary during
the dynamical merger process (known as a 'violent merger’) can reproduce the
low-luminosity, red colours, Ti II features in the spectra and the single-peak
NIR light curves of SN Ia spectroscopically similar to SN 1991bg. However,
the violent merger scenario produces light curves that are too broad compared
to the observations. [275] find a good agreement between the width-luminosity
relation for their models and the observed relation from [118]. The lower
ejecta densities in sub-Mcy, models favour ~ ray escape and leakage of optical
photons leading to narrower light curves for the same %5Ni mass (and hence,
peak luminosity; [25], Blondin et al. in preparation).

Two fast-declining SN Ia (SN 1999by, SN 2005ke) have spectropolarimetric
observations presented in the literature [127,229]. The SNe display similar
continuum polarisation values, which are significant larger than the values
found for normal SN Ia [226,312] indicating asymmetries in the ejecta arising
from the explosion mechanism.

Detailed modeling of the polarisation spectra led to the conclusion that these
fast-declining SNe could result from one of three scenarios; a WD rotating at
close to break-up velocity, a Mcy, delayed detonation or a merger of two WDs.
For SN 2005ke , a significantly sub-Mcy, ejecta mass (Table 4.6) combined with
the conclusions from the polarimetry would suggest that a merger of two WDs

(with total mass Myt < Mcp,) would be the most favourable scenario for this
SN.
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Combining Tables 4.5 and 4.6 (for a rise time of 13d), we calculate the ratio of
the Mejto Mssy; (hereafter, Ryr) for fast-declining SNe. Fast-declining SN Ia
in the faint sub-group have significantly larger Rj; values compare to normal
SNe (red squares, Figure 4.6 [267]).

Figure 4.6 shows the comparison between Rj; and Msey; estimates from obser-
vations of SNe and the values from different model scenarios. The solid green
curve shows the values for a My, ejecta whereas the yellow squares are the
values from the sub-Mcy, detonations of [275]. The blue squares are the values
for violent mergers of two WDs leading to subluminous [222] and normal [223]
SN Ta. The observed ratios agree better with sub-Mcy, model values than with
the My, values, although the errors are large due to large uncertainties in the
individual Mej and Msey; values.

4.4. Conclusion

Based on their NIR and bolometric properties, fast-declining SN Ia appear to
be in two distinct sub-groups. The first sub-group is characterised by single
peaked NIR light curves that peak after tyax(B), whereas the second sub-group
shows a double peak morphology in the NIR and a first maximum occuring
before tmax(B), similar to normal SN Ia [162,238]. SNe with a single peak also
show fainter bolometric peak luminosities (<0.3 - 10*3 erg s~!) compared to

double peaked SNe (>0.5 - 10*3 erg s71).

Fast-declining SN Ia display a range of Ly, values, implying a range of 5°Ni
masses for these SNe. Single peaked SNe have Msey; values < 0.15 Mywhereas
double peaked fast-declining SNe have *Ni masses in the range ~ 0.25 - 0.4
Mg, closer to the low end of the normal SN Ia Ni mass distribution [60,267,
285].

M,;j estimates for fast-declining SN Ia, including the ’transitional’” SN 2007on,
are significantly sub-Mcy, , even for conservative assumptions on the e-folding
velocity and the distribution of *°Ni .

Faint, single peaked, fast-declining SN Ia have extremely high R,; values (Fig-
ure 4.6) compared to the estimates for normal SN Ia [267]. SN 2007on, the only
‘transitional’ SN in this study with enough data for an Mg estimate, has an
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Figure 4.6.: The ratio of the ejecta mass to "Ni mass is plotted against the
%Ni mass. The black points are SNe with NIR coverage in the
late phase (440 to +90d) whereas the blue points are the two SNe
without NIR coverage (SN2007ax, SN2009F). The red points are
normal SN Ia taken from [267]. We also plot the values from
different model scenarios. The yellow squares are from [275],
blue squares from violent merger models for normal and sublu-
minous SNe from [222,223] and the green curve is the ratio for a
Mcy, explosion. We plot the typical error bar for the observed SNe
in red.



115

4.4 Conclusion

oAINd JYSI[ doLryewo[oq(-opnesd) YA () WO paje[moare),
OMI[-3qT66T NS St payisse[d A[reordoosor1oads:,,

CE-GT~ PI-60~ GL0O-9C0~ LT~ Gg- ~ V/N A PI-90~ 6G0% ®INS [RULON

(800 F) L£0 (600 F) 8¥7°0- A (010 F) ¢L0 €9°0 YQRETA LY

(0L'T F) 88°T- A 19°0 AOTOZNS

. (€90 F) LG A 09°0 SUS00ZNS

(L0°0 F) 280 B A (010 F) €60 650 ~IS00ZNS

% (210 F) 060 (L000F) 0g0 (610 F) €091-  (0T°0 F)L97G- A (600 F) 09°0 150 w0.00ZNS

o o (L0°0 F) 680 o B A (010 F) 860 950 39002NS

(01°0 F) 8€0 (61 F) ¢0'1- A (IT0F) LL0  ¥50 +2qLO0ZNS

(80°0 F) €10 N (F00 F) 920 970 Aq666TNS

€01 (61°0F) €01 (FO0F) P10 (800 F) egcl- (ec0F) €eT (FT1F)CTe N (60°0 F) 850 70 +NS00ENS

(60T F) 21’1 N 680 LI4500ZNS

ael »(6T°0 F) 180 (€00 F) 600 (0T'0 F) CLFT- (¢'0 F) 62T N (900 F) LT0  9€°0 XBLOOTNS

£01 JeT0F) 2L0 (P00 F) 01°0 (00T F) 08T (€0 F) &1l N (#00 F) 050 €£0 «16002NS

(010 F) 21¢1- (00z F)e6¥F (21 F) ¥01 N (¥0°0 F) ST0 620 +NLOOZNS

0'8T (cT0F) 2,0 (800 F) 010 (€20 F) 9c¥1- (c1°0F) 9z¢ (€0 F) 86 N (€00 F) 0T°0 920 »WINOGNS
en) en) (Beur) () (P) (18 810401 -)

Wy Py WNospy <\ (r)xouy G0 WNUWIXRW PU0IDdS YN oty Adg NS

R[] NS [euniou 1oy sonpea [eordAy yym opdures Ino ur oNg 10§ siojowrered jo uostredwo)) ) 9[qe],




4. Near Infrared and bolometric properties of fast-declining SN Ia
116 indicate sub-Chandra explosions

Ry values that is similar to normal SNe from [267]. This would indicate that
single peaked fast-declining SNe may arise from a different explosion mech-
anism to normal SN Ia, however, the 'transitional’, fast-declining SNe might
arise from the same explosion mechanism as normal SNe. A larger sample of
these ’transitional” SNe would be required to test this hypothesis.

The evidence from the NIR and bolometric properties suggests that there are
two sub-groups of fast-declining SN Ia, the fainter of which may arise from
a different explosion mechanism to normal SN Ia, whereas the bright sub-
group appears to be a extension of the normal SN Ia population to fainter
luminosities (and hence, lower °°Ni masses). The evaluated ejecta masses for
SNe in the fast-declining sample would point towards a sub-Mcy, progenitor for
these explosions.

Larger samples of fast-declining SN Ia with optical and NIR observations at
late phases will help in creating a distribution of Mgjvalues for these SNe.
Future investigations with a detailed comparison between observations and a
suite of sub-Mcy, models will help shed more light on the progenitor scenario
and explosion mechanism for fast-declining SN Ia.

Acknowledgements We all are grateful to the ESO Visitor Programme to
support the visit of S. B. to Garching when this work was started. We thank
Andrew Friedman for providing CfAIR2 light curves in machine-readable form.



5. Nebular Phase Observations of
Type la supernovae

5.1. Introduction

At early times (upto a few months post maximum), SN Ia light curves are
powered by the ~- rays from the radioactive decay of ®*Ni . As the ejecta
expands, the y-ray escape fraction increases and the light curve is mostly
dominated by the contribution from e® that result from the decay of %9Ni
and its daughter nuclide °6Co. Hence, observations in the nebular phase offer
complementary information to the near-maximum light observations.

Spectroscopy in the nebular phase (>100 days past maximum light) has pro-
vided key insights into the physical properties of the SN explosion. Mea-
surements of the 7380 A line, attributed to stable °®Ni (since only a negligible
amount of *°Ni would be leftover at such late epochs) were used to infer a com-
mon explosion mechanism for SN Ia [204]. The line velocity for this feature was
used to infer the presence of asymmetries in the inner core of SN Ia [189], which
was also found to correlate with optical colour and the Sill 6355 A velocity
gradient during the photospheric phase [189]. These shifts have been found
to also correlate with photospheric phase spectropolarimetry indicating a gen-
eral correlated asymmetric geometry of SN Ia [202]. Liu et al. [184] find that
sub-Chandra “double-detonations” fit that late time spectra of SN 1994D bet-
ter than Chandrasekhar mass delayed detonations. Hence, the nebular phase
spectra are a key tool to distinguish the explosion mechanism and progenitor
mass.

Taubenberger et al. 2015 [298] presented a spectrum for SN 2011fe at >1000d
after maximum and found two puzzling effects. Firstly, the spectra were dom-
inated by [Fe I] lines at ~ 1000d, as opposed to [Fell] lines in the spectra
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at ~ 300d indicating a lower ionisation state of the ejecta. Secondly, there
was a collective redshift of the features by ~ 4000 km/s. Apart from the
ionisation evolution of the ejecta, observations at such late phases are also
crucial to test the presence of less abundant radioactive isotopes, e.g. °7Ni,
%Fe and “4Ti. Nebular spectra of SN Ia have also been used to place limits on
the amount of stripped/ablated hydrogen from a non-degenerate companion
and hence, present constraints on the progenitor scenario for SN Ia (for e.g.
see [192,273]).

Most studies of SN Ia at nebular phases mentioned above focus on data in
the optical wavelength regime. Profiles of spectral lines in the NIR offer key
information about the temperature, ionisation state and geometry of the ejecta.
Unlike in the optical where the spectral features are produced by a number of
overlapping lines, making the intrinsic emission profile difficult to untangle, the
NIR contains lines that are much more isolated (for e.g. see [205]). Early efforts
by Spyromilio et al. [280] used NIR spectra to obtain limits on the total Fe
mass in the ejecta and to constrain the physical conditions e.g. electron density
and temperature. Modelling the optical + NIR spectra, the authors were able
to calculate the ionisation fraction for the iron in the ejecta. Moreover, the
late-time evolution of the [FeIl] and [CoII] lines in the optical [170] and
NIR [279] have been used to explore the radioactive element abundances in
the SN ejecta.

NIR spectra in the nebular phase have also been used to deduce asymmetries
in the ejecta of SN Ia [210]. The profile of the [FeIlI] 1.644 pm line is important
to constrain the presence of stable iron-group elements in the core of the SN
ejecta. For SN 2003du, Hoeflich et al. [124] find a signature of electron capture
elements, indicating burning under high density conditions. Diamond et al. [62]
present three NIR spectra of SN 2005df. They use the width of the [FeII] 1.644
pm line to determine the central density (p.) of the exploding WD, finding
the mass to be close to the Chandrasekhar limit (1.31 £ 0.03 Mg) and find
high initial magnetic fields of 106G, although they cannot rule out 0G due to
noisy spectra. This motivates the need for higher signal-to-noise spectra to
distinguish between different magnetic field strengths in SN Ia ejecta.

In this chapter we present observations of SN Ia in the nebular phase to under-
stand the physical properties of the ejecta as well as constrain parameters for
the reddening from host galaxy dust. The NIR spectra in the nebular phase
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provide complementary constraints on the dust properties to maximum light
observations and are particularly important for highly-reddened supernovae in
order to understand the behaviour of dust around SN Ia compared to dust in
the Milky Way. We present three Near Infrared spectra about between ~ 400
and 500 days from maximum light for SN 2014J. We analyse these spectra to
constrain the %Ni mass, Ry and Ay for the host galaxy dust. We also discuss
ongoing and future work on multi-band photometry in the nebular phase to
derive transparency timescales, ’Ni masses and to constrain the strength and
configuration of the magnetic field.

5.2. Near Infrared Spectroscopy in the Nebular
Phase

5.2.1. Observations and data reduction

SN 2014J is the nearest SN Ia observed in ~ 40 years. It was discovered
serendipitiously in the nearby edge-on irregular galaxy M82 by Fossey et al.
[88]. Although the early time photometry indicates a high extinction from
host galaxy dust (see for e.g. [2]), a visual peak magnitude of 10.61 (= 0.05)
mag [86] and a distance of 3.5 Mpc [146] make it an ideal candidate for follow-
up observations in the nebular phase.

In this study we present Near Infrared (NIR) spectra of SN2014J, obtained
using GNIRS, a Near Infrared spectrograph on Gemini-North telescope. The
spectra were obtained on March 15, April 26, and May 24, 2015, between 400
and 500 days after explosion on January 14.75, 2014 (Zheng et al. 2014 [332]).
The observations were made as part of the Gemini Fast Turnaround program
[200] under proposal GN-2015A-FT-3 (P.I. M. Van-Kerkwijk). The spectrum
was obtained in cross-dispersed (XD) mode with a central wavelength of 1.65
pm. The spectrum has wavelength coverage from 0.825 to 2.5 pm.

The spectra were reduced using the standard Gemini IRAF ! package. The
final spectra were extracted using the IRAF task apall. For the first night we
TRAF is distributed by the National Optical Astronomy Observatories, which are

operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation
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Table 5.1.: Observing log for the NIR spectra of SN 2014J taken with the
GNIRS Spectrograph on Gemini-North Telescope

UT Date Phase | Wavelength coverage (um)
Mar 15, 2015 | 4408 0.825 - 2.5
Apr 26, 2015 | +450 0.825 - 2.5
May 24, 2015 | +478 0.825 - 2.5

used the AQ star HIP 32549 as our standard star for telluric correction. For
the second and third night , we use the A7 star HIP 50685.

5.2.2. Analysis

The NIR spectrum of SN 2014J is dominated by forbidden lines of singly ionised
iron and singly ionised cobalt. In particular the prominent features at the long
end of the J window (around 1.26 ym ) and almost the entirety of the H band
emission arise from multiplets aD-a?D and a?F-atD of [FeIl] respectively
while the feature around 0.9 gm is dominated by the a*F-a*P multiplet. Ad-
ditional contributions at these wavelengths arise from [CoII] transitions from
the a’F-b3F and a’F-b3F multiplets in the J (around 1 gm) and H (around
1.5 pm) bands respectively. The line identification is provided in Table 5.2.

The two strongest lines in the spectrum are the [Fell] 1.257 um a%Dg /2
a4D7/2 and the 1.644-pm [Fell] a4F9/2—a4D7/2 which arise from the same
upper level. In the absence of additional contributions to the features at these
wavelengths the observed line ratio can be used to determine the extinction
between the J and H bands is it solely dependent on the Einstein A-values
and the statistical weights of these transitions. Similarly the [Coll] 1.547 ym
a’F5-b3F4 and 1.019 um a3F4b3F, transitions also share an upper level.

Fitting the J and H band spectra is relatively straightforward either using
LTE or non-LTE prescriptions as all the lines arise from the same upper energy
levels. In the case of [FelIl] the a'D and in the case of the [Coll] b3F. The
free parameters are the ratio of iron to cobalt, the line width, the offset from
the systemic velocity of the supernova that the singly ionised transitions of
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Figure 5.1.: NIR spectra of SN 2014J for the three nights it was observed with
the GNIRS spectrograph. The first spectrum was corrected for
tellurics using the A0 standard star HIP32549, whereas the second
and third spectra were corrected with the A7 star HIP 50685.

the iron group elements may exhibit (for e.g. see [189]) and the extinction. In
Fig. 5.2 the fit to the spectrum is shown using solely singly ionised cobalt and
iron. Only the prominent feature at 0.98 pum remains unaccounted for. The
cobalt lines are fit using an LTE population of the energy levels while for the
iron we use a non-LTE distribution as described in Spyromilio et al. [280]. The
Einstein A values used in that model are from Nussbaumer & Storey [220].

The contribution of the [CoIlI] to the spectrum can be easily determined by
the strength of the 1.019 pm, feature which then determines (modulo the
extinction) all the other lines.
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Figure 5.2.: The NIR spectrum taken on March 15, 2015 (4+408d; blue) is fit
with a forbidden line spectrum for [Fell] and [Coll| reddened
with a CCM reddening law with Ry = 3.1 and Ay = 2.2 (green).
The model spectrum is seen to fit the observed line ratios well.

Table 5.2.: Line Identification for SN 2014.J
A(um) | Species Term J
0.8619 | [Fe II] | a*F - a*P | 9/2-5/2
1.0191 | [Co 1] | a’F-b3F | 4-4
1.2570 | [Fe II] | aD-a*D | 9/2-7/2

[

[

[

1.5339 | [Fe II] | a*F -a®D | 9/2-5/2
1.5474 | [Co II} | &°F -b3F | 5-4
1.6440 | [Fe II] | a'F-a'D | 9/2-7/2
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Excluding contaminants

A strong line at 1.644 pm arises from [Sil] and can be expected to be con-
tributing to the H band spectrum as Si is present in the early spectra of su-
pernovae. The high quality data presented here for 2014J show a clear ‘knee’
on the blue side of the 1.6440 ym feature. This ‘knee’ at 1.600 ym is clearly
reproduced in our model spectra and is identified as arising from the 1.600 pm
[FeIT] a4F7/27a4D3 /2 transition. Any contribution by [Sil] to this feature
would reduce the relative contribution of the 1.600 ym line and underproduce
the ‘knee’ in the profile (see Fig. 5.2).

Extinction

With the absence of contaminants established and the scale of the contributions
of [FeIl] and [Coll] determined by the flux of the 1.644 pm and the 1.019
pm features the remaining free parameter is the extinction.

Requiring the ratio of the 1.257 to 1.644 lines as well as the 1.547 and 1.019
lines to fit the data we derive Aq 957-A1.644=0.21 and A1 919-A1.547=0.42 which
fits well within the errors of the derivation of the Cardelli, Clayton, Mathis
reddening law [41] (hereafter CCM) assuming an Ry of 3.1 and Ay of 2.2.
These values of the differential absorption are at odds with the derived Ry of
1.40 + 0.10 and Ay of 1.85 £+ 0.11 [230] which using the CCM prescription
would give A1_257*A1,644: 0.09 and A1'019*A1‘547:O.17.

Observations of SN 2014J near maximum light support an Ry that is lower
than the Milky Way value. Kawabata et al. 2014 [152] confirm this observation
from broad-band imaging polarimetry in the optical and NIR. The authors,
however, note that there is a systematic difference between the polarisation
law fitted and the observations at A\ > 1 um. Here, we fit the polarisation law
to the NIR data only and derive the Ry . Below we describe the polarisation
law and the derivation of Ry .

Serkowski Law: The empirical wavelength dependence of the optical /NIR po-
larisation follows the “Serkowski Law” given as follows

PR

POwas) = exp[KIn*(A\/Amax)] (5.1)



124 5. Nebular Phase Observations of Type Ia supernovae

where Apqq is the maximum wavelength for polarisation P(Apeq) and K is
a linear function of A\,,4.. Although the Serkowski law describes the dust
properties well in the optical/NIR regime at A >2 um the polarisation departs
from the Serkowski law and has a power law behaviour.

Amaz 18 related to the total to selective absorption ratio Ry as follows (see
Serkowski et al. 1975 [272], Whittet 2003 [322] for more details)

Ry = 5.6(£0.3) - Amaa (5.2)

We fit Equation 5.1 to the imaging polarimetry data presented in Kawabata
et al. 2014 [152]. In line with the analysis presented by the authors, we fix the
K parameter to 1.15, typical for Galactic Interstellar Polarisation (ISP) [272].
For the optical + NIR case we reproduce the maximum polarisation and A4,
noted in the study. For the NIR only case we find that Mg, is 0.54 (£
0.05) pm, which is higher than the optical+NIR value of 0.23 pum. Using
Equation 5.2 and the derived A4, we obtain Ry of 3.02 £+ 0.32, which is
consistent with the Milky Way value of 3.1.

Mass of Fet

We use the flux in the 1.644um line to derive the mass of Fe in the ejecta. We
correct the spectrum for Ry = 3.1 and Ay =2.2 as mentioned above, using
the CCM law to obtain the unextinguished flux in the line.

The emissivity of the 1.644 um transition is 8.56x107!7 ergs/s/atom [280].
Assuming a distance of 3.5 Mpc for M82 and an unextinguished flux of 3.15
x 10~ Berg/s/Afor the 1.644 line we derive a mass of 0.25 Mg, for [Fell] for
the supernova at the epoch of the spectrum.

The infrared spectrum provides little evidence for doubly ionised iron but it
is well known from combined optical and infrared spectra (e.g. Spyromilio et
al. [280]) that strong transitions of [Fe III] are present in the blue (4700-A).
Typical ionisation fractions of Fe™ to Fe™ of 8:5 or higher have been derived
by Axelrod 1980 [11] as well as other authors for this phase. Our derived mass
of Fet is compatible with the earlier determinations of the mass of *°Ni .



5.2 Near Infrared Spectroscopy in the Nebular Phase 125

Serkowski Law fit: K=1.15

— Optical + NIR
— NIR only

2.5

Figure 5.3.: The polarisation percentage as a function for wavelength in the op-
tical and the NIR (data from Kawabata et al. 2014, green points).
The solid blue line is the fit to all the presented data whereas the
solid green line is the fit to only the NIR points (A >1 pm). The
Amag shifts to a higher value for the NIR only fit.
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Figure 5.4.: The x? distribution for Ry values by fitting the [Fe 11} and [Co II]
lines (see text for details). From the plot we can see that an R,
of 3.1 is preferred over lower values.

Line shifts

As noted by [189] some typela supernovae exhibit a shift of the line centres
of the singly ionised iron group lines relative to the systemic velocity of the
supernova and also with respect to the doubly ionised features. In the absence
of doubly ionised features in our data we cannot identify a differential velocity
shift. However, the lines in our data exhibit a 1300 kms™! redshift which is
1100kms ™! in excess of the M82 recession velocity.

5.2.3. Discussion
Extinction by host galaxy dust

The E(B — V) and Ry of SN 2014J is a subject of significant debate. Mea-
surements from maximum light photometry prefer a high colour excess (~ 1.2
mag, see [7,103]). Fitting a CCM reddening law to colour excesses near max-
imum light, [2] find a preference for low Ry (~ 1.4). This is confirmed by
spectropolarimetry present in Patat et al. 2015 [230], who also demonstrate
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the preference for low Ry in other highly reddened SN Ia, a trend that has
been observed with large samples in [216] and [243].

[2] conclude that the near maximum colour excesses prefer a peculiar ex-
tinction law. This indicates 'non-standard’ reddening and hence, significantly
different properties of the dust in M82 compared to that in our galaxy (Gao et
al. [98]). Such anomalous behaviour motivated two-component dust models,
wherein light is scattered by two different kinds of dust, one more typical of
the Milky Way and another with smaller grain sizes in the circumstellar envi-
ronment (see [86]]). [33], using UV spectrophotometry, prove that the dust is
interstellar in origin, a conclusion that is supported by the wavelength inde-
pendence of the polarisation angle [230].

The Near Infrared spectra of SN 2014J prefer an Ry value closer to the canon-
ical Milky Way value of 3.1 with an Ay ~ 2 mag. This implies an E(B—V) ~
0.67 mag which is consistent with the reported value from the DIBs in Welty
et al. [315]. [152] present multi-band optical and NIR imaging polarimetry
from which they deduce a low Ry. However, by fitting only the NIR data
(A > 1pm), we find that the data is consistent with an Ry of 3.1. This trend
can also be seen in the near maximum colour excess. The NIR observations
supporting a higher Ry is further evidence that the dust in M*2 has anomalous
behaviour.

Iron Mass in the ejecta

We use the NIR spectra to obtain an estimate of the Fet mass. We find a
total Fe mass (using the ionisation fraction from [11]) of ~ 0.6 Mg which is
consistent with findings from the 7-ray line detections [49)].

[2] conclude that, after accounting for the reddening (using a power law be-
haviour which is similar to a CCM reddening law with a low Ry ~ 1.4), there
is a striking similarity between SN 2014J and SN 2011fe, which was a normal,
unreddened SN Ia in M101. Since typical SN Ia produce ~ 0.6 M, of 5Ni |
the °°Ni mass estimate from the [FeII] 1.644 pm line supports this conclusion.



128 5. Nebular Phase Observations of Type Ia supernovae

Stable Iron-Group Elements

The presence of stable Iron-group elements (IGEs) is associated with burning
at high density conditions and can distinguish whether the progenitor WD
exploded at or below the Chandrasekhar mass limit. A recent study of NIR
spectra in the transitional phase (~ 450 - +90d) by Friesen et al. [95] found
that the spectra show [Ni II] forbidden lines at an observed wavelength of
1.98 pm, about 0.5 pm redwards of the laboratory wavelength of 1.939 pm
calculated for this transition. The authors suggest that this redshift could be
due to an asymmetric explosion.

We find an emission line at 1.94 ym in our nebular phase spectra, which would
correspond to the rest wavelength of the forbidden [Ni II] transition. Since at
such late phases, the amount of %Ni is negligible, this line would indicate
the presence of the stable ®®Ni isotope in the ejecta. Complementary obser-
vations near maximum light find that SN 2014J could be well explained by
a Chandrasekhar mass delayed-detonation model (for e.g. see Marion et al.
2015 [199]). Since sub-Chandrasekhar mass models do not have high enough
burning densities to create ®Ni, the detection of stable IGEs is a useful di-
agnostic to determine whether the explosion occurred at the Chandrasekhar
mass [271]. If both the spectral line at 1.98 pm in the transitional phase spec-
tra presented by Friesen et al. and the 1.94um line in the spectra presented
here are arising from the [Ni II] transition then we would require detailed mod-
eling to explain why the observed wavelength of this transition changes at a
function of phase.

5.3. Conclusions and Current Work

In this Chapter we presented and analysed three Near Infrared spectra of the
nearby SN 2014J, an SN ITa in M82 at ~ 400 days after maximum light.

The NIR spectra are dominated by singly ionised forbidden lines of iron and
cobalt. We use these observations, for the first time to determine the properties
of the dust in the environment of the SN. After excluding contaminants, esp.
the presence of a neutral silicon line in the H-band, we redden the model spec-
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Figure 5.5.: Multi-band light curves (u to K') band for SN 2003hv, a spectro-
scopically normal, fast-declining SN Ia. The JHK light curves
are seen to “flatten” at ~ 200 days after maximum light. The H
band starts to decline again after +700d. Figure from [177]



130 5. Nebular Phase Observations of Type Ia supernovae

trum using a CCM reddening law to evaluate the total to selective absorption
ratio, Ry .

We find that the NIR spectrum prefers a Galactic reddening law with Ry
of 3.1 and an Ay = 2.2. This is significantly different from the Ry evaluated
using maximum light photometry (in the optical and Near Infrared). However,
NIR imaging polarimetry is consistent with a Milky Way type reddening law,
indicating a difference in the behaviour of the dust between the optical and
NIR. This lends further credence to a peculiar extinction law of SN 2014.J.

We use the [Fell] 1.644 ym line to estimate the °°Ni mass and find that the
estimate from the nebular phase NIR spectra are consistent with *°Ni mass
measurements from v ray line detections and the timing of the J-band second
maximum [60]. Hence, we conclude that nebular phase NIR spectroscopy is a
powerful tool to deduce physical parameters of SN Ia as well as extinction from
host galaxy dust. We also find evidence for a [Ni II] line at 1.94 pm, which
would indicate burning at high densities and suggest a Chandrasekhar mass
explosion for SN 2014J. The width of [FeII] 1.644 pm in the NIR spectra can
be used to determine the central density of the exploding WD and the mass of
the progenitor of SN 2014.J [62]. Moreover, the line morphology is also crucial
to differentiate between magnetic field strengths and the extent of positron
trapping in the ejecta.

Multi-band photometry of SN Ia in the nebular phase is an extremely informa-
tive tool that, in comparison with spectroscopy, is observationally inexpensive.
There are a handful of SN Ia in the literature with optical and NIR band pho-
tometry out to phases of ~ 1 year or later. Sollerman et al. [277] for SN 2000cx
and Spyromilio et al. [279] for SN 1998bu found that the NIR light curve at
~ 1 year post-maximum “flattens”, implying that the NIR contribution to
the UVOIR (pseudo-)bolometric light curve is significantly increased compare
to at maximum light (multi-band photometry out into the nebular phase for
the nearby SN 2003hv is presented by Leloudas et al. in [177]; see Figure 5.5).
The late time bolometric decline rate is sensitive to the magnetic field strength
and configuration. For a strong, tangled magnetic field, a large fraction of the
positrons are trapped in the ejecta and the bolometric light curve follows the
%Co decay rate (~ 1 mag/100d), whereas a weak, radially combed magnetic
field would lead to a larger positron escape fraction. This observation can also
help constrain the contribution of positrons escaping the ejecta to the Galactic
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511 KeV line.

In Figure 5.6, we constructed the bolometric light curve for SN 2004S, as an
example, from multi-band data presented in [161]. The NIR light filters for
SN 2004S show a “flattening” after ~ +200 days, consistent with the increased
NIR contribution seen for other SN Ia. SN 2004S also displays a possible “third
maximum” in the J and H filters which could be due to an ionisation transition
of Fe-group elements from singly ionised to neutral (as shown in the models of
Kasen 2006 [147]), which makes this object interesting to study at late phases.

The current sample of SN Ia with optical and NIR observations in the nebular
phase is very small. We have an ongoing program (P97.D-0279(A); P.I. S.
Dhawan) with the VLT to follow-up SNe observed as part of the Carnegie
Supernova Project-1I (CSP-II). Such a sample will allow us to test correlations
between the nebular phase and maximum light properties of SN Ia to uncover
important physical properties like the v-ray escape timescale as well as the
magnetic field in the ejecta.
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6. Ejecta Masses of Type la
supernovae

6.1. Introduction

SN Ia exhibit a diverse range of photometric and spectroscopic properties. No
single self-consistent explosion model has been proposed to explain the ob-
served range of properties of SN Ia. One possible pathway to place constraints
on the progenitor scenarios that would produce the observed diversity is to
reconstruct the total ejecta mass (M) from the bolometric light curves.

The mass of the progenitor is a fundamental physical variable with the power to
differentiate between progentior scenarios. While Chandrasekhar-mass delayed
detonations have been historically favoured, viable super-Chandrasekhar-mass
evolution pathways and explosion models have been proposed, within both
the single-degenerate [144] and double-degenerate [222] degenerate scenarios.
Moreover, a good agreement between observations from sub-Chandrasekhar
mass models (e.g. [80,275]) have made them a viable candidate to describe at
least some of the observed SN Ia explosions. Since the white dwarf is completed
disrupted in normal SN Ia (see [59] for exceptions in the case of peculiar
events similar to the underluminous SN 2002cx) the problem of estimating the
progenitor mass essentially reduces to measuring ejecta mass.

In this chapter, we present calculations of the ejecta mass for SN Ia with
sufficient late time (+40d - 4+90d) data in the UVOIR filters. As mentioned
in Chapter 3 (and shown in recent studies e.g. [27]) a significant fraction of the
total bolometric flux is emitted in the UV to NIR region of the spectrum and
hence the UVOIR (pseudo-) bolometric light curve can be used to estimate
global parameters like Me;j , Msey; -



134 6. Ejecta Masses of Type la supernovae

The method to determine ejecta masses is described in section 6.2, the results
are presented in section 6.3. A discussion of the findings in context of recent
explosions is presented in section 6.4 and finally, a conclusion in section 6.5.

6.2. Measurement of ejecta masses

To measure the ejecta mass, we perform a least square fit of a radioactive beta
decay energy (RDE) deposition function to the post-maximum phase UVOIR
light curve, which has been discussed in Jeffrey [139].

The fraction of the UVOIR flux emitted in the NIR increases from ~ 5 - 10
% at maximum light to >25% at ~ a few weeks after maximum. Hence, it
is important to use the measured NIR fluxes to determine the UVOIR light
curve. Previously, [285] and [267] have reconstructed the ejecta masses from
bolometric light curves of SN Ta. These studies use optical (UBV RI) quasi-
bolometric light curves with different prescriptions for correcting for the flux
emitted in the NIR (JHK) filters. In our study we construct UVOIR light
curves from observed uv to NIR light curves which has not previously been
done to measure the ejecta masses.

The energy deposition function for 5Ni atoms in the optically thin limit (i.e.
where 7<<1) is given by:

Edep = FENi + Eco o+ + [1 — exp(—T)]ECO 5

= ANilNnio exp(—Anit)QNi

)\ .
+ AcoNnio—— [exp(—Acot) — exp(—Axit)]
)\Ni - )\Co

X {QCO et T C200 ’7[1 - eXp(—T)]} : (61)
where Ay; and Ag, are the e-folding decay times of 8.8 days and 111.3 days for

%Ni and %Co respectively. Qniy (1.75 MeV) is the energy release per R\
— %6Co decay. Qco~ (3.61 MeV) and Qcoe+ (0.12 MeV) are the y-ray and
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positron energies, respectively, released per *Co — %Fe decay (a detailed
discussion of the ®°Ni — 56Co — %Fe decay chain is presented in [213]) and
T is the optical depth.

The Jeffrey Model The fiducial timescale (¢g) defines the epoch at which
the optical depth is unity and is calculated from the quasi-exponential tail
of the bolometric light curve. In this section we examine the comprehensive
derivations of the expression relating the fiducial timescale to the total ejecta
mass.

Homologous expansion implies that the mean radius of the expanding ejecta
scales with the velocity as ¥ o 7. For homologous expansion the density profile
is given by

to

p(v,t) = pee (%0)3 exp(—v/ve) = peco (4)° exp(—2) (6.2)

where pee o is the central density at tg, ve is the e-folding velocity and z is the
radial velocity

The optical depth of the beam paths in the homologously expanding medium
is given by

T:/ dskplv(s), ] (6.3)
0

substituting the expression for the density from Equation 6.2

t ° ,
T = Tee0 (?0)2 / dzsexp(—2z) (6.4)
0

where 7.0 is the radial optical depth at the fiducial time, to, expressed as
Tee,0 = KUelopee,0 and zg is the beam path velocity (in units of the e-folding
velocity, ve)

Z =2+ 22z + 22 (6.5)
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Table 6.1.: List of Supernovae for which ejecta masses were calculated along
with the morphologies of the host galaxies. References for the SN
data and host morphology are also given.

SN Host Morphology | Reference
SN2002bo SA(s)a B04, K04
SN2002dj S P08
SN2003cg SAa pec ERO06
SN2004ey SB(rs)c CSp
SN2005M S? CSp
SN2005ke Sa CSP
SN2005ki (R)SAQ CSP
SN2006D | SAB(s)abpec?HII CSp
SN2006X SAB(s)bc CSp
SN2006et SB(r)a?pec CSPp
SN2006mr E CSP
SN2007S Sb CSp
SN2007af SAB(rs)cd CSp
SN2007as SB(rs)c CSP
SN20071e SA(s)c CSP
SN2007on El CSP
SN2008bc S CSp
SN2008fp SAB(r)0 pec CSPp
SN2008hv S0 CSP
SN2014J 10 F14, A14

B04- [16]; K04- [166]; P08- [245]; ER06-
[71]; CSP- [54,288], F14- [86]; Al4- [2]
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4 is the cosine of the angle at the emission point between the outward radial
direction and the beam propagation direction. For a beam in the outward
radial direction, u = 1 and the optical depth expression reduces to

t

T, = 7'6670(?0)26@)(—2) (6.6)

During the optically thin regime, when the energy deposition is powered only
by ®°Co (the daughter nucleus of ®Ni ), we can rewrite Equation 6.6 from a
radial optical depth to a mean optical depth as

to

T = 7'0670(7)2(1 (6.7)

where ¢ is the general form factor describing the distribution of ®*°Co in the
ejecta. The expression for the total mass above a velocity v is given as

M(z) = 4xt? /OO dvv?p(v,t) (6.8)

To solve the expression for M(z) in 6.8, we use the following integral solution

n

In(z) = / dz/(z/)nexp(—z,) = exp(—2) Pk (6.9)
z k=0

to evaluate the expression for the mass as a function of the radial velocity
co-ordinate (6.8), we obtain

M(z) = Mexp(—2)(1+ 2z + %,22) (6.10)

where M = 87rpce’0(vet0)3. Relating M to 7¢e0

M

— 6.11
8muZtd (6.11)

Tee,0 —
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Substituting Equation 6.11 in Equation 6.7 and then evaluating 6.7 at t = tg
and a fiducial characteristic optical depth 7., 9, we get (for the case of SN Ia
studied here, the quantity M corresponds to the total ejecta mass, M.;)

Mejkg 11
8T Teh,0 Ve

=

(6.12)

to = (

where 7.4, o is the characteristic optical depth. At fiducial time tg, 74,0 becomes
the optically thin 7. By definition of the fiducial timescale at t = to; 7¢0 = 1

Mej’fq

- (6.13)

)2

to = (

1
Ve
where M,; is the total ejected mass, x is the mean v-ray opacity, v, is the

e-folding velocity of an exponential model’s density profile and ¢ describes the
%Ni mass distribution.

6.3. Results

As defined above, we fit a radioactive decay energy (RDE) deposition function
to the late-time UVOIR light curve for a sample of SN Ia. We find that there
is a factor of 1.5 range in the ¢y estimates We use equation 6.13 to derive
the Mejfrom the calculated ?y. Calculating the total ejected mass from the
fiducial timescale requires knowing the form factor describing the 56Ni mass
distribution, the mean v-ray opacity and the e-folding velocity.

The expression for the form factor, ¢, given in [139], is

b 1 /
_ fa dzz%exp(—z) [ %“ fooo dzsexp(z)
fj dzz2exp(—2)

(6.14)

where a and b are velocity limits within which the °°Ni mass is concentrated.
The integral in the numerator of Equation 6.14 cannot be solved analytically,
unless crude approximations are made. Solving the expression numerically,
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Figure 6.1.: The least squares fit of the radioactive decay energy deposition
function to the quasi-exponential tail (+50 - +100d) of the bolo-
metric light curve of SN 2008hv is shown. The three deposition
curves are for complete y-ray trapping (i.e 7>> 1; red), complete
escape (i.e. 7<<; lgreen), and the best fit ¢y value.

for evenly mixed “°Ni (i.e. a = 0,b = 00), we obtain a q value of 0.33 (note
that the dzg variable in the numerator is dependent on z and hence the first
term in the numerator is not the same as the term in the denominator). We
note, however, that some delayed detonation models (e.g. [124]) predict a *Ni
"hole’, due to electron capture elements being present in the innermost layers
(up to ~ 1500 kms™!) of the SN ejecta. Using this as a lower limit for the
velocity range doesn’t change the value of ¢ by more than ~ 10 %.

The mean ~-ray opacity (k) for supernovae, calculated in [295] ranges between
0.025 to 0.033 cm?g~!. The authors demonstrate that the constant asymptotic
kyvalue of 0.050Y, cm?g~reproduces the SN light curve to within 10% from
maximum light to ~ 1200d after, where Y, is the electron to nucleon ratio.
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Figure 6.2.: Ejecta mass distribution for the sample of SN Ia. Assumptions
for the e-folding velocity, °°Ni distribution and the mean ~ ray
opacity are discussed in the text

1

For an ejecta with Y. = 0.5, the xvalue is 0.025 cm?g~!, which is what we

adopt for our analysis.

In line with previous studies (e.g. [285]), we adopt an e-folding velocity value
of 3000 kms~!. For the 1-D delayed detonation models of [28], the mean value
for v, is 2925 kms™!, which is close to the value adopted here.

We calculate the error in the ejecta mass by propagating a 15% error in the
value of ¢ and using a 1-0 spread in the v, values from the DDC models
of [28] (corresponding to o(ve) of 179 kms™1). The spread in these models is
comparable to other models, e.g. the sub-Mcy models of [275,327]
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Table 6.2.: Transparency timescale estimates and the resulting calculations for
the ejecta masses for SNe with sufficient late time data in the optical
and Near Infrared. The reddening-free °°Ni mass estimates are
also presented. Note, however, that two fast-declining SNe (2005ke
and 2006mr) do not show a second maximum and hence, the *°Ni
masses are calculated from the bolometric peak luminosity using
Arnett’s rule.

SN to ‘ error ‘ Me; ‘ error ‘ Msep; ‘ error ‘
d) () Ms) (Mp) (M) (Mo)
SN2002bo | 37.58 | 0.10 | 1.44 | 0.28 | 0.51 | 0.11
SN2002dj | 34.53 | 0.12 | 1.22 | 0.23 | 0.71 | 0.11
SN2003cg | 32.98 | 0.21 | 1.11 | 0.21 | 0.53 | 0.10
SN2004ey | 37.45 | 0.08 | 1.43 | 0.28 | 0.57 | 0.14
SN2005M | 41.31 | 0.07 | 1.74 | 0.33 | 0.60 | 0.15
SN2005ke | 31.69 | 0.30 | 1.03 | 0.20 | 0.14 | 0.04
SN2005ki | 31.19 | 0.09 | 1.00 | 0.21 | 0.51 | 0.15
SN2006D | 29.08 | 0.11 | 0.87 | 0.19 | 0.49 | 0.13
SN2006X | 39.41 | 0.10 | 1.59 | 0.33 | 0.57 | 0.11
SN2006et | 40.80 | 0.12 | 1.70 | 0.33 | 0.64 | 0.16
SN2006mr | 26.71 | 0.10 | 0.73 | 0.15 | 0.05 | 0.02
SN2007S | 41.31 | 0.11 | 1.75 | 0.33 | 0.71 | 0.16
SN2007af | 35.38 | 0.05 | 1.28 | 0.27 | 0.57 | 0.14
SN2007as | 33.08 | 0.07 | 1.12 | 0.23 | 047 | 0.14
SN2007le | 38.89 | 0.08 | 1.54 | 0.32 | 0.61 | 0.15
SN2007on | 29.63 | 0.06 | 0.90 | 0.17 | 0.30 | 0.09
SN2008bc | 37.54 | 0.04 | 1.44 | 0.30 | 0.62 | 0.15
SN2008fp | 38.94 | 0.10 | 1.55 | 0.30 | 0.62 | 0.13
SN2008hv | 31.62 | 0.12 | 1.04 | 0.21 | 0.54 | 0.11
SN2014J | 38.80 | 0.09 | 1.53 | 0.30 | 0.62 | 0.13




142 6. Ejecta Masses of Type la supernovae

6.3.1. Host Galaxy Properties

SN Ia luminosities have been shown to be dependent on the properties of their
host galaxies [116]. Brighter SNe with broader light curves preferrentially occur
in younger stellar populations whereas faint SNe occur in older stellar popula-
tions [116,291]. This environmental dependency of the SN luminosity has also
been used to reduce the errors on the cosmological parameter estimation by
using SN Ia as distance indicators.

In this section, we analyse the ejecta mass distribution in context of the host
galaxy properties of the SNe in our sample. In Figure 6.2 we plot a histogram
of the Mgjvalues as a function of the host galaxy morphology. We find that
the SNe with lowest ejecta mass occur in elliptical galaxies. Moreover, in
Figure 6.3 we also see that SNe in E/SO galaxies have a lower *°Ni mass which
is consistent with the relation found in the literature with the SN luminosity
and decline rate (e.g. [116,291]). We note, however, that our sample only
has 3 SNe in E/SO host galaxies and hence a larger sample would help to
confirm /refute this result.

6.4. Discussion

Calculations of the total ejecta mass using the prescription in [139] indicate a
range of estimates from 0.7 - 1.7 M, slightly over a factor of 2 difference. We
note that the absolute value of the ejecta mass is dependent on the assump-
tions for the e-folding velocity, the ®®Ni mass distribution and the mean ~-ray
opacity. However, the variation in the Mgj values is due to the variation in the
fiducial timescales and hence, increasing or decreasing the values of the other
parameters in Equation 6.13

We compare the -ray transparency timescale (t.) estimates from the bolomet-
ric light curves to the estimates from the flux evolution of the [Co ITI] A 5893
line at >200d. The ~-ray timescale is defined at the epoch at which the en-
ergy deposited from the ~-ray photons equals the energy deposited from the
positrons.

We find that there is only one object (SN 2007af) in our sample that also has a
t. estimate given in [46]. For SN 2007af, the late time bolometric light curves
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Figure 6.3.: Mgj versus Msey; for the SNe in our sample presented here. The

histogram panels on either side have been split by host galaxy
morphology in two categories, one with SNe occurring in E/S0
hosts (blue) and another with SNe occurring in spiral galaxies
(green). It is clear from the 5°Ni mass histograms that the SNe
in elliptical galaxies on average produce less °°Ni than those in
spiral galaxies. Note, however, that there are only 3 SNe with
host morphologies report as E/SO and hence, a larger sample is
required to derive more firm conclusions.
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Figure 6.4.: Calculated Mgj values are plotted against the %6Ni masses from the
reddening free estimation (except for SN 2005ke and SN 2006mr,
the two lowest °Ni masses; see text for discussion). For compari-
son, the Mgj- Msen; loci for different My, and sub-Mcy, models
are also plotted. We plot the double detonation models from Fink
et al. 2010 [80] and Woosley et al. 2011 [327] (for He accretion
rates of 1075 Moyr~!). We also plot the deflagration models of
Fink et al. 2014, the My, delayed detonation models of Blondin et
al. 2013 [28] and the sub-Mcy, detonations of Sim et al. 2010 [275].
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Table 6.3.: Assumed values for the e-folding velocity and form factor describing
the P9Ni distribution, used for calculating the Me; from the tg

Case Ve q Ky
kms ™! cm?g !
1 3000 | 0.33 | 0.025
2 2700 | 0.33 | 0.025
3 3000 | 0.45 | 0.025
4 2700 | 0.45 | 0.025

imply a t. of 211 £+ 12d. This is similar to the theoretical expectation for ¢.
for a Chandrasekhar-mass delayed detonation model (DDC10 model of [28];
see Sections 4.1 and 4.3 of [46] for more details). The ¢, for SN 2007af is also
comparable to the estimate for other SNe namely 2000cx and 2001el which
have t. values of ~ 170 days [277] and ~ 188 days [287] respectively.

[46], using the [CollII] line evolution in the nebular phase, report a signifi-
cantly smaller £, value for SN 2007af of 71 4+ 21d, although they find that the
other SNe in their sample have longer transparency timescales (t. ~ 180 days).
The discrepancy between the two methods for estimating t. for SN 2007af is
possibly because the bolometric light curve is sensitive to the entire ejecta
whereas the flux of the [Co III] line is sensitive only to the IGE core.

We test the difference in the estimated Me;for the different assumptions on
the fixed parameters v., ¢ and x,. The difference in the estimated M; values
for different assumptions on the e-folding velocity and the form factor, ¢ in
Figure 6.5 . The assumed values for the parameters are given in Table 6.3.

[46] present estimates of the M; using the light curve width parameter and
the relation between the light curve width and M; . For SN 2007af [46] report
an Mgjof 1.3(% 0.1 M, including systematic errors) and for SN 2002dj, they
report a value of 1.3 (£ 0.1My). These values are within the errors of the
estimates presented in Table 6.2.

We measure an Mej of 1.53 (£ 0.3) Mxfor SN 2014J, which is in good agreement
with the value of 1.44 £ 0.1 Mgreported in [46]. [48] compare the synthetic
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Figure 6.5.: Total ejecta mass estimates versus ty for different assumptions
on the e-folding velocity (ve) and the form factor describing the
6Ni distribution (¢). The solid horizontal blue line is the Chan-
drasekhar mass limit. The vertical black lines are the lowest and
highest measured values of ¢y for SNe in our sample.

~-ray observables to data from the INTEGRAL satellite and find that a Mcy,
delayed detonation model is the best fit to the v ray spectrum post-maximum.
IR spectra of SN 2014J a few months after explosion show stable **Ni lines [95,
301] which would indicate burning at high densities and hence, the explosion
of a near-Chandrasekhar mass WD (note that the presence of %Ni lines is also
seen in the late phase NIR spectra presented in Chapter 5). Moreover, [309]
find an excellent agreement between NIR spectra (1.1-3.4um) and the Mgy
delayed detonation models of [59] in the wavelength range of 1.5 - 2.7 pm.
We find that our result for the Mg value is consistent with a My, progenitor,
which agrees well with independent conclusions presented in the literature.

In Figure 6.4, we plot the calculated Me;for our sample of SNe against the
estimated %YNi mass. For all SNe that display an NIR second maximum,
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we use the reddening-free estimate using the method described in Chapter 3
(only two SNe 2005ke and 2006mr do not show a second maximum and their
%Ni masses are calculated using “Arnett’s rule”, see [5] and Chapter 3 for
more details). We note that there appear to be two populations. Dividing
into two sub-samples with Mg <and > 1.4 Mg, we perform a Kolmogorov-
Smirnov test on the °°Ni mass distribution and find that a probability both
the °°Ni distributions arising from the same parent distribution of 0.6 % which
is evidence for two populations within the family SN Ia.

SNe with significanty sub-M¢y, ejecta masses (0.9 - 1.1 M) show a wide range
of ®°Ni masses, 0.05 - 0.7 Mg. On the other hand, SNe with M, values near
the canonical Chandrasekhar limit have °’Ni masses that are in a narrower
range of 0.4 - 0.7Mg. Recently [82] have shown that M, SN Ia progenitors
preferentially lack a vigorous deflagration phase after the initial ignition, lead-
ing to an almost pure detonation and hence, over luminous SNe. The finding
that Mcy, ejecta mass SNe produce more *Ni (Figure 6.4) would lend support
to this theory.

We also study the ejecta and "Ni masses of SNe in our sample in the context
of their host galaxy morphology. We find that the SNe in elliptical/lenticular
galaxies are on average fast-declining and have lower °°Ni mass values than the
SNe in spiral /starburst galaxies. Recently, [269] calculated the Mg for 337 SNe
out to a redshift 2<0.7 and found that fast-declining SNe preferentially occur
in more massive host galaxies. [128] also reported that faint, fast-declining SNe
happen almost exclusively in high-metallicity galaxies, which would be consis-
tent with our finding that the faint, low-Me; SNe prefer elliptical/lenticular
hosts. We note, however, that our sample has very few objects in “E/S0” hosts
and expanding this study to a larger sample of SNe will be very useful to study
the Mg;jin context of host-galaxy properties.

Comparing the observed Mgj- Msoy; distribution with a suite of explosion
models, we find that no single explosion mechanism can explain the entire
observed diversity in the population of SN Ia. We consider sub-M¢y, detona-
tions of [275] where the detonations are artificially induced in WDs of varying
initial masses. The increase in Msey; for increase in WD mass in the models
agrees well with the observations. We also examine the double detonation
models from [80], which are qualitatively similar to the models of [275], but
the ignition naturally arises from the accretion of a thin shell of helium from
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the companion, which detonates and triggers a secondary carbon-detonation
in the centre, known as the “double-detonation” scenario. As a comparative,
we also plot the double-detonation models of [327] for the He accretion rate of
1075 Moyr~!. The slope of sub-M¢y, models matches well with the observed
Mej -Msen; slope up to Msey; values of ~ 0.6 M.

6.5. Conclusion

For a sample of 20 SN Ia with sufficient late time (+40d - +90d) coverage in
the u to H filters, we construct (pseudo-)bolometric light curves amd estimate
the fiducial timescales i.e. the epoch at which the ejecta transition from being
optically thick to optically thin (see Figure 6.1). The estimated values of the
fiducial timescales range between ~ 26 to ~ 42 d. The values of the fiducial
timescales are lower than the phase range of the bolometric light curve used
to derive ty.

The derived values of the ejecta masses differ by a factor of ~ 2 between 0.7
and 1.7 M. However, we note that in our analysis, we assume the same ¢, v,
and k- for all SNe (unlike in [267]) and hence, this factor maybe different if
we assume different ¢, v and s, for each SN in our sample.

We calculate the ~v-ray transparency timescale, defined as the time at which
the contribution of the v-rays and positrons to the energy deposition is equal.
For SN 2007af, we calculate the v transparency timescale from the bolometric
light curve and find the estimate to be much longer than that derived from
nebular phase spectra by [46]. Having a larger sample of SNe with both late
time multi-band photometry (at +40-+90 days) and spectra at ~ 1 year past
maximum will be crucial to understand the physical cause of this discrepancy.

We find that SNe with lower Mg preferentially occur in “E/S0” host galaxies.
This finding corroborates previous results that show that fast-declining SNe
occur in more massive, high metallicity host galaxies [128,267]. We note,
however, that there are only 3 SNe in “E/S0” hosts and hence, a larger sample
is required to confirm this finding.

We also find that M is correlated with the °°Ni mass (Figure 6.4). Com-
paring our observed relation to model predictions from a suite of sub-Mcy,



6.5 Conclusion 149

and Chandrasekhar mass models, we find that no single model can produce
the observed Mej- Msey; relation. From this comparison we conclude that at
least 2 explosion mechanisms are necessary to explain the observed diversity
in the population of SN ITa (possibly an M¢y delayed-detonation to explain
the bright SNe and one or more sub-M¢;,, explosion mechanism to explain the
low-"9Ni mass end of the distribution). We note that our sample has only 20
SNe. We would like to further expand upon this sample with SNe observed as
part of the CfA SN program [92,119]. Moreover, using a template for the con-
tribution in the NIR (as done by Scalzo et al. in [267]) would include SNe with
detailed optical light curves but no NIR measurements, significantly increase
the sample size and allowing a better comparison of the model and observed
Me;j - Msey; trends.






7. Forecasts of cosmological
constraints with future
observatories in the rest-frame
Near Infrared

7.1. Introduction

Observations of Type Ia supernovae present the strongest evidence for an ac-
celerating universe [21,290,294]. Independently, measurements of fluctuation
in the cosmic microwave background (CMB) from the Wilkinson Microwave
Anisotropy Probe (WMAP) [17] and Planck [246] satellites, acoustic oscilla-
tions in the matter density spectrum [67] as well as the comparison of Hubble
expansion ages from the Hubble Key Project (HKP; [91]) have led to a growing
body of evidence for a dark-energy component dominating the overall matter-
energy density budget of the universe (Frieman et al. [94] and Weinberg et al.
2013 [314] present a review of the different probes of dark energy). A physi-
cal understanding of dark energy at present remains elusive, and there are a
wide variety of possible explanations ranging from the cosmological constant,
as originally proposed by Einstein in 1917, a decaying scalar field or perhaps
even a modification of general relativity. A convenient measure is w, the ratio
of pressure (P) to density (p) , known as the equation of state of dark en-
ergy, which equals -1 for the cosmological constant scenario. Currently, the
evolution of w as a function of redshift is not precisely known, hence, further
observational data are required in order to constrain and characterise the prop-
erties of dark energy. Recently concluded surveys of SN Ia have presented data
for ©(10%) SN Ia out to z ~ 1.4 (e.g. 740 SN Ia in the Joint Light Analysis
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(hereafter JLA) presented in [21]). Due to such large sample sizes, the statis-
tical uncertainties have been reduced to a level such that they are comparable
to, or even smaller than the systematic uncertainties. Hence, the reduction of
systematic uncertainties is critical to obtain more precise estimates on cosmo-
logical parameters , as argued in [50,290]. One of the well-known sources of
systematics arises from the reddening and extinction due to host galaxy dust.
It has been demonstrated for a large sample of nearby SN Ia that the total
to selective absorption ratio (Ry) for SN hosts is significantly smaller than
that of the Milky Way [36,89,216], hence, using a Milky Way reddening law
to correct the SNe for host galaxy reddening can introduce systematic errors.
An exciting pathway to circumvent the systematic errors from reddening is by
observing SN Ia at longer rest-frame wavelengths where the contribution from
reddening is significantly reduced.

In this Chapter, we forecast constraints on cosmological parameters from a
rest-frame Near Infrared survey of Type la supernovae with future observato-
ries (Hook 2013 [125] present a review of future facilities for supernovae and
cosmology). Apart from the smaller contribution from host-galaxy redden-
ing, SN Ia are also more uniform in the NIR near maximum light, with the
intrinsic magnitude scatter into Y JH without any corrections being similar
to or smaller than the scatter in the B-band after applying corrections for
light curve shape and colour (e.g. see [151] and Chapter ??). The NIR peak
magnitudes are nearly completely standard, with no or a weak dependence on
the optical light curve shape and hence, nearly independent of the 5Ni mass,
which also makes the NIR less susceptible to evolutionary effects as a function
of redshift. Hence, the systematic effects from the lack of knowledge of the
SN Ia progenitor system and host galaxy reddening are significantly reduced
by observing in the Near Infrared. Moreover, measuring a distance to same SN
in the optical and NIR is an appealing test of the methods using the different
wavelength regimes and possible biases.

7.2. Euclid Deep Drilling Fields

Euclid is a 1.2m optical-NIR space telescope within ESA’s Cosmic Vision 2015-
2025 programme [171]. The primary science goals of the mission are to im-
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Figure 7.1.: Transmission Curves for the Y,J,H filters on board the proposed
Euclid mission

prove the Figure of Merit (FoM) for determining cosmological parameters using
galaxy clustering and weak lensing probes.

Euclid’s Wide Survey will cover > 15000 sq. def. with imaging in a single
broad optical band (R+I1+Z), three Near Infrared bands (y,J,H) and NIR slit
less spectroscopy. Additional Deep Fields will cover > 40 sq. deg., reaching
2 magnitudes deeper than the Wide Survey in both optical and NIR imaging
and NIR spectroscopy. Although the deep fields are primarily for calibration
purposes, they can be used for additional science like the study of transients.
Moreover, ideas for specialised dedicated surveys are being considered.

Recently, a dedicated survey for observing high redshift supernovae (z >1)
from space with the Euclid satellite has been proposed by Astier et al. [8]. At
such high redshifts, the rest frame optical bands shift into the NIR, requiring
observations from space. The survey, named “Dark Energy Supernova Infra-
red Experiment” or “DESIRE” in short involves a “three-pronged” approach
with a low-z anchor of ~ 8000 SNe in the redshift range z <0.35, an interme-
diate sample in the deep fields of the Large Synoptic Survey Telescope (LSST)
in the redshift range 0.2 <z <0.95 and a high-z sample with Euclid in the
redshift range 0.75 <z <1.55, requiring 6 months of Euclid observing time.

In our investigation, we focus on the repeat observations of the Euclid Deep
Fields during the main survey as a source for discovering and obtaining sparsely
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sampled light curves of SN Ia in the rest-frame Near Infrared. We emphasise,
hence, that the constraints on dark energy from such a dataset would come at
no additional cost to the survey.

In order to simulate the SN survey using the Euclid Deep Drilling Fields, we
first create a mean template for the NIR light curves and use it to generate
mock realisations of SNe observed in the Euclid filters

7.3. Creating Mock SN la data

7.3.1. Redshift Distribution

In order to calculate the expected redshift distribution for SN Ia in a given
range (Zmin, Zmaz), we need to use a function form for the SN Ia rates as a
function of redshift. In this section, we look at generating the mock data as
seen in the Euclid Deep Drilling Fields (DDF). First, we calculate the redshift
distribution as seen with the yJH filters aboard Euclid. We then create a
template light curve from which we generate the SN absolute magnitudes.
Perrett et al. [235] present the parametrize SN Ia rate function from the sample
of SNLS supernovae. The parametric formula is given as follows

SNRp.(2) =ro(14 2)° (7.1)

For the SNLS data alone, the authors find o = 2.11 £ 0.28 and 9 = (0.17 £
0.03) x 1074SNeyr—'Mpc=3. Since the SNLS data alone doesn’t constrain
the relation at 2<0.3, the authors combine the SNLS data with lower redshift
SDSS SNe from Dilday et al. [65] yielding the final value of a = 1.70 4 0.12
and ro = (0.21£0.01) x 107*SNeyr~'Mpc=3. Note that this function for the
SN rates has a redshift cutoft at z ~ 1.0.

We calculate the redshift distribution for a survey area of 20 sq. degrees and
a duration of 100 days. The resulting distribution is plotted in Figure 7.2.

For the SNLS survey, the contamination from non-Ia SNe that survive the
culling criteria to the measured rates is at most ~ 2 % out to z ~ 1 and is
negligible at z ~ 0.5
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Figure 7.2.: Redshift distribution for the mock sample of SN Ia in the NIR,
which includes 200 SNe observed at low-z (z <0.1) from the
grounds (blue) compared with the redshift distribution for the
JLA sample (green). The maximum redshift for the Euclid survey
is determined by the cutoff for the Euclid H-band filter. For the
expected redshift distribution the errors on the distance moduli for
the SNe in the last two bins (i.e. z >0.6) are extremely high due
to the large error in the photometry. This can be resolved with
longer exposure times for the visits to the Deep Drilling Fields.
We note that both samples presented in this Figure are of compa-
rable size. The JLA sample has a total of 740 SNe, whereas the
NIR mock sample has 615 SNe (200 low-z SNe along with 415 SNe
at intermediate redshifts).
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Errors on the photometry for faint objects are calculated using

o(mag) = 0.2 - 1004 (mag=manssio) (7.2)

where “mag” is the observed magnitude and m4p 544 is the 5 o limit for the
given filter.

7.3.2. Creating the Mean Curve

As an input to our simulations, we create a mean Y-band light curve from
observations of low-z SN Ta. We use the best observed SNe from the Carnegie
Supernova Project (CSP) [54,288], which has compiled an atlas of SN light
curves in the optical and the Near Infrared. We correct the low-z sample for
K-correction, time dilation and Galactic reddening. We note that these effects
are very small in the NIR for the low-z sample. No host galaxy correction is
applied to the data before creating the mean curve.

We create a mean curve with a binning of 1 day. For each SN event in the
distribution, we draw a phase at random and magnitude for each phase value
in the light curve using the spread at the given phase from the mean curve. We
fit the resulting light curve with an NIR template using the software SN(o0o)Py
[37]. The sparse sampling for long cadence observations with the Euclid Deep
Fields Survey Strategy doesn’t allow us to derive phase information from the
NIR light curves alone. Hence, we assume an independent estimate of the
timing of the B-band maximum from an optical light curve.

Since we want to probe the same restframe wavelength region at every redshift,
we fit the light curves for all mock catalogs in the restframe. We assume that
the redshift is known precisely to correct the observed magnitudes to the rest
frame. We discuss the impact of the errors in estimating the K-corrections to
map the observed filters to the restframe in Section 7.7.1

The final output of the light curve fitting is a three column file with the redshift,
fitted peak magnitude and the error on the peak.
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Figure 7.3.: The mean light curve in the Y filter. Details of how the mean
curve was generated are discussed in the text.

7.4. Advantages of Sparse Sampling in the NIR

The uniform behaviour of SN Ia in the NIR led to increased interest in obtain-
ing sparsely sampled light curves in the J and H filters in order to measure
distances precisely in an observationally inexpensive way. Recently, there have
been a few studies demonstrating the power of light curves with 1 -3 points
along with prior information from the optical to measure precise distances to
nearby SN la. The pilot study of the SweetSpot program on the WIYN tele-
scope [318] demonstrated that with only a few NIR observations per SN in the
J and H bands (for SNe out to a maximum redshift of 0.09), one can obtain an
rms scatter of 0.164 mag. More recently, Stanishev et al. [282] presented NIR
light curves for intermediate redshift SN Ia (2,42 ~ 0.18) to extend the NIR
Hubble diagram out to z ~ 0.2. Moreover, Barone-Nugent et al. presented J
and H light curves for 12 SN Ia in the Hubble flow (2>0.03) and evaluated
a residual scatter of 0.085 mag in the H band. Although the stretch range
for these SNe was narrow compared to the total distribution (0.8 -1.15), this
demonstrated the excellent ability of SN Ia to be used as distance indicators
in the NIR. The authors also showed that with only a single point per SN in
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Figure 7.4.: The mean light curve in the J (top) and H (bottom) filter. Details
of how the mean curve was generated are discussed in the text.
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their sample, they still get scatter values of ~ 0.12 mag in the H band and
0.15 mag in the J band.

Since sparsely sampled light curves have been demonstrated as a rich, potential
source to increase the sample size of SN Ia studies (without requiring more
observing time) and still obtain precise distances, we aim to quantify whether
it is more beneficial to use larger sample sizes or to have more densely sampled
light curves. In other words, we would like to know whether observing a larger
sample of SNe is more beneficial or if having densely sampled light curves
yields the most promising results.

In this investigation, we generate mock realisations of SN Ia with a total of
Nops observations. We alter Ngpy, the number of supernovae, each with ]]\\;‘;ﬁ;
As a test case we take 1000 observations and distribute them amongst 125,
250, 500, 1000 SNe and evaluate the standard error on the mean for each case

using Equation 7.3.

OSEM = Trms (73)

We report the resulting values for o,,s and oggys in Table 7.2. From Table 7.2
we find that, as expected , the rms scatter reduces for a sample with better
sampling per SN (i.e. higher %), however, the standard error on the mean,
given by Equation 7.3, is smallest in the case for Ngy = 1000, suggesting that
the most profitable strategy is to observe more SNe with fewer observations
per object. We find that this corresponds well with the tests demonstrated
in [15], although the authors in that study use a small sample of 12 SNe (see
Table 4 of [15]) .

7.4.1. Precision on tp,,(B)

We note that in the absence of complementary optical data (either spectra or
well-sampled B or V' band light curves), it is not possible to constrain tmyax(B)
from only sparsely sampled NIR light curves. In our simulations, we have
assumed that tyax(B) is known with high accuracy and hence, do not account
for large errors in tpax(B).
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Table 7.1.: The filter definitions and sensitivity limits (50 point source) for
the Euclid mission. Credits: Euclid Definition Study Report and
Astier et al. [8].

Filter | Appin(nm) | Apaz(nm) | Sensitivity (mag)
y 920 1146 24.02
J 1146 1372 24.03
H 1372 2000 23.98

However, as was demonstrated for the pilot study of the SweetSpot survey, in
many cases the SNe did not have well-sampled optical light curves [318]. For
the pilot sample of the SweetSpot survey, the authors report an tyax(B) from
an optical spectrum. Measuring tmax(B) from an optical spectrum has an as-
sociated uncertainty of £+ 2d. [318] coherently shift the tyax(B) by 2d for their
NIR fits and find a shift in the peak magnitude of 0.06 mag, corresponding to
an error of 0.017 mag for their sample of 12 SNe, which is significantly smaller
than the rms scatter of their sample or the individual measured uncertainties
on the peak magnitude.

We test the effect of a coherent shift in tpax(B) on the mean peak absolute
magnitude for 1000 realisations. We find a similar shift of 0.07 mag, corre-
sponding to a smaller error of mag owing to a larger sample size than the
SweetSpot pilot study. Hence, we find, similar to [318] that a coherent shift in
tmax(B) doesn’t contribute significantly to the error in the mean.

Table 7.2.: The standard error on the mean as a function of the number of
SNe for a fixed total number of observationsi. For this investiga-
tion we assume that accurate phase information is available from
complementary optical photometry.

Nsn | Nops/SN | 0 | 0sEm
1000 1 0.134 | 0.0043
500 2 0.126 | 0.0056
250 4 0.091 | 0.0057
125 8 0.075 | 0.0067
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Moreover, we also look at the effect of tyax(B) being drawn randomly from a
normal distribution from a N'(0, 1) distribution and use this value as the prior
for the phase information in the NIR template fit.

We generate 1000 SN events as in the first case of Table 7.2 and propagate the
uncertainty in tmax(B) as described above. The resulting o,,,s increases to
0.15 mag (from 0.134 mag in Table 7.2), however, the shift in the mean value
is 0.003 mag hence, it has a minimal contribution to the error on the mean
magnitude.

7.5. Constraints on Cosmology

In order to use apparent magnitudes for the cosmological fitting, we add a
distance modulus pu(z; €). For testing constraints on wCDM cosmology, we
use 0 € {Hop, Qy, w} = {70, 0.27, -1} for a flat universe.

Dy

The luminosity distance is a function of the redshift (z) and the cosmological
parameters for the input model (in this case wCDM)

Dy (2.C) = Hio%& Dol(2)) (75)
where
I(z) = dz (7.6)

VL + 230 + (1 + 27)30F0)0) o+ (14 2)2Q0

and S(z) = z, sin(x) or sinh(z) for flat (0 = 0) , closed (£2,0<0)and open
(2%,0>0) universe, respectively.
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Figure 7.5.: The simulated, rest-frame Y-band Hubble diagram for the SN Ia
surveys with the Euclid Deep Drilling Fields (DDFs; blue) and the
fiducial cosmology (red). The Hubble residuals are plotted in the
lower panel.
Table 7.3.: “Uninformative” prior values for the cosmological parameter esti-

mation with MCMC fitting. The parameters given here are for the
w,CDM model, however, we note that we use the same prior on
constant w as we do for wp in w,CDM

Parameter Prior range
Qo 0, 2]
wo [-5, 0]
W [-5, 5]
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Figure 7.6.: Top: Qy, -w contours for the NIR mock sample of SN Ia from the
Euclid Deep Drilling Fields. Bottom: )y, - w contours along with
a distance prior from the CMB. As expected, the constraints on
w improve significantly with the addition of the CMB data, which
is complementary to the constraints from the SNe. The error
contours are 0.5 o.
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2 (i = Hmod)
XSN Ia = Z - 0_2 ues (77)
=0 ot
2 .
where 0y s
2 2 2 2
Oui = Ofiti T Oint T Ophot (7.8)
02 = om * (2] Zmaz)? (7.9)
phot m maxr .

Ot is the error on the light curve fit, oy, is the intrinsic scatter and oy,
encapsulates the photometric accuracy, which was conservatively taken as 0.02
mag by [42]. We adopt the same value here.

Hence, the likelihood is given by

o =X
LsNI1a = eXp(T) (7.10)

We evaluate the posterior distribution for the parameters of interest using a
Markov Chain Monte Carlo algorithm (nested sampling, see Appendix A and
[75] for details on the algorithm). The likelihood is given in Equation 7.10 and
we use “un-informative” priors on the parameters, summarised in Table 7.3.

7.5.1. Variable w

The expression for luminosity distance given in Equation 7.5 and the integral
I(z) assume that the equation of state of dark energy, w is a constant with
redshift. A more general expression for the integral can be given as

dz
[(Z) B \/(1 + Z,)3Qm7o + QDE(Z/) + (1 + Z/)ZQ]C,O <7.11)
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Table 7.4.: Comparison of the constraints on the wCDM and w,CDM model
from the NIR mock SNe and the most recent constraints from the

JLA sample in the optical. The parameter estimates are presented
both for the SNe only case and the SNe + CMB case.

Sample —%— —Aw—lg()— Awg
NIR mock 0.18 0.24 1.74
JLA 0.27 0.30 1.83

with CMB prior

NIR mock 0.04 0.20 0.87

JLA 0.04 0.23 0.94
z

1+w(z)

Qpp(z) = Qpexp[3 dz ] (7.12)

142
0

We implement the most commonly used parametrisation for w(z) in the liter-
ature w(z) = wy + w'z+ ..., is ill-behaved at high z, and hence a more useful
two parameter model is proposed by Chevallier & Polarski in 2001 [45] and
Linder in 2003 [182] (hereafter CPL) is expression as follows

w(a) = wy + we(l — a) (7.13)

where a = 1/(1+ z). This parametrisation is referred to as w,CDM hereafter.
Note, for our analysis we assume flatness, i.e. 2 = 0 and 2, =1 — Q,. For
the mock catalogs the input (wo, wq) is (-1., 0.)

7.5.2. Comparison with the Optical

The most competitive constraints on the equation of state of dark energy have
been presented by Betoule et al. [21] using a combination of SN Ia, CMB and
BAO measurements. The sample of SN Ia includes 740 objects in the redshift
range 0.01 <z <1.3 (see Figure 7.2 for the complete redshift distribution).
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Figure 7.7.: Top: Constraints on w,CDM from the NIR mock SN catalog (SN-
only constraints). There is a strong degeneracy between the two
parameters. The error on w, is ~ 1.8, which makes it difficult
to constrain the time-varying equation of state. Bottom: w,CDM
constraints from the NIR mock SNe combined with the CMB prior
(see text for discussion of CMB constraints). The errors improve
significantly with o(w,) ~ 0.9, similar to the constraints from the
optical SNe data + CMB.
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For this, we derive constraints on the cosmological model from the binned
distance moduli from the JLA sample presented in Appendix E of Betoule et
al. [21].

The resulting w-y,, contours for the JLA sample are plotted in Figure 7.8
For the SN only fits, the median and 68% credible regions for w and Q,,
are —0.90+8:‘Z’?7’g and 0.267:%% which is in good agreement with the results

from [274].

7.5.3. Combined Constraints with Complementary Probes

As seen above (e.g. top panel Figure 7.8), Type la supernova are excellent
distance indicators to estimate cosmological parameters. However, especially
for testing time-varying equation of state of dark energy, the constraints on
the cosmological parameters can be improved significantly (e.g. top panel
Figure 7.9). For this purpose, SN Ia data has often been combined with com-
plementary probes, e.g. the Cosmic Microwave Background [17] and Baryon
Acoustic Oscillations (BAOs) [10] (some studies also combine the likelihood
with a prior on Hyp from local measurements, e.g. Cepheids [254, 255]).

For our study, we focus on the distance prior from the Cosmic Microwave
Background (CMB) compressed likelihood, using the CMB shift parameter
calculated by the Planck Collaboration (similar to the procedure implemented
by Astier et al. for the DESIRE survey [8], although the authors in that
study use the forecasts for the Planck satellite [211]). Ongoing and future
missions (e.g. DES, Euclid) are designed to significantly improve upon the
current cosmological constraints from complementary probes like BAOs and
Weak Lensing (WL), hence, we defer the discussion for a combinations of all
four probes to a later study.

Cosmic Microwave Background The CMB is a rich source of information
regarding the physical conditions in the early universe (z ~ 1100). It also
provides a complementary high-redshift distance prior that, when combined
with SN Ia, or other probes (e.g. Baryon Acoustic Oscillations) at later stages
in the evolution of the universe, can provide extremely precise constraints on
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Figure 7.8.: Constraints on wCDM from the Joint Light Curve analysis of
SDSS and SNLS SN Ia sample. Top: The constraints on w-
Qm from SNe only. Bottom: Constraints from SNe + CMB. For
the SN only constraints we use the binned distances and the co-
variance matrix provided in Appendix E of [21].
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wo-w, contours from the JLA binned distance moduli. The blue
lines show the point for the cosmological constant (-1, 0). The data
are consistent with the cosmological constant hypothesis, although
the errors on w, are large. Bottom: The constraints on (wp - wg)
from the JLA SN sample combined with a CMB distance prior.
The errors on wy and w, are significantly reduced.
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dark energy. Constraints on standard cosmological parameters can be calcu-
lated from the CMB observations without needing to compute the complete
likelihood from fitting the power spectrum. A compressed likelihood has been
derived from observations conducted by recently concluded CMB experiments,
e.g. WMAP and Planck teams to place constraints on w, 25 and €. For the
WMAP five-year data, Komatsu et al. 200,9 [157] demonstrate that there is a
good agreement between the parameter estimates from the complete CMB like-
lihood calculation and the compressed likelihood (Figures 12 and 13 in [157]).
An important caveat presented in the study and in previous analyses of cosmo-
logical models (e.g. [55,68]) is that the compressed likelihood parameters are
derived parameters from the fitting of the CMB power spectrum, and hence,
they must be used carefully when testing alternative cosmological models.

The CMB shift parameter. R measures the size of the apparent sound horizon
at recombination [68] and is related to the position of the first acoustic peak
in the CMB temperature power spectrum. The value of the shift parameter is
not directly measured from the CMB temperature maps, but rather, requires
assumptions on the background cosmology. This provides a computationally
less intensive approach to derive CMB priors on cosmology. Comparing to the
different MCMC chains, the Planck collaboration finds that the compressed
likelihood is stable for ACDM, wCDM and w,CDM models [246,248]. For a
spatially flat universe, the CMB shift parameter is defined as

R=\/Q - HX1+ z*)DAC(Z*> (7.14)

where €, is the dimensionless matter density, D 4(z*) is the angular diame-

*

ter distance at the redshift of decoupling, z*.
decoupling is given by the fitting formula of Hu & Sugiyama 1996 [133]

The expression for redshift of

2% = 1048 - [1 + 0.00124(2h%) 7381 + g1 (Qnh?)%] (7.15)
where O 21 ~0.238
0.0783(Quh?) 0
g1 = (€2 )2 S (7.16)
1+ 39.5(Qh2)0-
0.560
92 (7.17)

T 14 2L 1(Qph2)8
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Figure 7.10.: The 2, -w constraints from the CMB shift parameter alone using
the y2 expression from Equation 7.18. Although the constraints
from the CMB alone are not very precise, the contours are or-
thogonal to those from the SNe and hence, combined with SNe
provide extremely precise constraints on w

For our calculation, we fix the Qyh%value to 0.022 [246]. Keeping Qh? as a
free parameter doesn’t significantly change the CMB constraints on 2, -w.
Thus, the constraints on cosmology are obtained by minimising the y? given

by

R— Ry,

— )2 (7.18)

2
XemMB = (

where the subscript pl denotes the best estimate and error on R from the
Planck satellite [248]. Since the SN Ia and the CMB provide independent
constraints, for the combined x? we can simply add the x? from the two
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Table 7.5.: The effect of the cadence at which the Deep Drilling Fields are
visited on the final error on wy

Cadence (days) | o(wg)
10 0.75
15 0.87
30 1.02

probes from Equations 7.7 and 7.18

2 9 2
Xtot = XSN Ia T XCMB (7.19)

7.5.4. Impact of Deep Drilling Fields Cadence

For our analysis of the Euclid NIR SN survey, we assumed a cadence of 2
weeks. In this section we look at the impact of faster and slower cadences on
the cosmological estimates. We find that the change in the scatter in the peak
magnitude as a result of the cadence does not significantly change the final
error on constant w , however, a faster cadence does improve the errors on wj.
The results are summarised in Table 7.5. We find that a 10 day cadence yields
~ 10 % better errors on w, and likewise, a 30 day cadence yields ~ 10 %
larger errors on w,. For further analysis, we use the baseline case of a 2 week
cadence.

7.6. z> 1 constraints with James Webb Space
Telescope

The constraints on w from the Euclid DDF are comparable to the most precise
constraints from recently concluded optical surveys (see Table 7.5). Since the
forecast survey only extends out to a maximum redshift of ~ 0.8, the survey
does not precisely constrain any possible time variation in the dark energy
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Figure 7.11.: The proposed filter set for the Large Synoptic Survey Telescope
(LSST).

equation of state. Therefore, in order to obtain more precise constraints on
w(z) from restframe NIR observations, we need to extend the high redshift
lever of the Y JH band Hubble diagram, to z>1. This would involve observa-
tions in a wavelength region that is redder than the NIR (A>2um). Since the
Euclid satellite has a filter cutoff at ~ 2 pm, such a high-z study cannot be
conducted using the Euclid deep fields.

The James Webb Space Telescope (JWST) is a joint mission of NASA| the
European Space Agency and the Canadian Space Agency consisting of a 6.5 m
space observatory which is optimised for Near- and mid- Infrared observations.
The NIRCam aboard JWST has a filter set that extends out to ~ 5 pm, making
it an ideal instrument for such a high-z follow-up program.

In this section, we present a simulated survey of rest-frame Y JH observations
at z>1. For this high-z arm the SNe will be discovered in the optical with
future facilities (e.g. LSST) and followed up with NIRCam on JWST. We
analyse the constraints on constant w and w(z) with ~ O(10%) in the redshift
range z >0.8.
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Table 7.6.: Simulated depths for the LSST deep-drilling fields. The depths
shown here were calculated by [8] for the intermediate-redshift part
of their three-pronged SN survey

Filter | Magnitude | Exp. Time
g 26.47 300
r 26.35 600
1 25.96 600
z 25.50 780
y4 24.51 600

LSST Deep Drilling Fields The Large Synoptic Survey Telescope (LSST) !
is a 8.4m survey telescope equipped with a very wide-field camera (9.6 sq. deg.)
with u,g,r,i,z,y filters (see Figure 7.11). The science for SN Ia from LSST alone
is described in Chapter 11 of the LSST science book, concentrating on the key
gain for SN cosmology of having large number statistics (of order 50000 SN Ia).
Such statistics would also improve systematics by allowing the sample to be
split into subsamples, e.g. by host galaxy type. This SN survey would also be
critical to measuring rates for all types of supernovae and to test isotropy and
homogeneity as well as SN Ia evolution.

In this investigation, we primarily look at an optical SN discovery telescope
like LSST to find suitable targets for NIR follow-up with JWST. We emphasize
that the prior information along with the NIR observations is the supernova
classification and phase information alone and hence, it is not sensitive to the
LSST mission configuration. The DDFs are scheduled to be visited with a
4-day cadence with exposure times listed in Table 7.6.

Since the SN rates are very uncertain at z ~ 1 (see [8] for a discussion), for
the high-z arm we draw a a uniform redshift distribution in the range [0.8,
1.4]. For each SN we only draw a single observation in the NIR in the phase
range [-6, +5] days from tyax(B). Since we only have single point instead
of 4-5 points in the NIR we can observe of order few hundred SNe without
requesting for a large amount of observing time.

Thttp://lsst.org/
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Figure 7.12.: Short-Wavelength and Long-Wavelength filter passbands for
the narrow, medium and wide filters available with NIRcam on
JWST. The wavelength range covered is from 0.6 - 5 pm making
it possible to observe the rest frame NIR at z >1. Figure credits:
http://www.stsci.edu/jwst/instruments/nircam/instrumentdesign /filters

7.6.1. Constraints on cosmology

As with the Euclid DDF survey, we evaluate the constraints for the different
cosmological parametrisations

Constant w

We test the w CDM model constraints with the addition of the high-z NIR
observations from JWST to the SNe from the Fuclid DDF survey. The re-
sulting contours for Euclid + JWST SNe (for SNe alone and SNe + CMB)
are presented in Figure 7.15. For SNe only, we get constraints on constant w
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Figure 7.13.: The redshift distribution for the NIR survey with the Euclid
DDF combined with 300 SNe measured with JWST (blue) com-
pared with the redshift distribution of the JLA sample of Betoule
et al.(green) The NIR sample has roughly the same number of
SNe spanning a similar redshift range to the latest sample in the
optical.

(flat universe) of order ~ 10% (see Table 7.7, a significant improvement on
constant w compared to the Euclid-only forecasts and the current constraints
from JLA (see top two rows of Table 7.5 for a comparison). This demonstrates
the power of the high-z to improve the SN only constraints on w.

Combined with the CMB distance prior, the JWST constraints are ~ 3 %
which is slightly better than the estimate from the Euclid DDF SNe + CMB
estimates.
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Figure 7.14.: The Hubble diagram for the SNe forecast to be observed with
Euclid and JWST combined with a low-z anchor (see text for
details). The red line is the fiducial cosmology input to derive
the apparent magnitudes. bottom: Hubble residuals for the mock
catalog of SNe.

Variable w

The high-redshift lever provided by observations from JWST at > 2 um
are critical to constrain the time evolution of dark energy. Using the same
parametrisation for variable w as for the Euclid DDF, we present the con-
straints on (wp, wg) using a combination of Euclid DDF SN Ia and the JWST
high-z arm.

We estimate the improvement in the uncertainties on wg and w, by increasing
the sample size for the the high-z lever. We find that there is a ~ 10 %
improvement in the errors on both wg and w, by increasing the total number
of SNe from 200 to 500. We discuss these estimates of o(wg) and o(wp) in
context of forecasts from other surveys in the literature in section 7.7.
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Figure 7.15.: Top:Constraints on wCDM model from Euclid DDF + JWST
high-z SNe only. The 1-0 errors are of the order of 10%, which is
a significant improvement over the current constraints from the
JLA sample. Bottom: Constraints for the same model with a
distance prior from CMB observations. As expected, the CMB
prior shrinks the errors on w. The errors are reduced to ~ 3 %
for constant w, assuming a flat universe.
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Figure 7.16.: Top: Constraints on the w,CDM model from a combination of
the Euclid DDF survey and single point observations of high-z
SN Ta with JWST. The w, contours have large 1 o errors (~
1.5) with a long tailed distribution. This is expected since the
SNe alone cannot precisely constrain the dark energy equation
of state as a function of redshift. Bottom: The SN constraints
for the w,CDM are combined with a distance prior from CMB
observations. The errors on w, shrink significantly with the 1 o
error on w, ~ 0.45.
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Figure 7.17.: (wg, w,) contours for a combination of SN constraints from Y
and J band observations with the Euclid DDF+JWST and a
distance prior from CMB observations.

Table 7.7.: wCDM model constraints from SN Ia only. The mock sample con-
sists of 200 low-z SNe (z <0.1), SNe discovered in the Euclid Deep
Fields and the high-z arm observed with JWST. The SNe alone
can constrain constant wto ~ 10% or better (assuming flatness).

Ngy | —2e—
200 | 0.101
300 | 0.097
500 | 0.095
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Table 7.8.: Constraints on time-varying dark energy from a combination of
Euclid DDF+JWST SN Ia and a distance prior from CMB
observations.

A
Ngy [ B8 [ Auw,

200 | 0.108 0.449
300 | 0.099 0.427
200 | 0.095 0.400

7.7. Discussion

Future supernova surveys are designed to provide excellent multi-band photom-
etry for large sample of SN Ia, increase the total number of known SN events
by 1 or 2 orders of magnitude. Using well-calibrated photometric systems,
these surveys (e.g. DES, LSST), aim to significantly improve the constraints
on the equation of state of dark energy and its time variability. Moreover,
an improvement in the measurements of complementary cosmological probes
(e.g. Baryon Acoustic Oscillations, Weak Lensing) will further bolster the
constraining power of future surveys to understand the nature of dark energy.

We have studied the constraints on standard cosmological models from future
SN surveys designed to return data in the rest-frame Near Infrared. A re-
duced contribution from host galaxy dust and a smaller intrinsic scatter in the
absolute magnitudes makes this an ideal wavelength region to use SN Ia as
distance indicators in cosmology. We present the final constraints on €),,, w
and time-varying equation of state w(a) in combination with a distance prior
from the CMB compressed likelihood.

We note that the rms scatter for our mock Hubble diagrams is ~ 0.11. A
recent study by Barone-Nugent et al. [15] found an rms scatter in the H band
of 0.085 mag for 12 SNe in the Hubble flow (i.e. 2>0.03). Hence, with a
larger sample of NIR observations for SN Ia in Hubble flow (e.g. the recently
concluded Carnegie Supernova Project - II), one can test the effect of peculiar

velocity errors on the final value of the intrinsic scatter in the peak luminosity
of the SNe.



7. Forecasts of cosmological constraints with future observatories in
182 the rest-frame Near Infrared

In this section, we discuss our findings in context of current constraints and
forecasts presented in the literature. We also discuss the use of complementary

distance indicators recently proposed to further augment the constraints from
SN Ia.

7.7.1. Impact of K-correction errors on cosmology

Light from distant supernovae is significantly redshifted by expansion of uni-
verse by the time it reaches the telescope. Hence, the SED is significantly
shifted with respect to the SN rest frame and the fluxes measured in the pass-
bands on earth do not correspond to the SN rest frame flux, which is the
quantity of interest for cosmological (and physical) constraints.

In order to ‘shift’ the observed fluxes to the ‘original’ rest frame filters, we
apply K-corrections. Indeed, this is the method for light curve fitting used by
MLCS2k2 [142], but not by other light curve fitters e.g. SALT2 [107], which
models the SN magnitudes at different redshifts with different training sets
for each redshift region (e.g. SDSS, SNLS to create intermediate and high-z
templates).

As a result of this application, it is imperative to know the underlying SED
very well. For this purpose, authors have previously constructed template
SED’s from a library of spectra (Nugent et al. [218], Hsiao et al. [132]).

For our investigations we require a template SED in the NIR in order to K-
correct the observed J and H band photometry to the rest frame Y band (and
also calculate Kyy for the low-z sample).

Here, we look at the effect of the K-correction errors in the NIR on cosmological
parameters estimation. The cross-filter K-corrections are evaluated as given
in Equation 7.20

[ FN)(x AN
T FANSA(L + 2); AN

Kap(t) =2.5-log ((1+z)~ ) +Za— Zp (7.20)

where A : (Y,J,H) and B:Y. F4 and Fp are the filter transmission functions
and ¢ is the template SED. Z4 and Zp are the filter zero-points.
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Dispersions in K-corrections

K-correction dispersions are quantified here are the differences between the K-
correction calculated using a particular observed spectrum ¢°(\) and that cal-
culated using an assumed template spectrum ¢! (\). Hence, the K-correction
dispersion can be written as

J A¢S<A>FB<A>dA) _2.510g (f A¢S (M (1 + z>>FA<A>dA)
STV Fa(Ndr) JAST(\) Fa(A)dA
(7.21)

AK ap = 2.5-log (

As can be seen in Equation 7.21, the definition of the K-correction dispersion
removes the dependence on the zero points and focuses on the effects of an
assumed spectral template and the alignment of the rest-frame and observed
filters

In this investigation we use two approximations for the error on the K-term.
Firstly, we use a constant term added in quadrature to the errors from the
fit. In the second case, we use a linearly increasing error term with redshift as
demonstrated in Boldt et al. [30] for YV, J, H, K filters.

In Freedman et al. [89], the authors find a maximum error in the K-correction of
~ 0.1 mag. We apply 0.1 mag as an additional error to all SNe (conservatively).
We also look at the effect of larger K-correction errors on the value of w. The
resulting effect on the best estimate and error on win flat w CDM model is
presented in Table 7.7.1.

We also calculate the impact of the K-correction dispersion on the precision of
estimating w,. Using the Euclid DDF+JWST SN catalog and a CMB distance
prior, we find that o(w,) is 0.55 for an additional systematic uncertainty of 0.1
mag. For a smaller uncertainty of 0.05 mag, the error on w, is 0.45. We note
that the main limiting factor in calculating the dispersion of the K-correction
terms is the number of NIR spectra available to create accurate templates as
a function of phase and Amq5(B) .

We calculate more realistic dispersions in the K-correction as a function of
redshift. For a given redshift, we determine the spread in the possible values of
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Figure 7.18.: The spread in the calculated K-correction versus redshift. The
K-correction spread is calculated by “mangling” the template
spectrum to the observed colours for SNe with observations near
the epoch of interest. The “jumps” observed in the dispersion
occur due to the rest-frame filter shift from y to J band (at z ~
0.1) and J to H (at z ~ 0.3)

the K-correction by matching the template spectrum to the observed colours of
the SNe in the sample described above for calculating the mean curve. For each
matched spectrum we calculate the K-correction as described in Equation 7.20.
The range of K-correction values is then assumed as an additional error term,
added in quadrature for the final estimation of cosmological parameters.

We compare the resulting constraints on w from the forecast Euclid survey to
those from the Joint LightCurve Analysis (JLA) sample presented by Betoule
et al. [21]. Firstly, we compare the estimates on w and €, from our nested
sampling MCMC (see Appendix A and [74, 75]) method to those presented
in the literature for the JLA sample and find a very good agreement. The
constraints from SNe-alone as will be observed by Euclid are marginally better
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Table 7.9.: The functional form and scale of the error in the K-correction,
median value for w and o are presented. “const” refers to a constant
error added in quadrature to the error on the distance modulus,
whereas “lin” uses a simple linear function with the maximum value
mentioned in column 1.

Kerr | Func w o

0.0 ... 1-0.99 1 0.24
0.1 const | -1.01 | 0.27
0.15 | const | -1.04 | 0.31
0.2 const | -1.07 | 0.41

0.1 lin |-0.99 | 0.24
0.15 lin |-1.05]0.28
0.2 lin | -1.08 | 0.31

than those from the JLA sample (see Figures 7.6 and 7.8). We note that
the NIR light curves are built from very few observations and can even yield
distances with only a single observation as long as there is a prior on the time
of B-maximum and a spectroscopic classification of the SN.

Combining the SN constraints with an orthogonal CMB distance prior from
Planck , we find that the constraints on constant w from the Euclid + low-z
survey are comparable to the JLA+CMB constraints. Since these NIR light
curves come at essentially no additional cost to the Euclid survey (the Deep
Drilling Fields are required to calibrate the measurements for the primary
science goals of Euclid i.e. weak lensing and Baryon Acoustic Oscillations),
such a survey is extremely advantageous to bolster the constraints on the dark
energy equation of state.

Furthermore, we evaluate the constraints on time-varying dark energy from
such an NIR survey. As is expected, the SNe alone are not sufficient to pro-
vide a precise constraint on the time-variability of dark energy, with o(wg) ~
1.8 & 1.7 for the JLA and Euclid NIR surveys respectively (see Figures 7.9 and
7.7, top panels). However, combining these constraints with a CMB prior, we
find that the error on w, is significantly reduced to ~ 0.9 (as is also seen in
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the case for constant w; Table 7.5). The constraints on w, from the NIR are
slightly better than the current constraints from the optical, however, it is not
a substantial improvement. This is most likely due to the Euclid NIR survey
not extending to higher redshifts z>1.

In the rest frame Near Infrared at z>1, NIRCam on JWST will be an ideal
instrument to obtain sparsely sampled light curves for measuring distances to
SN Ia. With only 300 SNe, each with a single observation using the NIRCam,
the JWST high-z lever allows us to constrain constant w in a flat universe
(combined with the low-z anchor and the intermediate z observations from
Euclid) to ~ 10 % or better (note: the timing of B-band maximum and hence,
the phase of observation is assumed to be known from complementary optical
observations.).

Forecasts for the Dark Energy Survey (DES; [20]) predict a 10 % constraint on
constant w, from a sample of ~ 4000 SNe alone, comparable to the values we
obtain here. Combining the results with a CMB prior from Planck, constant
w can be constrained to ~ 2 %, similar to what we obtain from the NIR.

The Science book for the Large Synoptic Survey Telescope (LSST) [187] has
presented constraints on dark energy equation of state using SN Ia (Chapter
11). For a constant w, the errors are slightly larger than 10 % from SNe
alone for a sample of 10,000 SN Ia, assuming spectroscopic redshifts for all
host galaxies. This is a significant improvement on current constraints from
the JLA sample (~ 25 — 30% on constant w from SNe alone, see Table 7.5).
Relaxing the assumption of spectroscopic redshifts for host galaxies of SNe dis-
covered by LSST, the authors find that the more realistic case of photometric
redshifts yields constraints of ~ 20 % (see Figure 11.12 of [187]). We note that
our results are comparable to, or slightly better than the best case scenario
presented in the LSST science book. We stress as well that the NIR presents
a complementary method to constrain the dark energy equation of state.

Bernstein et al. [20] forecast the error contours on the time-varying dark en-
ergy equation of state (assuming a Chevallier-Polarski-Linder parametrisa-
tion). Along with a Stage II Dark Energy Task Force + Planck Prior, the
authors find o(wg) ~ 0.5 and o(wg) ~ 0.1, which is similar to the estimates
forecast from the NIR. The LSST science book also forecasts constraints on
w(a) from SNe alone. They find o(w,) ~ 1 —2 depending on the errors in the
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photometric redshifts. It is worth noting, however, that for this forecast, they
assume 50,000 SN Ia (about one-tenth of the total sample LSST is designed
to find in its ten-year lifetime) which is a factor ~ 50 larger than the total
number of SNe in the NIR forecast.

WFIRST is a planned NASA Mission of an NIR wide-field imaging and spec-
troscopy satellite in space. Its main science goals concentrate on measuring the
expansion history of the universe and galaxy clustering (exploring dark energy
and modified gravity with weak lensing, BAO and supernovae). The forecast
SN survey as described in the definition study report (Green et al. [105]) in-
cludes a low-z anchor of 800 SNe at z <0.1, 1400 SNe in the range 0.1 <z
<0.8 and 700 SNe in the range 0.8 <z <1.65 measured in the J,H and K
bands. Since the redshift range 0.1 <z <1.65 is broader than the span of mea-
surements (J,H,K), Relative distances heavily rely on the SN model and are
sensitive to the calibration uncertainties of the training sample. We note that
in our forecast survey, the low, intermediate and high-redshift parts are all
measured in the same rest frame wavelength region and hence are not prone
to uncertainties arising from extrapolating the SED presuming an SN model.
Astier et al. [8] use their simulator for a space-based high-z survey along with
the WFIRST inputs and find that the systematic uncertainties from the train-
ing sample significantly increase the final errors on w, hence, being a limiting
factor for such an SN survey.

7.7.2. Further extension of the high-z arm

As mentioned above and detailed in the Definition Study Report ( [105]),
WFIRST will be surveying SN Ia in the optical to extremely high redshift
Zmaz = 1.7 or even greater. In this discussion, we study the impact of following
a subset of these high-z SNe discovered by WFIRST in the rest-frame NIR with
JWST. Similar to the case mentioned in section 7.6, we draw a uniform redshift
distribution ¢/(0.8,1.8) for 200 SNe. Since WFIRST is designed to discover
~ 100 SN Ia in each redshift bin Az of 0.1 (summing up to ~ 1000 SNe in
the specified redshift range), our estimate of 200 SNe followed up in the NIR
is very conservative. We study the impact of such high-z observations with
JWST. We test the wCDM and w,CDM model with a combination of the
EuclidDDF+JWST SNe.
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We find that extending the NIR Hubble diagram to a z,,4, of 1.8 leads to
precise constraints on constant w of ~ 8 %. Combined with the CMB distance
prior to test time-varying dark energy, we find that with z,,,, = 1.8, we get
o(wg) of 0.37, which is marginally better than observing 500 SNe out to a zaq
of 1.4.

7.7.3. Fitting for the intrinsic scatter

In the analysis presented, we fix the value of the intrinsic scatter to the stan-
dard deviation of the peak magnitudes. This value is a conservative overesti-
mation of the intrinsic scatter of the sample. Hence, we calculate the contours
for the cosmological model by fitting for the intrinsic scatter as well. For this,
the likelihood expression is as follows

Nsn
1
L= exp(— (15 — fimodel)* /0> 7.22
Do s~ a7 (7.22)

2

o, the error on the distance modulus and the intrinsic

where 02 = O'iz + o
scatter respectively.

In this section we evaluate the contours with o;,,; as a free parameter in the fit
We use the w,CDM model (to test how the uncertainty on wg and w, changes)
for the EuclidDDF + JWST SN with a CMB prior. The resulting likelihood
contours are plotted in Figure 7.21. The 1-0 errors on wg and w, are 0.08
and 0.35 respectively. These values are smaller than the errors of ~ 0.10 and
0.45 in the case that the standard deviation is used as the intrinsic scatter (see
Figure 7.16 for a comparison). Hence, fitting for the intrinsic scatter yields
smaller errors in the final estimate of wy and w,.

We also note that adding a constant term of 0.1 mag in quadrature as a
systematic uncertainty for the K-corrections (as done in section 7.7.1) increase
the 1-0 errors on wg and w, to 0.1 and 0.41 respectively.
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Figure 7.21.: (wp-wg) contours for Euclid DDF+JWST SNe along with the

distance prior from Planck. The 1-D marginalised distributions
for wy and w, are also plotted along with. For this fit the o,
term in the expression for the y2is fitting as a free parameter
instead of fixing it to the o,,,s of the peak magnitudes. Since
the 0,5 is either equal to or larger than the o;,,, fitting for this
parameter leads to smaller errors for wg and w,.
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7.8. Conclusion

In this chapter, we have presented constraints on standard cosmology and
time-varying dark energy from SN surveys in the rest frame Near Infrared
with future ground and space-based facilities. We restrict ourselves to the
CPL parameterisation of time-variability since it is the most commonly used
formalism in the literature, however, this prescription can be used for alternate
paramterisations too for e.g. Wetterich paramterisation [316] or Jassal-Bagla-
Padmnabhan parametrisation [138] . We note that the expression for the
luminosity distance in Equations 7.5 and 7.6 assumes homogeneity and isotropy
on large scales. Relaxing these assumptions, we can also use the SN datasets
to test inhomogenous cosmology, e.g. the Lemaitre-Tolman-Bondi model (e.g.
[73]) -

We find that an SN survey in the rest-frame Y band with the Deep Drilling
Fields for the Euclid mission yields slightly improved constraints on constant
w, when compared with the latest optical constraints from the JLA sample.
The constraints from Euclid are derived for sparsely sampled light curves in a
single filter, compared to the multi-band detailed light curves from the SDSS
and SNLS surveys in the optical (see Table 7.5). Moreover, we stress that the
DDF survey comes at essentially no additional cost to the Euclid mission since
these fields will be visited for calibration of the primary science goals, i.e.
BAOs and Weak Lensing. However, these constraints presume an accurate
timing of the B-band maximum, derived from complementary optical light
curves obtained from ground-based facilities.

Since the final aim is to constrain the time variability of dark energy, we
estimate the error on w, for the CPL formalism of the redshift dependence
of dark energy equation of state (see Equation 7.13). Combining the SN Ia
likelihood with a distance prior from the CMB we find a 1-0 error on w, of
~ 0.9, which is again similar to the current best constraints from the optical
(Table 15. Betoule et al. [21]).

To obtain more precise constraints on w,, we require higher redshift observa-
tions of SN Ia in the Near Infrared. We find that an additional 300 SNe in the
redshift range [0.8, 1.4], measured by a future satellite can provide stringent
constraints on w, ~ 0.45. These constraints are similar to those from ongoing
and future surveys like DES and LSST.
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Distance measurements to SN Ia in the NIR are complementary to measure-
ments in the optical and offer a unique opportunity to compare the systematics
in both methods by measuring a distance to the same SN. Additionally, the
NIR offers an opportunity to constrain properties of SN host galaxy dust and
to measure global parameters e.g. °Ni mass (e.g. [60]), if there is sufficient
sampling around the timing of the second maximum. Therefore, the NIR ap-
pears to be an effective tool to constrain cosmology in the future.



8. Conclusions and Future
Outlook

In this thesis, we analyse the Near Infrared and bolometric properties of Type
Ia supernovae to understand the physics of the explosions, search for clues
regarding the progenitor system and progenitor mass and to forecast the use
of SN Ia as distance indicators in the rest-frame Near Infrared with future
facilities.

The Near Infrared light curves are a unique opportunity to study both the
physics of the explosions and to use them for precise distance measurements.
We find that the light curves in the Y JHK filters are very uniform near
maximum light and appear to diversify at ~ 2 weeks after maximum. In these
filters (as well as the ¢ and z bands), the light curves rebrighten to form a second
peak between 15 and ~ 40 days from B-band maximum light (although see
the recent study of peculiar, super-Chandra candidate SN 2012dn where the
authors find an H-band second peak at ~ +70 days [331]). The timing of the
second maximum correlates strongly with the post-peak optical decline such
that more slowly declining SNe peak at a later epoch. This indicates that
intrinsically brighter SN Ia would have a later second maximum and hence,
the NIR late time diversity is governed by the main radioactive energy source,
i.e. 5Ni . This conclusion is further supported by the correlation between the
timing of the second maximum and the epoch at which the optical (B — V)
colour is maximum, which traces the amount of *Ni produced in the explosion.

The Near Infrared colour curves (J—H, Y —.J) are also extremely uniform near
maximum light and start to show differences at later phases. The J— H colour
curves show a trough-like feature at ~ 1 month post-maximum light, which
is attributed to the lack of emission lines in the J-band ( [281]). The epoch
at which this trough-like feature occurs in the colour curve is also correlated
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strongly with the timing of the second maximum, indicating that the late time
colour curve diversity is also a function of the °Ni mass.

Reddening-free estimate of 5°Ni mass We followed the study on NIR light
curve properties by testing whether the derived *°Ni masses for a sample of
SN Ia correlate with ¢o. The %°Ni mass is derived from the bolometric light
curve, since the output flux at maximum light equals the instantaneous energy
decay rate from 96Ni [92]. The construction of the bolometric light curves to
derive the peak bolometric flux includes correcting the observed magnitudes
for reddening from the host galaxy dust. Recent studies with large samples of
nearby SN Ia have shown that the mean total to selective absorption ratio (Ry)
that is significantly smalller than the mean Milky Way value of 3.1. Hence,
using a galactic Ry value would yield incorrect bolometric fluxes, and hence,
%6Ni masses. In order to circumvent this problem, we selected a “calibration”
sample of SNe with low host galaxy extinction. For this sample, we find a
strong correlation between the derived °9Ni mass and ¢, implying that SNe
with later to produce more °°Ni . This relation was also used to derive a
distribution of bolometric luminosities (and Ni masses) for all SNe with a
measured 2. More recent compilations of NIR light curves (e.g. CfAIR2 [5])
and ongoing/concluded NIR programs, e.g. Carnegie Supernova Project - II
will allow us to create a larger sample of objects from which to derive the
luminosity distributions.

Fast-declining SN la The analysis of the NIR second maximum and correla-
tions with optical and bolometric properties, by design, excludes SNe with only
a single peak in the NIR. SN Ia with a single NIR peak are typically intrinsically
faint, fast-declining and show spectra similar to the prototypical SN 1991bg.
We studied the Near Infrared and bolometric properties of these SNe to shed
light on the properties of the progenitor and to understand whether they form
a distinct sub-population of SN Ia or if they are simply a low-luminosity, fast-
declining extension of normal SN Ia. The bolometric peak luminosity versus a
“colour-stretch” ordering parameter appears to show a “break” for SNe with

peak luminosities below 0.5 - 10*3 erg s=1.

Furthermore, reconstructing the
total ejecta mass for these explosion points towards a sub-Chandrasekhar pro-

genitor. Within this class of fast-declining objects, we find a range of 95Ni
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mass values for all SNe that can be explained by the sub-Chandra progenitor.
This could point towards different explosion mechanisms leading to different
fast-declining SN Ia. A larger sample of SNe with Amq5(B) >1.6 will be cru-
cial to further elucidate whether these SNe are indeed different explosions.
The analysis can be expanded to include spectroscopic properties which will
offer key insights into the explosion mechanism and physical conditions in the
ejecta.

Nebular Phase Properties Most of our previous analysis of SN Ia data con-
centrated on the phases upto 100 days from B-band maximum light. At phases
~ 1 year after explosion, most of the v rays escape the ejecta and the light
curves are powered by energy deposited from the positrons. We observed
SN 2014J, a nearby supernova in M82 at epochs between +400 and +500 days
and obtained three Near Infrared spectra. The inferred 56Ni mass from the
forbidden iron lines was consistent with the inference from the y-ray spectrum
near maximum light (~ 0.6 Mg). The NIR spectra at late phases provide an
independent estimate of the total to selective absorption ratio for the dust in
the environment of the SN. The Ry estimate from the NIR spectra appears
to be consistent with the Milky Way value of 3.1 despite the optical colours
at maximum light preferring much lower values of ~ 1.5. This presents clear
evidence for non-standard dust properties in the region around SN 2014J.

Ejecta mass estimates Furthermore, we also reconstructed the total ejecta
mass for normal SN Ia with sufficient late time optical and NIR coverage to
derive an estimate for the transparency timescale from the exponential tail of
the (pseudo-)bolometric light curve. The transparency timescales range be-
tween ~ 26- 42 days implying a range of ejecta masses from 0.7 - 1.7 M.
We confront the observed M,;- Mssy; observation with state of the art model
tracks from different explosion scenarios. From our analysis, we find that a
combination of two or more explosion channels would best explain the observed
trend. Chandrasekhar mass delayed detonation models seem to best represent
the bright, high *Ni mass SNe, whereas a combination of sub-Chandra ex-
plosion mechanisms could explain the low-9Ni end of the distribution. In our
analysis we use the same value of the input parameters for the Jeffrey model
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for each SN. A detailed modelling of the bolometric light curve and an ad-
dition of spectral information could provide smaller errors on the final M;
estimates and hence, be a better discriminant of the different explosion mech-
anisms. Moreover, using a template for the NIR (and in certain cases u-band)
contribution as a function of phase and light curve width would be important
to increase the sample size and hence have better statistics.

Cosmology with Future Observatories Low-redshift surveys of SN Ia in the
Near Infrared have demonstrated their ability to measure distances precisely
without requiring corrections for stretch or colour. Moreover, recent studies
also demonstrated that even sparsely sampled light curves in the J and H
bands can provide accurate distances. We investigated the potential use of
NIR observations of SN Ia with future satellites to constrain cosmology and
the time-variability of dark energy. We formulated a survey with three com-
ponents: a low-z anchor, similar to the recently concluded NIR surveys, an
intermediate redshift component using the Deep Drilling Fields for Euclid sur-
vey and a high-z lever from JWST. The DDF survey assumes very sparse
sampling for each SN (~ 2-4 points) whereas the JWST observations assume
only a single point per SN. The ability to measure a distance with only a single
observations makes the NIR a lucrative channel to use SN Ia for cosmology.
We find that for such sparse light curves, the prior information on the date
of B-band maximum is required from a spectrum or an optical light curve.
Contemporaneous transient surveys like WFIRST or LSST will provide such
information for the SNe followed-up with JWST. An extension of this anal-
ysis could be to optimize an SN survey with WFIRST. A recent definition
study report has shown that a WFIRST SN survey in the optical, combined
with priors from Planck returns 1-o errors of ~ 0.4 on w, [278]. A possi-
ble channel to optimise the constraints from the WFIRST SN survey would
be to observe the SNe in the rest-frame Near Infrared. Since the magnitude
limits for the WFIRST survey are deeper than the Euclid calibration fields,
this would yield more precise individual distances to the SNe. Moreover, the
WFIRST SNe can also be combined with the high-z arm from JWST to gain
precise constraints from a combination of such SN surveys. Future surveys will
also be critical to test alternate cosmological models e.g. Lemaitre-Tolman-
Bondi models [35], Dvali-Gabadadze-Porrati (DGP) cosmology [66]. Another
future direction for this investigation could involve a consistent model selec-
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tion for different parametrisations of the dark energy equation of state for a
combination of SN, BAO and CMB data.
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A. Nested Sampling for
Cosmological Parameter
Estimation

In this Appendix, we describe the Nested Sampling Markov Chain Monte Carlo
algorithm used for cosmological parameter estimation in Chapter 7.

The application of numerical methods has flourished in cosmology and astro-
physics in the past decade, owing to the large size and complexity of datasets.
These numerical methods can broadly be characterised into two classes based
on their functionality, namely, parameter estimation and model selection. Here,
we will discuss nested sampling (introduced by J. Skilling in 2004 [276]) and
its application for sampling multi-modal distributions in MultiNest. Nested
sampling was developed as a method in order to perform model selection,
but it also calculates the posterior distribution samples as a by-product for
a given set of parameters. A review of Bayesian inference for cosmology and
astrophysics (both for parameter estimation and model selection) can be found
in [305].

However, before we discuss the details of the method implemented here for cos-
mological inference, we would like to define the quantities used in the derivation
of the method.

The probabilistic context for such a sampling method is usually in the form
of Bayes’ theorem. In the Bayesian approach to probabilities, a probability is
defined as a degree of belief in a proposition as opposed to the frequency of
occurrence of a favourable outcome. Bayes’ theorem is as follows



248 A. Nested Sampling for Cosmological Parameter Estimation

Pr(D|0,I) x Pr(0|I) = Pr(0|D, I) x Pr(D|I)
Likelihood x Prior = Posterior x Evidence (A.1)
L(0) x m(0)d0 = Z x p(6)do

D are the data that allow us to modulate our prior belief dX = 7(0)df into
posterior dP = p(0)df. I is the initial hypothesis being tested. The inputs L
and 7 yield outputs Z and p.

For executing the nested sampling algorithm, we use the publicly available
software, MultiNest (Feroz et al. [74, 75]), along with the Python wrapper
PyMultiNest (Buchner et al. [34])

We note here, that for our analysis of cosmological parameter, we use uni-
form priors and define the Likelihood L(#) simply as exp(—x2/2). However,
since the high-redshift SNe are not sufficient as standalone probes for time-
variability, we need to combine constraints from the SNe with external priors,
e.g. from the Cosmic Microwave Background. For this purpose, multiplying
the defined likelihood in MultiNest is a useful method to get the combined
constraints on the cosmological parameters.

A.1. Nested Sampling Algorithm

The final quantity of interest for model selection is the Bayesian Evidence, Z
defined as

7 = L(O)T1(9)d™N6 (A.2)

where L is the likelihood of parameters 6, II is the prior and N is the number of
dimensions. We stress, here, however, that we are implementing this algorithm
to evaluate the posterior distribution which is a by-product of the evidence
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calculation. As the average likelihood over the prior, the evidence implements
Occam’s razor.

The nested sampling algorithm uses the relation between prior and likelihood
to transform the multi-D integral A.2 to a 1-D integral

X\ = 11(0)a™0 (A.3)
L(0)>A

which is the integral of the prior mass within the region of the iso-likelihood
contour L(#) = A. The evidence then becomes

Z = L(X)dX (A.4)

where L(X) is an ever decreasing monotonic function of X. Hence if L(X;) is
evaluated at decreasing values 0 <Xj; <... <Xg <Xj <Xg =1

Z = Z Liwi (A5)
7
since the trapezoidal rule is used for approximation w; = %(Xi_l — Xit1).

A.1.1. Stopping Condition

Sampling the likelihood and calculating the evidence should be stopped when
the evidence is calculated to a certain, pre-determined precision. However,
this is not the most effective criterion in cases where there are narrow peaks
near the maximum. Hence, the key question is how to do the summation
in Equation A.5. For this purpose, N “active” (or “live”) points are drawn
from the full prior II(#) (often, as in the case presented here, this is uniform
distribution over the prior range).
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Parameter space

Figure A.1.: Nested likelihood contours are sorted to enclosed prior mass X.
Credits: Skilling 2004 [276]

The initial prior volume X;—g is 1 (since its the full prior mass). N samples are
sorted by their likelihood L,, = P, (D|0, H) and the lowest is discarded from
the “active set” making is “inactive”.

This point is replace by a point drawn from the prior subject to the constraint
that its likelihood L<Lg (which is the lowest likelihood value in the previous
iteration, i.e. the likelihood of the now “inactive” point). The corresponding
prior volume within this iso-likelihood contour will be a random variable X; =
t1Xo where t1 follows the distribution

Pr(t) = NtV! (A.6)

i.e. the probability distribution for the largest of N samples drawn uniformly
from the interval [0, 1].

For each subsequent iteration
1. L; is the lowest likelihood which is discarded.
2. The prior volume reduced to X; = t; X;_1

till the complete prior volume has been traversed.
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The mean and standard deviation of logt, which dominates the exploration are

Ellog] = — (A.7)

1
N

ie. as N — oo; E(log t) — 0

(A.8)

1
o(logt) = N

similarly as N — oo; o(logt) — 0

The algorithm for nested sampling is terminated when Z is evaluated with a
pre-determined precision, which, for our estimation of cosmological parame-
ters, is o(InZ) of 0.5. For the i’ iteration, the largest contribution that can
be made by the remaining portion of the posterior is

AZ; = Lz Xi (A.9)

where Lqp is max{L(X;)}

N
A=Y Liwmy; (A.10)
j=1
Hence, the posterior inference is given by

pj == (A.11)

where j = 1 — M+N, the total number of sampled points.

We note that the point at which the integration error for the evidence calcula-
tion is below the threshold, the samples for the posterior distribution have also
converged, which is the quantity of interest for our analysis. For fine resolved
samples in Chapter 7 we use 400 live points.
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