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Abstract

The Type Ia supernovae rate with Subaru/XMM-Newton
Deep Survey

Jun E. Okumura

Type Ia supernova (SN Ia) is an explosion of a white dwarf (WD) which exceeded the
Chandrasekhar mass through accumulating material from a companion star in a binary sys-
tem. From early time, SN Ia has been well-known for its homogenious brigtness and light
curve shape. Particurally, the relation between a light curve width and a peak brightness
provides an opportunity to use SN Ia as a distance indicator, which enable us to investigate
the expansion history of the Universe. Besides its usage as a cosmological tool, SN Ia is also
important as a producer of iron-peak elements, a kinetic-energy sources in galaxy evolution,
and an endpoint of binary evolution. Although its importance in astrophysics, the progen-
itor systems of SN Ia are yet solved. Two major scenarios are proposed: single-degenerate
model, which a single WD accretes material from non-degenerated companion through Roch-
lobe overflow, and double-degenerate model, which two WDs which form a binary merge.
Although many recent studies have been constraining progenitor systems for individual ob-
jects, the needs for statistical studies (delay time distribution, environmental dependence)
is increasing to link observation and theoretical understanding on the binary evolution and
the explosion. In this context, high-redshift supernova survey is one of the key issue for
investigating young population and the evolution of SN Ia.

This thesis presents measurements of the rates of high-redshift Type Ia supernovae using
data from the Subaru/XMM-Newton Deep Survey (SXDS). We use the data from repeat
deep imaging observations with Suprime-Cam on the Subaru Telescope, and detected 1040
variable objects over 0.918 deg2 in the Subaru/XMM-Newton Deep Field. Then 141 super-
nova candidates are selected by requiring variability timescale less than one year, and at
least two epochs showing 5σb variability. To construct a SN Ia sample from SN candidates,
SN II like objects are discriminated first, through light curve fitting in i′-band. The second
component of sample refinement is the removal of SN Ib/c contamination. The author used
a portion of sample whose color information is available to estimate possibe contamination
from SNe Ib/c. Finally, out of the 1040 variable objects, 39 objects over the redshift range
0.2 < z < 1.4 are classified as SNe Ia. Since the sample refinement is crucial factor for
estimating the rates, the properties of SN Ia sample and possible contamination of other
transients such like core-collapse SNe and AGNs are carefully examined.

To convert observed number of SN Ia to occurence rates, one needs to estimate the
control time (i.e., effective visibility time). The control time depends both on the observation
parameters (cadence, limiting flux) and on the supernova modeling (birightness distribution,
evolution modeling, dust effect). In this phase, the uncertainty caused by dust extinction
and possible evolution of SN Ia parameters are estimated.

Finally, the volometric rates of SN Ia are calculated as following equation:

r̂v(z1 < z < z2) =
NIa(z1 < z < z2)∫ z2

z1

CT (z)
1+z

Θ
4πV (z)dz

,



where NIa is the number of SN Ia, CT is the control time, and Θ is the survey area. The
resulted rates are 0.262+0.229+0.144

−0.133−0.120, 0.839+0.230+0.423
−0.185−0.120, and 0.705+0.239+0.366

−0.183−0.103 (stasistical error,
followed by systematic error) in the unit of 10−4yr−1Mpc−3 at < z >= 0.44, 0.80, and
1.14. We find that the SN Ia rate continues to increase up to z ∼ 0.8 and may then flatten
at higher redshift. The rates can be fitted by a simple power law, rV (z) = r0(1 + z)α

with r0 = 0.20+0.52
−0.16(stat.)+0.26

−0.07(syst.)×10−4yr−1Mpc−3, and α = 2.04+1.84
−1.96(stat.)+2.11

−0.86(syst.).
These results are consistent with measurements by other authours, and are among the most
distant SN Ia rate measurements to date.

As to the uncertainty, the statistical error dominates in the lowest redshift bin (0.2 ≤
z < 0.4) due to the small number statistics. In addition, the number of SN Ia in this
range is easily affected by core-collapse SNe contaminations, which results in large error. In
the middle redshift bin, the rich sample in the range leads to the precise measurement of
rate. The effect of systematics is samaller compared with other two bins. In the highest
redshift bin, the effect of evolution and dust are large since the control time is sensitive in
higher redshift. Nevertheless many uncertainties are included in the rate calculation, the
resulted rate is precise comparable with other measurements using different instruments and
techniques. Note that this result is derived from single-band light curve fitting and small
number of color sample.

The significance of this thesis is that the rates approache to the high redshift regime
(z > 1.0) and showed that the technique introduced in this work is effective in the survey
such as SXDS. Second, this work will be useful for upcoming large systematic transient survey
in the next decade. In particular, Hyper Suprime-Cam (HSC) Survey in Subaru Telescope, is
expected to detect about 300 SNe Ia with good quality in the redshift range of 0.2 < z < 1.8.
Coupled with analysis used in this work, HSC survey will produce one of the most precise
measurement of SN Ia rates up to z ∼ 2. This thesis will contribute to the future statistical
SN studies.
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I never could have done what I have done without the
habits of punctuality, order, and diligence, without the
determination to concentrate myself on one subject at a
time.

Charles Dickens (1812 - 1870)

1
Introduction

1.1 Supernovae

A supernova (SN) is an extremely luminous explosion of the star, witch appears suddenly in
the celestial sphere. This event has been recorded from ancient history. For example, chinese
astronomers has described an appearance of a “guest star” occured in 185 A.D., which is
though to be indeed a SN event (Stephenson & Green 2002, Zhao et al. 2006). Tycho Brahe
and Johannes Kepler are the remarkable figures for their throughout naked-eye observation;
they observed SN 1572 and SN 1604, respectively, and left the most accurate and complete
sets of measurement before the telescope era (Brahe 1573, Kepler 1606). In the early 20th
century, it become apparent that a supernova is extremely brighter event compared with a
common nova, a sudden brightening of a star (Baade & Zwicky 1934).

SNe are classified into some subclasses according to their observational feature (e.g.
spectrum, light curve shape). The overview of the classification scheme is shown in Fig-
ure 1.1 (see also Filippenko 1997 for a detailed review). First, SNe are divided into two
categolies from the presense of hydrogen in the optical spectra (first remarks has done
by Minkowski 1941). “Type II SNe” (SNe II) are defined by the presense of hydrogen
and they show a wide variety of photometric and spectroscopic properties. “Type I SNe”
(SNe I) are characterised by hidrogen-deficient and rather homogenious spectra. Among
SNe I, three subclasses are known: those whose spectra show strong Si II (Type Ia),
prominnent He I (Type Ib), or neither Si II nor He I (Type Ic). SNe II, despite a wide
variety of properties, are roughly devided into two groups: those with linearly decaying
light curve, SNe II-L, and those showing long-lasting (a few months) plateau, SNe II-P
(Minkowski 1964, Barbon et al. 1979, Doggett & Branch 1985). Furthermore, SNe II show-
ing relatively narrow emission lines are called SNe IIn, which indicate a presense of dense
circumstellar materials (Figure 2.2). It is also known that there are some SNe which are
classified as a SN II and later resembles rather a SN Ib, showing links between SNe II and
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observed
SNe

H lines

Yes

No Type I

Type II

in spectra

No

Yes
Type IIn

narrow H emissions
in spectra

H lines get weaker
or dissapear soon

Yes Type IIb

No

LC evolution

Linear

Plateau Type IIP

Type IIL

Si lines
in spectra

Type IaYes

No

He lines
in spectra
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No

Type Ib

Type Ic

in spectra

Figure 1.1: Observational classification scheme of SNe (from Moriya 2013). SNe Ia (orange)
are thermonuclear explosions (see Section 2.2) of WDs and SNe of the other types (green) are
explosions of massive stars (see Section 2.1). ‘Linear’ LC evolution used in Type IIL means
the linear evolution in time-magnitude plane (Figure 2.2).
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SNe Ib/c. This subclass was first proposed by Woosley et al. 1987 from the similar prelim-
inary model for SN 1987A, and later, throghout studies on an unusual supernova SN 1993
revealed that this object is actually classified as SN IIb.

1.2 Type Ia Supernova

Among many subclasses of SNe, SN Ia plays important roles in Astrophysics. They are
remarkable objects as cosomological distance indicators, having provided the first direct evi-
dence of the accelarating cosmic expansion (see section 2.2.5). This cosmic acceleration was
first reported by two independent supernova observation teams: the Supernova Cosmology
Project (SCP) (Perlmutter et al. 1999) and the High-Z SN Search Team (Riess et al. 1998).
Since then, many large SN surveys have been carried out to measure the cosmological parame-
ters accurately (e.g., Knop et al. 2003, Tonry et al. 2003, Astier et al. 2006, Riess et al. 2007,
Wood-Vasey et al. 2007, Kowalski et al. 2008, Hicken et al. 2009, Amanullah et al. 2010,
Sullivan et al. 2011, Suzuki et al. 2012).

Although SNe Ia are effective as standard candles, their progenitors are yet to be con-
clusively identified (see section 2.3). It is widely believed that the progenitor of a SN Ia
is a binary system containing a C+O white dwarf (WD), and recently the compact nature
of the exploding star has been confirmed (Nugent et al. 2011, Bloom et al. 2012; see also
2.2.1). There are two widely discussed scenarios for the progenitor, the single degenerate
(SD) scenario and the double degenerate (DD) scenario. In the SD scenario, a C+O WD
accretes gas from a companion star in a binary system (see section 2.2.3.1). Its mass in-
creases up to the Chandrasekhar limit where it explodes as an SN Ia (e.g., Nomoto 1982,
Hachisu et al. 1996, Nomoto et al. 1997). If SNe Ia from the SD scenario exist, the com-
panion star survives in the supernova remnant after the SN Ia explosion. Various methods
have been used to search for such companion stars, but to date no clear detection has been
made (e.g., Ruiz-Lapuente et al. 2004, Ihara et al. 2007, González Hernández et al. 2012,
Kerzendorf et al. 2009, Schaefer & Pagnotta 2012, Nugent et al. 2011, Bloom et al. 2012,
Brown et al. 2012, Chomiuk et al. 2012, Margutti et al. 2012). Other constraints on the SD
scenario had been obtained from X-ray and radio observations, which showed no clear evi-
dence of an interaction between the ejecta and the circumstellar material (CSM) surrounding
the SNe (e.g. Panagia et al. 2006, Hancock et al. 2011, Chomiuk et al. 2012). Though these
observations disfavor non-degenerate donors, some SN Ia spectra show narrow time vary-
ing and/or blue-shifted Na I D absorption features possibly associated with a SD donor
star (e.g. Patat et al. 2007, Simon et al. 2009, Blondin et al. 2009, Stritzinger et al. 2010,
Sternberg et al. 2011, Maguire et al. 2013). These features are also investigated in the con-
text of DD scenario (Shen et al. 2013, Raskin & Kasen 2013).

In the DD scenario, a merger of two C+O WDs with a combined mass exceeding the
Chandrasekhar mass leads to an SN Ia explosion (e.g., Iben & Tutukov 1984, Webbink 1984;
see section 2.2.3.2). Searches have been carried out to detect DD binaries that could be SN Ia
progenitors, but strong limits have not yet been reached due to small number statistics (e.g.,
Koester et al. 2005, Geier et al. 2007).
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1.3 Delay time distribution

One promissing way to test the detailed progenitor components is “delay time distribution
(DTD)”. SNe Ia explode with a “delay time” between binary system formation and subse-
quent SN explosion. This delay time is one of the primary methods for understanding the
progenitor scenario of SNe Ia. If we compare theoretical and observational DTDs, this provide
opportunities to investigate the components of SN Ia progenitors.

1.3.1 theoretical DTDs

Theoretical DTDs are predicted through binaly population synthesis (BPS) simulation, which
is Monte Carlo simulation based on parametrised binary evolution models. As shown in
Figure 1.3, derived DTDs from SD and DD models differ in many points. In DD model,
the dilay time is essentially determined by the separation of binary, especially in the long
delay time range above ∼ 1Gyr. Since two WDs merge through angular momentum loss by
gravitational-wave radiation, the timescale of merger is proportional to the separation (a) to
the 4th power (see Equation 2.7). If the separation distribution is fiven by fsep(a) ∝ aα, the
DTD (fsep(t)) should be expressed as

fDTD(t) =
dN

dt
∝ fsep(a)

da

dt
∝ t−(3−α)/4. (1.1)

For the separation distribution, it iw a good aproximation to assume α ∼ −1 for WDs binaries
(e.g. Toonen et al. 2012). As a consequence, the DTD for DD model perform as fDTD ∝ t−1.
All the BPS calculation agrees with a t−1 DTD for DD channel, ranging from short delay
time to Hubble time (see Figure 1.3).

In the other hand, SD models varies according to authors. This is caused due to the
complicated treatment and various parametrization of binary evolution physics (especially,
the common envelope phase). Since the timescale of final mass-accretion phase (∼ 1−10Myr,
assuming typical accretion rate Ṁ ∼ 3 × 10−7M� yr−1), is much smaller than the evolution
timescale of the secondary (∼ 1Gyr), the lifetime of the secondary is the dominat factor in
the DTD. Taking the small mass range of the secondary for successfull SD system into the
account, the resulted DTD will concentrate between a few-hundred Myr and 1-2Gyr. In the
larger delay time (≤ 10Gyr), corresponding to a low-mass secondary system, SD channel fails
to produce enough SNe Ia due to the low-efficient mass-transfer from non-degenerate donor.
In addition, since parametrazations of binary evolution such as mass transfer and common
envelope are complicated, BPS calculation produce various DTD shapes.

1.3.2 observational DTDs

From observational side, it has been generally known that more star-forming, or
more massive galaxies host more SN Ia (Cappellaro et al. 1999, Mannucci et al. 2005,
Mannucci et al. 2006, Sullivan et al. 2006). These results suggest that more SNe Ia arise
from younger stellar population (i.e., decreasing DTD function). In the observational point
of view, one can recover DTD from SN Ia rates and star-formation histories (SFHs). For
example, if the galaxy with age t have a SFH as ψ(t), current SN Ia rate of the galaxy can
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be expressed as summation of contributions from different time t′ (Figure 1.2):

RIa(t) =
∫ t

0
ψ(t′)fDTD(t− t′)dt′. (1.2)

Hence, DTD recovery can be archieved by estimating SN Ia rate and assuming SFH. The
pioneering result was Totani et al. 2008. They measured the DTD based on the stellar age
estimate of each galaxy in a sample of passively evolving galaxies from Subaru/XMM-Newton
Deep Survey (SXDS1), finding that the time distribution could be described by a featureless
power law going as fDTD(t) ∝ t−1.08±0.15 over t = 0.1−10 Gyr. Other studies using different
methods also show consistency with a t−1 trend (see Maoz & Mannucci 2012, for a review).

The comparison between observation and theoretical prediction of DTDs are shown in
Figure 1.3. As noted, t−1 DTDs strongly suggest DD models. SD models concentrate in
certain range, and fail to explain a power-law function for wide delay time range (but also see
Hachisu et al. 2008 for an attempt to explain observed DTDs in SD channels). However, in
spite of good agreements with DD models, observed DTDs tend to be higher than predicted.
The absolute values of DTDs varies in a facter of 3 − 10 among observations and still needs
further investigations. The normalization problem may come from the dependence of IMF
on galaxy mass, or the assumption of BPS calculations that total masses of WDs should
be larger than the Chandrasekhar limit, Mch. Actually, if all double WDs binaries become
SN Ia, time-integrated rate of ∼ 0.8×10−3M−1

� matches with observational SN Ia production
efficiency, 10−3M−1

� (Toonen et al. 2012).

Figure 1.2: Schematic picture of SN Ia rate and DTD.

1.4 High-z SN Ia rate

Though more detailed investigations are expected in both DTD observations and theoretical
BPS calculations, the approach from SN Ia rates is shedding light on progenitor populations.
Besides the progenitor issues, SN Ia rates is also important in the contexts of Fe production
history, kinetic-energy sources in galaxy evolution, and endpoints of stellar binary evolution.

1http://www.naoj.org/Science/SubaruProject/SDS/
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Figure 1.3: Comparison of observed DTD and theoretical BPS simulations. Up-
per panel show the results of DD models and lower panel shows SD models. Solid
lines represents theoretical DTDs summarized by Nelemans et al. 2013, which all mod-
els have the same physical parameters. Several observed DTDs are plotted in both
panels: red points by Totani et al. 2008, green points by Maoz et al. 2012b, blue dia-
monds by Maoz & Badenes 2010, orange square by Maoz et al. 2011, magenta triangle by
Maoz & Badenes 2010, and black point by Graur & Maoz 2013. The red dashed line is the
power-law fit derived by field SN Ia rates, and yellow hashed region represents corresponding
1σ error (Graur et al. 2013). All observed DTDs suggest t−1 power-law, which coincide with
theoretical DD models in shapes (but also show somewhat offset), whereas theoretical SD
predictions concentrate in certain delay time.
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SN Ia rate is one of the cutting edge issues, and several systematic surveys such as SDSS Su-
pernova Survey2 (Frieman et al. 2008, Sako et al. 2008) or Supernova Legacy Survey (SNLS3)
are unveiling the nature of SN Ia rates. Recently, Perrett et al. 2012 has measured the SN Ia
rate over the redshift range 0.1 ≤ z ≤ 1.1 using 286 spectroscopically confirmed and & 400
photometrically identified SNe Ia from SNLS, which is one of the most precise estimation of
SN Ia rate in z ≤ 1. Figure 1.4 shows the compilation of recent studies. Nevertheless good
number of SNe Ia are studied in z ≤ 1, high-z rates are highly unclear due to the magnitude
limit of transient surveys. Since the depth to reach high-z and the area to increase sample
number is a tradeoff factor, high-z studies always face the small number statistics.

High-z SN Ia rates have been measured in several surveys. Dahlen et al. 2008 obtained
the first SN Ia rate measurement beyond z of 1, based on the Great Observatories Origins
Deep Survey (GOODS) survey. They used 56 high-redshift SNe Ia, the majority of which
were spectroscopically confirmed. Interestingly, they find that the SN Ia rate decreases be-
yond z ∼ 1.6, contradicting the expectation from the delay time distribution measurements
of Totani et al. 2008. However, the rate in the highest redshift bin (z & 1.4) has a large un-
certainty due to small number statistics. The detection efficiency at z > 1.4 rapidly decreases
with redshift as the observed bands shift farther into the rest-frame UV. Other high-z rate
measurements have been reported in the literature. Graur et al. 2011 derived the SN Ia rate
up to z ∼ 2.0 using 150 SNe from a SN survey in the Subaru Deep Field (SDF), and found that
the SN Ia rate levels off at 1.0 < z < 2.0. Their SN classification method is based on a single
epoch in the R, i′,and z′ bands, provided in Poznanski et al. 2007b. Barbary et al. 2012 de-
rived the SN Ia rate up to z ∼ 1.6 using ∼ 20 SNe Ia from the Hubble Space Telescope Cluster
Supernova Survey, finding a rate that is broadly consistent with previous measurements but
with large uncertainties. The behavior of SN Ia rates at high redshifts is not clear yet and is
a key issue in SN Ia studies.

In this context, high-z SN Ia rates (z > 1) play an important role in investigating the
DTD, especially for the short delay time regime. If SNe Ia with short delay times dominate
SN Ia populations, the cosmic SN Ia rate evolution should closely trace that of the cosmic
star formation, and thus high-z SN Ia rates provide information about the short delay time
population.

2http://www.sdss.org/supernova/aboutsprnova.html
3http://cfht.hawaii.edu/SNLS/
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1.5 The Purpose of This Thesis

SNe Ia have been played important rool in astrophysics; especially, the role as “standard
candle” is remarkable. However, some misteries, in particular progenitor models of SNe Ia
still remain as a controversial problem. One promissing aproach to study the progenitor is
the SN Ia rates as a function of the delay time (i.e., delay time distribution). Compared
with binary population synthesis calculations, observational DTD provide us an opportunity
to estimate the evolution history and the fraction of each progenitor models. Thus, SN Ia
rates at high-redshift is considered important to investigate DTD, especially for the short
delay time. In addition, high-redshift SNe Ia provide lots of information on the evolution and
enviromental dependence of SN Ia, which is not clear yet. In the next decade, the significance
of investigating high-redshift SNe will keep growing.

In this thesis, we report the mesurement of SN Ia rate to high redshift using the
Subaru/XMM-Newton Deep Survey (SXDS) data set. The survey area is large (∼1 deg2)
enough to obtain many SNe Ia. With the repeat imaging observations we are able to construct
high-quality SN light curves. 39 SNe Ia have been obtained in the range 0.2 . z . 1.4 using
a classification method that relies primarily on light-curve fitting and photometric redshifts.
Spectroscopic identifications, source colors, host galaxy redshifts, and X-ray data are used
when available to remove contamination or to improve statistical contamination corrections.

The thesis is organized as follows. In chapter 2, a review on supernovae, in particular
recent discussions on the progenitor of SN Ia, is summarized. Then the detailed observation
used for this study is introduced in chapter 3. In chapter 4 and chapter 5, sample refinements
and rate calculation are described. The base analysis of the thesis is done in these two chapter.
In chapter 6, the uncertainties in rate measurements are examined carefully, and discussion
follows in chapter 7. Finally, this work is summarized in chapter 8.

Throughout the thesis, we adopt the cosmological parameters H0 = 70 km s−1 Mpc−1,
ΩM = 0.3, ΩΛ = 0.7.





Principles for the Development of a Complete Mind:
Study the science of art. Study the art of science.
Develop your senses — especially learn how to see.
Realize that everything connects to everything else.

Leonardo da Vinci (1452 - 1519)

2
Review on Supernovae

In this chapter, discussions on SNe are briefly summarized. In section 2.1 and section 2.2,
the details of core-collapse supernova and Type Ia supernova are introduced. In particular,
section 2.2 is comprised of seven subsections, summarizing current understanding on SN Ia
(homogeneity, evolution pathway, progenitors, explosion mechanism, application to the cos-
mology). Since the progenitor problem is the most interest here, it is separately introduced
in section 2.3.

2.1 Core-Collapse Supernova

Superenova related to the explosion of the massive star are grouped as core-collapse Super-
nova (CC SN). This class includes SN IIP, IIL, IIb, IIn, Ib, and Ic. Though the explosion
machanism and the evolution pathway to these SNe are not fully understood, there is a gen-
eral picture of core-collapse explosions. When a star evolves, H is converted into He through
nuclear burning. If He core exceed a critical mass (0.3M�), He is gnited and C and O are
created. In the same way, the core continues its nuclear fusion creating heavier elements. The
star with its zero age main sequence (ZAMS) mass greater than ∼ 8M� but not heavy enough
to make Fe (. 10M�), electron capture occurs after the density of the core become around
4 × 109g cm−3 (e.g. Nomoto 1987). Since the star at this sage is supported by degeneracy
pressure of the core, sudden decrease of electrons lead to the collapse of the core. This may
cause an electron-capture SN (ECSN) event. If ZAMS mass is heavier than ∼ 10M�, nuclear
fusion continues until Fe production. As Fe is the most stable nuclei, Fe is accumulated in
the core without further burning and the temperature continues to increase. Consequently,
at the critical temperature, Fe core is photodisintegrated.

56Fe −→ 134He + 4n − 124.4[MeV] (2.1)
4He −→ 2p + 2n − 28.3[MeV] (2.2)
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This collapse occurs at a star with 10M� . MZAMS . 130M�. Difference among CC SN
subclasses is determined by the structure of the star at the explosion point. If outer layer
contain enough H, the explosion is observed as SN II. The difference between SN IIL and
SN IIP is controversial. Generally, the amount of H layer is thought to determine the two
distinct type of SN II. More massive star will experience mass loss due to its large luminosity,
blowing away the H layer. This kind of star will explode as SN Ib, and if the remaining
He layer is swept away, such a star will explode as SN Ic (see Figure 2.1). As to the mass
loss, binarity may contribute to the strip of H emvelope (e.g. Yoon et al. 2010). SN IIn is a
subtype of SN II which shows strong narrow emission (Figure 2.2). This emission is thought
to come from the existence of cirmumstellar media (CSM).

2.2 Type Ia Supernova (Thermonuclear Supernova)

2.2.1 Progenitor

From the observational point of view, SN Ia is characterized by its absence of hydrogen
emission lines and the presence of a blueshifted Si II absorption line (λ6355 near-maximum
lignt). The first feature means that the atmosphere of the explosing star contains at most
0.1M� hydrogen, and the second feature indicate that some nuclear processes take place,
whose products are ejected in the explosion. Combining the fact that peak velocities exceed
20,000 km s−1, it is feasible that the explosion is the fusion about 1M� carbon and oxgen into
Fe group elemets and intermediate mass elements (IMEs) such as Si and Ca. This insight
follows the first discovery by Hoyle & Fowler 1960 that an electron-degenerate stellar core
might trigger an explosion, and the idea that produced radioactive 56Ni may power light
curves of SNe (Truran et al. 1967, Colgate & McKee 1969). 56Ni decay to 56Co with a half
time of 6.075 days and then decays further to 56Fe with a half-time of 77.23 days, which
naturally explain the decline rate of lightcurve of SN Ia.

56Ni 6.075d−−−−−−−→ 56Co 77.23d−−−−−−−→ 56Fe (2.3)

We can also connect the peak luminosity and the amount of 56Ni (MNi), by simple calculation
known as the Arnett law (Arnett 1982, Arnett et al. 1985, Branch & Tammann 1992):

Lmax = (6.45e
−tr
8.8d + 1.45e

−tr
111.3d )

(
MNi

M�

)
× 1043erg s−1 (2.4)

where tr is the rise time of the bolometric light curve. The dominance of Fe II lines after
about 2 week from the maximum also supports this progenitor model. For these reasons,
there is wide consensus that SN Ia is a thrmonuclear explosion of a Chandrasekhar-mass
C+O white dwarf. A white dwarf (WD) is a compact stellar remnant composed mostly of
electron-degenerate matter, which is formed at the final evolutionary phase of stars whose
mass is not high enought to become a neutron star. A WD, since it is a degenerate star, has
the maximum mass that can support itself by electron generacy pressure. This limit is called
the Chandrasekhar limit after Subramanyan Chandrasekhar, who carried out the accurate

4http://www.cfa.harvard.edu/supernova/SNarchive.html



2.2. Type Ia Supernova (Thermonuclear Supernova) 13

Figure 2.1: Evolutionary pathway to CC SN.
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Figure 2.2: Left: The comparison of light curves of SN IIP and SN IIL. The green data
is the photometry of SN 1999em from Elmhamdi et al. 2003, and the blue data is that of
SN 1980K from Buta 1982. Right:The comparison between spectra of normal SN II, SN 1999gi
(Leonard et al. 2002), and typical SN IIn, SN 1998S (Lentz et al. 2001, Fransson et al. 2005).
The figure was constructed from The CfA Supernova Data Archive4.

calculation of the limit (Chandrasekhar 1931). It is about 1.4M� for a C+O WD. If we
stand for this simple progenitor model, the homogenious observational features of SN Ia are
quite naturally explained. Recently, remarkable conclusion was made by Nugent et al. 2011,
Bloom et al. 2012. They analysed very early time observation of SN 2011fe, which occured
at nearby galaxy M101 (6.4 Mpc), and concluded that this SN Ia is acutually an explosion of
compact star with radius smaller than 0.1R�. Using the similar technique, Zheng et al. 2013
derived a constraint of R0 < 0.25R� for nearby SN 2013dy at NGC 7250 (13.7 Mpc).

2.2.2 Homogeneity and Diversity

SN Ia is known for its homogenious properties such as peak magnitudes, spectra, and light
curve shapes, but exhibiting only small differences (Branch 1998). Until early 1990s, it was
believed that approximately 85% of SNe Ia belong to “normal” (or “Branch normal”) SNe Ia
according to the classification by Branch et al. 1993. Generally, SNe Ia rise to its maximum
with small dispersion:

MB ∼ −19.05 ± 0.38 + 5 log(H0/65), (2.5)

where H0 is the Hubble constant in the unit of [km s−1Mpc−1] (Hamuy et al. 1996).
Furthermore, SNe Ia are known to have a prominent relation between their decline rates

and brightness, indicating that the brightness of SNe Ia is arrangeable in a one-parameter se-
quence. Fainter explosions are redder and have a faster decline light curve, whereas Brighter
events have a slower decline light curve. This correlation, known as “Phillips relation” (Fig-
ure 2.3), have two major method of parametrization: the decline rate in magnitude from
maximum light to 15 days after (∆m15: Phillips 1993, Hamuy et al. 1996) and the simple
stretch of light curves (stretch factor, s: Perlmutter et al. 1997). This is what SN Ia makes a
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good “standard candle”, the astrophysical object whose luminosity can be calibrated. Thanks
to the Phillips relation, the dispersion of peak brightness is reduced significantly.

However, recent observations also shows that peculiar subtypes, very luminous or sub-
luminous SNe Ia, can hold ∼30% of all SNe Ia (Li et al. 2011b). Here we sammarize current
understanding of those subtypes and peculiarities.

Branch normal SN Ia:
This class was first defined as SNe Ia whose optical spectra resemble those of SNe 1981B,
1989B, 1992A and 1972E rather than those of the peculiar SNe 1991T or 1991bg
(Branch et al. 1993). More specifically, conspicuous absorption features near λ6150 (Si II)
and near λ3750 (Ca II) are seen around maximum light with some other IMEs features, and
a few weeks later Fe II features become apparent around λλ4000-5000. The majority of SN Ia
belong to this class.

91bg-like SN Ia:
Some SNe Ia such like SN 1991bg, 1992K, 1999by, and 2005bl form a subluminous class
of SN Ia which some of them may violate the Phillips relation (Figure 2.3). B-band peak
absolute magnitudes are around MB ∼ −17, roughly one magnitude fainter than “normal”
SNe Ia. Light curves of 91bg-like object decline unusually quickly, also showing no second
maximum in I-band, which is common feature of normal SN Ia light curve. As to spectra, the
most striking peculiarity of SN 1991bg is the presence of a broad absorption feature around
λλ4150-4400 produced by a blend of Ti II, accompanied by a deep absorption near λ5000.
The abundance of IMEs is higher than normal group, also showing low expansion velocities.
In addition, little iron and the evidence for unburnt C and O are characteristics for these
SNe Ia. Inferred amount of 56Ni is very low (e.g. ∼ 0.07M� for SN 1991bg). According to
Li et al. 2011b, these subluminous class accounts for about 15% of all SNe Ia.

02cx-like SN Ia (Iax):
These unusually subluminous object, grouped as “SNe Iax”, have recently garnered consider-
able interest within the community (see Foley et al. 2013 and reference therein). SNe Iax
is spectroscopicaly calacterized by their lower maximum-light velocities (2000 ≤ |v| ≤
8000km s−1; even lower than 91bg-like object). Maximum light spectra resemble those of
the luminous SN Ia 1991T (see the next paragraph), with blue continua and absorption from
higher-ionization species consistent with a hot photosphere. At late-time, spectra are domi-
nated by narrow permitted Fe II lines. Interestingly, this class favors late-type galaxies and
no SNe Iax is discovered in elliptical galaxies, indicative of a preference of their environments.
In addition, this class harbor some extreme members. SN 2008ha and SN 2010ae are unusu-
ally faint objects (∼ −14 mag) and the estimated amounts of 56Ni are about 0.001−0.01M�.
In SN 2008ha case, it is suggest that the most plausible explanation was a failed deflagration
of a WD (Foley et al. 2009, Foley et al. 2010). Li et al. 2011b estimated that SNe Iax con-
tribute ∼ 5% of all SNe Ia, however, with their underluminous nature, it is suspected that
the volumetric fraction of SNe Iax can even reach 30+21

−15% (Foley et al. 2013).

91T-like SN Ia:
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SN 1991T is a well-known prototype of luminous SNe Ia. At near maximum light of pectrum
of SN 1991T is strikingly peculiar in having unusually weak lines of Si II, S II, and Ca II.
Also prominent features of Fe III can be seen. One week later, this object has developed all
the usuall Si II, S II, and Ca II features. Three weeks after the maximum, spectra become
almost normal. This class contributes ∼ 9% of all SNe Ia (Li et al. 2011b).

superluminous SN Ia:
Recently, some superluminous SNe Ia have reported, putting them well above the Phillips
relation. With their maximum luminosity (brighter than ∼ −20 mag), these events have
brought a mystely about their progenitor. For example, SN 2009dc is the brightest SN Ia
so far, which reached MV = −19.9 even assuming null extinction in the host galaxy
(Yamanaka et al. 2009). Combined with the fact that the explosion is nearly spherically
symmetric (small polarization < 0.3% was estimated by Tanaka et al. 2010), SN 2009dc re-
quires 1.6± 0.4M� of 56Ni (assuming AV = 0.29 mag), challenging the Chandrasekhar mass
WD explosion model. SN 2009dc can be a result of the explosion of two WDs whose total
mass exceeds Chandrasekhar limit, but alternative scenario by Hachinger et al. 2012 suggests
that an rapid rotating 2M� WD can explain the observation. Explosion models of these su-
perluminous (super-Chandrasekhar) explosions are still under controversial discussions.

2.2.3 Evolutional path to SN Ia: Single-Degenerate or Double-Degenerate

Although there is a concensus that SN Ia is an explosion of a Chandrasekhar-mass WD, the
evolution path to the explosion is yet unsolved. Even more, some alternative theoretical mod-
els suggest that a WD can explode with sub-Chandrasekhar masses or super-Chandrasekhar
masses. We also have to explain how these subclasses of SN Ia are formed. So far, the ex-
planation of these deviation can be made from both binary evolution theory and explosion
mechanisms. Here we briefly summarize known evolutional paths to SN Ia explosion.

First of all, since single WD cannot reach a critical mass alone, mass accretion from other
star, witch form binary system together, is needed. Current understang is that a companion
star is a non-degenerated star such like red giant (RG) and main-sequence (MS) star, or
degenerated WD. The former process is called “single degenerated (SD) senario” and the
latter is called “double degenerated (DD) senario” (see the schematic figure in Figure 2.4).

2.2.3.1 Single Degenerate Model

Hydrogen-burning donors:
SD model were thought to be the most promising SN Ia progenitor model in the past, since
these system accutually exist in the Nature, observed as reccurent novae. If a binary composed
of two stars with different masses is created, the heavier star evolve faster than the other,
and finally evolve to a C+O WD when the MZAMS is within a certain mass range. This range
can be infered from the mass enough to fuse helium in the core of the star, but not heavier
than the mass which carbon fusion occurs (i.e. 0.5M� . MZAMS . 8M�). This stage is also
known for unstable mass trasfer to the secondary (lighter star). When the primary become

5http://www.cfa.harvard.edu/supernova/CfA3/
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Figure 2.4: Evolutionary scenarios for typical progenitors of SN Ia.
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the asymptonic giant branch (AGB) star, hydrogen-rich envelope expands, and transfer its
mass to the secondary through the “Roche-lobe”, a teardrop-shaped space defined by the
region which material is bound to the secondary by gravity. Mass transfer from an evolved
AGB star is dynamically unstable, and create a “common envelope”, which finally disapear
by recieving momentum from the orbiting star. As a result, the orbital separation shrink by
tenth times, leaving a C+O WD (core of the primary) and non-degenerate secondary (likely
still on the main sequence). Then the secondary starts to evolve with a delay. At some
later stage, the secondary fills its Roche-lobe, and mass transfer to the primary should occur.
This time, the mass transfer is stable and the primary WD can accumulate its mass to the
Chandrasekhar limit. This track was first discussed by Whelan & Iben 1973, Nomoto 1982,
Iben & Tutukov 1984, Paczynski 1985 (see Ruiter et al. 2009 and reference therein for recent
models).

Whether these system lead to the thermonuclear explosion depends highly on the ac-
cretion rate from the secondary. Figure 2.5 illustrate this situation. In a lower accretion
rate (Ṁ ≤ 10−7), accreted hydrogen-rich material accumulate on the WD gradually. When
the hydrogen-rich envelope on the WD reaches a critial mass, hydrogen ignites to trigger a
nova eruption, or hydrogen shell flash. According to classical nova observations, nova ejecta
contain white dwarf matter, i.e., carbon and oxygen for C+O WDs and oxygen, neon, and
magnesium for O-Ne-Mg WDs (e.g. Prialnik 1986, Kovetz & Prialnik 1994). This lead to
the consequence that classical novae cannot accumulate enough mass, but rather are eroded
gradually after many cycles of nova outbursts.

Next, in a higher accretion rates, accreted material will be heated to the temperature
enough to burn H and He stably, which converted materials (i.e., carbon and oxygen) are ac-
cumulated on the WD. Recurrent novae, whose eruption repeat in timescals of a decade
to a century, are possible candidates of this track. Observationally, recurrent nova do
not show heavy elements such as carbon, oxygen, and neon enriched in ejecta, and short
recurrence periods are plausible to make massibe WDs close to the Chanrasekhar limit
(Starrfield et al. 1985, Starrfield et al. 1988, Livio & Truran 1992, della Valle & Livio 1996).

Finally, in the case that the accreteion exceeds the consumption of hydrogen and helium,

Ṁ > Ṁcr ∼ 7.5 × 10−7

(
MWD

M�
− 0.4

)
M� yr−1 (2.6)

unburned material (Ṁ − Ṁcr) expands around WD and cause strong wind. Though
consequences of this track is still unclear, a series of papers Hachisu et al. 1996,
Hachisu et al. 1999b, Hachisu et al. 1999a discuss the effect that the wind stabilizes the mass
transfer and limit the accretion rate suitable for mass accumulation to the WD.
Helium-burning donors: It is also possible that a WD accretes mass from helium-burning
stars. Solheim & Yungelson 2005 showed that such systems like AM CVn may contribute to
the SNe Ia population. The most characteristic feature for this group, since the secondary has
rather larger ZAMS masses, is that the timescale to the explosion is faster than fiducial SD
model (e.g. Ruiter et al. 2009, Iben et al. 1987, Wang et al. 2009a). Though these events are
rare, it may be important sources to explain SN Ia with short evolutional timescales. These
explosions are grouped as the acronym HeRS by some authors.
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Figure 2.5: Response of white dwarfs to mass accretion is illustrated in the white dwarf
mass and the mass accretion rate plane (reconstructed from Figure 9 of Nomoto 1982). ṀEH

is the Eddington critical rate for hydrogen, Ṁstd is the accretion rate which is necessary for
steady hydrogen burning, and Ṁcr is the cretetical accretion rate that is comparable to the
hydrogen consumption rate approximated as Equation 2.6. The value ∆MH is the mass of
the accreted hydrogen-rich envelope at the ignition of hydrogen. In lower Ṁ , WD experiences
nova eruptions rather than accumulating mass, and orange hached region allow the stable
hydrogen-burning, which lead WD to the Chandrasekhar limit. In higher Ṁ , unburned
material expands and cause strong wind. If we adopt the model of Hachisu & Kato 2001,
accretion rate range allowed for SN Ia progenitor will expands to the higher end (thus ṀEH

is plotted in dashed line).
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2.2.3.2 Double Degenerate Model

Another promissing progenitor of SN Ia is double-degenerate model, proposed in classical
studies of Iben & Tutukov 1984, Webbink 1984. If the mass transfer from the secondary
through its Roche-lobe is unstable, the second common envelope takes place, leaving the
primary C+O WD and the secondary C+O or He WD system (e.g. Ruiter et al. 2009).
A detached WDs binary will eventually reach contact due to angular momentum loss from
the emission of gravitational radiation. Then the less-massive WD finally accrete onto the
primary WD, leading to a SN Ia explosion when the total mass exceed the Chandrasekhar
mass (Tutukov & Yungelson 1979). According to the general relativity, the decline rate of
the binary separation, a, can be expressed as below (in the case that the orbit is circular):

ȧ

a
= 2

(
J̇

J

)
gw

= −64
5
G3

c5
M1M2(M1 +M2)

a4
∝ a−4, (2.7)

where J is the angular momentum of the binary, and M1 and M2 are masses of the primary
and the secondary, respectively.

Nevertheless this model explain the absence of hydrogen and the mass accumulation to the
Chandrasekhar limit, it has been critisied by some aspects. First, according to the argument
of Saio & Nomoto 1985, the accretion from the seconary WD whould not lead to central
burning but rather burning in the outer layers of the primary WD, where the density is low.
The outcome is that C+O WD transform into an O-Ne-Mg WD, but not a SN Ia explotion.
This WD is thought to finally collapse to form a neutron star (accretion-induced collapse;
AIC), since electron captures become impoartant at high central densities of the O-Ne-Mg
WD (Miyaji et al. 1980). Mergers of massive WDs with a close mass ratio may avoid AIC
(“violent merger”). Secondry, population synthesis calculations show that even if all C+O
WDs with Mtot ≤MCh become SN Ia, the estimated birthrates are facor of a few lower than
observed SN Ia rates (e.g. van Kerkwijk et al. 2010, Badenes & Maoz 2012). Some event
with Mtot < MCh may contribute to SN Ia population (see section 1.3).

Recently, though there are still controvercial discussions, DD model is thought to be the
major pathway to SN Ia population. Remarkable signatures are SN Ia rates, and absence
of circum-stellar material and surviving secondary. All these observation constraints are
introduced in section 2.3.

2.2.4 The explosion models

2.2.4.1 Ignition and explosion mechanism

Although the explosion physics is not clearly understood, theoretical stuedies are try-
ing to provide reasonable models for SN Ia explosion (see Hillebrandt & Niemeyer 2000,
Hillebrandt et al. 2013 for review). If the accreting WD reach to the Chandrasekhar limit,
the energy budget near the core is governed by plasmon neutrino cooling and compressional
heating. At later stage, higher temperature near the core cause convective carbon burn-
ing period (known as “simmering phase”) for ∼ 1000 yrs. If the temperature become high
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enough that the timescale for thermonuclear burning (τb) becomes much smaller than the
timescale of convection (τc), the propagation of combustion waves starts. The reacutive Eu-
ler equations allows two mode of combustion waves: one is called “deflagration”, subsonic
wave that burn carbon and oxgen to IMEs, and the other is called “detonation”, super-
sonic wave which produce iron-peak elements. Combined with the observation signatures of
typical SN Ia, the explosion cannot be explained by pure-detonation nor pure-deflagration
model. Therefore, the consensus is that typical SN Ia starts to explode with subsonic de-
flagration, and then transisiton to the supersonic detonation occurs at some critical points
(so-called “delayed-detonation model”). These waves propagate whole WD, and will explode
as SN Ia. Some numerical simulations succeed in reproducding reasonable SN Ia spectrum
(e.g. Röpke 2007, Woosley 2007, Woosley et al. 2009, Poludnenko et al. 2011), at the same
time, some uncertainties (e.g. the way the deflagration ignites) makes it hard to realize SN Ia
in simulations.

Alternative models are recently favored in the context of birthrates. One is called sub-
Chandrasekhar-mass double detonations. According to this model, a C+O WD accretes mass
from helium donor (either degenerated WD or non-degenerated star), creating thin He layer
onto WD. After He layer grow enough massive to ignite He material, a detonation in the layer
starts. This shock propagates into the C+O core, and finally the core experiences second
detonation (“edge-lit detonation”) even if WD does not reach Mch. Recent studies (e.g.
ref) indicate that this model can reproduce normal SN Ia, however, it produce significant
amount of Ti in the outer layers, which is inconsistent with normal SN Ia. This model would
explain the feature of subluminous 91bg-like SN Ia. As to double-degenerate merger scemario
(“violent merger”), the entire treatment of merger and explosion was hard to archieve in the
past computational resources. However, recent studies report that normal SN Ia is acctually
produced in the merger simulations (e.g. 207).

All these models yet have ups and downs, and further investigation and observational
constraints are expected in the future.

2.2.4.2 After the explosion

After the explosion provides kinetic energy and unbind WD, the photosphere of SN Ia ex-
pands. Gamma rays produced by radioactive decay of 56Ni (see Equation 2.4) hold major-
ity of optical lights. The optical spectra is well characterized by black-body radiation of
photosphere and absorption lines of IMEs. As the SN expands, the light-emitting region
(photosphere) recedes and finally reach to the phase that the energy deposition rate become
comparable with radiation, that is, the peak of light curve. Then the light curve starts to
decline, and as photosphere unveil inner part of SN, Fe starts to characterize the spectra. In
infrared, light curves for normal SN Ia show the secondary maximum after about 40 days.
This is due to the ionization evolution of the iron-peak elements in the ejecta (Kasen 2006).
After hundreds of days, the decline of light curve is equivalent with the decay of 56Co, and
spectra are dominated by emission lines from iron-peak elements. Free expansion of the
ejecta continues, sweeping out circumstellar and interstellar gas, and eventually, after tens
to hundred years, a shell of shocked gas cause strong X-ray emission (“Sedov phase”). Those
objects are called “Supernova remmant”.
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2.2.5 As a cosmological tool

After the discovery of the expantion of the universe, its expansion history is one of the key
issue in current physics. SN Ia, as a good distance indicator, has been contributed to unveil
the geometry of the universe (see Howell 2011 for a review).

In non-Euclidean space such as expanding universe, the distance defined by the luminosity
of the object with redshift z, DL(z), depends on the cosmological parameters:

DL(z) = (1 + z)
∫ z

0

c dz′

H0

√
(1 − Ωtot)(1 + z′)2 + (1 + z′)3ΩM + Ωrad(1 + z′)4 + ΩΛ

, (2.8)

where ΩM , Ωrad, and ΩΛ, are the energy densities of matter, radiation, and dark energy.
Considering the small fraction of radiation (Ωrad ∼ 10−4) and assuming the flat universe

(Ωtot = 1), “distance modulus”, the difference between the apparent magnitude and the
absolute magnitude of the object, can be expressed as a function of ΩM and ΩΛ.

µ(z) = m−M = 5 log10

(
DL(z)
Mpc

)
+ 25

= 5 log10

{∫ z

0

c dz′

H0

√
(1 + z′)3ΩM + ΩΛ

}
+ 5 log10(1 + z) + 25 (2.9)

Since z andm can be obtained by observation, one is able to constrain cosmological param-
eters by estimating the absolute magnitude, M . This is the basic idea of supernova cosmology.
Actually, M can be estimated using well-known light curve shape-versus-luminosity relation
(Phillips relation, see section 2.2.2). Most common formalism is explessed with stretch factor
(s) and color of SN Ia (c).

µ(z) = mB −MB + α(s− 1) − βc, (2.10)

where α and β are the slopes of the relations, and mB and MB is the apparent/absolute
magnitudes. Recently, alternative measurement for standarizing SN Ia luminosity is proposed.
Bailey et al. 2009 and Blondin et al. 2011 showed that some flux ratios (e.g. R642nm/443nm)
can reduce the scatter in the luminosity calibration. Various techniques are used to determine
the absolute magnitude, and many light curve fitter were developped so far (e.g. SALT2 by
Guy et al. 2007; SNANA by Kessler et al. 2009b ; MLCS2k2 by Jha et al. 2007; SiFTO by
Conley et al. 2008).

The expansion history of the universe is often characterised by the equation of state, w,
which can be constrained by cosmologial parameters. If we take a arbitrary length scale in
the universe, a, the universe evolves according to dominant components as

ρ ∝ a−3(1+w) =


a−3 (w = 0; normal matter)
a−4 (w = 1

3 ; relativistic component)
1 (w = −1; corresponding to Enstein’s cosmological constant, Λ)

(2.11)

In the late 1990s, two independent supernova observation teams: the Supernova Cosmology
Project (SCP) (Perlmutter et al. 1999) and the High-Z SN Search Team (Riess et al. 1998)
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found the strong evidence of nonzero ΩΛ, which suggest the accelerating cosmic expansion.
Since then, many large SN surveys have been carried out to measure the cosmological
parameters (e.g., Knop et al. 2003, Tonry et al. 2003, Astier et al. 2006, Riess et al. 2007,
Wood-Vasey et al. 2007, Kowalski et al. 2008, Hicken et al. 2009, Amanullah et al. 2010,
Sullivan et al. 2011, and Suzuki et al. 2012). Now there is a general concensus that this
universe is dominated by dark energy (ΩΛ ∼ 70%), which perfoms as a w ∼ −1 component.

Although the first results by SCP and High-Z Team were using just tenth of SNe Ia,
thanks to many strategic surveys, the number of cosmological SN Ia sample is dramatically
increasing to hundreds. Now the statistical error is subdominant in the estimation of w,
meaning that the reduction of the systematics is highly needed. Several dominant systematics
can be summarized as below.

Calibration
The primary systematic uncertainties afecting SNe Ia depends on survey, but there is a
general agreement that the largest component is calibration. This include the measurement
of standard stars (flux reference), the measurement of zero points (e.g. Kessler et al. 2009a),
K-correction (e.g. Hsiao et al. 2007), calibration to the historic Landolt phyotometric system
used for nearby historical supernova. These factors will be reduced if precise mearurements
of standard stars are carried out and low-redshift samples observed in Landolt system are
replaced with well-calibrated ones.

Reddening
When estimating the absolute brightness, reddening effect should be corrected properly. As
a general trend, redder SNe Ia are fainter. However, it is not clearly understand how much
of the effect is due to the intrinsic color-luminosity relation, or to the dust extinction. It
is also controversial that that the slope of color-luminosity relation, β (= RB = RV − 1),
prefer small value compared to Milky Way dust (RB = 4.1). In most cases, the values of
β come within the range of β ∼ 2.5 − 3.5 (e.g.Elias-Rosa et al. 2006, Krisciunas et al. 2006,
Krisciunas et al. 2007, Elias-Rosa et al. 2008, Folatelli et al. 2010). Some studies show that
the value of β differs when devided to separate groups. For example, smaller β is prefered
by SNe Ia with lower ejecta velocity (Wang et al. 2009b), smaller collor excess E(B − V )
(Nobili & Goobar 2008, but contradicting with Folatelli et al. 2010), and those SNe Ia at low
star-formation rate hosts (Sullivan et al. 2010). Whereas the conclusion cannot be made yet,
one way to avoid this problem is infrared observation, which the effect of dust is minimized
(e.g. Krisciunas et al. 2004, Wood-Vasey et al. 2008).

Restframe U-band
In optical bands, the light from SNe Ia at higher redshift correspond to shorter wavelength
at rest-frame. The weakpoint of this shift in wavelength is that SN Ia has a great deal
of scatter in rest-frame U-band (e.g. Ellis et al. 2008). The uncertainty might arise from
intrinsic dispersion or pool calibration in U-band. However, this systematics can be reduced
by constructing a well-calibrated sample in low-redshift.

Host biases
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It is known that the luminosity and the color of SN Ia have correlation be-
tween the host properties such as star-formation rate, stellar mass, and metallic-
ity (e.g. Hamuy et al. 1996, Howell 2001, Sullivan et al. 2006, Gallagher et al. 2008,
Howell et al. 2009, Sullivan et al. 2010). The problem here is that the residual in cosmo-
logical fit, i.e., Hubble residual, still show some dependence on the host properties. This may
suggest that we need another correction term in Equation 2.10. For example, theoretical
studies indicate that SNe Ia at low-metal environment become fainter, because high matallic-
ity WD yeld stable 58Ni rather than radioactive 56Ni (Timmes et al. 2003). If the metallicity
effect explain the host dependence, host mass or host metallicity will be the third correction
factor. However, it is yet not sure where these dependences come from. Alternative explana-
tion is that the bias arised from progenitor age. This scenario may have a role because young
progenitor comes from massive star, or the density structure of WD changes with time (ref).

To summarize, supernova cosmology is restricted by several uncertainties. The largest
one is calibration, but the situation will be better in the future. Other systematics of concern
are reddening, intrinsic dispersion in rest-frame U-band, host bias and progenitor. This thesis
is related to the progenitor issue, which is still unclear and can be investigated by statistical
studies. In the next section, the current constraints on progenitor are introduced.

2.3 Progenitors problems of Type Ia Supernova

In spite of its importance of SNe Ia, their progenitors are yet to be conclusively identi-
fied. Various approaches to constrain the progenitor systems have been examined so far (see
Maoz et al. 2013 for a review). The observational results are not yet conclusive, but recent
studies appears to show that DD models may explain most of, if not all, SNe Ia. Generally
speaking, SD models are expected to leave evidences for the surviving companion and cir-
cumstellar materials around the system, which cannot be seen in most of observations. In
the other hand, DD models will pass these constraints. SN 20011fe, the nearest normal SN Ia
event in 25 years occured at M101 (6.4 Mpc), was one of the best case to test the progeni-
tor because it was discovered very early and extremely well studied. Some other individual
events are shedding lights on progenitor questions. Other approaches are based on statisti-
cal studies, i.e. the occurence rates of SN Ia. Among them, the distribution of the delayt
time (DTD) is a promissing way to test the detailed progenitor components. In this section,
some major discussions around progenitor problem are introduced, and the rate studies are
separately described in section 1.3.

2.3.1 Surviving companion

In a SD scenario, the secondary star (donar) will survive the explosion of the primary
WD, identifiable by its anomalous features such as velocity, rotation, and temperature (e.g.
Marietta et al. 2000, Pan et al. 2013). Thus, if these survivor are detected, it will be a smok-
ing gun of SD progenitors. Various remnants were investigated, however, no clear evidence
of survivor is reported.

SN 1572 (or Tycho’s SN) is one of the well studied remnants and several stars are de-
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tected around the center of the remnant. Many studies tried to find any signature such as
proper motion, rotation velocities, and chemical composition (e.g., Ruiz-Lapuente et al. 2004,
Ihara et al. 2007, González Hernández et al. 2009, Kerzendorf et al. 2009) but they have not
reached to a clear concensus. Recently, Kerzendorf et al. 2012 have concluded that no good
candidates for the survivor is found in the Tycho’s SN. Similar approach is also applied
to SN 1006 and no apparent survivor with LV > 0.5L�,V is detected, suggesting that
most of SD channels except for normal MS donors are rejected (Kerzendorf et al. 2013b,
González Hernández et al. 2012). The case of SNR 0509-67.5 in the Large Magellanic Cloud
(LMC) is more clusial. Schaefer & Pagnotta 2012 reported that no stars with LV > 0.04L�,V

around the center of the remnant. Though late K-type MS stars with M ∼ 0.5M�
are still acceptable under this constraint, the fact rule out all traditional SD models.
Edwards et al. 2012 conducted a HST observation of SNR 0519-69.0 in LMC, and found
no evidence for giant or sub-giant donors. SN 1604 (or Kepler’s SN), though the SN type
is controversial, Kerzendorf et al. 2013a ruled out the existence of giant donors. Recently,
an alternative interpretation to support SD model is proposed by several authours (e.g.
Di Stefano et al. 2011, Hachisu & Kato 2012, Justham 2011). According to their model, the
rotation of the primary WD may lead to the delay to the explosion, which enable donor to
evolve to a undetectable WD. This pathway may challenge other observation features (see
Maoz et al. 2013).

To summarize, no clear evidence for SD survivor is observed so far. Especially, the case
of SNR 0509-67.5 is the strongest constraint that disagree with traditional SD models.

2.3.2 Hydrogen signature

In SD scenario, signature of hydrogen or helium from non-degenerate companion should be
observed; the ejecta is thought to strip some material of M ∼ 0.1−0.2 and they are expected
to be observable as line emission in the later spectra, when the ejecta become optically
thin. Mattila et al. 2005, Leonard 2007 and Lundqvist et al. 2013 studied several SNe Ia
and derived upper limits to the strength of Hα. Their constraint (MH < 0.01 − 0.03M�)
appears to disfavor SD models. The most strong contraint is the case of SN 2011fe, which a
limit of 0.001M� is set by Shappee et al. 2013.

Nevertheless, there are some exceptions. SN 2002ic (Hamuy et al. 2003) and SN 2005gj
(Aldering et al. 2006; Prieto et al. 2005) are well known for their presence of strong vari-
able Hα. Alhough it sounds to contradict with the definition of SN Ia, their spec-
trum is acctually SN Ia like except for the presence of Hα. Now it is comprehended
that Hα comes from the interaction of the ejecta and the existing dence CSM, as
well as the picture of SN IIn (Han & Podsiadlowski 2006, Wood-Vasey & Sokoloski 2006;
but see Chugai & Yungelson 2004, Benetti et al. 2006, Trundle et al. 2008 for alternative
explanations). Recent found “CSM-interacting” SN Ia, PTF11kx (Dilday et al. 2012,
Silverman et al. 2013), is another well-studied object. According to Dilday et al. 2012,
PTF11kx can be explained by the configuration similar to the symbiotic reccurent nova RS
Ophiuchi. Silverman et al. 2013 studied a compilation of 16 strongly CSM-interacting SNe Ia
and estimated the fraction of these events to be 0.1-1% (or even higher) based on PTF and
SDSS-II surveys. Though strong resemberance of CSM-interacting SNe Ia to SNe IIn suggest
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that CSM may come from a massive star rather than a SD donor, these SNe still bear a
possibility to be SD candidates.

2.3.3 Radio and X-ray emission from CSM interaction

In the same context above, in SD scenario, the existence of CSM from donor star is ex-
pected to raise shock with the SN ejecta. As a consequence, radio synchrotron emission
from accelarated electrons and X-ray emission from inverse Compton scattering will be pro-
duced (see Chevalier 1982 and Chevalier 1998 for detailed physics). None of these emissions
have been detected, despite radio/X-ray emissions from CC SNe are reported for some cases.
Hughes et al. 2007 set upper limits on X-ray flux using four SNe Ia, including strongly CSM-
interacting SN 2002ci and SN 2005gj, and Russell & Immler 2012 set upper limits on 53
SNe Ia. Combined with expected parameters of SD SNe Ia, these results indicate that SD
models with evolved donor star are not the case. In the radio observations, Panagia et al. 2006
studied 27 nearby SNe Ia and no radio emission was found. Hancock et al. 2011 derived
deeper limits by stacking analysis, constraining pre-explosion mass loss rate of the sec-
ondary to be Ṁ . 10−7M�yr−1. Here again, the result obtained from the observation
of SN 2011fe is tighter. Horesh et al. 2012 considered radio and X-ray limits and set a limit
of Ṁ . 10−8M�yr−1 assuming typical CSM parameters. Using additional X-ray observa-
tions, Margutti et al. 2012 refined the limit to Ṁ . 2 × 10−9M�yr−1. Taken together, no
detection of radio and X-ray emission for good number of SNe Ia rules out giant SD donor,
even including SNe Ia showing CSM-interacting features. In particular, the case of SN 2011fe
defenetively favors clean environment.

2.3.4 blue-shifted Na I D absorption

Although the evidence of CSM from SD donor is not clearly seen in most of SNe Ia, some
objects show blue-shifted absorption lines which are feasible feature for classical SD model.
If a circumstellar wind from the secondary through accretion overflows or pre-explosion nova-
like outburst exists, variable narrow blueshifted absorption should be observed in the spectra.
Recent statistical studies indicate that some fraction (∼ 20%) of SNe Ia shows these variable
blueshifted Na I D lines (Sternberg et al. 2011, Foley et al. 2012, Maguire et al. 2013, and
Phillips et al. 2013). This is preferable to SD models, however, Shen et al. 2013 showed that
these CSM features can be seen also in some DD explosion. The approach to CSM still suffer
from small numers and systematics to define samples, and may need further investigation.

2.3.5 Searching possible candidates

As noted in section 2.2.3.1, reccurent novae are promissing candidate for SD model. For
example, U Sco and CI Aql are well known reccurent novae which hold high mass WD in
their system: 1.55 ± 0.24M� for U Sco (Thoroughgood et al. 2001) and 1.00 ± 0.14M� for
CI Aql (Sahman et al. 2013). However, whether these systems will evolve as SNe Ia is not
clear. Some observations suggest that the mass of ejected material may exceed accreted
mass (e.g. Schaefer 2013). Another type of reccurent nova system is symbiotic binary, which
the separation is larger and the WD accrete mass from the strong wind from the com-
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panion. RS Oph, the system containing a massive WD and a red giant, is one of these
candidate (e.g. Kato & Hachisu 2012). Recently, V407 is also found to be a similar system
(Hachisu & Kato 2012, Nelson et al. 2012).

Nevertheless there are possible SD candidates, their detected number challenges the
SN Ia occurence rate in the Galaxy (∼ 0.005yr−1; estimated from Li et al. 2011a and
McMillan 2011). If reccurent nova channel dominate SN Ia progenitors, the Galaxy should
produce ∼ 3000 systems, assuming typical accretion rate and accreted mass. However, accord-
ing to Schaefer 2010 estimation, the Galactic reccurent novae only explain ∼ 300 systems.
Furthermore, observation of supersoft X-ray sources set tighter constraints on SD models.
During the stable burning of accreted material from the secondary, a SD progenitor is ob-
served as supersoft X-ray sources peaking at 30-100eV, with typical luminosities of 1038erg s−1

(e.g. Hachisu et al. 1999a). However, Di Stefano 2010 and Gilfanov & Bogdán 2010 pointed
out that observed numbers of supersoft X-ray sources in nearby galaxies are an order of mag-
nitude smaller than expected. This means that reccurent novae contribute only a few percent
to the SN Ia rate.

As to DD system, the first systematical search for binary WDs are conducted by SPY
(Geier et al. 2007, Napiwotzki et al. 2004, Nelemans et al. 2005). Among ∼ 100 discovered
WDs binaries, only a few systems will merge within a Hubble time and none of thier total
masses exceeded Mch (The only candidate whose mass is close to Mch was WD 2020-425 with
Mtot ∼ 1.35). Other surveys also failed to find any Mtot ≥ Mch and Hubble-time-marging
double WD binaries. However, as noted in section 2.2.3.2, the condition of total mass is
not necessarily requiered. Recent study by Maoz et al. 2012a and Badenes & Maoz 2012,
based on analysis of 4000 DA WDs in SDSS, revealed that the Galactic merger rates is
consistent with theoretical binaly population synthesis calculations (a few 10−2yr−1; e.g.
Nelemans et al. 2001, Toonen et al. 2012).

To summarize, various tests are conducted to find SD/DD features for good numbers of
SN Ia and possible candidates. These reults generally rule out the dominance of SD systems
in all SN Ia. Some CSM-interacting SN Ia may arise from SD channels, but the question
about how many SD/DD systems contribute to SN Ia population still remains unclear. Thus,
statistical studies such as occurence rates of SN Ia and their properties are highly needed to
answer the question.



Now is no time to think of what you do not have. Think
of what you can do with that there is.

Ernest Miller Hemingway (1899 - 1961)

3
Observations and Sample Selection

3.1 Subaru XMM-Newton Deep Survey

The Subaru/XMM-Newton Deep Survey (SXDS) is a multi-wavelength survey from X-ray
to radio (Sekiguchi & SXDS Team 2004). The survey targets a 1.22 deg2 field centered
on (02h18m00s,−05◦00′00′′), hereafter referred to as the Subaru/XMM-Newton Deep Field
(SXDF4; Figure 3.1).

3.2 Imaging observations

Optical:
The optical imaging component of the survey was carried out using Suprime-Cam
(Miyazaki et al. 2002) on the 8.2–m Subaru telescope, starting in September 2002. With
Suprime-Cam’s very wide field of view (34′×27′), the field is covered in five pointings (SXDF-
C, SXDF-N, SXDF-S, SXDF-E and SXDF-W; see Furusawa et al. 2008). In order to detect
and follow the light curves of optically faint variable objects, the Suprime-Cam observations
were split into exposures of 1800−7200 seconds separated by periods of days to weeks. Be-
tween September 2002 and December 2002, the fields were observed 5−7 times in the i′-band
and 2−4 times in the Rc- and z′-bands. After the 2002 observations finished, we took refer-
ence images in the i′-band in 2003 and 2005, in the z′-band in 2005, and in the Rc-band in
2008. The observations are described in detail in Morokuma et al. 2008. Here, the number of
the epochs of the observations, each exposure time, and each detection limit are summarized
in Table 3.1. For our SN study we exclude regions around bright objects to ensure reliable
detection of object variability. This reduces the total effective area to 0.918 deg2.

Infrared:
As part of the SXDS, the field was observed by the Wide Field Camera (WF-
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Figure 3.1: Field overview of Subaru/XMM-Newton Deep Survey (SXDS), synthetic images
of the B−, R−, and z′− bands ( c©NAOJ).

CAM) on the UKIDSS (United Kingdom Infrared Deep Sky Survey) Ultra Deep Survey
(Warren et al. 2007) in the J , H, and K bands, with respective limiting magnitudes of 24.9,
24.2, 24.6 (5σ, 2 arcsecond diameter aperture). Additionally, the Spitzer Space Telescope
(SST) as part of the SWIRE legacy program (Lonsdale et al. 2004) obtained data in 3.6 µm
and 4.5 µm bands, with respective limiting magnitudes of 23.1 and 22.4 (3σ, 3.8 arcsecond
diameter aperture).

X-ray:
X-ray imaging observations in the SXDF were carried out with the European Photon Imaging
Camera (EPIC) on the XMM-Newton. The X-ray imaging covers most of the SXDF fields.
The X-ray observation details are described in Ueda et al. 2008. The limiting fluxes are
1× 10−15 erg−1 cm−2 s−1 in the soft band (0.5-2.0 keV) and 3× 10−15 erg−1 cm−2 s−1 in the
hard band (2.0-10.0 keV).

3.3 Spectroscopic observations

Follow-up spectroscopic observations to identify transients and obtain redshifts were
taken during the survey in 2002. The follow-up was done with several ground-based
8-10m telescopes and the ACS grism on HST and is described in Lidman et al. 2005,
Morokuma et al. 2010 and Suzuki et al. 2012. Given the large number of transients, pri-
ority was given to transients that were likely to be SNe Ia at z > 1. A number of factors
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went into computing the priority: the significance of the detection, the percentage increase
in the brightness, the distance from the centre of the apparent host, the brightness of the
candidate and the quality of the subtrac- tion (the follow-up procedure is summarized in
Lidman et al. 2005). In total, 8 transients, half of which are beyond z = 1, were classified
as SN Ia. In later years, additional spectroscopic observations were taken with FOCAS on
Subaru to obtain redshifts of host galaxies after the transients had faded from view.

3.4 SN candidate selection

In order to obtain a sample of SNe Ia we have selected variable objects from our multi-epoch
data and then applied a series of procedures to further purify the sample. The first such
procedure consists of lightcurve fitting to reject objects whose lightcurves are inconsistent
with an SN Ia. This procedures can be applied to all candidates. Additional procedures
make use of color, spectroscopic and additional information available for subsamples of the
full sample to further cull the sample. These procedures are now described in detail.

The details of the initial selection of variable objects in the SXDF are described in detail
by Morokuma et al. 2008. In brief, we use an imaging subtraction method introduced by
Alard & Lupton 1998 and developed by Alard 2000, which enables us to match one image
against another image with a different PSF. We can then detect and measure variable objects
in the subtracted images. This method is applied for all possible pairs of stacked images at
different epochs. In the subtracted images, we select objects having a flux greater than 5σb

in an aperture of 2 arcsecond in diameter, where σb is the background fluctuation within
an aperture of this size. A total of 1040 variable objects were detected. The procedure to
select SN candidates from 1040 variable objects is illustrated in Figure 3.2. We are selecting
supernovae that occurred in 2002; since supernovae light curves last only a few months, there
should be no variability detected in 2003 or 2005. Of 1040 variable objects, only 371 did not
show variability (above 5σb) in 2003 and 2005. These 371 objects are classified as transients.
For computing light curves, we then assume that there is no flux from the transient in images
taken from 2003 onwards. Finally, we require that objects show at least a 5σb increase in
2 or more epochs in the i′-band. If a variable object is only detected in one epoch, the
object might be a false detection due to galaxy missubtraction, or another kind of transient
phenomenon. Note that this requirement is accounted for in the rate calculation during the
calculation of the control time (section 5.1).

We applied one further consideration at this stage; at redshift z ∼ 1.4, the central wave-
length of the Suprime-Cam i’ band corresponds a rest-frame wavelength of ∼3250Å. The
properties of supernovae, of all types, are not well characterized over this wavelength region,
limiting the effectiveness of non-spectroscopic classification methods. For this reason we re-
move 5 objects whose spectroscopic redshift are z > 1.4. However, we also note that it is still
possible to detect a SN Ia with z > 1.4 (see section 4.2 for a possible candidate). After this
stage, 141 variable objects remain as SN candidates.
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Figure 3.2: The flow chart of the SN candidate selection. Starting with 1040 SXDS transients,
objects showing variability after 2003 are removed. Then high-z objects (zph > 1.4) and faint
objects (having just one or no epoch with flux > 5σb). Finally, 141 SN candidates are selected.
For each phase, two lightcurves are shown as examples. Horizontal red dashed line represents
the zero flux measurement by taking the weighted mean of the data points later than 2003.
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3.5 Host galaxy redshifts

Although we would need spectra of both host galaxies and supernovae in order to identify
host galaxies with absolute certainty, here we simply identify the galaxy closest on the sky to
each SN candidate as its host Morokuma et al. 2008. The stacked images of SXDF are much
deeper than the individual images, which enables us to detect a reliable host galaxy for every
SN candidate. Of the 141 host galaxies, only 22 have a spectroscopic redshift. Redshifts for
the SN host galaxies without spectroscopic redshifts are derived from photometric redshifts
of the host galaxies using the multi-color photometric dataset of SXDS. The stacked images
from the Suprime-Cam observations have depths of B = 28.4, V = 27.8, Rc = 27.7, i′ = 27.7,
and z′ = 26.6 (3σ, 2 arcsecond diameter aperture; Furusawa et al. 2008).

Photometric redshifts are calculated using this 10 band dataset. Photometric redshift
calculations are performed using the publicly available code LePhare (Arnouts et al. 1999,
Ilbert et al. 2006. We fit our B, V , Rc, i′ z′, J , H, K, 3.6µm, 4.5µm host magnitudes
with spectral energy distributions (SEDs) from PEGASE2 (Fioc & Rocca-Volmerange 1997,
Fioc & Rocca-Volmerange 1999) stellar population synthesis models. We use the initial mass
function of Scalo 1986 and 15 models for star formation (SF) history. These include a constant
star formation rate (SFR) scenario, starburst scenario, and star formation history having an
exponentially decaying SFR with exponential time scales of τSF = 0.1, 0.3, 0.5, 0.7, 1, 2, 3,
5, 7, 9, 10, 15, and 20 Gyrs.

To test the reliability of the photometric redshifts (zph), we use 786 SXDS galaxies that
have both a photometric redshift and a spectroscopic one. The comparison is shown in
Figure 3.3. The reliability depends on the redshift range and the undertainty of the host-
galaxy photometry. Most galaxies (& 80%) are in the range −0.1 < (zsp − zph)/zph < 0.2.
Since our work concentrates on the determination of SN Ia redshifts, we use the probability
distribution function (PDF) of the host galaxy redshift when classifying its type and redshift.

It is possible that some host associations are erroneous, which could result in the rejection
of a bona fide SN Ia due to an error in the lightcurve timescale. An erroneous association
between objects with similar redshifts — such as those in the same group or cluster — is not
of concern here. To check for possible host galaxy misidentification, for the objects which
we later classify as SN Ia we show in Figure 4.6 the distribution of separations between the
SN and the center of its designated host galaxy. According to Yasuda & Fukugita 2010, the
radial distribution of SNe Ia is nearly consistent with the luminosity profiles of their host
galaxies. In the case of our SXDS candidates, a Kolmogorov-Smirnov test finds the dis-
tribution of the SN Ia candidates to be consistent with the luminosity profiles of galaxies
(Yasuda & Fukugita 2010). Therefore, we assume that erroneous host associations are unim-
portant for the present analysis.



34 3. Observations and Sample Selection

0.0 0.5 1.0 1.5 2.0

Photometric Redshift
0.0

0.5

1.0

1.5

2.0

S
p
e
ct

ro
sc

o
p
ic

 R
e
d
sh

if
t

Figure 3.3: Spectroscopic redshifts (zsp) versus photometric redshifts (zph) of SXDS galaxies.
The green dashed lines indicate the region bounding −0.1 < (zsp − zph)/zph < 0.2.
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Table 3.1: Summary of Suprime-Cam photometry

Field Epoch Date (UT)a ∆tb texp [sec] Seeing ["]c mlim
d

i′-band
SXDF-C 1 02/09/29,30 0.0 2700 0.54 26.19
SXDF-C 2 02/11/01 32.6 1860 0.92 25.76
SXDF-C 3 02/11/02 33.5 1800 0.68 25.85
SXDF-C 4 02/11/05 36.7 2400 0.70 26.11
SXDF-C 5 02/11/09 40.5 2460 0.60 25.77
SXDF-C 6 02/11/27,29 59.8 4200 0.72 26.38
SXDF-C 7 02/12/07 68.4 3000 0.78 26.32
SXDF-C 8 03/10/20 385.7 5760 1.14 26.53
SXDF-C 9 03/10/21 386.5 7500 0.58 26.71
SXDF-C 10 05/09/28 1094.6 3600 1.00 26.04
SXDF-N 1 02/09/29,30 0.0 3300 0.56 26.26
SXDF-N 2 02/11/01 32.4 2640 0.96 25.88
SXDF-N 3 02/11/02 33.3 1800 0.68 25.86
SXDF-N 4 02/11/09 40.3 2100 0.64 25.78
SXDF-N 5 02/11/29 60.3 3300 0.74 26.27
SXDF-N 6 03/09/22 357.5 4264 0.60 26.37
SXDF-N 7 03/10/02 367.6 1500 0.70 25.88
SXDF-N 8 03/10/21 386.5 3000 0.72 26.14
SXDF-S 1 02/09/29,30 0.0 3300 0.52 26.28
SXDF-S 2 02/11/01 32.5 3600 1.04 25.91
SXDF-S 3 02/11/02 33.4 1800 0.70 25.83
SXDF-S 4 02/11/09 40.4 2580 0.66 25.60
SXDF-S 5 02/11/29 60.6 1500 0.82 26.00
SXDF-S 6 03/09/22 357.6 4500 0.54 26.45
SXDF-S 7 03/10/02 367.7 2040 0.68 26.00
SXDF-S 8 05/09/28 1094.6 3900 0.96 26.04
SXDF-E 1 02/09/29,30 0.0 3300 0.60 26.25
SXDF-E 2 02/11/01 32.5 3000 1.04 25.97
SXDF-E 3 02/11/02 33.4 1800 0.70 25.83
SXDF-E 4 02/11/09 40.4 2820 0.66 26.78
SXDF-E 5 02/11/29 60.6 1800 0.80 26.03
SXDF-E 6 02/12/07 68.6 1209 1.54 25.19
SXDF-E 7 03/09/22 357.6 6000 0.62 26.58
SXDF-E 8 03/10/02 367.7 1271 0.68 25.71
SXDF-E 9 03/10/21 386.7 1400 0.88 25.51
SXDF-E 10 05/09/28 1094.6 3600 0.96 26.11
a Observed date in yy/mm/dd. When the images were stacked together, all dates for

observations are included.
b Days from the first observation in each field.
c FWHM of PSF in stacked images.
d Limiting magnitude of 5σ in 2.0 arcsec aperture.
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Table 3.1: Summary of Suprime-Cam photometry

Field Epoch Date (UT)a ∆tb texp [sec] Seeing ["]c mlim
d

SXDF-W 1 02/09/29,30 0.0 2400 0.54 26.14
SXDF-W 2 02/11/01 32.7 3000 0.96 25.96
SXDF-W 3 02/11/02 33.5 1800 0.66 25.84
SXDF-W 4 02/11/05 36.8 3060 0.76 25.98
SXDF-W 5 02/11/09 40.5 2100 0.64 25.97
SXDF-W 6 02/11/27,29 59.8 4200 0.74 26.39
SXDF-W 7 02/12/07 68.5 6483 1.04 26.34
SXDF-W 8 03/10/20,21 386.5 5460 0.66 26.46

Rc-band
SXDF-N 1 02/11/01 32.5 2400 0.85 26.37
SXDF-N 2 02/11/09 40.5 1920 0.81 26.02
SXDF-N 3 08/01/09 1927.3 2400 0.79 26.41
SXDF-S 1 02/11/01 32.6 2400 0.83 26.32
SXDF-S 2 02/11/09 40.6 1920 0.71 26.29
SXDF-S 3 08/01/09 1927.4 2400 0.69 26.52
SXDF-E 1 02/11/01 33.6 2400 0.89 26.26
SXDF-E 2 02/11/09 40.6 1920 0.87 26.12
SXDF-E 3 08/01/09 1927.4 2400 0.73 26.46
SXDF-W 1 02/11/01 33.7 3360 0.91 26.27
SXDF-W 2 02/11/09 40.7 1920 0.65 25.92
SXDF-W 3 08/01/09 1927.5 2400 0.81 26.33

z′-band
SXDF-N 1 02/11/04 35.3 2400 0.81 25.16
SXDF-N 2 02/11/05 36.2 600 0.79 24.22
SXDF-N 3 02/11/10 41.3 2340 1.03 24.93
SXDF-N 4 03/09/27 362.4 4860 0.71 25.99
SXDF-S 1 02/11/04 35.4 2400 0.77 25.11
SXDF-S 2 02/11/05 36.3 600 0.81 24.18
SXDF-S 3 02/11/10 41.4 2700 0.85 24.97
SXDF-S 4 03/09/22 357.7 4800 0.69 25.61
SXDF-E 1 02/11/04 35.4 2280 0.71 25.26
SXDF-E 2 02/11/05 36.3 1200 1.07 24.42
SXDF-E 3 02/11/10 41.4 4440 0.85 25.32
SXDF-E 4 03/09/26 361.5 4800 0.69 25.81
SXDF-W 1 02/11/04 35.6 2700 0.81 25.19
SXDF-W 2 02/11/05 36.4 750 0.75 24.37
SXDF-W 3 02/11/10 41.6 6210 1.05 25.41
SXDF-W 4 03/09/27 362.4 4800 0.69 25.92
a Observed date in yy/mm/dd. When the images were stacked together, all dates for

observations are included.
b Days from the first observation in each field.
c FWHM of PSF in stacked images.
d Limiting magnitude of 5σ in 2.0 arcsec aperture.



If you don’t know where you are going, any road will get
you there.

Lewis Carroll (1832 - 1898)

4
Sample Refinement

4.1 Overview of the sample refinement

Among 1040 SXDS transients, 141 SN candidates are finally sampled in chapter 3. These
objects, as noted in the previous chapter, have at least two epochs with flux greater than 5σb

in i′-band. In this chapter, we introduces the method to construct SN Ia sample from 141 SN
candidates. The refinements mainly consist of two parts. First, since light curves of SNe II
differ from those of SNe Ia, SNe II are discriminated by single-band (i′) lightcurve fitting
(section 4.2). Though SNe II can be removed easily by single-band lightcurves, SNe Ibc are
hard to discriminate due to the resemblance of light curves with SN Ia. Thus, we exploited
subsample which other broad-band photometries (Rc, z′) are available to safely estimate the
number of possible SNe Ibc(section 4.4). Finally, 39 SN Ia candidates are sampled and their
properties are tested in section 4.5. These refinement procedure is shown in Figure 4.1.

4.2 Discriminating Type II SNe

The lightcurves of SNe II are generally significantly broader than those of SNe Ia or SNe Ib/c.
Therefore, as a first step we distinguishes between SNe I (including Ia, Ib and Ic) and SNe II
using the lightcurve shape. To do this, we compare the lightcurve of each candidate to
template lightcurves of the various SN subtypes. As we will see, the lightcurves of most
candidates are adequately sampled to distinguish unambiguously between SNe I and SNe II.
Where available, we use the spectroscopic redshift of the SN or host galaxy in the light-curve
fitting. Where there is only a photometric redshift available, we use the PDF of the host
galaxy calculated by LePhare as a redshift prior.

We construct SN Ia and SN II template lightcurves in the observed i′-band using
K-corrections derived from the spectral time-series templates of Hsiao et al. 2007 and
Nugent et al. 2002. The shape of various SN Ia lightcurves can be well-represented by a single
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Figure 4.1: The flow chart of the sample refinements. Since the SN classification has a bias,
we need to correct the number of SNe Ia identified by their light curves using artificial light
curves made by the Monte Carlo simulations.
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template and a stretch factor (Perlmutter et al. 1997). For the SN Ia lightcurves we perform
K-corrections with the spectral template of Hsiao et al. 2007. This template accurately de-
scribes the UV features of SNe Ia, which is particularly important for high-redshift SNe Ia.
SN Ia lightcurve shape diversity can be neglected as it has been shown to be small compared
to the difference between SNe Ia and SNe II lightcurve shapes (Takanashi et al. 2008). The
time series of spectral template are converted to magnitudes using following formula:

mAB(R) = −2.5 log10

∫
fν

R
ν dν∫

R
ν dν

− 2.5 log10(3631Jy) + µ(z)

= −2.5 log10

∫
λfλRdλ
R
λ dλ

− 2.408 + µ(z), (4.1)

where R is the filterpass, fλ,ν is the observed flux, and µ is distance modulus at redshift z.
In contrast to SNe Ia, it is impossible to describe SNe II with only one template. Type II

SNe can be divided into several subtypes (e.g., IIP, IIL and IIn) each of which exhibits
a broadly different light-curve shape. Even within subtypes there is significant light-curve
shape diversity. Therefore, we use a set of 12 well-observed SN II light curves as templates.
Our observed SNe II consist of 5 of the best-observed published SNe II and 7 SNe II from
the SDSS-II SN survey (Sako et al. 2008). In total, the SDSS-II SN survey observed more
than 50 SNe II over three years. The 7 used here are selected based on their discovery at
an early phase and many repeat observations (> 10) with long time coverage (∼60 days)
in the SDSS u′-, g′-, and r′-bands. Details for the 12 SNe II used as templates are listed
in Table 4.1. For each candidate, an i′-band template light curve is made by K-correcting
the observed multi-band photometry to the redshift of the candidate, using the templates
of Nugent et al. 2002. Generally, the observed SN II light curves lack data points during
their rising phase due to the rapid increase to maximum after explosion. Thus, we also use
the Nugent et al. 2002 templates to interpolate the rising phase of the light curve. Example
template light curves for Type Ia and II SNe are shown in Figure 4.2.

Using the observed i′-band light curve of each SXDS SN candidate, we perform the
following fitting method to refine candidates.

First, we use the probability of being a certain type of SN as a function of redshift using
the following formula:

Ptype(z) ∝ PDF (z) × exp
{
−
χ2

LC(z)
2

}
(4.2)

Here, PDF (z) is the probability function derived by LePhare, and χ2
LC is the χ2 calculated

by light curve (LC) fitting.

χ2
LC(z) =

n∑
k=1

{
fobs − ftemp(z)

∆fobs

}2

, (4.3)

where fobs is the observed i′-band flux, ∆fobs is the observational error, ftemp(z) is the
i′-band flux of the template light curve at redshift z, and n is the number of observing epochs
during 2002: 7 in SXDF-C and SXDF-W, 6 in SXDF-E, and 5 in SXDF-N and SXDF-S.
Note that ftemp(z) represents a set of templates of SNe of different types. In the light-curve
fit, the free parameters on the template light curve are the peak magnitude, the date at peak
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Figure 4.2: Examples of light curve templates in the observed i’-band: A single SN Ia template
at z = 0.9 (red line) and 12 SN II templates at z = 0.5 (blue lines) are shown.

brightness, the stretch factor, and the redshift. Then we calculate the value of χ2
LC for each SN

template. The date at peak brightness is allowed to vary between day −10 and 70 where day 0
corresponds to the beginning date of the SXDS variable object survey (September 30, 2002).
The stretch factor is only used in fitting the Type Ia template. It is constrained to the range
0.75 − 1.2 and moves independently of peak magnitude. For SNe Ia templates, the B-band
absolute magnitude is allowed to vary in the range −20.0 < MB < −17.5. This magnitude
range is based on the range of the real SN Ia distribution observed in the SDSS-II SN survey
(Dilday et al. 2008). For SNe II templates, the V -band absolute magnitude is allowed to vary
in the range −19.0 < MV < −15.0. As for SNe Ia, this range is based on the distribution
of SNe II in the SDSS-II SN survey (see Figure 5.4). In all cases, the absolute magnitude is
converted to an observed i′-band magnitude using the luminosity distance and a K-correction
with the appropriate spectral template (Hsiao et al. 2007 and Nugent et al. 2002). For SNe
having spectroscopic redshifts, the redshift is fixed, and ftemp is calculated by K-correcting
the light-curve template to that redshift.

We determine the SN type by inspecting the value of Ptype(z). If the Ptype(z) obtained by
fitting the SN Ia template is greater than that obtained by fitting any of the SN II templates,
the candidate is classified as a SN I. In order to remove candidates that are neither SNe I
nor II (i.e., AGN or other variable objects), we also require that the χ2/d.o.f. for the SN I
template be lower than 5. Based on the simulation of completeness (section 6), 98.4% of real
SNe Ia will satisfy this requirement.

Using this method, we classify 44 of the 141 candidates as SNe I. Though our control
time shows a sharp drop off by z ∼ 1.4, one object (1-081) has been classified as SN Ia
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Figure 4.3: Two examples demonstrating the method we use to classify SNe (see appendix A
for whole sample). On the left, we show the best fits using the templates used in this paper.
The numbers in the parenthesis are reduced χ2 values. The right-hand plots show the PDFs
of the host galaxies and the normalized Ptype as a function of redshift. The best fit for the
object in the upper panels is a SN Ia at z = 0.75. This is a typical case. The object in
the lower panels is an example of an object that has a type that is less clear. Though this
object is best fit with a SN Ia template, the Ptype distribution shows that SNe II are possible.
However, the signature of SN Ia is still strong here and the object is classified as a SN Ia in
our sample. The possible contamination of SN II from the fitting is taken into account (see
section 5).
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at z = 1.45 with MB = −19.53. It is possible to detect a SN Ia with z > 1.4 if our
observations cover at least two epochs around the maximum (see Figure 5.5). However, we
do not include this object in the rate calculation and use only the 44 SNe Ia having z < 1.4.
Examples of template light-curve fits are shown in Figure 4.3. Although we expect this
method to distinguish between SNe I and II with good reliability (see following section), due
to statistical fluctuations the classification will not be perfect. Therefore, we estimate and
correct for completeness and SN II contamination in section 6.

4.3 Discriminating AGN

Another potential source of contamination are AGN that pass our variability cuts. X-ray
detection is useful in confirming whether or not variable objects are AGN. Out of 43 SN Ia
candidates, 42 objects were observed with XMM-Newton at some observation phase of SXDS,
and only two object are detected in X-ray. This X-ray detection ratio is almost the same as
the ratio of AGN to general galaxies (M08). Thus, the one object detected in X-ray might
be supernova that occurred in a galaxy hosting an AGN.

We have a spectrum of one of the transients associated with an X-ray source, object
3-202 (SuF02-061). The spectrum exhibits an [Ne III] λ3869 emission line, suggesting the
possibility of an AGN. [O II]λλ3727 and Hδ are also detected. From these lines, we derive
[Ne III]/Hδ ∼ 0.35 and [O II]/Hδ ∼ 0.61, which are consistent with either an AGN or
starburst origin (Rola et al. 1997, Pérez-Montero et al. 2007).

Tests performed on the spectrum indicate that, had object 3-202 been a SN Ia, we would
have detected the SN Ia features. Object 3-202 is also very close to the core of its host galaxy,
as expected for an AGN. The offset is 0.19 pixels (0"04), which is larger than our expected
measurement uncertainty. Thus, while we are unable to rule out the possibility of a SN Ib/c
associated with a starburst, with this evidence we can conclusively reject the possibility that
this object is a Type Ia SN.

We also reject object 1-143, due to the likelihood that it is an AGN. Unlike 3-202, we do
not have a spectrum of object 1-143; however, it is detected in the X-rays and is closer to the
core of its host galaxy than any other candidate.

X-ray observations are usually powerful tools to detect AGN, however not all AGN have
X-ray detections and faint AGN populations are not traced by X-ray observations (M08).
Since objects 3-202 and 1-143 passed the lightcurve test but are likely AGN, we may ask
whether there are other such cases of AGN undetected by X-rays in our sample. Only one
other object, 4-203, is as close to the core of its host as objects 3-202 and 1-143 are to theirs.
If this was an AGN as well, our sample would have a deficit in the number of SNe Ia near
core, so we deem it likely that this object is not an AGN.

4.4 Discriminating Type Ib/c SNe

At ths point we have 41 SN Ia candidates based on their light-curve shapes. It is impossible to
further classify candidates into SNe Ia and Ib/c without additional data because the shapes
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Figure 4.4: The color-color diagrams of SN I candidates in the observer frame. The red lines
and green lines indicate the expected colors of unreddened SNe Ia and SNe Ib/c respectively
at the given redshift. The points connected by the lines indicate the values at specific epochs
in the epoch range given. Red and green arrows indicate average reddening of supernovae
from their host galaxies: AB = 0.4 for SNe Ia (Wang et al. 2006) and AB = 0.7 for SNe Ib/c
(Richardson et al. 2006). Blue circles show the colors of the SN I candidates in SXDS. Out
of 15 candidates, two candidates have colors most similar to SNe Ib/c.
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of SN Ia and Ib/c lightcurves are quite similar. Although SNe Ib/c are rarer events than
SNe Ia, we expect that the classified SNe I will include a few SNe Ib/c.

In our observation, some transients were observed in Rc− and z′−bands. We make use
of this photometry to discriminate SNe Ib/c from SNe Ia based on color information (Rc − i′

vs i′ − z′); 14 of the remaining SNe I candidates have this color information. The AGN
3-202 also has a color measurement, as do 2 of the 8 spectroscopically-confirmed SNe Ia.
We construct color-color diagrams of the candidates at each redshift and epoch where the
colors are available (Figure 4.4). The color models of SNe Ia and Ib/c are obtained from the
templates of Hsiao et al. 2007 and Nugent et al. 2002, respectively. We assume an average
reddening from SN host galaxies and show the reddening as arrows on Figure 4.4. SN Ia
candidates are grouped by similar redshift and epoch so that we can compare the expected
SN Ia/Ibc colors and those of candidates.

Using Figure 4.4, we estimate that 2 out of the 14 remaining candidates have a color
incompatible with SNe Ia. These objects, 2-038 and 4-100, are therefore rejected from the
sample. Possible contamination of SN Ib/c on the rest of the sample is discussed in section
6.3 as a systematic uncertainties.

4.5 Properties of SN Ia candidates

We can use the small subset of the candidates that are spectroscopically confirmed SNe Ia
as a basic consistency check. All 8 spectroscopically confirmed SNe Ia and probable SNe Ia
(Ia*) found during the SXDS are classified as SNe I by the lightcurve fitting. All the fitting
results are summarized in Table 4.2 and appendix A

Although the 39 SN Ia candidates will have some contamination from SNe II (estimated
in section 6) and SNe Ib/c (section 6.3), we expect most of them to be SNe Ia. We can check
that most of the 39 SN I candidates have properties broadly consistent with SNe Ia. The
best fit lightcurve parameters for each of the 39 candidates are shown in Table 4.2. We note
that the uncertainty in these parameters is often large, particularly for candidates lacking a
spectroscopic redshift. This is not a problem however, as we are concerned with the broad
light-curve characteristics of the sample as a whole rather than an precise determination of the
light-curve parameters of any single SN. We discuss the distribution of absolute magnitude,
lightcurve width, and host galaxy separation for the candidates.

Absolute magnitude. The distribution of the candidates’ B−band absolute magnitudes
(uncorrected for host galaxy extinction) is shown in Figure 4.5 (top). The distribution peaks
around MB ∼ −19.0, the expected average magnitude of SNe Ia. The expected distribution
of SN Ia magnitudes from this survey (based on the simulations described in section 5) is
shown as a dotted line. There appears to be an overabundance of faint candidates, possibly
due to contamination from SNe II. The lower panel of Figure 4.5 shows where the excess
lies in redshift – the excess faint candidates are found mainly at lower redshift (z < 0.8).
Note that the simulated expected distribution (green contours) takes into account the shift
in the distribution of SNe toward higher luminosity and larger stretch with redshift (e.g.,
Howell et al. 2007). As a result, the top of the green contours slopes up with redshift.



4.5. Properties of SN Ia candidates 45

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Redshift

−21

−20

−19

−18

−17

−16

A
b
so

lu
te

 M
a
g
n
it

u
d
e
 (

B
)

all
spec-host
spec-Ia

-17 -17.5 -18 -18.5 -19 -19.5 -20 -20.5 -21

Absolute Magnitude (B)

0

2

4

6

8

10

12

14

16

N
u
m

b
e
r

phot-Ia
spec-host
spec-Ia

Figure 4.5: The observed peak magnitude distribution of SNe Ia candidates in our SXDF
sample. The top figure shows the number distribution. Spectroscopically-confirmed SN Ia, not
spectroscopically-confirmed SN Ia but objects with spectroscopic redshifts from host galaxies,
and other SN Ia candidates are plotted as red, blue and open histograms, respectively The
bottom figure shows the redshift distribution of the SN Ia candidates. In the bottom figure, the
red stars describe the SNe Ia SNe confirmed by spectroscopic observations, the blue diamonds
describe the candidates with spectroscopic redshifts from their host galaxies, and the black
triangles describe the remaining SN Ia candidates. The blue dotted line describes the limiting
magnitude of the SXDS observations. The green contours show the 1-, 2- and 3-σ confidence
intervals for the distribution of a pure SN Ia sample calculated using the methods and SN
rates from section 5.
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Light curve width. Since our lightcurve fitting is based on at most seven epochs, constrain-
ing the light curve width (stretch parameter) is challenging compared to other parameters,
e.g., MB, and the day of maximum. Their errors are very large (∆s ∼ 0.1 − 0.2). Further-
more, our stretch factors in Table 4.2 are not B-band stretch factors but observed i′−band
stretch factors, which correspond to other rest-frame bands depending on redshift. This is
not a problem here, however, since we are employing light curve fitting only to determine type
and redshift. The observer-frame i′-band stretch distribution contains a broad peak around
s ∼ 1, which is the consistent with observations of nearby SNe Ia. At the same time, we
found that some faint objects have large stretches (s ∼ 1.2), though we expect large stretches
for luminous objects. Some of these objects might be misclassified SNe II. We estimate the
rate of misclassified SNe II in section 6.3.

Host galaxy separation. To check for possible host galaxy misidentification, we show the
distribution of the distance from each candidate to the center of its designed host galaxy
(Figure 4.6). According to Yasuda & Fukugita 2010, the radial distribution of SNe Ia is
nearly consistent with the luminosity profiles of their host galaxies. In the case of our SXDS
candidates, a Kolmogorov-Smirnov test finds the distribution of the SN I candidates to be
consistent with the luminosity profiles of galaxies.
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Figure 4.6: The distribution of distance between candidate and host galaxy center for the
SN I candidates. The black solid line indicates the distribution of SN I candidates and the
blue dotted line indicates the luminosity profiles of galaxies (Yasuda & Fukugita 2010).
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4.6 The estimated number of observed SN Ia

To count the estimated number of observed SNe Ia (Nest), the easiest way might be to use
the best-fit redshift derived from the fitting. However, some SN Ia candidates have large
host photo-z uncertainties (see bottom right panel of Figure 4.3 for an example). Instead,
we allocate the number of SN Ia according to their Ptype distributions. For example, in the
case of 2-138 illustrated in Figure 4.3, we allocate a fractional contribution of 0.55 to the
0.6 < z < 1.0 bin and 0.45 to the 1.0 < z < 1.4 bin. These allocations are summarized in
Table 4.2, where it can be seen that the probability is concentrated in a single bin for each
SN.
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Table 4.1: Type II supernova templates
Name Reference Type Lightcurve points

SN1979C de Vaucouleurs et al. 1981a II-L 23 (U), 32 (B), 31(V)
SN1980K Buta 1982b II-L 20 (U), 25 (B), 25 (V)
SN1998S Fassia et al. 2000c II-n 25 (B), 26 (V), 28 (R), 21 (I)

SN1999em Leonard et al. 2002d II-P 29 (U), 40 (B), 41 (V), 46 (R), 44 (I)
SN1999gi Leonard et al. 2002e II-P 29 (B), 30 (V), 30 (R), 30 (I)
SN2005lb Sako et al. in prep.f II 1 (u’), 15 (g’), 14 (r’), 12 (i’), 13 (z’)
SN2005lc Sako et al. in prep.f II 20 (u’), 24 (g’), 24 (r’), 23 (i’), 25 (z’)
SN2006ez Sako et al. in prep.f II 21 (u’), 21 (g’), 22 (r’), 20 (i’), 22 (z’)
SN2006fg D’Andrea et al. 2010f II 13 (u’), 17 (g’), 16 (r’), 17 (i’), 19 (z’)
SN2006fq D’Andrea et al. 2010f II 12 (u’), 22 (g’), 22 (r’), 21 (i’), 22 (z’)
SN2006gq D’Andrea et al. 2010f II 0 (u’), 18 (g’), 16 (r’), 16 (i’), 13 (z’)
SN2006kg Sako et al. in prep.f II 20 (u’), 20 (g’), 20 (r’), 20 (i’), 19 (z’)
a 76-,91-,205-cm telescopes of the McDonald Observatory
b 76-,91-cm telescopes of McDonald Observatory and 1.55-m telescope of the U.S. Naval Observatory
c The 82-cm Instituto de AstrofoAsica de Canarias telescope (IAC80) on Tenerife, the 1.0-m Jacobus

Kapteyn Telescope (JKT) on La Palma and the 3.5-m Wisconsin-Indiana-Yale-NOAO telescope (WIYN)

at Kitt Peak
d 76-,91-,205-cm telescopes of the McDonald Observatory
e The Katzman Automatic Imaging Telescope (KAIT) and the 1.2-m telescope at the Fred Lawrence

Whipple Observatory (FLWO)
f The SDSS’s 2.5-meter telescope at Apache Point Observatory
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Theory is not the endpoint of work; it is work along the
way to the work. To read it actively is just a process that
will hopefully bring us to a less shadowed place.

Félix González-Torres (1957 - 1996)

5
Rate Calculation

Given the supernova rate per unit comoving volume rV (z), the average number of SNe we
expect to observe in the redshift bin [z1, z2] is given by

Nexp(z1 < z < z2) =
∫ z2

z1

rV (z)
CT (z)
1 + z

Θ
4π
V (z)dz, (5.1)

where V (z)dz is the comoving volume in a redshift slice of width dz, Θ is the solid angle
observed in the survey (in units of steradians), and CT (z) is the observer frame “control
time”. The control time can be thought of as an “effective visibility time”; it is the total
time (in the observer frame) for which the survey is sensitive to a SN Ia at redshift z. In
any survey of finite length, the observed number of SNe in any given bin will differ from
the average expected number Nexp due to Poisson statistics. Given a functional form of
the rate rV (z), we can estimate its parameters by comparing the observed number of SNe
to Nexp in each redshift bin. Alternatively, we can make the approximation that the rate is
constant within each bin. Under this approximation, rV (z) can be moved outside the integral
in Equation 5.1. Using NIa as an unbiased estimator of Nexp, we get an estimate of the rate
in the bin z1 < z < z2,

r̂v(z1 < z < z2) =
NIa(z1 < z < z2)∫ z2

z1

CT (z)
1+z

Θ
4πV (z)dz

. (5.2)

Since CT(z) differs by changing position (field) and survey epochs, CT(z) is calculated
for all fields and corresponding survey parameters, then normalized for the rate calculations.
In this paper, we use two methods. Assuming the rate follows a simple power law, rV (z) =
r0(1 + z)α (Pain et al. 2002), we estimate its parameters using Equation 5.1. We also use
Equation 5.2 to estimate the rate in three broad bins, 0.2 < z < 0.6, 0.6 < z < 1.0,
1.0 < z < 1.4.



52 5. Rate Calculation

Because we have a spectroscopic classification for only a small minority of our SN candi-
dates, we use a photometric typing method as our primary means of classifying into SNe I
and II, thereby arriving at an estimated number of SNe Ia observed, Nest. This method can
give a biased estimate of the true number of SNe Ia, NIa, due to the limited number and
precision of observations. Specifically, some Type II SNe may be misclassified as SNe Ia,
while some Type Ia SNe may be misclassified as SNe II. The estimated number of SNe Ia,
Nest, can be expressed as follows:

Nest(z) = NIa(z)PIa(z) +NII(z)FII(z) + ÑIb/c + ÑAGN , (5.3)

where PIa is the probability of correctly classifying a SN Ia (completeness) and FII is the
probability of classifying a SN II as a SN Ia (contamination). Note that these two factors
address only misclassification in the lightcurve fitting, not uncertainties in the SN Ia or II
lightcurve templates. Those uncertainties are addressed in our estimate of the systematic
error (section 6.4). ÑIb/c and ÑAGN are possible residual contamination from SN Ib/c and
AGN, as described in section 4.3 and section 4.4. The method we use to derive the rates
is illustrated in Figure 5.1. In section 5.1 we calculate CT (z) using simulated SN Ia light
curves. In section 6 we calculate PIa(z) and FII(z) using simulated SN Ia and II light curves.
The number of SNe II, NII(z), is calculated assuming the nearby SN II rate and cosmic star
formation history.

5.1 Control time

The control time is the time interval during which we can detect the SN explosion. Here we
define the time in the observer-frame. We compute the control time as a function of redshift.

5.1.1 Simulated light curves of Ia

In order to calculate the control time, we carry out a Monte Carlo simulation to generate
artificial “observed” SN Ia and SN II lightcurves based on the observation dates and depths
of our SXDS variable object survey. To produce a distribution of artificial SNe Ia modeled
on the true SN Ia distribution, we use a magnitude distribution based on SNe Ia from the
SDSS-II SN survey (Frieman et al. 2008). As the SDSS-II sample is essentially complete at
z ≤ 0.12 (Dilday et al. 2008), we adopt the exact absolute magnitudes and stretch factors of
56 z ≤ 0.12 SDSS-II SNe for our artificial SNe Ia. The 56 SNe include all spectroscopically-
confirmed z ≤ 0.12 SNe Ia obtained in the first two years (2005 and 2006) of the survey. The
B-band absolute magnitude distribution (uncorrected for dust extinction) and B-band stretch
factor distribution of these SNe Ia is shown in Figure 5.3. The stretch distribution of SNe Ia at
high-redshift might be different from the local distribution; according to Howell et al. 2007
the average light curve width and average intrinsic luminosity of SNe Ia increase toward
high-redshift for non-subluminous SNe Ia. Therefore we include the effect of the stretch
evolution toward high-redshift in our simulation. At each redshift, we make an artificial light
curve in the observed i′-band based on each of the 56 SNe. To do this, we use the absolute
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Figure 5.1: The flow chart of the rate calculation. From 39 SN Ia candidates, possible SN II
and SN Ib/c contaminations are subtracted. The rate of possible AGN contamination is
considered as a systematic uncertainty in section 6.4.
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magnitude of the SN and a K-correction based on the u′g′r′i′ SDSS-II light curve and the
Hsiao et al. 2007 template.

5.1.2 Dust modeling

Though we use real SNe Ia, including whatever dust extinction they suffer, for our control
time simulation in order to represent the actual MB −s distribution, an alternative approach
is to employ a simple parameterized family of lightcurves, e.g., using stretch and color, c.
B12 simulated the magnitude distribution of SNe Ia using the model:

MB = −19.31 − α(s− 1) + βc+ I (5.4)

where −19.31 is the fiducial magnitude, α = 1.24, β = 2.28 (Kowalski et al. 2008), and I is
an additional “intrinsic dispersion" characterized with µ = 0.0 mag and σ = 0.15 gaussian
distribution. To account for the dust effect, various dust models are usually included in the
color distribution. Some conventional models are sammarized below.

Kessler et al. 2009 (K09; closest model to our sample)
This model is a good representative of host-galaxy SN extinction in the SDSS-II SN Survey
(Kessler et al. 2009a).

P (AV ) =
e−AV /0.33

0.33
(5.5)

Hatano et al. 1998 (Ha98; most dust-affected model)
Hatano et al. 1998 used a Monte Carlo technique to estimate the effect of dust in disk galaxy,
assuming distribution of dust and supernova progenitors in a simple model. They derived an
extinction distribution P (AV ) showing long tail extending to high-AV .

P (AV ) = 0.61
e−AV /2

2
+ 0.39

e−AV /0.07

0.07
(5.6)

Riello & Patat 2005
The model of Riello & Patat 2005 was aimed at generalizing the Hatano et al. 1998 models
to a variety of dust properties and galaxy physics.

P (AV ) = 0.35δ(AV ) + 0.40
2

0.6
√

2π
e−A2

V /(2×0.62) + 0.25e−AV (5.7)

Neill et al. 2006
This model is used in the analysis of Neill et al. 2006, who estimated the SN Ia rate from
SNLS sample.

P (AV ) =
2

0.62
√

2π
e−A2

V /(2×0.622) (5.8)
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Figure 5.2: Comparison of various dust models.

Following the procedure of Barbary et al. 2012, these AV distributions are converted
to color distributions, Phost(c), using the relation AV = RV × E(B − V ) ≈ (β − 1) × c.
The final color distribution, P (c), is a convolution of Phost(c) and the intrinsic color
distribution (assumed to be Gaussian). For example, in the Kessler et al. 2009a model,
Phost(c) ∝ e−(β−1)c/0.33 is obtained and the final P (c) is calculated as

P (c) =
λ

2
e

λ2σ2

2
−λc Erfc

(
λσ2 − c√

2σ

)
, (5.9)

where λ represents (β−1)/0.33, Erfc is a complementary error function, and σ is the intrinsic
color dispersion (σ ∼ 0.12).

Figure 5.3 shows the magnitude distributions calculated for three dust models used in this
thesis. Since our control time sample is based on SDSS-II SNe, the sample is well represented
by the distribution with the Kessler et al. 2009a model (hereafter K09 dust model). Note
that these three models are only used to estimate the dust effect and the base control time
is calculated using observed distribution of SDSS-II SNe Ia. The uncertainty caused by the
choice of extinction models is discussed in section 6.4.
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Figure 5.3: The absolute magnitude (top) and stretch (bottom) distributions of the 56 z <
0.12 SDSS-II SNe Ia. We make artificial lightcurves from a SN Ia template using these
distributions. Solid lines plotted in the top panel represent the simulated SN Ia distribution
using assumptions in Barbary et al. 2012. The red line indicates the distribution using the
K09 dust model, and the blue line indicates the minimal dust model.
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5.1.3 Simulated light curves of II

Next, we make artificial SN II lightcurves from the Type II templates of section 4.2. As for
SNe Ia, the absolute magnitude distribution for these lightcurves is based on real SDSS-II
SNe. However, it is more difficult to achieve a complete sample for SNe II because they are
intrinsically fainter than SNe Ia on average. If we use the same redshift cut off as for SNe Ia
(z = 0.12), the number of faint SNe II will be underestimated (see Figure 5.4). To resolve this
problem, we have constructed a new luminosity function that accounts for incompleteness
using the formula below:

Neff (L)dL = Nsdss(L)dL× Vz<0.17

Vzmax|L
(5.10)

where NSDSS(L)dL is the number of SDSS SNe II with luminosity L − dL
2 < L < L + dL

2

and Vzmax|L is the volume to which a SN II can be seen above the SDSS flux limit given the
luminosity, L. Thus, we can simulate lightcurves using essentially all of the real SNe II from
SDSS-II. We will estimate the systematic error due to the correction factors in section 6.4
by varying the SDSS flux limit. In addition to a distribution in absolute magnitude, we use
two different subtypes (Type IIP and IIL) in our generated artificial SN II light curves. We
use a ratio of Type II-P to Type II-L of 2:1 (Richardson et al. 2002). Also as part of our
systematic error estimate in section 6.4, we vary this ratio. We generate a total of about
100,000 SN Ia and SN II lightcurves. We note that statistical error and systematic error of
2% in the flux is included in the lightcurve simulation.

5.2 Control time calculation

We calculate how many days the artificial SNe Ia can be observed. We add observation errors
to the artificial SN Ia light curves. The observing errors are calculated from the limiting
magnitudes of the SXDS observations, which includes the effect of decreasing signal-to-noise
ratio due to the subtraction of two images.

We also include the detection efficiency in the control time calculation. The detection
efficiency of the SXDS variable object survey was obtained by Morokuma et al. 2008. They
estimated the detection efficiency as a function of magnitude in each subtraction image. They
added artificial stars to images and detected them in the same manner as for the real images.
The results are shown in Figure 8 of Morokuma et al. 2008.

The observable time duration (control time) of artificial SNe Ia is calculated for each
redshift bin of width ∆z = 0.05. The control time of SNe II is calculated in the same way
as the SN Ia control time, but is only used for the estimation of contamination. Since the
observations consist of 5 fields of Suprime-Cam with different survey parameters, we calculate
the control times for each field, and then weight them according to field areas (see Equation 3
of Barbary et al. 2012). In addition, we use the data from the center field when it overlaps
with other fields. The result of the weighted control time is shown in Figure 5.5.
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Figure 5.4: The absolute magnitude and redshifts of Type II supernovae found by SDSS-II
SN survey at z < 0.17 (top). The dashed line shows the 5σ detection limit of SDSS-II SN
survey. At higher redshifts fainter SNe are lost, therefore we construct a luminosity function
that accounts or incompleteness (bottom; see Equation 5.10). We vary the magnitude limit
curve 0.2 mag brighter/fainter to estimate systematics.
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based on Hatano et al. 1998 are plotted as well. bottom: The observer-frame control time
for SNe II (red line). The models for different SN IIL and SN IIP ratio (1:1 in yellow, 1:3
in purple) are plotted. In addition, the choice of magnitude limit curve in Figure 5.4 affects
the luminosity function of SN II (see the discussion in section 5.1.1). We therefore show the
control time for the case of 0.2 mag brighter limit (blue) and 0.2 mag fainter limit (green).





To truly laugh, you must be able to take your pain, and
play with it!

Charlie Chaplin (1889 - 1977)

6
Typing Completeness and Contamination

6.1 Estimating typing completeness

In order to determine the completeness of our light curve classification technique, we fit
lightcurve templates to our sample of artificial SNe Ia. Because the total number of observ-
ing epochs is different for the different fields of the SXDF, we calculate the completeness
separately for each field. The completeness for each field (represented as 7 epoch, 6 epoch,
and 5 epoch mode) is shown in the different panels of Figure 6.1.

As a general trend, the completeness improves as more epochs are observed (the sec-
ond column of Table 3.1) because the maximum is easily detectable. The result also shows
that SNe Ia are safely classified with high completeness (∼ 80% in average). Though this
fraction is higher than the most efficient classification method in Kessler et al. 2010 (∼ 75%
of Sako et al. 2011, our fitting code is only used for eliminating SNe IIL and SNe IIP from
SNe Ia, whereas Kessler et al. 2010 attempted to eliminate SNe Ib/c in this way. As men-
tioned in section 4.2, SNe II are more easily distinguished from SNe Ia based on light
curves. Also our calculations do not include the rare luminous SNe Ib/c such as SN2005ap
(Quimby et al. 2007); these will be handled as a systematic uncertainty in section 6.4. Fig-
ure 6.1 also shows that when there are fewer epochs the classification becomes less secure
because the epoch of maximum brightness may be missed.

6.2 Estimating the misclassification ratio

We also estimate how often SNe II are misclassified as SNe Ia (the contamination FII). Using
the same method as for SNe Ia, we made artificial SNe II and fit those SNe with light curve
templates to estimate the misclassification ratio (the ratio of SN II classified SN Ia). The
results are shown in Figure 6.2. The misclassification becomes large toward high redshift,
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Figure 6.1: The completeness of the lightcurve fitting classification. These figures describe
how many artificial SNe Ia are identified as Type Ia. The reliability depends on the number of
observing epochs. The left top figure is for the 7 epoch observing mode (SXDF-C and SXDF-
W). The right top figure is for the 6 epoch observing mode (SXDF-E). The left bottom figure
is for the 5 epoch observing mode (SXDF-N and SXDF-S). The horizontal axis represents
the observer-frame date of teh first epoch relative to maximum light. The figures show that
we can classify SNe Ia with high completeness.
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but it is not a serious problem because the detection efficiency of SNe II is much less than
that of SNe Ia at high redshift (see Figure 5.5).
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Figure 6.2: The fraction, FII , of instances where artificial SNe II are misclassified as SNe Ia.
Three panels represent the 7 epoch, 6 epoch, and 5 epoch mode as Figure 6.1. The mis-
classification increases toward high redshift. In contrast, the detection efficiency of SNe II
decreases toward high redshift. As a result, the contamination is also small at high redshift.

Now, in order to find the true number (NIa in Equation 5.3) of SNe Ia and II at each
redshift, we need to estimate the contamination of our SNe Ia sample by SNe II. There are
many studies to derive core collapse supernova rates, and these results are consistent each
other (Dahlen et al. 2012, Melinder et al. 2012, Graur et al. 2011, Bazin et al. 2009,
Botticella et al. 2008, Mattila et al. 2012, Li et al. 2011a, Smartt et al. 2009,
Cappellaro et al. 1999, Horiuchi et al. 2011, Magnelli et al. 2009). These reults are
summarized in Figure 6.3 and Table 6.1. Since higher redshift SN II rates have larger
uncertainty, we use the measured nearby SN II rate and assume that the SN II rate is
increasing in proportion to the cosmic star formation rate. The progenitors of SNe II are
massive stars and have a very short delay time between star formation and explosion, which
justifies this assumption. We use a nearby SN II rate of 0.394 × 10−4 yr−1 Mpc−3 at
z ∼ 0 (Li et al. 2011a), and a star formation rate ∝ (1 + z)3.6 (Hopkins & Beacom 2006).
The SN II rate is then 0.394 × (1 + z)3.6. Using this assumption, the number of SNe II
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available that potentially could be misclassified as SNe Ia, NII(z), can be calculated using
the equation below.

NII(z) =
∫

0.394 × (1 + z)3.6CTII(z)
1 + z

Θ
4π
V (z)dz, (6.1)

where CTII(z) represents the control times of SNe II. We note in particular that this model
for the SN II rates is in agreement with the z ∼ 1 SN II rate from Dahlen et al. 2012.
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Figure 6.3: The CC SN rate measurements from various survey listed in Table 6.1. Since
CC SNe observation is easily affected by the dust extinction, measured rates vary with dif-
ferent dust modeling. The dot-dashed lines are the result from Magnelli et al. 2009 and
Horiuchi et al. 2011, witch assumed SFH and a relation between star formation and CC SN
rate.
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Table 6.1: The published CC SN rate measurements

Redshift NIa Rate [10−4 yr−1 Mpc−3] Refference

< 0.0026 14a 1.62+0.41
−0.41 Botticella et al. 2012

< 0.0035 36b 1.5+0.4
−0.3 Mattila et al. 2012

< 0.0066 92c > 0.96 Smartt et al. 2009

0.01 67d 0.43+0.17
−0.17 Cappellaro et al. 1999

< 0.014 440e 0.62+0.07+0.17
−0.07−0.15 Li et al. 2011a

0.21 44.95f 1.15+0.43+0.42
−0.33−0.36 Botticella et al. 2008

0.26 31.2g 1.88+0.71
−0.58 Cappellaro et al. 2005

0.3 17h 2.51+0.88+0.75
−0.75−1.86 Dahlen et al. 2004

0.3 117i 1.63+0.34+0.37
−0.34−0.28 Bazin et al. 2009

0.39 3.28(3)j 3.29+3.08+1.98
−1.78−1.45 Melinder et al. 2012

0.39 9.99(9)k 3.00+1.28+1.04
−0.94−0.57 Dahlen et al. 2012

0.66 8.7l 6.9+9.9
−5.4 Graur et al. 2011

0.7 17h 3.96+1.03+1.92
−1.06−2.60 Dahlen et al. 2004

0.73 3.27(5)j 6.40+5.30+3.65
−3.12−2.11 Melinder et al. 2012

0.73 23.56(25)k 7.39+1.86+3.20
−1.52−1.60 Dahlen et al. 2012

1.11 11.44(11)k 9.57+3.76+4.96
−2.80−2.80 Dahlen et al. 2012

a compilation of published CC SNe within 11Mpc
b compilation of published CC SNe in 6-15Mpc
c compilation of published CC SNe within 28Mpc
d SNe sample from Asiago, Crimea, OCA, Calan/Tololo, and Evans ’SN searches
e SNe sample within 60Mpc from Lick Observatory Supernova Search (LOSS)
f SNe sample from the Southern inTermediate Redshift ESO Supernova Search

(STRESS)
g SN search program with ESO/MPI 2.2 m telescope at ESO, La Silla
h HST observation as a part of the Great Observatories Origins Deep Survey

(GOODS)
i SNe from the Supernova Legacy Survey (SNLS)
j SNe from the Stockholm VIMOS Supernova Survey (SVISS). The numbers in

parencesis represents the raw detected number. In the rate calculation, the real

numbers which takes the redshift uncertainty into account are used.
k updated sample from Dahlen et al. 2004
l SN servey program in the Subaru Deep Field (SDF)
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6.3 SN Ib/c contamination

In this subsection, we estimate the number of SNe Ib/c in our sample of 39 SNe Ia. In
addition to the 2 SNe Ib/c that are found from their colors, we estimate that there are
another 3.15+4.20

−2.10 SNe Ib/c are in the sample. We compare this number with the number
that one would infer from evolving local SNe Ib/c rates to higher redshift and we estimate
the redshift distribution of the SNe Ib/c in our SN Ia sample.

As described in section 4.4, the candidate refinement indicates that approximately 2 out of
the 14 SNe I with color information are SNe Ib/c. This yields an estimated observed SN Ib/c
contamination percentage of 14.3+18.8

−9.2 based on the combined application of lightcurve shape
and color-color selection.

Of the 39 lightcurve-selected SN Ia candidates 8 have spectroscopic confirmation and
an additional 10 possess colors expected for SNe Ia, leaving a pool of 21 lightcurve-selected
candidates that could still harbour SNe Ib/c. While it is encouraging that color classification
has revealed only minor contamination from SNe Ib/c, the implication is that roughly 3
additional SNe Ib/c remain in this unconfirmed pool. For these a statistical correction can
be applied if their number and redshift distribution can be estimated.

Since spectroscopically-confirmed SNe Ia are not present in the unconfirmed pool, it
could be argued that such objects should also be removed from the color-color classified
subsample. The rationale here is that since spectroscopic observations may suffer greater
selection biases than color observations, the set of spectroscopically-confirmed objects may be
less representative of the unconfirmed pool than is the set of objects with colors. Kolmogorov-
Smirnov tests of either the redshift distributions or the peak magnitudes indicate that the
spectroscopically-confirmed and color-color subsamples are consistent with the unconfirmed
pool with P = 0.74. While there is no direct evidence of differential bias, this approach
may be considered more conservative. In this case the removal of 2 spectroscopically-typed
SNe from the sample of 14 objects with color-color information would raise the observed
contamination rate to 2 out of 12 objects, or 16.7+21.9

−10.8%.
While correlated, these various estimates are consistent with a SN Ib/c contamination

rate of 15+20
−10%. Though the uncertainty is large due to the small number of color samples,

we adopt this rate for the unconfirmed subsample. This would imply an additional 3.15+4.20
−2.10

undetected SNe Ib/c in the unconfirmed pool. Combined with the 2 SNe Ib/c detected via
color selection this leads to a estimated total of 5.15+4.20

−2.10 SNe Ib/c in the lightcurve-shape
selected sample. This residual SN Ib/c contamination is treated as a systematic uncertainty.

The second component of the statistical correction of the unconfirmed pool is to determine
the expected redshift distribution. The core-collapse SN rate, the SN Ib/c luminosity function
and the survey control time must then be included to predict the final redshift distribution.
Figure 6.4 shows the result of such a calculation using the luminotisy function of SN Ib/c
from nearby complete survey (Li et al. 2011a) to calculate the control time, and assuming the
observed fraction of SN Ib/c to SN Ia (Li et al. 2011a) and core-collapse SN rate evolution
(Dahlen et al. 2012). The expected number of contaminating SNe Ib/c is 8.34+3.34

−3.34. This
number is consistent with the number estimated directly from the observation, 5.15+4.20

−2.10.
The two objects, 2-038 and 4-100, classified as a SN Ib/c via their color are at z ∼ 0.45 and
z ∼ 0.75, respectively — right near the peak of the calculated distribution in Figure 6.4.
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In summary, we estimate that a total of 5.15+4.20
−2.10 SNe Ib/c contaminate the lightcurve-

selected SN I sample. We use color information to directly remove objects 2-038 and 4-100.
The remaining 3.15+4.20

−2.10 SNe are subtracted using the redshift distribution of Figure 6.4
using the appropriate scaling. Since we have only a limited color sample to estimate SN Ib/c
contamination, the impact of the uncertainty is large in the lowest bin (0.2 < z < 0.6),
and is comparable to the Poisson uncertainties associated with the detected SN Ia sample
(Table 6.2). However, this effect becomes much smaller beyond z = 0.6, where we want to
constrain the rate. We note that reasonable changes to the color selection procedure, or to
the shape of the SN Ib/c redshift distribution, have negligible effect relative to the Poisson
errors.
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Figure 6.4: The estimated number of possible SNe Ib/c contamination (ÑIb/c in Equation 5.3)
in the lightcurve-selected SN I sample. The red solid line indicates the expected number sim-
ulated assuming nearby SN Ib/c rate and its evolution (Li et al. 2011b, Dahlen et al. 2012).
The blue solid line and light blue region represents the number estimated from color-color
selection and corresponding error region.

6.4 Results and systematic error estimation

The SN Ia rate is obtained from Equations 5.1–5.3. The observed number (NIa) of SNe Ia
in each redshift bin is obtained from Equation 5.3, and is shown in Figure 6.5. We show
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the SN Ia rate in each redshift bin of ∆z = 0.4 in Table 6.3. The results include systematic
and statistical errors. These redshift bins are the same as those of Dahlen et al. 2008. The
effective redshift z̄ of each bin is the average redshift in the bin, weighted by the control time
and volume, and is given by

z̄ =

∫ z2

z1
zCTIa(z)

1+z V (z)dz∫ z2

z1

CTIa(z)
1+z V (z)dz

. (6.2)
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Figure 6.5: The number of SNe Ia from SXDS observations. The green dashed histogram
indicates the estimated number (Nest) of SN Ia candidates obtained by the light-curve fitting.
The red solid histogram indicates the observed number (NIa) of SNe Ia, after correction for
completeness and contamination. The blue points with statistical error bars indicate the
expected number (Nexp) obtained by the model-dependent rate calculation of Equation 5.1.
In this figure, one SN Ia, 1-081, at z = 1.45 is included in the histogram.

We now itemize the causes of systematic uncertainties and the methods used to estimate
their sizes, and then summarize the results in Table 6.2.

(1) In generating artificial SNe II, we adopted a ratio of Type II-P to Type II-L of 2:1
(Richardson et al. 2002). However the real distribution of Type II subtypes is not well-known.
Using a different ratio will change the fraction of misclassifications of SN II as SN Ia, FII .
We adopt different ratios of 1:1 and 3:1 and recalculate the SN Ia rates in each case. As
plotted in Figure 5.5, the effect of changing the ratio is minor (up to ∼ 2%). The impact on
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the final SN Ia rate depends on the redshift range (shown in Table 6.2).

(2) Artificial SNe II were generated using the peak magnitude distribution of low-redshift
SNe II found by the SDSS-II SN survey. Since the observed luminosity distribution is not
complete for fainter SNe II, we carefully corrected the magnitude distribution using the
magnitude limit curve (see the discussion in section 5.1.1). We checked how the correction
factor changes if the magnitude limit is moved 0.2 mag brighter/fainter. As in Figure 5.5,
the effect of changing this threshold is minor; resulting in ∼ 2% changes in the rate. We take
the half of this difference as a systematic.

(3) In our baseline calculation we accounted for contamination from SNe Ib/c by color-
color selection discussed in section 6.3. This makes 3.15+4.20

−2.10 additional SN Ib/c contami-
nating the SN Ia sample after removing two objects classified as SN Ib/c (2-038 and 4-100).
The effect of changing the number of SN Ib/c is greatest in the lowest-bin. In a bin with
small number of SN Ia, the contamination from SN Ib/c can be the biggest uncertainty. This
means that more color information would have helped to better constrain the rate at z < 0.6,
and such color information will be important in future surveys.

(4) In section 4.3, we removed two likely AGN. There remained one source near core
without X-ray detections or spectroscopic or color constraints. If that source were an AGN,
or if one of the rejected X-ray detections were a SN Ia, the resulting error would be 2.6%.
We take this as the systematic error due to AGN (i.e., ÑAGN = 1 in Equation 5.3).

(5) We separately consider the contamination from the core collapse SNe in the high-
redshift bin (1.0 ≤ z < 1.4). As noted in section 5.2, the control time for Type II
SNe is very small at z ≥ 1.0, but there might exist very bright core collapse SNe.
Boissier & Prantzos 2009 show the magnitude distribution of SNe Ib/c and II from a large
but heterogenous sample. Most of these SNe are fainter than ∼ −18.0 mag and there are
very few bright SNe of ∼ −19.0 mag. However the magnitudes are discovery magnitudes, and
serve only as lower limits on the peak magnitudes. The Ib/c sample of Richardson et al. 2006
contains three very bright SNe Ic that would be detectable and possibly mistaken for SNe Ia
at high-redshift (z > 1.0). We estimate the contamination ratio of bright SNe using the mag-
nitude distribution of Figure 6 of Bazin et al. 2009. There are four core collapse SNe (one
object is a SN Ib/c and three objects are SNe II) that have peak absolute magnitudes that
are around −19. In this figure, there are approximately 50 SNe Ia with a similar magnitude.
Therefore the contamination from core collapse SNe in the high-redshift bin is estimated to
be ∼ 8%.

(6) In the control time calculation we assumed that the average stretch changes with
redshift in the manner prescribed by to Howell et al. 2007. If instead we recalculate the
control time using the local stretch distribution in every redshift bin we find a somewhat
lower control time in the highest redshift bin, leading to a ∼ 15% increase in the estimated
SN Ia rate for 1.0 ≤ z < 1.4. This is the dominant source of systematic uncertainty in this
bin.
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(7) The effect from the dust extinction of host galaxy is the most uncertain factor in
the rate calculation. Recall that the sample used for the control calculation was based on
SNe Ia uncorrected for dust extinction. This sample has a tail extending fainter than the
MB ∼ −18.0 limit given by the minimal dust model. Thus, if the minimal dust model
is taken as a reference, our rates decrease by 2.9%, 6.5%, and 11.9%, respectively, in each
redshift bin. If instead extinction is much stronger than in our observed reference sample,
our rates will be underestimated. Barbary et al. 2012 examined various dust models to in-
vestigate the extinction effects. According to their estimate, the most extreme dust model
based on Hatano et al. 1998 (“dust model A” in their paper) resulted in up to ∼ 50 changes
in rates. Though our approach is different from Barbary et al. 2012 (i.e., they constructed
SN Ia luminosity function from two parameter families), we examined how large the ef-
fect of this extreme dust model is. We simulated the control time in the same manner as
Barbary et al. 2012 (see Figure 5.5), and estimated the differences to be +28.2%, +43.0%,
and +47.8%, respectively, in each redshift bin. This result is consistent with the estimate of
Barbary et al. 2012. We wish to include this as a systematic uncertainty, but we will report
it separately in the systematics in Table 6.2 because, unlike our other systematics, the size
of this systematic is highly speculative.

Several studies have indicated that the mean extinction increases with redshift
(Mannucci et al. 2007, Holwerda 2008), so this issue may be most important in our high-
est redshift bin. Barbary et al. 2012 took a systematic uncertainty of 50% due to possible
unaccounted for dust extinction. As examples, Figure 7.1 we show uncertainties of 50%, and
that of the minimal dust model. We note that even though the extinction-corrected rate is
uncertain, our measurement is a good representation of the rate to be used for predicting
future SN searches at high redshift.
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Table 6.2: Summary of systematic uncertainties in percent
Source items 0.2 ≤ z < 0.6 0.6 ≤ z < 1.0 1.0 ≤ z < 1.4

(1) Ratio of IIP and IIL num. +0.6
−0.3

+0.8
−0.4

+0.8
−0.4

(2) Luminosity function of SN II num. +0.3
−0.6

+1.4
−1.4

+1.1
−0.9

(3) Discrimination of Type Ib/c num. +22.6
−45.5

+6.2
−12.4

+0.4
−0.8

(4) AGN contamination num. +0.0
−2.6

+0.0
−2.6

+0.0
−2.6

(5) CC SN contamination at high-z num. - - +0.0
−8.0

(6) Evolution effect of SNe Ia denom. +0.5
−0.0

+3.2
−0.0

+14.5
−0.0

(7) Extinction (known) denom. +0.0
−2.9

+0.0
−6.5

+0.0
−11.9

Total known systematics +22.6
−45.7

+7.1
−14.3

+14.5
−14.7

(7)’ Extinction (unknown) denom. +50.0
−0.0

+50.0
−0.0

+50.0
−0.0

Total known and unknown dust systematics +54.9
−45.7

+50.5
−14.3

+52.1
−14.7

Note: “num.” and “denom.” refer to “numerator” and “denominator” of Equation 5.2.
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Learn from yesterday, live for today, hope for tomorrow.
The important thing is not to stop questioning.

Albert Einstein (1879 - 1955)

7
Discussion and Application to the Future Survey

7.1 Discussion

7.1.1 SN Ia rate function

We fit the SN Ia rates with a power law (e.g.,Pain et al. 2002),

rV (z) = r0(1 + z)α. (7.1)

In this fit, we use the SN Ia rate obtained in redshift bins of ∆z = 0.1. The best fit values of
r0 and α are

r0 = 0.20+0.52
−0.16(stat.)+0.26

−0.07(syst.) × 10−4yr−1Mpc−3 (7.2)

α = 2.04+1.84
−1.96(stat.)+2.11

−0.86(syst.) (7.3)

We show the fit in Figure 7.1, and the expected number (Nexp) obtained by this fit in
Figure 6.5.

7.1.2 Comparison with previous SN rate studies

Here, we check the consistency of our results with previous works (Figure 7.2). First, we
compare nearby and mid-redshift SN Ia rates with our results. Li et al. 2011a derived a
nearby SN Ia rate from 274 SNe Ia from the Lick Observatory Supernova Search (LOSS).
Dilday et al. 2008 measured the nearby SN Ia rate at z = 0.12 using SNe Ia obtained by the
SDSS-II SN survey. Recently, Perrett et al. 2012 determined the SN Ia rate in 0.1 ≤ z ≤ 1.1
range with a very small uncertainty using the dataset of SNLS. These results are quite
consistent with our fitted power-law curve. We also compare our measurements to those
at similar or slightly higher redshifts. Graur et al. 2011 obtained high-redshift SN Ia rates
in the Subaru Deep Field (SDF) using the multi-color SED fitting classification method
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Figure 7.1: SN Ia rates in SXDF. Red circles show the rate in redshift bins of width ∆z = 0.4,
the same bin width used by Dahlen et al. 2008, calculated using Equation 5.2. Green crosses
show the rate in redshift bins of width ∆z = 0.1. For the upper error bar in ∆z = 0.4
rates, the 2nd bar represents the observed + known systematics and the top bar repre-
sents the case of adding 50% ad hoc errors for the dust extinction. The blue dashed line
shows rV (z) = r0(1 + z)α, where r0 = 0.20+0.52

−0.16(stat.)+0.26
−0.07(syst.)×10−4yr−1Mpc−3, and

α = 2.04+1.84
−1.96(stat.)+2.11

−0.86(syst.). The orange dashed lines correspond to the ±1σ error region.
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(Poznanski et al. 2007a). Graur et al. 2011 carried out very deep photometric observations
and detected very high-redshift SNe Ia up to z ∼ 2.0. They used one epoch with a reference
epoch, and thus could not employ our light curve fitting method.

On the other hand, Dahlen et al. 2008 identified SNe with spectroscopic observations of
GOODS SN survey, and measured SN Ia rates up to z ∼ 1.6. Barbary et al. 2012 also
derived SN Ia in this same redshift range from Hubble Space Telescope Cluster Supernova
Survey. Even though these studies used different samples and techniques, our result and the
results from these studies are consistent within the uncertainties.

In the highest redshift regime (z & 1.4), the SN Ia rate is still uncertain. Graur et al. 2011
show that the SN Ia rate remains high beyond this redshift, while the SN Ia rates of
Dahlen et al. 2008 are flat from z ∼ 0.8 to z ∼ 1.2, and then show a sharp decline at
z ∼ 1.6. As noted in section 6.4, Barbary et al. 2012 also found that different assumptions
about host-galaxy dust extinction can induce systematic differences between measurements.
It is therefore not yet clear if we have observed the peak in the volumetric SN Ia rate. Accord-
ing to galaxy studies (e.g., Hopkins & Beacom 2006), the peak of the cosmic star formation
rate is at z ∼ 2–3. Based on the peak in the cosmic star formation rate, we estimate that the
delay time of SNe Ia at high redshifts is . 2-3 Gyr. In order to determine whether SNe Ia
with the shortest delay times are dominant or not, it is necessary to observe more samples
at z ≥ 1.4. This will be a key issue for future SN Ia surveys. One of these is the HSC
transient survey, which will use Hyper Suprime-Cam on the Subaru Telescope. In this survey,
∼ 100 SNe Ia will be detected with z & 1.0, and thus provide useful information about the
high-redshift SN Ia rates. At the same time, at low redshift it will construct a complete
sample of SNe of all types, to faint luminosities and/or high values of dust extinction. Both
the luminosity and extinction distributions will help in refining future rates calculations at
high redshift.

We also check for consistency with Totani et al. 2008. They measured the delay time
distribution of SNe Ia using the same variable object catalog of M08, but used a different
method to select SNe Ia. They selected 65 SN Ia candidates showing significant spatial offset
from the center of host galaxies with an old stellar population. However, not all of their
candidates are SNe Ia due to the uncertainty in the selection method. They estimated that
82% of the 65 candidates were actually SNe Ia. We check their candidates by our light-curve
fitting method. Out of the 65 candidates in Totani et al. 2008, 19 candidates have light curves
with a sufficient number of epochs and sufficient signal-to-noise to perform our light-curve
fitting. Fifteen candidates (79% of the 19 candidates) are identified as SNe Ia. This result
indicates that our selection of SNe Ia is consistent with the selection of Totani et al. 2008.
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Figure 7.2: Comparison of various previous works with our results. The red data show
our results. As in Figure 7.1, the systematic uncertainty is divided into observed + known
systematics (2nd error bar), and the case of adding 50% ad hoc errors for the dust extinction
(top error bar). The cyan data are the results by Li et al. 2011a. The green data are the
results by Dahlen et al. 2008. The pink data is the result at z = 0.47 by Neill et al. 2006.
The purple data is the result at z = 0.12 by Dilday et al. 2008. The blue data are the result
of Graur et al. 2011. The pink data are the result of Barbary et al. 2012. The black open
triangles are the result of Perrett et al. 2012.
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Table 7.1: The published SN Ia rate measurements

Redshift NIa Rate [10−4 yr−1 Mpc−3] Refference

0.01 70a 0.183+0.046
−0.046 Cappellaro et al. 1999

< 0.019 274b 0.265+0.034+0.043
−0.033−0.043 Li et al. 2011a

0.0375 516c 0.278+0.112+0.015
−0.083−0.000 Dilday et al. 2010

0.1 516c 0.259+0.052+0.018
−0.044−0.001 Dilday et al. 2010

0.11 90d 0.247+0.029+0.016
−0.026−0.031 Graur & Maoz 2013

0.15 516c 0.307+0.038+0.035
−0.034−0.005 Dilday et al. 2010

0.15 1.95e 0.32+0.23+0.07
−0.23−0.06 Rodney & Tonry 2010

0.16 4f 0.16+0.10+0.07
−0.10−0.14

g Perrett et al. 2012

0.2 17h 0.189+0.042+0.046
−0.034−0.045 Horesh et al. 2008

0.2 516c 0.348+0.032+0.082
−0.030−0.007 Dilday et al. 2010

0.25 516c 0.365+0.031+0.182
−0.028−0.012 Dilday et al. 2010

0.26 16e 0.32+0.08+0.07
−0.08−0.08

g Perrett et al. 2012

0.3 31.05i 0.340.16+0.21
−0.15−0.22 Botticella et al. 2008

0.3 516c 0.434+0.037+0.396
−0.034−0.016 Dilday et al. 2010

0.35 4.01e 0.34+0.19+0.07
0.19−0.03 Rodney & Tonry 2010

0.35 31f 0.41+0.07+0.06
−0.07−0.07

g Perrett et al. 2012

0.42 2.0j 0.38+0.51+0.06
−0.25−0.06 Graur et al. 2013

0.44 3.45 0.262+0.229+0.144
−0.133−0.120 This Work

0.442 0k 0.00+0.50+0.00
−0.00−0.00 Barbary et al. 2012

0.45 5.11e 0.31+0.15+0.12
−0.15−0.04 Rodney & Tonry 2010

0.45 42f 0.41+0.07+0.05
−0.07−0.06

g Perrett et al. 2012

a SNe sample from Asiago, Crimea, OCA, Calan/Tololo, and Evans ’SN searches
b SNe sample within 60Mpc from Lick Observatory Supernova Search (LOSS)
c 516 SNe Ia at z < 0.5 from SDSS-II Supernova Survey sample. This is the extended

result of Dilday et al. 2008, which measured SN Ia rate at z = 0.09 with 17 SNe Ia.
d SNe Ia recovered from ∼ 700000 galaxy spectra in SDSS
e ∼ 130 SN Ia candidtates in 0.1 < z < 1 from the IfA Deep Survey
f SNe from the Supernova Legacy Survey (SNLS). About ∼ 40% of sample have

spectroscopic confirmation.
g The rates are scaled +15% assuming 91bg-like fraction in LOSS (see section 6 of

Perrett et al. 2012)
h SNe sample from SDSS-I
i SNe sample from the Southern inTermediate Redshift ESO Supernova Search

(STRESS)
j SNe sample from the Cluster Lensing And Supernova survey with Hubble (CLASH)
k SNe from HST Cluster Supernova Survey
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Table 7.1: The published SN Ia rate measurements (Contd.)

Redshift NIa Rate [10−4 yr−1 Mpc−3] Refference

0.55 6.49e 0.32+0.14+0.07
−0.14−0.07 Rodney & Tonry 2010

0.55 72f 0.55+0.07+0.05
−0.07−0.06

g Perrett et al. 2012

0.62 7n 1.29+0.88+0.27
−0.57−0.28 Melinder et al. 2012

0.65 10.09e 0.49+0.17+0.14
−0.17−0.08 Rodney & Tonry 2010

0.65 91f 0.55+0.06+0.05
−0.06−0.07

g Perrett et al. 2012

0.74 20.3o 0.79+0.33
−0.41 Graur et al. 2011

0.75 14.29e 0.68+0.21+0.23
−0.21−0.14 Rodney & Tonry 2010

0.75 110f 0.67+0.07+0.06
−0.07−0.08

g Perrett et al. 2012

0.80 20.31 0.839+0.230+0.423
−0.185−0.120 This Work

0.807 5.25k 1.18+0.60+0.44
−0.45−0.28 Barbary et al. 2012

0.83 25m 1.30+0.33+0.73
−0.27−0.51 Dahlen et al. 2008

0.85 128f 0.66+0.06+0.07
−0.06−0.08

g Perrett et al. 2012

0.94 5.1j 0.36+0.24+0.10
−0.15−0.10 Graur et al. 2013

0.95 141f 0.89+0.09+0.12
−0.09−0.14

g Perrett et al. 2012

1.05 50f 0.85+0.14+0.12
−0.14−0.15

g Perrett et al. 2012

1.14 14.41 0.705+0.239+0.366
−0.183−0.103 This Work

1.187 5.63k 1.33+0.65+0.69
−0.49−0.26 Barbary et al. 2012

1.21 20m 1.32+0.36+0.38
−0.29−0.32 Dahlen et al. 2008

1.23 27.0o 0.84+0.25
−0.28 Graur et al. 2011

1.535 1.12k 0.77+1.07+0.44
−0.54−0.77 Barbary et al. 2012

1.59 3.9j 0.43+0.34+0.04
−0.21−0.08 Graur et al. 2013

1.61 3m 0.42+0.39+0.19
−0.23−0.14 Dahlen et al. 2008

1.69 10.0o 1.02+0.54
−0.37 Graur et al. 2011

2.1 0j < 1.7 Graur et al. 2013

l SNe derived from the first two yrs of SNLS
m SNe from HST ACS imaging of the two GOODS fields
n SNe from the Stockholm VIMOS Supernova Survey (SVISS)
o SN servey program in the Subaru Deep Field (SDF). This is the updated version of

Poznanski et al. 2007b
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7.2 Application to the Future Survey

As noted in section 1.4, several large systematic surveys have been conducted. In the near
future, deeper and wider surveys are going to be carried out. Here we briefly summarize
prospect to the future surveys, especially in the context of SN Ia rate and application of the
method used in this thesis.

7.2.1 Hyper Suprime-Cam Transient Survey

This thesis is based on the analysis of Suprime-Cam (SC) imaging observation. From 2013,
the updated CCD camera, the Hyper Suprime-Cam (HSC), is available. HSC has a wide Field
of View of 1.77 deg2 (∼ 7 times larger than SC) and, coupled with the 8.2m Subaru Telescope,
is the most powerful survey imaging camera in the world. Using this instrument, the deep
imaging survey (HSC survey 6) is scheduled to start from early 2014. The survey include
repeat imaging observation to detect transient objects such as SNe, AGNs, and variable
stars. The survey field is wide and deep (Deep field: 27 deg2, r ' 27; Ultradeep field:
3.5 deg2, r ' 28) enough to detect many SNe Ia at z > 1. Furthermore, HSC survey
is carried out multi-band (grizy) imaging (see Figure 7.4 for the comparison with SXDS
photometries). Recall that SN Ia rate from SXDS has a constraint that most of transients
were observed only in i′-band, whereas, in HSC, SN candidates are much safely classified
using their photometries. The SNe sample constructed from HSC survey with good quality
and enough color information will provide us a good opportunity to investigate statistical
nature of SNe at high-redshift. Figure 7.3 (top panel) shows the expected number of SNe Ia
with S/N > 5.0. The comparison with the SXDS is obvious.

7.2.2 SN Ia rate studies in HSC

Figure 7.5 is the simulated SN Ia rate estimate in HSC survey (only statistical error are
considered). Note that all these data have at least three-band observation, and thus, the
systematic errors caused by CC SNe contamination will be much reduced at z < 1. Even
more, the deep imaging will enable us to study SN Ia rates above z ∼ 1.4, in which we could
not reach in this work.

Besides HSC transient survey, one may expect to detect very high redshift SNe Ia (z > 1.8)
using this instrument. Figure 7.3 (bottom panel) shows the expected number of SNe Ia under
the assumption of 6-hr ultradeep z-band imaging and two-week cadence. In this survey
parameter, though only single z-band imaging is assumed, about 10 SNe Ia are detectable
(also the possibility of detecting SN Ia at z > 2.0 is not small).

7.2.3 Other plannes transient surveys

Considering these results, the rate estimates will be improved in HSC era. Possible com-
petitor will be the Dark Energy Survey7. This survey uses the prime focus Dark Energy
Camera (DECam) on the Blanco 4-m telescope at Cerro Tololo Inter-American Observatory
(CTIO). The DECam has a 3 deg2 field of view, and the survey began in August 2013. The

6http://www.naoj.org/Projects/HSC/index.html
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Figure 7.3: Top: The expected redshift distribution of SNe Ia observable in HSC transient
survey. About 100 SNe Ia above z = 1.0 are available with good photometric quality (S/N >

5.0 in at least three optical broad bands). In total, ∼ 300 SNe Ia will be detected in 0.2 <
z < 1.8. Bottom: The expected redshift distribution of SNe Ia assuming 6-hr z′-band imaging
in two-week cadence. HSC have an enough power to detect SNe Ia at z > 1.8.
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Figure 7.4: The comparison of filter passbands between Suprime-Cam and Hyper Suprime-
Cam. The filter of HSC survey have much sensitivity to redder side, meaning that high-
redshift objects are more detectable.
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Figure 7.5: The expected SN Ia rates constraint in HSC transient survey (the red points; only
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DES supernova search will cover 30 deg2 in griz with 5-day cadence throughout each DES
observation season. They will discover 4000 SNe Ia over the redshift range 0.5 < z < 1.2
(also about 20% of DES SNe Ia will be followed up with real-time spectroscopy from other
telescopes). Hence, in the near future, DES and other transient surveys (e.g., Pan-STARRS,
iPTF) will investigate z < 1.2 SNe with very rich sample, and HSC and HST will target
the z > 1.4 universe. After that, the Large Synoptic Survey Telescope (LSST8) and the
Wide Field Infrared Survey Telescope (WFIRST9) will lead the transient science. LSST is a
wide-field, ground-based telescope, designed to image a substantial fraction of the sky in six
optical bands every few nights. According to their plan, at least 500 SNe Ia per season are
discovered, and LSST will give tens of thousands of well-measured SNe Ia light curves up to
z ∼ 1 over the full ten-year survey. WFIRST is the space telescope which IR camera with a
0.281 deg2 field of view is installed. This survey will confirm 2700 SNe Ia over the redshift
range z = 0.1 − 1.7.

7http://www.darkenergysurvey.org/reports/proposal-standalone.pdf
8http://www.lsst.org/lsst/
9http://wfirst.gsfc.nasa.gov/





He is the happiest man who can set the end of his life in
connection with the beginning.

Johann Wolfgang von Goethe (1749 - 1832)

8
Summary

In this thesis, a new measurements of the high-redshift SN Ia rate has been presented, using
objects selected from the SXDS variable object survey. Each variable object was observed
in the i′-band at 5-7 epochs for about two months, which is sufficient to build lightcurves.
The variable objects are classified by comparing their lightcurves with template light curves.
Out of 1040 variable objects, 44 SN I candidates are selected. After excluding SNe Ia beyond
z = 1.4, and using ancillary data to exclude two likely AGNs and two likely SNe Ib/c, we
construct a sample of 39 SNe Ia that are then used to derive the rates. Using simulated
lightcurves, we correct the number of SN Ia candidates for incompleteness due to misclassifi-
cation. The control time is also calculated with artificial SN light curves. Finally, we derive
the SN Ia rate in several redshift bins between 0.2 < z < 1.4. Our rate measurements are
the most distant yet obtained using lightcurves from ground-based telescopes. A number of
systematic factors affecting the rates are also examined carefully. In the low redshift bin,
chief among these is the contamination from core-collapse SN because for most of object we
lack color information. In the higher redshift bin, the correction for extinction is the dom-
inant systematics. However, even using conservative estimates of the systematic error, the
statistical errors are comparable in size. Improved systematics control will be much more
important for future rates measurements based on much larger samples.

Our SNe Ia rates are consistent with the rates that have been derived in earlier studies.
Up to z ∼ 0.8, the rate increase and may then flatten at higher redshift. The SDXS survey
was relatively inefficient at finding SNe Ia beyond z ∼ 1.4, so we are unable to either confirm
or refute the downturn that has been seen in searches done with HST beyond this redshift.
The upcoming HSC transient survey is considerably more efficient in finding SNe beyond
z ∼ 1.4 than the SXDS survey, thus offering us the possibility of measuring the rates of
SNe Ia in this important redshift range with unprecedented precision.





A
The results of light curvefitting

Here we summarize all the lightcurve fitting results for 39 SN Ia candidates in SXDS. In each
object, left panel show the fitting light curves (solid lines) with observed light curve (black
points). In the middle panel, the probability distribution of beeing certain SN types, i.e.
Ptype(z), is plotted as a function of redshift. The inserted four numbers are the allocation
to the each redshift bins (see the discussion in section 4.6). In the right panel, the best fit
parameters (redshift, stretch factor, absolute magnitude at the peak, and chi-square of the
fitting) are reported.
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