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ABSTRACT

Supernovae of Type la, SNe la, are currently the most powediiof modern cosmol-
ogy, but their progenitor scenario is not yet well constedinRecent studies of SN la rates
in radio-loud early-type galaxies, and members of richteltss suggest a possible influ-
ence on SN la explosiormutsideof the established correlation with the age of the parent
galaxy’s stellar population (via the current specific stanfation rate, SSFR). These rates
were used to show that the characteristics of SN la progesygiems may be inconsistent
with theoretical expectations of the most popular scesarite astrophysical question of
this thesis is: do parent galaxy and environment influeneedtes and properties of Type
la supernovae, and, if so, how? Towards this end, we combmelatabase of Type la
supernovae from the Canada-France-Hawaii Telescope’sri@yzelegacy Survey with
publicly available catalogs including: galaxy photome#ind spectroscopic redshifts, ra-
dio and infrared sources, and members of galaxy groups arstecs. This is the most
comprehensive set of multi-wavelength host propertieseamwdonment parameters for in-
termediate redshift Type la supernovae yet compiled. Wegnmtethe SNLS SN la rate
per unit mass in a variety of parent galaxy and environmemipas. We also statisti-
cally assess the probability of discrepancies between atesy those of previous works



at low redshift, rates in the general population of galaxéesl predictions of established
empirical SN la rate models. In general, we do not find sta#iBy significant evidence
for SN la rate enhancements over the general populationl@xiga which are radio-loud,
infrared-bright, or associated with galaxy groups andtehss In cases where we do find a
suggestive rate enhancement, it is always witko- confidence. These rates agree with es-
tablished empirical rate models, which in turn are consistath theoretical expectations
of the most plausible progenitor scenarios. Furthermoeefimd the properties of SNLS
SNe la in these types of hosts and environments are corisigtarthe predictions of these
scenarios. We conclude that, aside from the establishedlabon with host SSFR, no
conclusive evidence is observed with SNLS data for strtlyironmental #ects on SN la
rates. This supports their continued status as cosmolagaradard candles.
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Chapter 1
Introduction

After millions to billions of years fusing hydrogen and het into heavier elements, the
evolutionary life cycles of many stars end in a sudden arastatphic death called a super-
nova. These stellar explosions expel matter at high védsgiscattering enriched material
into the interstellar medium where it can be recycled inw stars and planets.

1.1 The Astrophysical Problem

Supernovae are broadly classified based on their obsemahtjoalities, and the most ho-
mogeneous class of supernovae are called Type la. Theylaeeals of approximately
the same intrinsic brightness, and observable to greatrdiss. These two qualities make
Type la supernovae (SNela) modern cosmology’s favoreddatancandle. SNela are
widely accepted to be the deaths of white dwarf stars whiele lagcreted dticient mass
from their binary companion to initiate a thermonuclearlegn. However, the specific
physical progenitor systems and explosion mechanismsNeri&remain unconstrained.
There is an established correlation between the SN la rategalaxy star formation
rate (SFR), in which the specific SN la rate is higher in stamfog galaxies. Based on
this, the SN la rate is commonly expressed as the sum of twgaonents: an “A’ compo-
nent proportional to stellar mass, and a “B” component pridqaal to SFR. As such, it is
commonly referred to as the “B” model. Recently, several works have shown the spe-
cific SN la rate to be enhanced in elliptical galaxies witlsty radio emission, or residing
in rich galaxy clusters. If the probability of SN la explos®is indeed directly influenced
by radio emission or environment density, it is dfeet outsideof this established corre-
lation. Furthermore, these enhanced SN la rates have beam sb suggest the physical
progenitor scenario has certain characteristics that @reurrently expected by theoreti-



cal models. This may challenge their use as modern cosneallogfiandard candleShe
main goal of this thesis is to verify and analyze the influencef parent galaxy and
environment characteristics on the rates and properties o6Ne la

1.2 Our Approach to a Solution

We meet these goals by combining a database of Type la syaermenerated by the
Supernova Legacy Survey (SNLS) at the Canada-France-H@elascope (CFHT), with
publicly available catalogs of galaxies, their photonteéimd spectroscopic redshifts, radio
and infrared sources, galaxy groups, and rich galaxy alsistehis collection and synthe-
sis of data catalogs has resulted in the most comprehensiltewmavelength coverage of
intermediate redshift SN la parent galaxies to date.

Most of the publications which established the aforemeibSN la rate trends are
based on low redshift surveys intentionally targeted adxgak or clusters, some of which
lack spectroscopic confirmation of SN events. The supermgataxy, and multi-wavelength
source catalogs we use have neither of these issues. Theshighst of working with a
deeper redshift SN survey is the loss of completeness in th&-wavelength source cata-
logs, and we will be clear about how we deal with this in ourlgsia.

The specific correlations between SN la rate, and host ragi@por environment den-
sity are important because they contribute to understartii@ physical nature of SNe la,
and their suitability as standard candles. The plethorat# dvailable has also enabled our
investigation into the less constrained rates in small gspand relatively unknown SN la
rates in galaxies with strong infrared emission. To cajgiéabn the large, deep, uniformly
sampled volume of the SNLS fields we have developed two ndwigqaes to parametrize
the amount of clustering in a galaxy’s local environment,aoy desired size scale. We
use these parametrizations to compare the SN la rates im-dedsee, over-dense, and field
environments without relying on strict definitions of gafagroups or clusters. Such an
analysis was not possible with previous low-volume, galtargeted surveys.

1.3 A Summary of Our Main Results
The main results of this thesis can be summarized as follows:

1. We show the SNLS SN la rate in elliptical galaxies with pdweradio emission
is consistent with the “AB” model, especially when dust-obscured infrared SFR



is considered. This marks the first time infrared SFR is ipocated into the “B”
component (proportional to SFR). We also find the charatiesief SNe la in radio
elliptical galaxies support a continuum of progenitor ageEssistent with expecta-
tions of theoretical models.

2. We make the first observation that the SN la rate in el@btlauminous Infrared
Galaxies is enhanced by several times over the rate in gdtiedlls, at a confidence
level of < 20-. We show it is consistent with the “AB” model, especially when
dust-obscured star formation is incorporated.

3. We determine the SN la rate in members of small galaxy granu pairs to be
consistent with the field rate for a variety of host and grouppprties, and also
consistent with the “AB” model. We also show the radio and infrared emission of
hosts in groups is not significantlyfterent from field hosts.

4. We find the SNLS SN la rate in cluster elliptical galaxiesas strongly supportive
of a rate enhancement, is ultimately consistent with theiraBNLS field ellipticals,
but also consistent with the rates in local galaxy clust&& constrain the SNLS
SN la cluster rate to agree with the+8” model to within a factor of 2.

5. We show the number of SNe la observed in environmentsecksion small scales
is greater than predicted by ¥B”, and vice versa in environments with significant
clustering on large scales. We find this is suggestive — hiuhately statistically
inconclusive — evidence that environment can influence th&aSate.

6. We find no evidence that residence in an under-dense orermitionment has a
measurable influence on a galaxy’s specific SN la rate.

These results are a timely and relevant contribution to mgefforts to constrain the pro-
genitor scenarios of Type la supernovae, but our work doéstop there. Our interest
in constraining the influence of environment on the SN la kadketo our involvement in
the Multi-Epoch Nearby Cluster Survey. MENeaCS will yield thegest sample of clus-
ter supernovae yet observed, and provide better constraimthe cluster SN la rate. In
Appendix A we present the MENeaCS real-time analysis pipdiin data reduction, SN
detection, and flux calibration. We also describe our tesimifor determining our detec-
tion efficiencies, which are necessary for all rates calculatioqpgpefdix A will be useful
for anyone conducting their own supernova survey.



At the time of writing, large scale automated surveys forsapvae such as PanSTARRS,
Skymapper, and the Palomar Transient Factory are currentlge and monitoring the
transient sky. Future automated surveys are planned onangar scales; for example, the
Large Synoptic Survey Telescope is poised to come onlinkinvfive years. Within the
decade, tens of thousands of supernovae will be found evengtm This thesis lays the
necessary groundwork for interpreting such data.

1.4 Thesis Agenda

A one-sentence synopsis of each chapter is provided foraimeenience of the reader:

Chapter 1 introduces the main astrophysical problem, and providegégreview of how
this thesis will solve it.

Chapter 2 gives the reader a deeper background to Type la supernoithea focus on
the recent scientific publications which motivate this work

Chapter 3 documents the variety of supernova, galaxy, and multi-vesagth source cat-
alogs which are compiled, edited, and used for this thesis.

Chapter 4 covers our analysis of the rates and properties of Type larsopae in galaxies
with radio and infrared emission, including the first ever I8Nate in Luminous
Infrared Galaxies, first published as Graham et al. (2010).

Chapter 5 contains our derivation of the SN la rate in galaxy groupsamalysis of the
radio properties of group hosts, and the ratio between lzaredcollapse supernovae
in groups.

Chapter 6 presents our calculation of the SN la rate in galaxy cludiesspublished as
Graham et al. (2008), with updated catalogs and a reviewceftte relevant publica-
tions.

Chapter 7 describes two new parametrizations for environment dliggeand uses them
to derive the SN la rate in over- and under-dense envirorsnentmultiple size
scales.

Chapter 8 summarizes and discusses the scientific impact of our kejtses



Chapter 2
Motivation

The main scientific goal of this thesis is to determine whiegiaeent galaxy environments
affect the rates and properties of Type la supernovae, and, ficse The purpose of this
chapter is to explain how the answer to this is directly sgdab understanding the physical
nature of SNe la, and why the problem is important enough tatsieedy. We begin with

a general introduction to supernovae$ir2.1, then focus on the relevant details of Type
la supernovae ig 2.2. Finally, in§ 2.3 we discuss several recently detected correlations
between galaxy properties, environment, and SN la ratesl-tair implications — which
form the main motivation for this thesis work.

2.1 Supernovae

The stellar explosions that we call supernovae were firsttified as a separate class by
Baade & Zwicky (1934), who noted that the were distinct from flinter recurrent novae
in the Milky Way and Andromeda. Based on the brightness andtibur of two nearby
and well observed events — the bright “nova” of 1885 in the rdnteda galaxy, and the
“nova” of 1572 discovered by Tycho Brahe — they postulatetdghpernovae are otherwise
ordinary stars which explosively eject most of their massad&a& Zwicky also deduced
that supernovae radiate nearly as much light as their entist galaxy, and occur at a
rate of about one every few centuries in every galaxy. In 1&8&lrate light curves and
spectroscopy were not available, but over time, as obsensatmounted, Baade & Zwicky
were proved correct.

In modern astronomy, supernovae are empirically dividéd two main types based
on their optical spectra (Filippenko 1997): Type Il supemamshow hydrogen and helium,
Type Ib show helium but not hydrogen, and Type Ic and la shotheeelement. Type



la supernovae (SNe la) show a distinctive silicon absonpliite at 6150 Aand the lines

of iron-peak elements, especially at late times. Type Iblartabth show features of in-
termediate mass elements (oxygen, magnesium, and calciihg shape and color of
supernova light curves alsoftiér between types, and SNe la are the most photometrically
homogeneous class of SN.

The properties and rates of Type Il anddisupernovae indicate they are explosions in-
duced by collapse of iron cores in massive star8 and> 20M,, respectively (Smartt 2009).
The existence of core collapse supernovae (CC SN) was vehbfietirect observations
of the predicted neutrino flux from Type Il SN1987A in the Larlylagellanic Cloud
(Hirata et al. 1987). The scenario of a massive progenitoomsistent with the host pop-
ulation of core collapse supernovae (CC SNe), because teegradominantly galaxies
known to contain a young stellar component /andgshowing active star formation (late-
type galaxies such as spirals). CC SN are only rarely seerlaiga with mainly old stel-
lar populations, such as early-type galaxies or ellipti¢blakobyan et al. 2008). Recently,
the massive star progenitor scenario has been directlyrowediwith high resolution pre-
explosion images for the most common subset of CC SNe, cajled T-plateau for their
light curve shape (Li et al. 2007).

Type la supernovae — the subject of this thesis — are an lgrdiféerent kind of stellar
explosion. Their optical properties indicate they are nligsty the thermonuclear explo-
sions of carbon-oxygen white dwarf (COWD) stars (Hillebrafddiemeyer 2000). These
white dwarfs are the end-point of stellar evolution of @ity low mass (2< My < 8)
stars which were unable to burn carbon in their cores, andthasr outer layers dur-
ing a planetary nebula phase. COWDs are supported by electgendracy pressure,
a stable support system up to the Chandrasekhar limit df4 M,. SNela are likely
COWDs in binary systems which have accreted fiigent amount of mass from their
companion to reach or approach this limit and initiate a wayathermonuclear reaction
(Nomoto et al. 1984; Woosley & Weaver 1986). The elementsgarein their spectra, their
near-uniform peak absolute brightness, and their presaredgptical galaxies are all con-
sistent with this scenario. Despite a general consensust &i@t is exploding, several
models exist for the accretion mode, companion type, tialesand the explosion mech-
anism itself (Hillebrandt & Niemeyer 2000;dflich et al. 2003). Direct observations of a
Type la progenitor system have yet to be confirmed, becauge dwarfs are much fainter
than the massive progenitors of SNe ll.



2.2 Type la Supernovae

Type la supernovae are often called “standardizable cahdéxause of the empirical cor-
relation between decline rate and peak luminosity: faiBfde la decline faster, and vice
versa (Phillips 1993). This relation is used by cosmoldgscaveys to correct all SNe la
to a standard brightness via then;s parameter (decline in magnitude during the 15 days
after maximum light), or the “stretch” parameter, s (Petii@iuet al. 1997). Stretch is ap-
plied to the time axis of an observed light curve as $1,, and to the peak magnitude as
m = m, + a(S— 1), wherea ~ 1.5, and typically 08 < s < 1.1. This empirical technique
was used by SN la survey teams to discover the acceleratetigirp of the Universe and
the existence of dark energy, and has since been used toaiorie nature of dark energy
(Riess et al. 1998; Perlmutter et al. 1999; Wood-Vasey et(dl7 2Astier et al. 2006).

There are, of course, exceptions to every rule, and not alaSight curves can be
easily calibrated with a stretch valueB0< s < 1.1. These peculiar SNe la are broadly
classified as sub-luminous and over-luminous, or SN 199ikkegand SN 1991T-like after
exemplary members of each category (Branch et al. 1993). Heosub-luminous SNe la,
the stretch factor still works and some may be included inmmdegical analyses. Aside
from calibrating the light curves for cosmological anatysstretch is important because
SN la peak luminosity is directly associated with the massickel-56 synthesized during
the explosion (Arnett 1982).

The SN la light curve stretch is correlated with host typegliter, slower-declining
SNe la occur more often in late-type galaxies with youngeliast populations, and vice
versa for fainter, quickly-declining SNe la (Hamuy et al969Sullivan et al. 2006a). This
suggests SNe la which yield more nickel-56 are associatéddweunger progenitor sys-
tems. However, the correlation is not necessarily only w&gh; elliptical galaxies contain
more metals which alsoffect the amount of nickel-56 synthesized (Howell et al. 2009)
Furthermore, since late-type galaxies have old stellaulatipns as well as young, the
progenitors of SNe la could originate solely from old starsj the correlation may not be
with age at all.

The Two-Component “A+B” Model for SN la Rates

One way to ascertain whether the parent population of SNe Yeung or old is with a
measurement of the SN la delay time: the amount of time betveésr formation and
COWD explosion. The timescales for stars of initial masg M, < 8 to evolve into
COWD are 0.05-X1(° years, which constrains the theoretical minimum delay tirhe
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Hubble Space Telescope SN survey to 2.6 found a downturn in the universal SN la rate
at redshifts z= 1. In combination with the universal star formation hist¢8FH) which
peaks around z 2, this indicated a characteristic delay time~o2 Gyr for all Type la
supernovae (Dahlen et al. 2004).

In contrast to this long delay time, the SN la ratr unit massvas found to be higher
in bluer galaxies, as it is for CC SN; in other words, #pecificSN la rate is correlated
with host star formation rate (Mannucci et al. 2005). Thdigates some SNe la are phys-
ically associated with young stellar populations, and hanech shorter delay times of
< 1 Gyr. Based on this, a galaxy’s SN la rate is commonly expceasethe sum of a
“delayed” component from old stellar populations and a fppd’ component from young
stellar populations. These components are parametriz&l aad “B”, proportional to a
galaxy’s mass and SFR respectively, as shown in Figure 2dn{&pieco & Bildsten 2005;
Sullivan et al. 2006a). We will refer to this as the two-comenot “A+B” model throughout
this thesis.

The Single and Double Degenerate Progenitor Scenarios

At this point, the accretion mechanism is a necessary aaditi this discussion. The case
in which a white dwarf accretes from a main sequence or ratt g@mpanion is the called
the “single degenerate” (SD) scenario, and the one in whwohahite dwarfs merge is the
“double degenerate” (DD) scenario. The very brightest SN&¢ likely to be DD systems
with a combined mass in excess oft M, (Howell et al. 2006), but such supernovae are
outside of the general relation between stretch and hostataation rate (SFR). Intu-
itively, one might expect these two scenarios to yieltledent distributions of delay times,
with longer delay times required for the DD evolution of twars into COWDs which
then lose angular momentum to gravitational radiation aedgen However, theoretical
delay time distributions have been shown remarkably smfolathe SD and DD scenarios
(Greggio et al. 2008).

It has recently been shown that the observed specific SNdagsat1% of the specific
white dwarf creation rate (Pritchet et al. 2008). This pded strong support for the SD
model, except for one detail: the 1%ieiency factor is constant over a range of galaxy
SFR, but it should theoretically be lower for low-mass systeffor example, lower mass
stars produce lower mass COWD, which must then accrete moragar) to reach-

1.4 My. Thus, Pritchet et al. (2008) surmise that either one or recemarios in addition
to the SD must exist in old stellar populations, or that no 8Neme from SD systems.

Direct observation of a SN la progenitor system has yet todmditned. Hforts to
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identify the COWDs companion star are underway; this wouldigorthe single degen-

erate scenario. For Brahe’s 1572 SN la, Ruiz-Lapuente et &l04(2have excluded the
possibility of a red giant companion, but find a nearby manusece star has a peculiar
velocity consistent with its being the remaining companion

2.3 Galaxy Properties, Environment, and SN |la Rates

The ultimate progenitor scenario(s), distribution of getemes, and the root causes of
correlations between stretch, age, and metallicity allai@nopen questions in the field of
Type la supernovae. They are essential to understand, amillwse the empirical relation
between stretch and age in our analysis, but solving thestengs is not the immediate
goal of this work.

Several studies have shown the specific SN la rate to be higlgalaxies with radio
emission angbr residing in rich galaxy clusters. These enhancementkl ot entirely
be attributed to the “AB” model, and may indicate additional environmental infliesnhc
on the evolution and production of Type la supernovae. Inesoases these rates imply
a distribution of delay times inconsistent with previousds¢s and theoretical predictions.
These findings may be ftiicult to reconcile with the use of SNe la as cosmological stan-
dard candles. The next few sections review the discovereglations between galaxy
properties, environment, and SN la rates. The main goalisfttiesis is the verification
and analysis of these relations in the Supernova Legac\e$uata set.

2.3.1 SNelain Radio and Infrared Galaxies

The correlation between specific SN la rate and galaxy caond by Mannucci et al.
(2005) is based on the supernova catalog of Cappellaro et1#8199( hereafter C99).
This catalog is a combination of visual and photographiadess of nearby galaxies
(Cappellaro et al. 1993; Cappellaro et al. 1997; Evans et &)19When the C99 SN la
catalog was combined with 1.4 GHz survey data from the Vemgé&adrray (VLA), the
specific SN la rate was found to be 2—7 times enhanced in fadtbever radio-quiet early-
type galaxies (Della Valle et al. 2005, hereafter DVO05). sTias surprising because the
SN la rate in early-type galaxies is expected to be simplp@riional to host mass.

DVO05 define radio-loud galaxies to have Jen, > 10?° ergs st Hz 1, the faint-end
limit of the radio luminosity function, and radio-quiet tave Ly 4 g, < 4x10%" ergs s* Hz L.
We will use this convention for our thesis, but note the exawits are not universal
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(Zamfir et al. 2008). In radio-loud galaxies, the radio coatim radiation is generated
by synchrotron emission; these are photons emitted byeratetl charged particles spiral-
ing around magnetic field lines, such as electrons acceltbfat AGN jet winds

(Binney & Merrifield 1998). How might these processes for oagimission also enhance
the SN la rate per unit mass? AGN jet winds could increase tlection rate of ISM
onto a white dwarf (Capetti 2002), a process thought to trigdgssical nova eruptions
(Livio et al. 2002; Madrid et al. 2007). However, DVO5 rejélais explanation for the en-
hanced specific SN la rate in radio-loud galaxies. They firldxyainteractions are most
likely to cause the radio emissicandto supply the necessary SN la progenitors via stellar
capture of a young population during dwarf accretion, or fsfamation induced by major
mergers (Della Valle et al. 2005). This conclusion was basgxart on the fact that some
of the C99 SNe la in radio-loud early-type hosts had w5 values, similar to SNela in
late-type galaxies. One final detail to remark upon hereas gince AGN activity is not
suspected of directly influencing the probability of a SNxalesion, the SN la rate is not
expected to be proportional tQ ke,

By setting up a hypothetical galaxy interaction and AGN aftstmodel with a recurring
star formation model of ten £§ear long episodes, each separated Byy&ars, Mannucci
et al. (2006) find the enhanced specific SN la rate in radid-early-type galaxies is best
fit by a bimodaldelay-time distribution (DTD) in which half of all SNe la lm#ig to the
“prompt” (B) component, with delay times is constrainedtaC® years. They suggest this
implies two physical populations of SN la progenitors. Tikigjuite dissimilar from theo-
retically predicted delay time distributions for the siegind double degenerate scenarios
(Greggio et al. 2008). However, Mannucci et al. (2006) atsie & broad single-population
DTD could not be ruled out. As the existence of this extrenpglympt component relies
on a rate enhancement found with 21 photometrically idexti8Ne la from C99, we will
look to confirm this in the large database of spectroscagitgbed SNe la from the CFHT
SNLS in Chapter 4.

The existence of bright infrared counterparts for radicag@s has been well docu-
mented, and often attributed to dust-obscured star foama&ieval with the AGN
(Magliocchetti et al. 2008; Mainieri et al. 2008). We willsal look for obscured star for-
mation in the radio-loud SN la host galaxies. Dust extinctio starbursts hinders SN
detection: only one SN la has been detected, and the SN laerans unconstrained in
starburst galaxies (Mannucci et al. 2003; Mannucci et &.720In Chapter 4 we also use
infrared catalogs to calculate the SN la rate in bright amiious infrared galaxies, which
are known to experience bursts of star formation up to-1Q000 M, y1.
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2.3.2 SNelain Galaxy Pairs, Groups, and Clusters

As discussed above, the root cause of the enhanced rate irettshift radio-loud early-

type galaxies was suspected to be repeated galaxy intaracir mergers

(Della Valle et al. 2005), and such events are most commoains pnd groups of galaxies
where the velocity dispersions are lower than rich clusfeliskson 1997). A previous

measure of the SN la rate in galaxy groups by Navasardyan ¢2@01) found it to be

higher in galaxy pairs than in groups, and higher in groups ih isolated galaxies (with
large uncertainties). They suggested this may result frtanfermation in interacting

galaxies, but could not confirm it. In Chapter 5, we derive thecgfic SN la rate in groups
from the CFHT SNLS, and in Chapter 7 explore the SN la rate inuddase environments
and isolated galaxies.

The SN la rate in galaxy clusters is expected to be lower thahe field due to the
morphology-density relation (Postman & Geller 1984): tdugjalaxies are predominantly
of early-type with little or no star formation, and the tworsponent “A-B” model predicts
a lower SN la rate per unit mass in early-type galaxies. Hewesince clusters contain
only a small fraction of the stellar mass of the Universes @¢anceivable that some hitherto
undetected influence in such exotic environments coffiectthe SN la rate. For exam-
ple, the fraction of binary stars, or the rate of mass acametinto the white dwarf, could
be enhanced. The recent discovery of an enhanced nova rttte aore of the elliptical
galaxy M87 is evidence for the latter (Madrid et al. 2007). ek@nd example is the de-
tected SN la rate enhancement in radio-loud early-typexgadgDella Valle et al. 2005);
luminous ellipticals in the centers of large clusters temdhow radio emission.

Based on their analysis of two SNe found in an archival sur¥éyuible Space Tele-
scope cluster images, Gal-Yam et al. 2002 find the SN la rattuster and field galaxies
to agree at both low and high redshifts. The Wise Observa@gtcal Transient Survey
targeting 140 Abell clusters (WOOTS; Gal-Yam et al. 200&)d six cluster SNe la, and
confirmed the SN la rate per unit mass in low redshift galaxgtelrs to be consistent with
the rate in early-type galaxies (Sharon et al. 2007). Regevithnnucci et al. (2008) an-
alyzed the C99 sample of low redshift SNe €z0.04) and found the specific SN la rate
in cluster early-type galaxies is enhanced by a factae & over field early-type galax-
ies. They show this is a distinctfect from the one in radio-loud early-type galaxies by
demonstrating their SN la rate in radio-loaldisterellipticals is enhanced over radio-loud
field ellipticals. Though they find the cluster enhancement castijmbe attributed to the
known correlation between specific SN la rate and galaxyrddtannucci et al. 2005),
their galaxies are morphologically typed, and their phattgnis not precise enough to
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unambiguously confirm this, or to make a statistical congaariwith predictions of the
“A+B” model.

In Chapter 6 we combine the CFHT SNLS database with the puldi@ylable cluster
catalogs for SNLS fields (llbert et al. 2006; Olsen et al. 20@hich are ideal for extend-
ing these investigations to higher redshifts. In Chapter ap@y statistical parametriza-
tions of clustering to catalogs of CFHTLS Deep field galaxgées] examine the influence
of environment density on the SN la rate per unit mass. Aalditi motivations for the
study of Type la supernovae in clusters are presented in#gpd\, in which we discuss
the Multi-Cluster Nearby Supernova Survey.

2.4 Summary

Current studies of correlations between SN la rates and grepeand the properties and
environment of their parent galaxies, are a timely and sglegontribution to the larger dis-
cussion regarding the physical nature of Type la supern@raktheir use as cosmological
standardizable candles. Much of the current results indtea come from low-redshift,
galaxy-targeted surveys such as C99.

For this work we use the intermediate redshift database eftspscopically classi-
fied SNe from the Canada-France-Hawaii Telescope’s Suparbegacy Survey (CFHT
SNLS). The SNLS survey area overlaps popular fields coveyedudti-wavelength sur-
veys, in which galaxy structures have been identified andighdd. In Chapter 3 we
describe the images afod source catalogs available at radio, infrared, and dpiveae-
lengths, as well as catalogs of photometric and spectrascegshifts for galaxies, and
lists of identified groups and clusters. The main strengtthisf work lies in its simulta-
neous combination of multi-wavelength data sets to make@tigh investigation of how
parent galaxy environmentéfact the rates and properties of Type la supernovae.
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Chapter 3
Data Catalogs

The Canada-France-Hawaii Telescope Legacy Survey (CFHEL&)arge project jointly
run by a Canada-France collaboration. Observations were fnaith 2003 to 2008, with a
few additional observations in 2009, for a total of over 4&fhits with CFHT’s wide field
optical camera, MegaCam. CFHTLS had three components: Deep, ®hd Very Wide,
each with their own specific survey strategies and scienaésgd he Deep component’s
main science goal was the Supernova Legacy Survey (SNIsS§uitvey included 4 one
square degree fields spread out roughly in right ascensidm that at any given time of
year, 2-3 were visible at all times. CFHTLS Deep field centerdmates are listed in
Table 3.1. In all cases we assume a standard flat cosmology ef FD km s* Mpc?,
Qu =0.3,andQ, = 0.7.

CFHTLS Deep is also an excellent data set for studies of streddbrmation and galaxy
evolution, and the 4 fields were chosen to overlap with otleepty observed regions of
sky. In pursuit of their own science goals, third partiesehesvered some Deep fields (in
whole or in part) with multi-wavelength surveys, or pro@bsthe images to identify galaxy
groups and clusters. In many cases their catalogs are [yudigilable. The main goals of
this thesis are to make a comprehensive analysis of the-maltelength characteristics of
SN la parent galaxies and their environments at intermedetshifts, and to test whether
the SN la rate per unit mass varies in distinctive populatiofowards this end, we have
gathered and integrated as many of these overlapping suagepossible. They are listed
for convenience in Table 3.2.

In this chapter we describe the origin and specifics of eatdlatpused for this work,
and how they were integrated with each other. We begin withsgmjption of the SNLS in
§ 3.1. We present the optical photometry and spectroscopjocgt for Deep field galaxies
based on observations at CFHT and the European Southernv@losgis Very Large Tele-
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Table 3.1 Locations of CFHTLS Deep fields in J2000 coordinates

Field Right Ascension Declination

[h:m:s] [d:m:s]
D1 2:26:00 -04:30:00
D2 10:00:29 +02:12:21
D3 14:17:54 +52:30:31
D4 22:15:31 -17:44:05

scope in§ 3.2. The CFHTLS Deep fields 1 and 2 are covered by radio surveys the
Very Large Array and infrared surveys from the Spitzer sgatascope described §13.3
and 3.4. Chapter 4 also includes a re-analysis of the Cappeitaal. (1999) set of super-
novae, which is described 3.5 (not related to CFHTLS). 1§ 3.6 and 3.7 we describe
optical galaxy group and cluster samples used in Chaptersl .a(A description of the
CFHT Multi-Epoch Nearby Cluster Survey, not associated With@FHTLS, is presented
separately in Appendix A.)

3.1 CFHT Supernova Legacy Survey

The Supernova Legacy Survey (SN)\$s the main science goal of the CFHTLS Deep
component. Over five years (2003-2008), the CFHTLS Deep $unanitored four 1
square degree fields (D1-D4) with a 3-5 night cadence in foegd€am filters (g, rv,
im, Zv) to a depthy, =~ 25; this imaging was paired with a strong spectroscopic eagmxo
follow up all potential SN la candidates. As SNLS is a joint @da-France collaboration,
both sides run their own detection pipelines and SN la |+ fitting techniques, adding
redundancy and reliability to the survey. After final redoiss it will have discovered and
classified hundreds of SNe la, and provide the best directrints on the dark energy
equation of state parametar(Astier et al. 2006; Komatsu et al. 2009).

The SNLS catalog of SNe la is private, and available for ugbiwithe collaboration
only. The number of SNe la spectroscopically classified amadable for use in this thesis
in fields D1-4 are: 105, 101, 120, and 86 respectively. Irofailhg sections we discuss
further restrictions on the SN la catalog, including rempgjra host identified in the galaxy
catalog, and limits on the discovery date or redshift. IneJB@07, CFHT lost itsyj-band
filter, which upset SNLS survey completeness. At various{san our analysis, we divide

httpy/legacy.astro.utoronto.ca



Table 3.2 Compiled data catalogs.

Description Deep Fields Telescope Survey Name Reference

Type la Supernovae D1-4
Photometric redshifts D1-4
Spectroscopic redshifts D1

D2
Radio source fluxes D1

D2
Infrared source fluxes D1

D2
Groups of galaxies D1-4
Clusters of galaxies D1-4

CFHT SNLS Astier et al. (2004)
CFHT CFHTLS Coupon et al. (2009)
VLT VVDS Lekre et al. (2005)
VLT zCOSMOS Lilly et al. (2009)
VLA VLA-VIRMOS Bondi et al. (2003)
VLA VLA-COSMOS Schinnerer et al. (2007)
Spitzer SWIRE Lonsdale et al. (2003)
Spitzer S-COSMOS Sanders et al. (2007)
CHFT, VLT Knobel et al. (2009)
CFHT Olsen et al. (2007)

oT
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the SNLS SN la database into SNLS-2006 and SNLS-2008 camteamly SNe la discov-
ered up to and including 2006 and 2008 respectively. We wailllist the characteristics
of every SNLS SN la used in this project, but do present theveglt “SNe of interest” as
required in each chapter. We use SN la stretch values frorSifi€O light curve fitting
technique of Conley et al. (2008), most recently presentéukiiSNLS collaboration paper
Guy et al. (2010). At the time of writing, SIFTO stretch vadusere only available for
SNe la detected in the first three years of SNLS (i.e. up to R006

3.2 CFHTLS Deep Field Optical Galaxy Catalogs

Here we describe the optical photometric and spectros@alaxy catalogs generated by
third parties for the CFHTLS Deep fields 1-4. We list all redtons we have applied
to these catalogs, and why. We explain how we match theséogataith each other,
and with the catalog of SNLS SNela. This section also dessriiow we derived the
SN la correction factor C, which accounts for SNLS detectiiciencies. To assist in the
understanding of C, we also present the equations whichpocate C into our calculations
of SNe la rates and predicted numbers of SNe la from theB’Amodel.

3.2.1 Photometric Redshift Catalog

The Terapix astronomical data reduction center at the Institut d’Asttissique de Paris
has produced accurate {1,y = 0.028-0.030 out to = 1.5) photometric redshifts for
> 80000 galaxies in each of the four CFHTLS Deep fields. They doliy incorporat-
ing VIMOS VLT Deep Survey spectroscopic redshifts (diseaselow) to calibrate their
spectral energy distribution (SED) and redshift fittingtime. Our analysis now uses the
most recently published galaxy catalog from Coupon et al0920

Before the C09 catalog was available, our analysis used dareaatsion of this catalog
from llbert et al. (2006). We found that, in their optimizatiof the photo-z calculation,
the accuracies of the SEDs are compromised (Olivier llpgitate communication) and
the distribution of SED types is discontinuous. To solves twe applied the 51 SEDs
interpolated from Coleman et al. (1980) and Kinney et al. @3@mplates, made by
Stephen Gwyn at the Canadian Astronomical Data C&ii@wyn 2001), to the catalog
galaxies. The Gwyn templates, shown in Figure 3.1, are nuedldeom 0 to 100 (bottom

2httpy/terapix.iap.fr
3http;/www.cadc.hia.nrc.gc.geommunityCFHTLS—-SGdocgcfhtls.html
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from the original SEDs (heavy lines). (Source: Gwyn 2001).
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Figure 3.2 Apparent i-band magnitude versus half-lighiusdan pixels for CO9 objects
with flag values equal to 8 or 12 in D1-4 (black diamonds, bfigngles, green squares,
and red circles respectively). Stars lie to the left of anldWwehe black line. Top left lists
the total number of sources plotted in each field, and in etsdke number of real galaxies
identified.
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to top). These SED types includ¢dD (ellipticals and lenticulars, 0-8), Sbc and Scd (spiral
galaxies, 10-24 and 26-48), Irr (irregular galaxies, 5Q-&8d SB (starbursts, 80 which
have a SFR per unit mass, or sSSER0x 107°y~1). When, in later sections and chapters,
we refer to “early-type” galaxies this refers tg3b, and “late-type” refers to all other
types. We estimate galaxy stellar masses (corrected fowgdstars) and star formation
rates (SFR) using fits of this library of SEDs to the models ofZum (2005). We correct
these for systematicfisets (of about a factor of 2) to agree with the PEGASE models
(Sullivan et al. 2006b). Based on this we estimate40-50% uncertainty in the mass and
SFR values.

To ensure catalog purity we restrict the catalog to onlyaldé galaxy photometric
redshifts which meet the following conditions, similar taggestions by C09 but more
relaxed to increase completeness:

¢ there must be no second redshift solutions (indicative t#steophic failures)
¢ the object parameter must be equal to O (object is a galaxy star)

e at least 3 pass-bands must have contributed to the phofomeatshift fit

e iy <25

e O0<z<15.

C09 suggest excluding all sources with a Terapix flag val@eto avoid stars and galaxies
on masked regions around foreground stars. However, wetfatdafter applying restric-
tions listed above) the objects with flag values equal to 8 #hdre a mix of foreground
stars, and a non-insignificant fraction of the brightestfgdlaxies which are not near the
masked regions. We need to keep these in our galaxy samplegjbat the stars. The
stars, as unresolved point sources, lay along the curvesipltt of magnitude versus half-
light radius (also calledftective radius, it is the radius which encloses half of thexggs
light) shown in Figure 3.2. We use this plot to identify andaeer the bright galaxies. We
also cap the absolute V-band magnitude at\~25 to reject the few remaining outliers
(incorrect photometric redshifts).

3.2.2 SN la Host Galaxy Associations

We identify SN la hosts as the nearest C09 galaxy withiiebmaximum host fiset) and
with Azphe: = 0.15 (a generous initial margin between galaxy photometric 3N la spec-
troscopic redshift). In cases where the two nearest gaaxeboth at largeftset, between
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3” and 3’ away, the second closest will be chosen At is < 0.5x that of the nearest
galaxy (only one SN la-host match is made this way). In D1-34,25, 34, and 32 SNe la
have no catalog galaxy meeting these criteria and cannotéé; uhis mainly includes
SNe la on masked regions and in hostsofi 25.

To remove SN la—host matches which are likely to be changmmlénts, we apply
iterative outlier rejection to the residual dispersionweExn host photometric and SN la
spectroscopic redshifts for each deep field. For this weatligr, and stop when fewer
than 1% of the sample are rejected (i.e. usually only one oritgrations). This process
results in photometric redshift uncertaintiesogf; = 0.026, 0p, = 0.028,0pz = 0.026,
andops = 0.027. Only 2 SN la-host matches are rejected, one each in DDandHost
matching and outlier rejection together leave 81, 75, 8@, & usable SNela in fields
D1-4 respectively.

Some surveys will use physical separations, galaxy hgititliadius, or elliptical isophotes
to make their host—SN la associations, but we have used tavedfasimple 3’ radius to
make our associations. Has thi§ezted our results? The majority of SNLS SNe la have
z=0.2-0.8. At these redshifts,”Sranslates into physical hostfeets of R=16—38 kpc,
which is adequate to encompass the majority of galaxieselinerease this standard an-
gular maximum host fiset to 10, we associate 8 more SNe la with Coupon et al. host
galaxies in the z< 0.6 redshift bin — an additional 6%. However, the clipped mean
process then returns a slightly higher uncertainty-of 0.028 for all fields, and the prob-
ability of fallacious associations increases. In genemlcansider a minimized threat of
misidentified host galaxies as preferable to an additior&\8 la in our sample, and retain
the simple B host—SN la matching radius.

3.2.3 Predicted SN la Rates from “A+B” and the Correction Factor

For each C09 galaxy, we calculate a SN la rate per yeg) IfBsed on the two-component
“A +B” model, incorporating the time dilation correction to olrserved frame of refer-
ence:

AxM + BxXxSFR

Rla = 1+7 5 (31)

where M is stellar mass (M), SFR is star formation rate (My1), and the A and B values
are from Sullivan et al. (2006): A 53+ 1.1x 10 SNey* Mzt and B= 39+ 0.7 x

104 SNe y* (M, y1)™*. Thus, R, is the number of SNe la expected in a galaxy per year
of observing.
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Table 3.3 SN la Rate Correction Factor C.

Field zRange 2003 2004 2005 2006 2007 20082006 <2008
D1 0.0-0.6 0.299 0.373 0.299 0.336 0.112 0.000 1.306 1.418
0.6-0.8 0.169 0.295 0.084 0.338 0.127 0.000 0.886 1.013
0.8-1.0 0.080 0.160 0.107 0.053 0.080 0.000 0.401 0.481
D2 0.0-0.6 0.000 0.345 0.460 0.383 0.268 0.115 1.188 1.572
0.6-0.8 0.000 0.147 0.110 0.147 0.293 0.147 0.403 0.843
0.8-1.0 0.000 0.025 0.074 0.025 0.074 0.074 0.124 0.272
D3 0.0-0.6 0.286 0.205 0.205 0.327 0.409 0.123 1.023 1.555
0.6-0.8 0.000 0.304 0.380 0.228 0.380 0.038 0.912 1.329
0.8-1.0 0.000 0.087 0.117 0.000 0.087 0.000 0.204 0.292
D4 0.0-0.6 0.169 0.253 0.295 0.211 0.126 0.000 0.927 1.054
0.6-0.8 0.161 0.215 0.268 0.107 0.161 0.000 0.752 0.913
0.8-1.0 0.067 0.133 0.133 0.033 0.033 0.000 0.367 0.400

The total number of SNe la which actually exploded per yeasé€d on the “AB”
model) in theentire SNLS sample of Iy, galaxies is thUQ}jga' Riaj. We can use this total
SN la frequency to derive a correction factor, C, betweendttae number of SNLS SNe la

observed, B

Nobs
2™ Ray
This factor C accounts for SNLS survey recovefiyoiencies such as detection and spec-
troscopic completeness, and observing season lerdgim{onths). In this way it is similar
to the product of ok, Cspeg and S of Neill et al. (2006). Since thesfi@encies vary
between deep fields, with redshift, and over time (Perreit.€2010), we calculate a C
value for each deep field, for three redshift ranges, for gaeh individually, and also for
the SNLS-2006 and SNLS-2008 samples explaine$l 311. As pointed out in Perrett et
al. (2010), the SNLS completeness is constant out t0&6 and then drops to 50% by
z ~ 1.0, so we use three redshift bins 0£20.6, 06 <2< 0.8,and 08 < z < 1.0.

It is important to note that when multiple years are congdeogether, B is the
total number over all years, y@j:j'ga' Riaj is always in units of SN per year. This is most
sensible for the methods in which this correction factor &oiglied, as we will now discuss.
To calculate the observed SN la rate per year per unit masyg/isub-sample of galaxies,
sSNR,, we use:

C= (3.2)
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Y™ /G

- :
i Mj/(1+2)

SSNR, =

(3.3)

where Nys is the total number of SNe la in the sub-sample, and dividinghe correc-
tion factor converts the number of SNe la observed into a 8Nieejuency per year. The
denominato@j:jfg"’“ M;/(1+ z) is the total galaxy stellar mass in the sub-sample, with the
(1+2z) time dilation factor for each galaxy which converts thétsifor SSNR, from ob-
served to rest-frame time. Aside from the observed SN lasrateour sub-samples of
galaxies we also often calculate the total number of SNeddipted to be observed by the

“A +B” model:

j=Ngai

Nass = ) Cj X Riaj. (3.4)

=0
In this case, the correction factor C converts the expectde|& frequency in the sub-
sample to the total number expected to be observed in thechioseframe, Deep field, and
redshift range. We can then statistically compare the nuoiif&Ne la observed in any sub-
sample to this predicted number as follows: the Poissongtitity of observing X= Ngps
given an expected numbgr= Na,g is expressed by HBevington & Robinson 2003):
eH
Pe(X; 1) = 1 (3.5)

We use this to calculate trimmedPoisson probability, &v, as follows. When Iy >
Nasg, Psum IS the probability of observing ¥ Ngys or more and equal to the integral of
Pp from X = Ngpsto X = co. When Nyps < Nasg, Psum IS the probability of observing
X = Ngps Or less and equal to the integral fromx 0 to X = Ngps. The summed Poisson
probability, Ryy, assesses whether the observed number of SNe la is cohsvitethe
“A+B” model in any given galaxy subset. Probabilities g{;f# < 0.05 are considered
statistically significant results.

It is important to note that this correction factor, C, is ded based on the observed
number of SNe la in thevhole surveybut always applied to much smaller sub-samples of
galaxies. As such, it is not a circular correction, and theber of SNe la predicted in
a given sub-sample will not always equal the number obser¥éis correction method
assumes the SNLS detectioffigiency and spectroscopic completeness are independent of
galaxy type, but this is a reasonable (and mostly true) aggam The advantage of using
C is that biases in the photometric galaxy catalog are attioatlgt accounted for.
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3.2.4 Spectroscopic Redshift Catalog

Two recent surveys to obtain a large number of spectrosaggdaxy redshifts with the
Visible Multi-Object Spectrograph at the Very Large Telgse (VIMOS-VLT) overlap two
CFHTLS Deep fields. The VIMOS-VLT Deep Survey (VVDS) coverpagximately half
of D1 with a redshift accuracy of 276 kms and their “First Epoch” catalog is publicly
available (Lelevre et al. 2005). Galaxies in the Cosmic Evolution Survey (MOS) field
which overlaps D2 have also been spectroscopically obdemith VIMOS-VLT by the
zCOSMOS-bright survey, with a better redshift accuracy @f km s*. This data is also
publicly available (Lilly et al. 2009).

Galaxies from C09 are matched to the VVDS and zCOSMOS-brigialags with a
maximum separation of.@’ and maximum redshift féset of Az = 0.08 (~ 3¢ in the
photometric redshift uncertainty). Of the 6792 VVDS catatoembers, 3902 are matched
to a C09 galaxy (57%); of the 6419 galaxies in L09, 3933 are neat¢o a C09 galaxy
(61%). The majority of unmatched galaxies fall outside th8 €€ld or in masked regions.
The completeness structure of these surveys, which vgragBy and with redshift, will
be described in later sections when it is relevant to attengatrrection.

3.3 VLA Radio Sources

Here we describe our processing of the publicly available@Hz source catalogs from
the Very Large Array (VLA). The VLA-VIRMOS 1.4 GHz Deep survegovers D1 to a
Sy 46H: flux of 80 uJy, with a mean rms noise ~ 17 uJy, and 75% completeness at fluxes
Si4chz =80-180uJy (Bondi et al. 2003). The VLA-COSMOS 1.4 GHz Large Project
covers D2 to $4cH, ~ 45udy with a mean rms noise of ~ 15uJy (Schinnerer et al. 2007).
For both radio source catalogs, optical counterparts agstifted as the closest galaxy
within 2” (maximum VLA positional error). Away from the galaxy catgl® masked re-
gions around foreground stars our optical counterpart Im@agction is~ 60%, similar to
Ciliegi et al. (2005). In total we find 662 radio galaxies in Didal253 in D2.

Radio luminosities are derived from photometric redshiftgalaxy counterparts, in-
clude a (1+ z)~! bandpass correction (Hogg et al. 2002), and are plottedgur€i3.3. A
galaxy is radio-loud if s gn, > 107° ergs st Hz1, the faint-end limit of the radio luminos-
ity function. We use the same convention as DV05, but notiestkeect limits for radio-loud,
-faint, and -quiet galaxies are not universal (Zamfir et 8D&). Ledlow & Owen (1996)

“httpy//virmos.bo.astro jtvirmogradig
Shttpy/irsa.ipac.caltech.ediata COSMOSimagegvia/
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Figure 3.3 Ly 4 gH, Versus photometric redshift for galaxies in D1 with VLA-VIRDS (top)
and D2 with VLA-COSMOS (bottom) counterparts. Filled cickre galaxies of SED type
E/SO (black), Sbc (purple), and later types (blue); squaresSafia hosts. Solid red line
marks survey §,6H; flux detection limit (dotted red for limit of other field), dasd red line
for radio-loud limit.
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find 14% &2.4%) of elliptical galaxies with absolute R magnitude M —20.5 are radio-
loud, and among C99 elliptical galaxies DVO05 find 12%2%o) are radio-loud. In our
sample of SED type /50 galaxies with = 0.6 we find 4—8% of galaxies with W< —20
are radio-loud, suggesting we can identify half of the rddied population among opti-
cally bright galaxies. The fact that we cannot identify misrdue to our higher minimum
radio flux limit.

A possible bimodality of VLA-COSMOS (D2) radio fluxes is apgat in Figure 3.3:
there is a deficit of fluxes (coincidentally) at the VLA-VIRMQ®1) lower flux limit.
This apparent bimodality is a result of combining the int¢gd fluxes of resolved and
unresolved sources. The flux of this bimodality “valley” rzsponds to the lower limit of
integrated fluxes for resolved sourceg,&; ~ 0.08 mJy, as shown in the right-hand plot
of Figure 17 from Schinnerer et al. (2007). This may indiddt&-VIRMOS and VLA-
COSMOS sample slightly fferent radio source populations, with more faint, unresblve
sources in D2. We consider any influence of this on our resul@hapter 4.

3.4 Spitzer Infrared Sources

Here we describe our processing of the publicly availabiered source catalogs gener-
ated with the Infrared Array Camera (IRAC) and Multi-band InmegPhotometer (MIPS)
instruments on the Spitzer space telescope. The Spitzez-#Wieh Infrared Extragalactic
(SWIRE) survey covers D1 to a flux ok §m ~ 6.6 uJy (subscript denotes wavelength),
and to $4,m ~ 300uJy (Lonsdale et al. 2003). SWIRE objects witkgs > 200uJy and
stellarity > 0.9 are most likely stars or QSOs and rejected from the cdtalbige Spitzer
Cosmic Evolution Survey (S-COSMOS) covers D2 t@,5 ~ 0.8 uJy and Sym ~ 300y
after required aperture corrections (Sanders et al. 2@jects flagged as likely compro-
mised by nearby bright sources are rejetteBoth catalogs are available via the NASA
Infrared Space Archife We reject foreground objects and QSOs, and identify optica
counterparts as i 3.3; the percentage of galaxies detected & is ~ 20% and~ 70%
in D1 and D2 respectively.

For both fields’ catalogs, the fraction of galaxies detedatethe MIPS 24m band is
~ 2—-3%. Galaxies with 0.6 are plotted on infrared flux color-color diagrams in Figure
3.4, which also show the boundaries of AGN-dominated iefilasources. These bound-

Shttpy/irsa.ipac.caltech.ediata SPITZERSWIRE/docgdelivery.docr2_v2.pdf, page 43
’httpy/irsa.ipac.caltech.ediataCOSMOSgator docgscosmosrac_colDescriptions.html
8httpy/irsa.ipac.caltech.edu
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Figure 3.4 IR color-color diagrams for<z 0.6 galaxies with IRAC counterparts only (top)
and IRAG+MIPS counterparts (bottom), for D1 and D2 combined. Axesrared col-
ors, the logged ratios of fluxes in two bands (i.e3.8 is the flux at I um, or Sg,m).
Filled circles are galaxies of SED typed® (black), Sbc (purple), and later types (blue).
Triangles are SN la host galaxies, with squares for radiasshoRed dashed lines mark
AGN boundaries as in Figure 10 of Sajina et al. (2005) andréig@wof Lacy et al. (2004).
Asterisks mark FS0 galaxies ilbothAGN zones.
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aries are derived from Spitzer First Look Survey data of caraple flux-density limits
(Sseum ~ 7 ndy and S4m ~ 300uJdy) and redshifts (z 0.7) (Lacy et al. 2004). Sajina
et al. (2005) show the region on the IRAC color-color plot jtepactually appropriate
for AGN-dominated systems of redshifts 0—2. It should beeddhat not all galaxies in
these regions are AGN-dominated at IR wavelengths, but@NAlominated systems will
be in the AGN zones. For part of the analysis in Chapter 4, dibrloud galaxies with
early-type SEDs which fall intbothAGN zones are plotted as green asterisks.

We convert the IRAC &,m to K-band stellar mass via Balogh et al. (2007), apgs
to bolometric infrared luminosity, |k, and infrared star formation rate, SgRwith pub-
licly available templates and codegChary & Elbaz 2001). Plots of k versus redshift in
Figure 3.5 show our sample of Luminous Infrared GalaxieR(&J) Ligr > 10! L) is com-
plete to z~ 0.5. The conversion of k to SFRg is appropriate for starburst-dominated
infrared emission, but IR color-color diagrams in Figuré §how some IR sources may be
AGN-dominated; uncertainties introduced by applying tasversion to potentially AGN-
dominated sources are discussed in Chapter 4. Figure 3.6ghevoptical and infrared
masses agree very well, but SiRs 3-10 times lower than SRR Having sampled the
brightest infrared galaxies which are most likely to havealved star formation, this factor
is and should be higher than the usual &%FR2 x SFR,,; (Takeuchi et al. 2005).

For galaxies with infrared star formation rates, we can suite SFRy for optical SFR
in the two-component “AB” model SN la rate, R, of Equation 3.1 ir§ 3.2. Doing this can
account for contributions from dust-obscured star fororato the “prompt” component.
When substituting SAR into Equation 3.1, we must alter the “B” value. It was derived
by Sullivan et al. (2006) based @ptical star formation rates, but typically SR~
2 SFRyy, as dicussed above. Although Figure 3.6 shows;$FR3-10x SFR,y, this is
for the extreme fraction of brightest infrared galaxiesdi-Rr been used for all regular
galaxies, the derived B value would bgB- Bo,/2. Thus, to incorporate IR SFR into the
prompt component we instead usé 8 B x SFRg. This will be done in Chapter 4.

3.5 Catalogs from Cappellaro et al. (1999)

In Chapter 2 we discussed, as part of our work’s motivationy biee enhanced SN la
rate in radio-loud early-type galaxies reported by DVO5asdx on the SN la catalog of
Cappellaro et al. (1999, hereafter C99). In Chapter 4, our testn enhanced SN la rate
in radio-loud early-type galaxies in the SNLS sample aghtly different from DV05. For

%httpy/david.elbaz3.free fastracodegchary elbaz.html



Table 3.4 Properties of C99 Elliptical Host Galaxies.

SNla Name Galaxy Hubble Radio NED Optical Infrared  Infrared
(and Type) Name Type Luminosity Galaxy Type sSFR LuminositgSFR
[10%erg s' Hz!] [107°y™"] [10"°L¢] [y
1961H (la) NGC 4564 -4.9 <0.008 «0.010) E®6 0.00 . .
1968A (1) NGC 1275 -1.6 720.0 (1462) cD; pec; NLRG 0.26 17.5 30.6
1970J (la) NGC 7619 -5.0 0.540 (0.590) E 0.00
19723 (1) NGC 7634 -2.0 <0.040 0.050) SBO 0.27 e -
19801 (la) NGC 4374 -4.7 20.00 (31.18) El; LINER; Sy2 0.00 0.2 .020
1980N (la) NGC 1316 -1.9 1000. (1.752) SAB; LINER 0.25 0.7 0.03
1981D (la) NGC 1316 -1.9 1000. (1.752) SAB; LINER 0.25 0.7 0.03
1981G (la) NGC 4874 -4.0 24.00 (27.98) cD 0.03 . -
1983G (la) NGC 4753 -2.2 0.53&0.015) 10 0.26 0.6 0.08
1983J (?) NGC 3106 -1.9 0.920 (0.692) SO 0.26 1.7 0.13
1986G (la) NGC 5128 -2.2 18.00 (52.39) S0; pec; Sy2 0.25 1.6 20 0.
1990M (la) NGC 5493 -2.1  <0.040 0.051) SO; pec 0.25 . .
1991Q (?) NGC4926A -1.6 0.310 (0.325) S0; pec?; Sbrst 0.24 2 6. 286
1991bg (la) NGC 4374 -4.7 20.00 (31.18) El; LINER; Sy2 0.00 0.2 0.02
1991bi (la) NGC 5127 -4.9 8.700 (9.843) E; pec 0.00 . .
1992A (la) NGC 1380 -1.9  <0.020 k0.018) SAO 0.25 0.4 0.06
1992bo (la) E352-G57 -1.5 <0.160 0.175) SB; pec 0.27
1993C (la) NGC 2954 -4.9 <0.080k0.105) E 0.00
1993ah (la) E471-G27 -2.0 41.00 (44.77)  SBb 0.26 .. ...
1994D (la) NGC 4526 -2.0 0.042 (0.047) SAB 0.26 0.7 0.15
1996X (la) NGC 5061 -5.0 <0.030k0.033) EO 0.00

T€
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consistency we perform our analysis also on the C99 datarséhisl section we describe
the C99 sample, generously provided for our use by Enrico Clajppe

The C99 catalog is a combination of visual and photograplamées from Cappellaro
et al. (1993) and Evans et al. (1989). These searches tdngeteby galaxies out to 2
0.1. The SN catalog data includes name, type (mostly classifiedtroscopically, but some
photometrically), and host name; galaxy catalog includebbite type, recession velocity,
B-band luminosity and control time (the time during which aqpleding SN would be
detectable).

For radio counterparts we use the same methods, matchimgiayriflux limits, and

radio source catalogs as DV05: the NRAO VLA Sky Survey (Condal.€1998), the
Parkes-MIT-NRAO survey (Gfiith & Wright 1993), and the GB6 survey
(Gregory et al. 1996). We convert these radio fluxes to lusities as described i$ 3.3.
In Table 3.4, column 4 contains the radio luminosities detilsy DVO5, and in brackets the
radio luminosities derived by us. We do not recover pregite same radio luminosities
as DVO05, but we do classify the same hosts as radio-loud wi¢hexception. The host of
SN 1983J is classified by DVO05 as “borderline” radio-loud tlsey add 0.5 SNe la to the
number of radio-loud hosts. We find a lower radio power andatalo this.

For the C99 sample of early-type SN la hosts used by DVO5 (ffadile 2), we look up
detailed galaxy classifications from the NASA Extraga@Etatabas® (NED). These are
listed in column 5 of Table 3.4, where E: elliptical; cD: sugant in cluster; I: irregular;
LINER: low-ionization nuclear emission-line region; NLRGamow line radio galaxy;
pec: peculiar; S: lenticular, A (unbarred), B (barred);s$bstarburst; Sy: Seyfert. These
additional classifications show that some of these radid-learly-type SNla hosts are
peculiar (possibly merging) aja have emission lines.

We derive mass and star formation rate from morphology atidadpnagnitude as in
§ 3.2, and K-band stellar masses from the 2 Micron All-Sky 8uriSkrutskie et al. 2006)
as in§ 3.4. We compile infrared data from two Infrared Science AreR! catalogs, the
IRAS Faint Source Catalog (Moshir et al. 1992) and the IRAS CgtaloGalaxies and
Quasars (Fullmer & Lonsdale 1989), and convert to infraredihosity as described by
Sanders & Mirabel (1996). We also calculate the expectedbenrof SNe la for each
galaxy from the two-component “AB” model as described in 3.2, and use the given galaxy
control times to account for SN detectioffieiency (Cappellaro et al. 1997). Since these
additional host properties require first converting the photogical Hubble Types into

Ohttpy/nedwww.ipac.caltech.edu
Uhttpy/irsa.ipac.caltech.edu
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Gwyn SED types, the resulting type distribution is discontius, and the final optical
properties have an uncertainty greater than the 40-50%duog 3.2.

The properties of early-type C99 SN la hosts presented ireTall suggest they may
not all be simply quiescent ellipticals, perhaps contaymmore SN la progenitors (of the
‘prompt’ or ‘B’ component variety) than previously expectdebr example, NGC 1275 is
a LIRG, and likely contains dust-obscured star formation arypung stellar component
despite being morphologically early-type. These aspectsenC99 catalog galaxies are
discussed more in Chapter 4.

3.6 Galaxy Groups and Pairs

Based on the zCOSMOS-bright sample of galaxy spectroscogghifts which covers
CFHTLS Deep field D2 (Lilly et al. 2009), Knobel et al. (2009rb&fter KO9) generate a
catalog of galaxy groups and their members. They use a catitamnof both the Friends-
of-Friends and Voronoi-Delaunay methods for group idesdtfon, which they verify as
robust by comparisons with a realistic mock galaxy cataldgeir catalog of galaxy groups
and pairs out to = 1.0 is publicly available.

We match the K09 galaxies to the C09 catalog using a maximuaraepn of~ 1.8”
and Azypet = 0.08 (~ 3op; from § 3.2). Of the 800 K09 groupsy 410 haveall their
member galaxies matched to C09. In total, 1585 of 2310 K09 neemghlaxies have a
match in the C09 catalog. Of the 725 KO9 member galaxies witk@9 matches, 359
are outside of D2 (COSMOS covers 2 square degrees), and mibst mést are in regions
masked by C09, with about 170 matched to galaxies rejected from the restricted C09
catalog due to poor photometric redshift fits. As discussecdenn the following section,
a small set of C09 galaxies are associated with both a KO9 gaodpan Olsen catalog
cluster; this amounts te 5% of the total mass in KO9 groups.

For a sense of the relative completeness of the SNLS SNe Igpdbogalaxies, and
Knobel group catalogs, we plot the fraction of each samplé gbthe total with z< 1.0)
in redshift bins from 0 to 1 in Figure 3.7. For the purposesd plot, only groups withall
of their members matched to the C09 catalog are included.ré&g7 shows the fraction
of galaxies in groups fluctuates over redshift, and is noag#rconsistent with the fraction
of galaxies in each bin. This is a combinefiieet of completeness in the spectroscopic
redshift catalog, and the formation and evolution of grooysr redshift. We will assess
any impact of this on our SN la rate per unit mass in grougssi.2.

The K09 group catalog is based on the VLT ZCOSMOS spectrosecedshift catalog,
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but the C09 photometric redshift catalog is more completen-wea identify additional
group members from the C09 galaxy catalog? To illustrate iffealty of group galaxy
identification with photometric redshift, in Figure 3.8 wWeithe dispersion between spec-
troscopic and photometric redshifts for known group memlfepen symbols). We also
plot the diference between thtereragespectroscopic and photometric redshifts of galaxies
in each of the 130 groups with 3 or more members (filled sym)bélgure 3.8 shows the
difficulty of recovering missing group members among the C09 gadassing photometric
redshifts. In Chapter 5, we carefully attempt this only assadasort to correct for group
incompleteness.

3.7 Galaxy Clusters

Based on the CFHTLS Deep field galaxy catalog released by kenaphugust 2005
(TO002), Olsen et al. (2007) identify a catalog of galaxystéus using a matched filter
algorithm. This routine identifies regions of galaxy ovendities with luminosity func-
tions and radial distribution profiles resembling an assligiaster template. The Olsen
catalog includes photometric redshifts and an opticalg@(@d-D). We use only clusters of
grade A, meaning a concentration of similarly colored galsxs visible; this leaves 19,
17,16, and 10 clusters in D1-4. This optical cluster catalag chosen over those of other
selection techniques as it provides consistent complstefe all four SNLS Deep field
areas.

Olsen et al. (2007) find their cluster redshifts are sliglotherestimated for = 0.6,
and underestimated for=z 0.7, with a standard deviation ef 0.1 (Olsen et al. 2007). For
the cluster redshift we instead use the peak of the galaxjopteiric redshift distribution
along the cluster’s line of sight. We include afl30 and Sbc type galaxies within a physical
radius B < 0.5 Mpc, converted to angular radius using the cluster’s pabredshift. For
distributions which plateau instead of peak, the plateeerdral redshift is used. In fields
D1 and D2 which have VLT spectroscopy as describefl3r2, peaks in the spectroscopic
redshift distribution are used to adjust the cluster retishrive clusters had no discernible
peak and cannot be used. We are left with 56 clusters with1z0 and 29 with z< 0.6
to use for this experiment. To evaluate corrected clustisinét precision we compare the
dispersion in spectroscopic redshift for those D1 and D2telumember galaxies which
have VLT spectroscopic redshifts from VVDS or zCOSMOS (asdesd in§ 3.2). The
differences between spectroscopic redshifts and the new péwitomedshifts for Olsen
clusters have a standard deviatioQf,(1+,,s) =0.03-0.04, indicating a good agreement.
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As mentioned in the previous section, a small set of C09 gadaare associated with
both a KO9 group and an Olsen catalog cluster; this amountsl@b of the total mass in
Olsen clusters in CFHTLS Deep field 2. To be more specific, 68xied from 8 unique
Olsen clusters are associated with 23 unique K09 groupshé€23 groups, 10 are galaxy
pairs, 10 are groups of between 3 and 10 members, and onlye3mare than 10 members;
the 8 Olsen clusters have a mean number of memb&&

In optimizing their group finding method using mock galaxyatags, Knobel et al.
(2009) attempted to minimize over-merging (identifyingltiple smaller groups as a sin-
gle large group) and fragmentation (erroneously subdigdi single group into smaller
parts). Despite such measures, in at least one case withdhdata a manual intervention
was required to subdivide a super-group of nearly-mergnogigs. As the matched-filter
algorithm of Olsen et al. (2007) is tailored to avoid fragitation, and we use photomet-
ric redshifts to identify cluster members, it is not surjgsto find Knobel group galaxies
within Olsen clusters. Some of these galaxies will be iofsgls from nearby groups of
comparable redshift. However, as structure in the UnivisrBkely formed by hierarchical
clustering (in which large clusters are built up by the memed acquisition of smaller
groups), some of the KO9 groups and pairs in or around Olsasters are likely to be
physically related (e.g. in-falling) systems. In theseesa# is not entirely inappropriate to
include them as part of the cluster. Ultimately, that 10%hef mass in Olsen clusters may
be in groups and pairs is not a problematic issue for the @xpets in Chapter 6.

3.8 Summary

This thesis relies entirely on data taken by other astromgnieit the collection and inte-
gration of these data sets has not been a trivial endeavoh &sdalog has its own unique
completeness levels, both in two dimensions on the sky, mititki third dimension of dis-
tance or redshift. Everyffort is made in the following chapters to assess any biasé®in t
results stemming from incongruous completeness levelgdsgt catalogs; this often entails
restricting one or more catalogs to only certain areas,axip) limits on redshift or other
galaxy properties. At times this will make for a seeminglpettive analysis, but since the
cohesion of these data sets has resulted in the most comgrelenulti-wavelength study
of intermediate redshift SN la hosts yet presented, we atiyg believe the extrafforts
are necessary.
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Chapter 4
Radio and Infrared Hosts

The correlation between a galaxy’s SN la rate per unit madsitanstar formation rate
(SFR) was established by Mannucci et al. (2005), and expless¢he two-component
“A+B” rate model by Scannapieco & Bildsten (2005). During thisgjndella Valle et
al. (2005, hereafter DV05) published their discovery of 8x SN la rate enhancement
in early-type galaxies which are radio-loud; (ler, > 10?° ergs s* Hz1). This relation
was subsequently shown to be consistent with half of all SN=elonging to a “prompt”
population which explode within £0years of star formation — a controversial postulate
about the nature of SNe la, as discussed in Chapter 2.

In this chapter, we combine the SNLS SN la data set with the @@®metric redshift
galaxy catalogs and 1.4 GHz VLA radio catalogs. We calcula¢eSNLS SN la rate in
radio-loud early-type galaxies at intermediate redshétsl assess the likelihood of-a
3x enhancement over all early-type galaxies. DV05 suggesitky interactions andr
mergers as the root cause of both radio activity and enhd®ildd rate, either through the
capture of a younger stellar population grdnduced star formation. With the latter, any
rate enhancement should still agree with predictions ofwltecomponent “AB” model,

SO we test this with our observations. The blue light of yostags from which SFR is

derived is susceptible to obscuration by dust; some is Abgoand re-emitted at infrared
wavelengths, joining the infrared light which passes tgfodust. For a more accurate
“A +B” model prediction, we incorporate Spitzer infrared lunsities into the SFR used
for the B-component of the “AB” model.

Dust extinction in starburst galaxies also hinders SN dieteconly one SN la has been
detected, and the SN la rate remains unconstrained in stagalaxies (Mannucci et al. 2003;
Mannucci et al. 2007). We use the infrared catalogs to catethe SN la rate in Bright and
Luminous Infrared Galaxies (BIRGs and LIRGSs), gf > 10'° and> 10! L, respectively.
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These galaxies are known to experience bursts of star famap to 100- 1000 M, y2.
We also compare the number of SNe la observed/IdmGs to predictions of the two-
component “A-B” model. As will be explained in the following sections, ounadysis
methods dier from those DVO05 applied to the low-redshift SN la data $eTappellaro
et al. (1999, hereafter C99). To properly compare our reswksperform an identical
analysis on the C99 catalog. This catalog was describgdib.

All of the data catalogs used in this chapter were presentéhapter 3. Ir§ 4.1 we
present the radio and infrared properties of SNLS and C99 ®&rlg-type host galaxies.
We derive the SN la rate in radio and infrared galaxie$4n2, compare to expectations of
the two-component “AB” model in § 4.3, and reanalyze with relaxed data constraints in
§ 4.4. In§ 4.5 we juxtapose the properties of the SNe la in radio andieat host galaxies
with known correlations between SN la properties and stplgulations. We discuss the
implications of our results and conclude§m.6 and 4.7.

Most of this chapter has already been published as Grahaln(2040). For the thesis
we have substituted the recent catalog of photometric iggl$fom Coupon et al. (2009)
for its predecessor, llbert et al. (2006). We have also ugelhted SN la stretch values
from Guy et al. (2010). These updates have changed some détass and rates, but not
general conclusions, from those of Graham et al. (2010).

4.1 Properties of SN la and their Parent Galaxies

We find 16 SNLS SN la host galaxies with radio grdnfrared counterparts, 3 in D1 and
13 in D2 where the radio and infrared catalogs are deeperpiidperties of these SNe la
and their hosts are given in Table 4.1. We also plot the hestisaangles and squares in the
relevant plots of Chapter 3: radio luminosity versus redglriigure 3.3); IR color-color
diagrams (Figure 3.4); IR luminosity versus redshift (Feg3.5); and IR versus optical
mass and SFR (Figure 3.6).

Light curve stretch and color values are from Guy et al. (20kflage stamps centered
on SN la coordinates are shown in Figure 4.1. In total, oféHE® SNe la hosts we find
10 are radio-loud, 12 are BIRG, and 8 are LIRG. In these samearasg5, 3, and 2
respectively have early-type SEDs, and are also known$8 & elliptical galaxies.

Galaxies which are bright at mid-infrared wavelengths (Migt,example 24m) are
described as being starburst- or AGN-dominated, meanggdbntain dust which absorbs
high-energy photons from either young stars or AGN, andwnésethem in the MIR. The
infrared-emitting, radio-loud SN la host galaxies fit withrky-type SEDs are not necessar-



Table 4.1 Properties of SNLS SNe la and their Host Galaxies.

SN la SN la SN la SN la Host Host Host Host Host Radio Host IR HRst |
SNLSID  Zpec Color Stretch SED M Mass SFR Luminosity Luminosity SFR
SiIFTO [10°M;] [Moy™l] [102°ergsiHzl] [10°L,] [Moy
05D1hn 0.149 @3B4+0.03 106+0.02 ESO -22.0 18.21 1.47 2.55 11.43 19.54
04D2bt 0.220 @6+0.03 099+0.01 ESO -21.4 10.05 1.56 . 2.18 3.72
06D2je 0.418 . . B0 -19.9 2.28 0.58 1.81
06D2ck 0.555 -0.00+0.04 102+005 ESO -22.5 31.44 0.97 5.13 . e
04D1jg 0.584 -0.08+0.03 103+0.02 ESO -22.9 40.56 6.28 13.68 43.60 74.55
07D2kh  0.731 . . B0 -23.0 45.62 7.06 15.73 ... ...
05D1by 0.299 (@¥7+0.03 102+003 Sbc -21.3 5.51 5.44 3.05 9.61 16.43
06D2T 0.345 026+0.04 103+004 Sbc -22.0 10.00 11.68 4.41 8.67 14.83
05D2ac  0.479 -0.01+0.03 111+002 Sbc -23.2 36.82 25.16 . 13.40 22.91
07D2ae 0.501 .. .. Sbc -20.2 2.92 1.14 2.27 . e
07D2bd 0.572 ... ... Sbc -22.0 15.94 6.20 ... 17.47 29.87
08D2iq 0.709 e e Shc -21.6 6.14 8.55 13.58 44.71 76.45
04D2ca 0.835 ©6+0.10 116+0.27 Sbc -20.8 5.00 2.36 . 27.27 46.63
07D2ec 0.270 ... ... Scd -21.1 2.72 6.45 0.83 451 7.71
06D2ca 0531 ©®8+003 113+004 Scd -21.1 0.84 11.45 .. 33.66 57.56
08D2id 0.833 - - Scd -21.5 2.11 12.41 18.19 37.86 64.73

oy
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Figure 4.1 Image stamps ifidye, 30X30 arcseconds, centered on SNe la in host galaxies
detected in radio ardr infrared source catalogs, labeled with SNLS IDs. Smalitevh
circles mark SNe la; yellow circles mark the host and redlesrenark nearby galaxies

within Az < 0.06 (i.e.~ 20 az/(112))-
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ily AGN-dominated, despite the fact that afS@ SED type normally indicates a quiescent
galaxy with no star formation. There are several reasonsthiBycan be the case. First,
the radio-loud ESO hosts with IR emission (05D1hn, 04D1jg) do not clearlyalieng the
“AGN plume” of the IRAC color-color plot (although 04D1jg isiits “AGN zone”), and
are outside the “AGN zone” of the IRAEMIPS color-color plot as shown in Figure 3.4.
Second, AGN-dominated infrared emission originates frératalusty torus tens of parsecs
across (Tristram et al. 2009) and would be unresolved, lsuinfnared sources associated
with these two galaxies are not flagged as point-like. Thandsual inspection of radio and
infrared SN la hosts inyw and GALEX (D2 only) image'sshow that all but the late-type
hosts of 06D# and 07D2ec are quite faint or invisible in the ultraviolainsistent with
star formation obscured by dust. Fourth, although our réalid early-type SN la hosts
appear morphologically elliptical or lenticular (Figurell and many starburst galaxies
appear morphologically irregular, this is not a strict r(geg. Figure 4.68 of Binney &
Merrifield 1998, in which a profoundly disturbed galaxy apmeas an elliptical in a shal-
low exposure). We therefore accept the conversiongito SFRg for these radio-loud
E/SO SN la host galaxies as discussed@ 8.4, and in general find the properties of radio
and infrared SN la hosts are not inconsistent with those sffydstarburst galaxies.

4.2 SN la Rates

Here we present SNLS and C99 SN la rates in galaxies which diee Ileud, radio-loudest
(L1acrz > 100 ergs st Hz 1), BIRG, and LIRG. As in Graham et al. (2010), we restrict
the samples for our primary analysis in several ways. Rivst]imit ourselves to SNLS
SNe la detected prior to 2006 December 31, because up tcet@stee SNLS spectroscopic
analysis and typing is complete. Second, we limit our rdtsho z < 0.6, to which
the SNLS SN la sample is nearly complete (Neill et al. 20069, @ which the radio and
infrared catalogs are more complete. Third, we limit ourthgpes to early-type (also
known as £SO or elliptical) galaxies only in order to make direct comgans to the results
of DV05. We consider the results of extending these linotaiing 4.4.

The number of SNLS SNe la observed in D1-2 prior to 2006 Deco2kéch sub-
set, Nys IS shown in Table 4.2. Also shown in brackets is the corce&H la frequency,
Z:ﬂ‘m 1/C;, in SN y! (the numerator for Equation 3.3). Recall that C is the coiwact
factor which accounts for SNLS detectiofiieiencies and observing seasons, and that the
corrected SN la frequency is the number of SNe la which exploer year of SNLS ob-

Ihttpy/www.cadc.hia.nrc.gc.geommunityCFHTLS-SGdocgcthtls.html
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Table 4.2 Number of SNe la in Early-Type Galaxies

Sample SNLS C99
Al 22 (17.684%) 21757
Radio-loud 4 (R1%2) 9533
Radio-loudest 1 (07'58) 8933
BIRG 3(237'23) 432
LIRG 2(153%0) 153

aBrackets contain number of SNe la corrected for SNLS detectificiencies to be the number which ex-
ploded per year of SNLS observations, a§ B.2.

servations (i.e. years in observer’s frame). Also quotedRarisson uncertainties on,dy
at the 0.84 (&) confidence level from Gehrels (1986), propagated to uaceits on the
corrected SN la frequency.

The amount of mass in, and number of, galaxies in each subgatan in Table 4.3.
We calculate the SN la rate per unit mass in each galaxy sukSBIR, from Equation
3.3, and display them in Table 4.4 in the commonly used “supgre unit” SNuM, which
is equal to one supernova per century pef’M\,. Ratios of SN la rates in radio and IR
subsets over all 550 galaxies are given in Table 4.5. The uncertainties qumigdtes and
ratios are statistical, propagated from those in Tableahd,do not include the uncertainty
from galaxy mass~ 40%). These tables also contain equivalent values for theSTO&
and galaxy catalogs. As describedgi3.5, we find slightly diferent radio luminosities for
the C99 galaxies. We initially use radio luminosities from@o classify SN la hosts in
order to make a direct comparison with their results. Weseaur results with our own
luminosities and discuss §4.2.1.

4.2.1 Radio-Loud Galaxies

With SNLS data, we find the specific SN la rate in radio-loudyetmpe galaxies to be
0.091+9972 SNuM, in good agreement with the C99 result in Table 4.4. VLdioaatalog
incompleteness means we can identify only half of the rdaliol population § 3.3) and
cannot isolate a radio-quiet set for the SNLS (see Figure 3H8s is in contrast to DVO05,
who quote a~ 4 times SN la rate enhancement in radio-loud over ragiiet early-type
galaxies. In lieu of comparing with a radio-quiet set, wesidar the ratio between radio-
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Table 4.3 Mas%in Early-Type Galaxies

Sample SNLS C99

All 42385.8 (4184) 23315.0 (2079)
Radio-loud 4787.6 (191) 7724.5 (314)
Radio-loudest  1935.9 (51) 2825.5 (92)

BIRG 2263.3 (4184)  1805.7 (166)

LIRG 692.0 (69) 469.2 (22)

@Mass units are 18 M,; brackets contain number of galaxies in sample.

Table 4.4 SN la Rates in Early-Type Galaxies

Sample SNLS C99
[SNUM®]  [SNuMb]
All 0.05870,; 0.044%015

Radio-loud 00913972 0.102:09%5
Radio-loudest @56ﬁ§;§§§ 0.197f§j§§§
BIRG g R 11
LIRG 0.324'5555 0.213777%°

bSNuM = SN (100 yrj! (10° M)t

loud andall early-types as a lower limit. We find the SNLS result is calesiswith C99 at
the 1o level, but that the SNLS and C99 ratios are also consistehtwatenhancement at
the 1o and 2r levels respectively, as shown in Table 4.5.

Can we correct our radio incompleteness? While we could use-tadd galaxy mass
functions to estimate the mass missing from our radio-l@ndse, we could not know how
many SNe la this mass hosted, so cannot correct the SN lafoateslio incompleteness.
Instead, we simply use the limited mass in radio-loud gawedo find, and the limited
sample of SNe la hosted by it, as representative. Any SNéesers@itancement in radio-loud
galaxies would also appear in this limited sample, assumiagnot proportional to k.4 gH;
(i.,e. AGN power). The SN la rate is not expected to be propodi to L; 4cH, because
AGN activity is not suspected of directly influencing the Ipability of a SN la explosion,
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Table 4.5 Ratios of SN la Rates in Radio and IR Early-Types to Atl\=Type Galaxies

Sample SNLS  C99
Radio-loud  16%73 2313
Radio-loudest D*32 4.432
BIRG 2‘432 3.7+31
LIRG 56115 4.8

as discussed i§ 2; any evolution in the physical properties of AGN is not extee to
influence our results either. Our radio incompleteness stiligroduces a sample which
makes a suitable comparison to C99.

Unlike the radio-loud limit, the radio-loudest sample frome SNLS catalogs is com-
plete to z= 0.6, as shown in Figure 3.5. As an extra test, we present théfisgeN la rates
among the radio-loudest early-type galaxies in Table 4d their ratio over all early-types
in Table 4.5. While the SNLS SN la rate in the radio-loudeslyegpe galaxies shows no
increase over the rate in all early-types, the C99 catalogshe 4x enhancement —twice
the enhancement for the radio-loud sample. However, tlssllisvithin 20- of a null result,
and additional factors may artificially inflate this rate dsscussed below.

Although we do not recover precisely the same radio lumtiessior C99 early-type
hosts as DV05, we have initially used their classificatiom®ider to directly compare
with their results. As shown in Table 3.4, we would place N&14 in the radio-loud
subset but not the radio-loudest, and would not classify NB&@6 as “borderline” radio-
loud. Also, SN 1968A in NGC 1275 is listed as type-I, not type-Although rare, core-
collapse supernovae have been observed in early-typeigsildkis is often due to mis-
classification of late-types as early-type, especiallyg&iaxies with HI and radio emission
(Hakobyan et al. 2008; Bazin et al. 2009). NGC 1275 is a knoanfstming early-type
galaxy, has the highestdof all C99 early-type hosts (Table 3.4), and is precisely tiré s
of galaxy to potentially host a CC SN. Considering these sjpdigalmisclassifications, the
C99 sample would have instead 5, 8, and 20 SN la hosts in the-ladilest, radio-loud,
and all early-type samples. This lowers their rates 1@8 5053, 0.0857.932, and 0042022
SNuM respectively. Ratios for the radio-loudest and radigdl categories drop to 222
and 20711 keeping the null result within@ We note that these misclassifications are

_0.8’
speculative, and that the discrepancies could also singtule to small number statistics.
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4.2.2 Bright and Luminous Infrared Galaxies

With SNLS data, we find the specific SN la rate in early-type BIR@ &IRG to be
0.137+9533 and 03245525 SNuM respectively. As presented in Table 4.4, the C99 BIRG
and LIRG rates are consistent with the SNLS results to within Again we consider the
ratios between RIRG andall early-types as a lower limit on any possible enhancement, as
givenin Table 4.5. It appears the SN la rate is a facter 8f(10-) and~ 5 (207) times higher
in BIRGs and LIRGs respectively. While we could have isolateshali-LIRG early-type
galaxies for a ratio, the LIRG fraction is small enough that thould not be significantly
different from the all early-types sample. So we instead stiekdonsistent method.
Regarding the C99 SN la rates in infrared galaxies, as disguss$e4.2.1, SN 1968A
in early-type LIRG NGC 1275 may not have been a type la. Also1$88J and SN 1991Q
do not have a definitive classification. The scenario thagdhbree are not Type la drops
the rate in C99 BIRG early-type galaxies t®81355> SNuM, consistent with the SN la
rate in all early-type galaxies.

4.3 Comparison to Predictions of the “A+B” Model

So far we have found the specific SN la rates in subsets of mtioinfrared early-type
host galaxies are 1-5 times the rate in all early-type galaxies, and all enbarents have
low significance (2 at most). In this section we test whether these rates areatsistent
with the two-component “AB” model; whether the potential enhancements might simply
be due to star formation providing additional SN la progensit To do this, we statistically
compare the observed number of SNe la in radio and infrardg-gge galaxies, M to
that predicted by the two-component+8” model, Na,g, as explained ig§ 3.2.

We calculate summed Poisson probabilities for the same SMIdSC99 radio and in-
frared galaxy subsets describeds§id.2. Whereoptical masses and star formation rates
are used in the “AB” model, we refer to the total expected number of SNe la asbh
and the associated summed probability gs. RVe also derive N,g g and Rk using in-
frared SFR if a galaxy has a MIPS counterpart (using opti€&® § not); this accounts
for contributions from dust-obscured star formation to thempt” component. As dis-
cussed in§ 3.4, when substituting SkRinto the “A+B” model in Equation 3.1, we use
0.5x B x SFRR.
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Table 4.6 Statistical Comparison to+#8” SN la Rate Model

Sample NMos Nasgopt Popt  Naigir  Pr
Radio-loud SNLS 4 2.45 0.23 2.63 0.27
C99 9.5 4.84 0.04 5.10 0.05
Radio-loudest SNLS 1 0.96 0.62 1.02 0.73

C99 8 2.35 0.0083 2.39 0.008
BIRG SNLS 3 1.26 0.13 1.64 0.23
C99 4 1.39 0.05 1.77 0.10
LIRG SNLS 2 0.35 0.05 0.66 0.14
C99 1 0.26 0.23 0.43 0.35

aFurther considerations raise B 0.1 in § 4.3.1.

4.3.1 Radio-Loud Galaxies

Summed Poisson probabilities comparing the number of SNNSI8 in radio-loud and
radio-loudest early-type galaxies to predictions of the BX model are given in Table 4.6.
For the SNLS, all values aresf, > 0.05, indicating no significant deviation between
observations and “AB” model predictions. As discussed fn4.2.1, it is unlikely the
SNLS results areffected by our radio incompleteness. Although for radio-leady-type
galaxies M.g opt aNdNa, g r are quite similar, the fraction of expected SNe la contelut
by the B-component changes from5% to ~ 20% when SFR is used. However this is
also the case for all early-type galaxies in general, nothese with radio emission. Thus,
~ 20% from the B-component should just be considered a bassfieet of using SFR.
However, results for the C99 samples suggest significamepsignificant deviations
in the samples of radio-loud and radio-loudest early-tyakges. These results are un-
changed with the consideration of infrared SFR. Could thisueetd a variation between
derived B values from dierent surveys (Greggio et al. 2008)? For example, for the C99
radio-loud sample, using>X@ yields Na.gopr = 5.9 and B, = 0.11. However, for the
C99 radio-loudest sample, a2B is necessary to raiseaMs opt ~ 4 and By > 0.05; an
inappropriate B value cannot wholly explain this undeireate. As discussed i§4.2.1,
the actual number of SNe la in the radio-loud and -loudess$esisiof C99 may be 8 and 5
respectively. This would increasggPand R to > 0.1 for both subsets, which we do not
consider significant. It appears the more likely explamatsathe misclassification of some
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C99 supernovae.

4.3.2 Bright and Luminous Infrared Galaxies

Summed Poisson probabilities in Table 4.6 for SNLS BIRG and LER@y-type samples

shows a possible excess of SNe la over opticatBA model predictions, especially in

LIRG, but the inclusion of SFR raises Mg ;r and Rk to statistically acceptable values.
The same can be said for C99 BIRG, though as discussedti@.1 the number of C99

SNela in BIRGs may be just 1, in good agreement withd\y:. In general we find the

number of SNe la in BIRG and LIRG is consistent with predictiohhe “A+B” model.

As noted in the previous section, the fraction of expecte@ BNcontributed by the
B-component is about 20% when SFRR is considered. This fraction increasest80%
and~ 45% for BIRGs and LIRGs respectively, which is further evideties dust-obscured
star formation is the root cause of the potential SN la raltmaoements in BIRG early-
type galaxies.

We note in§ 3.4 that infrared emission of potentially AGN-dominatedagées has
been converted to SRRusing a starburst-dominated template, thereby artificiaflating
Nexpir- We identify ESO radio-loud galaxies which lay along the “AGN plume” (tdptp
plume betweer0.1 < 109(S5/S36) < 0.5) and in the "AGN Zone” (bottom plot) of Figure
3.4 as the most likely to be AGN (green asterisks). This patparh contributes 20—40%f
the additionalSNe la predicted when SkRs included (i.e. 20—40% of N.g 1r —Na8 opt)-

4.4 Altering the Data Constraints

To consider whether altering the constraints on SNLS d@éxts our results, we try: ex-
tending our sample to the full five-year SNLS survey (SNL®&0Qextending our redshift
range to z= 1.0, including galaxies with SED type Sbc, anéfeient combination methods
for our radio catalogs.

To begin we extend to SNLS-2008 but there are no addition&SS8Ne la in z< 0.6
early-type galaxies with radio or infrared emission afted@ December 31, so the results
do not change. Next we extend to<z1.0, but there are no SNLS-2006 early-type SN la
hosts which are radio-loud, BIRG, or LIRG atz0.6, so this has the neffect of lowering
all rates and ratios, and increasing all summed Poissorapiities, to be (even more)
consistent with the null result of no enhancements. The ggmeral &ect is found if we
include SNLS-200&ndz < 1.0. This is not surprising as our radio and infrared catalogs
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are very incomplete at 2z 0.6.

We originally limit our host types to early-type (also knoasESO or elliptical) galax-
ies only in order to make direct comparisons to the resulB«fi5. However, their galaxies
weremorphologicallyclassified as early-type, which is not equivalent to our Sigies.
Mannucci et al. (2007) estimate increased star formatiomguadio-loud epochs leads
to 3-5% of the galaxy’s mass in new stars (after the 10 bufst6years, each Fyears
apart). As SO galaxy masses are aroundi®l,, 0.05x 10! = 5 x 10° M, of new
stars over 16« 10° = 10° years is an average star formation rate of-0% M, y~*. Our
SED models and SFR calculations classify such galaxies essBlwe redo our analysis
including Sbc type galaxies.

In the SNLS-2006 x 0.6 sample, 05D1by and O6@have radio-loud Sbc-type hosts,
and 05D2ac is an Shc-type LIRG. Including Sbhc-type adds aflohass to the galaxy
sample, which has the neffect of lowering all rates and ratios. This also increases all
summed Poisson probabilities to be (even more) consistihttiae null result of no en-
hancements. If we take these data constraints to maximaxatabn and include all types
of SNLS-2008 SN la hosts out tosz 1.0, all rate ratios are 1.0.

The deeper flux limit of the VLA-COSMOS in D2 may result in slityndifferent radio
source populations between D1 and D2. To investigate whétiedtects our results, we
first restrict VLA-COSMOS to the same flux limit as VLA-VIRMOS; &, > 0.08 mJy,
and then consider the results from only the deeper radidogata D2. In both cases
these experiments simply degrade the sample, and the matesriadio-loud subset remain
consistent with no enhancement.

4.5 Properties of SNe la in Radio and IR Hosts

It is well established that SN Ia light curve shape and peakrosity are correlated: more
slowly-declining light curves reach a brighter peak lunsittyy This relation was discussed
in Chapter 2. Light curves are parametrized Ay, 5, the decrease in magnitude over
the first 15 days after maximum light (Phillips 1993), or bgegth, s, the amount that a
template (average) light curve must be “stretched” to fitdhgervations. For stretchsl

is for brighter, slower declining SNe la and vice versa (fPetter et al. 1997). SN la peak
luminosity depends on the mass%Ni synthesized during the explosion (Arnett 1982);
whether this mass is influenced more by the metallicity orcddlee white dwarf progenitor
star is under much debate (Timmes et al. 2008k & Hillebrandt 2004;

Gallagher et al. 2005; Gallagher et al. 2008; Howell et a090



50

SN la properties are also correlated with qualities of thet lyalaxies, where late-type
star-forming galaxies host mostly bright, slowly decligpi8Ne la, and early-type elliptical
galaxies with little to no star-formation host faint, ralgideclining SNe la
(Hamuy et al. 1996; Howell et al. 2001). Gallagher et al. &0bmpiled a database of 57
local SNe la and found the meam;s in late-type (Sa to Peculiar) host galaxieams;s ~
1.1, and in early-type (B50) hostsAm;s ~ 1.45. Sullivan et al. (2006) also show the
median stretch of SNLS SNe la in late-type star-forming xjakis greater than in early-
types. This is supported by Howell et al. (2007) who use lgtse fitting routine SiIFTO
(Conley et al. 2008) to constrain the stretch distributiofB3f(prompt) component SNe la
(associated with young stellar populations) to be centateé 1.071 witho = 0.063, and
of “A” (delayed) component SNe la (associated with old asrgtiopulations) to be centered
at s= 0.945 witho = 0.077.

If SNe la in radio-loud early-type hosts are associated wthng stars, their stretch
values should be consistent with the “B” component stretstribution. Here we consider
the stretch values for SNLS-2006 SNe la in radio-loud etybe galaxies with z< 0.6:
04D1jg, 05D1hn, and 06D2ck, as given in Table 4.1. SN la 06D&js not included in the
SNLS third-year results, but preliminary fits show its stheis similar to 05D1hn. Stretches
for SNela 04D1jg, 05D1hn, and 06D2ck are most consistertt the “B” component
distribution of Howell et al. (2007). Individually, 05D1kand 06D2ck are also consistent
with originating from the “A” component at the 1o level. These three have a mean
stretch of s= 1.04 with o = 0.02, most consistent with the “B” component and indicative
of association with a younger or intermediate-age steth@ugation. There probability that
all three are associated with the “A” componenti2%.

Among C99 SNe la in radio-loud early-type hosts, five of eightehaAm;s given
in Table 2 of DV05,Amys = {1.28,1.33,1.73,1.88,1.30}. Their mean isAmys = 15
with oam,; = 0.25 which is consistent witthm;s ~ 1.45 for SNe la in early-type hosts
(Gallagher et al. 2005). DVO05 find that this distribution eftttine rates for SNe la in radio-
loud early-type hosts is intermediate between that founthte-type and early-type hosts.
They suggest this supportscantinuumof SN la and host galaxy properties, from young
progenitors in very active galaxies, intermediate age gndgrs in active galaxies, and old
progenitors in passive galaxies. This agrees with our foptbnthe stretch values of higher
redshift SNLS SNe la in early-type radio-loud galaxies.

Aside from the SNLS SNe la in early-type hosts, two SNLS-280& la are found in
z < 0.6 radio-loudlate-type hosts: 05D1by and 06@2 They both have stretch values
consistent with the “B” component distributions. Of the th&@NLS-2006 SNe la in BIRG
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and LIRG hosts which have stretch values, only the early-hgst of 04D2bt has a stretch
consistent with the “A” component.

Since we find the properties of radio and infrared SN la hastsgtemble dusty starburst
galaxies § 4.1), we would expect their SN la light curves to be reddemebextinguished.
SNLS analysis finds 05D1by, 05D1hn, 06B2Znd 04D2bt are particularly red, indicating
this is an unusually red, faint sample of SNela. Also, the fiisee have large Hubble
residuals. Itis interesting that 04D1jg and 06D2ca are adiqularly red or faint, because
these two SNe la have tiheightestinfrared hosts. However, they need only have originated
on the 'near’ side of the galaxy and escaped dust extinctaxplain this (neither have
large host fsets, 2 and 05” respectively). Also, since the host of 06D2ca is SED type
Scd, it likely has unobscured star forming regions.

As a final note, SNla 05D1by is also spectroscopically pectih that the 6150A
Silicon line is very broad, indicating fast ejecta veloedti It is similar to SN 2001ay
(Nugent et al. 2001), which had an atypically slow light @idecline given its unremark-
able peak magnitude, a very luminous near-IR magnitude &40 days post maximum,
and an early-type host (Phillips et al. 2003). Such pecsimctra comprise 1% of all
SNe la, but in this small sample it is impossible to commentvbether they are more or
less common in active galaxies.

4.6 Discussion

With the C99 catalog we recover the SN la rate in radio-loutyegpe galaxies of DVO05,
but this is not the case for the SNLS catalog. For the first tieecalculate SN la rates in
the radio-loudest, BIRG, and LIRG subsets of early-type gataxiVe find these rates are
~ 1-5 times the rate in all early-type galaxies, and that winexelo observe a potential
enhancement, it is witk 20- confidence. For the first time, we have incorporated infrared
star formation rates into the two-component®’ model. While it does slightly increase
the number of SNe la predicted, more so ifLBRG than in radio-loud(est) samples, ulti-
matelyall SNLS results are consistent with the two-componentBA model. The same
cannot initially be said for all C99 results, but the obsemathber of C99 SNe la may be
an upper limit due to SN la apar host misclassifications.

The benefit of considering infrared host galaxy properteadcount for possible dust
obscured star formation is best shown in Figure 4.2, whioltsghe specific SN la rate as
a function of mean specific star formation rate (SSFR) for esoty-type galaxy subset.
Blue symbols indicate where sSFR was derived from optica daty, and red symbols
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where SFhk was substituted for all galaxies with counterparts in th#z8p IR catalogs.
Curved lines show the two-component+B” model from Sullivan et al. (2006). Although
error bars are large and all rates are within & the optical “A+B” model, when plotted
with sSFRr the SNLS SN la rates in/BIRG subsets do align more closely with 48”.

The same can be said for C99LBRG, and the apparent discrepancy for the C99 radio-
loud(est) subset may be due to misclassifications discussetl2.1. These results are not
significant, but are included to demonstrate the utilitywttsan analysis for future SN la
rates.

DVO05 suggested the SN la rate enhancement in radio-loug-Bgué galaxies may be
due to galaxy mergers triggering radio activity and prawidextra SN la progenitors by
induced star formation. Although we do not recover theie thancement in the SNLS
catalog, some other aspects of the SNLS data are consigtbithig scenario: the evidence
for dust-obscured star formation in SN la radio hosts, thee@gent between observations
and “A+B” model predictions in SN la radio hosts, and the propertieSNla in radio
hosts being similar to those associated with intermediggestellar populations. However,
the discrepancy between observations andBAmodel predictions for C99 radio galaxies
remains. In§ 4.2.1 we discuss possible SN la aprchost misclassifications, but might it be
the two-component model is simply inappropriate for raditagies? It is a linear approxi-
mation to a relation that is not necessarily linear, and use®nt SFR as a measure of the
SFR when the white dwarf progenitor star was born — the paemaetually related to the
number of SN la progenitors. In regular spiral galaxies wtibe SFR remains constant for
10° to 10'° Gyr this is essentially true, but not necessarily for gaaxixperiencing interac-
tions angor mergers, and perhaps episodic star formation (discusded), on timescales
of ~ 10® years (DV05). This is not a failure of the ¥8” model, merely a limitation of
its application to individual galaxies with episodic SFHlarge samples thidkect should
approximately “average out”.

With such a hypothetical episodic SFR, Mannucci et al. (2@@&mpt to account for
this problem. In doing so, they show the radio-loud SN la estieancement of DVO05 (for
C99) is best fit with dimodaldelay-time distribution (DTD) for SNe la in which 50% of
the prompt component explodes<dri(® years, and suggest two physically distinct popula-
tions of SN la progenitors. However, we find the SNLS SN la nat@adio galaxies agrees
with the “A+B” model, which is consistent witkontinuousDTDs (Pritchet et al. 2008).
We also find the properties of SNe la in radio hosts do not cammsthem to very young
stellar populations, similar to the results of DVO05.
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Figure 4.2 Specific SN larates in SNLS (filled) and C99 (operyeagpe galaxies (circles)
from Table 4.4, versus mean sSFR of each sample. Top plotsstaalio-loud (RL, square)
and radio-loudest (RLest, star) samples; bottom plot show&B(inverted triangle) and
LIRG (triangle) samples. Symbol color indicates sSFR derifrem optical data only
(blue), or by incorporating infrared data when availabkdjr Also plotted is the two-
component “A-B” model (solid) with uncertainties (dashed) from Sullivanaé (2006)

(blue lines), and the theoretical infrared+B8” model (with Br ~ Bgpt/2) (red lines) as

discussed ir§ 3.2.
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4.7 Summary

Based on the SNLS catalog, SN la rates in radio and infrardg-Bgue galaxies are 1—
5 times the rate in all early-type galaxies, but any enhaecgmwe find iss 20. Rates
in these subsets are consistent with predictions of the tmoponent “A-B” SN la rate
model. The infrared properties of SN la radio-loud earlyetyhost galaxies suggest the
presence of dust obscured star formation, and we have féirsheme incorporated SRR
in the “A+B” model. In the C99 catalog, radio-loudest SN la hosts areisterg with the
“A +B” model only if some SNe la aridr host galaxies have been misclassified. In general,
we find the stretch values of SNe la in radio and infrared getagupport aontinuumof
SN la and host galaxy properties, from young progenitorseiry \active galaxies to old
progenitors in passive galaxies, as did DV05. Also thesel8/dee fainter and redder than
other SNe la, consistent with a dusty environment, and orsespactroscopically peculiar.
As a final note, the suggestion by DVO05 that galaxy interastiangor mergers cause
both the radio activity and enhanced SN la rate is consistghtthe documented corre-
lation between clustered environments and radio galaktgljocchetti et al. 2007). In
Figure 4.1, we show image stamps of radio SN la host envirotenand mark with red
circles any neighbor galaxies withixz < 0.06 (i.e.~ 207x(1+2). We find many radio-loud
SN la hosts have nearby neighbors, as expected. Of partitote is the heart-shaped Sbc
host of 08D2iq which, in deep stacks made by Stephen Gwyn\aithble on his website
(see footnotes of 4.1), is clearly one or more merging or recently merged dgataxAs
reported in Graham et al. (2008), the host of 05D1by is latatehe outskirts of a galaxy
cluster. We also find the galaxy density withincr 50kpc of this host shows clustering
over the background field galaxy distribution, as deterchioyga “significance parameter”
(Graham et al. 2008). A full analysis of SNe la in small groapsl pairs is presented in
Chapter 5, including a test of whether the radio and infrarepgrties of SN la hosts and
galaxies in groups areftierent from those in the field.
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Chapter 5
Hosts in Pairs and Groups

In the previous chapter, we presented the SNLS SN la ratelio ead infrared host galax-
ies. This confirmed the SN la rate enhancement discoveredvirddshift radio-loud early-
type galaxies by DV05. They suggested their enhancemeid bewlue to galaxy interac-
tions and mergers, which are most likely to occur where gateensity is high and relative
velocity dispersion is low: in galaxy pairs and groups. A¢ #nd of Chapter 4 we com-
mented that many radio hosts had nearby neighbors, andhthaiost of 08D2ig appears
to be merging or a recent merger product. In this Chapter weragnby calculating the
SNLS SN la rate in galaxy pairs and groups, and testing whéthe different from the
field rate or expectations of the two-componen#+B8' model.

To do this, we combine the SNLS supernova data set with tleagpof galaxy pairs
and groups in CFHTLS Deep field 2 from Knobel et al. (2009, hitze&09). The K09
catalog is derived from the zCOSMOS spectroscopic redsimitey of Lilly et al. (2009,
hereafter L09). All of these data are described in Chapter 8 py¥sent the properties of
SNLS SNe and their host galaxies which we find to be assoorited<09 groups ir§ 5.1.

We calculate and analyze the specific SN la rate in pairs angpgr and compare with the
rate among field galaxies, $§5.2. In§ 5.3 we assess whether the number of SNe la ob-
served in groups is statistically consistent with expeéatetof the two-component “AB”

rate model. Finally, ir§ 5.4 we review our findings, and make a special assessment of ou
lack of hostless SNe la in groups.

5.1 SN Hosts in Groups and Pairs

Here we present the properties and host characteristicllbESNe that we find to be
associated with KO9 groups in CFHTLS Deep field 2. As severtalags have been com-
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bined here§ 5.1.2 describes a classification scheme for our group-Sbced®ns. In

§ 5.1.3 we examine whether the group hosts show afligrénces from field hosts in prop-
erties such as brightness or SED type, an§l 5:11.3 we present several SNLS SNe Il we
find in KO9 groups.

5.1.1 Properties of SN and their Parent Galaxies

Table 5.1 lists the detailed properties of all SNe la we findd@ssociated with K09 pairs
and groups. Columns 1-3 list the SNLS ID name, spectroscegghift and SiFTO stretch
value (Guy et al. 2010). Columns 4-9 list properties relatinidpe host galaxy: best fitting
SED type, SN fset, host redshift, absolute V-band magnitude, stellasireasd specific
star formation rate (derived from optical data and desdrib§ 3.2). Column 10, the group
class, is described below. Column 11 contains the number, KD@galaxies in the group
associated with that supernova. In brackets we list how neéttyese areot matched to a
C09 galaxy, Nm. Column 12 lists the spectroscopic redshift of the KO9 graungl column
13 gives the SNe laftset from the group center normalized tgdg, the distance between
K09 group center and its furthest member.

Figure 5.1 contains image stamps centered on K09 groupsgdhle la, which are
marked with white circles. The KO9 member galaxies are alaked — red if matched to a
C09 galaxy, and yellow otherwise. The SN la name, group ctas$]ength of image side
in arcseconds is marked on every stamp.

5.1.2 SNla Group Class

In Table 5.1 we list the SNe la associated with Knobel grodpee characteristics of that
association are categorized by what we call the group classplumn 10. As several
catalogs have been combined for this work, there afferéint levels of certainty in the
associations we make between thems k2 we will analyze the SN la rates in individual
and combinations of these group classes. Table 5.2 cordathart showing how these
group classes A-E are defined, as explained more fully beldw. prefix P denotes that
the group is a pair.

Classes A and B are the most likely real associations betwlenig&and K09 groups,
as both the SN la C09 hosts are matched to a KO9 group membewygafal the SNLS
SNe la spectroscopic redshift is consistent with the KOigi®z,., The only diference
is that for class B, the K09 groups have one or more members atohid to a C09 galaxy
(Nnm = 1). In total, there are 8 SNe la in classes A and B (two of whighiapairs); these



Table 5.1 Properties of SNLS SNe in Galaxy Groups.

1) 2 3 @ © (6) (7) (8) (9) (10 @@y (@@ (@13
SN SN SN la Host Host Host Host Host Host Group Group Group ferou
SNLSID  Zpec stretch SED @set  Znot (Zsped My Mass sSFR Class N@N) Zgec Offset
[SIFTO] [] [10°M,] [107%0y] [Ryroud
Type la Supernovae:
07D2ec 0.270 Scd 194 0.26(0.267) -21.10 2.72 2.37 PA )2(0.268 0.91
08D2iq 0.709 e Sbc 3.21 0.70(0.708) -21.61 6.14 1.39 A 3(0p.709 0.94
04D2mc 0.348 B1+0.02 ESO 0.86 0.37(0.347) -21.93 18.93 0.03 A 5(0) 0.345 0.37
04D2bt 0.220 ®9+0.01 ESO 0.52 0.25(0.220) -21.40 10.05 0.15 A 4 (0) 0.220 0.30
08D2ad 0.554 Scd 1.02 0.48(0.555) -20.91 0.73 13.67 PB 1) 2(0.555 0.90
06D2fb 0.124 ®6+001 Sbc 155 0.10(0.125) -19.06 0.78 0.82 B 14(1) 0.124 0.26
05D2ie 0.348 ®8+0.02 Scd 0.46 0.37(0.349) -19.59 0.32 7.29 B 4 (1) 0.348 0.75
05D2ci 0.630 (B8+0.03 ESO 1.19 0.59(0.630) -22.08 17.71 0.25 B 7(1) 0.630 0.96
08D2id 0.833 . Scd 1.70 0.83(...) -21.51 2.11 5.89 C 5(2) 83®. 0.64
05D2mp 0.354 14+0.03 Scd 0.15 0.40¢(..) -18.10 0.08 7.29 C 12(1) 0.354 1.06
05D2ay 0.920 ®8+0.08 Scd 2.75 0.87(0.839) -21.69 2.85 4.90 D 3(0) 0.838 0.76
07D2ag 0.250 () PE 2(2) 0.251 21.0
Type Il Supernovae:
04D2dc 0.185 Sbc 0.46 0.15(0.186) -19.24 1.00 0.68 B 9(20.187 0.20
08D2jh  0.220 Scd 3.71 0.36(...) -17.94 0.04 16.6 C 4(0) 220. 0.36
07D2ke 0.114 Scd 256 0.13(0.114) -19.08 0.12 16.6 PD )2(m.114

LS
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Figure 5.1 Image stamps ipdygacentered on Knobel groups containing SN la host galaxies.
SNLS SN la D, group class, and image size (box length) inedip Circles mark positions

of SNe la (white) and KO9 group members (red if matched to Cléxgayellow otherwise;

3” and % unless image size 4007, then 10 and 20 are used for clarity).
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Table 5.2 Characteristics of Group Class.

A B C D E
1. SN la hosted by C09 galaxy v v v Y
2. SN la matched to KO9 group v v/ v
3. SN la host matched to K09 group galaxy’ v v

4. All KO9 group galaxies matched to C09/

will form the basis of our primary analysis.

Classes C, D, and E are all defined by how the SNe la are assouitlkethe group,
and do not involve group properties. Class C contains two 8Nébse C09 host galaxies
are not matched to KO9 group members. These SNe la assowiditagioup based on their
spectroscopic redshift and groufiset. Neither of these C09 host galaxies have VigE.z
a requirement for KO9 group membership. SN la 08D2id is atsmaated with an Olsen
galaxy cluster, as discussed more in Chapter 6.

Class D contains the interesting case of 05D2ay. Its C09 héesxyge matched to a
K09 member galaxy. However, the spectroscopic redshif6@fZay is discrepant, and its
host dfset is large. This could conceivably be a background SN Ia wimisidentified
host. Furthermore, the SNLS spectral typing fit for 05D2ayams uncertain; it could
possibly have been a SN c.

Class E contains one SN la which does not have a C09 host, 07D¥%agith class
C, this SN la is associated with a KO9 group based on its spaxipac redshift and group
offset. SNla 07D2ag is not hostless, but falls in a masked reggain a foreground star.
This is also why neither KO9 pair member has a C09 matck2(NN,,=2). In fact, we find
no hostless SNe la associated with Knobel groups; this$atiscussed further i 5.4.

5.1.3 SNla Host Properties

Since DVO5 suggest galaxy interactions and mergers asdheaase of the radio-loudness
of their SNe la hosts, and galaxy interactions are most cammpairs and groups, here we
examine the properties of SNLS SN la parent galaxies in geswponments. We examine
whether they are élierent from other hosts in field environments, amndifferent from
other galaxies in pairs and groups. We do consider radiordgrated emission, but first we
examine the absolute magnitude, SED type, stellar masssERdbf these galaxy samples.
We also examine whether SNe la are distributed proportipnalthe radial distribution
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of light in their hosts, or show a preference for largésets indicating association with
harassed or stripped stellar populations.

Host Magnitude, Type, Mass, and SFR

We compare the normalized, cumulative distributions ofvidhabsolute magnitude, Gwyn
type, stellar mass, and SFR for galaxies and SN la hosts upgaad field environments
in Figures 5.2 and 5.3. Our sample of field galaxies includleb@senot associated with
a Knobel group, but this does not necessarily mean that treeysalated galaxies. Our
sample of group galaxies includes all pairs and groups,rdégss of how many of their
members were matched to C09 galaxies.

Since galaxies in groups are from the zCOSMOS-bright composfehe zCOSMOS
spectroscopic survey, the field galaxies plotted in thesgdigare only those with spec-
troscopic redshifts. All field galaxies from C09 are also f@dtas dotted lines to show
the selection fect in the zCOSMOS-bright sample. Since brighter galaxiesraore mas-
sive, of earlier SED types, and have lower star formatioe, rthis éfect appears for every
property plotted in these figures. We do not require the SNk palaxies be covered by
zCOSMOS-bright for inclusion in the distribution of field hes This is appropriate be-
cause we also include class C and D SNe la in the distribufignomp hosts — which were
not directly associated with a KO9 member galaxy and do ne¢ spectroscopic redshifts
from zCOSMOS-bright.

We use the Kolmogorov-Smirnov test to assess the probathiit SN la hosts in groups
are consistent with being drawn from the population of SNdst&in the field, and from the
population of galaxies in groups. We show the KS test stesif and P on every plot, and
find all are P> 0.05, indicating consistency between the samples. This isistamt with
the general conclusions of Navasardyan et al. (2001); tlseyfimd the blue luminosity of
SN la hosts in isolated pairs is higher than in isolated gataand galaxy groups. Although
we cannot make a similar comparison with our sample, we fiatttie two SN la hosts
in pairs, 07D2ec and 08D2ad, are both in blue, late-type)(8odts. Also, the host of
08D2ad has the highest SFR of all by a factor of two. Howevéh wnly two SNela in
pairs, we cannot draw any definitive conclusions.

Host Radio and IR Emission

In Chapter 4 we discussed radio and infrared properties ofSS8IN la hosts, and consid-
ered the postulate of Della Valle et al. (2005) that galaxygees and interactions could be
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Table 5.3 Percentage of Galaxies with Radio/antR Emission

PercentDetected
Sample Radio Infrared
Galaxies Groups &1 8+1
Field 5+1 8+1
SNlaHosts Groups 1414 29+ 20
Field 50+ 35 25+25

aUncertainties are simply VN in the numerator.

the root cause of the radio emission in radio-loud SN la hdsiist, we check whether a
higher fraction of Knobel group members have radio/antR emission than field galax-
ies. For this comparison, we limit the samples t& 2.6 for better completeness of the
radio catalog, and to galaxies and SN la hosts with spedpascedshifts only (the set
from which all group members are drawn). We find the fractioingalaxies with radio and
infrared emission is the same in field and group environmastshown in Table 5.3.

Is this true also for the fractions of SN la hosts with radiol &R emission? We find
that of the nine = 0.6 SN la hosts in D2 with radio ayat IR, four are in galaxy groups:
07D2ec, 08D2iq, 04D2bt, and 08D2id (see Table 4.1). We fiedrdction of SN la hosts
with IR emission is the same in both field and group envirortsyeas shown in Table 5.3.
From the results in this table, it appears that SN la hostsatrenore likely to show radio
emission in group environments, as the two fractions algtagree to within &r. However,
this is based on very few supernovae. If we consider onlyspaie find the fraction of
SN Ia hosts with radio emission is equivalent in pair and fexigironments, though still
with large uncertainties. Based on these data, group mempelses not appear to make a
galaxy, whether it hosts a SN la or not, more likely to showaahdor infrared emission.

These data in Table 5.3 do clearly show that the fraction ofeSihbsts with radio or
IR emission is significantly higher than for the general dapon of galaxies. This may
simply be because SNe la follow mass, and so does radio andidgien. The next logical
step is to test whether the radio and IR luminosity distidng for SN la host galaxies are
similar to those of the general population of galaxies. Tdahds, we extend our sample
of galaxies to z< 1.0, and plot these distributions in Figure 5.4. Small numbatistics
dominate. We can only apply the KS test to the IR distribyteomd conclude that the dis-
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tributions of radio and IR luminosities for SN la hosts inibgtoup and field environments
are consistent with the general population of galaxies.

Host Offset

Since SN la rates are, to first order, proportional to masgsrdtial distribution of SNe la
should be the same as the radial distribution of host light. @&xample, half of all SNe la
should occur within the “half-light” or “Bective” radius R, the radius encompassing half
of a galaxy’s total light. Since the C09 catalog contains xjaR., and we know the host
offset for each SNLS SN ladg, we can calculate the relative hosiset Ryn/Re. Although
we do not take galaxy inclination into account, sifcehthe SN la host fiset and galaxy
effective radius are in projection, this is still a useful commgan.

Figure 5.5 compares the distribution of relative hd&$ets for SNe la in field and group
galaxies. We can see that50% of SNe la do occur withir 1 R.. If SNela in a given
population show a preference for largésets, it could indicate an association with harassed
or stripped stellar populations. Although the distribatif relative dfsets for SN la hosts
in groups in Figure 5.5 isuggestivef such a trend, the Kolmogorov-Smirnov test results
cannot rule out the null hypothesis that they are drawn frieensame distribution. This is
similar to the findings of Navasardyan et al. (2001).

5.1.4 SNellin Groups

Although spectroscopic follow-up for the SNLS was cargfulesigned to prioritize su-
pernovae likely to be of Type la, some type Il SNe were spsctipically confirmed. Of
the 15 in D2, we match 11 with a host from the C09 galaxy catalsgng the matching
procedure described §3.2). Of the 11, three are associated with Knobel galaxymggou
Image stamps for these SN I are given in Figure 5.6, and theynaluded at the bottom
of Table 5.1.

As SNe Il are fainter than SNe la, the three SNe Il are all withk 0.4. Also, as SNelll
are associated with young stellar populations, their hasjuite diferent from those of
SNela. All three SNe Il are from bright late-type galaxiego tof which have quite high
specific star formation rates. No SN Il host is associateld avitadio or IR source. Itis very
rare for core collapse SNe to be observed in early-type gadakutif we had seen a SN I
in an early-type group member, this would be indicative @f levels of star formation in
an otherwise quiescent-looking galaxy.

The rate ratio between SNell and SNe la has been determingel+o4.5 by several
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Figure 5.6 Image stamps indzacentered on Knobel groups containing SN Il host galaxies.
SNLS SN Ia ID, group class, and image size (box length) ineftp Circles mark positions

of SNe Il (white) and KO9 group members (red if matched to CO&gayellow otherwise;
3”and 3’unless image size400’, then 10'and 20for clarity).

Table 5.4 Observed Number Ratio of SN la to SN Il in Group anttRfer z < 0.4).

Sample N/N, Ratid
Group 43=13+10
Field §8=10+05
With spec-z galaxies only:
Group 33=10+0.8
Field 23=07+0.6

awith + vN uncertainties.

experiments (Mannucci et al. 2005; Bazin et al. 2009). We sarthis to make an estima-
tion of how many SNe Il we expect in groups, based on the numb8Ne la. We see six
SNe la with z< 0.4 in groups and pairs; four of these are in late-type galaxidésis we
would expect to see 18-27 SNe Il in Knobel groups of 2 0.4. This discrepancy exists
because SNLS did a very good job at only using spectroscopéetb follow up on likely
SNe la (Sullivan et al. 2006b). It is also why Bazin et al. (20p8rformed a “deferred”
search for SNell in the CFHTLS Deep exposures, independaheddNLS.

Since this SNLS sample of SNell is very spectroscopicalgomplete, we cannot
include them in the rates analysis of the follow sectionsvdfassume that detectioffie
ciencies are equivalent in both group and field environmerstseasonable assumption —
we can test whether the number ratio of SNe la to SNe /Ny, is the same in group and
field environments. These number ratios are given in Taldle We find the N,/N,, ratio
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appears to be higher in groups than in the field. This is alsc#se when we limit both
samples to only galaxies with spectroscopic redshiftscivis a more appropriate com-
parison because K09 is derived from the spectroscopic ifedahvey. While thissuggests
theremaybe a factor other than SFRfacting the supernova rate in group environments,
all uncertainties are50% or higher and the group and field ratios remain within 1

As previously mentioned, only a lucky few SNe Il are speatogscally confirmed dur-
ing SNLS follow-up. However, the SNLS database containsyedetected transient, with
undficial photometric classifications. SNe Il are the most commype of supernova, so
most of the transients classified as “likely to be supernbvaaut rejected for follow-up
— are SNelll. Some will also be SNeth and an small number will be missed SNe la. As
a final test we derive the YN, ratio treating all SNLS transients which look like SN,
but lack spectroscopic follow-up, as if they are SN Il. Wecasaste these SN with a host
galaxy as i§ 3.2, and then impose,z: < 0.4. We only associate a few with groups, one
of which (the only “SN I3c?” type) is a very tenuous association: it is in Group Class E
(no host identified) and has the maximurgd® = 1.10. These new “SNe ll” lower the
group Na/Nj to ~ 0.8. The remainder of these SNelll are in field galaxies, whiglels
the field Na/N, ratio by a factor of~ 8 to ~ 0.12. If we limit to the sample of galaxies
with spectroscopic redshifts only, very similar ratios egeovered. This supports a higher
Nja/Ny ratio in groups than in the field, as we find with the spectrpgmily classified
SNe ll. However, since the group N, ratio uncertainty is large, these field ratios are
still within ~ 1o of the group ratio.

5.2 SNla Rates

Here we consider the SN la rates in KO9 galaxy groups, andssgeether any evidence
for an enhancement in pairs or groups is found in the SNLS kanhp the previous and
next chapter, we limit the sample for primary analysis t0@6, SNLS-2006, and galaxies
of SED type ESO. Since we are limited here to a single CFHTLS Deep field, \Waxre
these constraints and considekz1.0, SNLS-2008, and galaxies of all SED types. We
then consider the limiting scenario §5.2.2. We attempt to correct for incompleteness in
the sample of group galaxies from the C09 photometric catal§&.2.3. We also consider
the rates in the densest and most massive groups, and anthogataxies in groups, in
§5.2.4and 5.2.5. 1§ 5.2.6 we provide a summary of our SN la group rates.
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1) (2) 3 4) )
Class #SNI&®  Mass (Numbef) sSNR,2Y  Ratic*®
PA 1(064%%3 3314 (545) 0031f§;§% 0.282f§;§§§
PA & PB 2(127;2);gg 3903 (628) 0353&8;88g 0.4828%%9
A 3 (246238 3806 (517)  QLOL:9%% 091605
A&B 6 (4.37+250 7157 (928)  0955%% 0.85703%
PA,PB,A &B  8(5647¢) 11060 (1556) ®8Lope 0729733
Field 64 (7908'1L17) 122116 (57489) Q11901

aUncertainties are derived from Poisson errors at thednfidence level, as in Gehrels (1986).

bBrackets contain number of SNe la corrected for SNLS detectficiencies as ir§ 3.2 to be the number
which exploded per year of SNLS observations.

®Mass units are 18 M,; brackets contain number of galaxies in class sample.
dSNuM = SN (100 yry* (109 M)t
®Ratio between rates in group and field.

5.2.1 SNla Rates in the General Sample

We use the same method for calculating SN la rate in group lesmp presented for radio
and IR galaxies in Chapter 4, the relevant equations andblari@efinitions for which
were given in§ 3.2. In Table 5.5 we present the relevant data for each grtags,cor
combination of group classes, and for the field sample (dbg@s not associated with a
K09 group). Column 2 contains the number of SNe la observeggl, &hd in brackets the
corrected SN la frequency (after the application of the exdron factor C as detailed in
§ 3.2), quoted with Poisson uncertainties at thecbnfidence level from Gehrels (1986).

Column 3 contains the amount of mass in each sample, and ikdisathe number
of galaxies. Column 4 contains the SN la rate calculated framakon 3.3 of Chapter
3, in the commonly used “supernovae unit” SNuM, equal to amgesova per century
per 13° M,. Poisson uncertainties on the rates are propagated as ineCt3amnd do
not include uncertainty in galaxy masses. Column 5 contaiasdtio of the rate in a given
class over the rate in field galaxies, also with Poisson taicgies propagated from column
4.

The SN la rate per unit mass in pairs (group class PA, and PA &dpBgars to be
a factor of 3-5 lower than the rate in field galaxies; howewath such small number
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statistics, this is within & of a ratio equal to one. Navasardyan et al. (2001) find the rate
in pairs to be~ 1.45 higher than the SNe la rate per unit mass from C99 (but wiltxin.

Due to small number statistics, our rate ratio between @aicsfield galaxies ot 0.5 is

also within 2r of Navasardyan’s- 1.45 enhancement. This means their results for the rate
of SNe la in pairs could be hiding in our small number statssti

The SN la rate per unit mass in groups (group class A, and A & Bbrssistent with
the rate in field galaxies, as is the combination of pairs aods together (PA, PB, A,&

B). Navasardyan et al. also find the rate in groups to be statiistequivalent to the SN la
rate from C99.

Recall there are two SNe la in group class C: 08D2id and 05D2hwe kdd these to
the 6 SNela in group class A & B, the resulting specific SN la im@124'5352 SNuM, a
ratio of 1122337 over the field rate and withind.of a null result. Recall, however, that
group C contains SNe la hosted by C09 galaxies which were ntafhwa to a KO9 group
member. Due in part to incompleteness in the Lilly et al. @0pectroscopic catalog, this
set of galaxies in groups is not complete.§l5.2.3 below we attempt to compile a more
complete sample.

Finally, adding in class D SN la 05D2ay atz0.92 results in a specific SN la rate of
0.177°308 SNuM, and a rate ratio of. 3983283 which is only slightly> 1o from a ratio of
1. This result is actually even less significant that thatalbee since §(z > 0.8) = 0.3,
05D2ay has fectively contributed 3 SNe la to that rate. Also, as mentibme§ 5.1.2,

05D2ay might be a background SN la with a misidentified hastight be a SN Ic.

5.2.2 Rates in Conservative Samples

For our SN la group rates in the preceding section, we haegedIthe catalog limitations
we impose in other chapters. In this section, we limit thelcgis in a variety of ways, to
account for various incompleteness and detecttticiencies of the combined data cata-
logs.

First, we consider the fact that all group members are chivseenthe sample of galax-
ies with spectroscopic redshifts, but in the above analysisfield sample includedll
galaxies. We instead derive the field rate based only on galaxith spectroscopic red-
shifts. We present the SN la rate ratio between groups antintited field sample for a
representative set of group classes in Table 5.6. We findXHa &te per unit mass in field
galaxies with spectroscopic redshifts is lower than, btiivilo of, the previously derived
field rate in Table 5.5. Although this increases the SN la rati®s, all remain consistent
with the null result.
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Table 5.6 Limiting Field Sample to Galaxies with Spectrgecdredshifts

Group Class #SNefa sSNR;? Ratid
PA & PB 2 (127187 0.0530970 0.7051901

0.82 —-0.034 -0.523
A&B 6 (4.37°2%) 009509 1 2531008
Field 7 (elotg;gg) 0.076fg:8‘2%

aAs in Table 5.5.

Now we consider the results if, as in other chapters, we louitanalysis to SNLS-
2006 and z 0.6 where the detectionfigciencies are more uniform (thereby reducing our
reliance on the correction factor), and to galaxies of aer&ED types. We will do this
for our largest sample of SNe la in groups, classes A & B costhirLimiting the A & B
sample to SNLS-2006 yields nearly identical results. Limgito z< 0.6 increases the rate
ratio slightly to 1241587 and imposing both limitations increases it t638:17. Both
are suggestive of an enhancement, but actually withiofla null result.

Limiting to all early-type (E£S0) galaxies drops the field rate only bipalf (consistent
with the rate in all early-type galaxies from Chapter 4). For original sample of SNLS-
2008 and z 1.0, the rate in early-type group galaxies is nearly identicdahe field rate.
Imposing the limitations of SNLS-2006 and<z0.6 appears to show an enhanced rate in
groups of~ 2.5x, but all ratios remain within& of the null result. In general, we find that
by tightening our constraints on the sample, our main canchs are not altered.

The redshift distributions of SNLS SNe la, Coupon galaxiesl kinobel groups were
compared in Figure 3.7 ¢f3.6. There, we noted that the C09 galaxies and the K09 groups
have diterent redshift distributions, and that this is a combingeat of completeness and
the formation and evolution of groups over redshift. In tigh this incompleteness, our
SN la rates in groups are still valid because they are ngagesunit mass Any missing
groups, and their SNe la, will simply be included in the fieldf course this fiects our
field rate, but since the field is a much bigger sample, ffeceis small. (We address the
issue of individual group galaxies missing from the Knobatiatog due to spectroscopic
redshift incompleteness in the next section).

To ensure a possible change in group completeness ovelftegistot a problem, we
have recalculated the SN la rate per unit mass with SNLS-2008ree redshift ranges:
low 0.1 < z < 0.3, intermediate @ < z < 0.6, and high 07 < z < 0.9. These are reported
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Table 5.7 Redshift Binned SN la Rates in Knobel Galaxy Groups

Redshift Bin  Group Class # SNélla SSNR,? Ratid
01<z<03 PA&PB 1(064758)  0.31759725 3.0307575;

187 0352 5495
A & B 2(1.27535 0.179° )77 1714754
Field 6(38277c) 0105000 ...
04<z<06 PA&PB  1(0647.) 015603 133530
Aé&B 1(0.647,5) 0073080 0.623 ¢35

Field 21 (1336389 0.117:3%!

2.89

07<z<09 PA&PB  0(0Q007%)  0.000°2%% 0000790

A&B  1(1.19%7)  010002% 061475
Field  21(4234735°) 016250 ...

aAs in Table 5.5.

for pairs and groups in Table 5.7. In such small redshift bins uncertainties are large
and, although we see a trend of rate enhancement to defititimateasing redshift, this

is not statistically significant. At low redshifts, smallgroups are more easily found; an
enhanced SN la rate in small groups may fit with the postulbenbanced SN Ia rates in
merging systems (as discussed in Chapter 4). Small grougl rzdocities are lower, and

their galaxies are more likely to be undergoing mergers.

5.2.3 Rates with Improved Completeness

Knobel et al. (2009) apply their methods to mock catalogsfarttitheir group sample to
have remarkably high levels of completeness and purityarade 80% for both. However,
since based on the sample of galaxies with spectroscosbifex) they cannot escape from
the spectroscopic sampling and redshift success rategataacross the zCOSMOS field
(Lilly et al. 2009). Some of the mass in groups is surely migdrom our rates calcula-
tions. In the last section, we attempted to avoid tifeats of catalog incompleteness on
our rates by limiting our samples to regions of constant detepess levels.

In this section, we attempt to identify the undetected ga&in groups so we can
include them in our analysis. We find that, unfortunatelyyenof the other group parame-
ters such as number of members, dynamical mass, or veldsjigmion correspond well
enough with optical (stellar) mass to be used as a proxy. Weidered using the mean
group mass as a function of group richness, but this has damtach scatter to be useful.
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However, these methods would only have added mass to th@graot specific galax-
ies, and thus not added any more SNe la which may have explodbdt mass. Instead
we attempt to improve completeness in two ways: limitinghte tegion of highest spec-
troscopic completeness of the zZCOSMOS survey, and assaredditional galaxies with
groups using C09 photometric redshifts.

First we consider only groups within the area boundedrby 150 + 0.4° andé =
2.15°+0.4°, the region containing maximum spectroscopic complete(igdy et al. 2009;
Knobel et al. 2009). This lowers the number of SNe la in alugrolasses, and although it
also lowers the rates slightly, all ratios remain within &f the null result (true also for all
limitations to samples described§rb.2.2).

Second, and as a last resort for recovering galaxies, wetautime C09 photometric
redshift catalog and include any galaxy withi@,n, = 0.03 (~ 1o from § 3.2), and with
a separatiorx 0.9 Ryoyp The separation limit is slightly generous consideringdvely
< 0.8 Ryroup the relation between the number of galaxies added per redit(@ae. NxR2)
and Ryoyp Starts to flatten out (indicating most added galaxies agtbalong to the field).
Although this will increase our completeness of galaxiegroups, it comes at the expense
of group sample purity because it introduces interlopers.

This method increases the total mass in groups-ky5x. To the sample including
group classes A, B, & C, it adds 2 additional SNe la hosted byxgedavhich were not
originally associated with Knobel groups: 05D2dw and 04[RZhmis yields a SN la rate
in groups of 0149:5:3% SNuM, a ratio of 1350569 over the field rate. Note that we have
not removed these additional group galaxies from the field use the same field rate from
Table 5.5 for all ratios. This remains consistent with thé result at the 1 level. This
is true also for all limitations described {n5.2.2, except for SNLS-2006 with 1.0, in
which the ratio increases to almost two but remains witlaro2the null result.

5.2.4 Rates in Extreme Group Environments

In this section, we identify samples of the most massive agnkest groups, and test
whether any influence on the SN Ia rate per unit mass is déledtathese extreme group
environments. For this we use twdi@irent qualifiers. First, we use an approximation to the
group mass density,|2 This is the total mass in group members divided by an appraxi
tion of physical group volume: y/= 37R3, where R is the physical distance to the furthest
member. Second, we use the group dynamical mass from Knobél €009), My, to
identify the most massive groups.q)¥ equals the dynamical mass they calt e Which
they derive from velocity dispersion and group radius, aaibrated to mock catalogs. As
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Figure 5.7 Normalized cumulative distribution of group maensity [y (top) and dy-
namical mass M, (bottom) for galaxies in groups (red) and pairs (purple)stibutions
for SN la hosts have filled circles. Dotted and dashed linek e 50% and 25% most
dens¢gmassive groups and pairs. SN la names and group classestackifi descending
order. KS-test results displayed at lower right corner.
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we are only interested in the most massive groups, for ougraxients with My, we omit
the pairs.

The normalized cumulative distributions of,fand My, for groups and pairs of galax-
ies are given in Figure 5.7. The distributions of groups amdsphosting SNe la are shown
with solid circles. Although the distributionfisets for [; suggest SNe la prefer groups
and pairs of lower mass density, the KS test results (in pgghds) show this is statistically
insignificant. This is true also for j.

The dashed and dotted lines of Figure 5.7 confine the top 5@Pto@25% most dense
and most massive groups respectively. If we constrain aaptato the group class A &
B, or the PA, PB, A, & B sets, we find the specific SN la rates in treegezme, limited
samples are slightly lower than, but still consistent wilie field rate. Since the SNe la in
groups in the top 25% bin have a group class of C, we also denigéeancluding them,
and find it is slightly higher, but again, consistent with fiedd rate.

Recall that group class C means their hosts belong to the gibgulof galaxies which
can only be associated with groups through their photomegdshift (but the SNe la are
associated through their spectroscopic redshifts). Asudsed previously, rates including
SNe la in group class C should include the mass of this papualandany SNe la hosted
by that population, because of the inclusion of interlogataxies. If we add these galaxies
to the sample (which adds no new SNe la to the top 50% and 258}, e find the SN la
rates in the densest and most massive groups dréx the field rate, but within & of it
also. This is due mainly to the small number of SNe la in exegmoup environments.

5.2.5 Ratesin Radio and IR Group Members

In § 5.1.3 we presented the 4 SN la group hosts with radigaandfrared emission. We
found the fraction of galaxies showing radio amdnfrared emission was the same in both
group and field environments, and that this was also true forashosts. Here we test
whether the SN la rate per unit mass in radio and infraredkgedas the same in both the
group and field environments.

To do this, we limit our experiment to galaxies showing raaionfrared emission (of
any strength, without limiting to radio-loud as in Chapter @d calculate the SN la rate
per unit mass in group and field environments. Results for epoasentative group classes
(PA & PB, and A & B) are shown in Table 5.8. These radio and infildffeld rates are
not equivalent to those quoted in Chapter 4 because the gdialitations are much less
restrictive here (z 1.0, SNLS-2008, and galaxies of all SED types).

Although the SN la rates in radio group members appe@x the rate in radio field
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Table 5.8 SN la Rates in Radio and IR Members of Knobel Galaxy@o

Sample Group Class # SNéla sSNRg? Ratid
Radio PA&PB 1(06414% 0.167938 286658

059 DlonaiR S ae
A & B 1(1.19%59) 0164773 2.816 545
Field 5(373'229) 0.0587932

Infrared PA & PB 1(%4%5? 0.235j§§§;1 3.3625;3%%
A&B  2(1.822%) 0432057 6183913

Field 5(3732%) 0.070:09%

aAs in Table 5.5.

galaxies, they are withindl of it, and also within & of the original SN la group rates in
Table 5.5. This is true whether or not we limit to the radiadagalaxies or simply use
all radio galaxies. The SN la rates in IR group members appéeat the rate in IR field
galaxies. For pairs (PA & PB) this is consistent with the nefult at the & level, and for
groups (A & B) at the & level.

In § 5.2.2 we limited the field sample to galaxies with spectrpgcoedshifts, since
the Knobel group catalog was built from them. We do this ageiw. The SN la rate
in field radio galaxies increases ta209°32%93 SNuM, and drops the group-to-field ratio
to ~ 0.8. The rate in field IR galaxies drops slightly t081'0529 SNuM, increasing
the ratios slightly. These experiments suggest the coivaldetween SN la rate and IR
emission may be enhanced by group membership, but that arglaton between SN la
rate and radio emission may not iéegted by group environments. However, due to large

uncertainties from very small numbers, these results mrestatistically inconclusive.

5.2.6 Rates Summary

In Chapter 4, we found the SNe la in early-type radio-loud xjelhave stretch values
which indicate a likely association with a young or internagel age stellar population.
In Table 5.1 we list the stretch values of SNLS SNe la in grouddsbut SN la 05D2mp

(host SED type Scd) have a stretch value within df the distribution established for
the “delayed” component, indicating a likely associatiathvan older stellar populations
(Howell et al. 2007). This is true for SNe la in early- and {atpe hosts in group, and is
not surprising because both types have old stellar populsti Unlike in Chapter 4, for
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SNe la in galaxy groups the stretch values are completelgistamt with expectations.

In general the SN la rate per unit mass in pairs and groupsaappe be consistent
with the field rate, albeit with large uncertainties from dmamber statistics. How large a
possible &ect could be hiding in our data? At the-8onfidence level, in pairs and groups
we can rule out 8 rate enhancements if we use our largest samples includih& 908,

z < 1.0, and all SED types of galaxies. If we combine pairs and gsanopgroup class
PA, PB, A, & B, we can rule out ax2enhancement at ther3confidence level. In all such
cases, a rate ratio of 0 is consistent atth8o level, so we cannot constrain any possible
rate deficits with this sample. If we limit to more conservatsamples of SNLS-2006 and
z < 1.0 for group class PA, PB, A, & B, we can only rule out:a dnhancement at thes3
confidence level.

5.3 Comparison to Predictions of the “A+B” Model

As a final test of whether the SN la rate in galaxy groups is @nfted solely by progenitor
evolution, and not by other environmentdfeets, we statistically compare the observed
number of SNe la in galaxy groups to predictions of the twoyponent “A+B” model. The
method of determining the summed Poisson probabiligyPis explained in Chapter 3.
The values derived for this statistical assessment ar@ giv&able 5.9. Column 2 lists the
number of SNe la observed in each group classs KColumn 3 lists the number of SNe la,
Na.g, predicted by “A-B” over the survey’s duration, in each group class. In columve4
list Psym, the probability of having observed,d SNe la given M,g were predicted by the
“A+B” model. For this test we consider values @)} < 0.05 as statistically significant.

In all cases, the “AB” model predictions are completely consistent with obstoves
of SNela in galaxy pairs and groups, as shown in Table 5.9revhk values of Bym
are greater than 0.05. As in Graham et al. (2010), we repdai®éxperiment including
infrared-derived star formation rates instead of opticeis assesses the contribution of
dust-obscured SFR to the “B” component of the predicted numb8Ne la. However, we
found an insfficient number of group members have IR luminosities largeighao alter
the results.

5.4 Summary

We make one final analysis prior to concluding. McGee & Bal@f Q) find that, of their
59 SNe lain low redshift (A < z < 0.2) groups from the Sloan Digital Sky Survey, 19 have
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Table 5.9 SNe la in Knobel Galaxy Groups and the-BX Model

(1) (2) k) 4
Class # SNe Fﬁ) NA+BC PSUMd
PA 1 190 043
PA & PB 2 216 0.63
A 3 211 0.35
A&B 6 3.97 0.21
PA, PB, A, &B 8 6.13 0.27
Field 64 66.47 0.41

aUncertainties are derived from Poisson errors at thednfidence level, as in Gehrels (1986).

bBrackets contain number of SNe la corrected for SNLS detectficiencies as ir§ 3.2 to be the number
which exploded per year of SNLS observations.

®Number of SNe la expected in group class from+ & rate model.
dSummed Poisson probability as described B2.

no apparent host. We, on the other hand, have found no h®8Ms la in groups. Is this
surprising? Based on the fraction of hostless SNe la from Mc&8alogh, and the fact
that we found 12 hosted SNe la in Knobel groups, we should fawed 3.86 additional
hostless SNe la. The probability of finding zero is very low;-F.02. Since they were
working with SDSS at lower redshift, their galaxy catalogriere complete+{ 95% at
Mgr ~ -15 to -16), and 3.86 is probably a lower limit to the numbeSdfe la we should
expect to find apparently hostless. However, for their aialiyicGee & Balogh (2010)
actually only used groups of halo masssML0'3. Making the same cut leaves us with just
6 SNe la in similarly massive groups, as shown in Figure 5d,so we would expect an
additional 1.9 hostless SNe la in such groups. The fact tkadee none has a probability
of P ~ 0.15, which is low, but not statistically significant.

In summary, we draw three main conclusions from the preceekperiment. One, the
properties of SN la hosts in groups are not significantifedent from those of the field
hosts. Two, the specific rates of SNe la in groups are stalticonsistent with the rates
in the field, and that this is true for a wide variety of host gnolup characteristics. Three,
the number of SNe la observed to be associated with groupatistally consistent with
expectations of the two-component+8” SN la rate model. The biggest drawback of this
experiment is that the Knobel group catalog covers only CFSID2. Small numbers of
SNe la associated with groups results in large statistinaédainties. In Chapter 7, we
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parametrize clustering strength in the environments of I8Ne better assess the influence
of small scale clustering — such as galaxy groups — on SNéa.rat
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Chapter 6
Hosts in Galaxy Clusters

The volumetric SN la rate in rich galaxy clusters is highearthn the field due to the

concentration of stellar mass, which makes galaxy clusteiseful target for high redshift
supernova studies (Dawson et al. 2009). Galaxy clustera@iknown to contain a high

fraction of elliptical galaxies; this phenomenon is reéerto as the morphology-density
relation (Postman & Geller 1984). Elliptical galaxies argegcent and have little to no
star formation. In combination with the two-component+B’ SN la rate model, this

indicates the SN la rate per unit mass should be lower in gat@mbers than in field

galaxies. Despite this prediction, Mannucci et al. (20@8)id a~ 3x enhancement of the
SN la rate in cluster over field ellipticals.

In this chapter, we combine the SNLS SN la data with the cgtadoich galaxy clusters
in the CFHTLS Deep fields published by Olsen et al. (2007). VK ltm confirm or
deny the presence of a SN la rate enhancement in intermaéddhift galaxy clusters.
Mannucci et al. (2008) suggest star formation in their molpgically elliptical galaxies
as the source of the rate increase. We use the star formaties for our SED-typed
galaxies, and the “AB” model empirical rate relation, to predict how many SNe la we
expect in clusters and statistically compare this with dagapvations.

The data catalogs used for this experiment were present€tiapter 3. In§ 6.1 we
present the SNLS SNe la discovered in Olsen clusterg @r2 we derive the SN la rate
in galaxy clusters, and i§ 6.3 we consider thefects of altering our data constraints.
Finally in § 6.4 we make a statistical comparison of our observationsddigtions of the
two-component “A-B” model.

Much of this chapter was published as Graham et al. (2008prdw@ments made
for this thesis include the use of the updated Coupon et aD9R€atalog of photometric
redshifts, and a short analysis of the stretch values ofal@&Ne la. In§ 6.5 we provide a
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summary of this chapter, and also discuss the current stétiigster SN la rates based on
relevant papers published by other astronomers over thévpagears.

6.1 SNLS SN la Hosts and Galaxies in Clusters

Here we explain how we identify SNLS SNe la and C09 galaxiesaadg “A’ Olsen clus-
ters, and present the properties of cluster SNLS SNe la andhbsts. Galaxies and SNe la
in clusters are identified as those witkirR, Mpc andAz < 20 x (1 + zc), where 2 is the
cluster photometric redshift. We use= 0.03 as the photometric redshift uncertainty, as
discussed ig 3.7. In our limited sample there are 56 clusters in D1-4.

Since the cluster filter used by Olsen et al. (2007) has a proith core radius =
0.133M Mpc and cut @ radius of g, = 1.33h,} Mpc, results for B = 0.2, 0.5, and 1.0
Mpc will be presented as representative. Olsen et al. (280d@)Coupon et al. (2009) use
different Terapix data releases (T0002 and TO004 respectimlythe catalogs are very
similar. Although Olsen et al. extend the bright star madkBG®02 and as a result have
an dfective area of 3.112 square degrees, this is actually Bliggss than the CO9feective
area of 3.23 square degrees. Thifatence in #ective areas i 4%, so a reasonable
estimate is that there are just 2 Olsen-like clusters in the C09 galaxy catalog whose
member galaxies we will include as part of the field poputatio

Table 6.1 presents the 15 SNLS SNe la we find associated wsdnQilusters. Image
stamps of the 12 clusters hosting these 12 SNe la are givagung5.1. As with the radio
and infrared hosts, we limit our main analysis to SNe la disoed up to and including
SNLS-2006 with z< 0.6 (top of Table 6.1), and i§ 6.3 include a discussion of relaxing
these restrictions (and the limit to Olsen clusters of gradenly).

What is the probability of these SNe la residing in interlogalaxies? Considering
here the z< 0.6 sample, the 3 SNe la with clusteffgets of B < 0.5 Mpc are probably
physically associated with the clusters. This is less oefta the 6 SNe la between 0.5
and 1.0 Mpc. From the total number of SNe la witk .6, we predict~ 1.9 SN la would
randomly appear betweennR 0.5 and R < 1.0Mpc, and+20 az/(1+2,0s)- 1€ probability
that all 6 are interlopers is only 1%, but the probability that they are all real associations
and no interlopers are observed is jus15%. As the most likely scenario is that two are
interlopers and that 4 are real associations we includef éllean in our results, but note
this will contribute to our uncertainties. Furthermoreg gpectroscopic redshift of 05D3hh
is Az > 20 x (1 + z), and would not be associated with a cluster on its own,stltrough
its host whose #,: makes it a cluster member galaxy. Though likely to be anlioper, as
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Table 6.1 Properties of Cluster SNLS SNe la and their HostxXgzda

SN la SN la SN la Host Host Host Cluster Cluster
SNLSID  Zpec Stretch SED N Offset  Zpot Offset
SIFTO ['] [Mpc]
0O3Dlax 0496 ®3+001 ESO -235 1.99 0.47 0.064
05D3mg 0.246 ®1+003 ESO -21.6 4.64 0.27 0.081
06D1kg 0.320 - Sbc -20.7 1.82 0.27 0.195
05D1by 0.299 102+003 Sbc -21.3 0.73 0.27 0.574
04D1pg 0.515 10+002 Sbc -19.7 0.22 0.50 0.520
06D4bo 0552 D9+002 Scd -20.4 1.37 0.56 0.912
06D1kf  0.561 e Scd -17.7 0.69 0.50 0.886
04D2mj 0.513 15+003 Scd -20.2 0.23 0.49 0.802
05D3lb  0.647 104+0.02 Irr -19.0 0.07 0.60 0.959
SNe la found post-2006 or in clusters wih- 0.6.
05D3hh  0.766 D6+0.05 ESO -20.6 0.09 0.63 0.418
07D2kh  0.731 . 0 -23.0 2.34 0.67 0.885
04Dz2al 0.836 B7+011 Sbc -19.9 0.86 0.82 0.833
05D2ct 0.734 D4+005 Scd -20.6 0.56 0.82 0.794
08D2id  0.833 . Scd -21.5 1.70 0.74 0.152
07D3af  0.356 - Scd -18.6 0.12 0.28 0.602

itis z > 0.6 it does not &ect our main conclusions.

We also note that cluster SN la 08D2id%20.6) is associated spectroscopically with a
galaxy group, but that this does not necessarily mean it intenoper also. As discussed
in § 3.7, it could be in an in-falling group which will or is curréy joining the cluster.
Defining environments as groups, clusters, clustered groefg., is a gray area. This is
why we include a very general analysis of clustering in theirenments of SNela in
Chapter 7, which avoids any strict definitions such as “clisted “group”.

6.2 SN la Rates

Here we present our derived SN la rates in the field and in gathsters for a variety
of physical cluster radii: R= 0.2, 0.5, and 1.0 Mpc. We also identify a sample of field
galaxies as those which arg R1.0 Mpc andAz > 0.1 from any cluster. As in Graham et al.
(2008) and Graham et al. (2010) we restrict our analysis Eamgeveral ways. First, we
limit ourselves to SNLS SNe la detected prior to 2006 Decearbebecause up to this date
the SNLS spectroscopic analysis and typing is completeor@kave limit our redshifts to
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1141914522325

03D3my

Figure 6.1 Image stamps if,i 2.0x2.0 Mpc, centered on clusters hosting SNe la and la-
beled with cluster coordinates for identification. Small)(8ircles mark SNe la (white),
galaxy members within R< 1.0 Mpc (red) and within R < 0.5 Mpc (yellow). Black
concentric rings mark R= 0.2 Mpc and R = 0.5 Mpc.
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z < 0.6, to which redshift the SNLS SN la sample is nearly complteil( et al. 2006).
We consider theféects of extending these limitations§r6.3.

The number of SNLS SNe la observed in D1-4 prior to 2006 Dem2&dch subset,
Nobs IS Shown in Table 6.2, and in brackets the corrected SN uérecy (after the ap-
plication of the correction factor C as detailed§i8.2), quoted with Poisson uncertainties
at the - confidence level from Gehrels (1986). The amount of mass lexgs in each
subset is also given in Table 6.2. We calculate the specifia3&te in each galaxy subset,
sSNR,, via Equation 3.3. Specific SN la rates are given in Tabler6tBe commonly used
“supernovae unit” SNuM, which is equal to one supernova patury per 18 M. Ratios
of SN la rates in clusters over the rates in field galaxies laegiven in Table 6.2.

With such small number statistics from the small sample o€ &Nin clusters, sta-
tistical uncertainties dominate this calculation; sysiéos, mainly the error in galaxy
mass calculations, are likely another30%. Thus, our SN la rate in cluster galaxies of
any SED type is consistent with both the rate in early-tydexges, 0053+ 0.011SNuM
(Sullivan et al. 2006a) and the low redshift cluster raterfid/OOTS, 0098'5:353 + 0.009
SNuM (Sharon et al. 2007).

There are two factors not considered which coulée SN la detectionf&ciencies in
cluster galaxies. First, SN la detectioffiegiencies decrease in brighter hosts
(Neill et al. 2006), and the brightest galaxies are earpetySecond, the SN la detection
efficiency decreases for fainter, lower stretch SNe la, ancktfaéist SNe la occur preferen-
tially in early-type hosts (Sullivan et al. 2006a). Sincestér galaxies are predominantly
early-type, both of thesdtects dominate in clusters: the firdtext decreases the number
expected in clusters by 15%, but quantifying the second would require more detailed
completeness simulations. Bothiexts would cause us to underestimate the rate of SNe la
in clusters relative to the field.

6.2.1 SN la Rates in SO Cluster Galaxies

To avoid these féects and the morphology-density relation, we limit the ggalaample
to two subsets: all early-type galaxies, and the brightepufation of early-type galaxies
(those with M, < —23.0 like brightest cluster galaxies, BCG's). This has the addasubht
of rejecting interlopers misidentified as cluster membdrgo cluster SNe la have early-
type hosts, and the host of 03D1ax is brighter thap M —23.0. Detection éiciency
corrections are performed as described above, with therfasalts and rates presented in
Table 6.2.

Although these samples are more sensitive to the two deteefiiciency biases af-
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fecting early-type galaxies as described in the previoutiasg limiting all galaxies to
early-types minimizes éierences between the clusters and the field and results ine& mor
meaningful test. The results, although not statisticaliyniicant, aresuggestiveof the

rate enhancement in cluster over field early-type galaxsésbished by Mannucci et al.
(2008). An enhancement in BCG-like galaxies would be consistéh the findings of an
enhanced SN la rate in radio-loud elliptical galaxies (B&thlle et al. 2005), as these are
usually the brightest cluster galaxies.

In § 6.1, Table 6.1 lists the stretch values for SNe la associatddclusters. As in
Chapters 4 and 5, we test whether they are consistent withrkstwtch distributions for
the “prompt” and “delayed” components, associated withngar and older stellar popu-
lations respectively (Howell et al. 2007). The one SN la in a B&& early-type galaxy,
03Dlax, has a stretch value consistent with being drawn frentfdelayed” component.
This agrees with its host type, as do all the other cluster I8N&cept for one. SNla
05D2hh has an early-type host, but a stretch value greatsideulr- of the “delayed” dis-
tribution. However, given 3 SNe la are observed in clustelyegpe galaxies, finding 1
outside of br is not statistically significant. The probability that alirée SNe la in clus-
ter early-type galaxies are associated with the “delayedimonent is high; 0.4. SN la
04D2al has a low stretch value and a later-type host, butishmot remarkable as Sbc
galaxies have an old population. In general we find no ovelrwing evidence that cluster
SNe la are associated with a younger or intermediate adargpepulation, as would be
expected if trace amounts of star formation were the roate€dar the SN la rate enhance-
ment of Mannucci et al. (2008).

6.3 Altering the Data Constraints

Here we consider whether altering the constraints on SNLUt& dBects our results. We
try: extending our sample to the full five-year SNLS surveMIi(S-2008); extending our
redshift range to z 1.0; and including Olsen clusters with grade 'B’.

First, we extend our SN sample to SNLS-2008, and find only SOVIa3af is added
to the sample of SNe la in galaxy clusters foy K 1.0Mpc. The number of SNe la in the
field sample also increases to 132 (30 early-type), thougliighd rates remain the same.
The larger C values (Table 3.3) for SNLS-2008 decrease thks m clusters slightly, and
decreases all ratios by 0.1-0.2 (a smélket). Second, extending the SNLS-2006 sample
to z < 1.0 adds SN la 05D3hh, 04D2al, and 05D2ct to the number of SNedhsters for
R, < 1.0Mpc. The sample of field SNe la increases to 208 (51 earlg;®@arly-type with
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Table 6.2 SN la Rates ing 0.6 Early-Type Cluster Galaxies

Sample # SNe la Mass in SNla Rate Ratio
Nop? Galaxie$ Rate Over Field

[SNe] ([SNe y1]) [101°M,] [SNuM]¢

Field 104 (936637 124805 (87786) Q067001 e

Rp < 1.0 Mpc 9 (782320 10044 (4257) @045  1.0%93

R, < 0.5 Mpc 3 (251233 5986 (1629) 56'9% 0593

R, < 0.2 Mpc 3 (2514233 3548 (460) @942 0.9%92

For early-type galaxies only:

Field 25 (2127328 69594 (7087) @435 e

R, < 1.0 Mpc 2 (174223 7390 (810) @315 0.7+%2

R, < 0.5 Mpc 2 (174223 4916 (461) @W47:0082 11433

R, < 0.2 Mpc 2 (17422 3160 (208) 740057 1.7+23

For the brightest early-type galaxies only:

Field 17758 13122 (154) D083 e

R, < 1.0 Mpc 17758 1776 (23) 0058793733 7.0%33%f

Ry, < 0.5 Mpc 1(Q77553 1701 (22) 006172535  7.3+330

R, < 0.2 Mpc 1 Q7755 1516 (19) 0068 5022 8.1%383

aBrackets contain number of SNe la corrected for SNLS detedificiencies to be the number which ex-
ploded per year of SNLS observations, a§ B.2.

bUncertainties are derived from Poisson errors at thednfidence level, as in Gehrels (1986).
®Brackets contain number of galaxies in sample.
dSNuM = SN (100 yry?! (10'° M)t

My < —235), but the field rate does not change appreciably. The SNéaa#ios decrease
for all galaxy types, early-types, and especially for the Bi&&-(to ~ 2—3), and remain
consistent with the null result. The general trends in tefubm relaxing to SNLS-2008
or z< 1.0 continue if both are done simultaneously.

Finally, we consider Olsen clusters with grade 'B’, which adde SN la to our sample
for SNLS-2006, z< 0.6, and a couple more when we extend to SNLS-2008aarak 1.0.
The major diference is an increase in the amount of mass in clusters. Tmegudt is that
all cluster rates are either unchanged or lowered, andtadkrare lowered.
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Table 6.3 Summed Poisson probabilities for cluster SNerl®fc-4.

Sample Nos Nas  Psum
R, <10Mpc 9 6.60 0.22
R, <05Mpc 3 345 0.5
R, <02Mpc 3 182 0.28
For early-type galaxies only:

R, <10Mpc 2 354 031
R,<05Mpc 2 234 0.58
R, <02Mpc 2 149 044

6.4 Comparison to Predictions of the “A+B” Model

Here we statistically compare the number of SNLS SNe la e@lsn clusters to the num-
ber predicted by the two-component £8” model. Table 6.3 presents the number of
SNe la observed, }Ns, the number predicted by the two-componen#+2 model, Na,g,
and the summed Poisson probabilitiegyé?. These variables were first presented and de-
scribed in§ 3.2.

This test is done for all galaxies, and for early-type gaaxior each of our sample of
cluster redshifts. In all cases we find observations areist@mg with the two-component
SN la rate model.

In fact,> 4 SNe la would have to have been observed in early-type galaxthin R, <
0.2 Mpc of galaxy clusters>(5 for R, < 0.5 Mpc;> 7 for R, < 1.0 Mpc) for Rym < 0.05.
This constrains the SN la rate in clusters to agree with tleed@amponent model to within
a factor of two. In§ 4.3 we incorporated SFRinto the “A+B” model and Ryy, but we
find an insdficient number of cluster members are infrared bright enoadatve a similar
effect. As a final note, we find that in early-type cluster galsxibe fraction of expected
SNe la contributed by the “B” component4s5%, which is normal for our conventions of
SED types and their associated SFR.

6.5 Summary

Our results for the SNLS SN la rate in galaxy clusters at meagtiate redshiftdo not show
strong support for the rate enhancement in cluster overdeally-type galaxies established
by Mannucci et al. (2008). They are dominated by the stasiktincertainties in identifying
only a small number of cluster SNe la. They are consistemt thid SN la rate in early-type
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field galaxies, and also with predictions of the two-compamaodel. Based on our data
we can, at best, constrain the SN la rate in clusters to agtbehe two-component model
to within a factor of two.

Since this work was published in 2008, there have been twsiercatalogs generated
for the CFHTLS Deep fields based on more advanced opticakeldstection algorithms.
Were we to fully repeat this experiment, we would use theseead. First, Thanjavur et al.
(2009) published a list of galaxy clusters for the CFHTLS Wigéds, in which half the
Deep fields are encompassed. They show their method res@tsiore complete catalog
than Olsen et al. (2007), but the cluster catalogs genefaisdCFHTLS Deep field data
were not ready for distribution in time (private communica). With only 2 of 4 fields
from the Wide survey, we could not get better statistics thvanalready have with the
Olsen catalog. Secondly, Milkeraitis et al. (2010) pul@idla cluster catalog for CFHTLS
Deep fields in which they find 4x as many galaxy clusters per square degree as Olsen et
al. (2007); unfortunately this appeared too late to incaxfoit in this thesis.

Several notable attempts to characterize any relationgdeet galaxy clustering and
SNe la have been published since Graham et al. (2008). Cqebai. (2008) applied the
cross-correlation technique to SNLS SN la host galaxied,fannd they are significantly
more clustered than field galaxies, but that the correlatigmal is well matched to a sample
of field galaxies weighted by mass and SFR (i.e. theBAmodel). Cooper et al. (2009)
found the local environments of red SN la hosts (i.e. clustigoticals) from the SDSS-
Il supernova survey do not show a preference for over-dessitHowever, Dilday et al.
(2010) also use the SDSS-II SN survey data set, and foundNHa &te ratio between
cluster and field early-type galaxies tob&-3 at the- 20 level. They also found minimal
evolution in the SN la cluster rate over redshift. Most relgerBarbary et al. (2010)
presented preliminary results of the HST cluster surveyv$m et al. 2009). They found
the SN la rate in z= 0.9 clusters was marginally higher than at low redshift (at<h2o
level, private communication), and is currently consistwith several theoretical delay
time distributions for SNe la.

Clearly the SN la rate in galaxy clusters remains a hot topiar i@volvement in this
field has not ended with Graham et al. (2008). In Chapter 7 wa s&&istical parametriza-
tion of environment density to test whether SN la hosts preligstered regions without
relying on any catalogs using specific definitions of clust@nd groups; a similar, less
sophisticated version of this was also presented in Grahah €2008). In Appendix A
we present the CFHT Multi-Epoch Nearby Cluster survey, thgelstrlow redshift cluster
survey for SNe la yet attempted, and discuss our role in tlogegt.
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Chapter 7

Parametrization of Clustering in Parent
Galaxy Environments

In Chapters 5 and 6 we used CFHTLS Deep field group and clus@ogatfrom the lit-
erature to assess whether the SN la rate per unit mass isnoéidey clustering in the
environment of parent galaxies. Here, instead of relyinghmse catalogs, we use two
clustering-strength parameters to identify galaxies ieroand under-dense environments.
The first is a measure of the excess, or deficit, of galaxiesregan compared to the
background distribution. 1§ 7.1 we introduce and refine this parameter, and apply a vari-
ety of statistical tests to determine whether the specifi¢éeSfdte is diferent in clustered
environments. I§ 7.2 we use this parameter to test whether the specific SNdasrdtter-
ent in under-dense and void environments. The second psgameasures, for any given
galaxy, the summed probability that its on-sky neighboesvaithin 500 knfs, which is the
typical velocity dispersion of galaxy groups and clusténs§ 7.3 we introduce this second
parameter and apply it in a similar fashion to the first.

The advantage of these parametrizations is that a stristesldefinition is avoided, and
any desired scale of clustering can be explored by altenaghysical environment radius,
R,. We use them to explore a larger parameter space and look¥voement diferences,
on many size scales, between SN la host galaxies and theagipopulation. In principle,
with some training and calibration, one could use thesempaters to find groups and clus-
ters. The disadvantage of using these parameters is tlyatdereviously undocumented
ways to measure clustering around a galaxy, and requiréetetiescriptions and a careful
assessment of their value prior to their application. Givenimportance and current rele-
vance of constraining environmentdferts on SNe la discussed in Chapter 6, we think it
warranted.
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7.1 Environment Significance

In this section we introduce the clustering parameter oirenment significance;, start-

ing with the version used in Graham et al. (2008%iA.1.1. We refine this parameter to a
probability-based significancg, verify it is appropriate for our tasks, and use it to assess
the environments of SNe la $7.1.2-7.1.4.

7.1.1 Simple Environment Significance

The simple environment significance paramefequantifies the statistical significance of
finding Ne neighbor galaxies in the volume around a galaxy or SN la,rgthe number
expected from the background distribution:

s Ng — NF(AE/AF).
VNe(Ae/AR)

For our purposes, this volume around a galaxy is a cylindateced on the galaxy or SN la
of interest, with physical radius Rn Mpc, and redshift depthoa,1+,. The number
expected from the background distribution is the total nendd galaxies withintoaz/(1+2)
in all fields, times the ratio of environment area to totaltfistea: M(Ag/Af). Environment
area is A& = nr?> square degrees, where r is the angular radius of the env@einconverted
from R,. The field area is A= 3.23 square degrees after accounting for foreground star
masks (Coupon et al. 2009). Since N computed at the same redshift as the object being
studied, incompleteness at high redshift is automaticaippensated for.

The advantage of this parametrization is that a strict eludgfinition is avoided — any
desired scale of clustering can be explored by altering tver@ment radius R This
parameter was used in Graham et al. (2008) to show that teeatmalaxy environments of
SNLS SNe la had the same distributiortds the general population of galaxies. However,
¥ has several flaws which can be improved.

First, the volume depth ofoy, 1.2 represents the uncertainties in photometric red-
shifts, but can not capitalize on the relatively tiny spestopic redshift uncertainties pro-
vided by VLT coverage of D1 and D2. Second, if a galaxy has temmbors within
Oaz/(1+2) and Q1 X 0 az147) respectively, each results ineN= Ng + 1. Instead of adding
1, we would prefer to add some value proportional to the griathat the two galaxies
are actually associated. We incorporate these qualitiesnaw, probabilistic version of
environment significance presented§ii.1.2.

One final drawback of such environmental parametrizatiotist galaxies at the bound-

(7.1)
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Figure 7.1 A map of D1 galaxies (yellow) showing the maskejiores (blue) and galaxies
identified at the boundaries (red). Both axes are in decingreds.



92

aries of the field, and near masked regions around foregrstansl, will have an artificially
low Ne. We fix this by identifying boundary galaxies as those withig 20’ of a raw
C09 catalog galaxy with Terapix flag, as shown in Figure 7.1 for D1 as an example.
(The Terapix flag4 indicates the source is on a masked region). We omit them énar
galaxy samples throughout this chapter, for all parametsed put still include them in the
environments of their neighbors (otherwise, we would ordlyehmoved the boundaries).

7.1.2 Probabilistic Environment Significance Xp

A redshift’s uncertainty+o 142, IS the standard deviation of its Gaussian probability
distribution function (PDF). We want to use this to meashegdrobability that two galaxies
along a sight-line are physically associated. One podyilisl to use the area contained
by the overlap of their PDFs, but this is problematic when lbionmg spectroscopic and
photometric redshifts of very flerento. Instead, we use the total area contained under
each Gaussian PDF which overlaps #ikr region of the other. We refer to this area as
Psumis- Thistechnique is best explained visually by the six casaaos plotted in Figure
7.2.

For photometric redshifts we usery,1+,) = 0.03 (Coupon et al. 2009). The spectro-
scopic redshift uncertainties arg,;1.,) ~ 0.0009 in D1 (Lefevre et al. 2005), and
O az/(1+2)~ 0.00036 in D2 (Lilly et al. 2009). However, these are smallanthypical veloc-
ity dispersions for groups and clusters, which range foo = 200km st in small groups
to o,y > 800km st in rich clusters (Becker et al. 2007). To account for this, wiially
useo,y = 500km st (o, = 0.0017) for all spectroscopic redshifts. (Note the factor
of 1+z does not apply after this adjustment, as this is;@aand no longer an uncertainty
O'Az/(1+z))-

We use Bym 1 to calculate the probabilistic environment significarikg,as follows:

_ Pe — Pe(Ae/AF)
~ VPe(Ae/Ar)
For every C09 galaxy we calculate the 1, value between it and each of its on-sky
neighbors within a physical environment radius Rhe total environment probability P
is the sum of Bywm.1- for all neighbors. The total field probability-PAs the sum of Bym 1
between the galaxy, and every other galaxy in the field. Bnwvirent area Aand field area
A are the same as f7.1.1.

EssentiallyXr is proportional to th@robability that an environment contains clustering
on the scale of radiusgRnormalized to the expected probability of finding field gats

. (7.2)
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Figure 7.2 Gaussian redshift PDFs case scenarios illugjréite calculation of Eym .-
Left/right columns have PDF peak values outfitgde 1. Rows top to bottom show
two photometric redshifts, two spectroscopic redshiftg€rihe diferent x-axis scale), and

one of each. Blagklue lines indicate lowghigher PDF peak. Red highlights the regions

within 10 of the other which contribute tosBw 1, given as “Area P” at top left.
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within the environment area. Figure 7.2 shows that neighghtaxies contribute to the total
Pe in @ manner proportional to the actual probability of phgsassociation. We calculate
the Xp for galaxies in all four CFHTLS Deep fields. In a later sectioa will separately
consider the results from only fields with VLT spectroscagidshifts (D1 and D2).

7.1.3 Assessment dp

Before applyingEe to investigate clustering in the environments of SN la pagafaxies,
we must verify its suitability as an environment clusterpegameter. We plot the normal-
ized distributions o&p values for all galaxies in all four CFHTLS Deep fields in Figure
7.3. We omit from this sample the galaxies at the boundafidgsedield, and near masked
regions around foreground stars, as we do at all times, asided in§ 7.1.1. Distributions
of ¥p values for samples limited to Olsen cluster and Knobel ggalaxies only are plotted
as blue and green lines. The two-sided Kolmogorov-SmirK@®) fest results, displayed in
plot legend, confirms the distributions for cluster and grmembers are both significantly
different from the distribution for all galaxies. Though shomtydor R, = 0.2 Mpc, the
KS test confirms this for all environment radii 0.05-1.0 Mgdtis also true if we limit
the sample to early-type galaxies only. We conclude thakEthgarameter is a successful
measure of clustering in a galaxy’s environment.

7.1.4 TheXp of SN la Environments

Here we use the KS test to say whether the distributidtpafalues for SN la parent galax-
ies shows any deviation from that of the general populatlarthe top plot of Figure 7.4
we present the normalized cumulative distributions fpeR0.2 Mpc. The KS test statistic
P (in plot legend) shows only a 1% probability that SN la hasti®nments are drawn
randomly from the population of all galaxies. Is this a rdlmesult? In the bottom graph
of Figure 7.4 we plot the KS test probability as a functionmficonment radius with vary-
ing limitations on galaxy SED type and redshift. In nearlycalses — except for the one
which happened to be our example — we find-KS0.05. We must therefore conclude that
this test does not show robust evidence that the envirorsne#i@N la parent galaxies have
more or less clustering than the general galaxy population.

Identifying High Significance Environments (HSES)

Although the distribution o&p of SN la hosts is statistically similar to that of the general
population of galaxies, there may still be an undetectedi@nite on SN la rates in only
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Figure 7.3 Normalized distributions @b, for all galaxies (black) and members of Olsen
clusters (blue) and Knobel groups (green). Shown for enwrent radius R= 0.2 Mpc,
for all Deep fields combined (thick solid lines). Distributis for individual CFHTLS Deep
fields (dotted, dashed for D2) show field variation.



96

R=0.20 Mpc B
Gwyn Types = All
Redshifts z<1.0
Galaxies (N=206820) :
SNla Hosts (N=289)
KS D=0.10 P=0.013

Fraction of Galaxies

Significance
‘ I —

0.5 T T T ‘
z<0.6, z<1.0
All (solid), E/SO (dashed)
SNLS—-2008

0.0

—2.0 L L L | L L L | L L L | L L L | L L L |
0.0 0.2 0.4 0.6 0.8 1.0
R_p [Mpc]

o

Figure 7.4 Top: Normalized cumulative distributions X for all galaxies (black) and
SN la hosts (red); line styles as in Figure 7.3. Bottom: The &8 probability, K$,
between SN la hosts and all galaxies, as a function of enviem radius R
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the mostsignificant environments. Such affext would be diluted by the presence of
lower and intermediate significance environments in theipus experiment. To test this

we identify samples of galaxies in the most clustered emnwirents, calculate the rate in
these samples, and compare it to the rate in the generalgimpuand to predictions of the

two-component “AB” model.

We refer to these samples of galaxies with the most clustmeidonments as the “high
significance environments” or “the HSEs”. Each HSE is cosgatiof all galaxies with en-
vironment significance Xpxe, WhereXpxo, is defined to enclose the X% most significant
environments. For example, the boundary line eftR% for R, = 0.2 Mpc is shown on the
cumulative distribution of Figure 7.4. The valueX¥y., varies for diterent environment
diameters. When we consider samples of galaxies, limitedhéy tedshift or SED type,
the value ofEp o, is determined from the cumulative distribution containthgt specific
sample only. In this way, we always isolating the top X% mdagiéicant environments in
the sample of interest. I$7.3.2 we compare our two clustering parametrizations, and a
that time present the fraction of known cluster and group bemsiin thexp HSEs.

SN la Rates in HSEs

In each HSE we calculate the specific SN la rate, and comp#rétie rate in the general
population and to predictions of the two-componen#B model. Figure 7.5 plots the
specific SN la rate in each HSE as a functiorzgk., for X=100, 50, 25, 10, 5, and 1%. In
the top graph we include all galaxy SED types, but in the lbotimit to early-types only.
Recall that the values afpxo, are diferent in each sample for a given X% becatisge,

is calculated for each specific sample. In Figure 7.5, opearsgs are predicted SN la rates
from the two-component “AB” model. The expected decrease in the most clustered en-
vironments for all SED types is simply a combination of therpimlogy-density relation,
and the “A+B” model’s lower specific SN la rate in early-type galaxiessihot seen if we
limit to early-type galaxies only.

Filled circles are the observed SN la rates with drror bars. The rate in the HSE
defined by %X100% is the rate irall galaxies, and we extend a horizontal line there for
comparison. For all SED types, the observed SN la rateswdlhe “A+B” model trend
and are consistent to withirolof its predictions; this is true for our range of environment
diameters R =0.05-1.0 Mpc. With the sample of early-type galaxies onbgesved rates
are consistent with both the rate in all early-type galg»xaesl “A+B” predictions. Though
Figure 7.5 shows this just forR= 0.2 Mpc, when all environment radii are considered we
actually see a possible trend. The SN la rate appears erthapee2x in the most signifi-
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Figure 7.5 Specific SN la rates in HSEs foeX00, 50, 25, 10, 5, and 1% (points left to
right). Rates based on observations and predictions of th@*Anodel (circlegsquares).
For galaxies of all SED types and early-type only (bagtom), for SNe la from the SNLS-
2006 sample. Environment radiug R 0.2 Mpc.
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Table 7.1 SNe la Observed and PredictedldHSE.

Radius 2p10% 2P 5% 2p 1%

(Mpc) Nobs Nass  Psum  Nobs Nass  Psum  Nobs Naig  Psum
0.05Mpc 25 13.70 0.00 12 7.64 0.09 1 184 0.45
0.10Mpc 16 15.18 045 10 835 0.33 2 245 0.56
0.20Mpc 15 1558 0.51 6 9.15 0.19 1 2.15 0.37
0.50Mpc 10 14.68 0.14 4 8.01 0.10 1 195 042
1.00Mpc 14 13,50 0.48 3 725 0.07 0O 148 0.23
For early-type galaxies only:
0.05Mpc 6 3.60 0.16 2 190 0.57 0O 044 064
0.10Mpc 6 3.66 0.16 2 215 064 0 032 0.73
0.20Mpc 5 3.95 0.36 1 179 0.47 0 032 0.73
050Mpc 1 3.24 0.17 1 159 0.53 0 026 0.77
1.00Mpc 1 3.37 0.15 0O 151 0.22 0 032 0.73

cant environments of early-type galaxies when small envivent radii, R, are considered,
and repressed by 1/2x in the most significant environments at largg Hhe statistical
significance of this trend is onkg 20, and is discussed more below.

SNe la and “A+B” Predictions in HSEs

Here we use summed Poisson probabilities to statisticalgpare the number of SNLS
SNe la in each HSE, s, to the number expected from the two-componentBA model,
Nasg (sum of the expected number of SNe la in each galaxy in the HBiS$ statistical
analysis method was describedi.2. In Table 7.1 we present results based on the sample
of galaxies with z< 0.6, and SNe la from SNLS-2006.

We see the same general trend discussed above: the ratig<dbMa . g in the most
significant environments moves from excess-to-deficit @eall-to-large scale environ-
ments. In the case of HSEs 100 for R, = 0.05 Mpc, this excess is extremely significant
and almost- 2x more SNe la are observed than expected. The trend is lessushwith
the small numbers fatpsy, andXe;4, and when limiting to early-type galaxies only. Can
we really say this is a “trend”? If we excludgd < 0.05 as discrepant, this result looks
less like a trend and all results remain consistent with iptedhs of the “A+B” model.
However, since &)y < 0.05 is accepted as a statistically robust result, this desdurther

exploration.
Could this “trend” be the manifestation of some bias in ourmds#t? It is still de-
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tectable when we limit to.@ < z < 0.6, or to Deep fields 1 and 2, or 3 and 4, only. This
suggests it is not the result of any biases related to radshithe mixing of photometric
and spectroscopic redshifts, or a strange cosmic varidteet.eFor each X%, the number
of galaxies in each RHSE is constant, and the total HSE mass does not vary musiYo,
randomly). The percentage of predicted SNe la contribugetthé “B” component are not
unusual;~ 20-40% for galaxies of all SED types @0% for X=10%, ~ 20% for X=1%,

a likely reflection of the morphology-density relation),dan 5% for early-type galaxies.
Also, the mean galaxy mass in each HSE group does not appesntwith R,. Basically,
we find no catalog bias to pin this apparent “trend” on.

Though it appears the environments of host galaxies rfagtatheir SN la rates over
and above the influence of the morphology-density relattanjght not be as straightfor-
ward as an increase in small, and a decrease in large clu$tétts the Xp technique our
results could also stem from an increase in the central nsgyblarge clusters, ayat the
outskirts of large clusters. In summary, sincestatistically significanexcess or deficit of
SNe la is seen over multiple HSE, we cannot say with confiddratehis trend is evidence
that theXp parametrization reveals an influence of clustering on SNéas.

If we extend our galaxy sample tog 1.0, and the SN la sample to SNLS-2008, the
same general trend is seen with the same level of statistizdldence. If we limit our
sample to CFHTLS D1 and D2 (the fields with spectroscopy), we fahd the results are
similar. If we limit to only galaxies with spectroscopy, wadidecreasing the sample size
increases the statistical errors to the point where no asiaris can be drawn.

7.2 SN la Rates in Under-dense Environments witlxp

In this section we use the probabilistic environment sigaiiceXs to investigate the SN la
rate in environments of relativelw clustering. Navasardyan et al. (2001) found the
SN la rate in isolated galaxies was less than — but statiigtimansistent with — the specific
SN la rate in field galaxies. Studies of SDSS galaxies haveristaocontinuity in galaxy
properties between voids and clusters, with void galaxesdless luminous and bluer,
and cluster galaxies being more luminous and redder, andrbéemorphological type
(Sorrentino et al. 2006). However, other studies have shbatvoid galaxies are similar
to field galaxies (Patiri et al. 2006). Based on this, we migipeet an elevated SN la rate
per unit mass in void galaxies consistent with the-BX model.

To begin, we define low significance environments (LSEs) @sidime manner as HSEs
in § 7.1.4. Each LSE is comprised of all galaxies wih < Xpxe, Where nowXpxy,
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Figure 7.6 Specific SN la rates in LSEs foeX 5, 25, and 50% (points left to right). Rates
based on observations and predictions of the BAmodel (circlegsquares). For galaxies
of all SED types and early-type only (tdgmttom), and for SNe la from the SNLS-2006
sample. Environment radius,R 0.2 Mpc.
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Table 7.2 SNe la Observed and Predictedlin.SE.

Radius 2p10% 2P 5% 2p 1%

(Mpc) Nobs Na+e  Psum Nobs Nass Psum  Nobs Naig  Psum
0.10Mpc 9 7.010 0.27 5 352 0.28 0 087 042
0.20Mpc 10 753 0.23 9 350 0.01 2 061 0.13
050Mpc 12 7.73 0.09 6 3.60 0.16 0 068 051
For early-type galaxies only:
0.10Mpc 2 246 0.55 2 123 0.35 0 033 0.72
0.20Mpc 2 226 0.61 2 126 0.36 1 016 0.14
050Mpc 3 249 045 2 1.07 0.29 1 019 0.18

bounds thdeastsignificant X% of galaxies. Due to the very steep low-sigaifice end of
the R, = 0.05 Mpc, and expecting interloping galaxies to overwhelmtasys at B = 1.0
Mpc, we omit our smallest and largest environment radii ftbra discussion.

Here we make the same analysis of LSEs as we did for HSEFih.4. In each LSE
we calculate the specific SN la rate, and compare it to theimatiige general population
and to predictions of the two-component£B” model. Figure 7.6 plots the specific SN la
rate in each LSE as a function Bf xs, for X=1, 5, 10, 25, and 50%. In the top graph we
include all galaxy SED types, but in the bottom limit to eaijpes only.

Open squares are predicted SN la rates from the two-comptheB” model. We
see for all SED types (top graph) a small SN la rate increasdigied by “A+B” in the
least significant environments, consistent with slightévated star formation rates in void
galaxies. Filled circles show the observed SN la rates wittedror bars. The horizontal
line represents the observed SN la rate in all galaxies £dr00%, outside plotting region).
There appears to be a SN la rate increase over the rate idatigmin the least significant
environments for R = 0.2 Mpc. This is also seen for our other environment radii, but
always at thes 20~ confidence level.

This observed rate increase also appears to be inconsigtenA +B” model predic-
tions in some LSESs. To investigate, we statistically coraphe number of SNe la observed
in each LSE (N9 to the number predicted by the two-component+BX model (Na,g).
Resulting summed Poisson probabilities for this comparaserpresented the results in Ta-
ble 7.2 (similar to Table 7.1). Although in many LSEs the alsed number is greater than
expectationsimostvalues of Ryy are> 0.05, indicating good agreement. In general we
must conclude there is no solid evidence that residence afempgalaxy in an under-dense
environment ffects its specific SN la rate.
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Table 7.3 SN la Rates in Isolated Galaxies

(1) (2 3) (4) (5) (6) (7)
Ry #SNeld&® Mass$(Number) R.2d Ratic®®* Na.s Psum
0.50 Mpc 0(..) 127.7 (73) o . 0.12 0.88
0.25Mpc 14 (1478299 18782.4 (13199) (340%4 10923 1358 0.49

aUncertainties are derived from Poisson errors at thednfidence level, as in Gehrels (1986).

bBrackets contain number of SNe la corrected for SNLS detectficiencies as ir§ 3.2 to be the number
which exploded per year of SNLS observations.

®Mass units are 18 M; brackets contain number of galaxies in class sample.
dSNuM = SNe (100 yr* (10° M)t
®Ratio over rate in all galaxies.

7.2.1 SNelain Isolated Galaxies

Instead of identifying galaxies in under-dense environisiene here identify a sample of
galaxies which are likely to be truly isolated. This is #idult task, as the spectroscopic
redshift catalogs are too incomplete for this task, and watmely solely on the C09
photometric redshift galaxy catalog. Although one intpdoin a cluster is not a large
influence, one interloper in an otherwise empty environmethexclude that environment
from our sample of isolated galaxies. For this reason oumpsawof isolated galaxies will
be very incomplete, but relatively pure.

We use the same concept of environment as previously in Hapter; a cylinder of
radius R and deptlr x (1+z). Here we use=0.03 and B=0.25, 0.5, 1.0 Mpc, and iden-
tify a samples of galaxies with empty environments out tséhmdii. Again we exclude
from consideration all boundary galaxies witlirc 20" of a raw C09 catalog galaxy with
Terapix flag=4, as discussed i§7.1.1.

Here we use our most liberal and largest catalog samptel.® and SNLS-2008. We
only find galaxies isolated within our two smallest envire@mtradii, 0.50 and 0.25 Mpc,
and only the smallest contains any SNe la hosts. For thosemwioonment radii, we list
our results in Table 7.3. This includes the SN la rate in isolagalaxies, their ratio over
the field rate, the number predicted by the two-componertBAmodel, Na,g, and the
Poisson probability, &, of having observed }Ns.

Observed SN la rates in isolated galaxies show no eviderae@fihancement in small-
scale empty environments, and are consistent with expaasatf the “A+B” model. If we
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limit the galaxy catalog to z 0.6, although the sample size is smaller, the SN Ila rate ratio
between isolated and all galaxies ig8& 5% for an environment radius of 0.25 Mpc. This
ratio is, however, still consistent with the null result ag 2 level, and with “A+B”. In
general, we do not find that parent galaxy residence in uderse environmentdtacts

the SN la rate.

7.3 ThePsgo Parameter: Neighbors Within 500 knys

The concept of probabilistic environment significanEg, presented and used in the last
two sections is derived from the probability that two galargshifts are within & of
each other. This parameter was shown to identify membera@#k groups and clusters,
but still allows interloping galaxies to contribute to thestering strength measurement.
Ultimately, we could not draw any robust conclusions. Irsthéction we instead use the
probability that two galaxies are physically associatethat they have a radial velocity
difference of+500 km s? or less — to parametrize clustering in a galaxy’s envirorimen
First we will explain how we do this, then examine how welldies in identifying galaxies
in known groups and clusters, and finally apply it to the emwnents of SN la host galaxies
in§7.3.1-7.3.3.

7.3.1 Definition of Psgg

A redshift's uncertainty+o ;.2 IS the standard deviation of its Gaussian probability
distribution function (PDF) as expressed by:

1 1(dz)\
P(d2 = U@expl—i (;) l (7.3)

The PDF for the dierence between two redshifts, dzz; — z,, has a standard deviation
o4z @s given by (Bevington & Robinson 2003):

Odz = \/((1 + Zl)O'Azl/(lﬂLz))2 + ((1 + ZZ)O-AZZ/(1+Z))2- (7-4)

The probability that the two objects of a2nd 2z are physically associated (i.e. that they have
a velocity diference< +500 km s?, or dz < +£0.0017), is the integral of the normalized
Gaussian PDF curve P(dz) from -0.001710.0017. We refer to the value of this integral
as Asoo. The numerical evaluation ofgy is:
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Figure 7.7 Gaussian PDFs for ézz, —z, used to numerically evaluates4. Red highlights
the points betweer500 km s? (or —0.0017 < dz < 0.0017). The y-axis values are
= P(dz)x 6(dz). Top: both zand z are spectroscopic. Bottom: both are photometric.
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+0.0017
Psoo=» P(d2) x 5(d2), (7.5)

-0.0017

whered(dz) is our bin-size. We use, 1., = 0.03 for photometric redshifts, 0.001 for
spectroscopic redshifts in D1 (Lefre et al. 2005), and 0.0004 for spectroscopic redshifts
in D2 (Lilly et al. 2009). We plot two examples of P(dg)5(dz) versus dz= z; — z, in
Figure 7.7, the cases wherg and z are both spectroscopic (top) and both photometric
(bottom). The mixed case is very similar to the photometaisec

The value of Aqg is given in the top left corner of the plots in Figure 7.7. Fode
speed we have used a bin-sizes®fiz) =0.002, which appears large in Figure 7.7 but
actually gives only a~ 1% error in the value of &y between spectroscopic neighbours
(compared t&(dz) = 0.0001). This is acceptable for our uses gHf

To show how the value of &, depends on redshift and uncertainty values, we plot
Asqo versus dz for three values ofy, in Figure 7.8. The proximity of two spectroscopic
redshifts is obviously much more significant than when astleme is photometric. The
difference in width and peak value aftfdrent redshifts (almost unnoticeable on the scale
of Figure 7.8) is due to the factor ofZ fromo s, = (1+2)0oaz/1+2, @S €Xpressed in Equation
7.4. The PDF has a larger spread at higher redshift, and tlowgea area under the curve
betweenAz = +0.0017. This does not need to be corrected for. Galaxy asswtsaht
higher redshift are more uncertain, and the value ©f8hould and does reflect this.

We use Ao to calculate our clustering parametepfas follows. For every galaxy
in the C0O9 catalog, we calculate the value af#for every neighbor within a desired
physical radius R As shown in Figure 7.8, when dz 0.1 x (1 + z), then Agy ~ 0. To
save computing time we include only neighbors with<d®.1 x (1 + z). The clustering
parameter B for a galaxy is the sum of &, from all its neighbors. Essentially, its value
is proportional to the probability that on-sky neighbors afthin +500 km s?.

7.3.2 Assessment d®sq9

Prior to using By to evaluate clustering in the environments of SN la hostxgada we
must verify its suitability as an environment clusteringgraeter. We start with a compar-
ison of Rgo to Xp in the top plot of Figure 7.9. The two parameters appear tocneglly
proportional for low values of o, but quite diferent for Ryg > 0.3, which must repre-
sent situations of neighbor galaxies in which both havetspscopic redshifts. That some
galaxies withnegativeXp have large values ofsk illustrates a potential drawback Bg. If

a galaxy with a few close spectroscopic neighbors is in ahiiddice with many spectro-



108

4 L T ‘ T T T ‘ ‘ T T T ‘ T T T ‘ T T ]
 R_p=0.20 Mpc . Photometric N=20230) .

- Field D2 O Spectroscopic (N=2352) B

[ z<0.6 _

3p g

o F o . i
(@) — o® od 0o —
0 2= o o %% o ° —
I - o w@o ° @ n
“or o3 T e 0, ]
B o 080 .o ’ ]

r ° ° o ° .00 o og © ; 8 o © ]

1 — °§§’§%° ° . °o -]

oL . d \ \ L -
-2 0 2 4 6 8 10 12

Probablistic Significance

BOO ‘ T T T T T T T T T ‘ T T T T T T T T T ‘ T T T T T T T T ‘
B L_ R_p=0.20 Mpc D1 N=59188
[ All Fields D2 N=60437 ]
B z<1.0 58278 ]
250 - D4 N=50759 ]
200 — —]
s 0] ]

O

& 150 — _
E L i
= L i
100 — —]
50— -
0 ;‘_A_A_A_A; - T ! - | ]

0 1 2 3 4

P_500
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scopic galaxies, the background valuyeviall be higher. This will lessen the significance
of any real, small groups.

In the bottom graph of Figure 7.9 we display distributionsPgfy for all CFHTLS
Deep fields, and find they are quite dissimilar. This is nopgsing because the value
of Psgo depends heavily on spectroscopic redshift uncertaintyly Od and D2 contain
spectroscopic redshifts, which are higher for the D1 VLTveyrand thus yield less certain
associations and lower values ofpf? However, the actualalue of Psoq has the same
meaning in all fields: therobability that on-sky neighbors are withieb00 km s?.

Both graphs in Figure 7.9 clearly show thatfis discretized. This is not a problem,
but represents a physical quality abF? the combination of the steep relation betweggA
and dz shown in Figure 7.8, and the fact that most galaxy bheigheitherare physically
associated oare not chance encounters are relatively rare. Thus, we wouldxpsa the
distribution of Ry values to be continuous. This discretization gfgfnay be enhanced
by the bias that brighter galaxies are both more likely torbgroups and pairs, and more
likely to be included in the spectroscopic survey. Later werapt to account for this by
limiting analysis samples to only the set of galaxies witacposcopy.

Galaxy Groups and Clusters Detected byPsq

Here we ensure thatsfg can identify known members of groups and clusters. In Figure
7.10 we plot the normalized regular and cumulative distidms of Rqo for all z < 0.6
galaxies in D1 and D2. We also plot the distributions for D8 &2 galaxies associated
with Olsen clusters and Knobel groups. Although Hadue of Psqg has the same meaning
in all Deep fields and at all redshifts, distributions shawhdly be compared within a given
Deep field. We perform the KS-test for each field separatelgults in lower right corner
of plot), and find the R parametrization identifies known members of groups andenisis
just asZp. (The corresponding plot fap is Figure 7.3). A visual comparison shows
more clearly distinguishes the cluster member populatidigreas the group members are
more clearly distinguished from all galaxies by If we limit our sample to galaxies in
the spectroscopic catalogs only, the results are equivalen

We used the term high significance environments (HSES) 7nl.4 to refer to those
galaxies with environment significanceXp xo,, WhereXpxy, is defined to enclose the X%
most significant environments. Here we extend the termdg &nd also define HSE based
on the Ry distribution in exactly the same manner (but keep the terS8EH. We use
these Byg-based HSE to test whethegdoes a better job at placing Olsen cluster and
Knobel group members in high significance environments Hpamn Figure 7.11 we plot,
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as a function of HSE X%, the fraction of all cluster and grougnmbers in that HSE. The
open and filled symbols represeli- and Ro-based HSE respectively. We do this for
three values of environment radius: 0.2, 0.5, and 1.0 Mpcligsters, and 0.1, 0.2, and
0.5 Mpc for groups. For galaxy clusters, we see thatnd Rqg return approximately
the same fractions of known cluster members in each HSE, avigw exceptions. For
galaxy groups, we see thedbased HSEs contain a much higher fraction of known group
members than the HSEs B§, suggesting thedg, parametrization is much more sensitive
to galaxies in groups.

We conclude that thesgh parameter does as good a job of identifying galaxies in real
clusters agp, and a much better job of identifying galaxies in real groufisis improve-
ment for galaxy groups might be due in part to the sensitigityPsoo to Spectroscopic
redshifts, combined with the fact that group members arevlfsom the spectroscopic
survey. However, when we remake these figures based onlye@p#ttroscopic sample of
galaxies they look quite similar (though with more scattanid the same conclusions can
be drawn.

7.3.3 ThePsqp 0of SN la Environments

Now that we are satisfiedsfg is a suitable parametrization of clustering, we compare the
distribution of R values for SN la hosts to that of all galaxies in Figure 7.1RisTs
equivalent to the test farp in § 7.1.4, except here the KS-test is performed for D1 and
D2 separately. In both cases we find that SN la host envirotstigve a B distribution
indistinguishable from that of all galaxies, with an envineent radius of R= 0.2 Mpc.

The bottom plot of Figure 7.12 verifies this for most envir@mtradii with few exceptions.
We find the results are quite similar if we repeat with the $enapectroscopic sample only.
This indicates the agreement is not being heavily influermethe photometric redshifts
and their low By values.

SN la Rates in Environments of HighPsqg

To consider By-based HSE, we combine thegfdistributions of all four CFHTLS Deep
fields, and then define thes@xy limits identifying the top X% most clustered environ-
ments. We must do it this way because the valuesgffras the same meaning in all fields:
a parameter proportional to the probable number of realsiphily associated neighbor
galaxies. Unlike the situation wite, which is normalized to the background of each field,
it would be wrong to identify the top X% highestdgenvironments in each Deep field and
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Table 7.4 SNe la Observed and Predicteddg PASE.

Radius —— Boqio% Roas% Roa1%

(Mpc)  Nobs Nare  Psum  Nobs Nass Psum Nobs Naise  Psuwm
0.05Mpc 16 13.07 0.24 9 7.41 0.33 1 1.82 0.46
0.10Mpc 13 14.91 0.37 10 8.42 0.34 2 2.38 0.58
0.20Mpc 14 15.45 0.42 7 9.16 0.31 2 2.28 0.60
0.50Mpc 8 14.88 0.04 5 8.63 0.14 3 2.36 0.42
1.00Mpc 10 13.26 0.23 5 7.44 0.25 2 1.99 0.59
For early-type galaxies only:
0.05Mpc 5 3.49 0.27 2 1.86 0.56 0 0.41 0.66
0.10Mpc 6 3.68 0.17 3 1.91 0.30 1 0.41 0.34
0.20Mpc 3 3.52 0.53 2 161 048 0O 045 0.64
0.50Mpc 3 3.25 0.59 2 164 049 0O 035 0.70
1.00Mpc 2 2.97 0.43 1 1.53 0.55 0 0.33 0.72

then combine them as an HSE.

In Figure 7.13 we plot the SN la rate per unit mass in eagitbased HSE as a function
of Pspaxe fOor X=100%, 50%, 25%, 10%, 5%, and 1%. This is equivalent to Figuséor
Xp-based HSE with environment radiugs R0.2 Mpc, and all results are remarkably similar.
Again we see clearly the predicted and observed SN la ratease in the most clustered
environments for all SED types (top) due to the morphologwsity relation, and again we
find all observed rates are consistent to withindf “A +B” model predictions.

In the discussion for Figure 7.5 we noted a trend in the SNteawéen all environment
radii are considered: an enhancement in the most signiferantonments of early-type
galaxies at small R and a repression in the most significant environments gé IRy, at
the < 20- confidence level. Thigs seen again for f-based HSE when we consider all
environment radii (and is more obvious with early-type geda only), but with even lower
statistical significance. Unfortunately, limiting our saleato D1 and D2 (covered by spec-
troscopic surveys) yields small numbers statistics thaatly increase our uncertainties,
such that it becomes impossible to draw any such conclusions

SNe la and “A+B” Predictions in HSEs

As a final experiment, we use summed Poisson probabilitissatiistically compare the
number of SNela observed indg-defined HSE to the number predicted by the two-
component “A-B” model. Results for X10, 5, and 1% are presented in Table 7.4, which is
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equivalent to Table 7.1 faZp-derived HSE (based on the sample of galaxies with@6,
and SNe la from SNLS-2006). This time, the trend we notgddri.4, in which the ratio of
Nobs t0 Na,g moves from excess to deficit over small to large scale enmiemts, is much
less noticeable and not statistically significant. Fego,Pthis is the most obvious in our
largest sample of X10% and all SED types, but the summed Poisson probabilityiresn
> 0.05 in all cases (except forxX10%, R, = 0.5 Mpc, where it is=0.04).

No new insight is gained by limiting to the spectroscopic peof D1 and D2 only, as
the small numbers only worsen the statistics. Despite th@ab utility of using the By
environment clustering parameter shown throughout thi@e it does not conclusively
show whether galaxy clustering in the environments of pagafaxies has an influence on
the specific SN la rate.

7.4 Summary

This chapter has presented and assessed tikereht parametrizations of environment
clustering, and applied them to the parent galaxies of SNN8 I8. It is expected that
the SN la rate per unit mass will be lower in large clusters tuhe combination of the
two-component “A-B” rate model, and the morphology-density relation. We wéile &0
observe thisfect. To test for rateféects outside of this known influence, we compared our
SN Ia rates in the most clustered environments to predigtadrthe “A+B” model. With
both clustering parameters, we found the number of SNe laroéd is greater than pre-
dicted for environments clustered on small scales, andhesspredicted for environments
clustered on large scales. In only a few cases this was vatigtstally significant, and
although suggestive, we can only consider our results amatasive evidence that galaxy
clustering may influence the SN la rate per unit mass.

We also measured the SNLS SN la rate in under-dense and veidrements. We
found no evidence that residence of a galaxy in such regifiiesta its specific SN la
rate. Our observations were consistent with predictiongheftwo-component “AB”
model, and in agreement with previous measurements of tHa &lte in isolated galaxies
(Navasardyan et al. 2001).
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Chapter 8
Conclusions

We have assessed the presence of an independent influemqesirent galaxy and environ-
ment properties on the probability of a Type la supernovdosipn, outside of the known
correlation with star formation rate (SFR). We have explaaatio and infrared galaxies,
group and cluster members, and galaxies in over- and uretesedenvironments. In the
cases for which we find the specific SN la ratsuggestivef an enhancement, this is usu-
ally with only < 20- confidence at best. Generally, our results are consistéhtprevious
works to within~ 1-20-, and with predictions based on the established correlagdneen
SN la rate, mass, and SFR known as the two-componenB“Anodel.

We achieved all this by using the intermediate redshift Shlimbase from the Canada-
France-Hawaii Telescope Supernova Legacy Survey (CFHT $Nitere are three main
benefits of using this data set. First, the SNLS ran a lardevielip campaign to spectro-
scopically confirm all SN types, and their analysis incluties independent light-curve
fitting technigues which provide the SN la stretch values sedun this analysis. Second,
the large volume of space sampled by the CFHT Deep fields allowéo make a simulta-
neous analysis of SNe la in under- and over-dense enviratismehich is not possible with
galaxy or cluster targeted surveys. Third, since SNLS e¢deswith popular survey fields,
we compiled a wide variety of multi-wavelength source anldgastructure catalogs into
the most comprehensive analysis of SN la hosts and envinotisraeintermediate redshifts.

The greatest limitation of using the intermediate redsBMLS database has been in-
completeness in the multi-wavelength source catalogs. VIt radio, Spitzer infrared,
and VLT spectroscopic surveys cover only parts of the SNUBnae. Since we are already
interested in only the most extreme hosts (e.g. radio-lcarsd would have dtered any-
way from small number statistics, this reduced coveragduréser impaired our analysis
by enlarging our uncertainties. Although we made mafigres to assess and avoid biases
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introduced by the combination of catalogs witlifdient completeness, this often meant
additional limitations which further enlarged uncertast

8.1 A Summary of Our Main Results

Despite these limitations — which number less than the hbisnethis thesis has success-
fully examined how host properties and environment demsday influence SN la rates and
properties. Our specific highlights include the following.

¢ In Chapter 3 we described our synthesis of ten data cataloge iCFHTLS Deep
fields to build the most comprehensive set of host galaxyaharistics for the SNLS
database of Type la supernovae.

¢ In Chapter 4 we found no statistically significant evidened the SN la rate in radio-
loud elliptical galaxies is enhanced over all ellipticaldowever, we did find the
stretch values for SNe la in radio-loud early-type galariesconsistent with the es-
tablished distribution for the “prompt” component, assticig SNe la in radio-loud
ellipticals with an intermediate age stellar populatiotsdd we made the first calcu-
lation that the specific SN la rate in luminous infrared eitigl galaxies is enhanced
by ~ 2-5x (with < 20 significance).

e In Chapter 5 we found the properties of SN la host galaxies iallsgroups are
similar to field galaxies in terms of mass, SFR, radio powed, lBhluminosity. We
also found the SN la rate in group galaxies is consistenttiveéhate in field galaxies,
and discovered the YN, ratio appears to be higher in groups (but within) 1

e In Chapter 6 we did not find strong evidence that the specificaSidle in clus-
ter elliptical galaxies may be enhanced over the field, agiqusly found at lower
redshifts. Our results were consistent with predictionthef’A+B” model.

e In Chapter 7, we developed two clustering strength parasmet®ur observations
showed a systematic deviation from+8" model predictions, but were still statisti-
cally consistent with them. We also found no evidence thetntagalaxy residence
in under-dense or void environment$egts their specific SN la rate.
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8.2 A Discussion of Our Main Results

In this thesis we have investigated the influence of parelaixgaand environment on the
rates and properties of SNe la. Recall that the establisheelatbon between specific SN la
rate and specific SFR, the two-component+B model (Sullivan et al. 2006a), is consis-
tent with a continuous distribution of delay times (Pritcbeal. 2008), such as are theoret-
ically predicted for the single- and double-degenerateaces (Greggio et al. 2008). One
of our main motivations was the recent study of Della Vallalet (2005, DV05) which
found the specific SN la rate to be higher in early-type galswith radio emission. Man-
nucci et al. (2006) found this is best fit with a bimodal delewyet distribution (DTD) in
which half of all SNe la explode very promptly, within10° years.

We did not find a SN la rate enhancement in early-type radio-galaxies, and our ob-
servations were generally consistent with predictionfiefttvo-component “AB” model.
Although we found the SNe la stretch values aoéconsistent with thenall belonging to
a uniformly prompt component, we cannot rule out the bim@BaD of Mannucci et al.
(2006). These SNLS stretch values are consistent with D3f0&stulate that the root cause
of both radio emission and their enhanced SN la rate is gafdgyactiofimerger induced
star formation. We explored this postulate further by dateing the SN la rate of galaxies
in groups and pairs, where interactions and mergers arecoosnon.

We found the SN la rate in groups and paimaybe enhanced by over field galaxies,
but only if we limit our sample to low redshifts, or galaxiegthwspectroscopic redshifts.
For the SNLS data set, we must conclude that the general @blup rate is statistically
consistent with the field rate, and with #8” model predictions. Considering only galaxies
with radio emission, we saw a 2x SN la rate enhancement in group over field radio
galaxies. Thignight suggest the féect on SN la rate associated with radio emission is
independent of anyfiect in groups and pairs, but small number statistics leadety v
large uncertainties on this measurement. ThHEedent ratio of Ny/N; in group and field
environments is further tentative evidence that an enui@mtal €fect outside of SFR is
at work in galaxy groups. To further explore whether envin@nt has an independent
influence on SNe la, we considered their rate in rich galaugters.

The other main motivation for this thesis work was to verifigather the specific SN la
rate is~ 3x higher in cluster early-type galaxies, as found by Mannetal. (2008),
contrary to previous low redshift cluster rates. With theLSNdata, we found no strong
evidence for an enhancement in cluster over field early-tygbaxies, and our observations
were also statistically consistent with predictions oftike-component “A-B” model. The
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stretch values of cluster SNe la were consistent with th&a$ael” component, as expected
for early-type galaxies; however, association of at leastwith the “prompt” component
was not statistically unlikely. Ultimately, conclusiveiégnce of an independent influence
on SN la rates associated with parent galaxy residence chaydlaxy cluster can not be
found in our data.

Environments can be clustered withtdrent densities on fierent size scales, and are
not actually divided into only “cluster” and “field”. For a m® robust assessment, we
devise and employ two clustering strength parametrizatwinich are appropriate for our
data catalogs, and which can be tailored to examine clagtem any environment size
scale. We found an excess of SNe la in environments whichign#fisantly clustered
on small scales, and an apparent deficit of SNe la in enviratsragnificantly clustered
on large scales. Though very suggestive, these variatiens lelow the statistical level
necessary to confirm an influence of clustering on SN la raesalso found no evidence
that parent galaxy residence in under-dense or void envienits &ects their specific SN la
rate.

8.3 A Review of Our Scientific Impact

The main goal of this thesis was to verify and analyze the eénfte of parent galaxy and
environment characteristics on the rates and properti&Nefla. Our investigations in-
cluded galaxies showing powerful radio and infrared erargsmembers of known groups
and rich clusters, and galaxies in over- and under-denggn®gn a continuum of environ-
ment size scales. This thesis marks the first time all sucpepties have been considered
simultaneously.

In general we have found the specific SN la ratay be enhanced by some of these
galaxy and environment properties at th€o- level. Where available, our results were in
agreement with previous works to within1-20-. In all cases where a potential rate dis-
crepancy was seen, our results were still consistent wédiptions of the two-component
“A+B” model. This was true also when we incorporated IR-derive®R $# very ac-
tive star-forming systems such as Luminous Infrared Gatdespite the fact the model
was founded on optically-derived properties in less exérgalaxies. Such broad agree-
ment with the “A+B” model demonstrates its flexibility, and reinforces it aseaywuseful
parametrization which applies to a wide range of galaxy $ygr@d environments.

In Chapter 2 we discussed how the progenitor scenario(saydehe, and correla-
tion between stretch and the host population’s age and ls@yatemain open questions
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beyond the scope of this thesis. In retrospect, we consitether this work can place
independent constraints on the character of SN la progesygiems. At least in terms of
nature versus nurture, our results point to nature. The Satéahas the same dependency
on stellar population age in all types of special galaxiés-8”), and does not appear to be
influenced by factors associated with parent galaxy enkent such as AGN winds, the
binary fraction, or other hitherto unsuspected phenomBaaed on this work, we see no
reason to discontinue their use as cosmological standadiesa

Many of the results reviewed above have already been reléasiee scientific commu-
nity. The contents of Chapter 4 were presented in Graham @Gi0), which currently has
1 citation and~ 200 total reads on NASA ADS. The work in Chapter 6 and a rudiamgnt
version of the environment significance parameter in Chaptegre published in Graham
et al. (2008), which currently has 16 citations andl50 total reads on NASA ADS. As
discussed in the summary of Chapter 6, better constraintseo8N la rate in clusters are
still important. To help provide this, we have devoted a gigant amount of our time to
the CFHT Multi-Epoch Nearby Cluster Survey (MENeaCS). In Appem\, we provide
a description of the MENeaCS science goals, survey strateglfime analysis pipeline
for SN detections, and detectiofifieiencies which are necessary for our MENeaCS cluster
rates calculations.

The field of supernova studies continues to expand, andtiissfis bright. Large scale
automated surveys for supernovae such as PanSTARRS andéhealPdransient Factory
are now monitoring our skies, and should find hundreds oftests every month. With
respect to the work of this thesis, there are many advantaigesde area low-redshift
samples of SNe la, including better completeness — bothujpersiovae and for the multi-
wavelength properties. Their biggest strengths will behim $heer number of SNe they
can find. Considering the rarest 1% of environments is a matisstally productive
exercise when the starting sample is 5000 instead of 500wéhdprojects such as the
Large Synoptic Survey Telescope slated to come on-lineinvitie decade, the sky itself
will be the limit.
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Appendix A

The Multi-Epoch Nearby Cluster Survey

The Canada-France-Hawaii Telescope’s Multi-Epoch Nearbgt€t Survey (MENeaCS)
began monthly observations of 60 x-ray luminous, low reftigfalaxy clusters in February
2008, and finished primary observations in January 2010illlpvovide both the deepest
set of cluster data, and the largest sample of cluster sapaenyet observed. MENeaCS
has multiple science goals and a great deal of data, but tveyasmall team led by
principal investigator Henk Hoekstra at the University efden. While Henk was planning
a deep imaging survey to do weak lensing in clusters, Davidl 8as devising an extended
imaging survey to constrain the SN la rate in low redshifagglclusters. As MENeaCS
legend goes, while attending the same conference andraatter beers —where so many
truly great plans in human history are hatched — they dedmedmbine their projects. The
core MENeaCS collaboration now consists of: Dennis Zarjtgkyexpert in intracluster
light (ICL) measurements; Chris Pritchet, an expert in sup&rmletection pipelines; Chris
Bildfell, experienced in studies of brightest cluster gadax and myself, experienced in
SN la rates, hosts, and environments.

This chapter focuses on my role in MENeaCS: to build, run, aathtain our auto-
mated pipeline for data management, supernova detectiongdlibration, and detection
efficiency. It should be a useful read for anyone starting them supernova survey. It
contains a brief outline of the MENeaCS science goals ancegistrategy, an outline of
the supernova detection pipeline, and a description ottletedficiencies calculations in
§ A.1-A3.



123

A.1 Science Goals and Survey Strategy

This section describes the main science goals of the MENeaB®ys and presents a
brief outline of its technical observing strategy. Thoudtatl minimal involvement in the
MENeaCS planning stages, the information here is necessangtivate the content of the
following two sections.

A.1.1 Science Goals

Galaxy clusters are scientifically valuable because bargannot escape their deep grav-
itational potential well. Clusters are a Universal equinélef Las Vegas: what happens
in a galaxy cluster stays in the galaxy cluster. The foreagidence generated during its
evolutionary history remains there for the astronomerudyst

The radial profile of dark matter sub-halos around elliptataster galaxies helps con-
strain cold dark matter theory (CDM). This profile is observedthe weak lensing signal
of background galaxies, whose shape is distorted by the afi@igptical cluster members.
If tidal stripping of elliptical galaxies in the clusterarige dark matter halo is responsible
for their current radial profile, then CDM theory must alsodicethe fraction of intraclus-
ter light (ICL) between the galaxies. This is because tidsifjpped stars cannot escape
the cluster.

Observations to quantify the ICL fraction areffiult due to the ICL's low surface
brightness. The ratio between cluster hosted and hostigssrsovae is presumed propor-
tional to the amount of mass in ICS, but has so far only comstthihe ICL fraction to
within 10-40% (Gal-Yam et al. 2003). The intracluster mediiCM) is well known to be
an iron enriched environment, yet the current rate of SN tduster galaxies is too low to
account for this (Maoz & Gal-Yam 2004). It is also too low — andrently too uncertain
— to avoid the requirement that galaxies eject a very laxg8(0%) of their metals into the
ICM (Sivanandam et al. 2009). This is true also for the SN natbé ICS.

The three science goals of the MENeaCS survey work in congegstablish clear
constraints on these issues. MENeacs will measure thd adide of cluster ellipticals;
guantify the fraction of light in between the cluster gaéssiand measure the SN la rate in
the ICS and cluster galaxies. The first two require very deefioum imaging of a large
sample of clusters, and the third goal simply requires ektenthis imaging program over
time.
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A.1.2 Survey Strategy

The MegaCam instrument on the Canada-France-Hawaii Teleseap chosen for several
reasons. First, CFHT’s 3.6 meter primary mirror and optintalen Mauna Kea in Hawaii
is most suitable for achieving the required image depth aradity. Second, MegaCam’s
one square degree field of view is large enough to containséerlin a single image, and it
is a stable, well-calibrated instrument operated with gusrvice observing (QSO). Third,
CFHT has proved successful both for SN la surveys (SNLS) argdeni surveys such as the
Canadian Cluster Comparison Project (CCCP).

The MENeaCS survey monitored 60 clusters withi@®0< z < 0.15 every month
(when possible) in 2008 and 2009, for a total~ofl2 epochs for each cluster surveyed.
Each epoch of observation is comprised of 4 exposures takémecsame night, referred to
as one “observing group™: 2 each in filters g and r, with inéign times of 120 seconds,
and dithered to fill in the gaps between MegaCam'’s 6 chips. TE&I&ACS dither pattern
includes 12 unique pointings in order to get uniformly detgelss and a good astrometric
solution. With overheads, the entire survey has amountedlf?0 hours of observation.

MegaCam is mounted on CFHT for2 weeks every month. At the beginning of each of
these “queue runs”, we simply provide a prioritized listloé bbservations to be done that
month; the service observers work to complete them whenahditons are right. Though
we lost some epochs due to weatherl2 epochs were achieved for each cluster. During
the queue run we had next-day access to the data, which werediately processed and
searched for new supernovae. This method of observing isnconly referred to as real-
time analysis (RTA), and is described in detail in the nektisa.

Since SNe are typed based on the elements present in thefraspeand also to some
extent the shape of their light curve — SN surveys such as MEISerequire follow-up
observations to confirm and classify the detected trarsidddve Sand was primarily re-
sponsible for our triple-tiered follow-up observationstsE a classical imaging campaign
was scheduled on the 2.3 meter Bok Telescope at Steward @bssrio verify transients,
and furnish their light curves in between MegaCam queue 1&@sond, classical runs with
Hectospec at the MMT Observatory were scheduled to coineitie the end of Mega-
Cam queue runs, to obtain spectra of as many detected tremaiepossible. Third, a
target-of-opportunity program at Gemini was approved taimbmmediate spectra of any
intracluster supernova candidate.
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A.2 MENeaCS Real-Time Analysis

The section describes the MENeaCS real-time analysis (Rif#glipe to detect new su-
pernovae in CFHT exposures. It is not meant to be an exhauwsseription of MegaCam
data reduction. Rather, it is intended to provide an RTA jigelemplate for SN surveys,
and to give special attention to issues particular to tiemsgive reductions. It assumes a
basic knowledge of common image quality parameters ancttieduprocesses.

Although | constructed, tested, and ran the RTA pipeling ¥as done with much
assistance from the MENeaCS team and many of the pipelindigidnal components
were written by them. Where appropriate | credit the subnastito their author by name,
or to the Image Reduction and Analysis Facility (IRAF)ut otherwise continue to write
in first person plural.

CFHT runs its three primary instruments in queue servicergbgp(QSO) mode. All
accepted programs for a semester are ranked, and servieevetssat the summit take
exposures for the highest ranked program given currenthgeabnditions. QSO mode
results in more data being taken for all programs, a highaatitvn of programs reaching
completeness, and better data quality overall as exposuestaken and monitored by
experts. With QSO, large long term projects such as the SMIdSVENeaCS are greatly
facilitated.

In April 2009, the NRC's student travel grant allowed me to élao CFHT during
a MegaCam queue run. | visited both the headquarters in Waameédhe telescope on
Mauna Kea, first learning how the QSO mode is set up and aderied; and then helping
to acquire data at the telescope, including some for MENe&@&s able to impress the
service observers with images of new supernovae the verymgixt after using the the
data reduction and candidate detection pipeline outlingdA.2.1 and A.2.2.

A.2.1 Data Acquisition and Reduction

CFHT MegaCam exposures are reviewed every morning lffyagonomers to ensure they
meet the image quality restrictions of their program. Thibse do are validated and listed
on the CFHT Night Reports webpage. A whole observing group (@G dithered expo-
sures in each filter, g and r) is required for SN detection,sadn interaction is required
to flag validated exposures from incomplete OG’s as unugablew minutes). If multi-

1IRAF is distributed by the National Optical Astronomy Obssories, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., uncmoperative agreement with the National Science
Foundation.
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Table A.1 Approximate human and machine hours for the RTA&Ipip.

Human Task Hours
checking CFHT night report 0.2
starting scripts for new epochs 0.3
human review of candidate triplets 0.3
TOTAL 0.8
Machine Task Hours
downloading and pre-processing 1
creating single epoch images 1
detecting & culling transients 2
deriving photometric corrections 2
updating database & creating finders 0.3
TOTAL 6.3

ple OG’s are obtained in a night, they are automatically ified as a single epoch. The
final list is used to sort exposures into epochs, highlighsters with new data requiring
processing, and update our progress websites.

Since MENeaCSsS is a real-time survey, CFHT automatically pilytreduces (bias sub-
tracts and flat-fields) the data and makes it available fomiioad the following morning.
Our automated data acquisition codes check for new datanlded it, and convert it to
the multi-extension format (MEF) required by the RTA pipeli As an example, if CFHT
obtains 5 epochs of MENeaCS data in a night30 Gigabytes), data acquisition com-
pletes within an hour with minimal human interaction. An eppmate accounting for all
the human and machine processing hours discussed in thisrsdor our example of 5
new epochs of data, is given as an example in Table A.1. Atnleogé every MegaCam
gueue run, data fully processed by the CFHT Elixir reductafitvgare is also automatically
downloaded.

Each individual exposure of an epoch can be searched indildfor transients, or
combined into a single image and then searched. We choosertbirte, mostly to save
time during later processing steps. To combine exposureasgehree software pack-
ages by Emmanual Berfin First, SExtractor (Bertin & Arnouts 1996) generates a cata-
log of bright stars for each exposure. Next, SCAMP (Bertin 306 wltaneously uses

2httpy//www.astromatic.net
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every exposure’s catalog to create header files of astramagtid photometric solutions,
by comparing to external star catalogs (we use 2MASS (Skiruét al. 2006)). Third,
SWarp (Bertin et al. 2002) uses these headers to combineaghegxposures into a single
20000x20000 image, free of chip gaps and centered on thietbsigcluster galaxy. Optimal
values for SExtractor, SCAMP, and SWarp input parameters wetermined with CFHT
MegaCam images prior to MENeaCS, confirmed to work well for tte¢ MENeaCS data,
and used consistently throughout the survey.

These three packages are automatically run in series bygle sicript written with Inter-
active Data Language (IDE) The final step adds several parameters essential to later pr
cessing to the epoch image headers: the sky backgroundilivédth half-max (FWHM)
of the point spread function (PSF), and the SCAMkXscale The sky background is
eponymous, mathematically equivalent to the mode pixelazalhe FWHM of the PSF is
the apparent size of a point source’s image disk, also knewheseeingwhen the crown-
ing influence on FWHM is atmospheric turbulence. Both are commeasures of image
quality. The SCAMPfluxscaleis a multiplicative factor which forces the SWarp output
image zeropoint to 30; since actual zeropoint calculatcarsbe complicated, this is con-
venient for RTA pipelines. Typically, epochs for 5 clustare processed to single epoch
images in< 1 hour and require no human interaction.

A.2.2 Candidate Detection

Subtracting a cluster’s first epoch image from its newestkpmage results in a fierence
image containing only sources which have appeared, bnghteor since faded from view
during the time between epochs. However, weather condigoch as light cloud layers,
sky background, and seeing change the profilevarysource. The resulting filerence
image is full of strange residuals, prohibiting the idenéfion of real transients. To avoid
this we degrade the quality of the better image to match thesevone. This common
practice is called PSF-matching, and is well explainedvwdieee (Alard & Lupton 1998).
The basic method is to determine the PSF profiles of starsimiegage, and from them the
kernel which, when convolved with the better-seeing PSfylte in the worse-seeing PSF.
This kernel is then convolved with the better-seeing imagel, used in the subtraction to
produce a clean tference image.

For transient detection we use a set of Fortran codes and IRAptswritten by Chris
Pritchet to align and PSF-match images, credieince images, extract transient sources

Shttpy/www.ittvis.comProductServicgtDL.aspx
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Figure A.1 A series of detection triplets for an IC SN cantida Abell 399 from Novem-

ber 2008 to January 2009 (top to bottom). Each triplet is aised of three columns dis-
playing the first epoch, detection epoch, and PSF matcHeatetice image (left to right),
and one row each for the g- and r-band filters (top and bottom).
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with the IRAF task DAOfind, and automatically reject objectdikely to be real. This
includes sources which are in the noise, are in groups (neifiraction spikes around
foreground stars), are not round, amdhave negative sources very nearby (i.e. products
of misalignments). The culling parameters were determinaa the first few epochs of
MENeaCS and then used consistently.

The resulting list contains up to hundreds of transientsspeare degree, and requires
further automated culls before human review. We run an apepghotometry code written
by Chris Pritchet on each transient to return fluxes in fourtapes (2, 4, 8, and 16 pixels),
an integrated flux from a best fitting PSF, ang?avalue representing its goodness-of-fit.
Based on these, we impose the following five condition: a) Eemeous detection in g-
and r-band filters; b) apparent g-band magnitsd@35; c) a positive peak flux; d) an
increasing flux in each successively larger aperturg;?e} 50. For all transients which
survive these cuts we create detection triplet image stgRigare A.1) for review.

All of these steps, from image alignment to the generatiotripfet stamps, are run
automatically by high level scripts which format the datgut it to the programs, run the
routines in series, and monitor their progress. For our @@l 5 new epochs, this entire
process takes a few hours and requires minimal interacfibe.triplet review stage flags
for discard any transient which is obviously not real (sushcasmic ray hits, exposure
flaws, and PSF-match artifacts). Human review of 5 epochshwairtransients typically
requires only 15 to 20 minutes. Information on successfatmate sources from each
detection and culling level are stored in separate filesjlisitspace demands all processing
product images be deleted.

For every candidate, we use a routine written by Dave Sandewtify a host in the
galaxy catalogs generated by Chris Bildfell for each clus&dd fiThis host finder is based
on the algorithm presented in Sullivan et al. (2006a). lbajseries the NASAPAC
Extragalactic Database (NED) for known cluster membersi-closter galaxies, apor
variable sources coincident with the candidate.

The Candidate Database

As soon as the data is reduced, we compile information omatliclates, from every cluster
and epoch, in a single database. For this we use an IDL steuftiuits convenient arrays-
within-arrays format. For each candidate we store theirdioates, cluster details, host
galaxy information from Dave Sand’s codes (including hd&tet and NED information),
and the dates, fluxes, and magnitudes from all epochs oftaatec

When two or more sources are coincident within”@8 identify them as the same
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candidate. This is crucial in helping to exclude “SN impostcsuch as variable stars,
novae, and active galactic nuclei from our follow-up tarlijgs (associations with NED
known variables helps also). For every truly new candidateder chart is automatically
created from the first epoch image. Updating the databaseakihg the finder charts for
our example of 5 new epochs takes only about 15-20 minutes.

During database creation, we apply photometric correstiocandidate apparent mag-
nitudes so all are in the Sloan Digital Sky Survey (SDSS)fdystem (Fukugita et al. 1996).
The details are unique to the survey design and will not baulisereaders outside of ME-
NeaCs, but we will outline steps that would apply to any sini&l survey.

Only ~half of our clusters are covered by the SDSS, but that is emtmugerive a re-
liable zeropoint for each MegaCam queue run. Our basic ptoeed to derive a suite of
internal adjustment factors for each epoch which corrdatiihe most photometric epoch,
and then use queue run zeropoints of the most photometrithepacorrect to the SDSS
filter system. The internal adjustments include an airmass,tcolor terms, aperture cor-
rections, atmospheric attenuation, and the inverse of @r\NE° fluxscale All are derived
by internal comparisons of foreground star magnitudes usedstar-isolation and aperture
photometry routines written by Chris Pritchet. It is impottdo note that since candi-
date magnitudes are measured dffiedience images made from PSF-matched images, the
appropriate corrections are those for therse-seeingpoch.

The derivation of photometric corrections fer5 new epochs takes a couple of hours,
but is generally run prior to updating the candidate dat@bd3orrecting to SDSS filter
apparent magnitudes is very important because it allows osrhbine imaging detections
from CFHT and the Bok Telescopes to identify and prioritizedidates for follow-up, and
set exposure times for spectroscopy.

A.3 SN Detection Hiciencies

In order to determine SN la rates from the MENeaCS survey, wst rave a measure of our
detection incompleteness. To do this we generate a populafifake SNe with realistic
intrinsic properties, add them to our data, and repeat thel&Bction pipeline. We can
then consider the fraction of fake SNe recovered as a fumdtithe properties, and derive
corrections to our actual recovered supernovae to accouihdése missed. This section
contains enough detail to be useful to anyone needing t@imeré detection féiciency
analysis for their SN la survey. Properties of the poputatib fake SNe la, methods of
planting and recovering them, and our basic recovery statiare presented i A.3.1—
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Table A.2 Clusters and epochs used for detectifiniencies.

Cluster Epochs Number Number
Name Used of Epochs of Fake SNe
Abell1068 4,5 2 356
Abell119 7,8,9,10,11 5 316
Abell1361 7,8,9 3 453
Abell1650 6,7,8 3 437
Abell1781 6,7,8,9,10 5 363
Abell2029 4,5,6,7 4 430
Abell21 2,34 3 445
Abell2440 5,6,7,8,9,10 6 314
Abell2443 6,7,8,9,10 5 380
Abell2597 9,10,11,12,13 5 285
Abell2627 6,7,8,9,10 5 340
Abell401 2,3,4,5,6 5 404
Abell644 4,5,6 3 466
Abell646 4,5,6 3 317
Abell754 9,10,11 3 450
RXCJ0132m08 3,4,5,6,7 5 265
RXCJO0736p39 6,7,8,9,10 5 343
ZwCl0628 2,3,4,5 4 554
Total=18 74 6918

A.3.2.

A.3.1 Population of Fake SNe la

This section describes the characteristics of the populaif fake SNe la, including the

clusters and epochs used, their distribution on the sky atidnitheir host galaxies, their

intrinsic properties, and how observer-frame light curassderived from rest-frame tem-
plates. Our goal was to create as realistic a sample of falkd&ak possible, to obtain the
most robust detectiorfiéciencies.

Set of Clusters and Epochs

For a robust evaluation of our detectiofi@encies, we wanted to ensure the fake SNe la
were planted in clusters and epochs with a variety of praggerfo cover our whole redshift
range, we simply sorted the clusters by redshift and selestery third (approximately)
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Table A.3 Host situation and sub-type for the fake SNe la.

Host Situation SN la Subtype
Normal SN91bg-like SN91T-like Total

Red-Sequence Hosted 1169 275 26 1470
Non-Red-Sequence Hosted 2655 788 19 3462
Cluster Hostless 477 75 8 560
Background Hosted 775 190 11 976
Background Hostless 367 68 15 450
Total 5443 1396 79 6918

for a total of 18 clusters. We then chose 2-6 consecutivelepmom each of these clusters
to cover a range of seeing, sky background, and date. Theluhssters and their epochs
are listed in Table A.2. Note that we use only the central 24xZminutes of the field for
planting and recovery. Each cluster has catalogs, cregt€hhbs Bildfell, of all galaxies
in the field and the red-sequence galaxies only. The numbfakefSNe la planted in a
given cluster is proportional to the number of galaxies mftiilowing way.

Spatial Distribution of Hosted and Hostless Fake SNe la

Five host categories are used for the fake SNe, three of wdmehassociated with the
cluster: SNe hosted by red-sequence cluster members, by mbim-red-sequence (blue)
cluster members, and hostless cluster SNe la. These fakargNe/en the redshift of their
cluster. The two additional host categories are SNe hostdoshbkground galaxies, and
hostless SNe la in the background. The fake SNe in thesear@sare given a random
redshift 03 < z < 0.5.

We set the number of red-sequence hosted fake SNe at halftddentimber of red-
sequence galaxies, and the number of cluster hostless i028%. The number of non-
red-sequence (blue) hosted fake SNe is equal to 1% of tHeatotdber of non-red-sequence
galaxies. The number of background hosted and hostlessSidkeare 25% and 10% of
this number, respectively. This aspect of the fake SN lal@gtis certainly not realistic,
but we plant far more SNe la than would be observed in ordeetggod statistics on our
detection éiciencies. Table A.3 contains the number of fake SNe of eastirfgptype, and
Figure A.2 contains the resulting redshift distribution.

All hosted fake SNe are distributed proportional to thetlighgalaxies by a code writ-
ten by Chris Pritchet. Given the coordinates for the potéhbat galaxies and the number
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of desired fake SNe, the code returns coordinates whichaatlly distributed around
galaxies in a manner proportional to their radial light gesfi Hostless fake SNe are dis-
tributed randomly, and we do not allow a 'hostless’ fake SKe¢avithin 10 dfective radii
(Re) Of any catalog galaxy. Once all fake SNe have their pixelrdates, any within
100 pixels of another are rejected. Table A.2 contains tted tumber fake SNe for each
cluster in column 4.

Fake SN la Properties: Sub-types, Stretch, Peak Brightnesand Phase

The four main characteristics of a SN la are its sub-typenabrunderluminous, or over-
luminous), its light curve stretch value s (see Equatiork @&d A.2), its intrinsic peak
B-band magnitude Mpear, and its phase in days (time from peak magnitude). Based on
these four properties, the magnitude of a fake SN la can leerdeted from templates (as
explained in the next section). To generate a realistic [aojn of fake SNe la, we use the
observed distributions of these four properties.

We distribute the SN la sub-types as described in Richardsah €2002), with~
20% of the total number of planted SNe la assigned as undentws (SN 91bg-like) and
~ 1% as overluminous (SN 91T-like). In Table A.3 we show thailteésy number of fake
SNe la of each SN la sub-type. As discussed above, the fakis ghdshift is dictated by
whether it’s in the cluster or background. Phase, or dayefight curve since explosion,
is randomly selected between -10 andD days. We use this as tbbserver framelay, as
described below. One of the cluster epochs from the list e€TA.2 is randomly chosen
to be the epoch for that phase, and the phase for other epacbhstaccordingly. In Figure
A.2 we plot the redshift and phase distributions for fake SNe

The intrinsic peak B-band magnitude for normal SNe la is19.3 (Astier et al. 2006).
We use a Gaussian distribution centered at -19.3 with 0.15 and limited t0-19.6 <
Mg, < —19.0 (Perrett et al. 2010). The stretch distribution for nor@hle la is a Gaus-
sian distribution centered at 1.0 with = 0.1; we do not correlate the stretch with host
type (Sullivan et al. 2006a; Perrett et al. 2010). The isidmpeak B-band magnitudes for
SN 91bg-like events is set to -17.0 (Richardson et al. 200),far SN 91T-like events is
-19.85 with no intrinsic variation (also unrealistic, buitable for our purposes)

(Saha et al. 2001). The stretch values for all underlumireoub overluminous SNe la is
1.0. Although underluminous SNe la are low stretch normat &\ we use the 1991bg-
like template (discussed below) and thus do not extend oumaleSN la stretch distribu-
tion down that far, and do not need a stretch distributiorstds-luminous SNe la. Figure
A.2 shows the distributions of b/, ., and stretch for the normal population of fake SNe la.

eak
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Generating Observer-Frame Light Curves

These four intrinsic properties must be converted to olad#evqualities, and for this we
use the template light curves of Nugent et al. (2002). Thés&aJight curve templates
include one each for normal, subluminous, and overlumirgiia typeé. They are given
in Vega magnitudes and normalized taM(t = 0) = 0. We use Johnson B-baneé (
4450A) and V-band+ 5510A) light curves, as these wavelengths correspond ttyutgh
MegaCam'’s g-band~( 4620A) and r-band~ 6360A) in the redshift range of MENeaCS
clusters, M5 < z < 0.15. This is less appropriate for the background sample & &Xe,
but we use a propd€-correction at all times. The first step is to convert the tiatgs time
axis from rest-frame daygs.d;:to observer-frame dayg.t with Equation A.1, and hereafter
deal just with observer-frame days.

tobs(d) =S (1 + Z) trest(d) (A-l)

The next step is to convert the value of the appropriate Nuigemplate at the appropriate
phase, which we express as M (d), into an apparent magnitude; mHere we use F
to denote rest-frame filter (B or V), and f for observed-frafiter (SDSS g or r). This
conversion is given by Equation A.2,

M = [MTe,..(d) + Mg,.,(0) + a(1-9)] + 5logDL(2) + 25+ Kgs + Ar + mras(Vega,
(A.2)

where Mg, (0) is the intrinsic peak B-band magnitudg(l — s) accounts for the relation-
ship between stretch and peak brightness, and werusel.5 from Astier et al. (2006);
5log D (z) + 25 is essentially the distance modulus wheréz)is the luminosity distance
in megaparsecs and z is the SN redshifg ks the K-correction from restframe filter F
to observed filter f, and is calculated with an appropriatdectsom the SNLS IDL rou-
tines; A is the Galactic extinction in observed filter f for the cooaties of the SN; and
m ag(Vega) is the AB-system magnitude of Vega which converts ftbenVega-system
(which the Nugent templates are in) to the AB-system (whichweat to use), where
Mg s (Vega)= —0.08 and mag (Vega)= 0.16 -8,

The resulting distributions of apparent SDSS magnitudealfdake SNe la are plotted
in Figure A.3. The graph shows the distribution of brightggbarent magnitude reached in

“httpy/supernova.lbl.gg\nugeninugenttemplates.html
Shttpy/www.sdss.orPRYalgorithmgsdssUBVRITransform.html
Shttpy/dis.physics.ucdavis.ethalityvegaab.html
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any epoch, or brightestbservablemagnitude, has many bright and a tail of faint sources
which, though perhaps not entirely realistic, are very uidef testing detectionféciencies
as a funtion of magnitude. The apparent SDSS magnitudekef3ale la in each epoch
are coverted to raw instrumental MegaCam magnitudes by &gplin reverse, all the
photometric corrections we mention at the end &f.2.

Planting and Recovering the Fake SNe la

We use a Fortran code written by Chris Pritchet to make a falkegétontaining only
Mofftat profile fake sources of specified instrumental magnituplesited at the given co-
ordinates and with the FWHM PSF of the epoch image. Then welgiagu this perfect
image of fake sources to the epoch image. From there, trardétection and culling is
done as described §A.2.2, except that triplets are not made for visual reviewcdleghe
only transients flagged for discard are those whichadméouslynot real, so no fake SN
would ever be rejected at this stage. If a fake SN la survivesatitomated culling routine
at least for one of its epochs, we consider it recovered’.

A.3.2 Recovery Statistics

Here we present our recovery statistics for all 6918 fake I8Nk Figure A.4 we plot the
number and fraction of fake SNe la recovered as a functiohef brightest apparent mag-
nitude in any epoch. Our first priority was to ensure the deteefticiency for hosted and
hostless SNe la in clusters was equivalent, as this diredtlyences the ICL fraction mea-
surement. From Figure A.4 we see they are mostly equal batgivfor faint fake SNe la
(although, with small numbers statistics in the faint magphe bins they are technically
consistent).

There is also a dierence in recovery fraction for faint (m 22) hosted fake SNe la
in red-sequence members and in non-red-sequence memhefguke A.5 we plot the
recovered fraction of cluster hosted fake SNe la as a fumafdheir host éfset for two
bins of brightest observable fake SN la magnitudg; 22 and ng > 22. Host dfset
is in units of host &ective radius (defined to contain half of a galaxy’s lumihgsi The
interesting part of this graph is at small hosiset, Ry < 1.5, where we evidently have
trouble detecting faint SNe la in brighter red-sequencexges. However, in general we
do not consider these iffeciencies for faint fake SNe la to present an immediate proble
for our SN la rates, as they represent a relatively smaligrodf our fake (and real) SN la
populations.



138

— —
r _ Host Situation: RS Hosted B!
a Plonted (N=6918) Non—RS Hosted |
_____ Recovered (N=5451) Cluster Hostless

800 — —
i L ] J
° L J
z
600 — —
()
e L J
O
[ L -
- |
O [ | -
& 400~ - —
IS L B
5
z L J

200 — —

oL
16
Brightest Epoch Apparent Magnitude (SDSS g)
1.0

# = ]
0.8 ’\\.\ {
|

0.6

0.4~

Fraction of Fake SNela Recovered

0.2—

16 18 20 22
Brightest Epoch Apparent Magnitude (SDSS g)

Figure A.4 Top: number of fake SNe la planted (solid) andveoced (dashed) as a function
of planted apparent g-band magnitude in its brightest epddbttom: fraction of fake
SNe la recovered in each magnitude bin, wifiN-derived error bars. Color corresponds
to hosting situation.



139

L e B A B e e e A L A B LA o e
Planted (N=6918) Host Situation: RS Hosted SN mg<22
— — — Recovered (N=5451) Non—RS Hosted SN mg<22

600

500

400

300

Number of Fake SNela

200

w HHH\H‘\HHHH‘HHHH\‘H\HHH‘\HHHH‘HHHH\‘\HHH

0.8 —
0.6 / |

0.4 -

Fraction of Fake Snela Recovered
T T
I
| |

0.2— -

OO0l v v v v v b v b v b v e

0 1 2 5 4 5
Host Offset [Effective Radii]

Figure A.5 Top: number of fake SNe la planted (solid) andveoced (dashed) as a function
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A.4 Summary

This section has introduced the main science goals anditadispecifications of the ME-
NeaCsS survey, described our RTA pipeline and candidate asg¢alnd presented our main
detection éiciencies. Our first paper to present the four IC SNe la and timgilications
regarding the ICL fraction is slated for publication durihg summer as Sand et al. (2010).
However, my involvement with MENeaCS will not end there. We aorking on the full
cluster SN la rates paper and are also looking at the pregesficluster host galaxies, the
paper for which will likely incorporate some of the scien@aty and methods discussed in
Chapters 4-6.
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