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ABSTRACT

Radiation in the first days of supernova explosions contains rich information
about physical properties of the exploding stars. In the past three years, I
used the intermediate Palomar Transient Factory to conduct one-day cadence
surveys, in order to systematically search for infant supernovae. I show that
the one-day cadences in these surveys were strictly controlled, that the realtime
image subtraction pipeline managed to deliver transient candidates within ten
minutes of images being taken, and that we were able to undertake follow-
up observations with a variety of telescopes within hours of transients being
discovered. So far iPTF has discovered over a hundred supernovae within a
few days of explosions, forty-nine of which were spectroscopically classified

within twenty-four hours of discovery.

Our observations of infant Type Ia supernovae provide evidence for both the
single-degenerate and double-degenerate progenitor channels. On the one
hand, a low-velocity Type Ia supernova iPTF14atg revealed a strong ultravio-
let pulse within four days of its explosion. I show that the pulse is consistent
with the expected emission produced by collision between the supernova ejecta
and a companion star, providing direct evidence for the single degenerate chan-
nel. By comparing the distinct early-phase light curves of iPTF14atg to an
otherwise similar event iPTF14dpk, I show that the viewing angle dependence
of the supernova-companion collision signature is probably responsible to the
difference of the early light curves. I also show evidence for a dark period be-
tween the supernova explosion and the first light of the radioactively-powered
light curve. On the other hand, a peculiar Type la supernova iPTF13asv re-
vealed strong near-UV emission and absence of iron in the spectra within the
first two weeks of explosion, suggesting a stratified ejecta structure with iron
group elements confined to the slow-moving part of the ejecta. With its to-
tal ejecta mass estimated to exceed the Chandrasekhar limit, I show that the

stratification and large mass of the ejecta favor the double-degenerate channel.

In a separate approach, iPTF found the first progenitor system of a Type Ib su-
pernova iPTF13bvn in the pre-explosion HST archival mages. Independently,
I used the early-phase optical observations of this supernova to constrain its
progenitor radius to be no larger than several solar radii. I also used its early

radio detections to derive a mass loss rate of 3 x 107> M yr~! for the progen-
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itor right before the supernova explosion. These constraints on the physical
properties of the iPTF13bvn progenitor provide a comprehensive data set to

test Type Ib supernova theories. A recent HST revisit to the iPTF13bvn site

two years after the supernova explosion has confirmed the progenitor system.

Moving forward, the next frontier in this area is to extend these single-object
analyses to a large sample of infant supernovae. The upcoming Zwicky Tran-
sient Facility with its fast survey speed, which is expected to find one infant

supernova every night, is well positioned to carry out this task.
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Chapter 1

INTRODUCTION

A supernova (SN) is a destructive stellar explosion that may briefly outshine
the entire galaxy light of its residence. This explosion occurs roughly once per
century in a galaxy like our Milky Way. Historical studies have established two
major SN explosion mechanisms: thermonuclear explosions of CO white dwarfs
(Type Ia) and core collapses of massive stars (Type Ibc and II). Filippenko
(1997) provides a general review on spectral evolution of different types of
SNe.

Not only do SNe mark the evolutionary endpoints of certain stellar systems,
but they are also responsible to synthesize heavy elements in the Universe and
to recycle stellar material into the interstellar medium. Thermonuclear SNe

have also been extensively utilized for cosmographic distance measurements.

Thanks to various synoptical surveys in the last decade, we have found a
few times more SNe than those discovered in the proceeding one thousand
years. However, the underlying physical processes that drive SN explosions
and that produce the SN observables remain unclear. The fundamental piece of
information that underpins our understanding towards these physical processes
is the link between progenitor stars and the type of SNe they produce at the

end of their lives (see Langer 2012 for a recent theoretical review).

1.1 Fortuitous pre-explosion imaging

Since late 1990’s, the SN community has been extensively searching archives for
high resolution and deep images of nearby galaxies which host SNe, in order for
direct identification of their progenitor stars. In practice, this method usually
relies exclusively on availability of pre-explosion images of nearby galaxies
taken by Hubble Space Telescope (HST), as HST is the only telescope capable
to resolve brightest stars (absolute magnitude > —5 in the visible band) in

nearby galaxies up to ~ 20 Mpc.



Thermonuclear Supernovae

Recent observations have provided solid evidence that the primary exploding
star in a Type Ia SN is a CO white dwarf (Nugent et al., 2011; Bloom et al.,
2012). There are two major channels that lead to ignition of unstable CO
burning in the white dwarf (Hillebrandt and Niemeyer, 2000; Maoz et al.,
2014). In the single-degenerate (SD) channel, a white dwarf accretes material
from a non-degenerate companion star, which is either a main-sequence star
or a giant. When the mass of the white dwarf approaches an unknown critical
value, the resulting increase in its central temperature and pressure ignites
thermonuclear runaway that eventually explodes and destructs the whole white
dwarf. One possibility of the critical mass here is the Chandrasekhar limit (~
1.4Mg, where Mg = 1.99 x 10*3 g is the solar mass). In the double-degenerate
(DD) scenario, two white dwarfs collides or merges in a binary or even a triple
system to produce a supernova. Since white dwarfs are very faint, the direct
imaging method is to look for the companion star in the SD channel and does

not anticipate to detect anything from the DD channel.

In one of the nearest Type Ia SN2011fe (a.k.a. PTF11kly) in M101 at 6 Mpc!,
nothing was found at the location of the SN in pre-explosion HST images.
The detection upper limit excludes a luminous red giant or anything brighter
as a companion star (Figure 1.1; Li et al. 2011a). This non-detection together
with other observations of SN2011fe favors the DD channel (see Chomiuk 2013

for a review).

More recently, candidates of companion stars in two low-velocity thermonu-
clear SNe (SNe Iax; Foley et al. 2013) are suggested in their pre- or post-
explosion HST images (McCully et al., 2014; Foley et al., 2014). If verified,

both candidates will be the first known companion stars of thermonuclear SNe.

Core-Collapse Supernovae

The existence of pre-explosion images has allowed direct identification of the
progenitors of eighteen Type II core-collapse SNe (hydrogen-rich; Figure 1.2).
These progenitor stars form a sample to establish a link that final core-collapses
of red supergiants produce the most common class of Type II SNe. This obser-

vational link shows compatibility with stellar evolutionary model predictions

1SN2014J in M82 at 4 Mpc experiences severe extinction due to dust. Therefore the
detection upper limit for the progenitor of SN2014J is not as deep as that for the progenitor
of SN2011fe.
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(2011a)]
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be discussed in detail in Chapter 6. The non-detection limits for Type Ibc
SN progenitor are not quantitatively marked here and are listed in Table 1.1.
[Figure 3 in Smartt (2015)]

(see Smartt 2009 and Smartt 2015 for reviews of recent progresses).

More than a dozen nearby Type Ibc core-collapse SNe (hydrogen-free) also
have existing archival pre-explosion images. As summarized in Table 1.1,
however, no progenitor has been identified in these images. The deepest non-
detection limit is Mg > —4.4mag in a Type Ic SN2002ap.

On the theory side, Wolf-Rayet stars have been proposed a long time ago
as progenitors of Type Ibc SNe, as they lose their hydrogen and possibly
helium envelopes through radiatively line-driven stellar windes (see Crowther
2007 for a review of Wolf-Rayet stars). The detection upper limits of the
progenitors in Table 1.1 are consistent with Wolf-Rayet stars in the Milky
Way and Magellanic Clouds. An alternative progenitor scenario is less massive
helium stars in binary systems which strip off their hydrogen layers through
interaction with companion stars (Dessart et al., 2012; Yoon et al., 2012).

However, the observational counterpart of these helium star binaries remains
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in debate (see Yoon 2015 for a recent review on this scenario).

Summary

Given the facts that the volume-limited event rates of Type Ia and Ibc SNe
are half and one third of the Type II SN rate (Li et al., 2011c) and that
the intrinsic brightnesses of progenitor systems of Type la and Ibc SNe are
probably much fainter than red supergiants, one may have to wait for a long
time before identifying one system in the pre-explosion images to a Type la
or Ibc SN, not to mention building samples of Type Ia and Ibc progenitors.
Therefore, new approaches are warranted to constrain the physical properties

of Type Ia and Ibc SN progenitors.

1.2 Physics of infant SNe

Both theoretical and observational results in recent years have shown that SN
radiation within a few days of its explosion (infant SN) contains rich informa-
tion about the physical properties of its progenitor system. In this section,
we briefly review recent progress in theory. We will cover the observations of

infant SNe in the next section.

In core-collapse SNe and some thermonuclear SNe (for example, Type Ia SNe
from the delayed-detonation transition; Piro et al. 2010), the SN explosion
begins with a SN shock breakout. A radiation-driven shock wave propagates
outwards within the progenitor star, which heats up and accelerates the pro-
genitor envelope. Once the photon diffusive timescale in the post-shock region
becomes shorter than the shock wave travel timescale, i.e., the opacity in front
of the shock drops to ~ ¢/vs where ¢ is the speed of light and v, is the shock
wave velocity, the envelope of the progenitor star cannot hold the photons
behind the shock any more. As a result, these photons soon break out of the
surface of the progenitor, producing a bright flash in X-ray. The rise timescale
of the X-ray flash, denoted as tyrearout, 18 roughly the light crossing timescale
of the progenitor R,/c where R, is the radius of the progenitor. For a red su-
pergiant of radius 500R., where Ro = 6.955 x 10'Y cm is the radius of the Sun,
threakout ~ 20 min; for a Wolf-Rayet star of radius 5Rs, tpreakout ~ 10 seconds;

for a white dwarf, t eacout 1S less than a second.

Following the SN shock breakout, the stellar envelope expands and rapidly
cools down in a quasi-adiabatic manner. As the photosphere penetrates into

the outer shells of the envelope, the radiative energy stored within the envelope
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escapes via thermal radiation, leading to an early emission in the ultraviolet
(UV) and optical. This early emission has been modeled from both numerical
calculations (e.g., Falk, 1978; Ensman and Burrows, 1992; Blinnikov et al.,
2000) and analytical models (e.g., Waxman et al., 2007; Rabinak and Wax-
man, 2011). One of the main advantages of analytical models over numerical
calculations is that it provides explicit analytic expressions for the dependence
of the emission on model parameters, thus making both the use of observa-
tion data for determining model parameters and the identification of model
uncertainties much easier and more straightforward. In a simplified analytical
model (Waxman et al., 2007), the photospheric temperature 7, of the expand-
ing envelope depends mainly on the progenitor’s radius R, and on the opacity
of the enevelop, i.e., T}, approximately proportional to Ri/ ! The luminos-
ity L is approximately proportional to (E/M)R., where E is the explosion
energy and M is the ejecta mass. Since SN spectra can be used to infer the
chemical composition of the envelop and thus the opacity, we may derive the
progenitor radius R, and the ratio £/M directly from the early UV /optical
light curve of a SN. Later, Rabinak and Waxman (2011) extended the model
to include a more realistic description of the opacity and its variation with
time due to recombination, and to include photon diffusion, which causes the
emitted spectrum to deviate from a blackbody. Nakar and Piro (2014) and
Piro (2015) also provide analytical expressions of SN emission in this cooling

phase for SNe embedded in massless circumstellar shells.

The adiabatic cooling phase ends when the radiative energy from *’Ni decay
diffuses to the photosphere. The duration of the cooling phase depends on the
location of the shallowest layer where *°Ni is deposited. In a Type Ia or Ibc

SN, the cooling phase lasts for hours to a few days.

Furthermore, many SNe are born in close binary systems. For instance, ob-
servations of galactic massive O stars show that more than 70% of all massive
stars have mass exchange with a companion star and that binary interaction
dominates the evolution of massive stars (Sana et al., 2012). In a SD pro-
genitor system of a Type Ia SN, a donor star is also needed to increase the
mass of the primary white dwarf. If the companion star remains present at
the time of the SN explosion, the SN ejected material will inevitably slam into
the companion star immediately after the explosion. This collision produces

a luminous X-ray flash from the non-thermal collision process which lasts for
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tens of minutes (this X-ray flash is very difficult to capture with current X-ray
telescopes), and a diffusive thermal emission that peaks in the UV and decays
in a couple of days after the collision (Kasen, 2010). In particular, in a Type
Ia SNe, SN-companion collision signatures serve as a “smoking gun” for the SD

progenitor channel, as such signatures are not expected in the DD explosions.

1.3 Observations of infant SNe

Previous surveys were optimized with cadences of a few days or longer and to
cover large sky areas, in order to discover as many SNe as possible. These sur-
veys were driven partly to explore the diversity of supernovae and other tran-
sients (e.g., Kasliwal 2011) and partly to use Type Ia supernovae around peak
to measure cosmological distances (e.g., Phillips 1993). Figure 1.3 summarizes
cadences and survey depths of some recent transient surveys. As a result of
the long cadence, most SNe were discovered around maximum brightnesses in
these experiments. The few SNe that were discovered at very early phases
were either from serendipitous discovery or from small-scale fast-cadence ex-
periments. Despite the small number of these infant SNe, they have greatly

enhanced our knowledge about SNe and their progenitors.

Soderberg et al. (2008) reported the serendipitous discovery of a Type Ibc
SN2008D at the time of the explosion by Swift, as marked by an extremely lu-
minous X-ray outburst, and attributed the outburst to the breakout of the SN
shock from the progenitor star. The rise time of the X-ray outburst ty carout =~
63 seconds corresponded to a shock breakout radius ctpreakout ~ 102 cm. Im-
mediate follow-up observations in the UV, optical and radius allowed the au-
thors to establish the Type Ibc classification of SN2008D and to estimate the
radius of the compact progenitor to be 10 cm. The authors subsequently
attributed the different radii derived from shock breakout timescale and from
cooling-phase emission to the circumstellar medium sounding the SN. Since
the circumstellar medium was established by last-stage mass loss of the pro-
genitor before the SN explosion, the follow-up X-ray and radio observations
allow the authors to estimate a mass loss rate of 107> My yr~! for the progen-
itor. Finally, although no progenitor is identified in any pre-explosion image,
the authors concluded that the physical properties of SN2008D progenitor,
as derived from optical, X-ray and radio observations of the SN in its infant

period, are consistent with those of known Wolf-Rayet stars.
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Figure 1.3: Depth versus cadence for iPTF and surveys prior to iPTF. Ref-
erences: ROTSE: the Robotic Optical Transient Search Experiment (Akerlof
et al., 2003); LOSS: the Lick Observatory Supernova Search (Li et al., 2000);
CRTS: the Catalina Real-time Transient Survey (Drake et al., 2009); PTF:
the Palomar Transient Factory (Law et al., 2009); SDSS: the SDSS Supernova
Survey (Frieman et al., 2008); Pan-STARRS: transient search in the Pan-
STARRS medium deep survey (Rest et al., 2014); SNLS: Supernova Legacy
Survey (Astier et al., 2006); HST: the HST supernova surveys (Riess et al.,
2004, 2007); iPTF: the intermediate Palomar Transient Factory (this work).

In another Type Ic SN PTF10vgv, even without direct detection of the cooling
phase, Corsi et al. (2012) compared the observed light curve and deep pre-
discovery non-detection limits, which set upper limits on emission in the cool-
ing phase, against analytical and numerical models of the post-shock-breakout
cooling-phase luminosity of a Type Ic SN, and managed to derive an upper
limit of < 4.5R, on the radius of the progenitor star. Such a tight upper limit

rules out giant and supergiant stars as progenitors of this Type Ic SN.

Moreover, in a Type la SN2011fe (a.k.a., PTF11kly) discovered only twelve
hours after the SN explosion (Nugent et al., 2011), its early emission follows
the freely expanding fireball model in which the temperature remains constant
and the luminosity increases as o< t2. Comparing the SN light curve and pre-
discovery upper limits to post-shock-breakout emission models, Bloom et al.
(2012) constrained the radius of the exploding star to be < 0.02Rs (Figure
1.4). Given an ejecta mass of ~ 1My, the authors derived a mean density

of > 10° gem ™ for the progenitor. Such a high density indicates conclusively



10

— Rabinak and Waxman, 2011
- - Kasen 2010 R=10R

-16}1| - Piroetal., 2010 :
..... L.cxtz ‘_________..-__“_”

g-band absolute magnitude

0.0 0.5 1.0 15 2.0
days since explosion

Figure 1.4: Absolute g-band magnitude of SN2011fe versus time since explo-
sion in three theoretical models of the early-time shock-heated evolution of
Type Ia SNe. The black line shows the L o t? radioactive-heating behavior
seen in later-time PTF data, consistent with the non-detection. The post-
shock-breakout emission models are taken from Rabinak and Waxman (2011)
and Piro et al. (2010).The ejecta mass in these models is assumed to be 1M,
(a higher ejecta mass will lead to a more compact progenitor). In the (Kasen,
2010) companion interaction model, R denotes the separation distance be-
tween the two stars, and the light curve is shown for an observer aligned with
the collision axis, which produces the brightest observed luminosity. [Figure 2
in Bloom et al. (2012)]

that only a degeneracy-supported compact object, such as a white dwarf, is
viable as the primary star of SN2011fe. A caveat here is that the constraint on
the progenitor radius depends on the SN explosion date which is derived from
extrapolation of its early light curve (Nugent et al., 2011). Piro and Nakar
(2014) suggested a dark time of ~1 day between the SN explosion and the rise
of its radioactively powered light curve and hence that the progenitor can be
as large as ~ 1R,. Furthermore, if SN2011fe arises from a SD system, the
early UV observations also allowed Brown et al. (2012a) to put a non-detection
upper limit on the SN-companion interaction signature, which rules out a solar

mass companion at a distance of a few solar radii.
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Both theoretical and observational achievements on constraining progenitor
properties from observations of infant SNe motivate us to carry out systematic
fast-cadence transient surveys. In addition, as shown in Figure 1.3, the sub-day
dynamic sky is yet to be explored. As trailblazers, our surveys may uncover

surprises in this new phase space.

1.4 Outline of this thesis

In spring and fall observing seasons in 2013 — 2015, I used the intermediate
Palomar Transient Factory to conduct fast-cadence transient surveys. Chapter
2 describes the survey designs, operations and performances. Chapters 3, 4, 5
and 6 present observations of three infant Type la SNe and one infant Type
Ib SN and discuss the implications to their progenitor systems. Chapter 7

summarizes the progress to date with an eye towards the future.
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Chapter 2

FAST-CADENCE TRANSIENT SEARCH IN THE
INTERMEDIATE PALOMAR TRANSIENT FACTORY'

Yi Cao!, P. E. Nugent®3, M. M. Kasliwal!
I California Institute of Technology, Pasadena, CA 91125, USA
2 Department of Astronomy, University of California, Berkeley, CA
94720-3411, USA
3 Lawrence Berkeley National Laboratory, 1 Cyclotron Road, MS 50B-4206,
Berkeley, CA 94720, USA

Abstract

In this paper, we present the fast-cadence transient surveys in the interme-
diate Palomar Transient Factory systematically search for infant supernovae
and fast-evolving transients, including (1) cadence control and field selection
of these surveys, (2) the fast-turnaround pipeline that delivers transient can-
didates within ten minutes of images being taken, and (3) the rapid-response
follow-up observations of transients within hours of discovery. In the first three
years of operation, we discovered over a hundred supernovae within three days
of their explosions. About half of them obtained their first spectroscopic ob-
servations on the same night or the night following discovery. Our infant

supernova sample provides unique preview into progenitor physics.

2.1 Introduction

In the spring of 2013, we started a new collaboration called the intermediate
Palomar Transient Factory (iPTF), after PTF completed its mission at the end
of 2012. The new collaboration uses the same hardware as PTF, including the
Palomar 48-inch Schmidt telescope (P48) equipped with the CFH12K camera
as the discovery machine (Law et al. 2009). The CFH12K camera had eleven
working CCDs (each has 2048 x 4096 pixels with 1.01” pixel ) and covered

7.26 deg? in a snapshot. However, due to an electronic issue, one CCD failed in

tAn edition of this chapter is going to be submitted to the Publications of the Astro-
nomical Society of the Pacific shortly.
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the early spring 2015. This failure reduced the total field of view to 6.60 deg?.
The camera has two filters: Mould R and SDSS g. The exposure time is
currently chosen to be 60 seconds. A single snapshot can reach a survey depth
of R ~ 20.5mag or g ~ 21 mag under a median seeing of 2”.0. The mean

overhead time for readout and telescope slew is about 40 seconds.

iPTF implements an end-to-end strategy tailored for infant supernovae (SNe)
and fast transients. The nightly cadence is strictly controlled. A fast-turnaround
realtime data processing pipeline — which uses high performance computing
resources, databases, and machine learning algorithms — delivers transient
candidates within minutes of images being taken. We also have pre-approved
target-of-opportunity (ToO) programs with a variety of telescopes to perform

follow-up observations within hours of transients being discovered.

This paper is organized as follows: Section 2.2 describes the fast discovery
and follow-up procedures. Then Section 2.3 summarizes science performance
of the fast-cadence surveys. Finally, Section 2.4 summarizes important lessons
learned from iPTF with an eye towards the upcoming Zwicky Transient Facility
(ZTF).

2.2 Operation and performance

Given the weather pattern at Palomar Observatory and the location of the
Milky Way on the sky as well as moon constraints, we undertake the fast-
cadence transient surveys during dark and grey periods in spring and fall
observing seasons!. In each observing season (about four months in length),
we monitor a selected list of fields with P48 multiple times every night in
either g or R band. The multiple visits in every single night allow us to
detect intra-night variation of transients and moving object. In every observing
season, only one filter is used to avoid filter exchange and to maximize the light
curve information in a single band (color information is collected by follow-up

observations).

Figure 2.1 presents an overview of the iPTF data flow. Immediately after each
exposure, the images are transferred to both the National Energy Research
Scientific Computing Center (NERSC) and the Infrared Processing and Anal-
ysis Center (IPAC). NERSC hosts a realtime image subtraction pipeline for

!The bright time of each month is used to survey galaxies within 200 Mpc with He filters
(Kasliwal 2011; Cook et al. in prep.).
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Figure 2.1: iPTF data flow. The solid arrows represent realtime activities
while the dashed arrows represent post-night activities.

fast turnaround discovery of transients, and IPAC performs detailed post-night
processing and archives images. IPAC also provides high-quality stacked refer-
ence images for the NERSC pipeline. Once a transient candidate is identified
from the NERSC pipeline, we immediately undertake comprehensive follow-up
observations with the 60-inch and 200-inch telescopes at Palomar Observatory

as well as other ground-based and space telescopes.

A transient survey consists of three independent and equally important com-
ponents: cadence and area, transient identification and follow-up observations.
In the following, we describe these three components for our fast-cadence sur-

vey.

Cadence And Area

About 80% of P48 time in spring and fall is used to perform several different
fast-cadence transient surveys, as summarized in Table 2.1. In these surveys,
the nightly cadence is strictly maintained. The interruption to our cadence
includes bad weather, other observation programs that uses the remaining 20%
telescope time, and occasional P48 ToO triggers for GRBs (Singer et al., 2015)
and LIGO events (Kasliwal et al., 2016). In order to minimize the impact from
observations of other experiments, we manually set up a fixed nightly observing

schedule for each lunation.
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Figure 2.2: Histogram of time intervals for adjacent visits to a same
field. The x-axis is in a logarithmic scale with a bin width is 10°! day.

Figure 2.2 presents a histogram of the actual time intervals between two ad-
jacent visits of same fields for all P48 observations, including both SN surveys
and other programs on the same telescope. In this histogram, the broad peak
around 45 min reflects the intra-night revisit timescales. The narrow and sharp
peak at 1day is the designed nightly cadence, which shows that the cadence is
controlled strictly. The histogram also illustrates that observations from other

experiments have small impact to the SN surveys.

For a fixed amount of telescope time, cadence and survey area are mutually
repelling factors. The faster the survey cadence, the smaller the survey area. A
useful parameter to quantify the effective survey area for a given time baseline
7 is the total sky area €2 that is visited twice separated by 7. Then the expected
rate for a given type of events is Q07 f where f is the surface rate density of such
events. The theoretical value of (45 min) and €2(1 day) for a perfect weather-
free experiment that visits every field twice every night can be estimated as
follows: each season has roughly four months, and in each month our survey is
undertaken for 25 nights (except for five nights around full moon). Given the
exposure time and overhead of the camera, in an average night in spring or

fall, P48 takes 300 individual exposures and equivalently monitors 150 fields.
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Figure 2.3: Enclosed B-band luminosities of the selected survey fields
as a function of distance in spring and fall 2013. In comparison, the
enclosed B-band luminosity for blind pointings is shown in black.

Therefore, with 11 CCDs,
Q(7 = 45 min) = 7.26 deg” x 150 x 25 x 4 = 1.09 x 10° deg® , (2.1)

Q(7 = 1 day) = 7.26 deg® x 150 x 24 x 4 = 1.04 x 10° deg? , (2.2)

where the first term in the expressions is the P48 field of view, the second is
the total number of fields, the third is the number of visit pairs separated by
7, and the fourth is the length of an observing season in months. With 10
CCDs, Q(7 = 45 min) = 9.90 x 10* deg® and Q(7 = 1 day) = 9.50 x 10* deg”.
We compare these theoretical values to actual values computed in Table 2.1
and find that our actual values are about 30%-50% of the ideal values. Since
the impacts from non-SN observations are negligible (Figure 2.2), we conclude
that the weather at Palomar deteriorates our cadence performance by a factor
of 50%-70%.

Our field selection is optimized in two ways. In spring and fall 2013, we used

a Census of the Local Universe (CLU) catalog for galaxies within 200 Mpc
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Figure 2.4: Data transfer time from Palomar Observatory to NERSC.
Individual measurements of the data transfer time as a function of observation
time are shown in gray. The median data transfer time in each 0.5 hour bins
with its median absolute deviation is shown in red.

(Kasliwal 2011; Cook et al. in prep.) to maximize the included B-band lu-
minosity in the fields. This selection enhances the rates of events related to
massive stars. Figure 2.3 shows the B-band luminosity gain as a function of
distance in these two seasons. Alternatively in the other observing seasons, we
select continuous tiles of fields to cover galaxies in a wide range of stellar mass
and star formation rates, in order for unbiased sampling of events in different

environments.

Discovery

Upon completion of each P48 exposure, a pack of CCD images is immediately
transferred via high-speed microwave links to the San Diego Supercomputer
Center and then to both NERSC and IPAC via Internet. The median time
for data transfer from Palomar Observatory to NERSC is 2.6 mins with a
distribution shown in Figure 2.4. We find slightly longer transfer time in the
first half of a night than in the second half, probably due to human activities.
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Figure 2.5: Overview of the NERSC image subtraction pipeline. The
gray region highlights the realtime pipeline running on the NERSC supercom-
puter. The black box highlights intercommunication to the database. Solid
arrows represent realtime operations and dashed arrows represent post-night
operations in the pipeline.

Upon arrival of these images at NERSC, our automated image subtraction
pipeline processes them and displays transient candidates on an internal web-

page for further examination and follow-up within several minutes.

NERSC Realtime Image Subtraction Pipeline

The NERSC realtime image subtraction pipeline makes uses of high-performance
computing resources, high-speed /0O filesystems, efficient databases, and ad-
vanced algorithms to minimize the false positive rates and to shorten the
turnaround time between observations and actual discoveries. Figure 2.5 pro-

vides a schematic view of the NERSC pipeline.

The top level of the pipeline is a scheduler program. It recognizes new images

upon arrival, submits a processing job for each received pack of images to
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Figure 2.6: Histogram of wait time at NERSC. This wait time includes
wait times in both the pipeline scheduler and the supercomputer queuer.

the supercomputer queue, monitors the total number of concurrent processing
jobs in order to not overload the database, and logs the nightly processing
activities. It also archives raw and processed data to the tape and generates
processing reports at the end of a night. Upon submission of a processing job,
based on the job priority, the supercomputer queuer allocates a computing
node with multiple CPU cores for the job.

Both the pipeline scheduler and the supercomputer queuer have response la-
tency times. In order to minimize the former latency, the pipeline scheduler
runs every 30 seconds during the night. For the latter, we have acquired a
special supercomputer queue with dedicated computing nodes from NERSC
to minimize the wait time in the supercomputer queue. As shown in Figure
2.6, most processing jobs can be executed within five minutes of images being
received at NERSC.

At each computing node, the processing job allocates a child process for each
individual CCD image with one CPU core and sufficient memory. In this

case, all CCD images of an exposure are processed almost in parallel, with an
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exception for the astrometric solver which has to run serially. In the following,

we describe major steps in the image subtraction pipeline:

e Image preprocessing — We perform routine procedures of overscan
subtraction, bias subtraction and flat-field correction to each raw image.
The bias and flat-field frames are generated every ten days by a sepa-
rate program that runs in parallel in the daytime. For each CCD, this
program stacks most recent 100 bias images to make a super bias, and
also stacks most recent 100 science images in g or R filters to make super
flats in these filters.

e Astrometric and photometric solvers — Given that each CCD covers
0.57° x 1.15° sky area, the software astrometry.net? with appropriate
index files is well suited to solve the astrometry. The success rate of
astrometry.net is > 99% and the resulting astrometric solution is ac-
curate to about half a pixel. The disadvantage here is that the current
version of astrometry.net does not support parallel computing. Run-
ning an independent process of astrometry.net for each CCD image
would require an unaffordable large memory and could also be delayed
by the memory access speed. Here we are forced to synchronize all
child processes after image preprocessing to run astrometry.net on a
single CPU core in serial. After the astrometric solver, each child pro-
cess extracts a catalog with the software SExtractor® for sources with
signal-to-noise ratios (SNRs) > 20 in order to calibrate the photometry
with respect to the PTF-IPAC catalog (Ofek et al., 2012b). A median
zero-point across each CCD image is then calculated. A caveat here is
that some CCD images may have non-negligible spatial variation in the
zero-point (Ofek et al., 2012a).

e Image registration — In preparation for image subtraction, we solve
the relative astrometry of the science image with respect to its corre-
sponding reference image by matching their SExtractor catalogs with
the software Scamp. Scamp works best for catalogs down to similar depth,
so we truncate the reference catalog at the limiting magnitude of the sci-

ence image. Using the updated astrometric solution, we resample the

2astrometry.net is available at http://astrometry.net.
3SExtractor, Scamp and SWarp are available at http://www.astromatic.net.
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reference image to the same pixel coordinate system of the new image

with the software SWarp.

e Image subtraction — We perform image subtraction between the new
image and resampled reference image by using point spread function
(PSF) matching with the software HOTPANTS?. In order to minimize the
noise, the PSF on the resampled r eference image is convoluted into
the PSF on the new image with a PSF convolution kernel. The convo-
lution kernel is parameterized by linear combination of Gaussian basis
functions with different widths, and is built with a list of image stamps
centered at high-SNR stars across the image. These high-SNR stars
are pre-selected from the SExtractor catalog. HOTPANTS also models
low-spatial-frequency variation of PSFs on both images with low-order
polynomials. The input HOTPANTS parameters are listed in Table 2.2.
Since our primary goal here is to detect transients, we only perform
positive subtraction, i.e., subtracting the reference image off from the
new image. Transient candidates with SNR> 5 are extracted from the

subtracted images with SExtractor.

e Real-bogus classification — Misalignment of astrometric solutions, im-
perfect convolution kernels, Poisson noises of bright objects, cosmic rays,
and defects in the reference images may produce artifacts in the result-
ing subtracted images. In order to remove these image-based artifacts,
we developed a real-bogus classifier using a supervised random forest
algorithm. The classifier utilizes 42 features derived from SExtractor
outputs. The “real” training set consists of detections of variable stars
and spectroscopically classified supernovae, and the “bogus” set is se-
lected randomly in our candidate database and confirmed by visual in-
spection. This classifier achieves a 1% false positive rate at a cost of 5%
false negative rate (Brink et al., 2013; Rebbapragada et al., 2015).

e matching to external catalogs — After cleaning artifacts in each the
transient candidate list, the main contaminations are real celestial ob-
jects, including asteroids, variable stars and active galaxy nuclei (AGNe).

Thus we further cross-match the transient candidates to the minor planet

4HOTPANTS is available at http://www.astro.washington.edu/users/becker/v2.0/
hotpants.html
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catalog and the SDSS spectroscopic catalogs for stars and AGNe. Re-
cently, a new random-forest star-galaxy separator is developed on TPAC
reference images, which uses SExtractor features and which is trained
by spectroscopically confirmed stars in SDSS (Miller et al. in prep.), to
reject variable stars outside the SDSS footprints. Additionally, since the
absolute magnitude and environment of a transient candidate also pro-
vide valuable information about the nature of the transient, we spatially

associate transient candidates to nearby galaxies in the CLU catalog.

e Subtraction quality check — A “byproduct” from matching to external
catalogs is to assess the quality of a subtracted image using the following
two metrics: the ratios between the numbers of transient candidates and
field stars, and the fraction of transient candidates with high real-bogus
scores (in practice, we define a threshold value for high real-bogus scores
at 1% false positive rate and 5% false negative rate). We further assume
that the fraction of variable sources r,, is roughly a constant across
the sky, and that half of the variable sources are brighter than their
counterparts in the reference images and therefore appear as positive
sources in the subtracted images. Since variable sources outnumber real
transients substantially, for a good subtracted image, the former metric
value should be close to r,./2 and the latter metric value should be close

to zero.

e Post-night image stacking — After nightly realtime processing, we
stack the multiple subtracted images of each field with Swarp in order to
deepen our detection limits by about half a magnitude. These stacked
images are used to search for transients slightly below the single-image
detection limits, to provide better SNRs for detected transients in single

images, and to provide deeper detection limits for non-detections.

The elapsed time of each step in the pipeline is summarized in Figure 2.7. As
can be seen in individual panels of this figure, except for the preprocessing
step which involves only matrix operations, the elapsed time of each step is
correlated with galactic latitudes of fields. This is probably because, since
the density of celestial objects is roughly correlated with galactic latitude, the
more celestial objects in an image, the longer these steps take. The scattering

in the elapsed times depends not only on the actual density of celestial object
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Figure 2.7: Elapsed times of individual steps in the pipeline. The data
were taken between April 1 and July 31, 2015. The gray dots are real data and
the yellow circles are median values in bins of 5 degrees in absolute galactic
latitudes.

of each field, but also on the input/output (I/O) speed to the spinning disk at

different times.

The whole processing job takes a median time of 4.5 minutes with a distribu-
tion show in Figure 2.8. The latest version of this pipeline, which was delivered
in early 2015, can process more than 90% of images within 5 minutes. Taken
into account the data transfer time and wait time in the supercomputer queue,

the distribution of total turnaround time from completion of an exposure to
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Figure 2.8: Histograms of NERSC pipeline processing time.

candidates with real-bogus scores in the database is shown in Figure 2.9. With
the latest version of this pipeline, the total turnaround time is usually under

ten minutes.

There are a few technical limitations in the current pipeline that could be
improved in future. First, the pipeline uses existing astronomy software that
involves heavy I/O on spinning disks. As such the processing time can be
affected substantially by the I/O speed of the spinning disks. It would become
faster if the whole processing is carried out in the memory and only 1/O’s
necessary files in the spinning disks. Second, Python is used as a pipeline
wrapper and also performs simple algebraic calculations in the pipeline. The
execution of an interpreted script in Python is generally much slower than
a machine-language executable from a compiled language. Loading Python
modules from the spinning disk can also be impacted by the 1/O speed. In
addition, there is plenty of room to improve the image subtraction algorithms
to reduce false positive rates. For example, a new image differencing algorithm

is recently being implemented at IPAC (Masci et al. in prep.).
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Figure 2.9: Histogram of turnaround time from completion of an ex-
posure to output candidates from the pipeline.

Transient candidate vetting

Our realtime image subtraction pipeline produces ~ 10* candidates every
night. In addition to image-based processing as described above, we add some

post-processing criteria to further purify the transient candidate list.

e Due to incompleteness of the asteroid catalog down to ~ 21 mag, uncat-
alogued moving objects are among the most commonly-seen false posi-
tives, especially when our fields are close to the ecliptic plane. Most of
them can be removed by requiring two detections at the same location

separated by at least half an hour.

e Due to absence of an all-sky star catalog down to ~ 21 mag (SDSS only
covers 14,555 square degrees), our candidate list is also heavily contam-
inated by variable stars. Our recently developed star-galaxy classifier
has greatly reduced the number of variable stars brighter than 20 mag

(Miller et al. in prep.).
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Figure 2.10: Screenshot of the scanning page. For each candidate, this
page displays 10” x 10” cutouts of its new, reference and subtracted images cen-
tered at the candidate as well as a cutout of SDSS image of the same size when
available. This page also shows relevant information such as apparent and ab-
solute magnitudes, real-bogus scores, links to external databases (MPChecker,
NED, Simbad, VizieR), and a historical light curve at the location of each
candidate.

e A third type of false positives in the transient candidate list is AGNe.
Thanks to the rich archival data since PTF, these false positives can be
visually removed by examining their historical light curves, since most

of them have long history of activities.

After the post-processing stage, we take two ways forward. In one approach,
we developed a robotic program called “treasurer” that automatically saves the
best candidates within a minute of them becoming available in the database,
triggers multi-color follow-up observations with the Palomar 60-inch telescope,
and alerts our team members by email or text message to trigger further follow-
up observations on bigger telescopes. The best candidates here are defined as
sources (1) with two detections both having false positive rates < 0.1%, (2)
spatially associated with nearby galaxies, and (3) having non-detections in the

previous night.

In the other approach, we lower our candidate selection bar for completeness.
The only selection criterion is two detections with real-bogus scores above a
threshold that corresponds to a false positive rate of 1%. This criterion leads
to a list of 100-300 candidates per night. These candidates are displayed on an
internal webpage when available (a screenshot of the webpage is shown Figure
2.10), and one or two team members in Sweden or Israel visually inspect them
every 15 to 30 minutes during the California night. Once a promising transient
candidate is found, the scanning person alerts the whole team for follow-up

observations.

Examples of breakdown of candidate numbers at each processing and post-

processing stage as well as triggering follow-up observations can be found in
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Singer et al. (2013, 2015) and Kasliwal et al. (2016).

Follow-up

Successes of previous supernovae searches have shown that follow-up obser-
vations are as important as discoveries. Since our discovery telescope only
provides limited photometric information of a transient in a single band,
timely and detailed photometric and spectroscopic observations in optical and
other wavelengths are warranted for understanding the nature of the tran-
sient. Therefore, we have approved fast-response ToO programs on a variety of
ground-based and space-based telescopes, as summarized in Table 2.3. These
programs allow us to perform rapid and comprehensive follow-up observations

to transients within hours of discovery.

2.3 Results

Compared to previous transient surveys, the unique strength of iPTF is the
fast turnaround capability from discovery to follow-up observations on sub-day
timescales. Figure 2.11 gives a real example of our discovery and fast-response

follow-up observations of an infant Type la supernova.

Between 2013 and 2015, we have discovered and spectroscopically confirmed
433 SNe within redshift 0.1 (the redshift cut here is to remove distant SNe
at peak). For each SN, we measure two metrics to assess our fast-response
performance: the time interval Afgiscovery between its last non-detection and
discovery, and the time interval At;uowup between discovery and first spec-
troscopic follow-up. Here the discovery time is defined as the time when the
SN is identified by either our robot or human scanning. Afgiscovery approxi-
mates the age of the SN at discovery and depends on combination of our ca-
dence and turnaround time of our discovery mechanism. Afgoowup reflects how
rapidly we carry out follow-up observation upon discovery. As demonstrated
in the histograms of Figures 2.12 and 2.13, in 2013 — 2015, we discovered
more than a hundred supernovae with Atgiscovery < 3days. Twenty of them
acquired their first spectroscopic follow-up within the same night as discovery
(Atfonownp < 0.5day), and another twenty-nine of them were observed spec-

troscopically in the night following discovery (0.5 day < Atgpowup < 1.5 day),.

Our discovery efficiency can be estimated by using infant Type Ia SNe, which
is quantified here as events dimmer than —16.5mag upon discovery. Given
the iPTF detection limits of R ~ 20.5mag and g ~ 21, iPTF can detect
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Figure 2.11: Timeline of discovery and follow-up observations of
iPTF13dge. iPTF13dge is an infant Type Ia supernova discovered within
three days of explosion in 2013.

such events up to 105 Mpc (which corresponds to redshift 0.074). With a
volumetric Type Ia SN rate of 3 x 107> Mpc > yr—" (Li et al., 2011b) and the
(1 day) column in Table 2.1, we estimate that iPTF should find 40 & 6 such
infant Type Ia SNe. In reality, we have discovered 42 Type la SNe within
redshift 0.074 that had an absolute magnitude dimmer than —16.5 mag upon
discovery in our surveys. As a result, we probably have found almost all infant
Type Ia SNe in our survey. A detailed Monte Carlo simulation to estimate
the discovery efficiency of different types of transients is under investigation

(Nugent et al. in prep.).

The infant SNe discovered by our fast-turnaround discovery pipeline have led
to a number of papers. Table 2.4 lists all publications thus far directly related
to infant SNe discovered in iPTF.

2.4 Summary and future
In this paper, we present the iPTF fast-cadence transient surveys and describe

the three essential components in these surveys: cadence and survey area,
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Figure 2.12: Histogram of time intervals between last non-detection
and discovery for spectroscopically confirmed SNe within redshift
0.1.

realtime transient discoveries, and follow-up observations. We show:

e Our cadences are strictly controlled, after we implement a fixed nightly
observing schedule for each lunation. However, our efficiency is deterio-
rated by bad weather to 30%—50%.

e Our realtime image subtraction pipeline manages to deliver transient
candidates within ten minutes of images being taken at the telescope.
We have found over a hundred supernovae within a few days of their

explosions in the first three years of operation.

e Our fast-response mechanism equipped with approved target-of-opportunity
programs on a variety of telescopes allows us to acquire immediate and
comprehensive follow-up observations of supernovae. We have acquired
spectroscopic follow-up observations for forty-nine supernovae within the

same night of or the night following discovery.
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Figure 2.13: Histogram of time interval between discovery and first
spectroscopic observations for SNe with non-detection limits within
three days of discovery.

A few lessons are learned from these fast-cadence surveys in iPTF': first, soft-
ware in a time-domain survey is as important as hardware, since it efficiently
converts raw data to scientifically useful data and sets up a upper limit on
the response speed of follow-up observations. Second, since survey data is un-
likely to provide sufficient information about the interesting phenomena, fast-
cadence surveys need also be partnered with rapid-response follow-up plans in

order to maximize scientific return out of the survey.

The iPTF project will cease operation in February 2017 and make way for
the Zwicky Transient Facility (ZTF; Smith et al. 2014; Bellm et al. 2015),
which will mount a new camera on the P48 telescope that will have a field of
view of 47 square degrees. Taking into its faster readout and shorter exposure
time, the survey speed in ZTF will be ten times faster than that in iPTF.
ZTF will be able to survey the entire northern sky down a depth similar to
iPTF every eight hours. Since iPTF discovers one infant supernova per week
or so, ZTF is estimated to find one infant supernova every night. ZTF is

poised to chart the phase space on sub-day timescales. Accordingly, we are
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also organizing a systematic global follow-up network, with the GROWTH
(Global Relay of Observatories Watching Transients Happen) program, that
is focused on fast transients, young supernovae and asteroids within the first

24 hours of discovery.

Quick discovery pipelines and rapid follow-up observations will continue to be
critical in the ZTF success. The data rate in ZTF will be fourteen times higher
than in iPTF, which will challenge the ZTF realtime image subtraction pipeline
and its corresponding databases. By coupling the astronomical pipelines with
more advanced high-performance-computing resources, we are well on our way

to delivering this capability for ZTF.
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Abstract

Type la supernovae (Filippenko, 1997) are destructive explosions of carbon
oxygen white dwarfs (Nugent et al., 2011; Maoz et al., 2014). Although they
are used empirically to measure cosmological distances (Riess et al., 1998;
Perlmutter et al., 1999; Sullivan et al., 2011), the nature of their progenitors
remains mysterious (Maoz et al., 2014). One of the leading progenitor models,
called the single degenerate channel, hypothesizes that a white dwarf accretes
matter from a companion star and the resulting increase in its central pressure
and temperature ignites thermonuclear explosion (Maoz et al., 2014; Whelan
and Iben, 1973; Wang and Han, 2012). Here we report observations of strong
but declining ultraviolet emission from a Type Ia supernova within four days
of its explosion. This emission is consistent with theoretical expectations of
collision between material ejected by the supernova and a companion star
(Kasen, 2010), and therefore provides evidence that some Type la supernovae

arise from the single degenerate channel.

3.1 Discovery

On UTC (Coordinated Universal Time) 2014 May 3.29 iPTF discovered an op-
tical transient, internally designated as iPTF14atg, at o(J2000)= 12"52™445.8
and §(J2000)= 426°28'13", about 10” east with no measurable offset in decli-
nation from the apparent host galaxy IC 831. It had an R-band magnitude of
20.3 in the discovery image. No source was detected at the same location on
images taken on UT 2014 May 02.25 and 02.29 down to a limiting magnitude
of R ~ 21.4mag (99.9999% confidence level), indicating that the SN likely
exploded between May 2.29 and 3.29. No activity had been found at this
location in the iPTF archival data in 2013 (3 epochs) and 2014 (101 epochs)
down to similar limiting magnitudes. Our follow-up spectroscopic campaign
established that iPTF14atg was a Type Ia supernova (SN). This SN was also
independently discovered by ASASSN on May 22 (Holoien et al., 2014) and
classified as a SN 1991bg-like Type Ia SN on June 3 (Wagner et al., 2014).
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SDSS (Data Release 12) measured the redshift of IC 831 to be 0.02129 (Bolton
et al., 2012). With the cosmological parameters measured by Planck (Hy =
67.8kms~ Mpc™!, Q,, = 0.307, Q) = 0.691 and ©, = 0.001; Planck Col-
laboration et al. 2014), we calculate a co-moving distance of 93.7 megaparsecs
and a distance modulus of 34.9 mag for IC831. No redshift-independent dis-
tance measurement is available for this galaxy, according to the NASA /TPAC
Extragalactic Database (NED).

3.2 Observations and data reduction

Swift

Upon discovery we triggered observations with the Ultraviolet/Optical Tele-
scope (UVOT) and the X-ray Telescope (XRT) on the Swift space observatory
(Gehrels et al., 2004). As summarized in Table 3.1, Swift observed iPTF14atg
for fourteen epochs in May and June 2014. In order to subtract the host galaxy
contamination, Swift took reference images at the same site six months later.
Visual inspection to the reference images ensures that the SN has faded below

the detection limit.

Photometric measurements of the UVOT images were undertaken with the
uvotsource routine in the HEASoft package®. Instrumental fluxes of iPTF14atg
were extracted with an aperture of radius 3” centered at the location deter-
mined by the iPTF optical images and the sky background is calculated with an
aperture of radius 20” in the vicinity of iPTF14atg. The instrumental fluxes
were then corrected by the growth curves of UVOT point spread functions
(PSFs) and for coincidence loss. Then the instrumental fluxes were converted
to physical fluxes using the most recent calibration (Breeveld et al., 2011).
The host galaxy flux is measured with the same aperture and following the

same procedure in the reference images, and is subtracted off in the flux space.

The XRT data were analyzed with the Ximage program in the HEASoft pack-
age. In circumstances of non-detections, we estimated count rate upper limits
at a 99.7% CL at the location of iPTF14atg. Then we used WebPIMMS? to
convert the XRT upper limit measured on May 6 to a physical flux limit. The
optical and UV data taken on the same day can be approximated by a black-
body model with a temperature T,;; = 1.0 x 10*K and a radius 4 x 10°R

!The HEASoft package is available at http://heasarc.nasa.gov/heasoft
2WebPIMMS is available at http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/
w3pimms/w3pimms.pl
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(See Section 3.3 for details). Using this blackbody model with the radius fixed

to the above value and setting the interstellar column density of hydrogen to
as is appropriate towards this direction (Kalberla et al., 2005), we find that
the XRT upper limit of counting rate agrees with the blackbody temperature.

Ground-based facilities

As described in 3.1, P48 monitored the iPTF14atg site in the R band every
night (weather-permitting) until 2014 July 2. The host galaxy light in the
P48 images was removed with the aid of a reference image that was built by
stacking twelve pre-SN P48 images. We performed the PSF photometry on
the subtracted images and calibrated it to the PTF-IPAC catalog (Ofek et al.,
2012a).

We also triggered LCOGT to follow up iPTF14atg in griBV filters. Since
reference images were not available, we used image-based models that includes
a PSF and a low-order polynomial to simultaneously model the SN fluxes and

its underlying galaxy background. The photometry is then calibrated to the
SDSS catalog.

Our spectroscopic observations span from a few to two hundred days after the
iPTF14atg explosions and are logged in Table 3.2. Spectroscopic data were
reduced and calibrated with standard routines in IRAF and IDL.

We also observed iPTF14atg with the Jansky Very Large Array on May 16 at
both 6.1 GHz (C-band) and 22 GHz (K-band). The observation was performed
in the A configuration using J1310+3220 as a phase calibrator and 3C286 as a
flux calibrator. The data were reduced using standard routines in the CASA
software. The observation resulted in a null-detection at both bands with an
upper limit of 30 pJy (99.7% CL). Note that the radio observation is taken
more than ten days after iPTF14atg discovery.

3.3 Early UV pulse from infant iPTF14atg

As can be seen in Figure 3.1, the UV brightness of iPTF14atg declined sub-
stantially in the first two observations. A rough energy flux measure in the UV
band is provided by vf, ~ 3 x 1073 ergscm=2s7! in the uvm2 band. Starting
from the third epoch, the UV and optical emission began to rise again in a
manner similar to that seen in other Type Ia SNe. The XRT did not detect
any X-ray signal at any epoch (Table 3.1). We thus conclude that iPTF14atg
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Figure 3.1: Swift/UVOT light curves of iPTF14atg. iPTF14atg light
curvs are shown in red circles and lines and are compared with those of other
Type la SNe (gray circles). The magnitudes are in the AB system. The 1-o er-
ror bars include both statistical and systematic uncertainties in measurements.
Lightcurves of other SNe and their explosion dates are taken from previous
studies (Brown et al., 2012a,b). In each of the three UV bands (uvw2, uvm2,
and uvwl), iPTF14atg stands out for exhibiting a decaying flux at early times.
The blue (Model A) and black (Model B) dashed curves show two theoretical
light curves derived from companion interaction models (Kasen, 2010).

emitted a pulse of radiation primarily in the UV band. This pulse with an
observed luminosity of Lyy ~ 3 x 10*! ergss~! was probably already declining

by the first epoch of the Swift observations (within four days of its explosion).

Figure 3.1 also illustrates that such an early UV pulse from a SN Ia within
four days of its explosion is unprecedented (Milne et al., 2010; Brown et al.,

2012a). We now seek an explanation for this early UV pulse.

Spherical models

In this subsection we consider models spherically symmetric with respect to
the SN explosion center to interpret the early UV excess seen in iPTF14atg.
In the first model, we investigate the possibility that the UV pulse is powered
by radioactive decay. The rise time of a SN peak is roughly characterized by
the diffusive timescale from the radioactive layer to the photosphere, i.e.,

AL 12
T X (FL EJ) , (3.1)

CVezp
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where M,; is the mass of ejecta outside the radioactive layer, x is the mean
opacity of the ejecta, c is the speed of light and v.,, is the mean expansion
velocity. To further simplify the situation, we assume that s remains roughly
constant in the rise phase of a SN. If the mean expansion velocity v, also
does not change significantly, then the UV pulse of iPTF14atg within four
days of its explosion and its primary optical peak observed about twenty days
after explosion indicate two distinct radioactive layers that powered the SN
emission on different timescales. The shallow layer at about 4% of the to-
tal ejected mass below the surface drove the UV pulse. If we further assume
that the radioactive element in the shallowest layer is °°Ni, then the UV lu-
minosity of Lyy ~ 3 x 10" ergss™! requires a °°Ni mass of 0.01M,. Such a
configuration has been widely discussed in double-detonation models where a
carbon-oxygen white dwarf accretes mass from a helium star. After the helium
shell on the surface of the white dwarf reaches a critical mass, helium burns
in a detonation wave with such force that a detonation is also ignited in the
interior of the white dwarf, making a SN explosion with sub-Chandrasekhar
mass. However, nuclear burning on the surface not only synthesizes *Ni, but
a layer containing iron-group elements. These elements have a vast number of
optically thick lines in the UV to effectively absorb and reprocess UV photons
into longer wavelengths. Therefore we would not have observed the UV pulse
at the early time in this scenario (Kromer et al., 2010). In addition, some
double-detonation models predict weak Si 116355 A absorption near the SN
peak (Nugent et al., 1997), which contradicts the observed deep Si II absorp-
tion in iPTF14atg. Therefore we consider this model as not consistent with

observations.

A second model is that the emission arises from circumstellar gas around the
progenitor. The circumstellar gas is heated up by either high energy photons
from the SN shock breakout (Case A) or the SN shock itself (Case B). We
assume that the circumstellar gas is optically thin and thus the plausible ra-
diation mechanism is bremsstrahlung. Consider a simple model of a sphere of
radius Ry and temperature 7" that contains pure-element gas with an atomic
number Z and a mass number A. The material is completely ionized, so the
electron density n. and the ion density n; are related by n. = Zn,;. The
bremsstrahlung luminosity is

4

Lip =14 x1075T?nn; 2% x ;

R (3.2)
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where all physical quantities are in CGS units. We further assume the critical

case that the optical depth of the sphere is unity, i.e.,
Ts = neUTRs =1 ) (33)

where o7 is the Thompson scattering cross section. Then we can derive ana-
lytical expressions for the luminosity, the total mass of the sphere M and the

thermal energy of ) in terms of A, Z, R, and T, namely

Ly =5.0 x 10" ZRy7Ty/? ergss™! | (3.4)
4 A
M= ?”Rg x nidu = 532 Ry Mo (3.5)
4 3 Z+1
Q= ?ﬂRi X (n; + ne) x 5/{;BT =13 x 1048%}2%/[5 ergs , (3.6)

where Ry, = Ri7 x 107 em, T = Ty x 10°K, and u is the atomic mass unit.
Since no hydrogen is seen in the iPTF14atg spectra, we assume that the sphere

is dominated by helium, and hence A =4 and Z = 2.

In Case A, the circumstellar gas is heated up by the high energy photons from
the SN shock breakout. The temperature of the gas is roughly 1.0 x 10K as
determined by the optical-UV spectral energy distribution (SED; Figure 3.1).
In order to account for a UV luminosity of 3 x 10%! ergss™?, the radius R, has
to be as large as 3 x 10'® cm. The total mass of the sphere would be ten solar
mass and the total thermal energy 10*7 ergs. If the optical depth of the sphere
is larger than unity, then we would end up with an even more massive sphere.
So we are forced to invoke a sphere containing a mass much larger than a
typical SN Ia. Absence of strong Na ID absorption lines in the spectra also
argue against such a massive circumstellar material. In addition, the elliptical

host galaxy with no star forming activity excludes existence of massive stars.

In Case B, the circumstellar gas is ionized by the SN shock. The SN shock has
a typical velocity between 20,000 km s~ and 5,000 kms~!. Thus, in four days
of the SN explosion, the SN shock traveled to R, ~ 10® cm. To account for
the UV pulse, this small radius would lead to an extremely high temperature
of 107K, which is inconsistent with the observed SED. Therefore we discard
this model.

Since these spherical models are unable to explain the observed UV pulse, next
we turn to asymmetric models in which the UV emission comes from particular

directions.
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SN-companion collision model

A reasonable physical model is UV emission arising in the ejecta as the ejecta
encounters a companion (Kasen, 2010; Pan et al., 2012). When the rapidly
moving ejecta slams into the companion, a strong reverse shock is generated in
the ejecta and heats up the surrounding material. Thermal radiation from the
hot material, which peaks in the UV, can then be seen for a few days until the
fast-moving ejecta engulfs the companion and blocks the reverse shock region.
We compare a semi-analytical model (Kasen, 2010) to the Swift/UVOT light
curves®. For simplicity, the explosion date is fixed to May 3. We assume that
the exploding white dwarf is close to the Chandrasekhar mass limit (1.4M)
and that the SN explosion energy is 2.5 x 10°° ergs. These values lead to a
mean expansion velocity of 5x 103 kms~! for the ejecta. Since the temperature
at the collision location is so high that most atoms are ionized, the opacity
is probably dominated by electron scattering. To further simplify the case,
we assume that the emission from the reverse shock region is blackbody and
isotropic. Under these assumptions, in order to explain the UV light curves,
the companion star should be located 7T0R, away from the white dwarf (Model
A; black dashed curves in Figure 3.1).

There are several caveats in this simple semi-analytical model. First, the model
parameters are degenerate. For example, if we reduce the SN energy to 1.6 x
10°° ergs and increase the binary separation to 90 R, the model light curve can
still account for the observed UV luminosities (Model B; blue dashed curves in
Figure 1). Second, the emission from the reverse shock region is not isotropic.
The UV photons can only easily escape through the conical hole carved out
by the companion star and therefore the emission is more concentrated in this
direction. The isotropic assumption roughly corresponds to a viewing angle of
20°-30° from the direction of the companion (Kasen, 2010). Third, the actual
explosion date is not well constrained, so that when the companion collision
happened is not clear. Our multi-wavelength observations soon after discovery
of the SN provide a good data set for detailed modeling of the SN-companion

collision.

We also construct the SED from the photometry and spectrum of iPTF14atg
obtained on the same day of the first UVOT epoch and compare it with the
blackbody spectra derived from Models A and B. As can be seen in Figure 3.2,

3We note that a factor of 7 is missing in calculating the blackbody spectra in Cao et al.
(2015)
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Figure 3.2: SED of young iPTF14atg. The spectral energy distribution of
iPTF14atg on May 6 (three days after explosion) is constructed by using the
PTF r-band magnitude (red), an optical spectrum (gray), and Swift/UVOT
measurements (green circle) and upper limit (green triangle). The error bars
denote 1-0 uncertainties. The blue and black blackbody spectra correspond
to the model light curves of the same color in Figure 3.1.

the model blackbody spectra are roughly consistent with the overall shape of
the SED (The blackbody spectrum from Model B is slightly better than that
from Model A), indicating that the emitting regions can be approximated by
a blackbody with a temperature of 1.0 x 10*K and a radius of 4 x 103R,.

3.4 SN specifics

Next we investigate the specifics of iPTF14atg. Figure 3.3 shows its multi-color
light curves and Figure 3.4 shows its spectral evolution. We note that there is
a difference between the PTF Mould R-band and LCOGT r-band magnitudes.
We calculated synthetic photometry using the iPTF14atg spectra and the filter
transmission curves and found that this difference was mainly due to the filter

difference.

First, the existence of characteristic spectral absorption features from inter-
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Figure 3.3: Multi-color light curves of iPTF14atg. Following the conven-
tion, the magnitudes in B and V' bands are in the Vega system while those in
g, r and 7 in the AB system. Error bars represent 1-o uncertainties.

mediate mass elements in the pre-maximum spectra, such as Si II and S II,
indicates that iPTF14atg is spectroscopically classified as a Type Ia SN (Fil-
ippenko, 1997). Second, its peak B-band absolute magnitude is fainter than
normal Type Ia SNe that are used in cosmography (Yasuda and Fukugita,
2010). Subluminous Type Ia SNe have three major families with prototyp-
ical events being SN1991bg (Filippenko et al., 1992a), SN2002cx (Li et al.,
2003; Foley et al., 2013), and SN2002es (Ganeshalingam et al., 2012). Below
we present a comparative analysis on both light curves and spectra between
iPTF14atg and the three families to show that iPTF14atg probably belongs
to the SN2002es family.

photometry
Since iPTF14atg is not a normal SN Ia, the usual light curve fitting tools for
normal Type la SNe, such as SALT2 (Guy et al., 2007) and SNooPy2 (Burns

et al., 2011), are not suitable to determine the light-curve features. Thus we fit
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a Sth-order polynomial to the B-band light curve and derived a B-band peak
magnitude of 17.1 mag on May 22.15 and Am5 = 1.2 mag. Next we infer that
the line-of-sight extinction is low, since the Galactic extinction in this direction
is Ag = 0.032, and since we do not see any sign of strong Na I D absorption in
all of our low- and medium-resolution spectra of iPTF14atg. As such, given
the host galaxy distance modulus of 34.9 mag, we calculated an absolute B-
band peak magnitude of —17.8 mag for iPTF14atg. We also concluded that
iPTF14atg is a subluminous outlier of the well-established relation between
the peak magnitude and Amy; (Phillips, 1993).

Figure 3.5 compares light curves of iPTF14atg, SN1991bg, SN2005hk (a typical
SN2002cx-like event) and SN2002es. We can see that: (1) the peak magnitude
of iPTF14atg is brighter than that of SN1991bg, similar to that of SN2005hk,
and fainter than that ofSN2002es. However, both SN2002cx and SN2002es
families show large ranges of peak magnitudes (Foley et al., 2013; White et
al., 2015). (2) The light curve shape of iPTF14atg is apparently much broader
than that of SN1991bg, indicating slower evolution in both rise and decline
phases. (3) iPTF14atg has a slower rise than SN2005hk. The very early-phase
light curve of iPTF14atg is probably distorted by the SN-companion collision
signature. (4) Unlike SN2002es, iPTF14atg does not show a faster decline in
the light curve about 30 days after the peak.

Figure 3.6 presents the near-UV (NUV) and optical color evolution of iPTF14atg
in comparison with that of SN2011fe (an optically normal but NUV-blue event;
Brown et al. 2012a; Vinkoé et al. 2012), SN1991bg, SN2005hk, and SN2002es.
According to this figure, iPTF14atg was initially bluer in the uvm2 — uvwl
color by more than two magnitudes than SN2011fe. Though SN2011fe grad-
ually becomes NUV bluer while approaching its peak, iPTF14atg remains
a nearly constant NUV color and still bluer at peak than SN2011fe by one
magnitude. The NUV color of iPTF14atg is also not consistent with that of
SN2005hk. The B —V color of iPTF14atg was initially red, and then quickly
became blue in a few days. It starts to roughly follow the B — V' color evo-
lution of both SN2002es and SN1991bg about two weeks before maximum.
In contrast, though SN2011fe was also red initially, it gradually became blue
during the SN rise, reached its bluest color near the SN peak and turned red
later on. SN2005hk also looks bluer in the optical than iPTF14atg before +10
days.
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Figure 3.5: The iPTF14atg light curve compared to those of well-
studied subluminous events. The SN1991bg spectra were taken from
the Nugent templates (Nugent et al., 2002), a typical SN2002cx-like event
SN2005hk, and SN2002es. The red triangles are upper limits at a 99.9999%
CL for non-detections of iPTF14atg. The error bars denote 1-0 uncertainties.

Spectroscopy

The iPTF14atg spectral sequence is shown in Figure 3.4. We compare them
to those of well-studied subluminous events at similar phases in Figure 3.7,
including SN1991bg, SN2005hk, and SN2002es.

Four days after the explosion, the spectrum of iPTF14atg consisted of a blue
continuum superposed by some weak and broad absorption features. As shown
in Figure 3.2, the optical spectrum is consistent with the blackbody spectrum
estimated by the spectral density distribution (SED) in the UV. This indicates
that the emission of iPTF14atg at this early phase is dominated by the thermal
emission from the SN-companion interaction. None of the known subluminous
Type Ia SNe have been observed at such early time for appropriate comparison,
so we turned to a young normal Type Ta SN2011fe (Nugent et al., 2011). Unlike
iPTF14atg, the spectra of SN2011fe taken within two days after explosion show
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clear absorption features commonly seen in a pre-max SN Ia, such as SI II,
SII, O, and CaII.

In the next spectrum taken three days later after the first epoch, iPTF14atg
started to show characteristic spectral features like Si II and Ca II. In the
spectrum taken on eleven days before maximum, we clearly identified Si II
absorption around 6100 A. Its minimum corresponds to an expansion velocity
of 10,000 kms™!. This velocity is lower than that of SN2011fe at a similar
phase (Parrent et al., 2012).

In the spectrum one week before its maximum brightness (first panel of Figure
3.7), we identify absorption features such as Si II, the S IT “W” profile around
5000 A, and O 1. The spectral features match well to the SN1991bg spectrum
at a similar phase. However, the velocities of the absorption lines in iPTF14atg
are lower than those in SN1991bg by about 3,000kms~!. The Ti II trough
in iPTF14atg around 4200 A is also not as deep as that in SN1991bg. On the
other hand, this iPTF14atg spectrum is distinct from that of the SN2002cx-like
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SN2005hk which shows very weak Si IT absorption and no Ti II.

Near the SN peak (second panel of Figure 3.7), the spectrum of iPTF14atg
shares similar absorption features with all the three subluminous families,
though the depth of the absorptions and the continuum shapes differed among
them. iPTF14atg had line velocities in between those of SN1991bg (higher
velocities) and SN2005hk (lower velocities). The best match to the overall
spectral shape was found between iPTF14atg and SN2002es.

The post-maximum spectral evolution (third to fifth panels of Figure 3.7)
shows that iPTF14atg shares many spectral similarities with SN2002cx-like
events, but we do see distinct differences in the near infrared wavelengths in

the late-time spectra two months after the SN peak (fifth panel of Figure 3.7).

Furthermore, at the nebular phase (sixth panel of Figure 3.7), iPTF14atg
show nebular lines from [O I], [Fe II], [Ni II] and Ca II which are all seen in the
nebular spectrum of subluminous SN2010lp (subtype unknown). The [O I] is
not seen in the SN2005hk spectrum at a similar phase.

To sump up, based on both light curve and spectral similarities, we conclude
that iPTF14atg matches best to SN2002es-like events.

Carbon feature

One interesting spectral feature of iPTF14atg is the strong and persistent
C 116580 A absorption. The C II absorption is seen in pre-max spectra
of ~ 30% normal Type Ia SNe and always disappears before the SN peak
(Thomas et al., 2011a; Silverman and Filippenko, 2012). Ouly in very few
cases (Cartier et al., 2014) did the carbon absorption feature persist after
maximum light. The C II feature has also been reported in pre-max or max
spectra of SN2002cx-like events but not in post-max spectra (Foley et al.,
2010; Parrent et al., 2011). In the case of SN2002es, weak C II absorption
maybe exist three days after maximum (Ganeshalingam et al., 2012). In our
case, the C 116580 A absorption is first seen at a velocity of 11,000 kms™?
in the iPTF14atg spectrum taken about 12 days before maximum light. Its

I near maximum. Then its veloc-

velocity gradually decreased to 6,000 km s~
ity kept decreasing to 4,000 kms~! two weeks after maximum, until the C II
absorption disappeared. The long-lasting C II feature indicates that both high-
velocity shallow layers and low-velocity deep layers of the iPTF14atg ejecta are

carbon-rich, hinting incomplete burning extending deep into the ejecta. The
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incomplete burning is consistent with a pure deflagration of a WD(Gamezo

et al., 2003).

Host galaxy

The host galaxy IC831 is morphologically classified as an elliptical galaxy
(Scodeggio et al., 1998) or an SO galaxy (Huchra et al., 2012). Its SDSS spec-
trum shows very weak Ha and [O III] emission. This suggests that the host
galaxy has little star forming activity. iPTF14atg occurred about 4.6 kilopar-
secs from the center of IC831. In all iPTF14atg spectra, we did not detect any
Ha emission either at the SN location or underlying in the galaxy background,
suggesting that iPTF14atg was born in an old population. This strongly argues
against that iPTF14atg is a core-collapse SN. Furthermore, since SN2002c¢x-
like events prefer star-forming regions while SN2002es-like events are all found
in the passive galaxies (White et al., 2015), the host galaxy of iPTF14atg is
also consistent with those in the SN2002es family.

3.5 Implications

Our work along with recent results on possible detections of companion stars
in SN2008ha (Foley et al., 2014) and SN20127Z (McCully et al., 2014) suggests
that subluminous low-velocity SNe, such as SN2002cx- and SN2002es-like fam-
ilies, arise from the single degenerate channel. In contrast, there is mounting
evidence that some Type Ia SNe result from the double degenerate channel
(Li et al., 2011a; Gonzalez Hernandez et al., 2012). As such, Type Ia SNe may
have multiple channels and determining the fraction of different channels will
become the next frontier of this field. Counting the fraction of Type Ia SNe
with companion interaction signatures provides a viable method to estimate
the branch fraction of the single degenerate channel, as such signatures are not
expected in the double degenerate channel. Prior to our discovery, searches for
companion interaction have been carried out in both UV (Brown et al., 2012a;
Foley et al., 2012; Brown et al., 2012b) and ground-based optical data (Hay-
den et al., 2010; Bianco et al., 2011). However, the sample of extraordinarily
early UV light curves of Type la SNe is very limited. Our discovery of the UV
pulse demonstrates the existence of SN-companion collision signature and will
also motivate future transient surveys to enlarge the UV light curve sample.
Our optical observations of iPTF14atg also demonstrates that the interaction

signature is not distinctive in the optical bands.
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Moving forward, a fast-cadence UV transient survey will be ideal to system-
atically probe the companion interaction signatures of Type Ia SNe. Given
the observed UV flux of iPTF14atg, ULTRASAT (a proposed space telescope
aimed at undertaking fast-cadence observations of the UV sky; Sagiv et al.
2014) should detect such events up to 300 megaparsecs. Factoring in its field-
of-view of 210 square degrees, ULTRASAT will detect three dozen Type la
SNe of all kinds within this volume during its two-year mission lifetime. In
fact, the UV flux of the SN-companion interaction is brighter at earlier phases.
Thus, ULTRASAT may discover more such events at greater distances. Since
up to a third of Type Ia SNe are subluminous (Foley et al., 2013), ULTRA-
SAT survey could definitively determine the fraction of events with companion

interaction and thus the rate of events from the single degenerate channel.
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Abstract

In this letter, we investigate initial rise behavior of optical light curves of
two SN2002es-like Type Ia supernovae, iPTF14atg and iPTF14dpk. Although
these two events resemble each other around and after maximum, they show
distinct early-phase behavior in the R-band. On the one hand, the steady rise
of iPTF14atg lasted for 22 days with a mean rise rate of 0.2 ~ 0.3 magday
before it reached the R-band peak (—18.05mag). On the other hand, iPTF14dpk
rose rapidly to —17mag within a day of discovery and then slowly to its peak
(—18.19mag) with a rise rate similar to iPTF14atg. The apparent total rise
time of iPTF14dpk is therefore only 16 days. We show that the emission before
—17 days with respect to maximum, which is seen in iPTF14atg but missing in
iPTF14dpk, can be entirely attributed to the SN-companion interaction sig-
nature. If both supernovae arise from the same progenitor channel, then the
absence of the earliest emission in iPTF14dpk is a natural consequence of an
unfavored viewing angle along which the supernova-companion interaction is
blocked by the optically thick supernova ejecta. We further show existence of
a gap phase between the onset of a supernova explosion and the first light of
its radioactively powered light curve. In iPTF14atg, this gap phase is masked

by emission from supernova-companion interaction.

T An edition of this chapter is going to be submitted to the Astrophysical Journal letters
shortly.
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4.1 Introduction

Following the discovery of a strong and declining UV pulse from a SN2002es-
like supernova (SN) iPTF14atg within four days of explosion (Cao et al., 2015),
it becomes particularly interesting to examine the early-phase light curve of
other SN2002es-like events. If the UV pulse in iPTF14atg indeed arises from
collision between the SN ejected material and a companion star, due to the
viewing angle effect, it should be invisible in most of other SN2002es-like

events.

Thanks to nightly-cadence surveys conducted in the intermediate Palomar
Transient Factory (iPTF; Rau et al. 2009; Law et al. 2009), we found two
SN2002es-like events in 2013-2015, internally designated as iPTF14atg and
iPTF14dpk. Both events have well-sampled optical light curves and spectro-
scopic coverage. In this letter, we analyze the early-phase rise behavior of

these two events.

The letter is organized as follows: in §4.2 we establish their similarities to
SN2002es. In §4.3 we present the different rise behavior of the two events and

seek an explanation. We conclude this letter in §4.4.

4.2 Similarity of the two events

The observations of iPTF14atg and iPTF14dpk were obtained in the Mould-R
filter with the 48-inch Schmidt telescope at Palomar Observatory. The host
galaxy light is subtracted with pre-SN reference images by using the image
differencing technique. The light curves are produced by the PTF-IPAC forced
photometry pipeline which performs point-spread-function photometry at the
location of a transient on the difference images. All magnitudes are in the AB
system and calibrated to the SDSS catalog.

The spectra of iPTF14atg were published in Cao et al. (2015) and presented
in Chapter 3. The spectra of iPTF14dpk were obtained at —10 days with the
double spectrograph (DBSP; Oke and Gunn 1982) on the Palomar 200-inch
Hale telescope, and at +20 and +50 days with the Low-Resolution Imaging
Spectrometer (LRIS; Oke et al. 1995). The spectra were reduced using stan-
dard IRAF/IDL routines. All spectra are corrected for the Galactic extinction
with Ry = 3.1 (Fitzpatrick, 1999). The spectra are made public on WISeREP
(Yaron and Gal-Yam, 2012).

In order to correct for the Galactic extinction, we use the Fitzpatrick (1999)
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Figure 4.1: R-band Light curves of iPTF14atg and iPTF14dpk. Black
empty squares are iPTF14atg and red filled stars denote iPTF14dpk. Detec-
tion upper limits (5-0) of pre-SN non-detections for iPTF14atg and iPTF14dpk
are denoted by black empty and red filled downward triangles, respectively.
The best interpolated light curves of iPTF14atg and iPTF14dpk with un-
certainties from the Gaussian process regression are shown in red and black
curves, respectively. For comparison, the green dashed curve shows the r-band
light curve of SN2002es. The inset zooms in the early-phase light curves of
iPTF14atg and iPTF14dpk in the v L, space.

model with Ry = 3.1. We do not see obvious Na I D absorption in our
SN spectra. Since Na I D absorption is correlated with the local extinction
(Poznanski et al., 2012), neither iPTF14atg nor iPTF14dpk is embedded in a
dusty circumstellar medium. Therefore we do not correct for local extinction

in our following analysis.

The primary data of the two events are summarized in Table 4.1. Their light

curves and spectra are shown in Figures 4.1 and 4.2, respectively.

Next, in order to determine their peak magnitudes and dates, we use Gaussian
process regression to interpolate the light curves. A squared exponential func-
tion is chosen as the autocorrelation function and the autocorrelation length

is determined by the maximum likelihood estimation based on available data
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Figure 4.2: Spectral sequences of iPTF14atg and iPTF14dpk. The
iPTF14atg spectra are taken from Cao et al. (2015) and shown in black while
the iPTF14dpk spectra are in red. For comparison, we also show spectra
of SN2002es (green; Ganeshalingam et al. 2012) and SN1991bg (purple, Fil-

ippenko et al. 1992a). The phase of each spectrum is shown next to the
spectrum.
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(Figure 4.1). Thanks to the almost nightly photometric sampling, the re-
gression analysis determines both the peak dates and magnitudes with small

uncertainties, as shown in Table 4.1.

We calculate k-correction in the R-band for these two SNe at phases when
spectra are available, and find that the k-correction is < 0.2 mag. As a result,

going forward, we neglect the k-correction.

As shown in Figure 4.1, apart from the first few days after explosions, the
light curves of both iPTF14atg and iPTF14dpk are quite similar. Both light
curves also resemble that of SN2002es around maximum, though iPTF14atg
does not show the fast decline seen in SN2002es after ¢t ~ 30 days. The R-band
peak magnitudes of iPTF14atg (—18.05mag), iPTF14dpk (—18.19mag) and
SN2002es (—18.35mag) are also comparable.

As can be seen in Figure 4.2, the spectra of iPTF14atg and iPTF14dpk around
and after maxima also match those of SN2002es at similar phases. In par-
ticular, both iPTF14atg and iPTF14dpk show the low-velocity absorption
lines and Ti II troughs, hallmark of SN2002es-like SNe. Next, the spectra
of iPTF14atg and iPTF14dpk taken at —10 days share broad absorption fea-
tures, although the continuum emission of iPTF14dpk looks bluer than that
of iPTF14atg. This color difference might be due to residuals from imper-
fect subtraction of galaxy light in the spectra of iPTF14dpk, as iPTF14dpk
is located close to the center of its very blue host galaxy in an interacting

galaxy pair. In subsequent spectra, the spectral features and absorption lines
of iPTF14atg and iPTF14dpk both match quite well to those of SN2002es.

Integrating the spectra and calibrating to the broadband photometry, we ob-
tain an optical luminosity of 3 x 10*? ergss™! for both SNe around maximum.
Since SN radiation around maximum is concentrated in the optical, the optical
luminosity is a good approximation to the bolometric luminosity. In the case
of iPTF14atg, the explosion date is tightly constrained by the SN-companion
collision and therefore its rise time to the r-band maximum is 22 days. Follow-
ing Scalzo et al. (2012), we estimate a total **Ni mass of 0.14M,. In contrast,
as discussed in §4.3, iPTF14dpk may experience a “dark” period after the ex-
plosion. Therefore its light curve only provides a lower limit to the actual

explosion date and hence a lower limit to the *Ni mass of 0.11M,.

In addition, the main difference of SN2002es-like events from classical sub-
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luminous SN1991bg-like events is that the former exhibit low velocity absorp-
tion features. As shown in Figure 4.2, around maximum, although the over-
all spectral shapes look similar among SN2002es-like events and SN1991bg,
the velocities of the absorption lines, such as Si II, are obviously lower in
SN2002es-like events than in SN1991bg by several thousand kms™!. At late
time, SN2002es-like events develop multiple narrow features between 5000 A
and 7000 A while these features are blended in the spectra of SN1991bg-like
events (Jha et al., 2006).

4.3 Light curves at early phases

As noted in the previous section, iPTF14atg and iPTF14dpk exhibit distinct
behavior at early phases. it took iPTF14atg more than a week to rise to
—17mag with a mean rise rate of 0.2 ~ 0.3 magday*. In contrast, iPTF14dpk
shows a steep rise to r = —16.9 mag within one day of its last non-detection
of r > —15.1mag, indicating an initial rise rate > 1.8magday '. In the
subsequent epoch, the seemingly decline in the light curve is not statistically

significant.

At first blush, the pre-SN 5-¢ upper limits of iPTF14dpk in the magnitude plot
may mislead the readers into concluding that the upper limits of iPTF14dpk
are consistent with the early detections of iPTF14atg. However, when viewed
by vL,, the early detections of iPTF14atg are distinct from the non-detections
of iPTF14dpk at similar epochs by more than 3 o (see the inset of Figure
4.1). If we approximate measurement noises with Gaussian distributions, the
probability that iPTF14dpk pre-SN non-detections are consistent with the
early-phase detections of iPTF14atg is less than 3 x 107°.

Given the spectroscopic typing and almost identical light curves (apart from
the early rise), we make a simple and reasonable assumption that all SN2002es-
like events arise from the same progenitor family. As noted in §4.1, the ob-
served early declining UV pulse from iPTF14atg provides evidence for the SD

progenitor channel.

In the case of iPTF14atg, the Rayleigh-Jeans tail of the early UV pulse, which
arises from the SN-companion collision, also dominates SN emission in the
optical. In order to show this, we first fit the SN-companion collision model
(Kasen, 2010) to the observed UV pulse. Following Chapter 3, a good fit is

obtained with an explosion energy of 3x 107" ergs, an ejecta mass of 1.4M,, and
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a binary separation of 70R.. Then we calculate the r-band light curve from
the best-fit model and compare it to the observed light curve of iPTF14atg.
As shown in the upper panel of Figure 4.3, the light curve before —17 days
can be entirely attributed to the Rayleigh-Jeans tail emission from the SN-
companion collision. After that, radioactive energy from °°Ni decay heats up

the SN photosphere and powers the rest part of its light curve.

Given a binary separation of 70R. and an ejecta velocity of 5 x 103kms™1,
the SN ejecta hit the companion star within three hours of SN explosion.
Here the SN-companion signature provides a more accurate approximation to
the explosion date for a Type Ia SN than any explosion date derived from

model-dependent extrapolation of SN light curves.

Since the SN-companion collision is responsible to the optical emission earlier
than —17 days, there exists a gap phase between the explosion at —22days
and visibility of the radioactively powered light curve starting which is seen at
—17 days or later. If iPTF14atg had been observed in an unfavored viewing
angle along which the SN-companion collision is blocked by the optically thick
ejecta, the SN would end up with a “dark” period of a few days after the SN
explosion but before the radioactively powered SN emission becomes visible.
This viewing angle effect provides a natural explanation to the absence of

emission from iPTF14dpk at —17 days or earlier.

In fact, as noted in Kasen (2010), given typical mass ratios of a few for SD
progenitor binaries for Type Ia SNe, only < 10% of the resulting explosions
would have geometry that would allow the SN-companion collision signature
to be seen by a randomly located observer. For the remaining > 90% events,
there is little light emission at this stage until the radioactive decay energy
brightens the SN.

Not only in iPTF14dpk and iPTF14atg, the “dark” period has also been pro-
posed in the normal SN2011fe in analysis of its spectral line velocity evolution
(Hachinger et al., 2013; Piro and Nakar, 2014). This “ dark” period can be
understood by considering locations of the receding photosphere and the out-
going energy diffusive front which originates at the shallowest layer where 56Ni
is deposited. The “dark” period ends when the energy diffusive front meets
and heats up the photosphere. As shown in a toy model in Figure 4.4, a deep
deposition of %°Ni can delay the first light of a SN by a few days, compared to

a shallow deposition.
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Figure 4.3: Light curve analysis of iPTF14atg and iPTF14dpk. Upper
panel: The early r-band light curve of iPTF14atg has two component: the
earlier component (red dashed curve) is the Rayleigh-Jeans tail of the thermal
emission computed from SN-companion collision model. The later component
(blue dashed curve), powered by ®°Ni, is represented by the iPTF14dpk light
curve offset by 0.3 mag to match the peak magnitude of iPTF14atg. Lower
panel: The early r-band light curve of iPTF14dpk is purely powered by °Ni.
The post-explosion “dark” period is highlighted in gray.

Very recently, Piro and Morozova (2015) performed conceptually similar but
more sophisticated calculations on the durations of the “dark” period for nor-
mal Type Ia SNe with different *Ni depositions. They used more realistic WD
models from MESA (Paxton et al., 2011), added 5°Ni at different deposition
depths, and performed radiative transfer calculations with SNEC (Morozova
et al., 2015). They found that deep deposition of ®Ni in a normal Type Ia SN

may lead to a “dark” period of a couple of days.

A Side Note About iPTF14dpk
The sharp rise of iPTF14dpk was initially considered to be a possible SN-
companion interaction signature, but our further analysis soon denied this

hypothesis. According to the scaling relations in Kasen (2010), the luminosity
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from a SN-companion collision L < a E7/8M~7/® and the effective temperature

/4 where a is the binary separation, E is the explosion energy and

T x a
M is the total ejecta mass. Since the temperature is very high, the radiation
flux in the R band can be approximated by the Rayleigh-Jeans law, i.e., f, ~
L/(oT*) x 2kTv?/c® oc LT3 oc ET/8M~5/8¢1/4 As such, the r-band flux is
insensitive to the binary separation. If iPTF14dpk has an ejecta mass similar
to iPTF14atg, then in order to fit the first detection of R = —17mag of
iPTF14dpk, its explosion energy has to be E Z 2 x 10°! ergs. Such a large
explosion energy would then lead to an expansion velocity significantly higher
than the low expansion velocity of iPTF14dpk derived from its spectral lines.

Furthermore, as the effective temperature remains high, the expansion of the
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SN would make the R-band flux increase rapidly with time. However, we do

not see a fast-rising light curve after the first epoch of iPTF14dpk.

4.4 Discussion and conclusion

In this letter, we compare R-band light curves of two low-velocity SN2002es-
like Type Ia SNe, iPTF14atg and iPTF14dpk, from the intermediate Palomar
Transient Factory. Both are photometrically and spectroscopically similar to
the prototypical SN2002es (Ganeshalingam et al., 2012). Despite their similar-
ities around and after maximum, we observed distinct initial rise behaviors in
these two events. While iPTF14atg experiences a steady and slow rise which
lasts for 22 days, iPTF14dpk shows a sharp initial rise to —16.9 mag within a
day of discovery and then joins the rise behavior of iPTF14atg. The observed
rise time of iPTF14dpk is only 16 days.

Based on the spectroscopic typing and similar photometric evolution, and
based on the observed early declining ultraviolet pulse in iPTF14atg (Cao et
al., 2015), we make a reasonable assumption that all SN2002es-like events arise
from the single-degenerate progenitor channel. By analyzing the early R-band
light curve of iPTF14atg and iPTF14dpk, we show that:

e Due to deep deposition of 5Ni, SN2002es-like events experience a post-

explosion gap phase before radioactive decay energy brightens the SNe.

e In the case of iPTF14atg, since the event was observed along a favorable
viewing angle, the gap phase was masked by Rayleigh-Jeans emission

from the SN-companion collision.

e Like most other SN2002es-like SNe, iPTF14dpk did not show SN-companion
collision signature because the viewing angle is not preferred. As a re-
sult, it experienced a “dark” period in the gap phase before it became
visible. The duration of this “dark” period depends on the shallowest
deposition depth of 5Ni.

Moving forward, a large sample of young SN2002es-like light curves will be
valuable to verify the viewing geometry effect as well as the “dark” period
scenario. Furthermore, this sample will also put constraints on the geometry
of the SD progenitor systems for SN2002es-like events. The upcoming Zwicky
Transient Facility (Smith et al., 2014) and the planned wide-field fast-cadence
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ultraviolet surveys, such as ULTRAIST (Sagiv et al., 2014), will provide op-
portunities to collect the sample in both the optical and UV, respectively.
Additionally, since the presence of a companion star in a SN explosion also
affects the spherical symmetry of the SN ejecta, spectropolarimetric follow-up
observations of SN2002es-like SNe will also provide independent constraint on

the viewing angles (Kasen et al., 2004).
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Abstract

In this paper, we report observations of a peculiar Type Ia supernova iPTF13asv
(a.k.a., SN2013cv) from the onset of the explosion to months after its peak.
The early-phase spectra of iPTF13asv show an absence of iron absorption,
indicating that synthesized iron group elements are confined to low-velocity
regions of the ejecta, which, in turn, implies a stratified ejecta structure along
the line of sight. By comparing its light curves and spectra to those of well-
studied Type la supernovae, we show that iPTF13asv is an intermediate case
between normal and super-Chandrasekhar events. On the one hand, its light
curve shape (B-band Amys = 1.03 + 0.01) and overall spectral features re-
semble those of normal Type Ia supernovae. On the other hand, it resem-
bles super-Chandrasekhar events in the large peak optical and UV luminosity
(Mp = —19.84 mag, M,ym2 = —15.5mag), the low but almost constant Si II
velocities (about 10,000 kms~' around peak), and its persistent C II signa-
tures. We estimate a °°Ni mass of 0.817018M and a total ejecta mass of

1.597095 M. The large ejecta mass of iPTF13asv and its stratified ejecta

structure together seemingly favor a double-degenerate progenitor channel.

5.1 Introduction

Recent observations have provided mounting evidence that Type Ia supernovae
(SNe) have multiple progenitor channels (see Maoz et al. 2014 for a review).
In the single-degenerate (SD) channel, a WD accretes material from a com-

panion star and explodes when its mass approaches the Chandrasekhar limit
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(Whelan and Iben, 1973). This channel is supported by possible detections of
companion stars in pre- or post-SN images (McCully et al., 2014; Foley et al.,
2014), likely signatures of SN-companion collisions (Cao et al., 2015; Marion
et al., 2016), and observations of variable Na I D absorption (Patat et al., 2007;
Sternberg et al., 2014). In the double-degenerate (DD) channel, in contrast,
two WDs collide or merge in a binary or even triple system to produce a Type
[a SN (e.g., Nomoto and Iben, 1985; Kushnir et al., 2013). This channel is
consistent with observations of two nearby Type la SN2011fe and SN2014J
(e.g., Li et al., 2011a; Brown et al., 2012a; Shappee et al., 2013; Margutti
et al., 2014; Kelly et al., 2014; Goobar et al., 2015; Lundqvist et al., 2015).
Despite these interesting constraints from individual events, the progenitors of

Type Ia SNe are still unknown.

In the SD channel, rigid rotation may provide additional support for a WD of
a mass slightly larger than the Chandrasekhar limit, and differential rotation
may support for a even more massive WD. However, the theoretical viability
of massive, rotation-supported WDs is much less clear in reality (Yoon and
Langer, 2004; Saio and Nomoto, 2004; Piro, 2008; Justham, 2011; Di Stefano et
al., 2011; Hachisu et al., 2012). In the DD channel, in contrast, the exploding
WD binary may allow SN ejecta mass much higher than the Chandrasekhar
limit. In fact, more than a handful of SNe have been found to have total
ejecta masses significantly exceeding the Chandrasekhar limit (Howell et al.,
2006; Hicken et al., 2007; Yuan et al., 2010; Yamanaka et al., 2009; Scalzo
et al., 2010; Silverman et al., 2011; Scalzo et al., 2014a). However, these
super-Chandrasekhar SNe show distinctive characteristics compared to normal
events: they are overluminous in both the optical and UV, implying a large
amount of synthesized **Ni. They show low expansion velocities and long rise
times, leading to massive ejecta. They also show persistent absorption from

unburned carbon.

In this paper, we present observations of a peculiar Type Ia SN, iPTF13asv,
which shares observational characteristics with both super-Chandrasekhar and
normal Type Ia SN. It was discovered with R = 20.54 £ 0.16 mag at o =
16"22m43°.19, § = +18°57'35.0” (J2000) in the vicinity of a dwarf galaxy
SDSS J162243.024185733.8 on UTC 2013 May 1.44 (hereafter May 1.44) by
the intermediate Palomar Transient Factory (iPTF; Law et al. 2009; Rau et al.

2009). No activity was seen at the same location down to 5-0 detection thresh-
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olds of R ~ 21.0mag on images taken on April 30.5 and earlier. iPTF13asv
was independently discovered and classified as a peculiar Type Ia by Zhou
et al. (2013), and was designated as SN2013cv.

The apparent host galaxy of iPTF13asv does not have a redshift-independent
distance measurement in the NASA /IPAC Extragalactic Database. In order to
have a better comparison to other SNe, we adopt a fiducial value of the Hubble
constant Hy = 72km s~ Mpc~!. Thus the redshift 0.036 leads to a distance
modulus of 35.94mag. The peculiar motion of the host galaxy at ~100kms™?
introduces an uncertainty of 5 0.05 mag to the distance modulus. The Galactic
line-of-sight extinction is E(B — V') = 0.045 (Schlafly and Finkbeiner, 2011).
We correct for the Galactic extinction by using the parameterized model in

Fitzpatrick (1999) with Ry = 3.1.

This paper is organized as follows: the observational data are presented in
§5.2. The photometric and spectroscopic properties are analyzed in §5.3, and
we construct its bolometric light curve and estimate the total ejecta mass
in §5.4. A discussion of the nature of iPTF13asv is given in §5.5 and our

conclusions are summarized in §5.6.

5.2 Observations

The nightly cadence survey of iPTF (weather permitting) with the 48-inch
telescope at the Palomar Observatories (P48) provides a well-sampled R-band
light curve of iPTF13asv covering the pre-SN history and its rise phase. Upon
discovery, we utilized the Palomar 60-inch telescope (P60; Cenko et al. 2006),
Andalusia Faint Object Spectrograph and Camera (ALFOSC) on the Nordic
Optical Telescope (NOT), and the RATIR camera mounted on the OAN/SPM
1.5-meter Harold L. Johnson telescope for multi-band photometric follow-up
observations. In these images, light contamination from the host galaxy is re-
moved with pre- or post-explosion reference images by using the image subtrac-
tion technique. Point-spread-function (PSF) photometry is then performed on
subtracted images. The instrumental fluxes are then calibrated either to the
SDSS catalog or by using Landolt photometric standard stars. The magni-
tudes in UBV JH bands are in Vega system. Those in other bands are in AB

system. The light curves are presented in Figure 5.1.

We also triggered target-of-opportunity observations of the Swift spacecraft for
X-ray and UV follow-up. We used the HEASoft package to perform aperture
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photometry on the Swift /UVOT images. The instrumental fluxes are corrected
for coincident loss and with the PSF growth curve, and are converted to phys-
ical magnitudes with the latest calibration (Breeveld et al., 2011). Post-SN
reference images are acuiqred to remove host galaxy contamination. In cases
of non-detection, we estimated 3-c upper limits. We also used the XImage
software to analyze the XRT data. In cases of non-detection, upper limits at a
99.7% confidence level are estimated. The Swift measurements are presented
in Table 5.1.

Spectroscopic observations were undertaken with the SN Integral Field Spec-
trograph (SNIFS; Lantz et al. 2004) on the 2.2 m telescope of the University of
Hawaii, the Dual Imaging Spectrograph (DIS) on the ARC 3.5m telescope at
Apache Point Observatory (APO), the Double Spectrograph (DBSP; Oke and
Gunn 1982) on the 200-inch Hale telescope (P200) at Palomar Observatory,
and the Folded-port InfraRed Echellette (FIRE) on the Magellan Baade Tele-
scope at Las Campanas Observatory. The long-slit spectra taken by APO/DIS,
P200/DBSP and Magellan/FIRE are extracted through the usual routines in
IRAF and IDL and calibrated using observations of spectroscopic flux stan-
dard stars. Data reduction of SNIFS is outlined in Aldering et al. (2006).
However, due to bad weather, flux calibration of SNIFS spectra was not com-
plete. Therefore, we interpolate the multi-band light curves and “warp” the
spectra with low-order polynomials to match photometric data. The spectral

sequence is presented in Figure 5.2.

The light curves and spectra are made publicly available via WISeREP! (Yaron
and Gal-Yam, 2012).

5.3 Analysis

Initial Rise and Explosion Date

In order to determine the explosion date of iPTF13asv, we follow Nugent et al.
(2011) and model the early PTF R-band light curve of iPTF13asv as a freely
expanding fireball where the luminosity increases as o< t? and the temperature
remains constant. Restricting ourselves to the light curve within four days of
discovery, we find a best fit (the inset in Figure 5.1) at an explosion date of
April 29.440.3 (95% confidence interval) with a fitting x? = 4.3 for five degrees

of freedom. The best-fit light curve is also consistent with the non-detection

'WISeREP is available at http://www.weizmann.ac.il/astrophysics/wiserep/.
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Figure 5.1: Multi-color light curves of iPTF13asv. Colors and shapes rep-
resent different filters and instruments, respectively. A deviation of ~ 0.1 mag
between the P48 R-band (red circles) and P60 r-band (red diamonds) is due to
the difference between the P48 Mould R filter and the P60 SDSS r filter. The
“S” ticks on the top axis denote spectroscopic observation epochs. The solid
curves are SALT2 best-fit light curves in corresponding filters. The dashed-
dotted curves are the IR template from Stanishev et al. (2015). The inset
zooms into the very early phases of the PTF R-band light curve. The dashed
curve in the inset shows the best t? law fit to the early light curve.
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Figure 5.2: Optical and near-IR spectral evolution of iPTF13asv.
Ticks at the bottom denote the main spectral features. The phases and tele-
scopes/instruments are labeled next to the corresponding spectra.
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upper limit on April 30.4.

If we generalize the t> model with a power-law model, we obtain strong de-
generacy between the explosion date and the power-law index over a large
range of the parameter space. In fact, Firth et al. (2015) analyzed the rise
behavior of a large sample of Type la SNe with the power-law model and also
found that the power-law indices have large uncertainties with a mean value
of 2.5, which hints that SN photospheres are heats up by shallow-deposited
%Ni. Furthermore, there could be a dark time between the SN explosion and
the SN light curve powered by radioactive decay on the diffusive timescale for
the shallowest deposition of **Ni in the ejecta (Piro 2012; Piro and Morozova
2015; Chapter 4). Thus, it is nontrivial to estimate the exact explosion date
purely from the early light curve. Since the following analysis and discussion
are not very sensitive to the exact explosion date, for simplicity, we adopt the

explosion date determined by the t? model.

Absence of Iron in Early-phase Spectra

The most striking feature of these early-phase spectra is absence of iron ab-
sorption. We used a forward-modeling of SN spectroscopy data called SYN-++
(Thomas et al., 2011b) to perform spectral feature identification on the spec-
trum taken eleven days after explosion (or equivalently, —9.2 days with respect
to the B-band maximum which is determined later in this section). As high-
lighted by the gray regions in Figure 5.3, the SYN-++ analysis shows that the
iPTF13asv spectrum shows no sign of either Fe IT or Fe III.

We also compare early-phase spectra of iPTF13asv to those of well-studied nor-
mal and over-luminous Type la events in the top two panels of Figure 5.4. Most
spectra in comparison, including the spectrum of the super-Chandrasekhar
SN2009dc at —7 days, clearly show the existence of iron absorption features.
The exceptions are two super-Chandrasekhar events, SN2006gz and SN2007if,
which may have weak or no iron absorption. As shown in the bottom two
panels of Figure 5.4, iron features appear in the iPTF13asv spectra around

and after maximum.

As a result of nucleosynthesis and mixing during SN explosions, iron commonly
manifests itself as absorption features in SN spectra, either as Fe II at low
effective temperatures or as Fe IIT at high temperatures. The absence of iron

at early phases implies that weak mixing during the SN explosion confines
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Figure 5.3: SYN+4+ synthetic SN spectrum fit to iPTF13asv at -
9.2 days. From top to bottom are the observed spectrum, the synthetic
spectrum without Fe (solid), the synthetic spectrum with Fe II (dashed) and
the synthetic spectrum with Fe IIT (dash-dotted). The absorption features
from different species are illustrated in different colors. The Fe II and Fe III
absorption wavelength ranges are highlighted in light gray.

synthesized iron group elements in low-velocity regions of the ejecta.

The centric concentration of iron can be verified by strong UV emission at
the same time, as the iron group elements are the main absorbers of photons
below 3500 A. However, we did not trigger Swift observations at early phases
because the SN is located beyond our trigger criterion of within 100 Mpc. In
comparison to the spectral shape of SN2011fe, the spectral shape of iPTF13asv
at —7 days (top right panel of Figure 5.4) shows stronger fluxes towards shorter

wavelengths, hinting a strong emission in the UV.

The weak mixing of iron in the SN explosion may have strong implications
for the explosion mechanism and will be discussed shortly. In the next few

subsections, we investigate the specifics of iPTF13asv.
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Figure 5.4: Spectral comparison between iPTF13asv and well-studied
SNe. The well-studied SNe included normal SN2011fe (Pereira et al., 2013),
over-luminous SN1991T (Mazzali et al., 1995) and SN1999aa (Matheson et
al., 2008), and super-Chandrasekhar events SN2006gz (Hicken et al., 2007),
SN2007if (Blondin et al., 2012) and SN2009dc (Taubenberger et al., 2011).
The phases of the spectra are shown at the lower left corner of each panel.

Light Curves

In order to determine the light curve shape parameters of iPTF13asv, we use
the SALT?2 software (Guy et al., 2007) to fit its optical light curve (see Figure
5.1 for the SALT2 best-fit light curves). The best-fit light curve gives a rest-
frame B-band peak magnitude mp = 16.28 £ 0.03 on May 18.12 4+ 0.09. We
set this B-band peak date as t = 0 for the rest of this paper. The fit also gives
a color term ¢ = —0.16 £0.02, and two shape parameters xo = 0.0055+0.0001
and 1 = 0.37+0.09. Based on the fitted SALT?2 light curve, we derive a color
(B—V)op = —0.14 £ 0.03 at the B-band maximum and Am;; = 1.03 + 0.01
from 7 by using the relation in Guy et al. (2007).

The local extinction in the host galaxy of iPTF13asv is negligible for several
reasons. First, Figure 5.5 compares the B — V' colors between iPTF13asv
(Amy; = 1.03mag) and SN2011fe (Amy; = 1.10mag). Since SN2011fe is
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Figure 5.5: B — V color evolution of SN2011fe and iPTF13asv. The
galactic absorption is corrected for both events. The solid line shows the Lira
relation from Burns et al. (2014) and the dashed lines corresponding to its
0.06 mag scattering.

unreddened by its host (Nugent et al., 2011; Vinké et al., 2012), similar colors
around maximum suggest that iPTF13asv also has little local extinction. After
the maximum, iPTF13asv has a slightly blue color compared to SN2011fe,
probably due to the different stretch of these two events (Nobili and Goobar,
2008), until they join the Lira relation after +30 days. Second, the intrinsic
color B —V = 0.95mag of iPTF13asv at +35 days is consistent with the
latest calibration of the Lira relation (Burns et al., 2014). Third, the absence
of Na ID absorption in the low-resolution optical spectra also implies weak
extinction in the host galaxy. Given a typical velocity dispersion of 10kms™!
for a dwarf galaxy (Walker et al. 2007), we derive from the highest signal-to-
noise ratio spectrum that the equivalent width for each of the Na I D lines is
less than 0.2 A (5-0). Using the empirical relation in Poznanski et al. (2012),
we find that the extinction F(B — V) < 0.06. Therefore, in what follows, we

neglect the local extinction correction.

After correction for Galactic extinction we derive an absolute peak magnitude
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Figure 5.6: Light curve comparison of iPTF13asv to well-studied nor-
mal and over-luminous events. Light curve comparison of iPTF13asv
to normal SN2011fe (Pereira et al., 2013), over-luminous SN1991T (Nugent
template) and SN1999aa (Krisciunas et al., 2000), and super-Chandrasekhar
events SN2006gz (Hicken et al., 2007), SN2007if (Scalzo et al., 2010) and
SN2009dc (Silverman et al., 2011). The legend colors are the same as in Fig-
ure 5.4.

of iPTF13asv in its rest-frame B-band to be —19.84 + 0.06. This is about
0.5 mag brighter than normal Type Ia SNe at peak.

Before we compare iPTF13asv light curves to those of well-studied SNe, we
establish that the k-correction in the UV and optical wavelengths is negligible.
Synthetic photometry using both the Nugent SN Ia template (Nugent et al.,
2002) and the observed HST UV spectra of SN2011fe (Mazzali et al., 2014).
shows that the k-correction is < 0.1 mag in the optical and < 0.2mag in the
Swift /UVOT UV filters.

In Figure 5.6, the optical light curves of iPTF13asv are compared to those
of well-studied SNe, including normal SN2011fe; overluminous SN1999aa and
SN1991T; and super-Chandrasekhar SN2006gz, SN2007if, and SN2009dc. All

light curves have been offset to match their peak magnitudes and shifted to
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match the epoch of the B-band maxima. Figure 5.6 illustrates that (1) the
light curve width of iPTF13asv is similar to those of normal events and nar-
rower than those of overluminous and super-Chandrasekhar events, except for
SN2006gz, (2) iPTF13asv shows an isolated secondary maximum in the /-band
whose strength is weaker than those observed in SN2011fe and SN1991T, and
(3) iPTF13asv matches well to the super-Chandrasekhar SN2006gz in the B-
and V-band light curves, but SN2006gz has a much stronger near-IR secondary
peak.

Figure 5.7 compares iPTF13asv in the Swift/UVOT wvm?2 and wvw? filters to
a large sample of both normal, overluminous, and super-Chandrasekhar Type
[a SNe observed by Swift (Milne et al., 2013; Brown, 2014). Although the
uvw? filter has a non-negligible leakage in long wavelengths, the uvm?2 filter
does not have a significant leakage and therefore provides the best available
measurements of the UV flux. The figure shows that, like super-Chandrasekhar
events, iPTF13asv is more luminous in the UV than the majority of normal
events. Furthermore, Milne et al. (2013) divided Type Ia SNe into different
subclasses based on their Swift /UVOT colors. We cannot make a direct com-
parison here because only uvm?2 and uvw?2 data are available for iPTF13asv.
An indirect comparison is that iPTF13asv is brighter than SN2011fe by half
a magnitude in the optical and by ~ 0.7mag in the UV. Since SN2011fe is
a NUV-blue event (Brown et al., 2012a), iPTF13asv probably belongs to the

same subclass.

We also compare the IR light curves of iPTF13asv in the J- and H-band
to the most recent light curve template for normal Type Ia events (Figure
5.1; Stanishev et al. 2015) and find that the sparsely sampled light curves of
iPTF13asv roughly follow the template. The peak magnitudes of iPTF13asv
are M; = —18.83 £ 0.08 and My = —18.16 £+ 0.19, compared to the median
peak magnitudes of M; = —18.39 and My = —18.36 with rms scatters of
oy = 0.116 £ 0.027 and oy = 0.085 £ 0.16 for normal Type Ia SNe (Barone-
Nugent et al., 2012). The secondary maximum of iPTF13asv is clearly seen in
the J-band and H-band light curves. The strong IR secondary peak indicates
concentration of iron group elements in the central region of the ejecta (Kasen,

2006), consistent with the conclusion from the early-phase spectra.
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Figure 5.7: UV light curve comparison between iPTF13asv and other
SNe Ia. A sample of SNe Ia from Milne et al. (2013) are shown in gray.
Highlighted by different colors are light curves of iPTF13asv (black), SN2011fe
(sky blue; Brown et al. 2012a), SN2012cg (blue), super-Chandrasekhar events
SN2009dc, SN2011aa and LSQ12gdj (purple; Brown et al. 2014), and the most
UV-luminous event SN2011de (orange; Brown 2014). All magnitudes are in
the AB system.

Spectra

Spectral Cross-matching

We use the latest versions of both SN Identification (SNID; Blondin and
Tonry 2007) and SuperFit (Howell et al., 2005) to spectroscopically classify
iPTF13asv. Before —5 days, unsurprisingly, neither programs find a good
match for iPTF13asv spectra partly because they do not have many early-
phase SNe in their templates and partly because the absence of iron absorp-
tion in the early-phase spectra of iPTF13asv has not been seen before. Around
and after maximum, both SNID and SuperFit find that iPTF13asv matches
to normal Type Ia SNe (Table 5.2).
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Spectral comparison to well-studied SNe

Figure 5.4 compares iPTF13asv spectra to those of well-studied SNe at differ-
ent epochs: normal SN2011fe (Pereira et al., 2013); over-luminous SN1991T
(Filippenko et al., 1992b) and SN1999aa (Garavini et al., 2004; Matheson et
al., 2008); and super-Chandrasekhar SN2006gz (Hicken et al., 2007), SN2007if
(Scalzo et al., 2010), and SN2009dc (Taubenberger et al., 2011). At —13 days
(top left panel of Figure 5.4), although both SN2006gz and iPTF13asv have
weak or no absorption from iron, iPTF13asv shows strong Ca IT H and K ab-
sorption but SN2006gz does not. The absorption of C II is apparently weaker
in iPTF13asv than in SN2006gz. Both SN1999aa and SN2011fe at similar

phases show strong Ca IT and iron absorptions.

At a week before maximum (top right panel of Figure 5.4), except for the
prominent absence of iron in iPTF13asv, the overall spectral features of iPTF13asv
are similar to those of normal SNe. Unlike the near-absence of Ca II and Si II
lines in SN1991T, iPTF13asv shows apparent Ca II and Si IT absorption, the
strengths of which are weaker than those seen SN1991T. Besides this, its C II

feature in the iPTF13asv spectrum becomes weaker.

Around maximum (lower left panel of Figure 5.4), we find good spectral
matches between iPTF13asv and SN2011fe. The strength of Si IT absorption
in iPTF13asv is apparently between the weak absorption in SN1991T and the
strong one in SN2011fe.

One week after maximum (lower right panel of Figure 5.4), the spectrum of

iPTF13asv is similar to those of normal events, but with C IT absorption.

Si IT velocities

We further measure the expansion velocity evolution of iPTF13asv by fitting
a Gaussian kernel to the Si I16355 line in each spectrum. The continuum is
modeled by a linear regression to regions at both sides of the line. Then we
fit a linear model to the velocities between —10 and +10 days as a function

1

of time and estimate a velocity of (1.0 & 0.1) x 10*kms™! and a negligible

velocity gradient at peak.

Figure 5.8 shows that Si II velocities at maximum versus peak magnitudes. As
can be seen in the figure, iPTF13asv has a Si II velocity lower than the majority

of normal Type Ia SNe and similar to super-Chandrasekhar events. Figure 5.9



88

14000

13000 [

12000

11000

10000 |-

9000 |- - s
iPTF13asv

normal ® | i

@

super-Chandrasekhar |

Si Velocity (km/s)

8000

7000

6000 Il Il Il Il Il
-17.5 -18.0 -18.5 -19.0 -19.5 -20.0 -20.5

B-band Peak Magnitude

Figure 5.8: Si II velocities at maximum vs. peak magnitude. The
gray points are measurements taken from Foley et al. (2011) and Scalzo et al.
(2014b). Note that Foley et al. (2011) did not correct the local extinction.
The red points are taken from Scalzo et al. (2012).

compares Si IT velocity gradients at maximum versus peak magnitudes. Like
super-Chandrasekhar events, iPTF13asv has a velocity gradient close to zero,

lower than the majority of normal events.

Carbon signatures

We also note that iPTF13asv shows weak but persistent C IT absorption fea-
tures until at least a week after maximum. Figure 5.10 shows SYN++ fits to
iPTF13asv spectra of high signal-to-noise ratios, demonstrating the existence
of C 116580 and C 117234 lines. The velocity of these C II lines changes from
~ 14,000 kms~! at —13.7 days to ~ 11,000 kms~! at +6.3 days.

About 30% of normal SNe are estimated to reveal the C 116580 and C 117234
absorption notches in early phases (Thomas et al., 2011a; Parrent et al., 2011;
Silverman and Filippenko, 2012). These C II features usually disappear be-
fore maximum. In contrast, some super-Chandrasekhar events show strong
and persistent C II features even after maximum. Figure 5.11 compares the

spectra of iPTF13asv at one week after maximum to those of well-studied
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SNe at similar phases. As can be seen, on the one hand, neither SN1991T
nor SN1999aa has the carbon feature at this phase; on the other hand, the
carbon signature in iPTF13asv is not as strong as those seen in the super-
Chandrasekhar SN2009dc.

Host Galaxy

After iPTF13asv faded away, we obtained a low signal-to-noise ratio spectrum
of its apparent host galaxy SDSS J162254.02+185733.8. The spectrum only
shows Ha emission at the redshift of iPTF13asv. We fit a Gaussian profile
to the Ha line and measure a luminosity of 3 x 10®® ergss™'. We adopt the
empirical relation between Ha luminosity and star formation rate (Kennicutt,

1998) and obtain a star formation rate of 2 x 1073 Mg yr~! for the host galaxy.

Next, we construct the spectral energy distribution (SED) of the host galaxy
with optical photometry from SDSS and near-IR photometry measured on the
post-SN reference images. The SED is then modeled with a galaxy synthesis
code called the Fitting and Assessment of Synthetic Templates (Kriek et al.

2009). We assume an exponentially decaying star formation history and a solar
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served spectra are shown in gray. The SYN++ spectra without C II are in
blue and those with C II in red. The green dashed axes show velocities of
C 116580 and C 117234 lines.

metallicity. The best-fit model gives a galaxy age of 10% years and a stellar
mass 1og;, (Msiellar/Mo) = 7.857075 with a reduced x? = 1.6 (Figure 5.12).
The best-fit model also shows no ongoing star-forming activity. Because SED
fitting models are usually insensitive to very low star-forming rates, the best
fit model is consistent with a low star-formation rate derived from the Ha flux.
The derived star formation rate and the stellar mass of the iPTF13asv host
galaxy follow the empirical relation between stellar mass and star formation
rate (Foster et al., 2012).

Since the host galaxy spectrum does not show [N II| lines, we estimate an
upper limit of log ([N 116548/Ha|) < —0.87. Using Denicol6 et al. (2002),
we derived a metallicity upper limit of 12 4 log (O/H) < 8.3. In fact, using
the mass-metallicity relation (Foster et al., 2012), we estimate a gas-phase
metallicity of 12 + log(O/H) ~ 8 for the host galaxy. Compared to the host
galaxy samples of Type Ia SNe in Pan et al. (2014) and Wolf et al. (2016),
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Figure 5.11: Comparison of carbon features between iPTF13asv and
well-studied overluminous events at one week after maximum.

SDSS J162254.02+185733.8 is one of the least massive and most metal-poor
galaxies that host Type Ia SNe.

5.4 Bolometric light curve and ejecta mass

Bolometric Light curve

Given the wavelength coverage of the iPTF13asv spectra, we first construct a
pseudo-bolometric light curve between 3500 and 9700 A. In order to calibrate
the absolute fluxes of these spectra, we use interpolated optical light curves
to “warp” the spectra. Then the spectra are integrated to derive the pseudo-

bolometric light curve.

Due to the sparsely sampled UV and IR light curves, it is difficult to estimate
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best fit from FAST.

the UV and IR radiation at different phases. Therefore we calculate optical-
to-bolometric correction factors with a spectral template (Hsiao et al., 2007).
In this calculation, we find that the UV correction reaches about 25% before
the B-band maximum and quickly drops to less than 5% around and after the
B-band maximum. Given that the SN might be UV-luminous at early time
and around maximum, our calculated correction probably underestimates the
UV radiation. Using the Swift data around maximum, we estimate that this
UV correction introduces a systematic uncertainty of a few percent to the
bolometric luminosity. After maximum when the SN cools down, the UV

contribution to the bolometric luminosity becomes even less important.

In the IR, the correction above 9700 A is below 10% around the B-band maxi-
mum, and then reaches a maximum of 24% around the secondary maximum in
the near-IR. At the epochs with IR data, we find that the calculated correction

is consistent with the IR measurements.

The final bolometric light curve after UV and IR correction is shown in Figure
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5.13. We further employ Gaussian process regression to derive a maximum
bolometric luminosity Lye, = (2.2 4 0.2) x 108 ergs™ at —2.6 days.

%Ni Mass and Ejecta Mass
Next, we follow the procedure in Scalzo et al. (2012, 2014c) to derive the *Ni
mass and the total ejecta mass. First, the 5Ni mass can be estimated through

the following equation
Lmax = OéS(tR> s (51)

where S(tg) is the instantaneous radioactive power at the bolometric lumi-
nosity maximum. « is an efficiency factor of order unity, depending on the
distribution of 5°Ni (Jeffery et al., 2006). We adopt a fiducial value of a = 1.3
following Scalzo et al. (2012). The radioactive power of Ni —°% Co —°¢ Fe
is (Nadyozhin, 1994)

S(t,) = [6.31 exp (—t,,/8.8) + 1.43 exp (—t,/111)] My; , (5.2)
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where S(t) is in units of 10" ergs™ and My; is in units of M. With the
measured maximum bolometric luminosity Ly,a, = (2.240.2) x 103 ergs™! at
—2.6 days, we obtain a *Ni mass of (0.77 4 0.07) M, directly from equation
(5.1).

About one month after the SN maximum, the SN debris expands approxi-
mately in a homologous manner. At this time, most *Ni atoms have decayed

to 59Co. Thus the total luminosity can be approximated by
L(t) = [1 —exp(—(to/t)*)] S, (t) + Ser (1) (5.3)

where S, and S+ are the decay energy of %°Co carried by y-ray photons and
positrons. In each Co decay, a total energy of 3.61 MeV is emitted via 7
photons and a total energy of 0.12MeV is converted to the kinetic energy of
positions. At time ¢y, the mean optical path of y-ray photons is unity. For
a given density and velocity profile, ¢y reflects the column density along the
line of sight. We fit equation (5.3) to the bolometric light curve of iPTF13asv
after +20 days and obtained t, = 44.2 £ 2.0 days.

Next, we derive the **Ni and total ejecta masses of iPTF13asv together by
fitting Ly, and to simultaneously. If we assume a density profile p(v) o
exp(—v/v.) where v, is a scale velocity, then the ejecta mass can be expressed
as .
d 2

M. = @ (veto)” (5.4)
where k. is the Compton scattering opacity for y-ray photons . The value
of k. is expected to lie in the range between 0.025 and 0.033 cm?g™" (Swartz
et al., 1995). We adopt a value of 0.025 cm?g™! for the optically thin regime.
The form factor ¢ describes the distribution of *Ni and thus *°Co (Jeffery,
1999). For evenly mixed *Ni, the value of ¢ is close to one-third. Taking
element stratification and mixing in the interfaces into account, Scalzo et al.

(2014c) found that ¢ = 0.4540.05. Here, we adopt ¢ = 0.45 in our estimation.

The value of v, can be obtained by conservation of energy. The total kinetic
energy of the ejecta is 6M,;v2. Neglecting the radiation energy, the total
kinetic energy is equal to the difference between the nuclear energy released
in the explosion and the binding energy of the exploding WD. The binding
energy of a rotating WD with mass M.; and central density p. is given in Yoon
and Langer (2005). Here we restrict the central density to lie between 107 and

101%gcm=3.
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If we further assume that the ejecta is composed of unburned CO and synthe-
sized Si, Fe and Ni, then the nuclear energy of the SN explosion is formulated
in Maeda and Iwamoto (2009) as a function of mass M,; and mass fractions
fFe, fni and fsi. The ratio n = fni/(fni+ fre) is also a function of p.. Following

Scalzo et al. (2014c), we adopt a Gaussian prior
n = 0.95 — 0.05p.9 £ 0.03 max(1, pc9) , (5.5)

where p, g is p. in units of 10° gem ™. In addition, we restrict the mass fraction
fco less than 10%.

Based on the above assumptions, with a given set of ejecta mass M,;, central
density p. and the mass fractions of different elements, we can calculate the
peak bolometric luminosity L,,.. by equation (5.1) and tq by equation (5.4),
and compare them with the measured values of iPTF13asv. Here we perform
Markov-Chain Monte-Carlo simulations for a million steps and obtain My; =
0.81701% and M,; = 1.447015 M, at a 95% confidence level.

Detached Shell Surrounding the SN

In order to explain the almost constant Si II velocity in super-Chandrasekhar
events, Scalzo et al. (2010) and Scalzo et al. (2012) hypothesize a station-
ary shell detached from the ejecta. The shell is accelerated to a constant
speed vy, by colliding with fast-moving ejecta with velocities greater than vy,.
In fact, some simulations of WD mergers show that the outermost material
forms such a stationary envelope that collides with fast-moving ejecta (Hoe-
flich and Khokhlov, 1996). Following the calculation procedure in Scalzo et al.
(2010) and Scalzo et al. (2012), we derive an envelope mass of 0.1570 51 M, for
iPTF13asv. This shell increases the total mass of the system to 1.597015 M,
The 5Ni, shell, and total masses of iPTF13asv are similar to those derived
for SN20080522-000 in Scalzo et al. (2012). The large velocity and small mass
make the detached shell have minor impacts to the y-ray opacity, peak lumi-

nosity and the rise time of the SN.

5.5 Discussions

Origin of Strong UV Emission

Strong UV emission in a Type Ia SN could be powered by an extrinsic SN-
companion collision (Kasen, 2010). In fact, in the UV-luminous SN2011de,
Brown (2014) interpreted its UV light curve as possibly arising from collision
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Figure 5.14: Comparison between the SN-companion interaction sig-
nature model and iPTF13asv data. Left: The uwvm2 and uwvw?2 light
curves of iPTF13asv (black circles) are compared to the total light curves
(green) which combine the SN-companion interaction component (red; Kasen
2010) and the SN intrinsic emission (cyan). Right: the iPTF13asv spectrum
at —13.7 days (black) is compared to the thermal spectrum of SN-companion
collision (red).

between the SN ejecta and a companion star. Here we consider the same model
for the strong UV emission of iPTF13asv.

We utilize the scaling relation in Kasen (2010) to fit the observed uvm?2 light
curve. In order to account for the non-negligible emission from the SN itself,
we use the well-sampled uvm?2 light curve of SN2011fe as a template. The
fitting result shows that the companion star is located at 2 x 10 cm away
from the exploding WD (left panel of Figure 5.14). Given a typical mass
ratio of a few and assuming Roche-lobe filling for stable mass transfer before

explosion, we derive a companion radius of ~ 100R,.

Although the model fit to the UV light curve looks plausible, it overpredicts
the SN optical emission at very early phases. In the R-band light curve within
a few days of explosion, the model-predicted SN flux (200 pJy) is higher than
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the observed fluxes (the inset of Figure 5.1) by a factor of > 30% or equiva-
lently brighter by 0.3 mag. Furthermore, at —13.7 days, the predicted thermal
emission flux from the model below 4000 A is also much higher than the ob-
served spectrum (right panel of Figure 5.14). As such, we conclude that the
strong UV emission seen in iPTF13asv is unlikely to arise from SN-companion

collision.

As a result of the above analysis, we are forced to conclude that the strong
UV emission is intrinsic. In fact, the strong UV emission and the lack of iron
in early-phase spectra are probably causally related, as the iron group ele-
ments are the major absorbers of UV photons. These two observational facts,
together with the near-IR secondary peak, strongly suggest that iPTF13asv
has a stratified ejecta along the line of sight with concentration of iron group

elements near the center of the explosion.

iPTF13asv as an Intermediate Case between Normal and Super-
Chandrasekhar Subclasses

In Table 5.3, we summarize a comparison of normal SNe, iPTF13asv, and
super-Chandrasekhar SNe. As can be seen from the table, on the one hand,
iPTF13asv shares similar light curve shapes and a near-IR secondary peak with
normal events. SNID also finds decent spectral matches between iPTF13asv
and normal events. On the other hand, the peak radiation of iPTF13asv is as
bright as super-Chandrasekhar events in both optical and UV. The evolution
of Si II velocities of iPTF13asv is also similar to those of super-Chandrasekhar
events. In addition, we derived an total ejecta mass slightly beyond the Chan-
drasekhar mass limit. Therefore, we tentatively classify iPTF13asv as an in-

termediate case between normal and super-Chandrasekhar subclasses.

In addition to the table, the H-band break, a sharp spectral feature formed
by absorption of Fe II, Co II and Ni II (Hsiao et al., 2013), is also distinc-
tive between super-Chandrasekhar and normal events. The H-band break
emerges around the maximum for normal SNe and decays to disappear within
a month of maximum. In contrast, this feature does not appear in the super-
Chandrasekhar events. However, the only near-IR spectrum of iPTF13asv is
taken one month after the maximum. Therefore, we cannot determine whether
iPTF13asv shows the H-band break or not.
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Figure 5.15: iPTF13asv is an outlier from the the Phillips relation.
The Phillips relation is taken from Phillips et al. (1999). The CfA3 data are
from Hicken et al. (2012). The super-Chandrasekhar events are from Scalzo
et al. (2010) and Scalzo et al. (2012).

Progenitor

In this paragraph, we test the SD and DD progenitor scenarios to the case
of iPTF13asv. In a SD system, a non-rotating WD cannot exceed the Chan-
drasekhar mass limit, and it is not clear in reality how rotation could increase
this mass limit. Hydrodynamic simulations (e.g., Kromer et al. 2010; Sim
et al. 2013) also show that explosions in a SD system cannot avoid a certain
level of mixing in the ejecta. As such, these models do not easily concentrate
the iron group elements in low velocity regions of the ejecta. For merging
WDs, in contrast, simulations of prompt detonation (e.g., Moll et al. 2014)
show strongly stratified ejecta structures along polar directions in asymmet-
ric ejecta. In these directions, iron group elements are also confined to the
low-velocity regions. Therefore, the large mass and stratification of the ejecta

favor a DD progenitor system for iPTF13asv.

iPTF13asv in cosmology
Unsurprisingly, iPTF13asv is an outlier from the classical Phillips relation

between peak magnitude and Amys (Phillips, 1993). As shown in Figure 5.15,
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iPTF13asv is above the empirical relation by half a magnitude.

To have better calibration in cosmology, a third color term is introduced in

the Phillips relation, i.e.,
pw=mp— (Mg — ar, + fc), (5.6)

where p is the distance modulus; mJ is the observed peak magnitude in the
rest-frame B band; «, § and Mp are free parameters. x; and ¢ are the shape
and color parameters derived in the SALT?2 fitting. In order to account for the
dependence on the host galaxy properties, Sullivan et al. (2011) suggest to use
different values of Mp for galaxies of stellar mass greater than and less than
10'°My,. Since the stellar mass of the iPTF13asv host galaxy is ~ 1078 M,
we adopt the parameters from Betoule et al. (2014) for galaxies with stellar
mass less than 10'°My: Hy = 70kms~' Mpc ™, Mg = —19.04 £ 0.01, o =
0.141 £ 0.006 and B = 3.101 £ 0.075. Given the iPTF13asv measurements
of mjp = 16.28 £ 0.03, ;1 = 0.37 = 0.09 and ¢ = —0.16 4+ 0.02, we find that
iPTF13asv can still be included in this empirical relation and thus be useful for
cosmographic measurements, whereas super-Chandrasekhar events are obvious

outliers of this empirical relation (Scalzo et al., 2012).

UV-luminous SNe at High Redshifts

Spectroscopic classification for high-redshift SNe requires very long integra-
tion on big telescopes. Therefore, in high-redshift SN surveys, an optical-UV
“dropout” is introduced to preselect Type la candidates. For example, Riess
et al. (2004, 2007) used the F850LP, F775W, and F606 filters on the HST
Advanced Camera for Surveys (ACS) to search for SNe at redshifts up to 1.8.

The color preselection criteria may miss UV-luminous SNe. In Figure 5.16,
we calculate the color difference in the F850LP, F775W, and F606 filters for
normal SN1992a (Kirshner et al., 1993), near-UV blue SN2011fe (Mazzali et
al., 2014), and UV-luminous iPTF13asv at maximum as a function of redshift.
As can be seen, the three SNe show different colors at high redshifts. Although
the rate of iPTF13asv-like events is probably low in the nearby Universe, such
SNe might occur more frequently at high redshifts as there are more metal-poor
dwarf galaxies. We speculate that it might become a non-negligible component

in estimating the SN rate at high redshifts.
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ent Type Ia SNe.

5.6 Conclusions

In this paper, we present multi-wavelength observations of a peculiar overlumi-
nous Type la supernova, iPTF13asv, discovered by the intermediate Palomar
Transient Factory. While its light curve shape (Amjs = 1.03 4+ 0.01 mag) and
sharp secondary near-IR peak resemble characteristic features of normal Type
[a supernovae, iPTF13asv shows (1) peak optical and UV luminosities brighter
than normal Type Ia supernova (Mp = —19.84mag, Myyme = —15.5mag)
(2) low but almost constant expansion velocities and (3) persistent carbon
absorption features after the maximum, which are commonly seen in super-
Chandrasekhar events. We derive a *Ni mass of 0.817019M and a total
ejecta mass of 1.59T015M,. As a result, we suggest that iPTF13asv is an

intermediate case between the normal and super-Chandrasekhar events.

Our observations of iPTF13asv also show an absence of iron absorption fea-
tures in its early-phase spectra until several days before maximum and strong
UV emission around peak. These observations, together with sharp near-IR
secondary maxima, indicate that iPTF13asv has a stratified structure along

the line of sight, with synthesized iron group elements concentrated in low-
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velocity zones of its ejecta. Compared to hydrodynamic simulations, only WD
mergers might produce the inferred ejecta structure along particular direc-
tions. Therefore, based on the large mass and stratification of the ejecta, we

conclude that iPTF13asv favors a double-degenerate progenitor system.
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Abstract

The intermediate Palomar Transient Factory reports our discovery of a young
supernova, iPTF13bvn, in the nearby galaxy, NGC 5806 (22.5 Mpc). Our spec-
troscopic follow-up observations in the optical and infrared establish a Type Ib
classification. We identify a blue progenitor candidate in HST pre-explosion
images within a 2-o error circle of 80 mas (8.7pc). The candidate has a Mg
luminosity of —5.52 + 0.39 mag and a B—I color of 0.25 + 0.25 mag. Fitting
a power law to the early light curve, we find an extrapolated explosion date
about 0.6 days before our first detection. We see no evidence of shock cooling.
The pre-explosion detection limits constrain the radius of the progenitor to be
smaller than several solar radii. iPTF13bvn is also detected in centimeter and
millimeter wavelengths. Fitting a synchrotron self-absorption model to our
radio data, we find a mass-loading parameter of 1.3 x 102 gcem™!. Assuming a
wind velocity of 10% kms™!, this mass-loading parameter leads to a progenitor
mass-loss rate of 3 x 107> Mg yr~!. A post-explosion HST revisit to the site of
iPTF13bvn two years after explosion has confirmed that the source detected
at the location of iPTF13bvn in the pre-explosion images is at least part of

the progenitor system.
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6.1 Introduction

Supernovae (SNe) of Type Ibc constitute about one-third of core-collapse SNe
(Li et al., 2011b). Their spectra lack hydrogen (Filippenko, 1997), suggesting
progenitors stripped of their hydrogen envelopes either due to mass transfer
in a binary system or via copious stellar winds before the explosion. On the-
oretical grounds, the anticipated progenitors are Wolf-Rayet (WR) stars or
less massive helium stars in binaries (e.g., Dessart et al., 2012; Yoon et al.,
2012). The most straightforward way to test the above theoretical pictures
is direct detection of the progenitor. This is possible for SNe occurring in
nearby galaxies which have deep pre-explosion images (which means, in prac-
tice, Hubble Space Telescope, HST). Eldridge et al. (2013) comprehensively
summarize searches for a dozen Ib/c progenitors, which are all non-detections.
The deepest upper limit to date is Mg = —4.4mag for SN 2002ap, a Type Ic
SN in the very nearby galaxy Messier 74 (Crockett et al., 2007).

An alternative way to infer the progenitor properties is the post-shock-breakout
cooling light curve at early phases of a SN, which is sensitive to the progenitor
size, explosion energy, and the composition of the outermost envelope of the
progenitor (e.g., Nakar and Sari, 2010; Rabinak and Waxman, 2011; Bersten
et al., 2012; Piro and Nakar, 2013), and in some propitious cases can even
diagnose the presence of a binary companion (Kasen, 2010). For example, the
shock cooling phase of SN 2008D (Type Ib) lasted about five days and the
inferred radius of its progenitor is < 14R, (Soderberg et al., 2008). No detec-
tion of shock cooling constrains the progenitor radius of PTF10vgv (Type Ic)
to < 6R; (Corsi et al., 2012; Piro and Nakar, 2013).

Radio measurements serve as another indirect probe of the progenitor sys-
tem by characterizing the mass-loss history. Radio emission is produced by
relativistic electrons accelerated in the supernova shock as they gyrate in the
amplified magnetic field when the shock expands freely (Chevalier, 1998). The
kinetic energy density of the post-shock gas ux = 9pv? /8, where p is the den-

sity and vy is the constant shock speed. The magnetic energy density

B? M
i ug = €gur =~ 6.8 X 10963—t;2 ergscm > | (6.1)
Y5 Vw

where €p is the ratio of the magnetic and thermal energy densities, M is the
mass loss rate in My yr~!, v, is the constant wind velocity from the progenitor,

and t4 is the time post-explosion in days. Meanwhile, we assume a power
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distribution of relativistic electrons, i.e., N(y) o< 77 where ~ is the Lorentz
factor. The ratio between the electron energy density to the thermal energy
density is denoted as €.. X-ray observations of the inverse Compton scattering
of the SN emission by the non-thermal electrons from well-studied SNe have
shown that e, ~ 0.1 (Chevalier and Fransson, 2006). We further assume energy
equipartition between electrons and magnetic field, i.e., ¢, = eg. Following
Chevalier (1998), the radio synchrotron luminosity in the optically thin regime
is given by

(4m)*f R

L, =
3

c5 Ny B®+1D/2 (L
2C1

) ergss 'Hz ' | (6.2)

and the synchrotron-self-absorption luminosity is
c U 5/2
L, =47 fR*2B~1/? (-) ergss ' Hz ', (6.3)
Cg 201

where the constants ¢y, ¢; and ¢g can be found in Pacholczyk (1970). As such,
radio observations allow us to measure the location of the SN shock at a given
time, and the mass-loading parameter A = M /(47v,,) where M is a constant
mass-loss rate and v,, is the wind velocity from the progenitor (Chevalier,
1998). Chevalier and Fransson (2006) found that Type Ibc supernovae usually
have A ~ 102 gcem™!.

In this letter, we report the discovery of iPTF13bvn, a young Type Ib SN
in the nearby galaxy NGC5806. Archival HST images of NGC 5806 allow
a direct progenitor search. We also present early photometric, spectroscopic,

and radio observations and discuss implications on the progenitor.

6.2 Discovery

On 2013 June 16.238 (all times are in UT), the intermediate Palomar Transient
Factory (iPTF; Law et al. 2009) identified a new transient source with R =
18.6 mag (AB) in the vicinity of NGC5806 (Cao et al., 2013a). No source was
detected at the same location down to 21.7mag (3-0) on June 15.240. Also
there was no evidence for pre-outburst activity in 492 PTF images taken since
2009 June 29 to similar depths.

6.3 Progenitor identification
On June 20.276, we observed iPTF13bvn in H-band with OSIRIS (Larkin
et al., 2006) with the Laser Guide Star Adaptive Optics (LGS-AO) system
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(Wizinowich et al., 2006) mounted on the 10-m Keck I telescope. Registering
the AO image to the archival HST /ACS image, we obtain a 1-o uncertainty
of 40 miniarcsec (mas). We find one source spatially coincident with the SN
within the 2-0 (equivalently 8.7 pc in projection distance) error circle (Figure

6.1; Arcavi et al. 2013).

We perform point-spread function (PSF) photometry on the HST /ACS images
with DOLPHOT (Dolphin, 2000). The photometry of the progenitor candidate
is 26.50£0.15 mag in F435W, 26.40+0.15 mag in F555W and 26.104+0.20 mag
in F814W. To correct for extinction, we obtain a high-resolution spectrum
(Section 6.4) and measure the equivalent widths of Na ID lines. We find
local extinction of E(B — V) = 0.0437 and foreground extinction of 0.0278
(Poznanski et al., 2012). Assuming Ry = 3.1 (Schlafly and Finkbeiner, 2011)
and adopting a distance modulus of 31.76 + 0.36 (22.5Mpc; Tully et al. 2009),
we find Mp = —5.52 + 0.39 mag, My = —5.55 £+ 0.39mag and M; = —5.77 +
0.41mag. Thus, the progenitor, if single, is no brighter than these values.
The luminosity and colors are consistent with the compilation of WN and WC
Wolf-Rayet stars in Eldridge et al. (2013).

However, WR, stars are often in binaries (Tuthill et al., 1999). Thus, the
progenitor is possibly in a binary system and the optical emission might be
dominated by the companion. We further note that color alone cannot be
used as a discriminant. The B, V', and [ filters are in the Rayleigh-Jeans tail
of hot stars, including O-stars, WR stars, and blue supergiants. Moreover,
given the 0.05” pixel size of HST /ACS, or equivalently 5.45 pc at the dis-
tance of NGC5806, the candidate can also be an unresolved young star cluster
whose color is dominated by OB stars. Finally, we caution that the progen-
itor candidate may even be unrelated to the SN. The litmus test of whether
this candidate is the progenitor or part of the progenitor system can only be
undertaken by HST imaging after the SN fades.

6.4 Early photometric and spectroscopic evolution

Observations And Data Reduction

As part of regular iPTF operations, the field of iPTF13bvn was imaged twice
every night by the Palomar 48 inch Oschin telescope (P48) with a Mould R-
band filter (Ofek et al., 2012a) during the spring quarter. Upon discovery of
iPTF13bvn, the robotic Palomar 60 inch telescope (P60; Cenko et al. 2006)
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Figure 6.1: Pre-explosion HST image and OSIRIS-AO image of
iPTF13bvn. The SN is located at o = 15"00™00 $ 152, § = 4+01°52'53".17
(J2000). Panel (a) shows the HST image of NGC 5806, taken on 2005 March
10 UT (HST proposal 10187, PI: Smartt). Panel (b) is a zoom-in of the HST
image near the site of iPTF13bvn. Panel (c) is the composite image of the SN
taken with OSIRIS and LGS-AO system. This is made by stacking sixty 15-
second exposures. We align this image with the HST /ACS images with 15, 23,
and 25 common stars in the F435W, F555W, and F814W filters and acquire
registration uncertainties of 0.6, 0.9, and 0.8 HST pixel, respectively. Panels
(d), (e), and (f) show the HST images at the position of the SN in F435W,
F555W, and F814W filters. The position of iPTF13bvn is marked with 1-o
and 3-o0 error circles. The progenitor candidate is 26.50 & 0.15 mag in F435W
(SNR= 11.2), 26.40 + 0.15 mag in F555W (SNR=9.9), and 26.10 £ 0.20 mag
in F814W (SNR= 8.2).
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was triggered for follow-up in the ¢'r'i’z’ bands. We obtained photometry
with the Las Cumbres Observatory Global Telescope (LCOGT; Brown et al.
2013) network in the U BV RI¢'r'i’ 2’ bands using the 1-m telescopes from Cerro
Tololo (Chile), McDonald Observatory (USA), and Sutherland (South Africa),
along with the 2-m Faulkes Telescope South (Siding Springs). As part of our
ongoing iPTF-Swift program (PI Kasliwal), we triggered target-of-opportunity
observations beginning on 2013 June 17 (Arcavi et al., 2013). In the P48, P60,
and Swift images, the host background is subtracted by using pre-explosion
reference images, while in the LCOGT images a low-order polynomial fit is
used to remove the background. PSF photometry is then performed in all
the images. Photometry in the ¢'r'i’z’ bands is calibrated to Sloan Digital
Sky Survey stars and that in the UBV RI bands is calibrated with Landolt
standard stars. The multi-color light curve of iPTF13bvn is illustrated in
Figure 6.2.

Low-resolution spectroscopic follow-up of iPTF13bvn was undertaken with
the DOLORES low-resolution spectrograph on Telescopio Nazionale Galileo
(TNG), the Marcario Low-Resolution Spectrograph (Hill et al., 1998) on the
Hobby-Eberly Telescope (HET), the low-resolution, cross-dispersed spectro-
graph FLOYDS on the robotic Faulkes Telescope, the Dual Imaging Spec-
trograph on the ARC 3.5-m telescope, the Folded-Port InfraRed Echellete
(Simcoe et al., 2013) on the 6.5-m Magellan telescope, and SpeX (Rayner
et al., 2003) on the NASA Infrared Telescope Facility. We also obtained a
high-resolution spectrum with High Resolution Echelle Spectrometer (HIRES;
Vogt et al. 1994) on the 10 m Keck I telescope. The spectroscopic series of
iPTF13bvn is displayed in Figure 6.3.

All photometry tables and spectroscopy data will be made public via WIS-
eREP (Yaron and Gal-Yam, 2012).

Analysis: Photometry

In order to better constrain the explosion date, we fit a power-law model
f(t) o< (t —ty)? to the P48 data of iPTF13bvn taken in the first five nights
after explosion and constrain the parameters with the upper limits preceding
the discovery. The best fit results in an explosion date t; = June 15.67 and a
power-law index § = 1.01 (Figure 6.2). The 95% confidence levels for ¢, and
B are June [15.50, 15.76] and [0.923, 1.09], respectively. Note that the color
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Figure 6.2: Light curves of iPTF13bvn. Left panel: multi-band light curve
of iPTF13bvn (the color represents the filter, and the symbol shape represents
the telescope). The upper limits are denoted in triangles. The origin ¢ = 0 is
set to the explosion date derived from the best power-law fit (solid gray curve).
For comparison, r-band light curves of SN 19941, SN 2008D, PTF10vgv, and
PTF12gzk are also shown in cyan with different line styles. On the top axis,
the epochs of spectroscopic follow-up are indicated by “S” In the right panel,
the P48 R-band light curves are plotted against predicted light curves of shock
cooling (gray dash curves) from Piro and Nakar (2013) for explosions starting
at t = —1, —0.5, 0.0, 0.5days with a “mean” velocity of 8,000kms~!. The
radius of the progenitor in each of the models is besides its corresponding light
curve.
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Figure 6.3: Spectral sequence of iPTF13bvn. Each spectrum is labeled
with the observation date, the telescope, and the instrument. The upper two
insets zoom-in to the infrared He 110830 and He 120581 lines. The lower two
insets zoom-in to the Na I D doublet at high resolution.
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evolution is minimal, suggesting that the R-band light curve is a reasonable
proxy for the bolometric light curve. iPTF13bvn peaked at R = —16.6 mag at
about ty + 18 days.

A comparison of R-band light curves between iPTF13bvn and other well-
studied events, including SN1994I (Richmond et al., 1996), SN2008D (Soder-
berg et al., 2008), PTF10vgv (Corsi et al., 2012), and PTF12gzk (Ben-Ami
et al., 2012), is shown in Figure 6.2. The type Ic SN1994I is much more lu-
minous than iPTF13bvn while its rise rate is less than that of iPTF13bvn.
The Type Ib SN 2008D has a five day cooling phase after its shock breakout
before it slowly rises again, while we do not detect any shock cooling signa-
ture from iPTF13bvn. The energetic Type Ic SN PTF12gzk rises much faster
than iPTF13bvn. Surprisingly, the closest match to the rise rate of iPTF13bvn
through eight days is the high velocity Type Ic PTF10vgv (albeit about 2 mag

fainter).

Following Piro and Nakar (2013), we derive a constraint on the progenitor
radius based on our detection limits on shock cooling. The inferred radius is
sensitive to the “mean” velocity of the ejecta v = \/W where FE is the
explosion energy and M,; is the mass of the ejecta. Based on the measured pho-
tospheric velocities and line velocities (Section 6.4), we conservatively adopt
the lowest velocity of 8,000 km s~!. If the velocity was higher, the radius of the
progenitor would be constrained to be even smaller. The model also depends
weakly on E and thus we assume E = 10°! ergs. In the right bottom panel
of Figure 6.2, the predicted R-band light curves (gray lines) of shock cooling
with various explosion times are also plotted. We find the following: if the
explosion had happened earlier than t(, the progenitor radius would have to be
unreasonably small (~ 0.03R) because the luminosity of the shock breakout
is tightly constrained by non-detection on June 14. If the explosion happened
at to, the progenitor radius < 1.5R. If the explosion happened at ¢, + 0.5 day,
the progenitor radius < 5Rs. Therefore we conclude that the progenitor ra-
dius was no larger than several solar radii, suggesting a stripped core such as
WR stars.

Analysis: Spectroscopy
Figure 6.4 compares spectra of iPTF13bvn to those of well-studied Type Ibc

supernovae.
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The strongest features in the early spectra are the Ca II H4+K and Ca II
near-IR triplet absorption. The blends of Fe II lines at ~ 5,000 A and Fe II,
Mg II and Ti II at 4,400 A are also prominent. The local minimum at about
5,500 A may be either He I or Na I and that at about 6,200 A may be in-
terpreted as either Si IT or Ne I. At +2.6 days after explosion (Figure 6.4),
a SYNOW fit gives a photospheric velocity of 10,000kms~! and a Ca II line
velocity of 14,000 kms™—t. By +11.5 days, these velocities evolve to 8,000 and
10,000 km s, respectively.

Helium lines are not expected to be prominent in early spectra of Type Ib SNe
(Hachinger et al., 2012). We begin to see weak wiggles at the location of He I
(5,876 A, 6,678 A and 7,065 A) in optical spectra after +10 days. However,
SYNOW cannot fit a single expansion velocity to all the three lines simultane-
ously. In the IR spectra, we see a prominent absorption feature at 10,200 A,
which may be explained by He I 10830 A line blended with metal lines. The
20,581 A doublet is often used to confirm the presence of He (Taubenberger
et al., 2006; Marion et al., 2014). By +16.7 days, we unambiguously detect
this feature (see the inset of Figure 6.3). Therefore, we classify iPTF13bvn as
a Type Ib SN (Milisavljevic et al., 2013; Kasliwal et al., 2013).

6.5 Radio follow-up

Promptly after discovery, we initiated radio follow-up observations at the Com-
bined Array for Research in Millimeter-wave Astronomy (CARMA; PI Horesh)
and requested Director’s Discretionary Time at the Jansky Very Large Array
(JVLA; PI Horesh). Our JVLA and CARMA data showed that the radio coun-
terpart had a synchrotron self-absorption (SSA) spectrum. A few follow-up
radio epochs were obtained with Australia Telescope Compact Array (ATCA;
PI Hancock). The JVLA data were reduced using AIPS with J1505+0326 as
a phase calibrator and 3C286 as a flux calibrator. The CARMA data were
reduced using MIRIAD (Sault et al., 1995) with J1549+026 as a phase cali-
brator and MWC349 as a flux calibrator. The ATCA data were reduced using
MIRIAD with PKS B1921-293 as a bandpass calibrator, PKS B1508-055 as a
phase calibrator, and PKS B1934-638 as a flux calibrator. All the radio data

is presented in Figure 6.5.

We fit the multi-frequency multi-epoch data to the SSA model following Cheva-

lier (1998).We assume that the electron energy distribution can be described
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Figure 6.4: Spectra of iPTF13bvn compared to other well-studied
Type Ibc SNe. All ages are reported in days since explosion. An early
spectrum of iPTF13bvn shows strong similarity to early spectra of Type Ib/c
SNe: SN 2007gr, Type Ic (Valenti et al., 2008); SN 19941, Type Ic (Filippenko
et al., 1995); SN 2007Y, Type Ib (Stritzinger et al., 2009). The early spectrum
of the energetic Type Ic PTF12gzk (Ben-Ami et al., 2012) resembles that of
iPTF13bvn, if a correction is made artificially for its remarkable blueshift.
Later spectra of iPTF13bvn resemble the Type Ib SN 2009jf (Valenti et al.,
2011). Despite the light curve similarity, the high velocity Type Ic PTF10vgv
bears no spectral resemblance to iPTF13bvn.
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Figure 6.5: Radio observations of iPTF13bvn. Flux density as a func-
tion of frequency on +3 days (red circles; CARMA + JVLA), +6 days (blue
diamonds; CARMA + ATCA), and +9 days (green squares; ATCA). The red
triangle is our JVLA detection limit (3-0) in C band (6 GHz) at +3 days.
The purple triangle is the JVLA detection limit (3-0) on +4 days obtained by
(Kamble and Soderberg, 2013). The solid lines show our fits using synchrotron
self-absorption models. Additional CARMA measurements on +4 days, and
+8 days (black stars) and an upper limit on +10 days (cyan triangle) are also
shown.

by a power law N(v) oc v73. The fitted models are also presented in Figure
6.5.

We note that the SSA model alone is consistent with all our data including
the null detection in C band on June 18. However, on June 19.1, Kamble
and Soderberg (2013) observed iPTF13bvn with the JVLA in C band and
announced a null detection with an rms of 6 uJy. Based on our SSA model,
we estimate that Kamble and Soderberg should have detected iPTF13bvn at
a level of ~5-0. Their null detection therefore may require additional free-
free absorption at low frequencies. Based on inverse Compton scattering, we

estimate the X-ray emission to be 107 ergscms™1.

This is consistent with
our Swift/XRT upper limit of 1.0 x 1073 ergscms™! on June 17 (assuming a

power-law spectrum with a photon index of 2.0). We note that Kong et al.



118

(2013) reported an X-ray detection by co-adding the XRT data from June 17
to July 13. We reprocessed the XRT data from the first ten days after the SN
explosion and resulted in a 3-0 upper limit of 4 x 10~ ergscms™!. This is

also consistent with our expectation from inverse Compton scattering.

We find that the radio emission peaks at ~ 73.5, 37, 20 GHz with fluxes of
~ 3.5, 3.5, 2.7mJy on June 18, 21 and 24, respectively. Following Chevalier
(1998), we derive a shock wave radius R, ~ 0.7, 1.4, 2.3 x 10'® cm and a mag-
netic field strength B ~ 8.2, 4.1, 2.3 G. Using the explosion date determined
in the optical data, we find a shock wave velocity of 2.7 x 10*km s~!

typical for SNe Ibc (Chevalier and Fransson, 2006).

, which is

Next, we derive a mass-loading parameter A ~ 1.3 x 102 gcm™!. Assuming a
typical wind velocity of v, ~ 103kms™! from a WR star (Cappa et al., 2004),
the progenitor mass-loss rate M =~ 3 x 107°M, yr~!. This is consistent with
the WR mass-loss rate in Cappa et al. (2004).

6.6 Conclusion

iPTF13bvn is a Type Ib SN that exploded on June 15.67 and rose to maximum
luminosity of Mp = —16.6 mag in about 18 days. The luminosity of the SN
in the first 10 days is approximately proportional to ¢t=!. We identify a single
progenitor candidate within a 2-o error radius of 8.7 pc in pre-explosion HST
imaging. The candidate has a Mp luminosity of —5.52+0.39mag and a B —1
color of 0.25 + 0.25 mag. Future HST imaging, after the SN fades away, will
determine whether this is a single star, a binary, or a star cluster. The non-
detection of shock cooling in our light curve constrains the progenitor radius to
smaller than a few solar radii. Our radio detections suggest a shock wave with
velocity of 2.7 x 10*%km s~! and a progenitor mass-loss rate of 3 x 10=° M yr—t.
We conclude that the pre-explosion photometry of the detected candidate, the
radius constraint based on absence of shock cooling, and the mass-loss rate

derived from radio are all consistent with a WR progenitor.

6.7 Summary of follow-up research results

In this section, I summarize the follow-up results of iPTF13bvn and its possible
progenitor, after an edition of this chapter is published on the ApJ Letters (Cao
et al., 2013b),

The spatial coincidence between the SN and the progenitor has later been
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improved by aligning the HST image of the SN to the pre-explosion archival
HST images (Fremling et al., 2014). The uncertainty of the alignment was
reduced to 0.18 HST /ACS pixels. Including the centroid uncertainty of the
SN, the location of the SN on the pre-explosion HST image was narrowed down
to an error circle of radius 9 mas (1-0). The proposed progenitor candidate is

only +1.7 mas in « and +3.6 mas in ¢ from the center of the error circle.

Based on our published photometry of the possible candidate, Groh et al.
(2013) soon found that a single WR star within initial mass in the range 31—
35M, fits the observed photometry. They further suggest that the progenitor
likely has a luminosity of 10°%° L, effective temperature ~ 45, 000 K, and mass
~ 10.9M at the time of explosion. These models also indicate an uncertain
ejecta mass of ~ 8M, which is higher than the average of the SN Ib ejecta
mass that is derived from the light curve (2-4My).

The well-sampled photometry and spectroscopy data obtained allow different
groups (Fremling et al., 2014; Bersten et al., 2014; Srivastav et al., 2014) to
build bolometric light curves of iPTF13bvn, and to derive its ®°Ni mass and
ejecta mass. The derived ejecta mass ranges from 1.9M, to 3.5M, which is
significantly lower than the mass of known WR stars (10-15M). As a result,
a less massive progenitor in a binary system is preferred. This conclusion is

also supported by the nebular spectra of the SN (Kuncarayakti et al., 2015).

If the SN has no extra power resource in its late time evolution, its light
curve will decline no slower than the light curve of *°Co decay. By linear
Extrapolation of the light curve of the SN (Figure 6.6), we find that iPTF13bvn
would fall below the magnitude of the progenitor candidate by at least two

magnitudes in June 2015.

On 2015 June 30, HST /ACS revisited the site of iPTF13bvn in the F'435W and
F555W filters. Eldridge and Maund (2016) reported that a source is detected
at the location of the SN well below the detection level of the pre-explosion
source and thus confirmed that the progenitor star has gone. However, compar-
ing the light curve to that of another well-studied stripped-envelope SN2011dh
(Type IIb), the late-time emission of iPTF13bvn might be dominated by the
nebular line emission and detected in the most recent HST epoch. Another
HST /ACS visit is needed in about a year to verify whether the SN has com-
pletely faded away.
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Figure 6.6: Extrapolation of iPTF13bvn R-band light curve. The
black solid line is the linear extrapolation of the light curve. The black dashed
line is the magnitude of the progenitor candidate and the red dashed line
indicates two magnitude below the progenitor candidate.
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Chapter 7

SUMMARY AND FUTURE DIRECTIONS

Supernova emission in the first days of explosions contains rich information
about the physical properties of their progenitors. This motivated me to
conduct fast-cadence transient surveys in the intermediate Palomar Transient
Factory (iPTF), with the scientific goal of constraining the poorly-understood
progenitor systems of hydrogen-free supernovae. In the following, I summarize

the major results of this thesis:

1. In these fast-cadence surveys, fast discovery and rapid follow-up ob-
servations are equally important for infant supernovae (Chapter 2). I
showed that (1) the nightly survey cadences were strictly maintained to
ensure the young age of discovered supernovae, (2) our realtime image
subtraction pipeline managed to deliver supernova candidates within ten
minutes of images being taken, and (3) we successfully performed com-
prehensive follow-up observations of interesting transients within hours
of discovery through our pre-approved target-of-opportunity programs
on a variety of ground-based and space telescopes. In the years 2013 —
2015, we discovered over a hundred supernovae within a few days of their
explosions, forty-nine of which we performed spectroscopic follow-up ob-

servations to within the same night or next night following discoveries.

2. A strong and declining ultraviolet pulse was detected from a low-velocity
(subclass prototype: SN2002es) Type Ila supernova iPTF14atg within
four days of its explosion (Chapter 3). The pulse had a peak luminosity

1 and decayed in a few days. This pulse can be best

2 3 x 10* ergss™
interpreted as the diffusive thermal emission produced by collision be-
tween the supernova ejecta and a companion star. This result provides
evidence that at least some Type Ia supernovae arise from the single
degenerate channel in which accretion onto a white dwarf from a nonde-
generate companion star triggers the supernova explosion of the white

dwarf.
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3. Although iPTF14atg and a sibling low-velocity event iPTF14dpk both
resemble the prototypical event SN2002es in optical light curve and
spectra around and after maximum, they show distinct early-rise be-
havior (Chapter 4): the early rising R-band light curve in iPTF14atg
before —17 days with respect to its maximum is completely missing in
iPTF14dpk. Instead, iPTF14dpk abruptly jumped to R = —17mag
with a rise rate of > 2magday ' at —17days. I showed that the early
emission from iPTF14atg can be entirely attributed to the supernova-
companion collision. If SN2002es-like events all arise from the single
degenerate channel, the missing early emission from iPTF14dpk can be
explained as a natural consequence of an unfavored viewing angle along
which the supernova-companion interaction is shaded by the optically
thick ejecta. I also show that a supernova has a dark phase between its
explosion (as estimated by the supernova-explosion collision date) and
the first light of its radioactively-powered light curve. The duration of
the dark phase depends on the depth of the shallowest ejecta layer in
which °°Ni is deposited.

4. A peculiar Type Ia supernova iPTF13asv (Chapter 5) showed strong
near-UV emission and absence of iron in the early-phase optical spectra,
which implies weak mixing of iron group elements in the fast-moving
ejecta and thus a stratified ejecta structure. Compared to the state-
of-the-art simulations, I showed that the stratification probably results
from a prompt explosion of a white dwarf merger. I further showed that
iPTF13asv resembles the super-Chandrasekhar Type Ia supernovae in
the large peak luminosity, low expansion velocity, and persistent carbon
absorption, and derived a total ejecta mass of about 1.6M,. Such a
super-Chandrasekhar ejecta mass also supports the double-degenerate
origin of iPTF13asv.

5. Treported the first direct detection of the progenitor system of a Type Ib
supernova iPTF13bvn in the pre-explosion HST archival images (Chap-
ter 6). This progenitor has been confirmed by a post-explosion HST re-
visit to the site of the supernova. Separately, comparing the early-phase
optical light curve of the supernova to post-shock-breakout cooling mod-
els, I constrained the radius of the progenitor being no larger than several

solar radii. From the early-phase radio observations of the supernova,
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I also derived a mass loss rate of 3 x 107°M yr~! for the progenitor
star in its last few years prior to the supernova explosion. The identified
progenitor system in the pre-explosion image and the constraints on the
radius and mass loss rate of the progenitor form a comprehensive dataset

that Type Ib supernova explosion theories need be tested on.

6. Flash spectroscopy of Type II supernovae is outside the scope of this
thesis. However, I briefly summarize it here for completeness, as it is
another major result from our fast-cadence surveys. If a supernova ex-
plodes within a dense circumstellar medium which is established by the
mass loss of its progenitor, the high-energy photons released in the su-
pernova shock breakout may ionize the circumstellar medium. Before the
supernova ejecta sweeps over the circumstellar medium, we anticipate to
observe a hot thermal continuum emission from the supernova photo-
sphere superposed by recombination lines from the ionized circumstellar
medium. In 2013 — 2015, my colleagues and I have observed these re-
combination lines in a dozen young Type II supernovae (Gal-Yam et al.,
2014; Khazov et al., 2016). The line shapes and their evolution provide
new diagnostics to the density profile, the wind velocity and the chemical
abundance of the circumstellar medium and thus the properties of the

mass loss history of the progenitors.

Moving forward, the next frontier in the young supernova field is to expand
these single-object results into sample studies. Specifically, early ultravio-
let observations of a large sample of thermonuclear supernovae are warranted
to determine the fraction of events of different subtypes with early-phase ul-
traviolet pulses. Then we can estimate the fraction of supernovae arising
from the single degenerate channel and constrain the binary geometry of these
progenitor systems. This study will enhance our understanding towards the
population of white dwarf binaries and potentially improve the measurement

precision of supernova cosmology.

In the core-collapse supernovae, the early optical light curves of a large num-
ber of supernovae will put constraints on the radii of their progenitors. The
early-phase flash spectra and radio observations will determine the physical
properties of the mass loss from their progenitors at last stages. The last-

stage mass loss of massive stars is a key to understanding the core-collapse
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supernovae, because it is probably driven by the core-collapse mechanism and
because it sets up the initial condition for the core collapse. Compared to the
direct pre-explosion imaging, these new methods can be applied to supernovae
in a much larger volume and therefore collect a sample within a reasonable

timescale.

iPTF will cease operation in February 2017 and will make way for the Zwicky
Transient Facility (ZTF; Smith et al. 2014) which equipped with a new camera
of 47 deg? field of view. ZTF survey speed will be order-of-magnitude faster
than that of iPTF and is expected to find one young supernova every night
(the exact survey strategy is yet to be determined). The newly commissioned
SED Machine (an imager and integrated field unit) on the Palomar 60-inch
will automatically undertake immediate follow-up observations of interesting
transients discovered in ZTF to provide color information and spectroscopic
classification. In parallel to ZTF, a few space missions of large-area fast-
cadence ultraviolet surveys, such as ULTRASAT (Sagiv et al., 2014), have
also been proposed. These ultraviolet surveys will be more sensitive to high-
temperature phases of cosmic explosions, such as the supernova shock breakout

and supernova-companion interaction.

In a broad picture, large-scale astronomical surveys including iPTF and ZTF
are transforming astronomy from a data-starved to a data-swamped discipline,
fundamentally changing traditional methodologies. The data volume that will
be collected in the next decade will supersede everything accumulated over the
preceding four thousand years of astronomy. Our experience in the iPTF era
has demonstrated that applying advanced technologies in computer and data
sciences to processing, analyzing and storing the big volume of data will lead

to incredible astronomical discoveries in near future.
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Abstract

We present optical light curves of 29 novae in M31 during the 2009 and 2010
observing seasons of the Palomar Transient Factory (PTF). The dynamic and
rapid cadences in PTF monitoring of M31, from one day to ten minutes, pro-
vide excellent temporal coverage of nova light curves, enabling us to record
the photometric evolution of M31 novae in unprecedented detail. We also de-
tected eight of these novae in the near-ultraviolet (UV) band with the Galaxy
Evolution Explorer satellite. Novae M31N 2009-10b and M31N 2010-11a show
prominent UV emission peaking a few days prior to their optical maxima, pos-
sibly implying aspherical outbursts. Additionally, our blueshifted spectrum of
the recent outburst of PT And (M31N 2010-12a) indicates that it is a recur-
rent nova in M31 and not a dwarf nova in the Milky Way as was previously
assumed. Finally, we systematically searched for novae in all confirmed globu-
lar clusters (GCs) of M31 and found only M31N 2010-10f associated with Bol
126. The specific nova rate in the M31 GC system is thus about one per year,

which is not enhanced relative to the rate outside the GC system.

A.1 Introduction

Classical novae (CNe) are interesting for at least two reasons: first, they pro-
vide a laboratory to investigate thermonuclear runaways in semidegenerate
conditions (e.g., Bode and Evans, 2008); second, they have been proposed as
progenitors of type la supernovae (e.g., Starrfield et al., 1988). Observations
of Galactic novae are limited due to extinction and distance determination.
Given the fact that nova outbursts are about 10® to 10* times more frequent
and 10% to 10* times less luminous than supernovae, nova searches are limited

to the nearest galaxies.

CNe in M31 (The Andromeda Galaxy) have been observed for nearly a century
(Hubble, 1929; Arp, 1956; Rosino, 1964, 1973; Ciardullo et al., 1987; Rosino
et al., 1989; Sharov and Alksnis, 1991; Tomaney and Shafter, 1992; Rector
et al., 1999; Cassatella et al., 2004; Shafter and Irby, 2001; Darnley et al.,
2004, 2006; Kasliwal et al., 2011; Shafter et al., 2011a). The published nova
rates for M31 range between 24 yr=! (Arp, 1956) and 65 yr~! (Darnley et al.,
2004).

The Palomar Transient Factory (PTF) (Law et al., 2009; Rau et al., 2009)
acquired nearly daily monitoring of M31 in the R band during the 2009 and
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2010 observing seasons. It provides three advantages for the study of novae
in M31: first, the large field of view (FoV) of 7.2 square degrees covers the
main region of M31 in one snapshot. Second, PTF has fast and dynamic
cadences from one day to as short as ten minutes. This temporal coverage
gives unprecedentedly detailed light curves. Third, the limiting magnitude is
R ~ 20 mag (a little worse near the center of M31 where the background is
strong and the gradient is steep). Hence, given the mean distance modulus of
24.36 for M31 (Vilardell et al., 2010), PTF can detect all but the most heavily
extincted novae in M31 (weather-permitting) and follow them up down to a

magnitude of Mg ~ —4.4.

The PTF data also offer an opportunity to explore known recurrent novae
(RNe) in M31 and perhaps discover new ones. According to the catalog main-
tained by Pietsch (2010), about thirteen recurrent novae have been discovered
in M31. The white dwarf masses of RNe are thought to be closer to the
Chandrasekhar mass limit than those of ordinary CNe (Starrfield et al., 1988)

Another issue related to novae that can be assessed with PTF archives is
whether the nova rate in the globular cluster (GC) system is enhanced relative
to that outside the globular cluster system. Ciardullo et al. (1990b) did a
search for novae in fifty-four M31 GCs based on the Ha surveys of Ciardullo
et al. (1987) and Ciardullo et al. (1990a). In a mean effective survey time of
approximate two years, they did not find any nova outbursts in any of the
M31 GCs. Tomaney et al. (1992) reported another one-year search of over
two hundred M31 GCs with Ha emission but did not find any nova outbursts,
providing an upper limit on the rate of 0.005 nova yr~! GC~!. The only GC
nova found in M31 is M31N 2007-06b (Shafter and Quimby, 2007). Henze et
al. (2009c¢) then derived a rate of 1.1 nova yr~! for the M31 GC system, which

is comparable to the rate (per unit mass) outside the globulars.

In a nova outburst, except for a short “fireball” phase where radiation is given
out by the thermal emission of the photosphere, UV photons are thought
to originate at the surface of the white dwarf (WD), deep within the nova
envelope, while optical photons are released near the surface of the envelope
and result from absorption and re-emission of relatively low ionization species
such as Cr II, Fe Il and other heavy elements in the envelope. These species are
either from secular evolution of the WD progenitor or due to the mass transfer

from the companion (Williams et al., 2008). Nova shells therefore serve as
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passive photon converters whose spectra reflect the reprocessing of incident
UV light to longer wavelength bands. Eventually, the expansion decreases the
temperature and dilutes absorbing species to finally reveal the UV photons
(Kato and Hachisu, 1994; Gonzélez-Riestra and Krautter, 1998). Therefore,
to explore the UV light powering the nova emission, we searched in parallel
for any contemporaneous UV observations of CNe in M31 with the GALEX
satellite (Martin et al., 2005). We obtained near UV-optical light curves for
eight novae in M31.

This paper is arranged as follows. Section A.2 describes PTF and GALEX
observation and data reduction as well as data from other sources. Section A.3
presents light curves of CNe and describes their morphology. Section A.4
discusses novae in GCs. Section A.5 focuses on RNe. Section A.6 discusses
ordinary and bizarre novae observed in the UV band. Section A.7 revisits the
relation between the maximum magnitude and the rate of decline (MMRD)

with our nova sample. Finally we conclude this paper in Section A.8.

A.2 Observations

Nova Sample

We examined all novae as reported by Pietsch (2010)! in the PTF image
archives and obtained light curves for twenty-nine novae. Among them, eight
novae also have UV light curves from GALEX. Table A.1 gives main parame-
ters of PTF and GALEX observations. Table A.2 describes the nova sample
and Figure A.1 illustrates their spatial distribution.

PTF

PTF (Law et al., 2009) employs the 1.2-m Oschin Telescope at Palomar Ob-
servatory with an array of twelve CCD chips, each having 4K x 2K pixels. One
of the chips does not function for unknown reasons. The pixel size is 1”.0/pixel

and thus the total FoV is 7.2 square degrees.

The time coverage of PTF observations of M31 during the 2009 and 2010
seasons is shown in Figure A.2. The first observing season is from 2009 August
18 to 2010 January 17 and the second is from 2010 June 30 to 2010 December
15. From 2010 August 28 to 2010 September 7, PTF observed M31 with a fast

Thttp://www.mpe.mpg.de/~m31novae/opt/m31/index.php. This site maintains a com-
prehensive catalog of novae in M31.
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Figure A.1: Spatial distribution of the nova sample in M31. The left
panel is an image of M31 taken by GALEX (Gil de Paz et al., 2007). The right
panel is a mosaic image of M31 from PTF (Credit: P. Nugent). The dashed
box in the upper panel shows the physical size of the bottom one. The actual
FoV is larger than the size of this image. The red circles denote positions of
novae only observed in PTF. RNe are highlighted by the yellow circles. The
magenta circles denote novae observed by both PTF and GALEX.

Table A.1. Ma31 observation summary

PTF GALEX
Filter Mould R NUV
Aefiect (A) 6581 2316
AN (A) 1251 1060
texpose (8) 60 740-1703
FoV (deg?) 7.2 1.2
Cadence  10min to days 1-2 days
Epoch 726 51 (the center field)

22-27 (outskirt fields)
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Figure A.2: Temporal coverage of both PTF and GALEX. A plus sign
indicates an epoch observed by both PTF and GALFEX while a cross indicates
an epoch observed by neither. PTF-only observations are denoted with circles.
GALEX-only observations are represented by diamonds. Statistically, during
the first observing season, PTF observed M31 for 20% of 156 total nights,
GALEX observed for 21% nights and the two overlapped on 6% nights. In the
second season, PTF observed for 75% of 169 nights and GALEX overlapped
with PTF on nine nights.

Table A.3. M31 novae observed with GALEX

Name Epochs UT start UT end
M31N 2009-09a 63 2009/08/20.429 2009/10/15.707
M31N 2009-10a 13 2009/10/02.629 2009/10/21.457
M31N 2009-10b 22 2009/10/08.587 2009/11/15.725
M31N 2009-11b 63 2009/08/20.429 2009/11/15.725
M31N 2010-06a 13 2010/08/12.894 2010/08,/21.998
M31N 2010-06b 13 2010/08/12.894 2010/08,/21.998
M31N 2010-06d 13 2010/08/12.894 2010/08/21.998
M31N 2010-07a 13 2010/08/12.894 2010,/08/21.998




135

Table A.4. X-ray and spectroscopic observation epochs of M31 novae

Novae

Observation UT

Spectrum

X-Ray

Reference

M31N 2009-08e
M31N 2009-09a
M31N 2009-10a
M31N 2009-10b

M31N 2009-11a
M31N 2009-11b

M31N 2009-11d
M31N 2009-11e
M31N 2010-01a

M31N 2010-06a
M31N 2010-06b
M31N 2010-06d
M31N 2010-07a
M31N 2010-09a
M31N 2010-09b

M31N 2010-09¢
M31IN 2010-10a
M31N 2010-10b

M31N 2010-10c
M31N 2010-10d
M31N 2010-10e

M31N 2010-10f

M31N 2010-11a
M31N 2010-12a
M31N 2010-12¢

2009,/09,/18.014
2009,/09,/18.18
2009,/10,/09.91
2009,/10,/09.820
2009,/10/15.5
2009,/10/19.936
2009,/11,/25.32
2009,/11,/08.35
2009,/11,/09.82
2009,/11,/21.31
2009/11,/22.19
2010/01,/13.08
2010,/01,/15.09
2010/07/19
2010/07/19
2010,/08,/08.86
2010/07/19
2010/09/07.23
2010,/10/01.39
2010,/10,/06.40
2010/09,/14.23
2010,/10/06.38
2010/10/28.31
2010/11,/03.31
2010/11/11.28
2010,/10/17.35
2010,/10/30.31
2010,/11,/04.32

2010/11,/13.285

2010/12/05.74
2010/12/30.24
2010/12/30.25

2010/11/15.16
2010/11/17.09

2010/11/03.04
2010/11/06.20
2010,/11,/07.06

Medvedev et al., 2009
Barsukova et al., 2009b

Fabrika et al., 2009a
Fabrika et al., 2009b
Yamaoka et al., 2009

Barsukova et al., 2009a

Hornoch et al., 2009¢
Kasliwal, 2009
Kasliwal et al., 2009

Hornoch et al., 2009b
Hornoch and Pejcha, 2009

Hornoch et al., 2010j
Hornoch et al., 2010i
Hornoch et al., 2010f
Hornoch et al., 2010f

Barsukova et al., 2010

Hornoch et al., 2010f
Shafter et al., 2010d
Shafter et al., 2010f
Shafter et al., 2010h
Shafter et al., 2010c
Shafter et al., 2010h
Shafter et al., 2010i
Shafter et al., 2010i
Shafter et al., 20101
Shafter et al., 2010g
Shafter et al., 2010b
Shafter et al., 2010a
Pietsch et al., 2010g
Pietsch et al., 2010g
Shafter et al., 2010e
Pietsch et al., 2010i
Pietsch et al., 20101
Pietsch et al., 20101
Fabrika et al., 2010
this paper
this paper
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cadence of about ten minutes. All PTF images were taken with a R-band filter.
The average seeing during the two seasons is 2”.5 with a median value of 2”.4.
We discarded < 1% of the images with seeing worse than 3”.5, because the
high stellar density in M31 leads to strong blending among adjacent objects
under bad seeing conditions. Our final image database samples over seven
hundred epochs on 7987 individual CCD images.

Data Reduction and Photometry

All images were processed through the PTF pipeline at the Lawrence Berke-
ley National Laboratory (see Law et al., 2009) with astrometric solutions of
1”7.0 accuracy. The relative photometry is calibrated as follows. We first use
SExtractor to make a source catalog for each image. We then choose the cat-
alog with the largest number of 14mag < R < 17mag sources as reference.
Then, other non-reference catalogs are spatially matched to the reference us-
ing source positions and forced to agree with the reference photometry after
variable sources are removed with a standard outlier procedure?. The resulting
photometric uncertainty is usually around 0.05 mag. The absolute magnitudes
are calibrated to the catalog in Massey et al. (2006).

Photometry is also done with SExtractor. The background is estimated in a
region of 20” x 20” centered at each target. Fluxes are measured within a Kron-
like elliptical aperture. The first order moment of each object determines the
Kron radius r (Kron, 1980) and the second order moment determines ellipticity
and position angle. The aperture has an area of 6.257r2. For a null detection,

a 3-o limiting magnitude is estimated.

In order to assess the quality of photometric results from SExtractor, we
constructed light curves of three novae (M31N 2009-09a, M31N 2009-10a and
M31N 2009-11a) with two alternative methods: 1) aperture photometry with
an aperture radius of seeing and with constant local background; 2) aperture
photometry with an aperture radius of seeing and with local background esti-
mation by linear regression. All three methods lead to consistent magnitude

measurements.

2NIST/SMATCH e-Handbook of Statistical Methods at
http://www.itl.nist.gov/div898 /handbook/eda/section3/ea35h.htm
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Photometric and Spectroscopic Follow-up

Photometric follow-up of M31N 2010-11a was triggered for the Palomar 60-
inch telescope (Cenko et al., 2006) on 2010 December 4. On 2010 December
30, we also used the Low Resolution Imaging Spectrometer (LRIS; Oke et al.,
1995) mounted on the Keck I telescope to obtain spectra of M31N 2010-12a
and M31N 2010-12c. These spectra were obtained with a configuration of the
560 dichroic, the 400/3400 grism in the blue side and the 400/8500 grating in
the red side with a central wavelength of 7800 .

GALEX

GALEX is a wide-field imaging UV space telescope that was originally launched
with near-UV (NUV and far-UV (FUV) detectors. Unfortunately, the FUV
detector failed before the start of the PTF survey of M31. The NUV detector
effective wavelength is 2316 A and the band width is 1060 A (Martin et al.,
2005; Morrissey et al., 2007). This channel has a FoV of 1.2 square degrees
(Morrissey et al., 2007).

GALEX Observation Summary

The visibility of M31 for GALEX is defined by the Sun, Moon and Earth-limb
constraints that limit the observations more than for ground-based observa-
tories. The result is that GALEX was able to intensively monitor M31 in
several campaigns that overlap with the PTF campaigns of 2009 and 2010
(2009 August 08 to 2009 September 04; 2009 October 02 to 2009 October 21;
2009 November 15 to 2009 November 22; 2010 August 12 to 2010 August 21).
Figure A.2 illustrates GALEX temporal coverage and its overlap with PTF.
A field centered in M31 is monitored daily, while ten outskirt fields in M31 are
observed every other day. So we have fifty-one epochs of the center field while
about 22—27 epochs of the outskirt fields. The exposures were all taken dur-
ing single orbit pointings and thus have durations close to 1500 seconds with
a range from 740 seconds to 1703 seconds. Table A.1 summarizes parameters

of observations.

Photometry

Photometry was done with an aperture with 6” in radius at each nova posi-
tion, and was calibrated using the standard GALEX zero-points to the AB
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magnitude system (Morrissey et al., 2007). Eight novae were detected; see

Table A.3.

Data from Other Sources

For completeness in optical and UV bands, we incorporate photometric mea-
surements of novae from ATel and CBET reports (see the reference column in
Table A.2). This includes optical photometry in R, B, V, r/, i’ and Ha bands
as well as unfiltered data. We also include data published in Shafter et al.
(2011a) where several novae in 2009 are well-sampled. The UV data in ATel
reports are mainly obtained by Swift (Gehrels et al., 2004). For consistency
of data between GALEX and Swift, all Swift data are calibrated onto the AB
magnitude system (Siegel et al., 2010). When data from different sources are
used, due to difference of filters, data may have systematical errors among

different projects.

In addition, we include X-ray and spectroscopic information of novae in M31

from Swift from either ATel reports or our own analysis (see Table A.4).

Missing Novae

During the two seasons presented here, we did not find three announced novae
in the PTF archive: M31N 2009-10c, M31N 2009-11¢c and M31N 2010-07b.

M31N 2009-10c took place at a = 00742m45°8, § = +41°15'57". (J2000), less
than thirty arcseconds from the center of M31. This nova reached maximum
light, R = 17.2, on Oct 9, 2009 (Podigachoski et al., 2009a). PTF observed
M31 on Oct 10, 2009. In the vicinity of the nova position, if we fit a constant
background, each pixel has a count ~ 50000 with a standard deviation of
o ~ 6000. Given that the seeing then was about three arcseconds and that the
zeropoint is 27.6, the local 3-¢ limiting magnitude is 15.2. If the background
is fit with a plane, the standard deviation is roughly 1500 and the limiting
magnitude is 16.8. Thus this nova is not detected in these images. In the
subtraction image, the circle of 30” in radius in the center of M31 is excluded
in the subtraction algorithm where the algorithm does not work well. As a

result, we missed this nova in our PTF data.

There are gaps of forty arcseconds between adjacent CCDs. M31N 2009-11c
unfortunately fell in the gap between two adjacent CCDs.

M31N 2010-07b showed strong Ha emission in July. However, its luminosities
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in R and 7' bands were about 20.7mag in June and July (Hornoch et al.,
2010b). This fact suggested that this nova likely peaked much earlier and
decayed in June and July. The second observing season of PTF started at
the end of June (see Figure A.1). This nova thus was below our single-image
detection threshold.

Admittedly, we did not carry out a real-time search of novae in M31 in the
first two seasons of PTF. Our nova sample inherits the sensitivity and incom-

pleteness of those projects that discovered these novae.

Special Novae
M31 2010-09c¢

This nova has a faint and close neighbor with R= 19.85 + 0.2 within two
arcseconds. In SDSS Data Release 8, we found two nearby sources within
two arcseconds. With the empirical relation between photometry of ugriz
and UBVRI systems (Jordi et al., 2006), we obtain that the neighbors have
R= 20.53 and R= 20.33, giving a total magnitude of 19.67 that is consistent
with our measurements. The uncertainty caused by the neighbors has been
included in the nova light curve. The spectroscopic confirmation in Shafter
et al. (2010c) identified the M31N 2010-09¢ as a real nova of Fe II type.

M31 2010-10f

This nova is spatially associated with the M31 GC Bol 126 (Wirth et al., 1985).
In Figure A.4, we clearly see a brightening of the GC by about one magnitude
on around 2010 October 10 (Julian Date: 2455480). The luminosity of the
GC before the nova is 16.8 + 0.2. The light curve of the nova is obtained by
subtracting the GC brightness. One possible reason for the large uncertainty

in the photometry measurements is that the nova is only a few pixels away
from the edge of the CCD.

M31N 2010-01a and M31N 2010-12c

These two novae occurred within one arcsecond of each other, a separation
which is less than the pixel scale of PTF (~ 1”.0). A highly accurate as-
trometric solution shows that they are indeed two separate objects (Green,
2010f).



140
We obtained a spectrum of 2010-12¢ with LRIS on 2010 December 30 (Figure

A3, bottom panel). The spectrum shows a weak continuum superposed with
many emission lines, illustrating that the nova has already entered the nebular
phase. We identified Ha, HB, Hvy, Hf, OI 8446 and several He and N lines.
Ho has a slight P Cygni profile. The emission lines suggest the nova is of the
He/N type. After fitting each emission line with a Gaussian profile, we find
that Ha is centered at 6556 A, HA at 4858 A, H¢ at 4338 A, and OI 8446
at 8437 A, suggesting a blueshifted velocity in the range from —200 to —300
km s, From the full width at zero intensity (FWZI) of the Balmer lines, we
derived an expansion velocity of ~ 3000 km /s. On the other hand, the systemic
velocity of M31 is —300 km s~!. The nova lies about 2’ northeast of the center
of M31. The HI 21 c¢m line (Chemin et al., 2009; Corbelli et al., 2010) suggests

a rotation velocity of about 260 km s~!

receding from us. However, the nova
is apparently close to the center of the galaxy, and therefore may not follow
the motion of the disk measured by the HI 21cm line. Another measurement
of a nearby planetary nebula (Merrett et al., 2006) at o = 00"42™57°.4 and
§ = +41°17'26". (J2000) suggests a radial velocity of —300 km s~! along the

line of sight. Consequently, we conclude that 2010-12¢ is a real nova in M31.

Additionally, these two novae have two more historical neighboring novae
within 10”.: nova 30 (discovered in 1986) from Ciardullo et al. (1987) and
M31N 2009-08a. Generally speaking, our sample includes more novae in the
central region of M31 than in the outskirt. This might result from the high

stellar density in the center of the galaxy:.

A.3 Light curves of classical novae

Except three recurrent events, light curves of twenty-six CNe are presented
in Figures A.5 to A.9. An electronic version of the PTF and GALEX data
is online® in a machine-readable format. An example of M31N 2010-12a is
illustrated in Table A.5.

The nova light curves are presented in groups based on their features described
below. Figures A.5 presents novae with smooth decline. Figure A.6 illustrates
novae with jittery decline. Novae with well-sampled rise stages are displayed in
Figure A.7. Figure A.8 highlights two novae recorded during the PTF 10min-

cadence observations where their rise histories were recorded in great detail.

3http:/ /www.astro.caltech.edu/~ycao/m31novae/index.html
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Figure A.3: Spectra of M31N 2010-12a (top) and M31N 2010-12¢ (bottom),
obtained with LRIS on Keck-I telescope on December 30th, 2010.

Figure A.4 shows the light curves of the only GC nova M31N 2010-10f and its
host Bol 126. All other under-sampled light curves are collected in Figure A.9.

Table A.6 summarizes the photometric and morphological features of these

novae.

Morphological classification

The shape of each light curve can be characterized by several parameters:
the rise rate, the rise time to the maximum magnitude, the rise morphol-
ogy, the maximum magnitude, the decline rate that is represented by t,(n =
1, 2, 3, ...) which is defined as the time interval during which a nova decays
from its maximum by n magnitudes, and the decline morphology. Since PTF
samples the M31 nova luminosity distribution down to Mz ~ —4.5 (see §1)
and the peak absolute magnitude of a nova can range from —5 to —9, we use
t5 to indicate the decline rate. In our measurements, ¢ is estimated by linear
interpolation of the light curves. Other parameters are defined as follows: the
rise rate is the mean rate from the first detection to the first local maximum;
the rise time is the interval from first detection in PTF to its global maximum.
All measurements are done with PTF R-band data.

For novae inside our Galaxy, Strope et al. (2010) classified the diverse light

curves morphologically according to their decline light curves. With a median
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Table A.5. Light curve of M31N 2010-12a

Julian Date  Magnitude = Magnitude Error!

2455530.702 20.190 99.000
2455531.770 16.763 0.030
2455532.780 15.581 0.023
2455532.825 15.561 0.025
2455535.681 16.013 0.024
2455537.578 16.325 0.024
2455537.622 16.346 0.025
2455538.577 16.526 0.024
2455538.621 16.496 0.025
2455539.577 16.636 0.026
2455539.620 16.638 0.025
2455540.615 16.721 0.027
2455540.659 16.776 0.026
2455541.613 16.817 0.027
2455541.656 16.899 0.031
2455544.593 17.243 0.029
2455544.639 17.175 0.032
2455545.593 17.283 0.038
2455545.637 17.303 0.034

199.000 in Magnitude Error indicates that a
30 upper limit is given in Magnitude.

coverage extending to 8.0 mag below peak, novae were grouped into seven
classes. In their sample of 93 nova light curves, 38% decline smoothly, 21%
have plateau phase, 18% show dust dips, 1% rebrighten with a cusp-shaped
secondary maxima, 4% oscillate quasi-sinusoidally on smooth decline, 2% are
flat-topped and 16% have irregular jitters or flared during decline. However,
PTF is unable to follow M31 novae to such late times in the light curve evo-
lution. We, instead, roughly classify our M31 novae into two major classes:
S-class for smooth light curves and J-class for jittery light curves or for light
curves with flares superposed on the decline. Statistically in our nova sample,
60% show S-class decline and 40% belong to the J-class. Given that our sample
is quite small, this result is roughly consistent with the Galactic population.

We do not see any flat-topped nova.
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Figure A.4: Light curve of GC Bol 126 is shown in the top panel. The sub-
tracted light curve of M31N 2010-10f is presented in the bottom panel.

Similarly, thanks to the rapid cadences, PTF sampled the rising stages of
several novae very well. This enables us to employ the same S-J classification
to describe the rising parts of the light curves (see Table A.6). We find that the
S-class novae rise very fast (e.g., M31N 2010-09b rose within two days) while
the J-class novae rise more slowly (e.g., M31N 2010-10b took thirty days to
reach its maximum). But we do not see any relation between the rise time and
peak magnitudes. Luminous M31N 2010-09b and subluminous M31N 2009-11a
rose rapidly while luminous M31N 2010-07a and subluminous M31N 2009-09a

both rose very slowly.

During an extremely-fast-cadence (tens of minutes) experiment in PTF, we
observed the rising stages of M31N 2010-09a and M31N 2010-09¢ in unprece-
dented detail, as shown in the bottom panels of Figure A.8. The rise of both

novae is smooth over a timescale of tens of minutes.
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Figure A.5: Light curves of nine smoothly declining novae. Different
symbol shapes mean data from different sources. PTF and GALEX data are
shown in filled circles and squares, respectively. Data collected from ATel and
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data are in red; B band data in blue; V' band data in green; r’ band data in
orange; ¢ band data in Chartreuse; Ha narrow band data in cyan; NUV band
data in magenta; and unfiltered data in black. Along the top horizontal axis,
an “X” indicates an X-ray observation at that time and an “S” indicates a
spectrum of the nova taken at that time.
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tions are the same as those in Figure A.5.

Super-Eddington Phase

Some novae around maxima exhibit super-Eddington phases. Theorists (e.g.,
Shaviv, 2001) model this phase with a porous structure in the nova wind that
reduces the effective opacity and raises the Eddington luminosity. Kato and
Hachisu (2005) produced a light-curve model based on this idea that success-
fully matched the super-Eddington phase of Nova V1974 Cyg, and demon-
strated the importance of the relationship between the optical and UV light
curves. They isolated a portion of the UV continuum near 1455 A that had
a duration that was well correlated with the decline rate of the nova in the
optical. This continuum UV light curve combined with the model of how the
UV light is reprocessed into the optical light curve allows an estimate of the
precursor WD mass and distance to be made, based on certain assumptions

about the chemical composition of the envelope (Kato and Hachisu, 2007).

One might assume that the clumpy wind responsible for the lower opacity

and higher Eddington luminosities of the brightest novae might produce other
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Figure A.7: Light curves of M 31 Novae with well-sampled rise phases.
Symbol designations are the same as those in Figure A.5.

observable signatures. Small-scale structure in the rising light curve could
be observed as the clumps are non-uniformly heated and accelerated by the
ongoing eruption and as radiation is diffused through them. We have very
high-cadence observations of the rising phases of two novae (M31N 2010-09a
and M31N 2010-09¢c), both of which have peak brightnesses > —7.5 and are
thus mildly super-Eddington novae (Duerbeck, 1981). Nova 2010-09¢ exhibits
a very smooth and steady rise and a smooth decline, consistent with a uniform
nova wind, 2010-09a has considerable structure in its rising light curve with
multiple peaks both near and after the maximum light. Our observations
of M31N 2009-09a, M31N 2010-07a, M31N 2009-09a and M31N 2009-09¢ also
show several peaks around maxima. The multiple peaks could arise when
different winds are blown out from the center successively during an outburst.
Each peak is formed when the pseudo-photosphere meets the shock wave at

the head of the corresponding wind. These novae tend to be mildly to strongly
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Figure A.8: Fast-cadence light curves of two M31 novae M31N 2010-
09a and M31N 2010-09c were observed during the PTF 10min-cadence exper-
iments. In the top two panels, we show both full light curves. In the bottom
two panels, rising phases are highlighted. Symbol designations are the same
as those in Figure A.5.

super-Eddington, however, many of our novae with smooth, well-sampled light
curves also fall into the range of mildly to strongly super-Eddington luminosity
(e.g., M31N 2009-08b, but especially M31N 2010-09b). We therefore conclude
that structures in the nova wind and thus in the light curve can arise regardless

of the luminosity of the outburst.

A.4 Novae in globular clusters

M31N 2010-10f was spatially associated with the GC Bol 126 to within one
arcsecond. A supersoft X-ray source (SSS) was also reported in the vicinity
(Henze et al., 2010c). This event is similar to M31N 2007-06b (Shafter and
Quimby, 2007) in Bol 111 which was confirmed spectroscopically during the

outburst. A SSS counterpart was also found for this object (Henze et al.,
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Figure A.9: Under-sampled nova light curves. Symbol designations are
the same as those in Figure A.5.

2009¢). They are the only two events in M31 that are associated with GCs.

Several previous searches for GC novae obtained null results (e.g., Ciardullo
et al., 1990b; Tomaney et al., 1992). We examined our PTF image database
at the positions of all confirmed M31 GCs from the Revised Bologna Catalog
(V.4, Dec 2009, Galleti et al., 2004). Magnitudes of these GCs range from
R=13mag to R=20mag. We do not find any other GC novae candidates.
Given an effective survey time of M31 in PTF for roughly one year, we obtain

a GC nova rate of about 1 yr—*.

Is the nova rate enhanced in GCs? The total stellar mass of M31 is ~ 6 X
10°M, (Tamm et al., 2007). Using the highest published nova rate for M31
of 65 yr~! from Darnley et al. (2006), we estimate a maximum global specific
nova rate of ~ 1/(10°My) yr=! in M31. Given a typical GC mass of 105M,
and about seven hundred confirmed M31 GCs, the nova rate in the M31 GC
system is ~ 1/(10? M) yr~!. We conclude that the M31 GC specific nova rate
is not significantly higher than the M31 galaxy specific nova rate.
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Low mass X-ray binaries (LMXBs) — mass transferring binaries with a neu-
tron star receiving matter from a companion — can be viewed, in some ways,
as surrogates for CNe and RNe. Since the early days of X-ray astronomy it
has been known that at least in our Galaxy that the rate of brightest LMXBs
(per unit mass) are nearly two orders of magnitude larger than that for the
disk of the Milky Way. This trend appears to be even more acute for M31
(Trudolyubov and Priedhorsky, 2004). In part this may be because M31 pos-
sesses a more extensive cluster system than our own Galaxy. Thus, naively,
we would expect far more CNe and RNe in the GC system of M31. Over the
period of investigation (2009-2010), a total of three RNe were found in the
disk/bulge of M31. If we assume the mass fraction of GCs is ~ 1%, we would
have expected to see a similar number in the cluster system. Within small
number systems, the detection of a RN associated with the cluster would be
consistent with this expectation. Separately, given that seven hundred CNe
are known, over 2009 and 2010 we should have seen many tens of CNe in the
GCs. but only one was found. Indeed, over the last hundred years only one
CN that has been associated with a GC of M31 has been spectroscopically
confirmed (Shafter and Quimby, 2007). In summary we cannot arrive at a

sensible conclusion with the presently available data.

A.5 Recurrent novae

According to the catalog maintained by Pietsch (2010), 26 RNe in M31 are
known. During the two seasons we report on, three recurrent events were
reported: M31N 2009-11b, M31N 2010-10e and M31N 2010-12a. Figure A.10
presents their light curves. Besides these, we examined the PTF archive by
putting an aperture at each position of more than 800 old novae in M31 from
the list of Pietsch (2010) in order to find more recurrent events. None were
found. Therefore, given an effective observing time of roughly one year in PTF,
the recurrent nova rate in M31 is ~ 3novae year~!. Given a total number of
29 novae in our sample, we derived an outburst ratio of RNe and CNe to be
about 0.1, consistent with that of della Valle and Livio (1996).

We examined M31N 2010-12a in some detail, as another outburst of PT And.
This object has recorded outbursts in 1957, 1983, 1986, 1988 and 1998. Alk-
snis and Zharova (2000) collected its previous outbursts and found that all
light curves can be fit by one template. The average decline rate of previous

outbursts is 0.09 to 0.11 mag per day. The light curve of this most recent out-
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Figure A.10: Light curves of three RNe detected in PTF. Symbol des-
ignations are the same as those in Figure A.5.

burst (M31N 2010-12a) can also be fit by the template. Figure A.11 shows the
similarity between light curves of the recent and 1988 outbursts. The decline
rate of the recent outburst is around 0.10 mag per day consistent with previ-
ous ones. This invariance property is also observed in Galactic RNe (Schaefer,
2010). Such characteristics of RNe suggests that RN outbursts only depend

on system parameters like the WD mass and its composition.

Because of its luminous and frequent outbursts, PT And was assumed to be
a dwarf nova inside the Milky Way (Alksnis and Zharova, 2000). However,
no direct evidence of this object’s nature was available until we obtained a
spectrum of its most recent outburst with LRIS in Keck-I telescope. This
spectrum (see the top panel of Figure A.3) shows a very blue continuum su-
perposed with prominent Ha and HfS lines as well as several weak Fe lines.
Fitting the red part of the spectrum with a Planck function yields a tempera-
ture of 7 ~ 8 x 103 K. We fit the Ho and Hj3 lines with Gaussian profiles and
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Figure A.11: Light curve comparison of two outbursts of PT And.
A comparison of the light curves of outbursts of PT And in 1988 and 2010 is
shown in the figure, where 7" = 2455466 for the 2010 outburst and 7" = 2455100
for the 1988 one. Though with different filters, the light curve of the recent
outburst (M31N 2010-12a) resembles that of the 1988 outburst.

obtained the following observed wavelengths: He is centered at A = 6558 A
and HB at A = 4857 A. These correspond to blue-shifts with radial veloci-
ties of ~ —200km s™! and ~ —300km s~!. The systemic velocity of M31
is ~ —300km s~!. We assume that this object is not located in the disk of
M31, thus we do not take the rotation velocity of M31 disk into account. We
conclude that the blue-shifts are roughly consistent with the motion of M31.
Our spectrum evidently supports the conclusion that PT And resides in M31
instead of in the Milky Way. This can also be tested by observing its proper
motion. It is of only galactic sources that we may observe proper motion. The
FWZI of the Balmer lines suggest an expansion velocity of ~ 2000km/s. In
addition, given very weak iron lines, we tentatively classify the nova into the
Fe II type.

The association of PT And with M31 leads to a peak absolute magnitude of
about —9, which makes it the brightest RN ever known.

The decline rates of RNe vary over a large range in M31. M31N 2009-11b has
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ty > 37days and M31N 2010-10e has to > 5days. Consider that M31N 2010-

12a has a decline rate of ~ 0.1 mag/day, so its ty is possibly around twenty

days. The t, values of Galactic RNe also range from one day to fifty days
(Schaefer, 2010).

A.6 UV light curves of novae

Theoretically, the UV emission after the optical maximum light is character-
ized by a delayed UV peak after the optical peak, because most UV photons
are absorbed and re-emitted in the optical in the outer envelope (Kato and
Hachisu, 1994; Gonzélez-Riestra and Krautter, 1998; Cassatella et al., 2002).
However in our sample, we see some deviation from this general picture: 2009-
10b has a peak in the GALEX NUYV over two days prior to its peak in the op-
tical (see Figure A.12). The recurrent nova 2009-11b was seen in the GALEX
NUV about forty days before it was visible in optical bands (although this
could be due to cadence and weather, see Figure A.10). The nova 2010-06d
was detected in Swift (Pietsch et al., 2010f) about six days before optical
detection (see Figure A.9). Swift also detected 2010-11a several days before
optical detection (Pietsch et al., 2010h; Cao et al., 2010, also Figure A.9). For
2010-07a, the optical and UV maxima were nearly simultaneous as measured
by PTF and by Swift (Henze et al., 2010b, see Figure A.7).

Admittedly the detection in the optical and UV involves many factors including
survey sensitivities, temporal coverage and observing weather. In a few cases,
however, it is clear that the UV peak coincides with or precedes the optical
peak. These cases demonstrate that not all UV photons are re-processed and
that the absorption in the UV will vary considerably depending on factors such
as physical geometry or chemical abundances in the envelope. These variations
will produce a range of optical/UV peak offsets and luminosity ratios. We also
point out that multi-band optical data show that three of these UV novae have
red colors: 2009-10b has R — V ~ 1.4 at decline (Shafter et al., 2011b); 2009-
11b has R—V ~ 0.7 at decline (Shafter et al., 2011b); 2010-11a has g —i ~ 0.2

around its optical peak from our photometric follow-up.

M31N 2009-10b and M31N 2010-11a
The novae 2009-10b and 2010-11a are two peculiar cases in that their UV

peaks lead the optical maxima by a few days. Moreover, at the early decay

stage of UV emission, the optical colors of both novae look quite red.
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Of the two, 2009-10b is brighter, has better light curve coverage in PTF,

GALEX and other bands, and is thus a better case for further examination.
Figure A.12 zooms in on the early multi-band light curve. Table A.8 lists the
rise rate, maximum magnitudes, dates and decline rates by ¢, and t3 in the
NUV, B, V and R bands. The NUV data are from GALFEX. Part of R band
data are from PTF. B, V and part of R band data are published in Shafter
et al. (2011b). We can see clearly that the NUV peak is earlier than the B,
V and R peaks by two to three days. The rise rates in B, V and R band are
consistent while NUV emission rises swiftly. The decline rates of NUV, B and

V are similar while R band emission decays slower.

2010-11a is possibly the faintest nova in our sample with a peak observed
magnitude of R ~ 18.8 (see Figure A.9). It was first detected by Swift (Pietsch
et al., 2010h) and then we reported its optical counterpart (Cao et al., 2010).
The strong UV emission peaked several days prior to its optical maximum.
Near its optical maximum, we carried out a photometric follow-up in ¢, 7/, ¢’
and B bands with the Palomar 60-inch telescope and observed that this nova

had red optical colors, as shown in Table A.7.

The UV observations and the color information suggest that UV and optical
emission originates from different radiative regions because they cannot be
simply interpreted as the thermal radiation of a receding spherical photosphere
which has a large optical depth in local thermal equilibrium. Because UV
emission is only generated deep inside the envelope, the result may suggest

that the envelope has holes from which we can see deep inside.

The models of Shaviv (2001) and Kato and Hachisu (2005, 2007) propose a
reduced effective opacity of the nova envelope to explain the super-Eddington
phase, resulting from a porous structure of the envelope caused by flow in-
stabilities. We may use a similar scenario of asphericity of nova outbursts to
qualitatively explain the red UV novae. UV photons are generated deep under
the envelope at the surface of the WD. In the envelope, the bottom is heated
to very high temperatures by thermonuclear runaway, and thus instabilities
like Rayleigh-Bénard convection are likely to occur. This instability causes
the mass distribution in the nova envelope to deviate from a spherical distri-
bution. Thus, along some lines of sight to the center of the outburst, the mass
is less and so is the opacity. The UV photons then escape from these directions

and are observed by us if we are observing along one of these lines of sight.
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Table A.7. P60 photometric follow-up of M31N 2010-11a

JD-2455500(days) Bands Magnitude Magnitude Error

34.817 X 18.80 0.10
34.819 X 18.84 0.09
34.822 X 18.89 0.09
34.824 v’ 18.91 0.08
34.826 v 19.04 0.09
34.838 v’ 18.96 0.08
34.831 v’ 18.89 0.09
34.833 v 19.04 0.11
34.835 q 19.20 0.09
34.838 q 19.32 0.11
34.840 q 19.12 0.09
34.842 B 19.40 0.13
34.844 B 19.37 0.16
34.847 B 19.43 0.15

The red optical emission still comes from the reprocessing of the envelope in
the other directions. The ratio between the UV and optical fluxes reflects the
angular size of the cone. If the instability produces an extreme feature with
very low mass and very low opacity along the line of sight, we may detect the
central UV photons directly. This might be what we are observing in 2009-10b
and 2010-11a. Another possible explanation could be very low abundances of
chemical species that absorb in the UV, although this may not explain the red

optical colors.

The uniqueness of the UV-optical light curves of 2009-10b and 2010-11a sug-
gest either their super-Eddington phases or their chemical abundances (or
both) are very different from the majority of novae (Cassatella et al., 2002).
They may possibly represent a population that deviates from any empirical
relation derived from large nova samples, such as MMRD relation. In fact,
2009-10b is a luminous outlier of the MMRD relation (see Figure A.13). Un-
fortunately, due to its faintness, we were unable to measure the ¢, decline rate
for the nova 2010-11a.
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Figure A.12: Multiband early-phase light curve of M31 N2009-10b.
We can clearly see that the UV peaks prior to the peaks in B, V and R bands
by about two days. When the UV decays, the optical part is quite red. Symbol
designations are the same as those in Figure A.5.

Table A.8. 2009-10b NUV and optical properties

Bands NUVE B2 V2 R3
rise rate (mag/day) 1.2 0.4 0.4 0.7
peak magnitude 16.68 15.24 15.00 14.84
peak date (JD-2455110) 7.95 10.37 10.37 9.95
to(days) 3 5 5 8
ts(days) 7 7 7 17

LGALEX observations;
2data from Shafter et al. (2011b);
3data from PTF and Shafter et al. (2011b).
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A.7 MMRD revisited
Novae exhibit a MMRD relation (della Valle and Livio, 1995; Kasliwal et al.,

2011). We can assess this relation with our nova sample in M31.

One of main issues in evaluating the MMRD relation is estimating the dust
extinction. A multitude of methods using color and Balmer decrement have
been used in literature to estimate the extinction (Darnley et al., 2006; Kogure,
1961; Kasliwal et al., 2011). The PTF nova observations, however, provide no
color information, being done only in the R band. Thus, we apply a mean
foreground dust extinction. The foreground extinction of M31, E(B — V) =
0.062mag (Schlegel et al., 1998), leads to

A, =3793x E(B—V) = 0.234. (A.1)

For a better comparison with previous results (e.g., Kasliwal et al., 2011),
following Shafter et al.(2009), we use the colors of an A5V star (T = 8200K)
to transform R magnitudes to g magnitudes (Jordi et al., 2006). In Kasliwal et
al. (2011), the total extinction correction for M31 novae is roughly A, = 0.24
except that two of them (20%) have a correction of A, > 1.0. It is possible

that local extinction for most novae in our sample is small.

In Figure A.13, we can see five significant outliers from the MMRD region in
our sample. The brightest outlier is M31N 2010-10b (see discussion in Section
A.6). The other outlier above the relation is PT And (=M31N2010-12a).
M31N 2009-12a, M31N 2010-06b and M31N 2010-06¢ lie in the faint and fast-
decline rate zone below the MMRD relation. Kasliwal et al. (2011) also found
several novae in this zone. Kasliwal et al. (2011) proposed the possibility that
the outliers may be RNe. However, none of the three faint outliers in our
sample are known to be recurrent. The remaining novae reside roughly along
the MMRD region.

M31N 2010-10b resides near the brightest end of novae, which resembles “su-
perbright” novae that have been observed in M31, the Large Magellanic Cloud
and the Galaxy (e.g., della Valle, 1991). The energy budget for these objects is
not clear. It could be related to the Common Envelope phase in nova systems
(e.g., Iben and Livio, 1993) or a very cold low-mass WD accreting through
Roche lobe from a close low-mass companion (Iben and Tutukov, 1992). In
either scenario, as the outer part of the system comes from the companion, the

UV observation of M31N 2010-10b requires very low metallicity of the common
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Figure A.13: The empirical relation for novae between the maximum
magnitude and the rate of decline (MMRD). The gray region denotes
the MMRD from della Valle and Livio (1995), while the small dark gray solid
dots represents their nova sample. The six gray stars show the sample from
Kasliwal et al. (2011). Red circles and a red square are the M31 novae from
this paper. The red square denotes the bright recurrent nova M31N 2010-12a.

envelope of the binary system or the outer envelope of the nova. Therefore, cor-
relations between spatial distributions of stellar population and “superbright”

novae will be helpful.

A.8 Conclusion

In this paper, we construct light curves of twenty-nine classical novae in M31
from PTF data, eight of which also have joint UV-optical light curves from
both PTF and GALEX. The main findings are as follows:

1. We detected three recurrent novae. They show similar properties to
recurrent novae in the Galaxy (Schaefer, 2010). We obtained a spectrum
of the recent outburst of PT And (also known as M31N 2010-12a). While
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previously identified as a dwarf nova in the Milky Way (Alksnis and

Zharova, 2000), we find the blueshifts in our spectrum to be consistent
with the event being a recurrent nova in M31. The light curve of 2010-
12a resembles those of previous outbursts, suggesting the same physical
conditions in the recurrent outbursts. Our search at all other historical
nova positions finds no additional outburst candidates. From this we

derive a recurrent nova rate of about three per year in M31.

2. The rise behaviors of M31 classical novae are diverse and we classify
them morphologically into S (smooth) and J (jittering) classes. We find
that the S-class novae rise significantly faster than the J-class novae. We

see no dependence between rise-time and maximum magnitude.

3. During the ten minute cadence PTF observations the rising light curve
of two novae were recorded with unprecedented detail. These novae
showed smooth and consistent rising light curves without large amplitude

variability.

4. The declining light curves are also divided morphologically into S and
J classes. The relative population of different classes in M31 is roughly

consistent with that in the Galaxy.

5. Three quarters of the well-sampled novae obey the empirical MMRD
relation. The remaining one quarter (five events) are consistent with the
“faint and fast” outliers found by Kasliwal et al. (2011).

6. Some novae have UV detections prior to or at the same time as the
first optical detection. Moreover, 2009-10b and 2010-11a have UV peaks
prior to optical maxima while both are quite red in the UV decay phases.
These observations are inconsistent with theoretical predictions of de-
layed UV emission in the iron curtain stage, possibly suggesting extreme

density or abundance variations for these novae.

7. Apart from 2010-10f in Bol 126, we find no other novae in all the cata-
loged M31 GCs. We derive a GC nova rate in M31 of ~ 1 yr=!. This
nova rate is not enhanced relative to the rate in M31 outside of the GC

system.

We realize the novae reported here are only a subset of all the classical novae

1

in M31 as the number is smaller than expected (e.g., 65 nova yr—' according
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to Darnley et al., 2006). We did not undertake a systematic search for clas-
sical novae in PTF images during the 2009 and 2010 seasons. Since the FoV
and survey depth of PTF should be sensitive to all classical novae (weather-
permitting), we have started a more complete search for classical novae in
M31 in the 2011 season. For 2012, we intend to run a real-time search for
novae. Our photometric and spectroscopic follow-up will enable us to better

understand their properties and to estimate the local extinction correction.

Besides optical bands, future UV surveys are warranted for nova studies. Some
novae peak in the UV before the optical. Such novae could provide important
insights into the development and structure of the nova wind. It is also im-
portant to know if novae like M31N 2009-10b and M31N 2010-11a are rare or

common and if they are always outliers in the MMRD diagram.

Ongoing and upcoming synoptic surveys (e.g., Palomar Transient Factory and
Next Generation Transient Facilities) will continue to monitor the Andromeda
Galaxy. The long time baseline will give us a larger sample of recurrent novae.
As noted earlier, recurrent novae could be the progenitors of Ia supernovae.
Thus the increased sample and timely follow-up will give us a comprehensive

understanding of rate of recurrent novae—an important clue to their endpoint.
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