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ABSTRACT

Type la supernovae (SNe) have long been the gold standard for precision cosmology and after
several decades of intense research the supernova (SN) community was in 2011 honored by
giving the Nobel Prize in physics for the discovery of Dark Energy to the leaders of the two
big SN collaborations: Saul Perlmutter (Supernova Cosmology Project), Adam Riess, and Brian
Schmidt (High-Z team).

After decades of study we still do not know the detailed mechanism that governed SNe ex-
plosions, but we are today in the situation where the SN sample size has became large enough
for the statistical errors to be smaller then the systematic errors. The down side to this is that
we can not improve the SNe further as cosmological probes before we know the source of the
systematic dispersions. On the other hand the systematic offsets might actually be the mea-
surements that will lead to new information on the detailed mechanisms that governs the SN
explosions.

In the first of three papers I investigate the host galaxy of the first SN Ia found in the Cosmic
Assembly Near-IR Deep Extragalactic Legacy Survey (CANDELS) SN search. From long slit
spectroscopy using the Xshooter spectrograph and broadband photometry I determine the gas-
phase metallicity, stellar mass and stellar age for this z = 1.55 host galaxy. I am also able to rule
out the presence of any AGN though emission-line ratios. The host is classified as a highly star
forming, low mass, low metallicity galaxy. It is a clear outlier in star formation and stellar mass
compared to most low redshift (z < 0.2) SNe, but consistent with intermediate (0.2 < z < 1.0)
and high (2 > 1) redshift SNe. This is mainly due to the change in specific star-formation rate
as a function of redshift. This can potentially impact the use of high redshift SN Ia as standard
candels.

In the second paper I investigate one of the high redshift SN Ia hosts found in the Subaru
Deep Field (SDF) SN search. The SDF SN search relies heavily on photometric redshifts and
transients previously identified as active galactic nuclei (AGN) to reproduce the cosmic SN
rate. Due to the small number statistic, especially at high redshift, catastrophic redshift outliers
and miss-identified transients can bias the inferred SN rate. I confirm the photometric redshift
of z = 1.55 and from emission-line ratios I can also rule out AGN activity. I found a young host
galaxy with high star-formation rate and sub-solar metallicity.

In the last paper I analyze the full high redshift (2 > 1) SN host sample from the CANDELS
and CLASH SN search. I determine the stellar properties of each host by fitting the broad-band
photometry using the GalMC SED-fitting code. I measure the fraction of SNe with very short
delay times by assuming a simple two-bin form of the delay time distribution (DTD), known
as the A+B model. This simple model predicts that the shape of the DTD does not change if
the ratio of the two parameters A/B « sSFR. I find that the A/B-ratio is consistent with this
relation out to redshift z ~ 2. From the assumption that the DTD slope is constant I propose a
new form of the A+B model.

XX1



DANSK RESUME

Type Ia supernovaer (SN’er) har leenge veeret indbegrebet af praecisionskosmologi, og efter flere
artiers intensiv forskning blev supernova feelleskabet i 2011 haedret med Nobelprisen i fysik for
opdagelsen af meork energi til lederne af de to sterste SN-grupper: Saul Perlmutter (Supernova
Cosmology Project), Adam Riess og Brian Schmidt (High-Z team).

Efter artiers forskning kender vi stadig ikke de detaljerede mekanismer som styrer SN-
eksplosionerne, men vi er i dag i en situation hvor meengden af observerede SN’er er blevet
sd stor at de statistiske usikkerheder er blevet mindre end de systematiske usikkerheder. Ulem-
pen ved det er at vi ikke kan forbedre SN’erne yderligere som kosmologiske veerktojer for vi
kender kilden til de systematiske usikkerheder. Pa den anden side kan de systematiske usikker-
heder veere de mélinger der vil fore til ny information om de detaljerede mekanismer der styrer
SN-eksplosioner.

I den forste af tre artikler undersoger jeg veertsgalaksen for den forste SN Ia fundet i CAN-
DELS (Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey) SN search. Ved hjeelp
af spektroskopi med X-shooter-spektrografen og bredbénds-fotometri bestemtmer jeg metal-
liciteten i gasfasen, stjernemassen og stjernealderen for denne z = 1.55 vaertsgalakse. Jeg for-
mar ogsa at udelukke tilstedeveerelsen af en aktiv galaksekerne gennem emissionslinjeforhold.
Veertsgalaksen er klassificeret som en meget stjernedannende, lavmasse-, lavmetallicitets-ga-
lakse. Den skiller sig tydeligt ud i stjernemasse og stjernedannelse sammenlignet med lavred-
forskydnings-SN’er (¢ < 0.2), men er konsistent med mellem- (0.2 < z < 1.0) og hejredfor-
skydnings-SN’er (z > 1). Dette skyldes mest eendringerne i den specifikke stjernedannelsesrate
som funktion af redforskydningen. Dette kan potentielt pavirke brugen af hejredforskydnings-
SN’er som standardlyskilder.

I'anden artikel underseger jeg en af SN la-veertsgalakserne fundet i Subaru Deep Field (SDF)
SN search. SDF SN search er atheengig af fotometriske redforskydninger og transienter der
tidligere er identificeret som aktive galaksekerner for at kunne reproducere den kosmiske SN
rate. Grundet det lave antal SN’er, iseer ved hej redforskydning, kan markante redforskyd-
ningsafvigere og fejlidentificerede transienter pavirke den afledte SN-rate. SDF-transientens
veertsgalakse blev observeret med X-shooter-spektrografen. Jeg bekraefter den fotometriske
rodforskydning pa z = 1.55 og via emissionslinjeforhold kan jeg ogsd udelukke aktivitet fra
en aktiv galaksekerne. Jeg finder en ung vaertsgalakse med hgj stjernedannelses rate og en
metallicitet mindre end solens.

I den sidste artikel analyserer jeg det fulde hejredforskydningsdataseet (= > 1) over SN-
veertsgalakser fra CANDELS og CLASH SN search. Jeg bestemmer stjerneegenskaberne for
hver veertsgalakse ved at fitte bredbands-fotometrien med SED-fitte-programmet GalMC. Jeg
bestemmer andelen af SNe med meget kort Delay Time ved at antage en simpel to-punktsform
af Delay Time Distribution (DTD), kaldet A+B-modellen. Denne simple model forudsiger, at
formen pa DTD’en er uforandret hvis forholdet mellem de to parameter A/B « sSFR. Jeg
finder at A/B-forholdet er konsistent med denne relation op til redforskydning =z ~ 2. Ud fra
antagelsen at formen pa DTD’en er konstant udleder jeg en ny analytisk form af A+B-modellen.

Xxii
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INTRODUCTION

Somewhere, something incredible is waiting to be known.

Carl Sagan

The word cosmology originates from Greek and means the study of the cosmos. Today,
cosmologists study how the Universe behaves at the grandest of scales: How does the Universe
expand? How is the matter in the Universe distributed? The first question has been the interest
of cosmologists since Edwin Hubble first measured the expansion of the Universe by analyzing
measurements of Cepheid variables in other galaxies.

To measure the expansion history of the Universe (denoted H (t)), we need to know the size
of the Universe at different times. Fortunately, information about the the size of the Universe is
imprinted in the light that reaches us as cosmological redshift. While the redshift is relatively
straightforward to determine, it is more difficult to infer the time when the light is emitted. But
because light travels at a finite speed, and we don’t move compared to cosmological scales, time
and distance are connected. Independently measuring redshifts and distances to objects makes
it possible to derive the expansion history. Such objects whose distance can be inferred will in
this thesis be called cosmological probes.

Today, we have more cosmological probes available than simply variable stars like Cepheids:
Supernova explosions (SN), the Cosmic Microwave Background (CMB), Baryonic Acoustic Os-
cillations (BAO), Parallax, Surface-Brightness Fluctuations (SBF), Light Echoes, Expanding Pho-
tosphere Method (EPM), just to mention a few. Not all distance methods are applicable at dis-
tances relevant for cosmology, but they can be used as rungs on a ladder, each used to calibrate
and refine the next method. Figure 1.1 shows how combining multiple probes can yield tight
constraints on cosmological parameters.

1

1.1 THE 2011 NOBEL PRIZE IN PHYSICS

In 2011 the Nobel Prize in Physics was awarded to Saul Perlmutter, Adam Riess, and Brian
Schmidt for the discovery of the accelerated expansion of the Universe. Perlmutter and Schmidt
led the two competing teams Supernova Cosmology Project and High-Z team respectively (The
High-Z was later led by Riess). Both teams showed independently that the expansion of the
Universe was speeding up at an ever increasing rate. The source of this accelerated expansion
was dubbed Dark Energy.

The supernovae (SNe) where used as standard candles to infer the distance to the explosion.
From the observations of the SN light curve, it is possible to infer the intrinsic brightness of the

1 Parameterized by the scale factor a.
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SN. The intrinsic and observed brightness of a source is related as

B L
T 4xD2

lum

F (1.1)
where F' is the observed flux, L the intrinsic luminosity, and Djum, the so-called luminosity
distance the the source. Assuming a smooth, homogeneous and isotropic universe, it is possible
to derived the so-called Friedmann equation from General Relativity:

H(z)?
Hg

=E(2)> =) _ (1 +2)%, (12)

where E(z) is a convenient dimensionless representation of the Hubble parameter, H(z), and
Hj is the Hubble constant. The 2; and ¢; parameters are density and scaling parameters, re-
spectively, of each energy component of the Universe. Radiation, matter, curvature, and the
cosmological constant scales as ¢; = 4, 3, 2, and 0, respectively. For a specially flat Universe, the
luminosity distance is calculated as

Dian(z) = (14 2) 1= /0 ) E@dZ- (13)

From this equation, it is clear that if the distance and redshift to a set of objects is known it is
possible to infer the energy components of the Universe. It was from the SN explosions that
we learned that there must exist a new energy component: Dark Energy (see Figure 1.1), which
dominates the expansion today. This has been possible because the intrinsic luminosity of the
SNe can be inferred to better than 0.1 magnitude? (Conley et al., 2011), which is why SNe are
the cornerstone in precision cosmology.

2A 0.1 magnitude variation corresponds to a variation in the intrinsic luminosity of 9.2% (error propagation).
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Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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Figure 1.1 Constraints (68%, 95%, and 99.7% contours) on the energy density of the Matter and
Dark Energy components of the Universe. Constraints from SNe (Union 2.1 Compilation) are
shown in blue. Additional cosmological constants from the Cosmic Microwave Background
(CMB, in orange) and Baryonic Acoustic Oscillations (BAO, in green) are also shown. Figure
from Suzuki et al. (2012).
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1.2 SN COSMOLOGY

The most important and most well-studied cosmological probes are the supernovae (SNe). To-
day, we know that there are two classes of SNe: thermonuclear (SN Ia) and core collapse (CC
SN). The class mostly used as cosmological probes are the type Ia SNe since these are on aver-
age brighter and make a more coherent class of objects. All SN Ia explode at approximately the
same luminosity, so the difference in brightness of a SN compared to another is due to a larger
distance to the fainter one. The intrinsic scatter of the peak brightness of SN Ia in cosmological
applications are on the order of 0.1 magnitude or less after correcting for light-curve shape and
color at peak brightness (Conley et al., 2011, their Table 4). The intense study of SNe through-
out the last few decades means that we have now reached the point where we are dominated
by systematic uncertainties, not sample size. To further improve SNe as cosmological probes
requires a knowledge of what is driving the scatter in the SN peak magnitude.

Since the quality of the spectral templates that are used to classify SNe also influence the
scatter, a better calibration, especially in the rest-frame UV is one way of reducing the scatter.
At higher redshift, the optical window will probe the rest-frame UV and the well-studied part
of the spectrum is redshifted into the infrared (IR).

Another approach to understanding the source of the scatter is the notion that it is not our
observations, but rather the SN population itself that is increasing the scatter due to mechanisms
in the SN progenitors or explosions that are not yet understood. Further knowledge would then
be gained by looking at correlations within the SN population.

Two important correlations — discovered in the 1990s — relate the peak brightness® to the
shape of the light curve (Phillips, 1993) and the color near maximum (Riess et al., 1996), which
push the intrinsic dispersion down to the order of 0.1 magnitudes or less. The correlation with
respect to light-curve shape states that SNe with broader light curves are brighter than SNe with
narrow light curves. It is believed that an intrinsically bright SN can sustain a longer light curve
due to a larger amount of radioactive **Ni being synthesized in the explosion, which can then
power the light curve for longer. Through modeling of the light curve, it is possible to infer a
total °°Ni-mass, my;. The second correlation with the color near maximum is directly related to
the dimming due to extinction along the line-of-sight, mainly in the host galaxy of the SN.

More recently, residual correlations with host properties have emerged. It was noticed that
after a cosmological fit, the residuals between the magnitudes predicted by the cosmological ex-
pansion and the observed magnitude correlated with the stellar mass of the host galaxy (Hamuy
et al., 2000; Kelly et al., 2010; Lampeitl et al., 2010; Sullivan et al., 2010; Childress et al., 2013b).
Other host galaxy properties have also been proposed as the driver of this residual correlation.
Hayden et al. (2013) used a linear combination of star formation and stellar mass, /., that traces
stellar mass, metallicity or age. They find that the residual correlations are strongest when « is
in the range that traces metallicity. This means that the underlying driver of the SN correlations
is somehow connected to the metallicity of the environment of the SN.

Almost all of our current knowledge of how SNe and their hosts are connected is based on
low- and intermediate-redshift samples like the Sloan Digital Sky Survey’s (SDSS) SN sample
found in Stripe 82 or the SN Legacy Survey (SNLS). In this thesis work, I will further investigate
how SNe and their host galaxies are related by focusing on high redshift SNe (z > 1) where the
cosmic star-formation density was higher and the average metallicity was lower.

3Used to find the luminosity distance to the SN.
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1.2.1 SUPERNOVA EXPLOSIONS

SNe are very energetic explosions that are bright enough to be seen across cosmic distances.
The nomenclature we use today is based on observational characteristics that were observed
long before we knew what the underlying physical mechanisms involved in the explosions
were. This is why the thermonuclear explosions are called type Ia SN and core collapse SN are
denoted among others as: type Ib, type Ic, type II, etc.

1.2.2 THE HISTORY OF SNE

Kirshner (2010) presents a general overview of the historical events that led to the nomenclature
that is used today. The following is a short summary.

In the 1920s when — due to the work of Hubble — it became clear that the spiral nebulae
where in fact distant galaxies, it also became clear that the novae seen in these extragalactic
nebulae must be very different than the novae seen in the Milky Way.

Baade and Zwicky systematically studied this new class of extragalactic novae in the 1930s.
By pure chance, none of the SNe that had spectra exhibited the presence of hydrogen. In the
early 1940s, Minkowski began to see spectra of SNe that indeed show the presence of hydro-
gen. Baade’s original group of SNe was therefore called type I and Minkowski’s new group
was called type II. The utility of type I SNe was noticed early by Baade as the SNe showed a
dispersion of approximately one magnitude, making them suitable as distance indicators.

Later work during the 1970s and 1980s improved the knowledge of the spectral shape of
type I SNe, and resulted in the current classification scheme used today, where type I SNe
are subdivided into type Ia (Si features), type Ib (He features) and type Ic (no H, He or Si).
The application of SNe in cosmology was first done by Kowal (1968) who produced a Hubble

8 10 12 14 16 18

MPGO
F16. 1. The redshift-magnitude relation for supernovae of
type I. The dots refer to individual supernovae, and the crosses

represent averages for the Virgo and Coma clusters, as explained
in the text.

Figure 1.2 The first rendition of a Hubble diagram using SNe by Kowal (1968).

diagram using 19 type I SNe (See Figure 1.2).
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1.2.3 CORE COLLAPSE SNE

In this thesis, I will focus primarily on thermonuclear SNe and their applications in cosmology,
but for completeness I will give a short review of core collapse SNe.

Figure 1.3 The onion-like structure of an evolved massive star (not to scale). (Credits:
User:Rursus (R. J. Hall), via Wikimedia Commons)

Core collapse SNe are explosions of massive stars. Stars with masses above ~ 8Mg end
their life when the star has burned the fuel in the core from hydrogen all the way up to iron,
which results in an onion-like structure (Figure 1.3) of the star prior to the explosion. The SN
explosion is then initiated by the decrease in radiation pressure when nucleosynthesis of iron
stops. Then, the pressure due to the gravity of the outer layers exceeds the electron degeneracy
pressure which starts a chain reaction of electron capture — literally pushing the electron into
the protons to form neutrons — that rapidly shrinks the core to approximately the size of the
earth. The outer layers start to free fall and bounce onto the newly formed neutron star which
starts a shockwave traveling outwards through the outer layers of the star. The electron capture
events create a strong flux of gamma rays and neutrinos powering the SN explosion.

The key classification scheme of core collapse SNe separates the SNe into groups based on
spectral features. These spectral features provides information about the outer layer of the star,
as seen in the list below.

Type II SNe show hydrogen features in their spectra. These are stars that still have their hy-
drogen envelope.

Type Ib SNe show helium features, but no hydrogen features. These stars have lost their hy-
drogen envelope but still have their helium envelope.

Type Ic SNe do not have hydrogen or helium features in their spectra. These stars have lost
both their hydrogen and helium envelopes.

Additional sub-classifiers include type II-L and II-P, which are based on the shape of the light
curve (linear decline or plateau) of the SN.
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1.2.4 TYPEIA SNE

The small scatter in the magnitude of SN Ia explosions compared to the scatter of CC SNe and
Galactic nova events hint towards a very uniform progenitor system. There is observational
evidence that the SN light curve in the optical is powered by radioactive Ni-56, because the
decay rate of the SN Ia light curve is consistent with the half life of first Ni-56 to Co-56 decay and
later the decay of Co-56 to Fe-56. Optical spectra also show strong absorption features of iron-
group elements. The total luminosity of a type Ia SN is equivalent to the energy released when
converting a Chandasekhar mass Carbon-Oxygen White Dwarf (C/O WD) into iron (Wang &
Han, 2012; Thielemann et al., 2004). This leads us to believe that the progenitor systems of type
Ia SNe must contain a C/O WD near the Chandrasekhar limit. The challenge is now to explain
how the C/O WD grows from its initial ~ 0.4 Mg to the Chandrasekhar limit of ~ 1.4 Mg,

SN models

There are multiple of proposed models for how to bring the WD mass to the Chandrasekhar
limit, but overall there are two broad classes of models: The so-called single degenerate (SD)
and double degenerate (DD) systems.

Figure 1.4 An artist’s impression of a single degenerate system. (Credits: NASA/CXC/M.
Weiss)

The single degenerate system is a binary system with a WD and a non-degenerate donor
star. The donor star can be either a main-sequence (MS) star, a red giant star or even a He star.
Most SD models have a chain of events that contain: A Common Envelope (CE) phase and a
stable accretion phase.

The CE phase happens early in the evolution of the progenitor system. The first star (labeled
A) evolves away from the MS and develops a convective outer envelope which expands. If the
outer layer expands beyond the Roche lobe (which happens for close binaries), material will
flow from the A star to the MS star (labeled B). This process is unstable as the mass loss changes
the moment of inertia. This will decrease the separation allowing for continued mass loss. The
mass transfer will therefore continue until the Roche lope around both stars is full and the CE
phase is complete. During the CE phase, the separation between A and B decreases significantly
(approximately by a factor of 100) due to drag forces in the CE. The CE phase lasts for on the
order of years, and has therefore not been observed yet.
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Figure 1.5 A schematic of the phases in the evolution of SD progenitors (adapted from Wang &
Han, 2012). The star to the left is labeled A and the star to the right is labeled B. The A star will
explode as a type Ia SN.

The accretion phase in the SD models happens towards the final stage of the progenitor
system. The primary star A (the accretor) has evolved to a WD and depending on the model
the secondary star B (the donor) has now evolved into a red giant, a helium star, or remains a MS
star. It is in this phase that the WD is growing from its initial size towards the Chandrasekhar
limit by burning the accreted matter into C/O. This stage is therefore crucial in all SD models.

The accretion can not proceed too rapidly as this would set off the accreted outer layer of
H or He in a thermonuclear explosion. Such a nova-like event would consume all the accreted
matter in the shell and potentially even some of the C/O from the original WD, taking it further
away from the Chandrasekhar limit. This fine-balanced accretion needs to be regulated for
these models to explain the rate of SN explosions. A proposed mechanism is the so called
wind regulation, where a high accretion rate would produce a strong stellar wind from the WD,
which serves as negative feedback to regulate the accretion rate.

The double degenerate SN channel consists of a double WD system. Like for the SD scenario,
there will be a CE phase (or maybe multiple) when the two stars evolve off the MS and into
WDs. The difference with respect to the SD scenario is that this channel does not end in a stable
accretion phase, but a merger of the two WDs. The merger happens after enough gravitational
waves have been radiated away for the WD to merge.
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1.2.5 DELAY TIME DISTRIBUTION
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Figure 1.6 Delay time distribution of different double degenerate (left) and single degenerate
(right) models (figure from Wang & Han, 2012). The three circles with error bars at the top are
measurements of the observed delay times (Maoz et al., 2011).

One of the ways to differentiate between the different models is to measure the time from
the formation of the progenitor system to the time the SN explodes, this is called the Delay Time
Distribution (DTD). This distribution can then be compared to predictions from the SN models
(see Figure 1.6).

In observations, we apply a phenomenological approach and divide the SNe into a prompt
(< 300 Myr), intermediate (0.3 —2.3 Gyr) or delayed (> 2.3 Gyr) population. It is still not known
how the models map to these three populations, but from the models plotted in Figure 1.6, it
appears that DD models produce SNe on all three timescales. Some SD models on the other
hand can only produce SNe on delayed and intermediate timescales.

The observed SN rate is the convolution of star-formation history* (SFH) and the DTD,
t
SNR(t) = SFR(t) ® DTD(t) = / SFR(t—71)-DTD(T)dr. (1.4)
0

There are two approaches to calculate the observed DTD. The first approach is to compare the
SN rate to the full SFH of the Universe, as was done by Dahlen et al. (2008b); Strolger et al.
(2010); Graur et al. (2011a). Another approach is to use the SFH of the individual galaxies in the
sample (Maoz et al., 2011, 2012) in Equation 1.4. In the first approach, the volumetric SN rate
is calculated in redshift bins and compared to the volumetric SFH of the Universe (or cosmic
SFH). This technique is critically sensitive to the assumed cosmic SFH, especially at high redshift
where different measurements of the SFH vary. The approach is computationally more simple,
as it only uses the sample of galaxies that host SNe. The second technique, on the other hand
fits the SN rate of each galaxy (either zero or one, rarely two) to derive the DTD. This means
that the DTD can be determined at any redshift from the survey directly, without relying on a
good determination of the cosmic SFH.

4SFR as a function of time is referred to as "SFH" whereas "SFR" is the current or instantaneous SFR i.e. a number.
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Figure 1.7 SN Ia light curves before and after correction. The broader light curves (slow de-
cline rates) are brighter than the narrow light curves (fast decline rates). After correcting for
brightness and stretch all light curves overlap. (Credit: http:/ /www-supernova.lbl.gov /)

1.2.6 HOST CORRELATIONS

When type Ia SN are used for cosmology, we rely on the fact that SN explosions are stan-
dard candles. Phillips (1993) found that SNe with fast declining light curves where intrinsi-
cally fainter than the slow declining SNe. This finding, together with a similar relation (Riess
et al., 1996) concerning the color of the SN at maximum brightness made it possible to infer a
more precise intrinsic brightness of the SN, transforming them from standard candles to more
accurate standardizable candles.

Hamuy et al. (2000) found that supernova in early-type galaxies are intrinsically fainter
than SNe from star-forming galaxies, even after correcting for the light-curve shape and color.
This residual correlation was later also observed in samples used to fit cosmology (Kelly et al.,
2010; Lampeitl et al., 2010; Sullivan et al., 2010). This was done by determining the best fitting
redshift-magnitude relation (a so-called Hubble diagram) and then calculate the magnitude de-
viation for each SN from the best fitting curve. This is called the Hubble residual of each SN. If
all variation was captured by the light curve shape and color corrections, then all Hubble resid-
uals should be distributed randomly around zero and not correlate with other parameters.The
Hubble residuals correlate with the properties of the host, most strongly with the stellar mass
of the host galaxy. However, the underlying source of this correlation is still unknown.

Hayden et al. (2013) fitted the Hubble residuals to a linear combination of stellar mass and
star-formation rate,

Lo =log M, — alog SFR, (1.5)
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where « is the projection in the mass — SFR plane. When o = 0, p,, corresponds to the stellar
mass, when a = 1, u, corresponds to one over the specific SFR (1/sSFR), which also is an age
proxy of the host galaxy. At an intermediate value of o = 0.32, Mannucci et al. (2011) found
o to correlate strongest with the gas-phase metallicity of field galaxies. Hayden et al. (2013)
found that the strongest correlation with the Hubble residuals occurred at intermediate values
of « consistent with tracing the metallicity of the host galaxy.
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Figure 1.8 Top: Mean spectrum of high- and low-stretch SN host galaxy. Bottom: The difference
between the two mean spectra, overplottet with a B-type stellar template. Figure taken from
Brandt et al. (2010).

An interesting approach to gauge the difference between the brighter (broad light curves)
and fainter (narrow light curves) SNe was done by Brandt et al. (2010). They constructed the
mean spectrum of all host galaxies of SN with broad light curves, and subtracted the mean
spectrum of all host galaxies of SN with a narrow light curve. The resultant spectrum was
identical to a B-type stellar spectrum (Figure 1.8). This leads to the conclusion that the brightest
SNe are somehow associated with a very young stellar population as opposed to fainter SNe.

Childress et al. (2013b) has combined all big samples (SDSS, SNLS, and the Nearby Super-
nova Factory) and finds a smooth step-like shape in the Hubble residuals. When analyzing the
three samples as one set the amplitude of this step is 0.086 & 0.016 magnitudes. This is the
first time that the shape of the Hubble-residual curve has been determined, but this now brings
forward the question of whether and how the step function evolves with redshift. All this is
dependent on what mechanism causes this effect. Childress et al. (2013b) discusses both dust,
progenitor age, and metallicity effects, where dust by itself cannot account for the full variation.
If the bulk of the variation is due to metallicity effects this can be accounted for by measuring
the metallicity of each host and apply a correction derived from SN explosion models. If the
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Figure 1.9 Hubble residual as a function of the stellar mass of the host galaxy. Figure from
Childress et al. (2013b).

bulk of the variation is due to the change in progenitor ages a correction would rely on the
detailed shape and evolution of the DTD.

The conclusion of Childress et al. (2013Db) is that the intrinsic dispersion within the SN sam-
ple will not be significantly smaller after applying their host correction when used for cosmol-
ogy, but not corrected for this effect would leave a systematic bias on the order of ~ 0.02 — 0.04
atz ~ 1.
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1.3 GALAXY EVOLUTION

Figure 1.10 Picture of a star forming nebula. New stars are emerging from the molecular
cloud as small dots at the end of small antennae along the circumference of the cloud. (Credit:
NASA/ESA/STSclJ. Hester and P. Scowen)

In the context of this thesis I will focus on a specific set of properties that can be derived
from the integrated light of a galaxy. I will also focus on the optical and near-IR parts of the
spectrum as these are the regions where stars output most of their energy and where the Earths
atmosphere is transparent. The distribution of the energy output of the galaxy as a function
of wavelength is called the Spectral Energy Distribution (SED). The shape of the SED is obser-
vationally inferred from broad-band photometry and spectra. We can infer properties like the
ongoing star formation and the metallicity of the gas between stars by analyzing the emission
lines in the rest-fame optical part of the SED. By looking at the overall shape of the continuum
we can infer properties like the stellar age and stellar mass of galaxy.

The implied connection between the SNe and their host galaxies makes it interesting to go
into the mechanisms that influence the formation of new stars and the enrichment of metals.
I will not touch on the morphological aspects of galaxies in the following, I will therefore just
consider galaxies merely as containers of stars, gas and dust.

Stars are formed from great clouds of gas and dust called Giant Molecular Clouds as pertur-
bations cause the central regions of the cloud to collapse. The over-density in the cloud grows
more compact. Pressure and density grows and a proto star is created. The protostar turns into
a main sequence star when the central temperature and density is high enough to start forming
hydrogen into helium. The first central stars in a molecular clouds are massive O and B stars
that are luminous but short lived. These are called OB complexes, and trigger a second wave of
star formation when they burn out and die as CC SN.

As stars burn out and die either as SNe (any type) or planetary nebulae they help enrich
the ISM with metals synthesized in the star. These metals are then incorporated into the next
generation of stars, thereby enriching the ISM with more and more metals for each generation
of stars. The overall metallicity of a galaxy can also change due to the synthesized metals being
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expelled by strong SN explosions or diluted by in-falling pristine gas.

1.3.1 STAR FORMATION RATE

There are multiple indicators from which we can infer the SFR of a galaxy (Kennicutt, 1998).
The first being the flux of the Ha emission line — or any hydrogen recombination line®. This is
due to the fact that recently formed stars emit much of their energy in the UV. These energetic
photons excite and ionize the hydrogen in the vicinity® of the star. As the electron settles down
into the ground state again it emits the hydrogen recombination lines. The Ho flux is therefore
strongly correlated with the amount of ionizing flux and the number of young stars.

Another SFR indicator that relates directly to the energy output of young stars is the UV
flux of the entire galaxy. As mentioned above, the young stellar population dominates over
the older stellar population in the UV. The total energy output in the UV is therefore strongly
correlated with the number of young stars.

So called obscure star formation occurs when the young stars are obscured by dust. This
kind of star formation can be measured in the IR, because the young stars are heating the dust
and due to energy conservation, this energy is radiated away as thermal radiation. The inte-
grated SED of a galaxy will often have a blackbody-like emission peak at 10-100 pm.

1.3.2 MAIN SEQUENCE OF GALAXIES

Among the most important descriptors of the evolutionary state of a galaxy is its stellar mass
and SFR. When plotting these two parameters for a large sample of galaxies we would notice
that the galaxies are not evenly distributed across this plane. Most galaxies would lie along a
band called the Main Sequence (MS) of galaxies approximately along a line of constant sSFR.
Galaxies above this sequence have high SFRs i.e strongly star forming or undergoing a star burst
event. Galaxies below the MS are dormant and passive in nature and don’t produce significant
amount of new stars.

The MS evolved with redshift in accordance with the cosmic SFH. The cosmic SFH is in-
creasing progressively at redshifts up to approximately z ~ 1 — 3. This period has been dubbed
the Cosmic High Noon (Grogin et al., 2011). The evolution of the MS is consistent with a scaling
of the SFR, maybe with a small change in the slope of the MS.

1.3.3 METALLICITY

The metallicity of a galaxy is inferred from two distinct sources. One source is the metals present
in the interstellar gas near young stars, the so called gas-phase metallicity, of which oxygen is
the main component. The amount of oxygen is inferred from emission-line ratios in the rest
frame optical and near-IR. These emission-line ratios must be calibrated though, which is done
either by some theoretical photoionization codes (e.g. Kewley & Dopita, 2002) or by empirical
correlations (e.g. Pettini & Pagel, 2004). The individual measures of gas-phase metallicity do
not always agree and often show systematic shifts between different calibrations. It is there-
fore necessary to transform metallicities measured in one calibration to another (see Kewley &
Ellison, 2008).

The second reservoir of metals that can be inferred from the light of the galaxy resides in the
photosphere of the stars themselves. This metallicity is mostly dominated by Iron (Fe) atoms

5Lya is not well suited, but can technically be used.
6The region of fully ionized hydrogen around the star is called the Strémgren Sphere.



1.3. Galaxy Evolution 15

that leave absorption features in the stellar continuum. It is this metallicity that enters into the
SED modeling described above. The two measures of metallicity need not be equal (measured
in solar units), as different mechanisms act on the two phases on different time scales. The two
phases are, however, very well correlated.

Metallicity can be a good measure of the evolutionary stage of the galaxy as the metallicity
is directly influenced by the number of generations of SNe that have exploded. Both Oxygen
and Iron are only released to the surroundings through SN explosions, whereas stars that do
not end as SNe lock the synthesized metals into their white dwarf remnant.

1.3.4 SPECTRAL ENERGY FITTING

The overall shape and individual features of the galaxy SED contains a lot of information. By
modeling the SED we can infer properties such as stellar age, stellar mass and extinction. The
many pieces of SED fitting software publicly available all infer the properties of the galaxy in
the same way by modeling stellar evolution and attenuation by dust. Some codes can also
model other features of the SED like nebular emission lines in the optical or emissions from
Polycyclic Aromatic Hydrocarbons (PAH) in the mid-IR. The crucial component is the stellar
evolution modeling. The cornerstone in this modeling is the SED of a single stellar population
(SSP), which is often calculated by specialized software, like GALAXEV (also known as BCO03,
Bruzual & Charlot, 2003). In short, the SED is calculated by assuming a population of stars
distributed by mass according to an initial mass function (IMF). The population is then evolved
along stellar isochrones to a specific point in time.

The SSPs can then either be used to model the starlight of the galaxy directly or be convolved
with a star-formation history (SFH) to model a more realistic gradual star formation within
a galaxy. From a monolithic collapse model, we expect the SFH to follow an exponentially
declining SFR, a so called tau-model, SFR(t) o« exp(—t/7). The true SFH is more stochastic
in nature as minor and major merger events interrupt periods of more passive evolution (Lee
et al., 2009).

In most practical applications of SED fitting — in particular when one is only fitting broad-
band photometry — the number of free parameters in the models are far too large to be con-
strained by the data. This means that we have to make some assumptions on some of the
parameters, such as the IMF used or the parameterization of the SFH. All the inferred proper-
ties have to be compared in the light of these assumptions. In practice, parameters (e.g. stellar
mass) can easily be transformed from one set of assumptions to another (e.g. from Salpeter to
Chabrier IMF).

1.3.5 FUNDAMENTAL METALLICITY RELATION

Multiple studies have found a connection between the SFR, stellar mass, and gas-phase metal-
licity (Lara-Lopez et al., 2010; Mannucci et al., 2010, 2011). This has been dubbed the Funda-
mental Metallicity Relation (FMR) by Mannucci et al. (2010). Lara-Lépez et al. (2013) used Prin-
cipal Component Analysis to show that there is a plane of lower dimensionality in the space of
(SFR, M,,12+1og(O/H)). This subsurface is usually plotted by projecting the mass—SFR plane
onto a single axis p1o using

o =log M, — alog SFR, (1.6)

where « is an angle-of-projection parameter that determines the amount of mixing between the
stellar mass and star-formation rate. A value of &« = 0 implies p, = log M, and a value of
a = 1 implies po, = —logsSFR since the specific SFR is SFR per unit stellar mass. Mannucci
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et al. (2010, 2011) determine that a value of & = 0.32 correlates strongest with the gas-phase
metallicity.

1.4 FRONTIER SCIENCE WITH X-SHOOTER

X-shooter is the first of the second-generation instrument at the Very Large Telescope (VLT).
The Niels Bohr Institute (NBI) has been a member of the consortium that built the instrument.
Researchers at NBI therefore had guaranteed time of observation (GTO) when applying for time
on the X-shooter instrument.

The X-shooter instrument is a spectrograph with an exceptionally large wavelength cover-
age from the atmospheric cut off in the U-band to the near-IR K-band. A very important prop-
erty of this large wavelength range is that it is possible to derive an emission line redshift for any
galaxy that is bright enough to be observed from the ground. For regular optical spectrographs
the instrument can only detect emission lines from sources in specific redshift intervals. This
is called the redshift desert. The X-shooter instrument can detect emission lines from sources
where the lines have been redshifted out of the optical window and into the near-IR.

The CLASH and CANDELS surveys are large Hubble Space Telescope (HST) surveys that im-
age the same fields very deep over three years (CLASH targets clusters, CANDELS targets
previously well-observed fields). The surveys are conducted such that it is possible to look for
transient objects between each visit to each field. For this project my supervisor and I joined the
follow-up team of the SN search where we specialized in determining spectroscopic redshifts
of the high-redshift sources that where in the redshift desert of optical spectrographs.

During this project we set some ground-breaking records. We determined the spectroscopic
redshift of the two highest redshift SN Ia (¢ = 1.55 and later z = 1.91) and the highest red-
shift CC SN (z = 2.37). The fast determination of the redshift for each SN candidate was in-
valuable for the optimizing and prioritizing of further follow-up with HST, making X-shooter a
key player in this SN search.

1.5 THESIS OUTLINE AND DESCRIPTION

In this thesis I will investigate the connection between high redshift SNe and their host galaxies.

In the next two chapters (paper I+II) I present the properties of two high redshift SN host
galaxies, as inferred from strong emission lines and broadband photometry. In both cases I find
young, star forming, metal poor galaxies. The galaxies are above the MS of galaxies defined by
SDSS galaxies, but consistent with the MS derived for galaxies at z = 1 and z = 2. Even though
they are consistent with the MS both are on the star forming side of the median relation. The
SN Primo host might even be classified as a bursting galaxy depending on the threshold. In the
paper we advocate a fixed sSFR cut between regular star forming galaxies and stardust galaxies
instead of using the MS as a reference. This is also motivated by the fact that the MS at high
redshift is derived from galaxy samples that do not extend down to the mass of the SN Primo
host.

Chapter 3 (Paper II) had the added objective of confirming that the detected transient was
not due to AGN activity or a low redshift interloper. The Subaru Deep Field (SDF) SN search
relies heavily on photometry (and existing catalogs) when classifying the transients and deriv-
ing redshifts. The reconstructed SN rates are therefore sensitive to catastrophic outliers (wrong
photometric redshift or wrong classification) at high redshift due to low number statistics.

In chapter 4 I present the full sample of high redshift SN hosts found in the CLASH and
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CANDELS surveys. I determine stellar parameters such as stellar mass, age, SFR, and extinc-
tion. From this sample I determine the ratio between the prompt and delayed population of SN
and find that this ratio is consistent with no evolution out to z ~ 2. I also propose an explanation
of why the A+B model determines different parameters for surveys at different redshifts.

From my thesis work I have found that the sSFR of SNe host galaxies on average are 0.5 —
5 times the sSFR MS proposed by Elbaz et al. (2011)’. This shows that SN host galaxies are
galaxies that are forming stars at average to above average rates. Likewise I show that the
metallicity of two of our high redshift SNe host galaxies are consistent with FMR in the same
way as regular field galaxies at low redshift. This is in line with what was found for the SN
factory (Childress et al., 2013a).

The data presented in my thesis also hints towards a lack of evolution of the shape of the
DTD out to a redshift of z = 2. This can become an important piece of evidence against strong
evolutionary effect in the progenitor type or mix of type out to the cosmic high noon (z ~ 2).

The author classifies everything with a sSFR between 0.5 — 2 times the median relation as MS galaxies and a sSFR
above 2 times as a starburst galaxies.
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Published as: Teddy F. Frederiksen, Jens Hjorth, Justyn R. Maund, Steven A. Rodney, Adam G. Riess, Tomas Dahlen,
Bahram Mobasher — The Dwarf Starburst Host Galaxy of a Type Ia SN at z = 1.55 from CANDELS Astrophysical Journal,
vol 760, p. 125, December 2012.

2
THE FIRST SUPERNOVA

I conclude, therefore, that this star is not some kind of comet or a fiery
meteor... but that it is a star shining in the firmament itself one that
has never previously been seen before our time, in any age since the
beginning of the world.

Tycho Brahe

ABSTRACT — We present VLT/X-shooter observations of a high redshift, type Ia supernova host
galaxy, discovered with HST/WFC3 as part of the CANDELS Supernova project. The galaxy exhibits
strong emission lines of Ly, [O11], HB, [O111], and Hov at z = 1.5499271 505098 From the emission-
line fluxes and SED fitting of broad-band photometry we rule out AGN activity and characterize the
host galaxy as a young, low mass, metal poor, starburst galaxy with low intrinsic extinction and
high Lyc escape fraction. The host galaxy stands out in terms of the star formation, stellar mass,
and metallicity compared to its lower redshift counterparts, mainly because of its high specific star-
formation rate. If valid for a larger sample of high-redshift SN Ia host galaxies, such changes in the
host galaxy properties with redshift are of interest because of the potential impact on the use of SN la
as standard candles in cosmology.

2.1 INTRODUCTION

Type Ia Supernovae (SNe la) are cornerstones of modern cosmology because of their properties
as luminous standard candles. The development of these important cosmological tools began in
the late 1930’s when Zwicky (1938) and Wilson (1939) first suggested that SNe could be used as
distance indicators. Theoretical developments in the 1960’s suggested that SNe of type Ia form
a homogenous class of objects with a measured peak magnitude of Mp ~ —19.3+51log h7 (for a
modern review, see Hillebrandt & Niemeyer, 2000; Kirshner, 2010). To first approximation, the
light curves of SN la form a one-parameter family of models, driven by the decay of radioactive
%Ni — 6Co — 5Fe. The amount of radioactive nickel produced in the initial explosion there-
fore dictates the shape of the light curve. Later observational work showed that the scatter in
the peak magnitude is correlated with other SN properties, such as light curve shape and color
(Phillips, 1993; Riess et al., 1996; Phillips et al., 1999).

SN cosmology achieved its modern prominence at the close of the millennium with the
discovery of the accelerating expansion of the universe, based on just a few dozen objects (Perl-
mutter et al., 1999; Riess et al., 1998). Nearly 15 years later, modern SNIa samples can now
include over 500 well-studied SNe with a dispersion in peak magnitudes of ~0.16 magnitudes
(e.g., Conley et al., 2011; Suzuki et al., 2012). At this precision, a larger sample size alone will
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not improve cosmological constraints, so the limiting factor is our understanding of systematic
effects.

Among the major concerns for systematic biases is the fact that we still do not have a com-
plete or conclusive description of the SN Ia progenitor systems. Indeed, there may be several
viable progenitor pathways (known as single and double degenerate models, see Wang & Han,
2012, for a review), possibly leading to slightly different explosion characteristics. One might
expect different progenitor pathways to be correlated with differences in SN environment, and
such correlations with host galaxy properties have recently been observed (Hamuy et al., 2000;
Kelly et al., 2010; Lampeitl et al., 2010; Sullivan et al., 2010). Correcting for this effect with mea-
surement of the host galaxy stellar mass brings the dispersion in absolute peak magnitude down
to ~ 0.1 magnitudes (Conley et al., 2011; March et al., 2011). This signature of environmental
effects calls for further characterization of the host galaxies when SNe are used for cosmogra-
phy. Riess & Livio (2006) discuss how a change in the progenitor population (like progenitor
metallicity and age) at 1.5 < z < 3.0 could affect the inferred distance in a way inconsistent with
dark energy models. The redshift window 1.5 < z < 3.0 is therefore favorable for disentangling
systematic effects arising from environment.

The Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey (CANDELS) survey (Gro-
gin et al. 2011) is a Hubble Space Telescope (HST) multi-cycle treasury (MCT) program designed
to detect high redshift SNe. The CANDELS collaboration is surveying five well-observed fields
(GOODS-N, GOODS-S5, COSMOS, EGS and UDF). With this observation strategy CANDELS
will find SNe Ia out to redshifts of ~ 2 (see Rodney et al., 2012). The first SN detected in the
CANDELS survey was discovered 2010 October 14 in the GOODS-S field and was nicknamed
SN Primo. Rodney et al. (2012) present the light curve and grism spectrum of this SN, conclud-
ing that SN Primo was of type Ia.

The aim of this paper is to characterize the host galaxy of SN Primo. We derive its spectral
properties from spectroscopic emission-line fluxes and fit the spectral energy distribution (SED)
based on broad-band photometry to constrain its stellar population. We then compare the prop-
erties of the host galaxy of SN Primo with its counterparts at lower redshifts and discuss sources
of bias when using high redshift SNe as standard candles.

The paper is structured as follows: In Section 2.2 we present the spectra and photometric
data. In Section 2.3 we perform the SED fitting using broad-band photometry to get stellar
mass and stellar age and we derive the emission-line fluxes and calculate spectral properties like
metallicity and the Lyman-« escape fraction. Finally, a discussion and conclusions are given in
Section 2.4. We assume a flat ACDM cosmology, with Hy = 70.2km s~! Mpc~*! and ,,, = 0.274
(Komatsu et al., 2011). All magnitudes given in this paper are AB magnitudes.

2.2 DATA

2.2.1 SPECTROSCOPIC DATA

The host of SN Primo is located in the GOODS-S field at R.A. = 03"32m22™64 and decl. = —27°46'38.'66
(J2000). The spectroscopic observations were performed on 2010 October 16, using the X-
shooter instrument on the ESO Very Large Telescope (VLT) at Paranal Observatory, Chile (D’Odorico
et al., 2006; Vernet et al., 2011). X-shooter is a cross-dispersed Echelle spectrograph with a large
wavelength coverage from the UV to the Near IR (300 — 2500 nm). This is achieved by splitting

the light beam into three wavelength regions and sending them into three different spectro-
graphs (so-called arms) designated UVB (for UV and Blue, ~ 300 — 550 nm), VIS (for Visual, ~
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Figure 2.1 Pre-explosion HST F775W (i-band, rest frame u-band) image with the X-shooter slit
configuration overlaid (red). The peak luminosity of the host galaxy is marked by ticks (blue).
The size of the tick marks is 17, corresponding to 8.6 kpc at the redshift of SN Primo. The faint
part to the south is also part of the galaxy (see Rodney et al., 2012). The location of the SN is
marked by a plus (blue).

550 — 1000 nm), and NIR (for Near IR, ~ 1000 — 2500 nm). For the observation we used an ABAB
on-source nodding template with an exposure time of 1.3 hr (4x1200 sec). A 079 slit! with a PA
of —35° E of N was placed to cover both the host and the SN (see Figure 2.1). The observations
were conducted under photometric conditions, with a median seeing? of 0. 54.

The X-shooter spectra were reduced using the official X-shooter pipeline® v1.3.7. We achieved

1A 170 slit in the UVB arm.
2 As measured by the Paranal on-site seeing monitor
3See, http:/ /www.eso.org/sci/software/pipelines/
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resolving powers of R = 5400 + 360 (UVB), R = 7450 & 300 (VIS), and R = 5800 % 180 (NIR).
The extraction of the object spectra was conducted with our own IDL script, and flux calibration
was done using the HST flux standard star, GD71%.

Even though the SN was still bright it was not detected in the spectrum (see Figure 2.3);
only narrow emission lines from the host galaxy were visible with no trace of any continuum
emission from either host or SN.

2.2.2 FLUX CALIBRATION QUALITY

We checked the quality of the flux calibration using a telluric standard star (HIP 018926) taken
prior to the science exposure. The telluric standard star was of stellar type B3V, and has a high
signal-to-noise ratio (~ 50—300 per wavelength bin, 0.04—0.1 nm per bin). The telluric standard
star was reduced, extracted and flux calibrated in the same way as the science exposure. The
flux calibrated spectrum agrees with the published photometric data points. A model spectrum
of a B3V star was scaled to the photometric data and compared to the flux calibrated spectrum.
The agreement between the model and the spectrum was within 5-10%, consistent with the
expected quality of the flux calibration for X-shooter® at the wavelengths of the lines detected
in the science exposures (except at the location of Ly«a). At an observed wavelength of 310 nm
Ly« is close to the spectral lower limit of the UVB arm (300 nm). The discrepancy between
the model and the telluric spectrum is ~ 40%, i.e., the conversion factor between counts and cgs
units is too large and will overestimate the flux of Lya. We are therefore cautious when drawing
conclusions based on the flux of the Ly« line.

2.2.3 PHOTOMETRIC DATA

To construct the SED for the host of SN Primo, we use photometry from the F160W filter (H-
band) selected TFIT catalogue. The photometry in each band is carried out using the TFIT
algorithm (Laidler et al., 2007). This method performs point-spread function (PSF) matched
photometry uniformly across different instruments and filters, despite their large variations in
PSFs and pixel scales. The final catalogue has photometry in VLT /VIMOS (U-band), HST/ACS
(F435W, F606W, F775W, and F850LP), HST/WFC3 (F105W, F125W, and F160W), VLT/ISAAC
(Ks), and two Spitzer /IRAC channels (3.6 ym and 4.5 ym). The SN search uses the HST/WFC3
bands. To get SN free photometry in these bands a set of pre-explosion images from another
HST/WEC3 survey (GO-11563, PLIllingworth, see e.g. Oesch et al., 2010) was used. The pho-
tometry is listed in Table 1. The HST (WFC3) observations are performed as a part of CANDELS
project and are further described in Grogin et al. (2011) and Koekemoer et al. (2011). More de-
tails on the rest of the filters and observations are given in Dahlen et al. (2010).

2.3 ANALYSIS

2.3.1 BROAD-BAND SED FITTING

The broad-band SED of the host of SN Primo (Table 2.1) covers rest frame UV to near-IR (200
— 2000 nm). We use the SED fitting code FAST (Kriek et al., 2009) to derive properties such as
stellar mass, M., and stellar age, t.. The photometric data is corrected for the strong emission
lines detected in the spectrum by subtracting the line flux from the corresponding filters. The

“See, http:/ /www.eso.org/sci/observing/tools/standards/spectra/gd71.html
5 http:/ /www.eso.org/sci/facilities / paranal/instruments /xshooter/doc/
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Figure 2.2 The SED of the SN Primo host derived from broad-band photometry. In red (gray)
are the photometric points after (before) the subtraction of the emission-line flux. Overplotted
is the best-fitting model SED from FAST.

strong emission lines are not modeled by the stellar population synthesis models of Bruzual &
Charlot (2003) used by FAST. For each filter that has strong emission lines the flux is corrected

as
Eine

Av’
where F, is the flux density in the broad-band filter, Fiiy. is the flux in the emission line, and
Av = [T(v)dv-T (V1ine) ! is the integral of the filter curve, corrected for the transmission of the
filter at the location of the emission line. We use the same transmission function that is used in
FAST for each filter.

The emission-line-subtracted SED is corrected for Galactic extinction (Schlegel et al., 1998,
E(B — V) = 0.008%) using a Galactic extinction-law (Cardelli et al., 1989) and Ry = 3.1. We
use FAST to fit the corrected SED assuming a Chabrier (2003) initial mass function (IMF) and
three different star-formation histories (SFH, see Table 2.2 and Figure 2.2). The masses, ages
and star-formation rates (SFR) derived in Table 2.2 assuming different SFH agree within the 1o
uncertainties.

We also run the SED fitting without any correction to the broad-band SED, but excluding
the ] and H band to get a second measure of the physical parameters. This second measure
quantifies the systematic shift that the correction procedure can put on the physical parameters.

Fleom) — F, — (2.1)

®Quoted from the NASA /IPAC Extragalactic Database (NED) website: http://ned.ipac.caltech.edu/
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We check that the best fitting parameters of this second fit is within the 1o error bars. For
reference the shift in log(},,) is 0.07 higher for the second fit, compared to the upper error bar
of 0.13 on our main SED fit.

2.3.2 RESAMPLING OF THE X-SHOOTER SPECTRUM

We correct the spectrum for Galactic extinction in the same manner as the broad-band pho-
tometry. To obtain a robust estimate of the uncertainties in the spectral quantities such as the
metallicity or line ratios, we re-sample the X-shooter spectrum 10000 times. For each wave-
length bin we resample the flux using the error spectrum (assuming gaussian error). In each
iteration the spectral lines are fitted with a gaussian line profile and the centroid, the Full Width
at Half Maximum (FWHM), and the total flux is calculated (see Table 2.3 and Figure 2.3). The
redshift is determined from He, [O 11] A3729, [O 111] AA4959, 5007 in each iteration. All reported
values that are derived from the spectrum are the median values and 68% error bars of the
10 000 samplings. The heliocentric velocity correction is 6.54 km s~!, calculated using the IRAF
task rvcorrect.

Special care is taken when fitting [O 1] AA3726, 3729 and Hf in each resampling: The blue
component of the [O11] doublet, [O11] A3726, is located on top of a sky line. After masking out
the sky line it is impossible to fit the peak of [O1I] A3726. We therefore fit a double-gaussian
line-profile to [O11] AA3726,3729. We fix the peak of the blue components, Ay, to the peak of
the red component, A.eq, by requiring Apjye/Area = 372.6032nm/372.8815nm. The flux ratio of
the two components is left as a free parameter.

Hp is also located on top of a sky line with the wings visible. We remove the sky line in the
same manner as for [O1I] A3726 and fix the wavelength, Ao, and FWHM of the fit. A is fixed
to Aug(1 + z), where Aug = 486.1325nm. The FWHM is fixed to the measured FWHM of Ho in
velocity units. The instrumental broadening of spectral lines is constant if measured in velocity
units and therefore affects Ha and Hf equally. The derived flux may be biased if a gaussian line
profile is not a correct description of the line. Due to the uncertainties in the Hj detection we
will not use the derived flux, other than for constraining the Balmer decrement. For all other
purposes we set the flux of Hf equal to the flux of Ho divided by 2.86 (see discussion in Section
2.3.3).

We do not detect [N1I] A6583 in the spectrum. To derive an upper limit of the flux, we
measure the standard deviation of the flux density at the location of the line, An11(1 + 2) = 2A\,
where Ay = 658.346nm and AX = A/ R is the size of one resolution element. Table 2.3 lists the
50 upper limit of the non-detection.

2.3.3 HOST EXTINCTION

We correct the X-shooter spectrum for Galactic extinction in the same manner as for the broad-
band SED. We test if the Ay from SED fitting is consistent with the spectrum. To gauge the
intrinsic extinction from the spectrum we measure the Balmer decrement, Ho/Hf3. By compar-
ing the measured Balmer decrement, B, with the expected By = 2.86 given in Osterbrock &
Ferland (2006) (case B recombination, 7, = 10* K), we calculate the extinction as

B B kE(V)
Ay = —2.5log (B()) *(Ha) — A 2.2)

where k(A\) = Ay/E(B —V): k(V) = Ry = 3.1, k(Ha) = 2.468, and k(HpB) = 3.631 (Calzetti,
2001). We assume Ry = 3.1 because the SED and the spectrum probe the luminosity weighted
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Figure 2.3 The detected emission lines in the X-shooter spectrum of the host of SN Primo. The
spectrum is flux-calibrated and corrected for Galactic extinction. The solid (red) line shows the
best fitting gaussian line profiles. The [O11] AA3726, 3729 line is fitted with a double gaussian
line profile. The gray bands mark regions excluded due to sky lines. In the H fit the line center
was fixed to Aug(l + z), where Agg = 486.1325 nm and z is the redshift. Ly« is detected, but
located close to the Earth’s atmospheric UV cutoff.

average Ry of the host of SN Primo and not just the SN sight line, where a lower Ry (down to
~ 1.7) can be measured (Phillips, 2012).

The value Ay = 0.67)} derived from the Balmer decrement is consistent with the value
derived from the SED fitting. The large uncertainty in Ay is due to the difficulty in estimating
the Hp flux (see Section 2.3.2). For reference, the extinction derived from the SN light curve
is Ay = 0.14 £ 0.14 (Rodney et al., 2012), but it does not have to be linked to the (luminosity
weighted) average of the galaxy as a whole.

2.3.4 METALLICITY
Given that we do not detect [N IT] or [S11] lines in our spectrum we will use the line ratio,

_ [O IT]xx3726,3729 + [O ] xx4959,5007
Rgg = 10g Hﬂ s

2.3)

to determine the metallicity. We take the average of the two Ra3 calibrations (McGaugh, 1991;
Kobulnicky & Kewley, 2004) as used in Kewley & Ellison (2008) whose procedure we follow.
The Ry3 diagnostic has the problem of being double valued, meaning that from a measured
Ry3 value two metallicities can be inferred (see Figure 2.4). We therefore need an independent
measure to break this degeneracy. The upper limit on [N I1I] A6586 gives an upper limit on

[N IT] x6586 )
log| ——"—] < —1.0. 2.4
& ([O IT) xx3726,3729 24

This constrains the metallicity to the low metallicity branch of Ry3 (see Kewley & Dopita, 2002,
their Figure 3). The low metallicity branch of R,3 changes with ionization parameter, ¢q. To
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Figure 2.4 The O3; and Rj3 line ratios of the host of SN Primo together with the photo-ionization
models of Kewley & Dopita (2002). The dashed lines and gray bands show the line ratios and 1o
error bars derived from the spectrum. Left: O3, (Equation 2.5) versus the ionization parameter
g. From top down the metallicities are Z = 0.05, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 Z. Right: Ry3
(Equation 2.3) versus the metallicity. From the top down ¢ =30, 15, 8§,4,2,1, 0.5 x 107 cm s~ L.

break the ¢g-degeneracy, we need the line ratio

[O ] xs007 )

2.5
[O I ax3726,3729 (2.5)

O3z = log (
see Figure 2.4. The procedure of Kobulnicky & Kewley (2004) is to iterate back and forth be-
tween the two plots of Figure 2.4 until the estimates of metallicity and ¢ converge. In Kobul-
nicky & Kewley (2004) convergence is achieved after three iterations. We use 10 iterations in
our implementation as this makes the convergence independent of the choice of initial guess.
The metallicities derived from the two techniques are within the 0.1 dex of each other, which is
the expected scatter of the two technics (Kewley & Dopita, 2002; Kewley & Ellison, 2008). The
metallicity of the SN Primo host is 12 + log(%) = 8.127003 or Z = 0.27 + 0.06Z, assuming a
solar abundance of 12 + log(2) = 8.69 (Asplund et al., 2009).

2.3.5 STAR FORMATION

We check whether the emission lines of the host of SN Primo are powered by star formation
or AGN activity by plotting log([N 11] A6586/Hc) versus log([O111] A5007/H/) in a BPT diag-
nostics diagram (Baldwin, Phillips, & Terlevich, 1981). The host of SN Primo is located in the
star-forming region of Figure 2.5. We therefore conclude that the Ho flux is powered by star
formation. We derive the SFR from the Ho luminosity. We report the SER for different IMFs for
comparison (Kennicutt, 1998; Brinchmann et al., 2004; Mannucci et al., 2010). Using the stellar
mass from SED fitting we calculate the specific SFR, sSFR = SFR/ M, from the spectrum and
obtain a value of ~ 1078 yr~!, independent of the IMF and SFH, making the host of SN Primo a
starburst galaxy. Our definition of a starburst is based on the sSFR (see, e.g. Sullivan et al., 2006,
for a review), see Section 2.4 for discussion on other definitions.

2.3.6 LYMAN-«

We detect Lya emission at 2.8¢ in the spectrum (see Figure 2.6). This is possibly the lowest
redshift ground-based detection of a cosmological Ly« emitter. The significance of the detection
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Figure 2.5 BPT diagnostic diagram (Baldwin, Phillips, & Terlevich, 1981). The x-axis denotes
the ratio log([N11] A6586/Ha) and the y-axis the ratio log([O111] A5007/Hp). The data point
marks the host galaxy of SN Primo, with the arrow denoting the upper-limit of the ratio derived
from the non-detection of [N 11] A\6586. The vertical bar denotes the 1o error bar of the ratio.
For illustrative purposes we overplot the 15 emission-line hosts from the Lampeitl et al. (2010)
sample of SN Ia host galaxies with SDSS spectra.

is independent of the systematic error in conversion factor between counts and cgs units (i.e.
the flux calibration) at Ly« (Section 2.2.2).

Given the low significance of the detection we can only give an order-of-magnitude estimate
of the Ly« escape fraction (as defined in Atek et al., 2009; Hayes et al., 2011, among others),

F
fesc = 3 712],; . (2.6)

We derive the line flux F1y, by co-adding the flux in all pixels from A = 309.97 — 310.68 nm
(corresponding to v = 0—600 km s~1). The derived flux estimate is corrected for extinction in the
host galaxy. The deviation from the expected value of 8.7 (case B recombination, Brocklehurst,
1971) will be due to conditions in the interstellar medium (ISM) like the presence of dust, ISM
clumpiness or due to geometric effects that will suppress or enhance the amount of Lya photons
that can escape the galaxy. At a redshift of z = 1.5 the universe is fully ionized, absorption
of Lyw in the intergalactic medium is therefore not important. We will not try to distinguish
between these different scenarios. We include a systematic uncertainty of 40% in the derived
Lya escape fraction, due to the uncertainty in the conversion factor between counts and cgs
units at the Lya wavelength.
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Figure 2.6 The Lyman-« line in the SN Primo host spectrum. The systemic velocity is deter-
mined from Ha, [O111] AA4959, 5007, and [O11] A3729.

2.4 DISCUSSION & CONCLUSIONS

We have performed a photometric and spectroscopic study of the SN Primo host galaxy. We
find a young Large Magellanic Cloud (LMC) sized (~ 4.5 kpc) galaxy with LMC-like (~ £ Z5)
metallicity and low intrinsic extinction. We confirm that the emission lines are generated by star
formation and derive a SFR of almost one order of magnitude larger than that of the LMC. The
stellar mass derived from SED fitting is one order of magnitude lower then the LMC. From the
Ly line we estimate a high escape fraction of Lya photons. All host properties are summarized
in Tables 2.2 and 2.4.

In Figure 2.7 we plot the SFR vs. stellar mass for the host of SN Primo in comparison to both a
low redshift (Lampeitl et al., 2010, z < 0.21) and two high redshift samples from HST (Thomson
& Chary, 2011, 0.95 < z < 1.8) and SNLS (Sullivan et al., 2010, 0.2 < z < 1.0) samples. The host
of SN Primo clearly stands out from the low-z sample, due to its high specific star-formation
rate. The relation between SFR and stellar mass is expected to evolve with redshift as seen in
observations (Daddi et al., 2007; Elbaz et al., 2007). If SN host galaxies are representative of
field galaxies the blue points in Figure 2.7 are expected to shift upwards in the same way as the
green dashed lines (signifying z = 0, 1, and 2). It is hard to see that trend from the SNLS and
HST samples due to the scatter (HST) and degeneracies (SNLS) in the data. The degeneracies
(at constant sSFR) in the SNLS data is due to shortcomings in the SED fitting in Sullivan et al.
(2010).

Its derived metallicity is not unusually low for galaxies in general, but the metallicity is very
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Figure 2.7 The SFR-mass relation for SN Ia host galaxies. The (red) asterisk denotes the host
of SN Primo with error bars. Filled (blue) circles mark star-forming hosts in each sample. The
(magenta) crosses marks the passive hosts in each sample. The solid and dotted (green) lines
show the correlation between SFR and stellar mass for z ~ 0 (bottom), z = 1 (middle), and z = 2
(top) from Daddi et al. (2007, z = 2) and Elbaz et al. (2007, z ~ 0 and z = 1). The solid section
of each line marks the range of validity of the relations. (a) The low redshift sample (z < 0.21)
from SDSS (Lampeitl et al., 2010). The dashed line marks the cut, log(sSFR) = —10.6, between
star forming and passive galaxies. The contours mark the region enclosing 68% and 95% of
the star-forming sample. (b) The high redshift samples from HST (Thomson & Chary, 2011,
0.95 < z < 1.8, open (orange) circles) and SNLS (Sullivan et al., 2010, 0.2 < z < 1.0, filled (blue)
circles / (magenta) crosses). The apparent upper diagonal ridge-line for the Sullivan et al. (2010)
data is due to shortcomings in their SED fitting.

low for SN Ia host galaxies (Gallagher et al., 2005; Prieto et al., 2008). We plot the metallicity-
luminosity relation for the sample of Prieto et al. (2008, z < 0.04). The host of SN Primo has
a lower metallicity than any of the low-z galaxies (see Figure 2.8). The host of SN Primo also
falls below the mass-metallicity relation (Tremonti et al., 2004). We check why this could be the
case by comparing the host of SN Primo to the Fundamental Metallicity Relation (FMR) of star-
forming galaxies (Lara-Lopez et al., 2010; Mannucci et al., 2010) which relates metallicity, stellar
mass, and SFR. Mannucci et al. (2011) updated the low-mass slope of the FMR relation using
GRB host galaxies. The metallicity predicted by the FMR relation is within the error bars of the
measured metallicity. The residual between SN Primo and the FMR relation is A[12+log($)] =
0.07 £ 0.15. The host of SN Primo is therefore consistent with the FMR relation defined in
Mannucci et al. (2011). The FMR relation is consistent with a simple model (Dayal et al., 2013)
where the balance of gas infall, outflow, and star formation brings out the relation between SFR,
metallicity and stellar mass seen in the FMR relation.

The stellar age of ~ 1086 years (Table 2.2) could give an upper limit on the delay time of
SN Primo, assuming there is no underlying old stellar population. This would put SN Primo in
the prompt progenitor distribution (see Sullivan et al., 2006, for a review). There are however
caveats to the values derived from our SED fitting. It is assumed that there is no underlying old
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Figure 2.8 Metallicity—luminosity relation for SN Ia host galaxies. The (red) asterisk denotes the
host of SN Primo with error bars. The (blue) filled circles denotes the sample of Prieto et al.
(2008, z < 0.04, median error bar plotter to the lower left).

stellar population, which can not be ruled out. This is also seen in Table 2.2 where ages up to
~ 10? are still consistent within 1o.

In this paper we have used a redshift independent definition of a starburst based on the
value of the sSFR (log(sSFR) > —9.5, Sullivan et al., 2006). Alternatively a starburst can be
defined based on the SFR and M., of galaxies at the same redshift — the so called main-sequence
(MS) of galaxies (indicated in Figure 2.7a). The evolution of the MS with redshift, however, is
not fully settled (see Daddi et al., 2007; Wuyts et al., 2011; Whitaker et al., 2012, among other).
As indicated in Figure 2.7a the MS fits at z = 1 and z = 2 would have to be extrapolated down
to the mass of the host of SN Primo.

Gallagher et al. (2005) showed that the light-curve shape correlates with the Hubble type
of the host galaxy and Meyers et al. (2012) showed that both light-curve shape and SN peak
color are different between early-type and late-type galaxies. Sullivan et al. (2011) showed by
splitting up the SNLS3 sample of SNe Ia into a high and low sSFR sample, that the host galaxy
has an influence on the mean SN peak brightness and the correction of light-curve shape and
color correction. Galaxy evolution models find that sSFR increases with redshift out to at least
z = 2. Using the mass of the host of SN Primo the “host term” of Kelly et al. (2010) is 0.3 mag
(super-luminous SN). These dependencies highlight that the bulk of the training sample of SNe
Ia lies below z < 1 where the host galaxies are older and in general have a smaller sSFR. As
a consequence, this could introduce a potential bias in the distances derived to the high sSFR
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Table 2.1. Photometry of the host of SN Primo
Filter Instrument Aeff Magnitude® Corrected?
(nm) (AB mag) (AB mag)

U-band VLT/VIMOS 3753 24.69 4+ 0.02
F435W (B) HST/ACS 432.8 24.84 +0.02
F606W (V) HST/ACS 595.8 24.84 +0.02
F775W (i)  HST/ACS 770.6  24.86 +0.03 ...
F850LP (z) HST/ACS 905.3 24.80+0.04 24.88+0.04
F105W (Y) HST/WEC3 1059 24.50 +£0.01 24.56 4 0.01
FI125W (J) HST/WFC3 1252 24.274+0.01 24.71+0.01
F160W (H) HST/WFC3 1544 24.36 £0.01 24.714+0.01
Ks-band VLT/ISAAC 2168 24.47+0.17
Channel1  Spitzer/IRAC 3563 24.43 £0.05
Channel 2 Spitzer/IRAC 4511 24.4940.09

2The magnitudes before subtraction of the emission-line fluxes.

bThe magnitudes after subtraction of the emission-line fluxes.

host galaxies, when not explicitly including the host correction. As the sample of high redshift
and high sSFR SNe grows the size of this effect can be investigated further.
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Leloudas for comments and discussions. We thank the anonymous referee for valuable com-
ments that helped improve this manuscript. We thank Martin Sparre for providing his X-
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This work is based on observations taken by the CANDELS Multi-Cycle Treasury Program with
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tronomy, Inc., under NASA contract NAS5-26555. The Dark Cosmology Centre is funded by the
Danish National Research Foundation. This research has made use of the NASA /IPAC Extra-
galactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute
of Technology, under contract with the National Aeronautics and Space Administration.
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Table 2.2. Summary of SED fitting using FAST.

Parameter® Exponential®> Delayed®  Truncated!
log(t.[yr]) 8.50109%  8.60795% 8.6519:3%
log(7[yr]) 8.8072%0 8307210 9.40715%
Z 0.02015:9%%  0.0207092L  0.02075:018
Ay 0.00X3%  0.005075  0.00557
log(M.[Mo)) 8.80%0,  8.81%03F 884705
log(SFR[Muyr!]) 0.3370%7  0.327085 035755
log(sSFR[yr—1]) —8.47TL8T 8497115 8507505,
log(t./7) —0.30%595  0.30%55  —0.75157
X2 19.9 19.8 19.8

2We have assumed a Chabrier IMF

bExponential star-formation history: SFR(t) o« exp(—t/7), 7 >0

°Delayed star-formation history: SFR(t) o t - exp(—t/T)

dTruncated star-formation history: SF'R(t) = constant; for t € [t«, t« + 7], else

Table 2.3.  Emission lines detected in the spectrum of the host of SN Primo.

Line Wavelength Observed FWHM Flux*
[nm] [nm] [kms™!'] [107'"ergs™!em™2]

Ha \6563 1673.437055  0.657507 117138 <5103

[O 111] A5007 1276.7179:02 0447997 103+16 <6.0799

[O 111] \4959 1264.437904 0317007 75416 <2.1%04

Hp \4861° - - - <1.4703

[O11] AA3726,3729° 950.9070 05  0.351027 112750  <2.6%03

[N 11] A65864 - - - <0.3

Lya A1216° - - - <11.2%39

aFit of the observed flux corrected for Galactic extinction (E(B — V') = 0.008).

PIn each resampling the following fit was performed: The central-wavelength of the line was fixed to
Mg (1 + z), where Agg = 486.1325nm and z is the redshift. FWHM(HS) was fixed to FWHM(Ha) in
velocity units. Only the peak intensity was allowed to vary.

°The wavelength is that of [O11] A3729 (the red component) only, the flux is the sum of both compo-

nents.

450 upper limit of the non-detection.

°The Ly flux is the co-added flux from v = 0 — 600 km s~1. The error bars only cover the statistical

errors. The systematic error is ~ 40%.
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Table 2.4. Spectroscopic summary.

Parameter Value Assumed IMF
Redshift (heliocentric) z = 1.5499271 500008
Metallicity 12 + log(9) = 8.1219-%7
Z =0271500 72
Extinction Ay = 0.677 mag
Lya escape fraction fese = 0.25 +0.09 (£0.10)P
Star-formation rate:
SFR=6.4+03Mgyr~! Salpeter
SFR=43+02Mgyr~! Kroupa
SFR=38+02Mgyr~! Chabrier
Specific star-formation rate:
log(sSFR[yr~!]) = —=7.84+0.2 Salpeter
log(sSFR[yr~']) = —=8.0 £ 0.2 Kroupa
log(sSFR[yr~1]) = —8.14+0.2 Chabrier

&Assuming a solar oxygen abundance of 8.69 (Asplund et al., 2009)

bThe value in parenthesis covers the systematic uncertainty on the flux of Lya of 40%.
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3
THE TWIN IN THE SUBARU DEEP FIELD

The most exciting phrase to hear in science, the one that heralds new
discoveries, is not “Eureka!” but “That’s funny...”

Isaac Asimov

ABSTRACT — Context: The Subaru Deep Field (SDF) Supernova Survey discovered 10 Type Ia
supernovae (SNe la) in the redshift range 1.5 < z < 2.0, as determined solely from photometric
redshifts of the host galaxies. However, photometric redshifts might be biased, and the SN sample could
be contaminated by active galactic nuclei (AGNs).

Aims: We aim to obtain the first robust redshift measurement and classification of a z > 1.5 SDF SN
Ia host galaxy candidate

Method: We use the X-shooter (U-to-K-band) spectrograph on the Very Large Telescope to allow the
detection of different emission lines in a wide spectral range.

Results: We measure a spectroscopic redshift of 1.54563 £ 0.00027 of hSDF0705.25, consistent with
its photometric redshift of 1.552 + 0.018. From the strong emission-line spectrum we rule out AGN
activity, thereby confirming the optical transient as a SN. The host galaxy follows the fundamental
metallicity relation defined in Mannucci et al. (2010, 2011) showing that the properties of this high-
redshift SN Ia host galaxy is similar to other field galaxies.

Conclusions: Spectroscopic confirmation of additional SDF SN hosts would be required to confirm
the cosmic SN rate evolution measured in the SDF.

3.1 INTRODUCTION

The nature of the progenitor stellar systems of Type la supernovae (SNe la) remains a mystery
(see Howell 2011, Maoz & Mannucci 2012 and Maoz et al. 2013 for reviews). While both circum-
stantial and direct lines of evidence point to a carbon-oxygen white dwarf (WD; Nugent et al.
2011; Bloom et al. 2012 and see Leibundgut 2000 for a review) as the progenitor, the otherwise
stable WD must be ignited. The current consensus is that the carbon in the core of the WD is
ignited due to the buildup of pressure, or temperature, resulting from mass accretion from a
companion star in a binary system. The two leading scenarios for the nature of the progeni-
tor binary system are the single degenerate scenario (SD; Whelan & Iben 1973; Nomoto 1982),
which contends that the WD accretes mass from a main-sequence, helium, or giant star; and
the double degenerate scenario (DD; Iben & Tutukov 1984; Webbink 1984), in which the WD
merges with a second CO WD through loss of angular momentum and energy to gravitational
waves.
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Volumetric SN rates provide strong constraints on SN progenitor models. An important dis-
criminator between explosion scenarios is the delay time distribution (DTD), which quantifies
the distribution of times from progenitor formation to explosion.

A SN survey in the Subaru Deep Field (SDF) was conducted with the Subaru 8.2-m Tele-
scope. Graur et al. 2011b (G11) discovered 150 candidate SNe, of which 28 (10) were classified
as1l < z < 1.5 (2 > 1.5) SNe Ia. Each SN candidate in the SDF was observed in one of four inde-
pendent epochs, in the R, i’, and z’ bands. Consequently, variable active galactic nuclei (AGNs)
can be mistaken for SNe. G11 identified interloping AGNs using a catalog of known variable
AGN:Ss in the SDF (provided by T. Morokuma) and by culling SN candidates that appeared in
more than one of the four survey epochs (see their section 3.1 for a detailed description). How-
ever, lacking spectroscopy, the possibility that some of the z > 1.5 SDF SNe Ia are in fact AGNs
could not be ruled out.

Combining the measured SN rates with SN rates at other redshifts, and comparing to dif-
ferent realizations of the cosmic star-formation history, G11 set constraints on the SN Ia DTD,
which in turn impacts on the progenitor question. However, the classification of the SNe dis-
covered in the SDF is purely photometric and depends on the redshift of the host galaxy. The
redshifts of most of the SDF SN host galaxies, including those at z > 1.5, are photometric red-
shifts (photo-z’s). These photo-z’s are based on photometry in 11 bands, from the far-ultraviolet
(UV) to the near-infrared (IR), trained on hundreds of galaxies in the field with spectroscopy.
Yet, because of the inherent difficulty in obtaining spectroscopic redshifts for early-type galax-
ies due to the lack of strong emission lines, training the photo-z method used by G11 at high
redshift is difficult. There could be systematic biases in the redshift estimates in that range, bi-
ases that are not accounted for in the formal uncertainty. Because of the small number of SN
candidates, even a few ‘catastrophic’ photo-z failures or contamination by unidentified AGNs
could strongly distort the inferred DTD. In order to determine whether the G11 z > 1.5 rate
suffers from such systematic biases, the host galaxies of the SN candidates must be observed
spectroscopically.

The i’ = 24 mag host galaxy of SNSDF0705.25, denoted hSDF0705.25, was typed as a Sbc
galaxy with a sharp redshift probability distribution function (2-PDF) that peaked at z, =
1.552 £0.018. In Figure 3.1 we show the photometry of hSDF(0705.25, along with the best-fitting
galaxy spectral-energy distribution and resultant z-PDF.

In this research note we present a VLT /X-shooter emission-line spectrum, derive the spectro-
scopic redshift and classify AGN vs. star-formation activity of the SN host galaxy hSDF0705.25.
We also place constraints on the metallicity and star-formation rate of the host galaxy. From
broad-band photometry we determine the stellar mass to place the host on the fundamental
metallicity relation (FMR; Mannucci et al., 2010, 2011). Throughout this research note we as-
sume a flat ACDM cosmology with Hy = 70 km s~! and ©,,, = 0.3.

3.2 DATA

The spectrum of hSDF0705.25 was obtained on 2012 April 23 with the X-shooter spectrograph
(D’Odorico et al., 2006; Vernet et al., 2011) at the Very Large Telescope (VLT) at Cerro Paranal,
Chile. We used an ABBA on-source nodding template with an exposure time of 1.3 hr (4x1200
sec) and a 0”9 slit.! The spectrum was obtained under clear conditions. For details on high-
redshift emission-line spectroscopy with X-shooter, see Frederiksen et al. (2012).

1A 170 slit in the UVB arm.
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hSDF0705.25: z, = 1.552 £ 0.018, x2 =1.4, Mp = —20.71
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Figure 3.1 zesra fit and resultant z-PDF of hSDF0705.25. The left panel shows the actual pho-
tometry (filled circles), the best-fitting galaxy template (solid line), and its synthetic photometry
(empty circles). The vertical error bars denote the photometric uncertainty, and the horizontal
error bars show the width of the filter. The 1o upper limit on the photometry in the GALEX
FUV band is shown as the downturned arrow. The header gives the designation of the SN host
galaxy, most probable photo-z (z,), the x? per degree of freedom of the fit, and the absolute
B-band magnitude the galaxy would have at z,. The right panel shows the resultant z-PDF
peaking at z, = 1.552 & 0.018. The red line marks the spectroscopic redshift obtained in this
work.

The X-shooter spectra were reduced using the official X-shooter pipeline? v1.3.7. The extrac-
tion of the object spectrum was conducted with our own IDL script, and flux calibration was
done using the flux standard star, LTT 3218.3

The broad-band photometry was taken from G11.

3.3 ANALYSIS

The flux-calibrated spectrum is corrected for Galactic extinction and slit loss. The Galactic ex-
tinction along the line of sight to hSDF0705.25 is Ay = 0.042 mag* (Schlafly & Finkbeiner, 2011)
and we assume the Galactic extinction law of Fitzpatrick (1999). The slit loss correction assumes
a A~%2 variation in seeing.’

In the available atmospheric transmission windows, we detect a strong emission line at
1671.88 nm which we identify as Ha at z = 1.54563 £ 0.00027. This identification is supported
by the detection of HB, [N 11] 6583, and [S1I] 6716,6731 at the same redshift. We do not detect
[O111] 4959,5007 in the spectrum and can therefore only derive upper limits on its flux. We also
detect [O11] 3726,3729 in the VIS arm of X-shooter, but the blue part of the doublet is obscured
by a skyline. Without the detection of [O 111] 5007 we cannot derive a metallicity from the Ro3-
ratio. We therefore only consider the emission lines present in the NIR arm as presented in
Figure 3.2. The detected emission lines in the spectrum are fitted individually with a Gaussian

2See, http:/ /www.eso.org/sci/software/pipelines/

3See http:/ /www.eso.org/sci/observing/tools/standards/spectra /1tt3218.html

4Quoted from the NASA /IPAC Extragalactic Database (NED) website: http://ned.ipac.caltech.edu/
5The standard star itself was observed with a 5 slit, making slit losses negligible.
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Figure 3.2 X-shooter 1D and 2D spectrum of hSDF(0705.25. The spectrum has been corrected for
Galactic extinction. The solid (red) line shows the fit to the emission lines assuming a Gaussian
line profile. The dashed line shows a scaled version of the Ha line assuming the same FWHM
(in velocity units) and extinction in the host of E(B — V) = 0 mag (upper) and E(B — V) = 0.5
mag (lower). Color version available online.

line profile and the flux is calculated from the fit. The H/ line is severely affected by noise and
therefore not fitted. The Ho line seems to have a larger line width then other lines. which might
be an artifact due to the masked skylines on either side of the line. The masked skylines allow
for a wider fit and the central part of the line does not constrain the fit to a more narrow profile.
For Hp, we plot in Figure 3.2 a scaled-down version of the Ha line assuming case-B recombi-
nation, central wavelength and FWHM (in velocity units) as for Ha, and intrinsic reddening in
the host of E(B — V) of zero or 0.5 mag (Calzetti, 2001) to illustrate the variation allowed by the
spectrum.

The emission line ratios N2 = log([N 11] 6583/ Ha) and O3 = log([O 111] 5007/ H 3) are among
the main diagnostics for discriminating between star formation and AGN activity by way of
the Baldwin, Phillips, & Terlevich (1981, BPT) diagram. The N2 diagnostic places the host in
the star forming region of the BPT diagram. This is also supported by the O3 diagnostic, which
provides an upper limit. The upper limit on O3 is calculated using the 30 upper limit on [O111]
and the predicted HS flux from the Ha flux. We calculate the Hg flux assuming E(B—V) = 0 or
0.5 mag to make sure the classification does not depend on the assumed amount of extinction
in the host galaxy. (N2 = —0.88, O3 < 0.28, see e.g. Frederiksen et al., 2012, their Figure 5).
The lack of a broad-line component in the emission lines (see Table 3.1) and the absence of
strong emission from C IV 1550 and Mg II 2799 also supports the conclusion that the line-flux is
dominated by star formation and not AGN activity.

From the N2 line ratio we derive a metallicity of 8.40£0.18 (Pettini & Pagel, 2004, PP04). We
use the emission-line calibrations of Kewley & Dopita (2002, KD02) to constrain the metallicity.
(In addition we get a constraint on the ionization parameter ¢q.) We make use of the emission-
line ratios N2 and N203 = log([N11] 6583/[O 111] 5007). The N2 ratio (like the PP04 metallicity)
places the host galaxy in the low-metallicity regime at 12 + log(O/H) < 8.55. The N203 ratio
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Table 3.1 Spectroscopic summary

Line Wavelength ~ Obs. FWHM® Int. FWHM* Flux

(nm) (kms~1) (kms~1) (107" erg s~ cm™?)
Ha 1671.88 + 0.09 117 £ 18 103 £ 18 58.8 +£10.4
[N 11] 6583 1677.45 £+ 0.07 47+ 14 7.7+ 3.1
[S11] 6716 1711.04 £ 0.11 50 + 21 104+ 5.0
[S11] 6731 1714.64 £+ 0.09 73+ 16 47+ 16 99+ 2.8
[O111] 5007° <232+104
[O111] 4959° < 9.1+104

a) The instrumental resolution is 57 km s~1. b) This is the 30 upper limit on the flux.

Table 3.2 Derived properties of the SN host galaxy hSDF0705.25

Property Value
Redshift z = 1.5456 4+ 0.0003
Star-formation rate® SFR=4.0+0.7Mg yr !
Metallicity (PPO4) 12 + log(O/H) = 8.4+ 0.2
Metallicity (KD02) 12 +log(O/H) < 8.0
Ionization parameter (KD02) g<4x10"cms™!
Stellar mass® log(M.[Mg]) = 9.467 553
Specific SFR? log(sSFR[yr~']) = —8.86701%
Host extinction® Ay host = 04707 mag
Stellar age® log(t.[yr]) = 7.9152

a) Assuming a Chabrier (2003) IMFE. b) SFR is a lower limit as extinction in the host galaxy
would make the intrinsic SFR higher by 34% (Ay = 0.4). ¢) Using an exponentially declining
star-formation history, redshift fixed to the spectroscopic redshift, and metallicity fixed to
Z =0.008 (i.e. 12 4 log(O/H) ~ 8.4). d) Assuming Ay = 0.4 corresponds to a shift of
Alog(sSFR) = +0.127.

gives us an upper limit of 12 + log(O/H) < 8.0 (and ionization parameter ¢ < 2 x 107 cm s™1).

We convert the rest-frame Ho luminosity into a star-formation rate (SFR) using the calibra-
tion of Kennicutt (1998), rescaled to a Chabrier (2003) initial mass function (IMF). The observed
SFR, 4.0 & 0.7 M, yr~!, represents a lower limit to the intrinsic SFR of the host galaxy, due to
the unconstrained extinction in the host galaxy.

The photo-z fitter zesra (Feldmann et al., 2006) is not suited for deriving stellar parameters
like the mass of the galaxy. We therefore fit the Subaru+UKIRT (B, V, R, 7, Z/, ] and K) photomet-
ric measurements (corrected for foreground extinction in the same way as the spectrum) using
the rast SED fitter (Kriek et al., 2009). We derive the intrinsic extinction, stellar mass, and stellar
age of the host galaxy (see Table 3.2). The extinction in the host is not very well constrained
(0 < Ay < 1.1) so we assume Ay = 0 in our further analysis. We calculate the specific SFR
(sSFR, see Table 2) using the Ha: SFR and the stellar mass from rasrt.

3.4 DISCUSSION

We find a highly star-forming (i.e., high sSFR), low-metallicity SN host galaxy (see Frederiksen
etal., 2012, for the discussion of another high SF low metallicity SN host at similar redshift). The
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derived SFR may be affected by extinction in the host galaxy, but due to the low signal-to-noise
ratio of the Hf line we are not able to place any strong constraints on it. Likewise, the extinction
derived from SED fitting does not provide a strong constraint. If we use the best fit SED value
of Ay = 0.4 mag the SFR would increase by 34%.

The stellar mass and SFR of hSDF0705.25 places it midway between the z = 1 and z = 2
main-sequence of star-forming galaxies defined in Daddi et al. (2007) and Elbaz et al. (2007).
As hSDF(705.25 falls on the main sequence at its redshift, it can be classified as an average
star-forming galaxy at its redshift. Alternatively, the sSFR can be used to define whether a
galaxy is passive, star forming or a starburst galaxy. Using the definition of Sullivan et al. (2006,
see their Figure 6), the high sSFR of hSDF0705.25 makes it a starburst galaxy. Such galaxies
are representative of the “prompt” population of the DTD of SNe Ia (Mannucci et al., 2005;
Scannapieco & Bildsten, 2005; Maoz & Mannucci, 2012).

The combination of SFR, stellar mass, and metallicity of hNSDF0705.25 is fully consistent with
the FMR defined in Mannucci et al. (2010, 2011). In Figure 3.3, we plot the metallicity against
the projection parameter pi 32 = log(M,)—0.321og(SF R) defined in Mannucci et al. (2010). The
SER is not corrected for host extinction. For Ay = 0.4 mag, the correction would amount to a
difference of 0.04 dex in p9.32. The metallicity in Figure 3.3 is derived from the [N 11]/Ha ratio
and translated from the PP04-calibration to the KD02-calibration using Kewley & Ellison (2008).
At metallicities above 8.4 the KD02-calibration is consistent with the calibration of Maiolino
et al. (2008) used in Mannucci et al. (2010, 2011). The hSDF0705.25 and the host of SN Primo at
z = 1.55 (Frederiksen et al., 2012) are the two SNe Ia above z > 1 for which a measurement of
gas-phase metallicity has been obtained. For comparison we also plot the sample of gamma-
ray burst (GRB) host galaxies at 0.01 < z < 1 from Mannucci et al. (2011) and a sample of
lensed galaxies presented in Richard et al. (2011, 1.5 < z < 3.5) and Christensen et al. (2012,
1.5 < z < 3.5). The fact that high-redshift SN Ia host galaxies follow the FMR relation suggests
that they follow the same evolutionary path as regular field galaxies.

3.5 CONCLUSIONS

Our derived spectroscopic redshift, z = 1.54563 £ 0.00027, is in full agreement with the G11
photometric redshift of = = 1.552 & 0.018 (Figure 3.1). We also exclude AGN activity as the
source of the emission-line flux. From the flux of the Ha line we derive an observed SFR and
from the emission line ratios we constrain the host-galaxy metallicity.

The SN Ia rates at high redshift are dominated by small-number statistics. The three z > 1.4
SNe Ia found with the Hubble Space Telescope (HST) in the HST/GOODS survey (Dahlen et al.,
2008a) belong to host galaxies with measured spectroscopic redshifts and no AGN activity. On
the other hand, the larger Subaru/SDF sample includes ten SNe Ia at z > 1.5, but their classifi-
cation as SNe Ia relies on photometric redshifts which, at high redshifts, might be systematically
offset. Two ongoing HST Multi-Cycle Treasury programs, the Cluster Lensing and Supernova
survey with Hubble (Postman et al., 2012) and the Cosmic Assembly Near-IR Deep Extragalac-
tic Legacy Survey (Grogin et al., 2011; Koekemoer et al., 2011) and the upcoming Frontiers Fields
will find new SNe out to z = 2.5 (Rodney et al., 2012; Jones et al., 2013; Graur et al., 2013), but
their samples will still be small and will suffer from the same classification challenges faced by
the GOODS and SDF surveys. For example, in the HST/CLASH survey, 2 of 4 z > 1.2 SN Ia
with light curves in multiple filters have spectroscopic redshifts (Graur et al., 2013). It is thus
important to test the robustness of the SDF SN Ia rate measurements by spectroscopically mea-
suring the redshifts of the SN host galaxies, and ascertaining whether the SN sample was con-



3.5. Conclusions 41

9.0 T -
| ‘D)j/ 1
L ‘ 3 D D |
~~ o
T gt | L |
o) i hSDF0705.25 4178 % .
5 5L 16 4% *
L L = |
O L / " ]
+ - SN Primd” * u 1
I host . N 1
AN ¢
— 80 B /'D Mannucci et al. (2010, SDSS)
i e ¢ Mannucci et al. (2011)
- L 4 [JRichard et al. (2011)
- L7 = [l Christensen et al. (2012)
L , i Frederiksen et al. (2012)
7.5H/‘/HHH\HHHH‘\HHH"&thiswork

Il 3 9 10 11 12

Ho.32

Figure 3.3 The Fundamental Metallicity Relation (FMR). The parameter pg32 = log(M,) —
0.32log(SFR) is the projection in the stellar mass, SFR plane. The two circles (red) are the
two high-redshift SN Ia host galaxies with measured gas-phase metallicity, hSDF(0705.25 and
SN Primo (Frederiksen et al., 2012). The crosses are the binned data from the Sloan Digital Sky
Survey (York et al., 2000, SDSS) used in Mannucci et al. (2010). The diamonds (blue) are GRB
host galaxies used to calibrate the low metallicity slope in Mannucci et al. (2011, z < 1). The
squares are lensed galaxies from Christensen et al. (2012, yellow, z > 1) and Richard et al. (2011,
green, z > 1.5). The dark (blue) line is the parameterization of Mannucci et al. (2011) (solid in
the range of validity, extrapolation in dashed blue, high metallicity as constant, low metallicity
as straight line). The two SN Ia host galaxies (2 = 1.5) are fully consistent with the FMR of
star-forming field galaxies.

taminated by unclassified AGNs. The confirmation of the photometric redshift of hSDF0705.25,
and its classification as a star-forming, non-AGN-hosting galaxy, represents the first step in this
endeavour. hSDF0705.25 is the brightest of the high-redshift SDF SN Ia host galaxies, so to
investigate other high-redshift SDF SNe hosts will require longer exposure times on ground
based near-IR spectrographs (like X-shooter). The study of early-type galaxies at these redshifts
is currently beyond the capabilities of single object, ground based IR spectrographs, and will
require observations from the future generation of ground based and space based instruments.

We thank Martin Sparre for providing his X-shooter meta-pipeline, which simplified the re-
duction of the X-shooter spectra significantly. The Dark Cosmology Centre is funded by the
Danish National Research Foundation. DM and OG acknowledge support by a grant from
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the Israel Science Foundation. This research has made use of the NASA /IPAC Extragalactic
Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space Administration.
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HIGH REDSHIFT SN HOST SAMPLE

ABSTRACT — Characterizing the environment of type In supernovae allow us to get more insight
into their progenitors. We therefore present the characteristics of 21 high-redshift (z > 1) SN host
galaxies (14 SN Ia, 5 core-collapse SN, and 2 of unknown type). Among the sources for which we
determine the spectroscopic redshifts are the highest redshift SN In and CC SN. We perform SED
fitting to available UV-to-near-IR photometry to determine stellar parameters. From the stellar age we
determine the stellar main-sequence mass of the progenitors of the fastest prompt SN la population at
z=15—2.0tobe~5—8Mg. Wediscuss the implications of three major findings:

1) We analyze the prompt-to-delayed SN-ratio using the A+B model. We determine the ratio of the two
parameters A and B and show that this ratio changes as a function of redshift out to z ~ 2. This is
consistent with no evolution of the Delay Time Distribution (DTD) of type Ia SNe.

2) We propose a new parameterization of the A+B model that is derived from the assumption that the
DTD is not evolving.

3) We find a fraction of SN In with very short delay times (i.e. prompt) of 0.50—0.71. This is consistent
with the findings of Rodney et al. (2013). They find that the very prompt part of the DTD is consistent
with a powerlaw of slope —1.

4.1 INTRODUCTION

Thermonuclear supernova explosions (SN Ia) have become the most important tool for probing
the expansion history of the Universe in recent decades.

The Wide Field Camera III's Infrared detector (WFC3/IR) onboard the Hubble Space Telescope
(HST) has made it possible to detect SNe Ia at redshifts up to z ~ 2. At these very high redshifts
we can start to disentangle evolutionary effects from cosmological effects (Riess & Livio, 2006).
Furthermore we can compare how the host galaxy population compares to the general field
population. If the progenitor (or mix of progenitor types) changes over cosmic time then the
host galaxies will also change as a function of redshift. So by characterizing how the population
of SN Ia hosts change as a function of redshift we are able to indirectly characterize the SN
progenitor population itself.

One promising measurement that would shed light on the explosion mechanisms of SNe is
the so-called delay time. The delay time denotes the time from the progenitor star is born until it
explodes as a SN. The distribution of all delay times in a SN population is called the Delay-time
distribution (DTD),

R(t) = 2, (4.1)
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where r(t) has units of SNe per year and R(t) has units of SNe per year per unit stellar mass.
The DTD corresponds to the observed SN rate (per unit stellar mass) after a hypothetical single
burst of star formation creating an amount of stars equal to A,. Scannapieco & Bildsten (2005)
and Mannucci et al. (2005) proposed that the SN Ia rate in galaxies could be inferred from the
stellar mass and star-formation rate (SFR) of the galaxy,

r=A-M,+B-SFR (4.2)

This fits very well with the fact that star forming galaxies have a much higher rate of SN Ia per
stellar mass than passive galaxies. Passive galaxies on the other hand still have a non-zero SN
rate. This model was called the A+B model. The A+B model corresponds to a DTD with only
two delay-time bins. The prompt delay times dominate the young stellar populations where
many new stars are created, whereas the SNe with long delay times are dominant in old stellar
populations where there are no new stars formed.

Several studies have measured the shape and normalization of the DTD. Strolger et al. (2010)
assumed that the DTD could be described by a generalized skew-normal function with width
and skewness as free parameters. This analysis found the SN Ia DTD to have most power at
3 — 4 Gyr. Other determinations yield a powerlaw behavior with a slope consistent with —1
(see Maoz & Mannucci, 2012, for a review). A powerlaw-like DTD is expected form double-
degenerate SN models (see Chapter 1 Figure 1.6).

In this chapter we present and describe the sample of high redshift SN host galaxies from
the CLASH and CANDELS surveys. We present stellar parameters (like stellar masses, stellar
ages, SFR, and extinction) derived from SED fitting. We will in the discussion especially focus
on three areas of interest that are impacted by our analysis:

e Evolution (or lack thereof) of the shape of the DTD as a function of redshift
e A new formulation of the "A+B model".
e The fraction of SNe explosions with very short delay times (Prompt SNe).

We assume a flat ACDM cosmology with Hy = 71.2 km s~! and Q,,, = 0.264 (Hinshaw et al.,
2012, WMAP9). All magnitudes are reported in AB magnitudes unless explicitly stated other-
wise.

4.2 DATA & SAMPLE SELECTION

Our host galaxy sample is compiled from the transients detected in the CLASH and CANDELS
surveys from 2010-2012, and where the transients are classified as SNe (using light curve and
color information). As of March 2013 this list was frozen. The full list is presented in Table 4.2.
In case of multiple host candidates the most probable host was chosen based on the angular
separation, magnitude of the SN, and the redshifts of the potential host candidates. From this
raw sample we construct our sample using the following selection criterion:

(A) We select high redshift host galaxies depending on the redshift quality.
i) If the host has a spectroscopic redshift above z > 1 it is included in the sample.
ii) If no spec-z is available we require a well-constrained phot-z > 1 (well-constrained
means Az/(1 + z) < 0.2, hosts that fail this criterion are marked by “(-)” in table 4.2)
iii) If the phot-z is not well-constrained we require that the 95% confidence interval com-
pletely lies above z > 1 (i.e. z — Az > 1).
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(B) We apply a magnitude cut of J < 25 or if | is not available Z < 26 to make sure we can do
follow-up from ground.

Our final sample is listed in Table 4.3.

As a consequence of the freezing of the list, the few SNe that had only a preliminary classi-
fication or where there was some ambiguity about the classification might therefore be subject
to change in future works.

4.2.1 SPECTROSCOPIC DATA

The SN hosts selected using the above stated selection criteria were followed up with the
VLT /X-shooter spectrograph® (as described in Frederiksen et al., 2012) unless a spectroscopic
redshift was already determined or the object was not visible from the VLT.

4.2.2 PHOTOMETRIC DATA

All host galaxies in our high-z sample (satisfying criteria A, and B, see Table 4.3) are located in
four CANDELS fields (GOODS-S+N, EGS and UDS) and five CLASH fields (A383, MACS0416,
A2261, RX]J2129, MS2137, MACS2129).

In the CANDELS GOODS-S field we make use of photometry from CTIO/MOSAIC (U-
band), VLT /VIMOS (U-band), VLT /ISAAC (J+H+K;-band), Spitzer /IRAC (Channel 1-4), HST/
ACS (F435W, F606W, F775W, F850LP), and HST/WEC3 (F105W, F125W, F160W). In the CAN-
DELS GOODS-N field we make use of photometry from KPNO/Mosaic (U-band), Spitzer /IRAC
(Channel 1-4), HST/ACS (F435W, F606W, F775W, F850LP), UKIRT/WFCAM (], K;-band). In
the CANDELS EGS field we make use of photometry from CFHT/MegaCam (u*, g’, r’, i’, Z),
UKIRT/WFCAM (], Ks-band), Spitzer/IRAC (Channel 1-4). In the CANDELS UDS field we
make use of photometry from SUBARU/SuprimeCam (B, V, R’ ,i’ ,z’), UKIRT/WFCAM (K-
band), HST/ACS (F606W, F814W), HST /WFC3 (F125W, F160W).

In most CLASH clusters there is only photometry from SUBARU/SuprimeCam (B, V, R,
i’, ), but for some hosts follow-up photometry is available from HST/WFC3 (F125W, F160W)
where the galaxy light is not contaminated with SN light.

4.3 ANALYSIS

The detailed reduction procedure of the X-shooter spectra is described in Frederiksen et al.
(2012, see Chapter 2).

4.3.1 SED FITTING

For determining physical parameters of our host sample we use the SED fitting code GalMC
(Acquaviva et al., 2011). We assume a Chabrier (2003) Initial Mass Function, and we use the
2007 update of the Bruzual & Charlot (2003) stellar libraries. The extinction in the host galaxy
is modeled using a Calzetti et al. (2000) extinction law.

The available photometry is first corrected for galactic extinction using the updated Schlegel
maps (Schlafly & Finkbeiner, 2011)2. For most targets in most bands the extinction is compara-
ble or lower than the errors on the magnitudes. We add 0.05 magnitudes in quadrature to the
photometric error in all bands to account for template mismatches (see Dahlen et al., 2010). We

1ESO Program ID: 088A-0708, 089A-0739, 090A-0726
2Taken from the NED website, http:/ /ned.ipac.caltech.edu/



46 4. High redshift SN host sample

discard any bands that might probe the rest frame Mid-IR (A > 3um) as these can contain un-
modeled PAH emissions. For our sample this affects Spitzer/IRAC channel 3 and 4 for objects
with redshifts z < 1.3 (Ch. 3 + 4) or z < 2.3 (Ch. 4 only).

We run GalMC MCMC? chains for 25000 - 50000 steps depending on the number of pa-
rameters?. For some chains the initial guess was far from the best fit and the chain therefore
didn’t converge within 25000 — 50 000 steps. A new chain was therefore started at the best fit
point and allowed to run for 25000 — 50 000 steps. This approach has ensured that the burn-in
phase for most objects are just a few thousand steps. See Figure 4.17 — 4.26 for detailed plots
on each of the chains. For objects that only have a phot-z we also let the redshift vary and later
marginalize over the redshift.

To gauge the effect of assuming different SFH, we perform four separated fits to the photom-
etry: One fit using a single burst model (simple stellar population, SSP), one using a constant
SFH (CSF), and one using an exponential SFH (7-model, with 7 as a free parameter). We also
gauge the presence of an underlying second population by fixing the age of the best fitting
single burst model and then fit a second burst with the age- and mass-ratio between the two
populations left as free parameters (2xSSP). For each fit we calculate the Bayesian Information
Criterion (BIC),

BIC =-2InL+kInN, (4.3)

where L is the likelihood function, % is the number of parameters and N is the number of
photometric data points. The BIC penalizes the extra free parameters. We choose the SFH with
the lowest BIC value for each host galaxy. See the full list of BIC values in Table 4.4.

The star-formation rate (SFR) is derived from the observed flux corresponding to the rest
frame UV (1500-2800A). The observed flux is converted to UV luminosity and corrected for
host extinction using the Calzetti et al. (2000) extinction law and the E(B — V') values from the
MCMC chain. We use Kennicutt (1998) to convert UV luminosity to SFR.

4.3.2 EMISSION LINE REDSHIFTS

For the three hosts Quayle, Wilson, and Cleveland (see Tabel 4.1) we have determined the red-
shift from strong emission lines using X-shooter (along with the Primo host already presented
in Chapter 2 of this thesis). See Table 4.1 for a list of all SN hosts targeted by this program. SN
Wilson (Jones et al., 2013) is the highest redshift SN Ia with a spectroscopic redshift (z = 1.91),
likewise Quayle is the highest redshift CC SN with a spectroscopic redshift (z = 2.37). For
Quayle and Cleveland we detect multiple lines (see Table 4.3) and can derive an un-ambiguous
redshift. The spectra are presented in Figures 4.1 & 4.2.

For the Wilson host we only detect one strong line. This leads to two plausible redshift
solutions at z ~ 1.2 and z ~ 1.9. We therefore have to deduce the most proper redshift solution
from low signal-to-noise lines and lack of strong lines. In host galaxies like the Wilson host we
expect to see He, H3, [O 111] 4959,5007, and [O 1I] 3726,3729. In Figure 4.3 we plot the emission
lines that fall in the atmospheric transmission window at the two redshift solutions. The solid
lines in each panel show best fit line shapes and dashed lines show predicted line shapes. The
high-redshift solution is consistent with low signal-to-noise expected emission lines. The low-
redshift solution does not show strong emission of [O II1] 4959,5007 as would be expected. We
therefore conclude that the high-redshift solution is most consistent with the spectrum, whereas
the low-redshift solution is unlikely, but we can not rule this solution out from the spectrum

SMCMC: Markov Chain Monte Carlo
41f the redshift is free to vary or a second population is present the MCMC chain will need to run for longer.
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Table 4.1 All triggered sources under our program.

Name Exp. time Cont.® Em.line® Notes

Primo 13h - v z=1.55

Washington 13h - - No lines detected

Wilson 40h - v z=1091

Cleveland 33h - v z =141

Caligula 13h - - No lines detected

Geta 27h v - Continuum consistent with photometry
Trajan 0.7h - - No lines detected

Vespasian 13h v - Very-low-S/N Continuum detected
Quayle 33h - v z=1091

Tiberius 0.7h - - (Telescope error)

Jackson 1.3h - v z =0.66

Vitellius 1.3h - v (Transient disappeared. SN? z = 1.54)
Noah 53h - - (Transient not a SN)

Rose* 1.3h - - SN spectrum contaminated by intra-cluster light.

* Rose is the only target where we targeted the SN directly, instead of the host.
a) Continuum emission detected in the spectrum.
b) Strong emission lines detected in the spectrum.
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Figure 4.1 The emission line spectrum of the host of SN Quayle at z = 2.370. The solid lines
show the best-fitting Gaussian line profiles. When fitting the Ho and [N II] 6583 line the width is
fixed to the width of the [O I1I] 5007 line (in velocity units). The dashed line shows the predicted
line profile of [O I11] 4959 assuming a line ratio of the [O III] 4959,5007 doublet of 1 : 3.
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Figure 4.2 The emission line spectrum of the host of SN Cleveland at z = 1.406. The solid lines
show the best-fitting Gaussian line profiles. The dashed line shows the expected line shape of
Hp calculated from the Ho line, assuming Case-B recombination and no host extinction. The
over prediction Hf flux, is most probably due to extinction in the host of SN Cleveland.

alone. SED fits to the broadband photometry of the host presented in Jones et al. (2013) and in
our analysis both prefer a high-redshift solution.

4.3.3 PHOTOMETRIC REDSHIFT TEST

Approximatly half of all SN Ia in the sample does not have a spec-z. We therefore need to make
sure that the redshift used by GalMC is un-biased. We check this by fitting all object with a
spec-z for a photo-z and compare the two. The residual is usually quantified by the ratio %ﬁs,
where Az = z,), — % is the difference between the phot-z, z,;, and the spec-z, z,. Figure 4.4
shows the cumulative distribution of the residual. Most phot-z (except two) lie within 10% of
the spec-z. The two outliers are Polk (leftmost curve) and Obama (right-most curve). Polk is
a very red galaxy with large error bars®. The fit therefore has a broad distribution which is
not centred on the spec-z. The broad-band photometry of Obama shows an overall powerlaw
behavior which makes it hard for the code to identify a break.

The outlier fraction in this testis fo,; = 2/12 = 16.7%. After excluding the outliers the phot-
z biasis b = 0.018 = 1.8%. The spread in the phot-z estimates (average of lower and upper 65%
error bars) is 0, = (0.0677 4 0.0847)/2 = 0.076 = 7.6%.

This test shows that GalMC fits are not skewed when no spec-z is present, but when eval-
uating the quality of a GalMC fit we also keep the phot-z from other sources in consideration
as to minimize catastrophic outliers like Polk and Obama. In CANDELS a phot-z estimate is
calculated using GOODZ (Dahlen et al., 2010) and in CLASH a phot-z is calculated using BPZ
(Benitez, 2000).

5The large errorbars are due to contamination from diffraction spikes from a nearby star in all HST bands.
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Figure 4.3 The emission line spectrum of the host of SN Wilson. Top: Identifying the strong
emission line as [O III] 5007 (z = 1.91). The other expected emission lines have very low signal-
to-noise. When fitting [O I1] 3726,3729 and H/ we fix the line width to the width of [O I1I] 5007
(in velocity units). The [OII] 3726,3729 doublet is fitted with a double gaussian profile, with
fixed 1 : 1 line ratio and a fixed ratio between the wavelength of the red and the blue peak. Bot-
tom: Identifying the strong emission line as Ha (2 = 1.22). The dashed lines are the predicted
Hp and [O I1I] 4959,5007 line shapes. For the Hf line we assume Case-B recombination and no
extinction in the host galaxy. For the [O III] 4959,5007 we assume a line ratio of 1 : 3 and that the
[OIII] 5007 and Ha lines have comparable (equal) line fluxes (as seen in the hosts of SN Primo,
Cleveland and Quayle). The [O I1I] 4959,5007 doublet seems inconsistent with the low-redshift

solution.

4.3.4 SPECIAL CASES

When going through the SED fitting results we noticed that objects like Vespasian and Trajan
had a large inferred amount of extinction. The initial fit of Vespasian converged on a young
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Figure 4.4 Cumulative distribution of the residual between the phot-z and spec-z. The thin lines
(SN Ia: red, CCSN: blue, Unknown: green) show the distribution of each individual host galaxy,
where all but two are within 10%. Thick solid line shows the combined distribution of all hosts
(the bias is 1.8%) and the dashed line shows the distribution after excluding the two outliers.
The two outliners are Polk (left-most curve) and Obama (right-most curve).

population at low redshift with a large amount of extinction, E(B — V') > 1 magnitude.

When fitting Polk, the fit also converged on a low-z, young, highly extinct population which
made Polk a catastrophic outlier in the phot-z test. Such high values of extinction are also clearly
outliers to the rest of the sample which all have E(B — V) < 0.5. The X-shooter spectra of Geta,
Trajan, and Vespasian, all show continuum emission but no emission lines. We therefore know
that these three hosts can not be dusty young galaxies. A very dusty galaxy may also have
extinguished the SN below detectability. We therefore impose an extinction prior to all objects
in the sample and for all SFHs, but the prior primarily has an effect on objects with very red
colors and is crucial for objects without a spec-z.

Aside from the red objects Vespasian and Trajan, Colfax is also a special case. The Colfax
host does not have a spec-z, but from the (medium-band) colors of the SN itself the redshift
range has been narrowed down to z = 2.1 £ 0.2. We therefore constrain the redshift to this
range in the SED fit. This is not the same as using the phot-z derived from other codes as priors
for the redshift as that would use the the same data twice (photometry of the galaxy). This prior
is based on the photometry (colors) of the SN and is therefore independent of the photometry
of the host galaxy.
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4.3.5 A REFERENCE SAMPLE

We want to compare stellar masses and stellar ages from our sample to a sample of generic
galaxies. We use the NEWFIRM Medium-Band Survey (Whitaker et al., 2011, NMBS) as a ref-
erence sample. The NMBS survey provides a catalog of stellar parameters, with masses and
stellar ages. We use the same selection criteria to select a subsample of the NMBS that matches
our SN-selected sample.

The stellar-parameters catalog is prepared using FAST (Kriek et al., 2009). To make sure
that the stellar age derived using FAST (logtr) is comparable to the ages derived using GalMC
(log te) we determine the mathematical transform that transforms the GalMC age distribution
into the FAST age distribution. The transformation between two probability distributions is

Fg(logtg) = Fp(logtp), (44)

where Fz and Fr are the cumulative distribution functions (CDFs) of the stellar ages derived
by GalMC and FAST, respectively. We write this as logte = T'(logtr), where the transform is
defined as

T(x) = Fg' (Fr(x)). (45)

We calculate the empirical transform, T'(-), by fitting all our host galaxies using FAST with the
same settings as in the NMBS catalog. We then determine a crude continuos CDF from the
68% and 95% confidence intervals of each fitted object. The sum of all the individual CDFs
then approximates Fr(-). The individual GalMC CDFs are calculated directly from the MCMC
chains of GalMC. F(+) is then, like Fp(-), the sum of the individual CDFs. The final plot of T'(-)
is shown in Figure 4.5. The empirical transform is fitted with a fourth order polynomial,

logte = T(x) = —310.049 + 102.501z — 10.207727 + 0.206103z> + 0.01104302*, (4.6)

with # = logtr which is used in the computations (range of validity: 7.6 < logtr < 9.7). It
is worth noting that GalMC ages are systematically younger then the ages computed by FAST.
The youngest ages are offset by 1 dex.

The disadvantage of choosing the NMBS survey is that it is a ground based survey that is
only complete to a depth of ~ 23.5 AB mag which is more shallow then our faintest objects at
K ~ 24.5 mag.

4.4 DISCUSSIONS

In figure 4.6, we see that all the CCSN (in blue) lie above or on the MS for z = 1 — 2. The SN Ia
(in red) are more evenly dispersed across the SFR-Mass plane. This is in line with the prediction
that CCSN stem from young star-forming populations and SNIa can stem from both young and
more evolved populations.

We take a closer look at the three youngest hosts (Caligula, Primo, and Wilson, z = 1.5 —2.0)
which all have stellar ages younger than logt, < 8.0 and single stellar populations (See Figure
4.9 for age distribution of the full sample). We use these SN hosts to probe the most prompt
population of type Ia SN. At ages this young stars do not have time to evolve off the MS at
masses below ~ 10 M. Due to the age-extinction degeneracy the derived stellar ages for these
young hosts might be underestimated. In Figure 4.9 we show how the effect of assuming no
extinction in the three young hosts affect the distribution of stellar ages.

The best fitting age range is converted to a stellar MS mass. This gives us an estimate of
the mass range of the progenitors of prompt SN la at z = 1.5 — 2.0. The fastest of the prompt
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Figure 4.5 Transformation function between stellar ages derived using FAST and GalMC. The
solid line is the empirical transformation derived from the SN sample. The dotted line is the
one-to-one line. The dashed line is a forth-order polynomial fit to the empirical transform.
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Figure 4.6 SFR vs stellar mass. The solid lines mark the 68% and 95% contours. Red contours
show the distribution of SN Ia, blue contours show CC SN and green contours show unknown
classifications. Left: Assuming the best fitting SFH (see Table 4.4). Right: Assuming an expo-
nential SFH.

SN Ia population seems to come from progenitors ~ 8 M, if we use the age derived by GaIMC
and ~ 5 Mg for the FAST age. A similar calculation can be preformed for Vespasian, which
is the older SN Ia with only a single stellar population. This gives a MS mass of 1.3 — 1.6 Mg,
(independent of the code used). It is assumed that the delay time is dominated by the timescale
it takes to produce a WD and thereby not including the accretion timescale (SD) or the in-
spiraling timescale (DD), which makes these estimates lower bounds on the MS mass.
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Figure 4.7 Spectral Energy Distribution of all the SN host galaxies. The black points mark the
photometry and the solid curve marks the best fitting SED. Red curves mark fits to SN Ia hosts,
the blue curves mark CC SN hosts, and the green curves mark hosts of SN with unknown
classification.
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Figure 4.8 Cumulative distribution of stellar masses. The red curve marks the distribution of
SN Ia hosts, the blue curve marks CC SN hosts, and the green curve marks hosts of SN with un-
known classification. The solid black line shows a comparative sample of field galaxies (NMBS).
To show the effect of changing SFH we plot the cumulative distribution under the assumption
of both individual best SFH (left) and tau-model SFH (right) for all hosts.
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Figure 4.9 Cumulative distribution of stellar masses. Colors as in Figure 4.8. Individual best
SFH (left) and tau-model SFH (right)

4.4.1 DTD EVOLUTION

In the following sections the term "SN" will only refer to "SN Ia" unless explicitly stated oth-
erwise. The volumetric SN Ia rate is not part of this study (this will be presented in separate
papers by the CLASH+CANDELS SN collaboration, for the CLASH sample only see Graur
et al., 2013). Therefore we can not infer the DTD from our sample, but we can constrain the
relative distribution of prompt vs. delayed SN. For this we assume a very simple 2-point form
for the DTD with only a prompt and a delayed component,

RA tmin <t < tsplit

= 4.7
R(t) { RB tsplit <1t < tmax ’ ( )

where the boundaries (tmin; tmax) correspond to the minimum and maximum delay time to
create a SN Ia. The delay time tp,};; correspond to the transition from prompt to delayed SNe.
This split is to some extent arbitrary, but we will use a value of ¢.i;¢ that will allow us to use the
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Figure 4.10 Cumulative distribution of star-formation rate. Colors as in Figure 4.8. Individual
best SFH (left) and tau-model SFH (right)
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Figure 4.11 Distribution of stellar main sequence mass. Colors as in Figure 4.8. Individual best
SFH (left) and tau-model SFH (right). The dotted line marks the distribution when the three
youngest SN Ia hosts are forced to have no extinction (i.e. age-extinction degeneracy).

A+B model to describe this DTD. This means that the prompt bin has to correlate strongly with
the SER term in the A+B model. We use the rest frame UV flux to estimate the SFR, which has a
timescale of ~ 108 yr.

The two parameters of the A+B model represent the SN rate per unit stellar mass and SN
rate per unit SFR, respectively. We will explicitly split the rate into the prompt rate, rp and
delayed rate r 4.

r=ra+rg=A-M,+B-SFR, (4.8)

where r is the total SN rate in SNe per yr, A is the parameter that governs the delayed compo-
nent and B is the parameter that governs the prompt component.

The DTD has units of SN rate per unit stellar mass, we therefore make the distinction be-
tween the SN rate (written lower case r) and SN rate per stellar mass (written upper case R). In
the following we will derive a new parameterization of the A+B model based on the assump-
tion that the shape of the DTD is universal across all redshifts (i.e. the relative rates between
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Figure 4.12 Left: The evolution of the A/B ratio as a function of redshift. The data points in
increasing order of redshift are Mannucci et al. (2005); Dilday et al. (2008); Smith et al. (2012);
Sullivan et al. (2006); and this work (two red bins). The three low redshift points are derived
from SDSS SNe samples, and the medium redshift point is from SNLS SNe. Right: The evolu-
tion of the specific SFR within SN samples of Lampeitl et al. (2010, SDSS, low-z), Sullivan et al.
(2010, SNLS, medium-z), Thomson & Chary (2011, high-z), and our sample (high-z). The gray
band shows the evolution of the cosmic sSFR predicted by Elbaz et al. (2011) and the gray dia-
monds show the MS of field galaxies from Elbaz et al. (2007, z ~ 0 and z = 1) and Daddi et al.
(2007, z = 2). All SN samples are consistent with the MS within the uncertainties, but show a
general tendency to be more star forming on average then the MS.

prompt and delayed SNe is constant). The two rates , and R, (xr = A or B) are related by

’I"w Zjurvey (T’m)l
Rm = Z;urvey (M* )i = E.ﬁurvey (M*)l 9 (4:9)

K2 7

where (r;); is the SN rate (of either prompt or delayed SNe) of each galaxy, and (M,); is the
stellar mass of each surveyed galaxy. From this definition we get

ra _ Ry
s R’ (4.10)
as the surveyed galaxies are the same for both the prompt and delayed SNe. We calculate the
delayed-to-prompt ratio by summing all prompt SN rates and delayed SN rates over all galaxies
in the survey,

survey ] A gurvcy,A M),
LD i GV b L), 4.11)

5 S (g B S STOP gpR,
We assume that the A and B subsamples of SN hosts are a fair sample of all young (B) and old
(A) galaxies in the survey, respective. We specifically assume that the mean specific SFR of the
SN hosts is the same as for the whole survey (for the A and B subsamples separately),

hosts,x survey,x
hosts X G R, Survey X g R,
> Dy w12

Zhosts,x (M*)z Z?UYVGY’X(M*)Z_ ’

K2

where x is either the A or B sample. Extending from the fair-sample argument we also require
that the ratio between the A and B samples are equal for the SN hosts and the survey as a whole:

hosts,A survey,A
hosts, M* i 3 Y M* :
SIAOL), S () )

hosts,B survey,B
Zio ' (M*)z Zl v (M*)z
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With these two assumptions we are able to rewrite Equation (4.11) to only sum over the SN host
sample instead of the whole survey sample. We start by eliminating the survey SFR from the
denominator of Equation (4.11) using Equation (4.12),

survey,A hosts,B
ra _ A SN 3 (M.); (4.14)
rg B Zjurvey,B(M*)i Zhosts,B SFRrL

2

We now use the Equation (4.13) to change the mass ratio to a sum over the SN hosts.

hosts, A hosts,B
ra A XM (M), (4.15)
B hosts,B ] hosts,B - .
TB > (M) >, SFR;

K3

Canceling the two mass-sums over "hosts, B" and isolating A/B we get

A _ra Y5 SFR

— 4.16
B rp (M) (316

The ratio of delayed-to-prompt SNe, N4 /N, is equal to
Na _ra-T _ra 4.17)

NB ’I“B'T 7“B7

where we use the fact that the number of SNe is proportional to the SN rate, 74 and 75, (in
SN/yr) and the survey time, T'. The survey time is the same for both delayed and prompt SNe
and therefore cancels out. This gives us the final simplification of Equation (4.16),
A Na S8 SFR;
A _Na 21;1 SFR; (4.18)
B Np YA (M)
where, N4 and Np is the number of delay and prompt SNe respectively, SF'R; is the SFR of the
host of the i*" prompt SN, and (M,); is the stellar mass of the host of the i*" delayed SN.
We will shorthand the last fraction of the last equation to

N
B No SFR;
sSFR* = Zlﬁjﬂ (4.19)
2 (M)
The "stared" specific SFR is approximately equal to the usual mean specific SFR
Na Np Np
_ Na PR, N5 QP R, N OFR,
SSFR = gl St L SR 0t SR g (420)

SAM) + SN (M) YA (M)

as the numerator is dominated by the SFR of the prompt (young) hosts and the denominator is
dominated by the delayed (old passive) hosts. We calculate sSF R and sSF'R* for all galaxies
in our sample (i.e. hosts of SN Ia, CC SN, and unknown types). The value of sSFR* is one
third of a dex lower then sSF R, because the average SFR of the delayed SN hosts are smaller,
but not negligible compared to the average SFR of the prompt SN hosts. We are not able to cal-
culate sSFR* for literature data and therefore use sSF'R when comparing to other works. The
discrepancy between the two measures of specific SFR can have some dependance on redshift
as the cosmic SFR of the Universe rises out to z ~ 2. The rise in cosmic SFR also makes the
delayed SN hosts more star forming which is the major source of the difference between sSFR
and sSFR*.
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From the definition in Equation (4.7) we see that the shape of the DTD is independent of
redshift if the ratio R4/Rp (or N4/Npg, see derivation above) is also independent of redshift.
From the derivation we also see that this is equivalent to A/B « sSFR* having no explicit
redshift dependence. Figure 4.12 presents the determinations of A and B from the literature
(SDSS and SNLS samples) and the median SF R from both SDSS, SNLS, and high-z SN samples.
There seems to be a clear trend with increasing A/ B ratio with redshift. We argue that that is
due to that fact that higher redshift samples probe a more star-forming sample of galaxies. In
Figure 4.13 we plot the A/ B ratio against the average sSF R of each sample. All samples seem
to be consistent with the relation,

A/B=k-sSFR, (4.21)

where the value of k is determined below. This is consistent with little to no evolution of the
slope of the DTD out to z = 2, only the lower SDSS points tend to be lower then the others.
This might be due to the fact that we estimate the sSFR of all the SDSS samples from Lampeitl
etal. (2010), as we do not have access to the measured SFRs and stellar masses of the other SDSS
works. The value of the proportionality constant & is directly related to the shape of the DTD.
Comparing Equation (4.21) with Equation (4.18) we can see that

_ Na ra  Ra

g A _Ta_ A 422
Np rp Rp (4.22)

4.4.2 A NEwW A+B MODEL

Our analysis is just a simple approximation and among others assumes that the age of the host
galaxy (on average) is a valid proxy of the delay time of the SN. The stellar age of the host is
only used to sort each SN into the prompt and delayed bins. We test the sensitivity of k to the
value of t,1i¢ and by extension the sensitivity of the classification as prompt or delayed hosts to
the value of t4p5;¢. For each possible value of ¢, we calculate ky,;, and ki, assuming that all
ambiguous hosts are put into the prompt bin (lower limit) or the delayed bin (upper limit). The
ambiguous hosts are either hosts containing two stellar populations - one on each side of the
split - or hosts with constant SFHs that have a stellar age above t.,1i¢. The values of £,,;, and
kmaz mark the extremes of the true value of k (see Figure 4.14). The value of k is insensitive to
small changes in tgpis.

Assuming a universal shape of the DTD (or more correctly a constant k), we can use the
A/B = k - sSFR relation to construct a better empirical relation for the two-point DTD (i.e.
a "new A+B model"). We start by hypothesizing that it is the value of B that is dominating
the change in the A/B ratio. From a time-scale argument it is most likely that the prompt
component will respond more to changes in the sSFR than the delayed component.

The B parameter in the A+B model controls the slope of the SNR-sSER relation. Our hypoth-
esized new model suggests that the slope is changing i.e. the SNR-sSFR relation has a curvature.
This can be stated as a simple differential equation,

dR A

asFR ~ PSR = R (4.23)

This equation has the solution

, (4.24)

po | #m(EEEE) +4 i sSFR>sSFR
A else
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Figure 4.13 A/B-ratio vs. sSFR range of literature samples. The lower square data-points are
SDSS samples where the A/B-ratios are taken from Mannucci et al. (2005); Dilday et al. (2008);
Smith et al. (2012) respectively and the range sSF'R of SDSS SNe is estimated from Lampeitl
et al. (2010). The middle data-point is the SNLS SN samples with the A/B-ratio from Sullivan
et al. (2006) and the sSF'R-range from Sullivan et al. (2010). The upper circles data-point is from
this study. The solid lines and hashed regions mark the relation in Equation 4.21 using k from
Equation 4.25 (horizontally hashed, green).

where A, like above, is the SN rate per stellar mass in passive galaxies, sSF Ry is the constant-
of-integration and it marks the transition where the sSFR term starts to take effect, and % is the
ratio of the prompt-to-delayed SN rate as described above.

We fit Equation (4.24) to literature data (Sullivan et al., 2006; Smith et al., 2012; Gao &
Pritchet, 2013) and find the following parameter values

A = 4.18£0.37-107" SNyr ' Mg'
E = 0.27240.042 (4.25)
sSFRy = 3.82+0.76-1071 yr!

In Figure 4.15 we plot Equation (4.24) against the literature data (including Mannucci et al.,
2005) using the above parameters.
4.4.3 FRACTION OF PROMPT SUPERNOVAE

Rodney et al. (2013, hereafter R13) used the volumetric SN rates at z < 2.5 to constrain the
shape of the DTD. This was done by convolving the cosmic (volumetric) SFH with a model of
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Figure 4.14 Left: The delay-to-prompt ratio, k, and its dependence on the value of ty;;. For
each value of ¢4, we calculate the maximum and minimum value of £ by assuming that all
ambiguous SN hosts belong either to the prompt or delayed bin of the DTD. Ambiguous hosts
are hosts with two stellar populations, one in each bin, or hosts with a constant SFH that have a
stellar age larger than ¢.p,15:. The value of k is insensitive to small changes in ¢p5¢. Right: Prompt
fraction calculated from the daley-to-prompt ratio (see Equation 4.27).

the DTD. They found that a DTD with a powerlaw slope of —1 was consistent with the measured
SN rates. They also tried to fit a two component DTD,

0 t < 40 Myr
Rit)y={ n-K- fpfp 40 Myr < t < 0.5 Gyr (4.26)
N (1d:)"" t>0.5Gyr

with a powerlaw shape (¢t~!) for long delay times and an independent bin for very short delay
times (see schematic in Figure 4.16). They found that the fraction of prompt SNe (~ 45%) was
consistent with the powerlaw continuing all the way down to the shortest delay times (40 Myr).

In this analysis we use the SFH of each individual host galaxy to put constraint on the shape
of the DTD without relying on the cosmic SFH. Our partition between prompt and delayed
(logt = 8.4) almost coincides with the value of 0.5 Gyr (log¢ = 8.7) used in R13. Their prompt
bin is equivalent with our B-bin and the averaged powerlaw at long delay times corresponds to
our delayed bin (i.e. the A-bin). The delay-to-prompt ratio determined above can be translated
to a prompt fraction, f,, as used in R13 using

_ Np _ 1
"~ Na+Np  k+1

o (4.27)

where £, is the delay-to-prompt ratio defined above (see also Figure 4.14, right). We plot our
2-bin DTD in comparison to the R13 DTD in Figure 4.16. We plot the their DTD using the best
fit parameters of R13 (K = 7.132, f, = 0.45, n = 1.98 - 10~* SNe yr~! My). We had to put
an absolute scaling on our DTD. The absolute scaling is chosen such that the time-integrated
(| DT D dt) value of both DIDs is the same (i.e. integrated from 30 Myr — approx. age of
youngest host — to 13.9 Gyr). From our analysis we get £ = 1.0 — 0.4 or equivalently f, =
0.50 — 0.71.
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Figure 4.15 The SN rate as a function of sSFR. The measurements of Mannucci et al. (2005);
Sullivan et al. (2006); Smith et al. (2012); Gao & Pritchet (2013) (yellow stars, red triangles, green
diamonds, and blue circles, respectively). The black line show Equation 4.24 fitted to the data
(except Mannucci et al., 2005). The gray dash-dotted line show the A+B model of Gao & Pritchet

(2013).
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Figure 4.16 Schematic of the DTD model of Rodney et al. (2013, red; dotted line: powerlaw
only) and the one used in our analysis (blue). (Left: log-log scale, Right: log-linear scale.) The
2-bin DTD (A+B model) used in our analysis is not fixed to any absolute scale, we therefore
choose to set the scale such that the area under the curve (i.e. the time-integrated SN rate) is
equal to the Rodney et al. (2013) curve. The upper and lower bounds marked by blue dashed
lines correspond to the stellar age of the youngest and oldest host.
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4.5 CONCLUSIONS & OUTLOOK

In this chapter we have analyzed the host galaxies of z > 1 SNe from the CLASH and CANDELS
surveys. We have performed careful SED fitting to broadband photometry of the SN hosts to
determine stellar parameters like masses, ages, extinction and star formation. On the basis of
this dataset we are able to conclude:

e We infer that the shape of the DTD is consistent with only little evolution out to z ~ 2, but
leaving the possibility that DTD inferred from low redshift samples like SDSS might be
different from higher redshift samples (like SNLS or HST). This was done by comparing
the A/B ratio to the specific SFR of different literature datasets. A proper reanalysis of the
literature data, with SFR and stellar masses for each SN host would be able to put stronger
constants on any DTD evolution using this method.

e We have proposed a new parameterization of the SN rate as a function of the specific
SFR. The model is derived from a simplified 2-bin DTD inspired by the empirical A+B
model. The model predicts that the slope of the SNR(sSFR)-graph becomes more flat at
high specific SFRs. The curvatures at high specific SFRs is related to the shape of the DTD.
Even assuming a constant DTD shape (even though it might not be) this parameterization
gives a better prediction of the SN rate for high-sSFR galaxies then the empirical A+B
model (which over-predicts the SN rate at high specific SFR).

e The fraction of prompt SN, f, = 0.45 £ 0.1, measured by Rodney et al. (2013, R13) is
confirmed by our analysis, f, = 0.50 — 0.71. Our analysis is an independent measure
of f, even though the R13 sample coincides with our CANDELS SNe. Our use of the
star-formation histories (SFH) of the individual host galaxies compared to the cosmic SFH
used by R13 makes the two measurements independent.

The sample of high redshift SNe is constantly increasing. The 14 SNe used in this analysis does
not include the SN found in 2013 (see Section 4.2). The CLASH and CANDELS surveys are now
concluded, but a new survey called the Frontiers Fields (FF) has been approved to survey six
strong lensing clusters. Due to the strong lensing effects of the clusters the FF survey will be
able to survey very deep. This survey will also have a SN search components to enlarge the
sample of high redshift SNe. The SN found behind strong-lensing clusters in FF will also help
improve the lensing models of each cluster by providing a measure of the local magnification
(and thereby the local mass density) at the SN location. This is possible because the SNe are
good enough standard candels. This can provide constraints on the mass model in the weak
lensing regime.

Childress et al. (2013b) was the first to build a big enough SN sample to infer the precise
shape of the Hubble residuals as a function of the stellar mass of the host. The next question
that we need to answer is what causes this effect, and how does this effect affect the usability of
high redshift SNe to infer cosmology. The size of the "step"is 0.077 magnitudes, and is therefore
smaller then the intrinsic dispersion of 0.1 magnitude seen in most SN samples. But this effect
introduces a small systematic offset that we need to quantify. We also need to study how the
size of the step evolves with redshift.
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Table 4.2: Full list of all SN-like transients in the CANDELS and

CLASH surveys

SN name Redshift HostV  HostZ  Host] Crit. SN Type
(z>1) (Z<26) (J<25) A B AB

CANDELS SNe
UDS10Gra (Grant) 0.2114 22.7 22.4 224 - B - decliner
UDS10Joh (Johnson) 1.3+1.3, 30.4 27.5 264 (=) - - decliner
UDS11Gar (Garfield) 0.6514 24.3 24.6 24.2 - B -
UDS10Wil (Wilson) 1.914, 25.5 25.2 245 A B v Ia
uds02j (Cleveland) 1.4064 23.5 23.0 22.7 A B v  decliner
UDS10Pie (Pierce) 0.6£0.2, 25.3 — 22.9 - B - decliner
UDS10Ben (Benjamin) — 31.5 — 24.7 - B - decliner,AGN?
GSA12Roc (Rockefeller) 0.4£0.2, 26.3 — — - - =
gsa02b (Jefferson) 0.3114 19.8 — — - - = decliner
GSA11Wor (Workman) 0.654, 23.5 — 21.3 - B -
GSA12Qua (Quayle) 2.3704 24.1 24.0 23.9 A B v CC
GSA11For (Ford) 0.578 22.8 — 20.8 - B -
GSA12Hum (Humphrey) 2.343, 26.8 26.6 — A - - C
GSA10Tum (Tumbleweed) 0.124, 19.1 — 17.6 - B - C
gsa06c (Madison) 0.988, 23.4 23.0 22.9 - B - decliner
GSAl1Van (VanBuren) 0.7+£0.2, 25.9 24.2 23.9 - B - CC
GSA11Ada (Adams) 0.735¢ 22.7 21.9 21.7 - B -
GSA11Was (Washington) 1.0£0.2;, 26.7 25.7 24.7 A B v 1Ia
GSA12Agn (Agnew) 1.0954 22.7 21.6 21.2 A B v CC
GSA11Pol (Polk) 1.0904 23.8 21.8 20.2 A B v  decliner
GSA11Buc (Buchanan) 0.6794 22.9 — 21.1 - B -
GSA11Lin (Lincoln) 0.8+0.2, 25.1 — 24.0 - B -
GSA11Har (Harrison) 0.6814 21.2 20.3 20.0 - B -
GSA11Roo (Roosevelt) 0.655¢ 23.1 22.5 22.4 - B - C
GSA11Jac (Jackson) 0.659 24.7 23.9 23.7 - B -
GSA10Pri (Primo) 1.5504 24.8 24.8 24.4 A B v 1Ia
GSA11Bus (Bush) 1.8+0.7, 28.8 28.3 270 (=) - -
gsa04b (McKinley) 0.1954 23.6 — 223 - B - decliner
GSA11Tay (Taylor) 0.5354 22.2 — 20.5 - B -
COS12Car (Carter) 1.2+0.24, — — — A - - 1a
COS12Aid (Aidan) 0.7314 24.7 — — - - - Ccx
COS12Cli (Clinton) 0.187; 19.8 — 18.0 - B - CC
c0s02b (FDR) 0.729, 26.1 25.2 26.5 - - =  decliner
COS12Mon (Mondale) 0.7774 22.7 — 22.0 - B - CC
COS12Mik (Mikulski) 0.9274 23.9 22.2 22.0 - B - Ia?
COS12Rea (Reagan) 0.679 23.8 — 21.8 - B - CC
COS12Ken (Kennedy) 0.3714 22.3 — 22.2 - B - CC
COS12Tru (Truman) 0.234, 23.2 21.8 21.6 - B - CC
COS12LBJ (LBJ) 0.7824 27.3 26.6 25.3 - - = CC? (decliner)
COS12Her (Herbert) 0.4+0.1, 25.0 — 23.8 - B - CC
gna07g (Fairbanks) 0.332 25.4 25.3 24.5 - B - CC
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gna02d (Cheney) 0.213; 21.0 20.5 20.2 - B - decliner
gna02c (Gore) 1.0204 28.6 26.0 24.6 A B V

gnaO4a (Wheeler) 1.9+ 0.5, 25.1 24.8 23.9 - B Vv

gnal7c (Burr) 0.5£0.2, 25.7 25.1 25.2 - - =

gna02b (Barkley) 0.457, 20.0 18.8 18.2 - B - decliner
gna02e (Colfax) 2.1+ 0.2, 26.2 25.4 23.7 A B V

gna07d (Amara) 0.518; 22.3 21.3 20.8 - B -

gna04f (Tompkins) 1.1414 24.1 22.4 21.3 A B V

gna07f (Hendricks) 1.6 £ 0.6, 26.2 26.1 24.8 (<) B v  decliner
gna02f (Hamlin) 1.2204 25.9 23.2 22.1 A B V

gna07b (Thomas) 3.0+ 3.0, 26.2 26.0 26.5 = - -

gna02a (Wallace) 0.457, 23.6 23.0 22.8 - B - decliner
gna04b (Breckenridge) 1.8 £1.5; 26.6 26.8 26.9 - - -

gnal4c (Calhoun) 0.9404 24.4 23.4 23.0 - B -

gna04d (King) 1.94+04, 28.8 28.0 25.1 - -

gna07a (Gerry) 0.9+0.1, 25.2 24.2 24.2 - B -

gna05a (Morton) 1.1+0.5, 24.5 24.0 24.1 ~-) B -

gna07e (John) 0.212, 21.7 21.2 208 - B -

EGS11Per (Perriello) 0.9154 — — — - - -

egs02c (Coolidge) 1.8+ 0.5, 26.5 27.0 25.8 (<) - - decliner
egs02b (Arthur) 0.4364 — — — - - = decliner
EGS11Tho (Thor) 0.3504 — — — - - -

egs02e (Taft) 0.7174 — 22.8 — - B - decliner
EGS11Tyl (Tyler) 27420,  26.7 — 261 () - -

EGS110ba (Obama) 1.4094 — 23.2 21.7 A B V

EGS11Nix (Nixon) — — — — - - =

CLASH SNe

CLA10Cal (Caligula) 1.7+£0.2, 26.1 25.5 24.4 A B v 1Ia
CLA10Ner (Nero) 0.3624 22.0 20.4 — - B - Ia
CLA11Tib (Tiberius) 1.1414 21.9 20.6 — B v CC
CLA11Gal (Galba) 0.275, 18.4 16.5 — - B -

CLB110th (Otho) 0.9624 23.7 219 — - B - 1Ia
CLB11Sca (Scarlet) 0.354, 21.1 19.4 — - B -

CLC11Tit (Titus) 0.839, 23.5 22.6 — - B - Ia
CLD11Cla (Claudius) 0.3+0.1, 21.7 21.4 — - B - CC
CLE11Aug (Augustus) 0.329¢ 21.1 20.5 — - B - CC
CLF11Ves (Vespasian) 1.220 25.4 21.9 21.0 A B Vv 1Ia
CLF11Dom (Domitian) 0.7+0.1, — — — - - - TIa(®
CLH11Tra (Trajan) 1.4+0.1, 26.6 23.4 — A B v 1la
CLI11Had (Hadrian) 0.2614 19.1 17.9 — - B - 1Ia
CLJ11Cri (Crimson) 0.702, 22.2 19.7 — - B - Ia
CLK11Bur (Burgundy) 0.2814 20.3 19.7 — - B - CCO®
CLI11Piu (Antoninus Pius) 0.1914 21.4 20.9 — - B - CC
CLL12Aur (Marcus Aurelius) 0.2714 18.5 17.7 — - B - CC
CLL12Luc (Lucius Verus) 0.3605 21.2 — — - - - CcCcO
CLM12Com (Commodus) 0.2074 20.9 20.6 — - B - CC
CLM12Per (Pertinax) 0.2£0.03, 22.9 21.8 — - B - Ia
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Table 4.3 Full list of the high-z sample.
SN name Redshift  Nines Ref. / Emission-line species
Colfax (2.1+0.2) — (SN colors)
Hendricks (phot-z) — —
Primo 1.550 — Frederiksen et al. (2012)
Polk 1.090 — (A)
Washington  (Phot-z) — —
Wilson 1.914 1 [OII1] 5007
Cleveland 1.406 4 Ha, [O111] 5007+4959, HpB
Caligula (Phot-z) — —
Macrinus 1.034 — (A)
Geta (Phot-z) 0 No emission lines, only continuum
Trajan (Phot-z) 0 No emission lines, only continuum
Vespasian 1.22 — (A)
Caracalla (Phot-z) — —
Obama 1.409 — Cooper et al. (2011) & (A)
Wheeler (phot-z) — —
Tompkins 1.141 — Barger et al. (2008) & (A)
Agnew 1.095 — Vanzella et al. (2005)
Quayle 2.370 3 [OIII] 5007+4959, Ho
Tiberius 1.141 — (A)
Gore 1.020 — (A)
Hamlin 1.220 — Barger et al. (2008)

All hosts marked by a number in the Nj;,es-column were observed with X-shooter.

(A) marks the spectroscopic redshifts obtained from other collaborators where the
spectrum has not been published yet. Most of these are obtained with the LRIS or
DEIMOS instrument on the Keck telescope.

CLN12Did (Didius Julianus) 0.852 23.3 20.5 — - B -
CLM12Car (Cardinal) 0.518; 21.3 18.9 — - B -
CLO12Sep (Septimus Severus) 0.4 £ 0.02, 22.8 20.8 — - B -
CLO12Car (Caracalla) 1.1£04, 24.8 22.1 — - B Vv
CLP12Get (Geta) 24.8 23.7 25 A B V
CLR12Arm (Armstrong) 1.24+0.2;, 28.5 26.9 26.5 A - -
CLS12Mac (Macrinus) 1.034, 24.1 23.3 22.9 A B Vv
CLT12Ela (Elagabalus) 0.606 25.5 21.6 — - B -
CLT12Ale (Alexander Severus) 1.2 4 0.00, — 27.0 26.3 A - -
CLC12Thr (Thrax) 024004,  20.2 18.0 — - B -
CLV12Gor (Gordian) 0.5164 — 21.5 — - B -

Ia
CcC

Ta
CcC
Ia
Ia

CC(®
Ia
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Table 4.4 Bayesian Information Criterion (BIC)

SN name Type Npandas SSP  CSF Tau 2xSSP Best SFH
Colfax Ia 11 493 532 495 487 2S
Hendricks Ia 9 15.3 155 175 13.6 2S
Primo Ia 14 345 364 356 36.5 S
Polk Ia 11 176 173 19.7 19.8 C
Washington Ia 11 119 113 115 121 C
Wilson Ia 10 13.5 19.0 159 15.8 S
Cleveland Ia 12 82.0 819 844 83.5 C
Caligula Ia 8 645 646 654 66.2 S
Vespasian Ia 5 649 114 938 10.1 S
Trajan Ia 5 944 114 108 75.5 S
Caracalla Ia 15 495 465 450 37.6 2S
Geta Ia 9 143 223 165 16.4 S
Macrinus Ia 6 111 143 113 113 S
Obama Ia 10 296 271 274 266 2S
Wheeler CC 11 276 277 266 276 T
Tompkins CC 9 493 479 495 467 2S
Agnew CC 11 286 290 276 275 2S
Quayle CcC 13 209 283 212 212 S
Tiberius CC 5 514 494 6.47 6.84 C
Gore — 9 374 392 376 377 S
Hamlin — 9 417 929 419 418 S
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Table 4.5 Stellar parameters from GalMC.

SN name SFH log t. log M, E(B-YV) log SFR logts / log T
Colfax 2S5 9.381F0.071 10.408701% 0.079700%  0.4697032 871075020
Hendricks 25 8.093%9477  8.038%0%70 0.210700%  1.178%0152  6.370705%
Primo S 69197003 821170057 0.11270007  0.88870011 —
Polk C 883010307 10.784703%8  0.14970353  1.05570%iF —
Washington ~ C  9.4657052%  8.7301515%  0.05070 558 —0.38670 509 —
Wilson S 7.2397022 91067999  0.284705%2  1.12970558 —
Cleveland C  8178%00%s 923610015 0.10470012  1.32370:033 —
Caligula S 6.648%0ga;  8.487109%2  0.32170037  1.09479 077 —
Macrinus S 8.077i0es  8.99110051  0.01570017  0.6461003% —
Geta S 850810735 10.66710082  0.21870%  1.234707%8 —
Caracalla 25 9.30270705 1049710376 0.258T05TE  0.958T0 158 7.602100%%
Trajan S 9.427f513%  10.86010747 0.0821001  0.19510370 —
Vespasian S 9.60270738  11.05615 135 0.20070572  —0.06270 350 —
Obama 2S5 6.618%5322 10.04410:920  0.20070832  1.6681083L  8.041759LL
Wheeler T  7.905T005:  9.5297030%  0.2397001  1.6867075e  7.258T0 30
Tompkins 25 9.111+90 10.41919925  0.20270918  1.02570990  8.42370-056
Agnew 2S5 8.0237090%  10.1137092¢  0.19379-999 12757001 8.393T0018
Quayle S 72287005 957070912 0.218%0055  1.834%0010 —
Tiberius C 85781037 1072910002 0.33210019  2.00370:00: —
Gore S 93027037 9.258%030%  0.170100%  —0.702107%% —
Hamlin S 9.645700%% 109317595 0.15070 91 —0.350T0 538 —
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Figure 4.17 Triangular plot of the GaIMC MCMC chain for Primo.
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Figure 4.19 Triangular plot of the GaIMC MCMC chain for Macrinus.



4.5. Conclusions & Outlook

71

9.2
9.0
8.8
8.6
8.4F

logM.

0.35}

0.30f
S 025
@ 0.20F
Y 015}

0.10f

> 1

098

0.008 -
0.006 -
0.004
0.002 -

T [Gyr]

0.000L.

-
>

.

L R
!
. L
e -V *
: »
A\

Figure 4.20 Triangular plot of the GaIMC MCMC chain for Wilson.

logt.

logM.

T [Gyr]

6.8 70 7.2 7.4 7.6 7.8 8.08.4 8.6 88 9.0 9.2 0.050.100.150.200.250.300(86000.0020.0040.0060.0080.C
E(B-V)



72 4. High redshift SN host sample

T [Gyr]

v
f \\ ]

7.88.08.28.48.68.810.5 10.6 10.7 10.8 10.9 0.10.20.30.40.50.600.010.020.030.040.051.651.701.751.801.85
logt. logM. E(B-V) T [Gyr] Redshift, z

Redshift, z

Figure 4.21 Triangular plot of the GaIMC MCMC chain for Geta.
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