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Abstract

Type Ia supernovae are used as standard candles to measure the energy
density components of the universe. This led to the new paradigm in
cosmology: only about 30% of the universe is made by ordinary pressure-
less matter, the rest is associated with an unknown form of energy with a
negative equation of state parameter, called dark energy, able to drive the
accelaration of the universe. The importance of this discovery requires
to fully understand and control the possible systematic effects affecting
both current and future measurements, aiming at probing the equation
of state parameter, i.e. the nature of dark energy.

In this thesis, we tackle systematic effects involved in several aspects
of supernova cosmology. Studies of supernova colours are used for in-
vestigating the homogeneity of the standard candle and to improve the
spectral templates used for K-corrections. We have measured the intrin-
sic colour dispersion and assessed its correlation between different epochs
of supernova evolution. We develop a technique for fitting the I-band
ligthcurve and present studies of correlations of its properties with the
SN luminosity. Moreover, we present a pioneer study of restframe I-band
Hubble diagram extended at redshift ~ 0.5. This is found to be a valu-
able complementary tool for cosmological studies, and the results found
are consistent with the concordance model of the universe, though the
uncertainties are large. Presence of grey dust in the intergalactic medium
is investigated both using the I-band Hubble diagram and supernova
colour excess. Although the low statistics of the high redshift sample
used do not allow to draw firm conclusions, both methods are tested and
shown to be useful for probing the presence of intergalactic dust. The
hypothesis of supernova population drift is tested in two different ways,
both studying restframe I-band lightcurve properties and by comparing
spectra of high redshift with those of nearby SNe. One distant super-
nova SN 2002fd (z=0.279) shows spectral similarities with 1991T/1999aa
like objects. No signs of evolution in supernova properties is found in
these studies, strengthening our confidence in the measured cosmological
parameters.
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Chapter 1

Introduction

In 1998 both the Supernova Cosmology Project (SCP) and the High-Z
Supernova Search Team (HZT) presented measurements of type Ia su-
pernovae (SNe Ia), suggesting the presence of a non-zero cosmological
constant, or dark energy density, causing the expansion of the universe to
accelerate [40, 47]. These results, together with the assumption of a flat
universe predicted by an inflationary model, would lead to a dark energy
density 2p ~ 0.7. Even without assumptions about the geometry, the
supernova results alone exclude the scenario of a flat matter dominated
universe at the 99 % confidence level. A few years later, measurements
of the Cosmic Microwave Background Radiation (CMB) have proved the
flatness of the universe (at the 2% level), first by balloon experiments,
such as Boomerang and Maxima, and later on by the WMAP satellite
[12, 3, 53]. The evidence for dark energy today is therefore strongly sup-
ported by cross-cutting cosmological results. The growing data sets both
from the ground and space, push the measurements to the limit in which
systematic uncertainties become dominant. Thus, the future of supernova
cosmology is critically depending on our ability to control and correct for
these uncertainties. This thesis is in the frame of the work carried on by
the SCP in the last four years in this sense. It is based specifically on Pa-
per A — Paper D, but it also involves some of the analyses described in
Paper I —Paper VI, and, though these are not directly presented here,
some references to them are needed to better understand the totality of
this work. In general, I was involved in many aspects of the SCP project,
spanning from observations at telescopes to data analysis.

In Chapter 2, I introduce cosmology and the use of supernovae as

1



2 CHAPTER 1. INTRODUCTION

calibrated standard candles and the low redshift Hubble diagram.

In Chapter 3, I present the results obtained using supernovae in cos-
mology, the accelerating universe, and the measurements of the cosmo-
logical parameters, 23; and Q4. This involves Paper A, Paper B and
Paper 1.

In Chapter 4, I discuss the possible systematic effects involved in su-
pernova cosmology, e.g. extinction by dust, both in the host galaxy and in
the intergalactic medium, contamination of different types of supernovae
in the Hubble diagram, uncertainty in the K-corrections and the possibil-
ity of evolution of supernova properties with redshift. This involves the
work in Paper A, Paper B and Paper C, and Paper I, Paper II.

In Chapter 5, I present the observations and reduction of the near
infrared data of SN 2000fr, used in the analysis of Paper A, and discuss
specific problems concerning astronomical observations in the NIR.

In Chapter 6, I discuss supernova properties, such as spectral homo-
geneity of nearby SNe, spectral comparison of low and high-z supernovae,
colour properties and how this studies can be used to improve the spec-
tral template for the K-corrections. This involves Paper B, Paper C,
Paper D and Paper I, Paper III, Paper IV, Paper V, Paper VI.



Chapter 2

Type Ia Supernova
Cosmology

2.1 Introduction

The goal of cosmology is the study of the history and evolution of the
universe. Supernovae are excellent tools to help achieving this goal in
many ways. Their use as distance indicators helps measuring not only
the present value of the Hubble parameter, Hy, but allows also to follow
its evolution back in time for several billion years. Because of their ho-
mogeneity and brightness, comparable to an entire galaxy under a period
of a few weeks, supernovae are the most accurate known standard can-
dles available to measure the evolution along a large part of the history
of our universe. The measurement of the mass energy density as well as
the vacuum density is only possible due to the homogeneity of type la
supernova explosions. This measurements are today a reality at a level
of precision which was inconceivable only a decade ago.

In this chapter we introduce some fundamental concepts to under-
stand how supernovae can be used in cosmology.

2.2 The Standard Model

The theory of General Relativity (GR) of Einstein laid the foundations
of what is today recognised as the standard model of cosmology. This
is based on a “reasonable” assumption: the Universe is isotropic and
homogeneous on large scales. In such a universe, the line element distance

3



4 CHAPTER 2. TYPE IA SUPERNOVA COSMOLOGY

between two objects with coordinates ¢,7,0 and ¢, is expressed by the
Roberson-Walker metric (RW),

2
1 — kr?
where k is the curvature parameter, which assumes the value -1, 0, or 1
in a open, flat or closed universe respectively, and a(t) is the scale factor.

Introducing the RW metric in the field equations of General Relativity,
leads to the Friedmann equation,

at)\> sxGp k A
H%t)z(%) - 3p—a—2+§ (2.2)

where H (t) is the Hubble parameter, whose value at present, Hy = H (tg),
is called the Hubble constant, and A is the cosmological constant. Eq. 2.2
describes the evolution of the universe, as far as we can observe it today.
The expansion rate of the universe, H(t), depends on the energy den-
sity of its components. Assuming the universe composed by different
constituents, each having a fraction of density €2;, of the critical density,

ds?® = —dt* + a(t) [ + r2df* + r? sin® 0d¢? (2.1)

Pi Pi
Q; = = 2.3
’ Perit 3Hg ( )
8nG
Eq. 2.2 becomes
H?(2) = H§ [Qu(1+ 2)* + Qg (1 + 2)* + Q4] (2.4)
where
—r
Q= %]7\‘4’“5
Qp = 317 (2.5)
QK = —m

are the normalised dominant energy density components of the universe
at the present time, each following its own equation of state p = wp. In
the case of normal matter for instance w = 0, while w = 1/3 for radiation
and w = —1 for the cosmological constant. In the case of exotic scalar
fields being the source of dark energy, the value of w could even change
with time, and it could in principle assume any finite value'.

In the simplest models —1 < w < 1, but that has been shown to be possible to
circumvent.
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Note that Eq. 2.4 implies Qp; + Qp + Qg = 1, i.e. there are only 2
independent parameters. The experimental measurements of the expand-
ing universe and its cosmological parameters, ;s and €2y, is part of the
aim of this work, (see Paper I and Paper A).

2.3 Redshift

A measurable effect of the cosmic expansion is the shift in wavelength
that photons undergo while travelling through the universe. This makes
an observer measure a longer wavelength than what was emitted, that is
quantified by the redshift parameter, z, defined as

A
1+ 2= 200 (2.6)
/\emit
In the RW metric one can derive the relationship between the redshift

and the scale factor,

a(tobs)
a(temit)
As a consequence the redshift is often used in cosmology to refer to events
that took place in the past when the scale of the universe was smaller.

1+2=

(2.7)

2.4 Luminosity distance

The observed flux S from an object with intrinsic luminosity L, can be
expresses as
L
S=—F— (2.8)
4rd? (z)
where the luminosity distance, dr(z), is a function of redshift and the
cosmological parameters,

(1+2)c 1/2 /Z "2 "3 12!
= "7 Q Qi(1 Qar(1 Q
dr, H0|Qk|1/2f || ; QU142 )"+ Qu(l+2)° 4+ Q4 dz
sin(z), k=1,
flz) = x, k=0, (2.9)

sinh(z), k=-1.
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This integral can only be solved numerically. However, a Taylor ex-
pansion gives an approximation that holds in the nearby universe,

dr, = Hio{z+z2 (1 _2%) + 0(2%)} (2.10)

where the deceleration parameter, ¢q, is defined as
= 1ZQ~(1+3 ) (2.11)
qo = OPA i W; .
7

Eq. 2.10 shows that in the nearby universe the luminosity distance
scales linearly with the redshift, with Hy as the constant of proportional-
ity. At higher redshift the luminosity distance depends on the parameter
qo, or alternatively on the energy density of the universe. ¢q is called
deceleration parameter for historical reasons. In an universe composed
only by normal matter and cosmological constant, it will assume positive
values in all the cases of energy distribution for which Q < Qu//2, i.e.
the universe decelerates, and negative values in the other cases, i.e. the
universe accelerates. Thus, the luminosity distance can be used to probe
cosmological parameters, given the existence of standard candles, as we
will see in more details in the following sections.

2.4.1 The magnitude system

For historical reasons, it is quite common to measure luminosities of as-
tronomical sources in logarithmic unites, called magnitudes or apparent
magnitudes. These are defined as the brightness of an object through a
certain filter f, as

my = —2.5log (/OOO F(I/)L(V)dV) +Cy (2.12)

where F'(v) is the transmission function of the filter and C/ is a constant
specific for the filter, sometimes called the filter zero point. The magni-
tude of an object is thus related to its luminosity distance (measured in
Mpc?),

m(z) = M + 5logdy(z; Ho, 2, 24) + 25 (2.13)

21 Mpec = 3.26 - 10%1ightyears, 1lightyear = 9.46 - 10*°m
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where M is the absolute magnitude, which is defined as the apparent
magnitude of an object if it was at the distance of 10 pc from the observer.

2.5 Type Ia Supernovae as standard candles

Supernovae are extremely bright point-like extragalactic sources. They
are classified in different types, I and II, and subtypes, Ia, Ib, and Ic.
Type Ia supernovae (SNe Ia) are the most luminous and homogeneous
class. They are distinguished from other types thanks to a strong ab-
sorption feature due to Si 11 around 6150 A, and the complete absence of
hydrogen and helium lines at any time of the evolution. A typical SN Ia
spectrum at the time of maximum brightness is shown in Figure 2.1, to-
gether with the Bessel standard system of photometry pass-bands [5].

Template SN at Max plus Filters z=0

R

3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000
A

Figure 2.1: Spectral template of a typical SN Ia at the time of maximum
brightness. Also plotted are the standard photometry pass-bands UBV RI.J
defined by Bessel [5].
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There is evidence suggesting that a SN Ia is the result of a C4+0O
white dwarf, accreting matter from a companion star until it reaches
the Chandrasekhar mass® and thus, begin the thermonuclear explosion,
[see, e.g., 8]. Even if the understanding of the physical process behind
the explosion is not yet complete, this simple model helps explaining the
observed homogeneity of SNe Ia. From an empirical point of view this
type of supernovae show impressive similarities. The absolute magnitude
measured in the B-band is Mp =2 —19.4 mag, depending on the value
of Hy assumed, with a dispersion of ~ 0.3 — 0.4 mag, [see, e.g., 7, 28].
SNe Ia show a characteristic lightcurve that peaks about 20 days after the
explosion and then declines rapidly (diminishing its luminosity to about
60% in only 15 days) and fading almost completely within 1 year.

The absolute magnitude has been shown to correlate with the decline
rate of the lightcurve by Phillips [44], fainter objects decline faster than
brighter ones. Phillips parametrised this by computing the difference in
magnitudes between the maximum of the lightcurve and 15 days after
maximum, Amis. Correcting for this correlation reduces the dispersion
in the absolute magnitude to < 0.2 mag. Since Phillips pointed out this
correlation, new lightcurve parameterisations, similar to the Am;s, have
been introduced. The most common ones are the multi-colour lightcurve
shape method (MLCS) [50], and the stretch method adopted by the SCP
[41, 40]. Throughout this work we use the stretch method, unless oth-
erwise specified. This is based on the observation that the entire range
of SN Ia lightcurves can be obtained by simply stretching the average
lightcurve along time up to 40-50 days after maximum, see Figure 2.2
[39]. This applies at least to B- and V-band. The advantage of the
stretch method is not only in its simplicity, but also in the ability of
describing the whole range of lightcurves using one parameter only, i.e.
the stretch factor s. Thus, the peak magnitude can be corrected for the
stretch, as m“™ = m + a(s — 1), in analogy to the Amj5 method.

SNe Ia homogeneity is also confirmed from a spectroscopic point of
view. Figure 2.3 [15] shows the comparison of SNe Ia spectra at the time of
maximum light. Note the SiII feature at about 6150 A which characterise
type Ia from other supernova types. The spectral homogeneity is topic of
Paper VI and will be discussed further in Chapter 6.

3The Chandrasekhar mass is the limiting mass a white dwarf can reach before the
gravitational force causes its collapse. Introduced by S. Chandrasekhar around 1930,
corresponds to a value of about 1.4 solar masses [see 57, p. 1972].
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With these premises, SNe Ia are the best distance indicator known to
date, that can potentially be observed up z ~ 2.
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Figure 2.3: Spectral homogeneity of SNe Ia about one week past maximum
brightness. Credit [15].

2.6 The expanding universe

2.6.1 A brief historical account

In order to compensate the gravitational attraction by matter, Einstein
introduced the cosmological constant, A, in the equation of General Rel-
ativity, that, acting as a repulsive force, allowed the universe to be static,
as it was believed to be at that time. However, as Friedmann pointed out,
the instability of the solution of the GR equation for a homogeneous and
isotropic universe was unavoidable, as any small perturbation from the
assumed value, would cause the universe to start collapsing or expanding.
In 1929 Edwin Hubble observed the expansion of the universe, making
Einstein regret to have introduced A in his equations. Hubble measured
recession velocities of distant galaxies and found them to be proportional
to their distances, v = Hj - d. The proportionality constant, Hy, that we
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already introduced in a previous section, was called after him and it is
one of the fundamental parameters in cosmology. The Hubble diagram
has been reproduced by many since, and even if the debate on the actual
value of Hy is somewhat still open, the expansion of the universe has been
confirmed and it is now widely recognised.

2.6.2 Hubble diagram with type Ia supernovae

Given their nature, SNe Ia have been used as distance indicators in order
to build the Hubble diagram. Figure 2.4 [42] shows the result of this
exercise using 102 supernovae at redshift 0.01 < z < 0.2. The difference
between the apparent and absolute magnitude of the object, m — M,
called distance modulus, is plotted against the redshift. The lower limit

- !

m-M (mag)

05
redshift

Figure 2.4: The Hubble diagram for SNIa from 0.01 < z < 0.2. The 102 objects
in this range have a residual about the inverse square line of ~ 10%. Credit [42].

in redshift is set to be high enough for the determination of the distance
not to be affected by peculiar velocities of the galaxy that hosts the
supernova. These are typically of the order of 300 km/s. In this range of
redshift the luminosity distance is nearly linear in z and the coefficient of
proportionality is ¢/Hy, (see Eq. 2.10). The best fit to the data gives an
estimate of the Hubble constant, when combined with the SNe Ia absolute
magnitude.

The determination of the absolute magnitude, M, of supernovae de-
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pends on the Cepheid method for calibrating the distance. Cepheids are
variable stars, whose period of variation is related to their absolute bright-
ness. The distance is then estimated measuring their apparent magnitude,
and using the inverse square law. The adopted Period-Luminosity relation
is the major source of systematic uncertainties involved with the method.
Different teams have used Cepheids as calibrators for SNe Ia. However,
their estimates of the Hubble constant agree only within the systematic
uncertainty, giving and average value of Hy ~ 70+ 10km s~ Mpc~! [42].

The systematic uncertainties involved seems to be the major limita-
tion in determining Hy using SNe Ia. However, as we will see, this does
not limit the use of these objects for the determination of other cosmo-
logical parameters, (see Section 3.4).



Chapter 3

The accelerating universe

3.1 Supernova search

In order to use type Ia supernovae in cosmology there is a need to dis-
cover and follow up a large number of them at a wide range of redshifts.
Supernovae are in principle observable at very large distances, but the
difficulties involved in their discovery at high redshift could be solved
only with the introduction of wide-field CCD cameras in astronomy. A
supernova explosion in a galaxy like the Milky Way is a quite rare event,
happening only a few times every thousand years. However, searching in
a large field of the sky, exposing in the R-band for about 10 minutes, cor-
responds to searching SNe in thousands of galaxies up to redshift z ~ 0.5.
This increases significantly the probability of finding SNe Ia. For this rea-
son, searching for nearby supernovae requires to scan larger sections of
the sky than when searching for distant objects, though their brightness
requires less exposure time.

In the early 90’s the SCP developed a search strategy that could guar-
antee the discovery of a handful of supernovae for a given redshift range.
This consists in observing the same field in the sky with a large field
camera twice, with a time interval of about three weeks, corresponding
to the rise time of the SN lightcurve. Variation of brightness of an object
in the two images of the sky, could indicate the presence of an exploding
supernova. Spectroscopic observations of the candidates is used to dis-
card other variable objects, confirm the supernova type and provide an
accurate measurement of the SN redshift. Multi-colour photometry obser-
vations could alternatively help to identify SNe Ia among the candidates

13
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and constrain its redshift, though spectroscopic redshift determinations
are more accurate. This strategy has also the advantage to select SNe that
are on the rise or around their maximum light, a condition that is very
important for fitting the SN lightcurve, and extract the peak brightness.

As more telescope time is now spent on supernova searches, the strat-
egy has been recently improved, introducing what is called a rolling
search. This consists in observing the same fields every 3-4 days. Since
many SNe are expected to explode in the monitored region, this tech-
nique has the advantage of following the lightcurve while searching for
other SNe in the same spot of the sky. This strategy has been used
successfully in the most recent search campaigns by the SCP and it is
fully adopted by other recently started projects, such as the the SNLS
with CFHT-Megacam and ESSENCE with Mosaic Imager at CTIO 4.0m
[38, 52].

Special care has to be used in searching for distant supernovae to avoid
introducing systematic effects. For instance, the limiting magnitude of the
search, i.e. the faintest SN magnitude detectable, can significantly affect
the determination of the cosmological parameters if it was not chosen
with care. This depends on the exposure time and the filter used for
the observations. The choice of the filter is set according to the redshift
targeted in the search. For instance, if the search is aimed to discover
SNe Ia at z ~ 0.5, then R-band (Acfy = 0.66um) is normally preferable,
that corresponds to rest-frame B-band (A.;y = 0.44pm), according to
Eq. 2.6. The exposure time instead is set by taking into account the
efficiency of the instrument used and computing the apparent magnitude
SNe Ia are expected to have at their maximum luminosity at the targeted
redshift, due to the cosmology. This calculation involves performing K-
corrections, described in the next section.

During the time of this thesis I was involved in several search cam-
paigns conducted by the SCP between 2000 and 2003, using both tech-
niques to discover SNe up to redshift ~1 (see IAU circulars, 7763, 7764,
7971, 7977, 7993, 8119, 8120, 8121). I took part on the spectroscopic
SN identification, involving both observations and data reduction for the
determination of the SN type at the Very Large Telescope (VLT). More-
over, I was involved in observing final reference data at NOT for the
supernovae discovered during the low-z spring 1999 campaign and I took
part to the whole spectroscopy data set reduction, see Chapter 6. Addi-
tionally, during the spring 2000, I was involved in the search and follow
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up of intermediate-z SNe of the European Supernova Consortium (ESC)
campaign (IAU circular 7406).

3.2 K-corrections

Cosmological redshift induces wavelength shift toward larger values of .
When observing a distant supernova in a certain bandpass, this corre-
spond to a different rest-frame wavelength given by Eq. 2.6. This effect
can be corrected for quite accurately, thanks to the homogeneity of the
SN Ia spectra [26]. The spectrum is integrated over the rest-frame band-
pass, then red-shifted and integrated over the observed bandpass. The
correction, expressed in magnitudes, is called K-correction and it is given
by:

[FOSNAN) [ 2S00

K;; =2.5log [(1+ Z)fF(A/(l +2))S;(Nd(N) [ Z(N)S;(N)d(N)

(3.1)

where K;; is the K-correction from the observed filter ¢ to rest-frame
filter j, F()) is the spectrum of the supernova, S(\) is the bandpass, and
Z(A) is the spectrum corresponding to the zero magnitude of the filter,
e.g. Vega spectrum. This correction is used in Eq. 2.13, as,

m;(2) :Mj+510gdL(Z;H0,QM,QA)+25+Kij (3.2)

The main source of uncertainty is the knowledge of the supernova
spectrum. Secondary sources of uncertainty are the accuracy of the fil-
ter zero magnitude and the bandpass shape, including the optics and
detector.

The SN spectrum is usually not known at all epochs, since typically
only few spectra are taken to allow type identification, with the excep-
tion of dedicated spectroscopic studies of SNe Ia, where the same ob-
ject is observed along time to follow its spectral evolution. In order to
compute the K-corrections one can either choose the spectrum of an-
other individual SN or use spectroscopic templates, built by averaging
together spectra of well observed nearby SNe Ia. In this sense, the un-
certainty introduced depends on the spectroscopic diversity of SNe Ia.
Thus, choosing the spectrum of a SN which is not spectroscopically iden-
tical to the one to be corrected, could affect the estimated K-correction.
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However, changes in single spectral features do no significantly affect K-
corrections, [36]. These are instead mainly determined by the SN colour.
Therefore, the knowledge of the SN colour diminishes the uncertainty
on its K-corrections. A possible exception to this is the near-infrared
(NIR) region of the spectrum, where a large absorption feature, the Ca
IR triplet, is observed to vary significantly among SNe Ia. Quantitative
studies of this variation are missing, due to lack of a homogeneous set of
spectroscopic data covering this range of wavelengths. However, due to
the position of the Ca IR triplet feature in the spectrum, this affects only
observations corresponding to rest-frame I-band, (see Figure 2.1).

In Paper B we present a thorough study of the average B,V, R, T
colour as a function of time of normal SNe Ia and used the result to
improve the spectral template to be used for computing the K-corrections.

3.3 Determining cosmological parameters

The use of type Ia SNe as distance indicators allow to determine cos-
mological parameters at a very high precision level. As we have seen in
Chapter 2, nearby supernovae have been used to estimate the value of the
Hubble parameter at present, Hy. However, the difficulties involved in the
determination of the distance of these objects, makes this estimates not
free from systematic uncertainties. Fortunately this does not affect our
ability to determine the values of 24 and 2j;, since the Hubble constant
only affects the estimation of the absolute magnitude, and its contribu-
tion cancel in the equation when probing for relative distances, which is
what enters in the study of the energy density components. Eq. 2.13 can
be re-written as

m=M+5logDr(z; L, Q) —a(s—1)+ K (3.3)

where M = M — 5log Hy + 25 is the Hubble-constant-free peak absolute
magnitude, Dy = Hydy, is the Hubble-constant-free luminosity distance,
s is the stretch factor introduced in Section 2.5 and K is the K-correction.
Note that M is one of the free parameters in the fit, together with the
cosmological parameters, thus also low-z SNe are required for a robust fit
of the Q’s.

The Hubble diagram is usually built in the B-band for both historical
and practical reasons:
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1. Supernovae are intrinsically blue, i.e. they are brighter in B- and
V-band than in other bands. For example, at maximum light they are
0.5 mag brighter in B-band than in /-band.

2. Up to z~1 the corresponding red-shifted B-band it is still in the
optical region of the spectrum, in which CCD cameras have good sensi-
tivity.

3. CCD cameras sensitivity in the B-band is usually better than
in other bands, or at least at the time supernovae observations started.
Recent improvement of CCD technology together with the development
of infrared detectors give the possibility to extend the Hubble diagram in
other bands (see Paper A).

4. The width-luminosity relation that standardise the supernova can-
dle, holds in B-band.

The B-band Hubble diagram for SNe Ia up to redshift ~ 0.5 was
first published in 1998 by two different teams, the Supernova, Cosmology
Project (SCP) and the High-Z Supernova Search Team (HZT), and al-
lowed to determine the cosmological parameters, 25 and Q,7, showing
the acceleration of the universe.

Today, SNe Ia are still used to confirm and improve this first estimate
by observing this objects at higher redshifts. Paper I presents space
observations of 11 SNe Ia obtained at the Hubble Space Telescope (HST).
This data, together with the SNe published by Perlmutter et al. [40], is
used to extend the Hubble diagram to redshift ~ 1. This is shown in
Figure 3.1, together with three models, obtained with different values
of the cosmological parameters. The best fit assuming a flat universe is
given by Qy = 0.2570-57 £ 0.04 and Qp = 0.757095 £ 0.04, where the
uncertainties are the statistic and the systematic respectively.

3.4 The Q) — Q) plane

From Eq. 3.3, Goobar and Perlmutter [19] inferred an important property
of the parameter space. Observations of standard candles at one given
redshift z, for an assumed combination of the cosmological parameters,
would be represented by a band in the Q) — Qj; plane, where the width
of the band is defined by the uncertainty on the measured apparent mag-
nitude and the intrinsic scatter in the supernova brightness, as shown by
[17]. Figure 3.2 (from [17]) shows how the allowed band changes incli-
nation with the redshift bin observed (left panel), where an uncertainty
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Figure 3.1: Fig. 5 from Paper I. Hubble diagram of effective K- and stretch
corrected mp vs. redshift for supernovae in the primary low extinction subset.
Filled circles represent the HST supernovae of Paper I. Inner error bars show
just the measurements uncertainties; outer error bars include 0.17 magnitudes
of intrinsic dispersion. The solid line is the best-fit flat-universe cosmology from
the low-extinction subset; the dashed lines represent the indicated cosmologies.

of 0.02 mag was assumed at all the redshift bins !. Since the relation
between Q) and Qj; changes with the redshift, the degeneracy is broken
only if supernovae are observed all along the universe evolution at many
distances (right panel). Note however, that in the hypothetical case of
infinite accuracy in the magnitude measurements, two perfect standard
candles at different redshifts would be enough to determine exactly the
values of the cosmological parameters, assuming non-relativistic matter
and a cosmological constant to be the only components of the universe.

Most data available to date spans in a redshift range up to z ~ 1,

i.e. it was assumed that several SNe were measured for each z

UNIVERSE
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Figure 3.2: Confidence level contours obtained using supernovae of at given
redshift bins, with the measurement uncertainty on the apparent magnitude
assumed 0.02 mag (left panel), their combination would break the degeneracy
(right panel). Credits [17].

and yet it is not sufficient to completely break the degeneracy. Figure 3.3
shows the result of the primary fit to the data presented in Paper I in the
Qp — Qs plane. The ellipses represent the 68%, 90% and 99% confidence
level respectively. The contour plot clearly exclude a null vacuum energy
density 2,=0 at the 99% C.L.

3.5 Rest-frame /-band Hubble diagram

Paper A presents the first attempt to build the I-band Hubble diagram
up to redshift z ~ 0.5. This work was possible thanks to recently acquired
near infrared data of distant SNe Ia. The paper is based on J-band obser-
vation of three high redshift SNe, two of which, SN 1999Q and SN 1999{f
[48, 54], are available in literature and one, SN 2000fr, discovered at
CFHT and followed by the SCP during the spring 2000 campaign. The
data and its reduction is presented in Chapter 5. The low redshift sample
includes I-band data from SNe coming from three different data sets, the
Calan/Tololo [21], the CfA [49] and the CfA2 [25]. A novel technique
for fitting the I-band lightcurve has been developed and applied to the
nearby SNe in Paper A (see also Section 6.6).

There are many reasons for building the Hubble diagram in the I-
band. First, in order to have an (nearly) independent measurement of
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Figure 3.3: Figure 8 from Paper I. 68%, 90% and 99% confidence regions for
Qa and Qpy from this paper’s primary analysis, the fit to the low-extinction
primary subset (Fit3)

the cosmological parameters, and be able to confirm, or not, the results
obtained observing SNe Ia in the B-band. Second, light at longer wave-
lengths is less sensitive to extinction by dust while travelling through
the universe, e.g the absorption in B-band is about twice the absorption
in I-band. In general, I-band measurements are affected by somewhat
different systematic uncertainties than those relevant to B-band measure-
ments. For this reason, the rest-frame I-band Hubble diagram represent
an excellent complementary tool for determining cosmological parameters
and controlling the possible systematic effects involved. Recently, Krisci-
unas et al. [27] have studied the Hubble diagram out to z ~ 0.04, in the
infrared, corresponding to rostrum J, H and K-band. Although building
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the Hubble diagram at these wavelengths is very promising for controlling
systematic uncertainties in supernova cosmology, space observations will
be required to be able to safely extend the analysis to high-redshift.
Figure 3.4 shows the result obtained in Paper A where the rest-frame
I-band Hubble diagram includes 28 nearby objects, with redshift rang-
ing between 0.01 and 0.1, and three SNe at redshift z ~ 0.5. The three
high-z SNe constitute a very small sample to be able to fit cosmologi-
cal parameters. However, they have been compared with different mod-
els, and found that they do not contradict a flat, A dominated universe,
(Qar,24)=(0.3,0.7), determined using the rest-frame B-band measure-
ments of SNe Ta, while a flat A=0 universe was less favoured by the data.
With this work, the feasibility of using rest-frame I-band data for cos-
mological reasons was established. Most importantly, possible sources of
systematic uncertainties are identified and discussed (see also discussion
in Section 4.7 and 6.7).

3.6 The concordance model

Other experiments, recently conducted in other fields of cosmology, have
confirmed and given confidence in the results obtained using supernovae
as standard candles. The most relevant was probably given by the combi-
nation of measurements of the Cosmic Microwave Background Radiation
(CMBR) anisotropies, yielding Qj; + Q4 together with the value of Qy
determined by Large Scale Survey (LSS) and galaxy cluster surveys. The
CMBR was formed at the time of decoupling between matter and radi-
ation, which occurred about three hundred thousand years from the Big
Bang, at a redshift z ~ 1100. This radiation, relic from the Big Bang,
is cooling down as the universe expands, and has reached now a tem-
perature of about 3 K, thus it is observable in the microwave region of
the spectrum. This radiation has travelled through the universe quite
undisturbed, conserving information on the structure of the early uni-
verse. The first measurements of the CMBR, were obtained by chance by
Penzias and Wilson in 1965. In 1989 the COBE satellite was launched
and the temperature of the CMBR was measured at an extremely high
precision. This appeared to be an excellent black body with anisotropies
of the order of AT/T ~ 107°. It is possible to show that the angular
size of the first acoustic peak in the CMB anisotropies depends on the
geometry of the universe, Qx = 1— Q) — Q4, and the degeneracy on Qy
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and Q, parameters cannot be broken [13]. Measurements of the acous-
tic peaks in the CMBR, first by balloon experiments, BooMERANG and
Maxima, [12, 3] and later by the WMAP satellite [51, 53], have proved
the flatness of the universe at the percent level.

Less accurate are the results obtained by other means, measuring the
mass density of the universe. The 2dF Galaxy Redshift Survey (2dFGRS)
[14] indicates a matter density €2as = 0.3, which together with the results
of the CMBR would confirm a non-zero cosmological constant. The evo-
lution of number density of X-ray emitting galaxy clusters [55] are also
consistent with a matter density accounting for about 30% of the total
energy density of the universe.

The systematic uncertainties involved in each type of experiment are
of different nature, so that the cross-cutting cosmological results give a
trustful scenario of the composition of the universe today. This is called
the “concordance” model.

3.7 The nature of dark energy

The recent discoveries open the question of determining the nature of the
dark energy, that is driving the acceleration of the universe. The presence
of a cosmological constant, A, is not the only possible explanation for the
acceleration, and, although it would seem to be the most natural one, it
presents some unsolved problems. Due to its equation of state, the cosmo-
logical constant behaves as the vacuum energy of the universe. However,
its measured value is 120 orders of magnitudes smaller than what would
be predicted by theoretical calculations. Another source of concern is the
coincidence problem. Since the matter density scales with the third power
of the size of the universe, p = pg/a>(t), while the vacuum energy density,
PA, is constant, it is very unlikely that we measure it at the “rare” period
of its time evolution in which it has the same order of magnitude as the
matter density. These problems inspired theories predicting alternative
forms of energy densities able to drive the acceleration of the universe.
One of the most promising ones, is a scalar field called quintessence, whose
equation of state parameter, wg, varies slowly with time. The only way of
understanding the nature of dark energy, and distinguish among different
candidates, is to measure the equation of state parameter and, possibly,
its time derivatives. Figure 3.5 (from Paper I) shows the most recent
measurements obtained using SNe Ia. The supernova data can be com-
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bined with CMB and 2dFGRS results. As the different experiments are
complementary to each other, their combination allows to decrease the
uncertainties on the parameters. The corresponding estimated value of

the equation of state parameter is w = —1.051'8:58 (for the low-extinction

subset, for details see Paper I), or w = —1.02J_r8:%2 (for the full primary
subset with host-galaxy extinction corrections applied). This results are
compatible both with the cosmological constant, for which w = —1, and
with a wide range of other dark energy models including quintessence.
The large uncertainties involved with this analysis are manly due to the
small data sample and to the small redshift range of the observations.
Future experiments aiming at the discovery of large sample of SNe Ia up
to z ~ 2, such as the SNAP satellite, are likely to be able to solve the

dark energy enigma.
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Figure 3.4: Figure 7 from Paper A. Effective I-band maximum vs redshift for
the nearby supernovae of the Calan/Tololo, CfA and CfA2 sample, together with
three supernovae at redshift ~ 0.5, corrected for the width-luminosity relation
(top panel) and residuals to the (27, 24)=(0.3,0.7) model (middle panel) and
for the case not corrected for the width-luminosity relation (bottom panel).
SN 1998es and SN 1999dq were excluded from the fit and are plotted with open
symbols.
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Figure 3.5: Figure 12 from Paper I. Joint measurements of ()1 and w assuming
v+ Qa=1 and that w is not time-varying. Confidence regions plotted are
68%, 90%, 95%, and 99%. The left column (panels a, ¢, and e) shows fits
to the low-extinction primary subset; the right column (panels b, d, and f)
shows fits to the primary subset with unbiased individual host-galaxy extinction
corrections applied to each supernova. The upper panels (a and b) show the
confidence intervals from the SCP supernovae alone. The middle panels (¢ and
d) overlay this (dotted lines) with measurements from 2dFGRS (filled contours)
and combined CMB measurements (solid contours). The bottom panels (e and
f) combine the three confidence regions to provide a combined measurement of
Oum and w.
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Chapter 4

Systematic effects in
supernova cosmology

Special care has to been taken in the control of possible systematic effects
involved in the use of SNe Ia as distance estimators in cosmology. In this
chapter we summarise the main known sources of uncertainties.

4.1 K-corrections

As we have seen in Chapter 3, K-corrections are necessary to convert
the observed magnitudes into rest-frame bands, and depend critically on
the knowledge upon supernova colours and spectral evolution. Paper B
presents a study of mean supernova colour in B, V, R, [-band which was
used to improve spectral templates of SNe Ia. At certain wavelength
ranges this uncertainty becomes particularly important since our knowl-
edge of supernova properties is more limited. In the case of Paper I,
for instance, it was important to know the average U — B colour since
some of the observations correspond mainly to rest-frame U-band, or
their K-corrections partially extend to this region of the spectrum. This
is illustrated in Figure 4.1 where the red-shifted (z=0.6) spectral tem-
plate of SN Ta at maximum is plotted together with the red-shifted U BV
pass-bands and rest-frame RIJ. R-band, used for the observations along
with I-band, corresponds roughly to B-band, extending in part to the
U. Though the amount of the effect is different for different redshifts,
the problem generally involves supernovae at redshift z > 0.5. SN Ia
properties in the U-band are not well established yet due to lack of data.
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Figure 4.1: Spectral template at maximum red-shifted at z=0.6. Also plotted
are the red-shifted U BV pass-bands and rest-frame RIJ.

To solve this problem, literature values of U — B at the time of B-band
maximum from 5 nearby SNe were used, resulting in an estimate of -0.4
mag, approximately 0.2 mag bluer than the one used in Perlmutter et al.
[40] and possibly in Riess et al. [47]. It should be noted here, that a bluer
average colour of high-z SNe compared to nearby ones was observed in
the HZT data [28]. However, this effect was not observed in our data
sample, as shown in Figure 4.2, possibly due to a better understanding
of the blue part of the spectra, and therefore a better estimate of the
K-corrections needed to compute the rest-frame B — V colour from the
measured R — I (or similar bands).

4.2 Host galaxy extinction

Dust in the host galaxy could obscure the supernova and make it look
fainter. This effect can be controlled by looking at multi-colour mea-
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Figure 4.2: Figure 4 from Paper I. A plot of E(B — V) as a function of
redshift for the 11 HST-observed supernovae presented in the paper. Error bars
include only measurement errors. Filled circles are those supernovae in the low-
extinction subset (Subset 2 in Paper I).

surements, and with some assumptions on dust properties. The method
usually adopted for determining the amount of extinction in the host
galaxy, is comparing the measured B — V colours, both at maximum
and at late time, with the expected colours for un-reddened supernovae
[46]. Figure 4.3 (from [46]) shows B — V colour evolution for six su-
pernovae, whose behaviour is extremely similar at late time, even for
SNe dramatically differing from the average in their earlier evolution.
The measured colour excess, E(B — V), is then used to compute the ex-
tinction in the observed band, assuming the extinction law derived by
Cardelli et al. [9], which is parametrised using Ry (= A(V)/E(B —V)).
The value of Ry depends essentially on the size of the grains compos-
ing the dust and its density. For the Milky Way dust, the average value
is estimated to be Ry = 3.1, though this is found to be larger in high
density regions. The average value is usually assumed to be the same in
all galaxies. This is generally a good approximation, certainly holding
for low-extincted objects, for which an error in the estimate of Ry would
only contribute marginally in the corrections. However, when computed
for highly extincted supernovae, the correction results are generally over-
estimated [46], probably indicating a different value of Ry . Thus, highly
reddened objects are often discarded from the sample. This was the case
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for an handful of objects in Paper A, Paper B and Paper I. For ex-
ample, in Figure 4.2, the highly extincted supernovae, plotted with open
symbols, were excluded from the subset used for the cosmology fit.

Another limitation in our ability of determining the host galaxy ex-
tinction, is given by colour intrinsic dispersion. Studies on SNe Ia colours
carried in Paper B, have been used to determine this limits,

ag‘:\é = 3.1-ARY
oy, = 6.2 -AFy
o = Al AgT (4.1)
ag‘:i = 14 AT
oy, = 2.5-AFT

where Ry was assumed equal to 3.1, and the dependence on supernova
phase was neglected. The conclusion reached by this analysis is that the
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Figure 4.3: B — V colour evolution for six SNe Ia that likely suffered little or
no reddening from dust in their host galaxies. These six events, whose Am5(B)
parameters are indicated in parentheses, cover a wide range of initial decline
rates and peak luminosities. The solid line corresponds to the Lira (1995) fit
to the colour evolution during the phase interval 30 < ¢y < 90. The epoch of
Bz is assumed to occur 2 days before the epoch of V4, (Leibundgut 1988).
(Credit [46])
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extinction correction cannot be safely determined better than at 0.1 mag
level, when using colours in which there is intrinsic dispersion. However,
the dispersion measured in V' — R in Paper B is compatible with no
intrinsic dispersion, indicating measurement of this colour to be the best
choice for determining host galaxy extinction corrections.

4.3 Non-Ia contamination

The inclusion of other types of SNe in the Hubble diagram could affect
the determination of cosmological parameters, e.g. one of the first seven
SNe published by the SCP [41] is now believed to be a core-collapse super-
nova [36]. Spectroscopic data are aimed to avoid this source of confusion.
However, the low signal-to-noise for high-z supernova spectra can some-
times make the type identification uncertain. At high redshift, the Si 11
6150 A feature, characterising type Ia SNe, is cut out of the range in
optical spectra. Thus, type Ic:s look very similar to the type Ia spectra,
making the identification more uncertain. In cases of good signal-to-
noise spectra, however, the identification is possible thanks to shallower
features, namely the S II W, in the region 5000-5500 A, and the Si IT in
the region 3900-4100 A. Paper C presents 15 spectra of 13 high-z SNe Ia,
and addresses the problems connected with their type identification. For
example, Figure 4.4 shows the spectrum of SN 2000fr, (z=0.543), com-
pared to spectra of different supernova types, highlighted are the fea-
tures that allow its identification as a type la. It has been shown, that
multi-colour information can be used to reduce contamination by other
supernova types at high redshift [11]. With an ideal data set, includ-
ing both multi-colour photometry and spectroscopy, we would be able to
assure negligible contamination by other supernova types in the Hubble
diagram.

4.4 Supernova Population drift

It has been suggested that distant supernovae could be intrinsically fainter
than the local ones, due to a drift in the properties of the environment
in which supernova explosions occur. Though there are no evidence sup-
porting this hypothesis, this is still a viable possibility that cannot be

No spectra were available for that SN, colour information and redshift from the
host galaxy were used for the classification.
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Figure 4.4: Figure 2 from Paper C. The spectrum of SN 2000fr, z=0.543,
compared to spectra of different types of nearby supernovae. Highlighted are
the features that allow its identification as a type Ia.

excluded yet. In order to test for supernova evolution, we compare ob-
served properties of nearby SNe with distant ones.

In Paper C, we analyse spectra of 13 distant supernovae and compare
them both qualitatively and quantitatively to spectra of nearby SNe and
find no indication for evolution. The quantitative comparison is done
using spectral indicators, such as velocities of supernova features and
Equivalent Widths (Ew), the latter introduced in Paper VI to study
properties of nearby SNe (see Chapter 6). A general worry is the com-
plete absence of very faint (fast declining lightcurve) and very bright (slow
declining lightcurve) objects discovered at high redshift. While the ab-
sence of underluminous objects is expected due to selection effects (see
Section 4.7), the lack of bright objects is surprising, and could be indica-
tive of evolution in supernova properties with redshift. Among the sample
presented in Paper C, one supernova, SN 2002fd (z=0.279), shows sim-
ilarities with spectra of slow-decliner supernovae and we classified it as
1991T/1999aa-like. Though lightcurve data of this supernova is missing,
and we could not confirm it to be actually overluminous, SN 2002fd rep-
resent the only reported case of a possible peculiar supernova observed
at high-z up to date.
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Rest-frame I-band lightcurves can be also used to test for supernova
evolution. In nearby SNe, the secondary peak appears about 20 days
from the first maximum, and it is more prominent in normal and over-
luminous SNe Ia and completely absent in underluminous ones. This
relation can be used as an indication against supernova evolution when
seen in the lightcurve of distant objects, e.g. a supernova showing the
second peak is not intrinsically underluminous. This argument is used
in Paper A, where three high-z SNe rest-frame I-band lightcurves are
fitted by templates showing this characteristic. Moreover among them,
SN 2000fr shows evidences for the second peak, even without a fit to the
nearby lightcurve templates.

Another worry is in the possible dependence of supernova properties
with host galaxy type, as this could in principle affect the cosmological re-
sults. Paper II builds the rest-frame B-band Hubble diagram for groups
of SNe hosted in given galaxy types. The sample used is composed by the
42 high-z SNe Ia from the [40], plus 18 SNe of the Calan/Tololo sample
and 12 SNe of the CfA sample. The scatter observed in the Hubble dia-
grams correlates with host galaxy morphology, being smaller for SNe Ia
in early type hosts than in late type hosts. In all cases the acceleration
of the universe is confirmed.

4.5 Grey dust

Presence of dust in the intergalactic medium (IGM) was proposed for the
first time in 1999 as an alternative explanation for the observed dimming
of SNe Ia [1, 2], and the issue was addressed both by the SCP and the
HZT [40, 47]. An homogeneous distribution of dust with small redden-
ing, “grey” dust, would have the same effect on the Hubble diagram of
distant supernovae as the cosmological constant and would not be discov-
ered by tests on colours, such as those generally performed on F(B — V)
distribution.

Aguirre [1] argued that mechanisms able to expel only large dust
grains into the IGM were possible. The minimum size of the grains, es-
caping the galaxies, would determine the optical properties of the dust,
e.g the value of Ry in the parametrisation by Cardelli et al. [9]. The
minimum grain size, amin, is set by studying ejection mechanisms, but
also, experimentally, by the measured emission from the microwave back-
ground radiation. The optical properties of such a dust would have a very
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Figure 4.5: Figure from [35]. Dimming of SNe Ia effective magnitude vs. red-
shift in a flat A = 0 universe with a homogeneous distribution of grey dust in the
IGM (top panel); expected colour excess in the observed magnitude vs. redshift
(bottom panel).

weak wavelength dependence, therefore called “grey” dust. Assuming a
value of api, between 0.08 and 0.12um, which correspond to Ry between
4.5 and 9.5, Goobar et al. [18] computes the redding expected for a ho-
mogeneous distribution of large grain dust in the IGM, whose density is
such to explain the measured dimming of type la supernovae at redshift
z ~ 0.5.

Figure 4.5 shows the dimming of SNe Ia effective magnitude vs. red-
shift in a flat universe with 2, = 0 and a homogeneous distribution of
grey dust with a Ry =9.5 (top panel) and the expected colour excess in the
observed magnitude, E(R—J) and E(I —J), vs. redshift (bottom panel).
At redshift ~0.5, the effect of grey dust, in such a universe, is about ~



4.6. GRAVITATIONAL LENSING 35

0.2 mag. Accurate multi-colour measurements of SNe Ia should be able
to distinguish the effect of grey dust from the cosmological constant.

Paper A uses the measured magnitude in the rest-frame I-band Hub-
ble diagram for three SNe Ia at redshift z ~ 0.5, to test the dust model
as compared to the cosmological models. Although the dust model is not
favoured by a simple x? test, there is a need to increase the sample of
rest-frame I-band data at high-z in order to make the test more robust.
In the same work, a method for testing the presence of grey dust using
multi-colour measurements was developed. The preliminary sample of
three high-z SNe Ia was used to test the method, and investigate the
systematic effects involved.

Note that colour measurements of quasars have been used to constrain
intergalactic dust and its effects on high-z sources [31]. These results
rule out the possibility for IG dust to be the only cause of the observed
dimming of SNe Ia.

4.6 Gravitational lensing

Although this effect is not directly investigated in this thesis, gravitational
lensing is an important source of systematic uncertainty for very distant
supernovae. Massive objects interposed in the space between the source
and the Earth, can act as lenses and artificially augment (or diminish)
the object brightness. An example of lensed supernova is the case of
SN 19971f at redshift ~ 1.7, [4, 32].

Gravitational lensing depends upon the distribution of matter in dark
matter halos. While extreme cases in which all matter is clumped in very
massive objects would cause significant dimming of supernovae already at
redshift as low as ~ 0.5, more realistic assumptions of matter distribution,
would make this effect important only beyond redshift ~ 1. Gravitational
lensing would increase the dispersion in the Hubble diagram and there-
fore the uncertainties on the estimate of cosmological parameters. For a
complete review of gravitational lensing in astronomy see e.g. [56], while
for the effect of lensing on supernova cosmology see discussions in e.g.
[40, 28, 42]. This effect could severely limit our ability to using luminos-
ity distance indicators at very high redshifts, however, observing a large
sample of SNe could allow to average out this effect.
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4.7 Other effects

4.7.1 Colour corrections

Colour corrections are necessary to combine or compare data from dif-
ferent telescopes. This correction takes care of differences between the
responses of each instrument filter and the standard system used as ref-
erence. Systematic uncertainties in the colour corrections can depend
upon how well the filter band-pass, the optics and the CCD transmission
of the instrument used for the observations is known, and on the defi-
nition of the system used as reference, e.g. the Bessel system [5]. Both
in Paper A and Paper B, we have found potential systematic differ-
ences between SN data from different samples which probably depend
on the transformation between the system used?. Figure 4.6 shows the
low-z Hubble diagram from Paper A, where SNe from different data set
are plotted with different symbols. Table 4.1 lists for each data sample
the average redshift, the number of SNe, the weighted mean and stan-
dard deviation of the residuals in the Hubble diagram and the average
uncertainty. The latter is dominated by the uncertainty in the redshift
due to peculiar velocities in the host galaxies, assumed 300 km/s. The
Calan/Tololo sample shows a small offset to the best fit model, which is,
however, compatible with statistical fluctuations. Note that, this is the
set including SNe at higher redshift, which are therefore less affected by
peculiar velocities. The r.m.s. of the CfA sample is the largest, how-
ever, we note that only 6 SNe are in this sample, making the statistical
significance more uncertain.

For the near infrared observations, where the reference system is not
as well determined as in the optical, the problem could be more severe.
In particular there is an offset between the IR (Persson) and Optical
(Johnson) systems that we estimated to be 0.036 £ 0.012 mag. This was
done both by comparing colours of A0 stars from the Hipparcos catalogue
with the 2MASS catalogue, and by using the transformations given by
the 2MASS experiment between the Jpco (Persson) to the Jpp (Bessel
& Brett) for a A0 star, following Carpenter [10]. Differences between the
two methods, of the order of 0.02 mag, are compatibile with statistical
fluctuations.

*Note that two of the samples used in Paper A, the Calan/Tololo and CfA sample,
were used in the analysis of Paper B.
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Figure 4.6: Figure 7 from Paper A. Effective I-band maximum vs redshift
for the nearby supernovae of the Calan/Tololo, CfA and CfA2 sample. The
data have been corrected for the stretch-luminosity relation and for Milky Way
and host galaxy extinction. The r.m.s. along the concordance model line is
o = 0.19 £ 0.02 mag. Subracting the contribution of the average uncertainty,
results in 0.14 mag estimated intrinsic dispersion. SN 1998es and SN 1999dq
were excluded from the fit and are plotted with open symbols.
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— a b 300
w w
(2) n T o o

C/T 0.037 (0.021) 9 0.08 £0.06 0.16 +£0.06 0.10 £ 0.04

(
CfA  0.025 (0.009) 6 0.003 £0.12 0.27 £0.06 0.11 = 0.03
CfA2 0.018 (0.007) 11 -0.02 +£0.05 0.14 £0.04 0.14 £0.05

Table 4.1: Dispersion measured in the Hubble diagram for each of the sample,
corrected for the width-luminosity relation; (z) is the average redshift of the
sample, and its standard deviation given between brackets; n is the number of
data points; T,, and o, are weighted mean and standard deviation of residuals
in the Hubble diagram about the best fit model to the whole data sample, and
03% is the average uncertainty and r.m.s. around that value. C/T stands for
Calan/Tololo.

“If R; are residuals in the Hubble diagram and w; are the weights, then
Tw =y wiRi[ > wi £ muwa/\/Micss
M = Y wilky [ Y wi
ey =Y wi’/ Y wi

bo'w = M2 = \/(mw4 - m%u?)/(4n5ffmw2)

4.7.2 Selection effects

Supernovae found near the limiting magnitude of the search can bias
the results obtained using these objects as distance indicators, i.e the
Malmquist bias [33, 34]. Due to the narrow distribution of intrinsic
brightnes, this effect is quite small for SNe Ia, up ~ 0.04 mag [42], and
can affect both nearby and distant supernovae. What is relevant to the
determination of the cosmological parameters, however, is only the dif-
ference between the low and the high redshift samples biases. For the
case of Paper I, nine of the eleven high-z supernovae were discovered
at maximum light. The reason for this selection was in the fact that
only spectroscopically confirmed supernovae were chosen for the follow-
up and, among these, only the more distant objects were observed with
the HST. The Malmquist bias was estimated for both nearby and distant
sample used in the analysis of Paper I, and was found comparable. Note
that these selection criteria are likely to take place every time the use
of the observing facilities is time limited or strongly depending weather
conditions. Dedicated experiments such as the SN factory, the SNLS or
in the future the SNAP satellite, will be able to reduce the effect of the
Malmquist bias.



Chapter 5

Near-Infrared Data

In this chapter we describe general problems concerning the reduction of
near-infrared (NIR) data and we discuss the method followed for the data
reduction of SN 2000fr. The optical data of this supernova was used in
Paper I, its spectrum is discussed in Paper C, and its near infrared
data was used in Paper A.

5.1 Observing in the NIR

The main limitation for observing in the NIR is the high sky emis-
sion, which is particularly strong at these wavelength range, typically 16
mag/arcsec?, and the atmospheric absorption, defining only a few wave-
length ranges at which ground based observations are feasible. Figure 5.1
shows the atmospheric transmission in the NIR wavelengths region com-
pared to the JH K band-passes of some of the filters available at ISAAC
VLT. Observations usually consist of multiple images of the target to be
combined following a specific reduction technique. Moreover, since the
sky brightness vary significantly with time, this must be monitored quite
often during the observations and in the vicinity of the target. The time
spent to monitor the sky is usually comparable to the time spent inte-
grating on the source. One can distinguish between different techniques,
namely nodding, dithering and mosaicing, chosen mainly depending on
the brightness of the target, its extension and the population of the field,
but also on the telescope used for the observations.

Nodding refers to the technique in which the telescope is pointed on
and off the source, so to have a sky frame for each sky image. In case

39
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Figure 5.1: Atmospheric transmission in the NIR wavelength region, compared
to the J,H K filters available at ISAAC VLT.

of a very dense field and/or an extended source, the size of the nodding
required can be quite large. This technique was more common for single
element detectors and is gradually disappearing with the introduction of
array detectors and the use of large telescopes for which quick oscillations
are not easily achieved.

In the dithering technique, the telescope is shifted, usually by a small
offset, according to a pattern, see Figure 5.2. Thus, the target will al-
ways be centred in a different point of the image for each one of the
exposures. In this case, images taken immediately before and after the
frame are combined together in a sky frame to be subtracted from the
image. Dithering was used during the observations of SN 2000fr.

Mosaicing is a dithering with larger offsets between the different expo-
sures. This allows to cover a larger region of the sky, however, it requires
that at least some parts of each frame overlaps to enable the image align-
ment during the data reduction process.

NIR observations are typically made without a shutter, and many
detectors do not even have one. As infrared arrays saturate very quickly,
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Figure 5.2: Example of Dithering technique. The telescope is pointed at differ-
ent position in the sky, and images are acquired for each of the positions.

they need to be read-out often. The integration time between read-outs
varies between a fraction of a second up to 20-30 seconds, depending on
the wavelength range and the brightness of the target. Thus, several
frames are co-added to produce one image. This is usually automatically
done at the telescope, and the individual frames might not be available.

Dark current and read-noise are more important than for CCDs, thus
requiring many dark frames to be taken frequently during the observa-
tions. Typically the dark current is about 1 e~!/s or less, the read-noise
for the ISAAC VLT Hawaii detector is 11 e~!'. The exposure time is cho-
sen to be comparable to what is spent on the object and on the calibration
stars.

Flat field frames are usually taken at twilight or during the night
since the sky is so bright at IR wavelengths, faint stars are usually not
visible in the raw images. Dome flats are not recommended, because of
the uneven thermal emission from the dome itself that could affect the
images. The flat field is the combination of different frames dithered
between exposures.
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5.2 The data set

SN 2000fr (z=0.543) was discovered by the Supernova Cosmology Project
(SCP) during a search run in spring 2000 (see IAU Circular No. 7763).
The search, aimed at the discovery of z ~ 1 supernovae, was conducted
in I-band with the CFH-12k camera on the Canada-France-Hawaii Tele-
scope (CFHT). Due to the depth of the search, SN 2000fr was found
about 11 rest-frame days before maximum. It was followed photometri-
cally in both optical and near infrared, and two spectra were taken at
different epochs. The spectra confirmed that it was a type Ia at z=0.543.
NIR observation were performed with ISAAC at the Very Large Tele-
scope (VLT) at three epochs and again about one year later to acquire
reference images of the host galaxy, see Table 5.1.

Date Epoch Exposure
(MJD)  (days) time (s)
51685.06  0.41 4500
51709.02 15.94 3600
51731.96  30.80 3600
52096.00 266.69 7080

Table 5.1: Summary of data taken for SN 2000fr in Js;-band at VLT with
ISAAC. The epoch after B-band maximum light is quoted in the rest frame.
The time of maximum, determined from the optical lightcurve fit to the HST
data, is 51684.5 +£0.2 days (Paper I).

Each observation consists of a series of 20 to 60 images with random
offsets between them. The observations were done with the ISAAC Jg
filter, which is narrower than most J-band filters. Figure 5.3 shows a
comparison between J; and J Persson filters, together with the atmo-
spheric transmission. The main advantage in using the J; filter is that it
cuts off the regions of atmospheric fluctuations between 13500 and 15000
A. This makes the zero point generally very stable.

5.3 Data Reduction

The NIR data reduction depends on the technique used for the observa-
tions, although one can define a guideline which is common in all cases.
Here we briefly summarise the reduction used for SN 2000fr.
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Figure 5.3: Comparison between the standard J Persson filter, the J, filter
at ISAAC used for the observations of SN 2000fr and the I-band red-shifted at
z=0.543. The atmospheric transmission is also plotted.

1. Dark subtraction. Dark frames with exposure time similar to the
exposure time of the object images, are selected and combined. The
combined dark frame is then subtracted to all the frames (both flat
fields and target objects).

2. Flat fields. All the flat field frames are combined in a normalised
flat, to be used to divide all the frames.

3. Sky subtraction. Building up and subtracting the sky is the most
critical step of IR data reduction. We use 10 frames to build the
sky for each frame. The five frames taken immediately before and
five taken immediately after, are averaged together and a min-mazx
rejection is performed on a pixel by pixel basis to exclude the two
highest and lowest values. The average frame is the sky frame to
be subtracted to the image. This process is repeated for each of the
images. As the same frames are used repetitively to compute the
sky frame for different images, this process automatically introduces
correlation between the frames, which is difficult to quantify. The
sky noise expected after sky subtraction is:

S 1
osKY = \/NDIT « NEXP * G (1 * N) (5:1)
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where S is the mean value of the sky in ADU before subtraction,
NDIT is the number of read-out averaged together to produce one
frame, NEXP is the number of exposures, G is the instrument gain,
i.e. 4.5 electrons/ADU for ISAAC in the SW imaging mode, and N
is the number of independent frames used to build the sky frame, i.e.
6 in our case, since 4 have been excluded by the min-max rejection.
Figure 5.4 shows an example of one frame of the data of SN 2000fr,
before and after sky subtraction.

4. Image registration, re-sampling and combination. After sky sub-
tractions, objects are eventually visible in the frames. The stars
can be used to determine the shift to be applied for aligning all
the images, if this information is not already available in the image
headers. Both integer pixel (IP) or a sub-integer pixel (SP) shift can
be chosen in this step, however, SP shift would introduce a farther
correlation between neighbourhood pixels, that should be accounted
for in the determination of the measurement uncertainty. Finally
the images are re-sampled to the same grid and averaged.

Cosmic rays and bad pixels can be identified during the process and are
masked out in the final combination.
To reduced the data we used an external package XDIMSUM in IRAF!.
The main feature of this package is in the possibility to optimise the
sky subtraction. This is done in two steps. First, the sky is computed
statistically for each pixel, and the exclusion of the two highest values
guarantee the exclusion of sources from the calculation of the sky. The
combined sky-subtracted image is thus used to build a mask of objects.
This allows in the second step to exclude the objects from the average
while re-computing the sky to be subtracted. To check the results of
XDIMSUM, we alternatively applied standard IRAF tasks together with
some specific routines written by Chris Lidman?, to produce all the steps
from 1 to 4 above. In what follows we indicate the results obtained in
this way as CL and with XD the results obtained using XDIMSUM.
Standard stars were observed with the same technique used for the
science target, to allow flux calibration. This data could be reduced in

'TRAF is distributed by the National Optical Astronomy Observatories, which are
operated by the Association of Universities for Research in Astronomy, Inc., under
cooperative agreement with the National Science Foundation.

2Chris Lidman is part of the SCP collaboration and former P.I. of the instrument
ISAAC at ESO.
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Figure 5.4: One frame of the IR data of SN 2000fr before (top panel) and after
sky subtraction (middle panel). The horizontal bright line visible on the top
panel; is the division in four parts of the detectors (the vertical line is hardly
visible here). After registration, all the frames are averaged together (bottom
panel).
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jd t_f% flux Js(mag)

51685.059 0.41 713.83 £ 58.28 22.50 £ 0.09
51709.020 15.94  264.56 £ 54.24 23.58 £ 0.22
51731.961 30.80  396.29 £ 54.65 23.14 £ 0.15
51685.059 0.41 746.48 + 50.70 22.45 £ 0.08
51709.020 15.94  232.93 £ 43.53 23.72 £ 0.20
51731.961 30.80  349.51 £ 44.83 23.28 £ 0.14

Table 5.2: Photometry on the CL reduced images (top) and XD reduced images
(bottom).

the same way as the object images, however, due to a higher signal-to-
noise ratio, standard stars are typically about 10-12 mag, we followed a
slightly simpler procedure. In fact, after applying dark and flat frames to
the images, a simple subtraction between them is enough to make appear
the standard star from the sky background. The photometry obtained in
all the frames are then averaged to compute the zero point (ZP) of the
night.

5.4 Photometry

The combined supernova images for each night were aligned with the
reference images. Field stars were used to scale the images to the one with
best seeing. The second epoch was chosen as photometric reference. Thus,
point spread function (psf) photometry was performed on the supernova,
were the psf was defined by the field stars. Photometry was performed in
both XD and CL reduced data, and the results are given in Table 5.2.
The ZP of the second epoch has been computed using the photometry
of the standard stars during that night. Since the standard stars were
observed in the ISAAC J; filter, we computed the correction from the J
magnitude system, defined by Persson [43], to J,; and found -0.012 mag.
As the standard stars used were G dwarfs, spectra of an A0V and GOV
stars were used for this purpose. The zero point for the second epoch was
found to be ZP = 24.819 4+ 0.014, and the object magnitude is computed
as:
flux

JSZZP—AJSX—25lOgm

(5.2)
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Figure 5.5: Figure 9 from Paper A. Rest-frame I-band lightcurve of SN 2000fr
in normalised flux. Time axis in days since B maximum. The template fitting
the data is the nearby SN 1992bc.

where A, is the atmospheric correction for VLT, 0.06 at Paranal, X is
the airmass during the observations, equal to 1.177 for the second epoch,
and exptime is the exposure time, 20 sec. The Js; magnitude is then
K-corrected to rest-frame I-band.

An alternative way, is to transform the J; measurement of the super-
nova into the J system and then K-correct from J to rest-frame I-band.
This, however, leads to the same result as in the method described above.
Figure 5.5 shows the rest-frame I-band lightcurve in units of flux nor-
malised to the peak value. The template fitting the data is the nearby
SN 1992bc.

A general source of uncertainty is given by the definition of the J
standard system. Comparing the two system, one defined by Persson et
al.[43], usually used to calibrate IR data, and one by Bessel and Brett [6].
Following Carpenter [10], the transformation between the two systems in
J-band is: Jgp=J,c0+0.036 (:|:0.012).
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5.5 Comparison of the two reduction methods

Table 5.2 shows the results obtained with the two different reduction
methods. Differences in the photometry are of the order of 5-14%, de-
pending on the epoch. The two methods differ essentially for the double
iteration applied by XDIMSUM to the data to improve the sky frame
once a map of objects has been built.

As both XD and CL reduced images show a residual background left
in the final results, we subtracted it out before repeating the photometry
measurements, to see whether this was relevant. As expected, the back-
ground did not affect the psf photometry, and the measurement in the
background subtracted images, for both XD and CL reduced images, was
consisted with the photometry in the non-subtracted images.

Thus, we compared the results from the two reductions, looking for
differences that could affect the measured photometry. The signal-to-
noise ratio of the bright stars in the field for each of the epochs was in
agreement between the two reductions. The statistical distribution of
sky values in the whole image was also used to compare the two methods,
and it is shown in Figure 5.6. We found no significant differences between
them at any epochs.

The photometry of the bright stars in the field was also used for the
comparison. Figure 5.7 shows the difference in magnitude measured in
the two reductions plotted versus the measurements in the CL images. As
expected, the difference increases for fainter objects, and the dispersion at
magnitudes ~ 23, that is about the magnitudes of our SN, the difference
is quite large. The standard deviation of the plots showed in Fig. 5.7 for
magnitudes fainter than 21 is 0.07 for the first epoch, 0.12 for the second
epoch and 0.13 for the third epoch. The results of the two reductions
agree within this dispersion. From this analysis we conclude that the
difference in the reduction, in particular the way the sky is computed and
subtracted, becomes important only for objects fainter than 22 - 23 mag,
reached in an exposure time of about 3500 - 4500 s.

As the goal of supernova cosmology is to measure even more distant
supernovae, NIR observations become increasingly important, and as such
space based observations will be crucial to overcome this kind of problems.
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Chapter 6

Studies of supernova
properties

Given the use of SNe Ia in cosmology, the study of their properties become
of fundamental importance to better define the standard candle and to
be able to keep systematic uncertainties under control. In this section I
describe the work we have done to study properties of both nearby and
distant supernovae.

6.1 The low-z 1999 campaign

During the spring of 1999 the Supernova Cosmology Project (SCP) coor-
dinated an intensive campaign in order to discover and follow up a large
number of nearby supernovae. The campaign involved many different
telescopes all over the world and the data set collected is the successful
result of a broad collaboration. A total of 37 SNe were discovered up to
redshift z ~ 0.24, of which 19 were of the type Ia. Figure 6.1 shows the
redshift distribution of the type Ia SNe of this sample. The data consists
of both photometry and spectroscopy. This work, however, focus on the
spectroscopy data only. During more than 30 nights of observations at 8
different telescopes (APO 3.5m, CTIO 4m, ESO 3.6m, INT, KPNO 4m,
Lick 3m, MDM 2.4m, NOT) a total of about 100 spectra were collected.
Spectra and images of the host galaxy were observed about one year later.
During the time of this thesis, I have been involved in the observations
of the host galaxy images at the Nordic Optical Telescope (NOT), and in
the data reduction and analysis of the spectroscopy data of the SNe Ia in

ol
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this sample. Table 6.1 collects informations for each of the 19 SNe, such
as Milky Way reddening, date of B-band maximum, host galaxy name
and type, and epochs at which the supernova was observed. The epoch
was obtained by preliminary lightcurve fits for most SNe. No dating is
known for three SNe, SN 1999at, SN 1999bf and SN 1999bh, for which
only late time photometry follow-up is available. Figure 6.2 shows the
distribution of epochs at which the spectra were observed, that extends
from 15 days before B-band maximum (for SN 1999ac) up to 58 days
after B-band maximum (for SN 1999aa).

No. of SNe

0 0.05 0.1 0.15 0.2 0.25
Redshift

Figure 6.1: Redshift distribution of the SNe of the spring 99 sample.

The data were reduced using IRAF routines. Each frame was bias sub-
tracted and divided by a normalised flat field. The sky background was
fitted all along the image, and subtracted to the frame before performing
the spectra extraction. This was done using a variance weighted aperture
extraction, or optimal extraction, [23]. The one dimensional spectra were
calibrated in wavelengths using comparison arc lamp spectra. Extraction
of sky spectra on the same image were used to cross check the accuracy
of the calibration. Finally, spectrophotometric standard stars were used
to flux calibrate the supernova spectra. The reduction scheme adopted
for this data set are described in Paper D, together with the estimate of
statistical uncertainties and studies on systematic uncertainties. These
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Figure 6.2: Epoch distribution of the spectra collected for the spring 1999 SNe,
given in the rest-frame days since B-band maximum.

were estimated when possible using different methods:

e In all the cases for which more than one standard star was ob-
served during the night, these were used to estimate the systematic
uncertainty. The set of stars for each night were calibrated using
the sensitivity function, and their spectra compared to the corre-
sponding tabulated spectra. The one star deviating most was then
excluded from the sample and the sensitivity function was calcu-
lated again on the new sample, and used to calibrate the excluded
star. Its deviation from the tabulated spectrum was taken as an es-
timate of an overall systematic uncertainty of the night. The result
of this estimate for each night is reported in Paper D.

e Whenever the same object was observed in two different instrument
settings, we have compared the outcoming spectra in the overlap-
ping wavelength region. This was possible for a number of spectra.
The result found is comparable with the estimates obtained using
the standard stars. In a few cases the same object was observed at
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Figure 6.3: Spectra around maximum of the spring 99 sample.

different telescopes during the same night. The comparison between
their spectra gave an independent check for systematic effects.

Figure 6.3 shows spectra obtained during the 1999 campaign for several
SNe around the time of B-band maximum.

Two supernovae in the sample were especially well followed, with 15
spectra from -11 days to +58 days for SN 1999aa, and 13 spectra from
-15 days to 42 days for SN 1999ac. These are peculiar supernovae, and
a detailed study of their spectra have been carried and are reported in
Paper III and Paper IV respectively. Figure 6.4 shows the time series
for SN 1999aa (from Paper III), which is an interesting SN as it shows
spectral characteristics in between a normal type Ia and a SN 1991T-like,
possibly suggesting that these two SNe are the result of the same kind of
progenitor system.
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Table 6.1: Information on the Spring 1999 type Ia SNe.

SN E(B-V) Date of Host Host

Name z (MW) max.? Galaxy Type®  Epochs®

1099aa 00144  0.040 240299 NGC 2595 SAB(ws)c —11,-7,-3,-1,5,6,14,19,25,
28,33,40,47,51,58

1999ac  0.0095 0.046 13-03-99 NGC 6063 Scd -15,-9,0,2,8,11,16,24,
98,31,33,39,42

1999af  0.097  0.029 220299  Anon.  Sa/I0pec: —5,1,17,19,27

199920  0.054  0.065  10-03-99:  Anon. Sa: 5,7,10,13,18,29,34,40

1999ar 0.15 0.031 08-03-99 Anon. Sab: 6

1999at 0.027 0.029 ) Anon. E/SO 1 spectrum

1999au 0.124 0.032 02-03-99 Anon. Sh: 12,17,20,24,31

1999av  0.05 0.031 080399  Anon. E/S0O  2,5,9,12,15,31,42

1999aw 0.04 0.032 12-03-99 Anon. unknown  3,5,9,12,16,24,31,38

1999be 0.019 0.047 10-03-99: Anon. unknown  14,19,26,33,37,44

1999bf  0.24(7) 0.022 ) Anon. unknown 1 spectrum

1999bh  0.0172 0.015 ) NGC 3435 Sb 3 spectra

1999bi 0.123 0.027 08-03-99 Anon. Sh: 6,12,13,29,36

1999bk  0.096  0.027  13-03-99  Anon. E/S0  4,7,9,10,22,30

1999bm  0.143  0.024  18-03-99:  Anon. Sh: 3,6,21,28

1999bn 0.129 0.059 21-03-99 Anon. Sh: 2,14,22,27

1999bp  0.077 0.034 23-03-99 Anon. Sb: -2,0,1,6,13,17,23,30

1999bq 0.149 0.043 20-03-99: Anon. E/SO 3,18,23,28

1999by  0.0021  0.016  09-05-99 NGC 2841 SA(r)b  1,6,16,27,34

& Dates followed by a colon are determined by spectral dating.
b Types followed by a colon are taken from spectral classification.
¢ In rest-frame days since B-band maximum light.
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6.2 A new set of spectral indicators

Spectral indicators allow quantitative characterisation of spectra and con-
sent to find correlation with lightcurve properties. For instance, proper-
ties of two spectral features, the silicon ratio [R(Si 11)] and calcium ratio
[R(Ca 11)] were found to correlate with the luminosity [37].

The low-z 99 sample, together with eight SNe Ia, whose spectra are
available from literature, was used to further explore the possibility of
characterising supernovae using spectral indicators. Paper VI introduces
measurements similar to equivalent widths (Ew), with the exception to
refer to a pseudo-continuum since the continuum of supernova spectra is
not well defined. The pseudo-continuum is defined as a straight line fit
between two local maxima. The mathematical definition of EW measure-

ment is:
N
EW = Z (1 —
=1

where \; (i =1,...,N) are the central wavelength values of bins of size
A); over the span of the feature; f\()\;) and f.()\;) are the measured flux
and the fitted continuum flux in each bin i respectively. Eight spectral fea-
tures were identified on spectra around maximum and chosen to describe
supernova spectra. These are listed in Table 6.2, where the wavelength
ranges limiting the features are also given. Figure 6.5 shows these fea-
tures on spectra at maximum and a later epochs. Note that some of them
blend with others at some epochs which changes between supernovae.

Fal) .
fc(/\i)> i (6.1)

Feature Mnemonic Blue-ward Red-ward

ID Label limit range (A) limit range (A)
1 “Ca 11 H&K” 3500 — 3800 3900 — 4100
2 “Si 11 40007 3900 — 4000 4000 — 4150
3 “Mg 11 43007 3900 — 4150 4450 — 4700
4 “Fe 11 48007 4500 — 4700 5050 — 5550
) “S 11 W” 5150 - 5300 5500 — 5700
6 “Si 11 5800” 5550 — 5700 5800 — 6000
7 “Si 11 61507 5800 — 6000 6200 — 6600
8 “Ca 11 IR” 7500 — 8000 8200 — 8900

Table 6.2: Table 3 from Paper VI. Features definition and wavelength limits.
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Figure 6.5: Figure 1 from Paper VI. SNe Ia spectral evolution and feature
definitions for three epochs: 2, 16 and 39 days after maximum light. Numerical
labels correspond to the following adopted feature names: 1- “Ca 11 H&K”; 2-
“Si 11 40007; 3- “Mg 11 4300”; 4- “Fe 11 4800”; 5- “S 11 W”; 6- “Si 11 5800”;
7- “Si 11 6150”; and 8- “Ca 11 IR”. Short vertical lines show the approximate
positions where the pseudo-continuum is taken in each case. Feature ranges
change with time and, due to blending, some weaker features are not considered
at later epochs. Note that, as the SNe leave the photospheric phase, pseudo-
continuum points correspond to emission peaks. Panel (a): the region of features
#2 and #3 for near-maximum spectra of SN 1991T (top), SN 1989B (middle),
and SN 1991bg (bottom). Feature #2 is not defined in the case of 1991bg-like
SNe. Adopted feature limits are marked with vertical lines. Panel (b): an
example of the pseudo-continuum trace for “Fe 11 4800” on a normal SN Ia near
the time of maximum light. Here, solid vertical lines show the regions where the
pseudo-continuum is fitted. Dotted lines mark the measurement limits.
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However empirical, this definition allows to study spectral evolution, as
it is fully exploited in the paper, and defines different behaviour for slow
decliner supernovae, compared to normal SNe [a and fast decliner super-
novae. Moreover, EW measurements have been used to define parameters
that were found to correlate with absolute magnitude.

6.3 Comparing low and high-z SN spectra

We have used Ews, introduced in Paper VI, and expansion velocity mea-
surements, to make quantitative comparison between nearby and distant
SN spectra. Paper C analyses in details spectra of 11 high-z SNe Ia
with 0.279 < z < 0.912, and reports the results of this comparison.
The main information on the data set are collected in Table 6.3, such
as TAU name for each object, redshift, date of the observation, epoch
since B-band maximum, instrument used for the observation, instrumen-
tal setting, telescope, exposure time, the signal-to-noise ratio for pixel,
percentage of host galaxy light on the total observed flux and type iden-
tification.

Possible systematic effects due to reddening or poor resolution can
affect the EW measurements, however, the main potential source of un-
certainty is host galaxy contamination. In the observed spectrum, the
host galaxy light is mixed with the SN flux, and therefore will affect the
determination of the pseudo continuum of the spectrum. A statistical
comparison of supernova templates and host galaxy spectra was used to
determine the fraction of contamination and subtract the host galaxy
from the spectrum, with an uncertainty estimated to be about 10 % level
of the total flux. In order to determine the uncertainty on the Ew mea-
surements due to incomplete host galaxy subtraction, we have artificially
added a well defined host galaxy contamination to non contaminated su-
pernovae, and measured the effect on the Ew. The results are added in
quadrature to the statistical uncertainty.

The clear distinction of the behaviour of Ew evolution between normal
type la supernovae and peculiar ones, both 1991bg-like and 1991T-like,
is visible in many features. However, due to the lower signal-to-noise
ratio of the distant supernovae we only used the evolution of the deeper
features, “Mg 11 43007, “Fe 11 4800” and “Ca 11 H&K”, shown in Fig-
ure 6.6, where the normal SNe (also called Branch-normals) are plotted
with closed circles, and the peculiar SNe are plotted with open symbols.
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The lines are the average evolution of the normal SNe only. In general,
the high redshift SNe have been found to have the same behaviour as the
local sample in this first study. In particular this comparison confirms
quantitatively the identification of one of the supernovae, SN 2002fd, as
1991T/1999aa-like (see discussion in Section 4.4).

Measurements of expansion velocities of the supernova ejecta is also
a mean for distinguishing under-luminous, fast decliner supernovae. At
high redshift, the only spectral feature resolved for carrying this study
is the Ca 11 H&K. Figure 6.7 shows the time evolution of the expan-
sion velocity, measured from the Doppler shift of the minimum of this
feature, for both nearby and high redshift SNe. The under-luminous su-
pernovae are characterised by lower velocities than normal ones, as shown
by SN 1991bg and SN 1999by in the figure. All the high-z SNe in the
sample are found consistent with the behaviour of normal luminosity SNe.

6.4 Colour studies

The study of colour evolution and intrinsic colour dispersion can be im-
portant in many ways. We have already pointed out their importance
for the K-corrections, but also for the determination of the supernova
extinction. This include both extinction by dust in the host galaxy or
large grain dust in the intergalactic medium.

Paper B presents a study of supernova colours applied to SNe Ia
from Calan/Tololo and CfA surveys. The average evolution, the intrinsic
dispersion and the correlation of colours at different epochs is studied for
B-V,V—R,R—I, B—Iand V —1I. Figure 6.8 (Figure 3 from Paper B)
shows as an example the B — V evolution for the Calan/Tololo and the
CfA data sets separately. The time axis is in rest-frame days since the
time of B-band maximum, and the B-band stretch factor is divided out,
so that ¢’ = t/sp(1 + z). Estimates of host galaxy extinction, computed
by Phillips et al. [46], were used to correct the observed magnitudes.
The average evolution for each data set is described by the solid line
determined as a spline interpolation of the weighted average computed in
four day wide bins. The dashed line represents the evolution found for the
same colour of the other data set. Interestingly, the colours were found
to correlate with the B-band stretch factor, even for R and I colours, for
which this correlation was not assessed yet. A later study, presented in
Paper A, has shown that this also holds for the I-band peak magnitude.
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Figure 6.6: Figure 5, 6 and 7 from Paper C. EW measurements of the high
redshift supernovae compared with local SNe. The solid line indicate the empir-
ical model for normal supernovae as described in Paper VI, for “Mg 11 4300”
(top panel), “Fe 11 4800” (middle panel) and “Ca 11 H&K” (bottom panel). No

models are plotted for the latest.
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Figure 6.7: Figure 6 from Paper C. Ca H&K expansion velocities of high-
redshift supernovae presented in Paper C compared with local SNe. The solid
and dotted lines indicate the values of extreme under-luminous SNe SN 1999by
[16] and SN 1991bg [29] respectively.

As the B-band stretch is divided out from the time axis, the curves fitted
to the data, correspond to sg = 1 supernovae.

Taking into account the measurement uncertainty, the intrinsic disper-
sion around the curves was computed for each of the colours at different
epoch bins. The case of V — R at epochs later than 25 days after B-band
maximum was found compatible with null intrinsic dispersion. In general,
the presence of an intrinsic dispersion is a limitation in the possibility of
determining the amount of extinction the supernova underwent, since one
cannot measure it better than the intrinsic dispersion. In Paper B we
compute the limits to which the extinction can be determined in each
band.

Another important aspect of this work was to determine the correla-
tion between colours at different epochs, e.g. the possibility for a super-
nova that is bluer than average at a given time, to be still bluer at later
time. The results of Paper B, the colour evolution curves, the intrinsic
dispersion and the correlation of colours at different epochs, were all used
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to study colours of high-z SNe in the analysis presented in Paper A.
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Figure 6.8: Figure 3 from Paper B. B — V evolution for the two data sets.
The solid line represents always the curve found for the current set, while the
dashed line is the curve found for the same colour of the other set. The time
axis is in days since B-maximum, divided by the stretch factor, sp.

6.5 Spectral templates

Our knowledge of supernova colours can be used to improve the spectral
templates developed by Nugent et al. [36]. In the work described in this
thesis, there are two different approaches, the one adopted in Paper B
and the one developed by Robert Knop' and adopted in Paper I. In the
first, colours of a nearby sample of SNe Ia were corrected for extinction by
dust in the host galaxy, before determining the average colour evolution,
as described in the previous section. Instead, in Paper I the supernovae

'Robert Knop is part of the SCP collaboration and lead author of Paper I.
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were not corrected for extinction, and a blue-side ridge-line fit was per-
formed to the supernova colour curves. The most reddened supernovae
were excluded before performing the fit, and an asymmetric uncertainty
was assumed for each of the data points more than 1o to the red side of
the fitted model, such to allow this points to contribute to the x? only
as if they were 1o away. The main difference in the second approach is
that it does not rely on the estimate of host galaxy extinction. Figure 6.9
shows the B — V and R — I evolution for all the SNe in the sample. The
data are corrected for host galaxy extinction, and the solid line is the
curve describing the evolution, according to Paper B. For comparison,
the curve found by R. Knop is plotted as dashed line, note however, that
this is not fitted to the data plotted but to the un-corrected data.

Differences in the estimated colours, affect our precision in the K-
corrections. We have build two spectral templates, one for each of the
methods described. Figure 6.10 shows the difference between K-corrections
found using the two spectral templates in different cases. At redshift 0.4,
0.5 and 0.6 from observed R to rest-frame B-band (left panel) and at
z=0.543 from J; at ISAAC VLT to rest-frame I (right panel). The first
case is relevant for Paper I, while z = 0.543, as well as the J; at ISAAC
VLT, are chosen as example, since it was relevant for the analysis of
SN 2000fr presented in Paper A.

The difference found in the K-corrections calculated using the two
spectral templates are to be taken as systematic uncertainty in the anal-
ysis, unless one of the two methods is proved to be more robust than the
other. For instance, the case at z = 0.6 in Figure 6.10 shows larger dif-
ferences between the two calculations. This is explained by the fact that
the observed R-band at this redshift extends partially to U-band when
put to rest-frame. As the templates of Paper B where not corrected for
the colours in U-band the discrepancy is quite large, and the templates
of Paper I should be used.

6.6 The /-band lightcurve

The I-band lightcurve has a very characteristic shape. In normal type Ia
SNe a second peak appears between 20 and 40 days after the time of
B-band maximum. We have developed a fitting technique applied to 42
nearby SNe, which is described in Paper A. Figure 6.11 illustrates the
method, consisting in two B-band templates fitting the two lightcurve
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the curve found in Paper B, the dashed line is the result of the analysis made
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Figure 6.10: Difference between the K-correction estimated using the spectral
templates of Paper B and of Paper I, from R to B at z=0.4, 0.5, 0.6 (left panel)
and from Jg of ISAAC and I for z=0.543 (right panel). The larger difference
found at z=0.6 (left panel) is mainly due to the contribution of the U-band
colour in the K-corrections, since the spectral template in Paper B were not
corrected in this band.

peaks respectively. Five parameters are used for the fit: the time and
amplitude of the first peak, the time and amplitude of the second peak,
and a stretch factor for the time axis. The choice of the template used for
the fit is probably not unique, and could be improved. For instance, we
noticed a trend in the residuals of the fit in the rise part of the lightcurve.
A possible solution in this sense, could be to use two different templates,
for the first and second peak respectively.

It has been noted that the secondary peak appears earlier and it is
lower in fainter objects, and later and more prominent in bright ones, and
it is completely absent for subluminous supernovae, [22]. We have proved
this qualitative statement by measuring the correlation on the data. The
study presented in Paper A showed that both first and second peak
magnitudes correlate with the B-band stretch factor (see Figure 6.12),
confirming the findings in Paper B, also discussed in Section 6.4 of this
thesis. The error bars in Figure 6.12 include the contribution of peculiar
velocities of the host galaxies, which we assumed to be 300 km/s. The
dispersion measured as r.m.s. about the line fitted on the data, is 0.19
+ 0.02 mag. However, this should be taken as upper limit of the disper-
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Figure 6.11: The I-band lightcurve of the nearby supernova SN 1995al in
arbitrary units of flux, fitted using the method developed in Paper A. Two
B-band templates are used to fit the first and second peak respectively, for a
total of 5 parameters. The time axis is in days since B-band maximum.

sion. In order to disentangle the intrinsic dispersion from the scatter due
to peculiar motions and measurement errors, we subtracted the average
uncertainty geometrically to the r.m.s. resulting in ¢ = 0.14 mag.

Another interesting correlation found in Paper A, is the one between
the time of the second peak and the B-band stretch factor, shown in
Figure 6.13, confirming the expected correlation.

Figure 6.14 shows the difference between the two peaks, Lner — ILsec,
versus the B-band stretch factor, sp (top panel) and versus the I-band
stretch factor, sy (middle panel), and sp versus s; (bottom panel). Some
of the supernovae are labelled since they show a behaviour somewhat
deviant. These three panels together show that the correlation between
the stretch factor in B and I-band is probably not linear. In particular,
we note that the difference of the two peaks increases with the stretch,
for sp < 0.9, and decreases for larger sg. The dependence on sy of the
same difference is not as clear. If SN 1997br and SN 1998ab are excluded,
the data show a linear trend.

6.7 The supernova properties in /-band.

The study presented in Paper A using I-band data of nearby SNe Ia,
allows to compare properties of supernovae in different bands, e.g. to
check whether supernovae that behave in a different way than normal
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SNe at shorter wavelengths, show the same behaviour in the I-band. In
particular, we note that a sub-sample of SNe included in the analysis
are classified as spectroscopic peculiar. These are SN 1995bd, SN 1997br,
SN 1998ab, SN 1998es, SN 1999aa, SN 1999ac, SN 1999dq and SN 1999gp,
classified as over-luminous 1991T/1999aa-like [24, 30], and SN 1993H
which is reported to have spectroscopic similarities between SN 1992A
and the under-luminous SN 1986G [20]. Some of these SNe show also
peculiar behaviour in optical bands, such as SN 1999ac, whose lightcurve
rises slowly as a over-luminous and declines as a normal SN [45].

The behaviour in I-band of most of these “peculiar” SNe is found con-
sistent with that of normal SNe ITa, with a few exceptions. In the width
luminosity relation, shown in Figure 6.12, two supernovae, SN 1998es and
SN 1999dq, that are already brighter than average, became even brighter
when corrected for host galaxy extinction. Their deviation, which is about
2 - 30 from the fitted line, could indicate that they are intrinsically redder
rather than reddened. One of these SNe, SN 1998es, is also deviant from
the average behaviour shown in Figure 6.13, together with SN 1999ac
and SN 1993H. Note that the uncertainty on the fitted B-band stretch
for SN 1999ac, due to the asymmetry of the lightcurve, can only par-
tially account for its deviation in the figure. In the relations showed in
Figure 6.14, other two peculiar SNe are identified as possible outliers.
These are SN 1997br and SN 1998ab. Interestingly, only SN 1998es and
SN 1999dq are somewhat deviant in the Hubble diagram, as shown in
Figure 6.15, where the peculiar SNe are highlighted by grey boxes. Note
that, SN 1993H (solid box), is not deviant in the Hubble diagram.

In their recent work, Krisciunas et al. [27] built the Hubble diagram
in the near-IR for J,H and K-band. They report the peak magnitude of
the peculiar SNe, SN 1999aa, SN 1999ac and SN 1999aw, to be within
the dispersion of the normal SNe Ia.

The results of this work suggest that supernovae that deviates from
the average standard candle properties in optical band, might have more
homogeneous I-band and NIR-band luminosity. Thus, building the Hub-
ble diagram at longer wavelengths might be less affected by systematic
effects due to intrinsic scatter.
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Table 6.3: Summary of high-z spectroscopy data set from Paper C.

SN 72 Date Epoch? Instrument setup telescope  Exposure S/N  Galaxy® ID
(MJD) time (s) %
2000fr  0.543 51676.2 -5.5(2) FORS1 300V grism + GG435 VLT-UT1 7200 10 16 Ia
2001go  0.552 52021.3  5.6(1) FORS1 300V grism + GG435 VLT-UT1 200 6 19 Ia
2001go  0.552 52058.1 29.5(1) FORS1 300V grism + GG435 VLT-UT1 9000 2 53 Ta
2001gr  0.540 52021.0 2(2) FORS1 300V grism + GG435 VLT-UT1 3600 3 57 Ta
2001gw 0.363 520214 -1(2) FORS1 300V grism + GG435 VLT-UT1 1200 3 19 Ia
2001gy  0.511 52021.3 -7,5(1) FORS1 300V grism + GG435 VLT-UT1 2400 4 20 Ia
2001ha  0.58 52022.0 0(2) FORS1 300V grism + GG435 VLT-UT1 3600 3 6 Ia
2001hc¢  0.35 52022.1 0(2) FORS1 300V grism + GG435 VLT-UT1 1800 7 14 Ia
2001gm 0.478 52021.3 5(2) FORS1 300V grism + GG435 VLT-UT1 2400 2 ? Ia
2002gi  0.912 52407.2 2(2) FORS2 3001 grism + GG435 VLT-UT4 7200 2 ? Ia
2002gl  0.510 52413.1 -5(2) FORS2 300V grism + GG435 VLT-UT4 3000 5 23 Ia
2002fd  0.279 52376.1 -7(2) FORS2 300V grism + GG435 VLT-UT4 600 29 28 Iapec

& From host galaxy if 3-digits

b Uncertainties quoted in parenthesis

¢ Estimated in percentage on the total observed flux by statistical methods.



Chapter 7

Summary and outlook

The main goal of this thesis was to study systematic effects involved with
the use of type la supernovae as distance indicators, such as extinction
by dust in the host galaxy or in the intergalactic medium, contamination
of other supernova types in the Hubble diagram, estimates of the K-
corrections, and possible drift in supernova population.

Studies of properties of nearby supernovae were used to improve our
knowledge of the standard candle. The average B—V,V — R, R — 1,
V — I and B — I colour evolution of SNe Ia was applied to improve ex-
isting spectral templates, used for computing K-corrections. Moreover,
intrinsic colour dispersion as well as correlation of this dispersion at dif-
ferent epochs was studied and presented in Paper B. The intrinsic colour
dispersion limits our ability to determine the amount of extinction due
to dust in the host galaxy or in the intergalactic medium, as investigated
in Paper B and discussed in Section 4.2 and 6.4.

Spectral properties of high redshift supernovae were compared to
those of nearby objects, using spectral indicators such as EW and ex-
pansion velocities, and found in agreement, pointing out no spectral evo-
lution and therefore confirming the reliability of SNe Ia as distance indi-
cators. Moreover, the discovery of the first supernova, SN 2002fd, with
spectral properties resembling those of slow-decliner 1991T/1999aa-like
supernovae, gives additional support against the hypothesis of evolution
with redshift as an alternative to dark energy (Paper C). The presence of
a second peak in the I-band lightcurve of high redshift SNe was also used
for testing the evolution hypothesis (Paper A), which was not supported
by the results.

73
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Problems connected with type identification of high redshift super-
novae, important to avoid contamination by other supernova types in the
Hubble diagram, were also addressed in Paper C.

A novel technique for fitting I-band lightcurve was developed and
applied to 42 nearby SNe. A width-luminosity relation was found be-
tween both I-band first peak and the second peak magnitude, with the
B-band stretch factor. Other correlations between properties of the I-
band lightcurve and the SN luminosity were also identified, such as be-
tween the time of the second peak and the stretch factor.

The SNe in this sample with redshift z > 0.01 were used to build the
Hubble diagram, which was also extended up to 2z ~ 0.5 adding three
high-z SNe (Paper A). This was found to be in agreement with the con-
cordance model of the universe, although more high quality, well sampled
lightcurve data is needed to be able to use this as a complementary tool
in experimental cosmology.

Finally, a large data sample including about 100 spectra of SNe Ia
was collected during the low-z 1999 campaign. The reduction of this data
sample allowed to develop methods for estimating possible systematic
uncertainties in the SN spectra. These are presented in Paper D and
discussed in Section 6.1. This data set was used to study SN properties
in Paper III, Paper IV and Paper VI.

None of the results presented in this work, are challenging the cur-
rent scenario of the universe. On the contrary, some confirm the present
results and increase our confidence in the use of supernovae as distance
indicators. Due to the flow of data collected by large experiments and the
data expected to be collected in the near future, the main limitation will
certainly be due to our control upon the systematic effects involved. This
is both affecting the determination of the cosmological parameters at very
high precision, and the measurements of the equation of state parameter
to determine the nature of dark energy. In this sense the studies and the
techniques developed and presented in this work will become increasingly
important as new data is analysed.
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Abstract. Using a novel technique for fitting restframe 7-band lightcurves of type Ia supernovae, a Hubble diagram including
26 SNe with 0.01 < z < 0.1 was constructed. Adding three SNe at z ~ 0.5 yields results that support the expectations for a
flat A-dominated “concordance universe” (s, Q4)=(0.3,0.7). The high redshift supernova NIR data was also used to test for
systematic effects in the use of SNIa as distance estimators. A flat, A = 0, universe where the faintness of supernovae atz ~ 0.5
is due to gray dust homogeneously distributed in the intergalactic medium is disfavored based on the high-z Hubble diagram
using this preliminary data-set. However, the uncertainties are large and no firm conclusion may be drawn. We also show that
more supernovae are necessary to set limits on intergalactic dust based on B — I and B — V color measurements. The high
redshift restframe /-band lightcurves are better fit by templates that show a second peak than by templates without a second
peak, suggesting that they are not intrinsically subluminous.

Key words. cosmology:observations, supernovae: general



1. Introduction

Observations of type Ia supernovae (SNe) in restframe B-band
up to z ~ 1 and above have shown that they are significantly
dimmer than expected in a universe without a cosmological
constant or some other form of dark energy (Garnavich et al.,
1998; Riess et al., 1998; Perlmutter et al., 1999; Tonry et al.,
2003; Knop et al., 2003). The evidence for dark energy is
supported by cross-cutting cosmological results, such as the
measurement of the cosmic microwave background anisotropy,
which indicates a flat universe (De Bernardis et al., 2000; Jaffe
et al., 2001; Sievers et al., 2003; Spergel et al., 2003); the evo-
lution in the number density of X-ray emitting galaxy clus-
ters (Borgani et al., 2001; Henry , 2001) and galaxy redshift
surveys (Efstathiou et al., 2002), the two latter indicate that
Qnp ~ 0.3. Taken together, these independent measurements
suggest a concordance universe (Qy,Q4)=(0.3,0.7). However,
the SN Hubble diagram remains the most direct approach cur-
rently in use for studying cosmic acceleration and, thus, sys-
tematic effects affecting the observed brightness, of type Ia su-
pernovae should be carefully considered. These include: un-
corrected host galaxy extinction (see e.g. Rowan-Robinson
(2002)), dimming by photon-axion mixing over cosmological
distances (Csaki et al., 2001; Deffayet et al., 2001; Mortsell
et al., 2002), dimming by intergalactic gray dust (Aguirre,
1999a,b; Moértsell & Goobar, 2003) and intrinsic luminosity
evolution (Drell et al., 2000).

Determining cosmological distances through type Ia super-
novae fluxes at longer restframe wavelengths offers potential
advantages, e.g. less sensitivity to dust along the line of sight,
either in the host galaxy or in the intergalactic medium. On
the other hand, the “standard candle” properties at these wave-
lengths and the possibility of additional systematic effects need
to be investigated.

Using restframe /-band, the uncertainty due to extinction
by dust is greatly reduced as compared with restframe B-
band measurements. For example for Milky-Way type dust
(Ry = 3.1) the ratio of extinction for the two bands is sizable,
Ap/A; ~ 2 — 3. In general, the extinction corrections become
less sensitive to our knowledge of the intrinsic supernova colors
and dust properties.

I-band lightcurves typically show a second peak 15-30 days
after the first maximum. It has been suggested that the intensity
and time-difference between the first and second /-band peak
are related to the intrinsic luminosity of the type Ia SNe, ap-
pearing later and more evident for normal type Ia and earlier
and fainter for subluminous ones (Hamuy et al., 1996a; Wang,
2003). Thus, building /-band lightcurves for type Ia supernovae
offers the possibility of finding means for probing brightness
evolution.

The scope of this work is to test the feasibility of using rest-
frame 7-band for cosmological distance measurements, using
data available to date, and assess the importance of observing
in this wavelength range for the future samples of SNe. For
that purpose, we develop a template fitting technique to esti-
mate the first (/yax) and second (/) I-lightcurve peaks, which

Send offprint requests to: S. Nobili , serena@physto.se

we apply to 42 nearby SNe Ia. I, is used to build a SN Ia
Hubble diagram reaching out to z ~ 0.5. Infrared data of a
supernova at redshift z = 0.543, SN 2000fr, is presented and
used in the Hubble diagram, together with other two SNe in
the same reshift range, available in literature, SN 1999Q (Riess
et al., 2000) and SN 1999fF (Tonry et al., 2003). The proper-
ties of the second peak in the restframe /-band lightcurves are
investigated. Furthermore, additional color information is used
to test for extinction by non-conventional dust for three z ~ 0.5
supernovae.

2. I-band lightcurve fit

The second lightcurve peak seen in nearby type Ia SNe, varies
in strength and position with respect to the primary maximum,
and complicates the use of a single parametrized template for
lightcurve fitting, which is currently often applied for B and V-
band, (see e.g. Perlmutter et al. (1997); Goldhaber et al. (2001)
for example of the timescale stretch factor approach).

‘We have developed a method for fitting 7-band lightcurves
using five free parameters. The underlying function is a com-
bination of two standard B-band templates of type Ia super-
novae'. Our fitting procedure can be summarized as follows:
one B-band template is used to fit the time (#;) and the first
peak magnitude (7)), together with a stretch factor (s;), which
is also applied to the second B-band template shifted in time
to fit the time (#;) and magnitude of the second peak (). In
general, I = 1,B(s;(t — 1)) + LB(si(t — 1)), where B is the
B-band lightcurve template. The five parameters fitted are thus:
{t1, 12, 11, I, 51}, (see Table 1). A similar approach has also been
proposed by Wang (2003) who calls it “super-stretch” to em-
phasize its extension of the stretch approach.

Contardo et al. (2000) proposed a model composed of as
many as 4 functions for a total of 10 parameters in order to fit all
UBVRI-bands. Their method used two Gaussian functions to
fit the two peaks together with a straight line to fit the late time
decline and an exponential factor for the pre-max rising part of
the lightcurve. This method describes type Ia SNe lightcurve
in all optical bands, though, as the authors recognize, does not
represent accurately the second peak in the /-band due to the
influence of the linear decline. However, the main disadvantage
of their method is the large number of free parameters, thus the
need for the object to be extremely well sampled.

The use of the standard B-band template of type Ia super-
novae reduces the number of free parameters by a factor of two.
Moreover, with this choice, no additional functions are needed
to fit the pre-max rising part of the lightcurve nor the late time
decline. Implicitly, we have thus assumed that the rising part of
the lightcurve in /-band is the same as in B-band. As our goal
is only to measure the position and amplitude of the first two
peaks, we limit the fit to 40 days after maximum, neglecting
the late time decline. Note that, unless otherwise specified, the
supernova phase always refers to the time relative to restframe
B-band lightcurve maximum.

! The B-band template in Nugent et al. (2003) has been used.
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t time of the peak of the first 8 template

I peak magnitude of the first B template

I3 time of the peak of the second B template
I, peak magnitude of the second B template
S1 stretch factor of the time axis

time of the first I-lightcurve peak

Iyvax  first I-lightcurve peak magnitude

tec  time of the second [-lightcurve peak

I..  second /-lightcurve peak magnitude

Tmax

Table 1 Summary of the parameters used in this work to describe the /-
band lightcurve. The first five parameters are determined by fitting the
data (see text for details). The next four parameters are the actual time
and peak values of the lightcurve. Note that /; = I, by construction.

2.1. The data set

‘We applied this method to fit a sample of local SNe for which
both B and /-band data are available in the litterature from the
Calan/Tololo (Hamuy et al., 1996a), CfA (Riess et al., 1999)
and CfA2 (Jha , 2002) data sets. Data from three other well
studied individual supernovae were also included: SN 1989B
(Wells et al., 1994), SN 1994D (Richmond et al., 1995) and
one subluminous supernova: SN 1991bg. There are at least two
available data sets in restframe /-band for SN 1991bg, one pub-
lished by Filippenko et al. (1992) with quite good coverage
from about 3 days after B-band maximum light to +60 days,
another one published by Leibundgut et al. (1993) with four
data points, the first of which is at the time of B-band maxi-
mum. The agreement between the two data sets was assessed
by comparing the measurements taken at the same date, i.e.
JD=2448607, where we found a difference of 0.06 mag. This
was considered to be the uncertainty for the four data points
from Leibundgut et al. (1993) since they scatter more and no
error-bars were reported in the original paper.

2.2. Fitting method and results

Only supernovae with at least 6 data points and a coverage in
time constraining both peaks, were selected for lightcurve fit-
ting. This resulted in a total of 42 SNe. Table 2 lists the pa-
rameters resulting from the fitting procedure. Note that the fit
was performed in units of flux, while the parameters given in
the table are transformed to magnitudes. Prior to fitting, all data
points were K-corrected to restframe /-band as in (Kim et al.,
1996; Nugent et al., 2003), assuming standard Bessel /-band,
using the spectral template in (Nobili et al., 2003) and time in-
formation from the available B-band data. Note that the values
of 12 reported in Table 2 are not the actual magnitudes of the
secondary peak , Iy, but a parameter indicating the size of the
contribution of the secondary B-band template to the overall
I-band template.

A potential source of systematic uncertainties is in the K-
corrections due to the wide Ca IR triplet absorption feature,
found to vary considerably among Type Ia supernovae (Nugent
et al., 2003). However, up to z ~ 0.1 the contribution of this
feature is in general not critical to the precision of the K-

corrections. For more distant SNe this could be a source of
systematic uncertainty that has to be taken into account.

In Figure 1 all the fitted lightcurves are shown. They are
sorted in chronological order, except for the two very sublumi-
nous supernovae: SN 1991bg and one of the supernovae in the
CfA2 data-set, SN 1997cn, displayed at the bottom of the fig-
ure. As no date of B-band maximum light is known from the
literature for SN 1997cn, the origin of the time axis was put to
the epoch (JD = 2450597.75) when this supernova was first
observed. Note that the second peak for the sub-luminous su-
pernovae is almost completely absent, resulting in a value of I,
~ 2.5 to 3 magnitudes fainter than 7.

Our sample also includes SNe that are classified as spec-
troscopic peculiar, showing similarities with the over-luminous
SN 1991T (Li et al, 2001; Howell , 2001). These are
SN 1995bd, SN 1997br, SN 1998ab, SN 1998es, SN 1999aa,
SN 1999ac, SN 1999dq and SN 1999gp. One supernova,
SN 1993H, was reported to show similarities with the spec-
trum of the peculiar under-luminous 1986G (Hamuy et al.,
1993). However, not all of these show peculiarities in their -
band lightcurve shape when compared to spectroscopic normal
SNe Ia. Recently, Krisciunas et al (2003), built the Hubble di-
agram for SNe Ia in infrared J, H and K-bands out to z = 0.04,
and reported that three spectroscopic peculiar SNe, SN 1999aa,
SN 1999ac and SN 1999aw, do not show a behavior different
than that of normal SNe. In the attempt to assess the homo-
geneity of SNe as standard candles in the /-band, we choose
not to exclude the peculiar SNe from our sample, and monitor
possible deviant behavior of these objects.

Analyzing the results of our fits, we found that type Ia SNe
show a variety of properties for the /-band lightcurve shape. In
particular we noticed that the lightcurve could peak between -3
days and +4 days w.r.t. Bmax, as shown in Figure 2 (left panel).
The time of the second peak, f. (relative to Buax), is shown in
the right panel. The distribution of #max is centered at day -1.3
and has a dispersion of o = 1.6 days. #s. is centered at 23.6
with a dispersion of o = 4.1 days.

The reduced y? for the fits given in Table 2 are generally
around unity, except for a few cases. In particular we note that
SN 1994D has a y*/dof ~ 26. The uncertainties for this super-
nova may be underestimated. But, even assuming them to be
of the order of a few percent (see Knop et al. (2003)), the re-
duced y? remained large, possibly indicating the limitations of
the fitting template. As in other cases we find a systematic trend
in the residuals, especially in the rising part of the lightcurves,
that suggest this fitting model could be improved. It should be
noted however, that this is not affecting the results reported in
this work, as only a handful of SNe in our sample have data on
the lightcurve rise.

While the y? gives a measurement of the goodness of the
fit, in the next section we test the robustness and accuracy of the
parameter estimation in our fitting method, reported in Table 2.

2.3. Monte-Carlo tests of the fitting method

Given the heterogeneous origin of the data sample, the quality
and the sampling of the individual SN lightcurves vary consid-
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SN z s1 t I t I X /dof
1989B! 0.002 1.099 +£0.125 -0.581 +1.540 11.760 + 0.059  23.129 +2.068  12.505 + 0.174 0.52
1991bg*  0.005 1.107 £0.033  3.398 £ 0.358  13.539+0.006 28.766 = 1.075  16.494 +0.113 143
1992al*  0.015 0.960 £0.060 1.354 +1.143  15.101 £0.046 27.688 + 1.206  15.512 + 0.073 0.18
1992bc*  0.020 1.149 £0.031 -1.850 £0.154 15.687 £ 0.014 27.360 £0.479  16.486 + 0.025 1.80
1992bg*  0.035 0.951 £0.086 1.448 +1.983  17.707 £ 0.063 27.479 +3.438  17.949 + 0.059 1.38
1992bh*  0.045 1.194+0.153  0.041 £ 1.030  18.060 + 0.032  25.580 + 1.991  18.539 + 0.098 0.80
1992bo*  0.019  0.981 £0.021 -0.862+0.191 16.130 £0.016 22.932 +0.392  16.956 + 0.042 3.75
1992bp*  0.079 0.931 +£0.055 -0.805+0.829 19.107 +0.034 27.101 = 1.246  19.318 +0.077 0.90
1993ag*  0.049 0.953 £0.066 0.965 +1.307 18.519 £0.051 26.721 £2.193  18.759 + 0.058 0.32
1993H* 0.024 0.962 +0.034 -1.796 + 1.080 16.771 £0.046  20.622 +£0.943  17.523 + 0.050 3.57
19930*  0.051 1.288+£0.155 -1.293 +1.592 18.326 £0.045 23.809 + 1.470  18.836 + 0.038 1.86
1994ae®>  0.004 1.051 +£0.017 -1.104+0.144 13397 £0.018 26.626 +0.314  14.026 + 0.042 1.74
1994D?  0.002 0.892 £0.004 -1.024 +0.044 12.183 £0.004 25.190 £0.090 12.835 £ 0.008  26.47
1994M>  0.023 0.964 £0.039  0.155+ 1.009  16.604 + 0.041 24.557 +0.884  17.140 + 0.064 3.20
199413 0.035 0.754 +£0.028 2.663 +1.497 17589 +0.052 29.927 +1.038  17.839 +0.052 3.55
1995al® 0.005 1.173+0.049 -1.130 +0.518 13.540 £ 0.024 24.432 +£0.785 14.155 + 0.058 0.83
1995bd*  0.016  1.204 £0.028 -0.291 £0.122  16.137 £0.012 25913 +0.345  16.629 + 0.058 2.94
1995D° 0.007 1.289 +0.055 -1.596 +0.673 13.727 £0.027 24.433 £0.719 14.453 £ 0.037 0.52
1995E? 0.012 1.040 +£0.036 -0.012 + 0.608 15432 +0.027 26.035+0.781 16.087 + 0.050 0.86
1996ai° 0.003 1.118 +£0.024 -2.066 + 0.497 13.997 £0.022 24.894 +0.504 14.673 +0.022 9.86
1996bI°  0.036  0.980 £0.030  1.557 £0.445 17.176 £ 0.025 28.794 £0.745  17.695 + 0.033 3.02
1996bo>  0.017 1.115+0.010 -0.968 +0.125 15751 £0.005 23.727 £0.176  16.261 +0.013 15.12
1996C*  0.030 1.033 £0.046 2349 +1.102  17.009 £ 0.035 28.416 + 1.187  17.478 + 0.034 3.85
1996X° 0.007 1.107 +0.042 -2.286 +0.354 13.414+0.013 23.998 +0.748 14.178 £ 0.033 1.03
1997bp®  0.008 1.252£0.050 0.897 £0.263  14.166 £ 0.006 25.583 +0.473  14.626 + 0.017 1.19
1997bg®> 0.009 1.001 £0.014 0.372£0.104 14.591+0.017 25.108 £0.229  15.138 +0.017 291
1997br°  0.007 1.359£0.035 0.655+0.119 13.706 £ 0.021 20.491 +0.454  14.285 + 0.034 3.03
1997cn®  0.017 0.840 £0.055 -1.370 £0.899 16512 +0.030 24.189 + 1.207  18.204 +0.162 1.37
1997dg®  0.031 1.006 £0.052 -1.660 + 1.070  17.341 £0.042  25.647 + 1.797  17.743 £ 0.050 4.21
1997¢3 0.013 1.014 +£0.050 -2.542 +0.394 15.500 £ 0.011 22.809 +£0.387 16.061 + 0.028 4.43
1998ab°  0.027 1.474 £0.050 -0.432+0.328 16.573 £0.022 18.892 +0.631 17.011 £ 0.034 3.64
1998dh>  0.009 1.003 £0.012 -0.381£0.171 14.116 £ 0.015 25.896 +0.277  14.680 + 0.024 0.76
1998es®  0.011 0.915£0.112  -2.957 +0.419  14.104 £ 0.016 24.503 + 1.588  14.901 + 0.088 0.88
1998v° 0.018 0.950 +0.033 0.808 £0.500 15.871 £0.013 25.598 £0.612  16.095 + 0.050 5.84
1999aa°  0.014 1.323£0.015 0273 £0.074 15289 £0.007 25.183 +0.186 15.860 + 0.028 10.57
1999ac®  0.009 1.231 +0.025 1.175 £ 0.268  14.357 £ 0.006  22.628 +0.445 15.048 + 0.030 1.48
1999cl®  0.008 0.982 £0.121 -0.292 +0.538  13.166 £ 0.022 21.870 + 1.267  13.690 + 0.097 0.30
1999dg®> 0.014 1202 +£0.027 -0.538 +0.136  14.834 +0.007 25.074 £0.214 15302 +0.013 2.83
1999gp®  0.027 1.328 £0.049 -2.626 + 0.284 16.449 £ 0.010 25.037 £0.535 17.016 + 0.024 2.87
2000cn®  0.023  0.777 £0.024 -0.806 £0.199 16.730 £0.016 23.857 +0.406  17.222 + 0.063 2.78
2000dk’ 0.017 0.834 +£0.016 -1.877 £0.201 15.812+0.007 23.669 +£0.413  16.260 + 0.047 7.22
2000fa’ 0.021 1.123 +0.051 -0.233 +0.279 16357 £0.038 24.733 £0.475 16.840 + 0.106 0.09

Table 2 Results of the /-band lightcurve fit of 42 nearby supernovae: #; and I, are the parameters for the time and amplitude fitted on the first
B-band template, #, and I, are the parameters for the time and amplitude fitted on the second B-band template, and s, is the stretch factor. The
data were taken from: ! Wells et al. (1994); 2 Richmond et al. (1995); > Riess et al. (1999);  Hamuy et al. (1996a); * Jha (2002); ¢ Filippenko

et al. (1992); Leibundgut et al. (1993).

erably. Only a few supernovae have excellent time coverage in
the I-band, resulting in a wide range of accuracy in the fitted pa-
rameters. The robustness of the fitting procedure was tested for
all circumstances of data quality and time sampling in our sam-
ple by means of Monte Carlo simulations. We generated 1000
sets of simulated lightcurves for each supernova. The synthetic
data points had the same time sampling as the real lightcurves
and with deviations from the best fit template by randomiza-
tion according to the measurement errors (assumed Gaussian).
The simulated lightcurves were fitted using the same method
as for the experimental data sets. The distribution of the fitted

parameters on the simulated data was used to compare with
the input data from the fits of the experimental data. The mean
value in the distribution of each parameter coincide generally
with those expected within one standard deviation, not giving
evidence for biases. This lends confidence that the fitting pro-
cedure is robust, and given the model of the lightcurve template
will not yield biased estimations of the parameters. However,
of 42 supernovae, 2 cases showed significant deviations, both
identified as spectroscopic peculiar SNe,

— SN 1997br: in about 3% of the cases we found y2/dof > 7.
These cause the distributions to have different standard de-
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band templates used to fit the first and second peak respectively.

viation than what is computed as uncertainty by the fitting
procedure. Excluding them results in the expected distribu-
tions.

— SN 1998ab: the simulated data sets result in two popula-
tions of parameters, which reduces to one when imposing a
cut on y?/dof < 6. Note that about 78% of the simulations
satisfy this condition.
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Fig. 1 continued. /-band lightcurve fits. On the ordinate is the the flux
normalized to the first peak, on the abscissa the restframe time since B-
band maximum. The dashed line and the dash-dotted line represent the
two B-band templates used to fit the first and second peak respectively.

In both cases a cut of the tail of the y? distribution was enough
to discriminate between the results, thus these supernovae were
kept in the remaining analysis since the y?/dof of the fits to the
real data fulfilled these criteria.

For the rest of the supernovae, the simulations confirmed
the expected parameters, giving general confidence in the ro-
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bustness of the procedure and the accuracy of the uncertainties
on the parameters given in Table 2.

2.4. Intrinsic variations

We investigated possible relations between /-band and B-band
parameters. Published B-band data, when avalaible, was fitted
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Fig. 1 continued. /-band lightcurve fits. On the ordinate is the flux nor-
malized to the first peak, on the abscissa the restframe time since B-
band maximum. The dashed line and the dash-dotted line represent the
two B-band templates used to fit the first and second peak respectively.

using a template in order to determine the time of maximum lu-
minosity, the stretch factor, sg, and the amplitude of maximum,
mg, following Goldhaber et al. (2001). A width-luminosity re-
lation was found for the first /-band lightcurve peak. Figure 3
shows the 7-band absolute magnitude versus the stretch factor
in B-band for SNe with zcyp > 0.01, where the distance (in
Mpc) to each SN was calculated from its redshift, assuming a
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Fig. 1 continued. /-band lightcurve fits of the under-luminous super-
novae SN 1991bg and SN 1997cn. The dashed line and the dash-dotted
line represent the two B-band templates used to fit the first and second
peak respectively. Note that the second peak is fitted as ~ 3 mag fainter
than the first peak.

1or

4 10 15 20 25 30 35 40

tmox taee

Fig. 2 Distribution of the time of /-band maximum referred to the time
of B-band maximum (left panel) and the distribution of the time of sec-
ond maximum referred to the time of B-band maximum (right panel).

value for the Hubble constant, Hy = 72 km s~! Mpc~!. The er-
ror bars in Figure 3 include an uncertainty of 300 km/s on the
redshifts from the possible peculiar velocities of the host galax-
ies. Corrections for Milky Way and host galaxy extinction were
also applied, i.e.

M~ 5108(Ho/72) = Lnax — AV — A1 — 25 — 5log(dy)

The host galaxy extinction corrections applied to most of the
supernovae are those estimated by Phillips et al. (1999). The
extinction for the supernovae in the CfA2 data set was cal-
culated following the same procedure, using their B and V-
band photometry. SN 1995E has been excluded from the sam-
ple as it is highly extincted (see also discussion in Nobili et al.
(2003)). Two supernovae in the sample, the spectroscopic pecu-
liar SN 1998es and SN 1999dq, plotted with filled symbols in
Figure 3, appear intrinsically redder than average, and become
~ 2 — 3¢ deviant from average after correction for host galaxy
extinction. Before introducing lightcurve shape corrections, the
spread measured in the M. excluding these two SNe, is about
0.23 mag (0.29 mag if they are included). The solid line shows
the best fit to the data, obtained for a slope ¢; = 1.05+0.20 and
an absolute magnitude for a stretch sp = 1 supernova equal to
Mém(SB =1)=-18.72+0.03 mag 2 The dispersion measured
as r.m.s. on the data along the fitted line is 0.19 + 0.02 mag. In

2 The value fitted for M depends on the value assumed for the
Hubble parameter, Hy = 72 km s~ Mpc~!. However, its value is not
used in any of the further analysis presented in this paper.

order to disentangle the intrinsic dispersion from the statisti-
cal scatter due to the measurement uncertainties, the average of
the latter is subtracted (geometrically), resulting in o = 0.14
mag. We consider this an estimate of the intrinsic dispersion of
the stretch corrected /-band lightcurve maximum. A somewhat
weaker correlation was found between the peak magnitude and
the stretch in /-band, s;, with an r.m.s. of ~ 0.21 mag, about the
best fit line.

—-20.0 T T T T

-19.5

-19.0

—18.5,

Mimax—5l0g(Ho/72)

-18.0

-17.5 L I I I
0.70 0.80 0.90 1.00 1.10

1.20
SB

Fig. 3 I-band absolute magnitude versus stretch in B-band. The best fit
gives a7 = 1.05 +0.20 and M, (sp = 1) = —18.72 = 0.03 mag. The
two deviating supernovae, SN 1998es (filled diamond) and SN 1999dq
(filled circle), were excluded from the fit.

A correlation was found between f. and the stretch factor
in B-band, as shown in Figure 4. There are three outliers labeled
in the figure, SN 1993H, SN 1998es and SN 1999ac, which are
identified as spectroscopically peculiar supernovae. However,
other supernovae in our sample also classified as spectroscopi-
cally peculiar, behave as “normal” type Ia SNe. A linear fit to
the data was done, excluding the outlier SNe.

Figure 5 shows a possible correlation found between I,
corrected for the luminosity distance and both Galaxy and host
galaxy extinction, and the stretch sg, atleast for sz < 0.9. All of
these correlations, shown in Figure 3 - 5, were expected since
it has been suggested that the location and the intensity of the
secondary peak depends on the B-band intrinsic luminosity of
the supernova (Hamuy et al., 1996a).

Figure 6 shows the /-band stretch, s;, plotted versus B-band
stretch, sp, where some of the supernovae, three of which pe-
culiars, are labeled. A correlation between this two parameters
is found.

‘We have investigated the possible existence of further rela-
tions between the fitted parameters, but found no statistically
significant correlations.

3. The I-band Hubble Diagram

The fitted values of I,,,x were used to build a Hubble diagram
in I-band. A total of 28 supernovae of the sample considered
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Fig. 4 Time of the second peak since By Vs the stretch in B-band. The
supernovae labelled are all classified as spectroscopically peculiar.
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Fig.5 Absolute magnitude of the secondary peak versus the stretch
in B-band. The two deviating supernovae in Figure 3 are SN 1998es
(filled diamond) and SN 1999dq (filled circle).

here are in the Hubble flow having a redshift zcyp > 0.013.
The maximum redshift in this sample is 0.1.

The width-luminosity relation found between the fitted ab-
solute /-band magnitude and the B-band stretch factor was used
to correct the peak magnitude, with a a; = 1.05 + 0.20 as mea-
sured in the previous section, similarly to what is usually done
in B-band (Perlmutter et al., 1999). The peak magnitude was
also corrected for Milky Way and for host galaxy extinction:

mi® = my + ai(sp — 1) - AP - APV (1

The effective magnitude, miﬁ for the nearby supernovae, listed
in Table 3, have been used for building the Hubble diagram in
I-band, shown in Figure 7. The estimated intrinsic uncertainty

3 The lower limit chosen in previous works by the SCP is slightly
higher. However, we include these lower redshift SNe in the sample
in order to increase the statistical significance. Cutting the Hubble di-
agram above z = 0.015 would in fact, decrease the sample by about a
30 %. Note however, that this choice does not affect significantly any
of the results.

{geeacb
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0.4 L L 1 |

Fig. 6 I-band lightcurve stretch, s;, versus B-band stretch, sz. The la-
beled supernovae are somewhat deviant from the correlation shown by
the ensamble. SN 1998ab, SN 1997br and SN 1998es are classified as
peculiar.

of 0.14 mag has been added in quadrature to the outer error
bars of the plotted data, while the inner error bars include an
uncertainty on the redshifts due to peculiar velocities in the host
galaxies. The solid line represents the best fit to the data for
the concordance model Qj; = 0.3 and Q5 = 0.7. The fitted
parameter, M;, is defined (as in Perlmutter et al. (1997)) to be

M; = M; - 5log Hy +25 16))

where Mj is the I-band absolute magnitude for a B-band stretch
sg = 1 supernova. The two redder supernovae, SN 1998es
and SN 1999dq, were excluded from the fit, and are plot-
ted with different symbols in Figure 7. The value fitted is
M; = =3.07 + 0.04, with y*> = 26.89 for 25 degrees of free-
dom. Note that if no correction @;(sg — 1) is applied the disper-
sion in the Hubble diagram becomes 0.23 + 0.03 mag, some-
what smaller than the corresponding dispersion measured in the
“uncorrected” B-band Hubble diagram. The stretch-corrected
I-band dispersion measured (0.14 mag) agrees with the esti-
mate given by Hamuy et al. (1996b) (~ 0.13 mag) using 26
SNe of the Calan/Tololo sample. Moreover, we computed the
dispersion in the Hubble diagram for the three data sets sepa-
rately. Table 4 lists for each sample, the average redshift, the
number of SNe, the weighted mean and standard deviation of
the residuals in the Hubble diagram and the average uncer-
tainty. The latter is dominated by the uncertainty on the red-
shift, 0'300, which depends on the assumed peculiar velocity of
the host galaxy. The relative contribution of this uncertainty de-
creses with redshift. The same weighted standard deviation was
measured in the Calan/Tololo and CfA2 sample, while a larger
value was found in the the CfA sample, though it is consistent
within the uncertainties with the values for the other two sam-
ples (see Table 4). Note that, the average uncertainty, o>, for
the CfA2 sample is larger than for the other samples, and it is
comparable to the dispersion. This is due to the lower redshift
distribution of the CfA2 sample. A small offset, 0.08 + 0.06
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@ n %* o’ a3
Calan/Tololo  0.037(0.021) 9  0.08+0.06 0.16+0.06 0.10+0.04
CfA 0.025(0.009) 6 0.003£0.12 027=006 0.1130.03
CfA2 0.018 (0.007) 11  -0.02+0.05 0.14+0.04 0.14+0.05

Table 4 Dispersion measured in the Hubble diagram for each of the sample, corrected for the width-luminosity relation; (z) is the average
redshift of the sample, and its standard deviation given between brackets; » is the number of data points; X,, and o, are weighted mean and
standard deviation of residuals in the Hubble diagram about the best fit model to the whole data sample, and ‘Tgoo is the average uncertainty and

r.m.s. around that value.

“If R; are residuals in the Hubble diagram and w; are the weights, then
X = X WiRi) T wi £ mua/ e

my = Wil S w;

Nepy = Nwit| Nw}

oy =y s = m2o) [Anes

SN SB ZcmB meT
1992al 0917 £0.012 0.014  14.934 + 0.050
1992bc  1.076 £0.008 0.020  15.727 + 0.022
1992bg 0952 £0.017 0.036  17.301 + 0.066
1992bh  1.014 £0.022 0.045 17.816 + 0.040
1992bo  0.741 £0.008 0.017  15.809 + 0.054
1992bp  0.863 £0.022 0.079  18.838 + 0.049
1993H  0.773 £0.011  0.025  16.333 + 0.065
19930  0.887 +£0.012 0.053 18.111 +0.052
1993ag  0.909 +0.027 0.050 18.092 + 0.061
1994M  0.810 £0.016 0.024 16.215 +0.058
1994T 0911 £0.025 0.036 17.279 £ 0.061
1995bd  1.172 £0.026  0.014  15.139 £ 0.045
1996C  1.039 £0.013 0.027 16.861 +0.038
1996bl  0.924 £0.016 0.035 16.759 + 0.034
1996bo  0.890 £0.011 0.016  14.983 + 0.025
1997bq  0.912 £0.009 0.010 14.263 + 0.026
1997dg  0.836 £0.057 0.030  16.954 + 0.080
1997E  0.784 £0.008 0.013  14.910 £ 0.045
1998ab  0.921 +£0.010 0.028  16.354 + 0.029
1998es  1.093 +0.014 0.010  13.846 +0.028
1998V 0.922 +0.013 0.017  15.280 + 0.024
1999aa  1.073 £0.005 0.015 15.293 +0.017
1999ac 1.079 £0.009 0.010  14.200 + 0.019
1999dq  1.037 £0.000 0.014 14.405 + 0.010
1999gp 1154 £0.011 0.026  16.325 + 0.034
2000cn  0.749 £0.000 0.023 16.075 + 0.052
2000dk  0.716 £0.007 0.016  15.372 +0.057
2000fa  1.019+£0.010 0.022  16.027 + 0.040

Table 3 List of SNe used in the Hubble diagram. mi" is the peak mag-
nitude corrected for the dust extinction and for the width-luminosity
relation, following Eq. 1. The quoted uncertainties do not include the
redshift contribution due to peculiar velocities in the host galaxies,
assumed equal to 300 kmys.

mag, was measured in the Calan/Tololo sample to the best fit
model, however, this is compatible with statistical fluctuations.

4. High redshift supernovae

Next, we explore the possibility of extending the Hubble dia-
gram to higher redshifts, where the effects of the energy den-
sity components are, in principle, measurable. The restframe
I-band data available to date for this purpose is unfortunately
very limited. It consists of only three supernovae at redshift
z ~ 0.5 observed in the near infrared (NIR) J-band collected
during three different campaigns conducted using different fa-
cilities and by two different teams. Keeping all of these sources
of systematic errors in mind, we include the three supernovae
in the Hubble diagram to show its potential and complementary
with respect to the standard B-band Hubble diagram.

The following sections describe the three high redshift
supernovae, SN 2000fr, SN 1999ff and SN 1999Q, and the
lightcurve fitting procedure used.

4.1. SN 2000fr

SN 2000fr was discovered by the Supernova Cosmology
Project (SCP) during a search for type Ia supernovae at red-
shift z ~ 1 conducted in /-band with the CFH-12k camera
on the Canada-France-Hawaii Telescope (CFHT). The depth of
the search allowed us to discover this supernova during its rise
time about 11 rest-frame days before maximum B-band light.

The supernova type was confirmed with two spectra taken
at the Keck II telescope and VLT, showing that it was a normal
type Ia at z = 0.543, see Lidman et al. (2004); Garavini et al.
(2004) for an extensive analysis of the spectrum. This super-
nova was followed-up in restframe B, V and [ filters involving
both ground and space based facilities. Approximately one year
later, when SN 2000fr had faded sufficiently, infrared and op-
tical images of the host galaxy without SN were obtained. The
optical lightcurve has been fitted yielding a stretch parameter
sp = 1.064 +0.011, (Knop et al., 2003). Using restframe B— V
measurements at the time of By« Knop et al. (2003) concluded
that the possible reddening of SN 2000fr due to dust in the host
galaxy was negligible, (see also Section 6 for a more extensive
discussion). The Milky Way reddening is E(B — V) = 0.030
mag (Schlegel et al., 1998).
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Fig. 7 Effective I-band maximum vs redshift for the nearby supernovae of the Calan/Tololo, CfA and CfA2 sample. The data have been corrected
for the stretch-luminosity relation and for Milky Way and host galaxy extinction. The r.m.s. along the concordance model line is o~ = 0.19+0.02
mag. Subracting the contribution of the average uncertainty, results in 0.14 mag estimated intrinsic dispersion. SN 1998es and SN 1999dq were

excluded from the fit (see text) and are plotted with open symbols.

The near-infrared data was collected with ISAAC at the
VLT telescope. It consists of J,-band observations during three
epochs and a final image of the host galaxy without the SN
(see Table 5). Each data point is made of a series of 20 to 60
images with random offsets between exposures. The observa-
tions were done in the J; filter, which is narrower than other
J-band filters. Figure 8 shows a comparison between J; and J
Persson filters, together with the atmospheric transmission, and
the spectral template at maximum.

The advantage in using a narrow J filter is that its trans-
mission function cuts off entirely the region of strong atmo-
spheric absorption between 13500 and 15000 A. Consequently,
the zero-point is significantly more stable than the one of stan-
dard J. This was very useful, because all of the ISAAC data
was taken in queue mode, where typically only one or two stan-
dard stars are observed during a night, chosen from the list of
Persson et al. (1998). All data, except the reference images,
were taken during photometric nights and the difference in the

zero-points from one night to the next were less than 0.01 mag-
nitudes.

MID Epoch Js(mag) I(mag)
51685.06 041  2250+0.09 23.42+0.10
51709.02 1594 23.57+022 24.45+0.23
51731.96  30.80 23.14+0.15 24.02+0.16

Table 5 Summary of J; data for SN 2000fr. The quoted errors are due
to statistical Poisson noise and the uncertainty on the ZP (contributing
for 0.01 mag). Epochs are in restframe relative to B-band maximum.
Restframe /-band is obtained through cross-filter K-correction from
the observed J,-band to Bessel I-band, and adding the offset found be-
tween optical and IR systems. The uncertainties also include the con-
tribution from K-corrections, estimated to be 0.05 mag at all epochs
considered.
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Fig. 8 Comparison between the standard J Persson filter, the J; filter
at ISAAC used for the observations of SN 2000fr and the /-band red-
shifted to z=0.543. The atmospheric transmission is also plotted. The
spectral template at day O is on an arbitrary flux scale for readibility
purpose.

The data was reduced using both internally developed rou-
tines and the XDIMSUM package in IRAF*. The results were
found in agreement within the quoted uncertainties. The super-
nova images where aligned with the host galaxy images and
flux scaled to the one with best seeing, using the field stars
before performing PSF photometry. The results are given in
Table 5. The stated uncertainties include the statistical Poisson
noise and the uncertainty on the estimate of the zero point,
added in quadrature.

The Jy-band magnitude takes into account a color term
which arises from the difference between the J filter of the stan-
dard star system and the J; filter used in ISAAC. This correc-
tion was small ~ 0.012 mag.

The cross-filter K-correction, K, to convert from J-band
to rest-frame /-band, has been calculated following Kim et al.
(1996) using the spectral templates given in Nobili et al. (2003).
This was cross-checked using the spectral templates developed
in Knop et al. (2003). The difference found, has been treated as
the uncertainty in the K-corrections, ox = 0.05 mag.

Another source of uncertainty is found in relating IR and
optical photometric systems. We estimated a difference of
about 0.05 mag between the LCO system, to which the IR pho-
tometry of the high-redshift SNe is tied, and the Bessel & Brett
system used for optical photometry. Comparing AOV stars from
the Hipparcos Input Catalogue and the 2MASS catalogue, we
found the transformation between the two standard systems.
This was confirmed using the relations in Carpenter (2001),
from which one can derive Jpp = Jrco + 0.036(x£0.012). This
correction was applied when trasforming from the observed IR
band to restframe /-band.

4 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.

4.2. SN 1999ff

SN 1999ff was discovered by the High-Z Supernova Search
Team (HZT) during a search conducted at CFHT using the
CFH-12k camera in I-band (Tonry et al., 2003).> The super-
nova was confirmed spectroscopically as a type Ia at redshift
z = 0.455. The Milky Way reddening is E(B — V) = 0.025 mag
(Schlegel et al., 1998).

J-band observations, corresponding to restframe /-band,
reported in the paper, were taken at Keck using NIRC in two
epochs only. The J-band filter available at Keck is very similar
to the ISAAC-J;, shown in Figure 8. For consistency with the
treatment of both the low redshift supernovae and SN 2000fr
we computed the K-corrections using the templates in Nobili
et al. (2003). We found differences with the results published
in Tonry et al. (2003), due to the use of an incorrect filter
in those calculations (Brian Schmidt, private communication).
The I-band magnitudes were also corrected for the offset found
between the optical and IR systems, as explained in the pre-
vious section. The restframe /-band magnitudes obtained this
way are reported in Table 6. The published optical R-band data
were used to fit restframe B-band lightcurve using the stretch
method. The time of maximum was confirmed within 1 day
with a best fit for the stretch sz = 0.82 £ 0.05.

MID Epoch I(mag)
5150129 501 2347 x0.11
5152631 2221  24.06 £ 0.24

Table 6 Summary of IR data of SN 1999ff. Epochs are in restframe rel-
ative to B-band maximum (MJ Dy, = 51494); restframe /-band mag-
nitudes are computed applying K-corrections to the observed J-band
data published in Tonry et al. (2003), and adding the offset found be-
tween optical and IR systems. The uncertainties also include the con-
tribution from K-corrections, estimated to be 0.05 mag at all epochs
considered.

4.3. SN 1999Q

SN 1999Q was discovered by the HZT using the CTIO 4 m
Blanco Telescope, (Riess et al., 2000). It was spectroscopically
confirmed to be a type Ia at redshift z = 0.46. The Milky Way
reddening is E(B — V) = 0.021 mag (Schlegel et al., 1998).

J-band observations were done at 5 different epochs, the
first was observed at NTT SOFI and the following epochs at
Keck NIRC. Our K-corrections to the data disagree with the
value applied to all epochs in Riess et al. (2000), with differ-
ences up to ~ 0.1 mag at late time. The restframe /-band com-
puted are given in Table 7.

Restframe B-band lightcurve was not reported in the origi-
nal paper. However, publicly available data at HST were used to
estimate the B-band stretch factor. This was obtained by fixing

5 Another supernova, SN 1999fn, was followed in J-band by the
HZT during the same search. However since it was found in a highly
extincted Galactic field, E(B-V)=0.32 mag, and since it was strongly
contaminated by the host galaxy, we did not include it in our analysis.
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the time of maximum to MJDyax = 51194.65 (Tonry, private
communication). The value fitted is sp = 1.061 + 0.025.

MID Epoch I(mag)
51204.2 6.9 23.84 £0.15
512164 1518 24.12+0.18
512393 309 2448 £0.15
512433 33.88 2431+0.15
512613 4598 24.70 £0.20

Table 7 Summary of IR data of SN 1999Q. Epochs are in restframe
relative to B-band maximum; restframe /-band magnitudes are com-
puted applying K-corrections using the spectral template in (Nobili et
al., 2003) to the observed J-band data published in Riess et al. (2000),
and adding the offset found between optical and IR systems. The un-
certainties also include the contribution from K-corrections, estimated
to be 0.05 mag at all epochs considered.

4.4. Lightcurve fit of the high redshift supernovae.

The I-band lightcurves of the high redshift supernovae are not
well sampled in time as the low redshift sample analyzed in
this work. There are only few data points for each SN, making
it impossible to perform the 5 parameter fit. Thus, we used the
results of the fit of the local sample of supernovae to build a
set of I-band templates, which in turn have been used to fit the
high redshift SN lightcurves.

The best fit lightcurve for each of the 42 supernovae in our
low-redshift sample can be viewed as defining an /-band tem-
plate. The high-redshift supernovae are fit to each template with
a single free parameter, In,x, the absolute normalization of the
template. In all the cases we assumed the time of Bpax to be
known from the sources for the published data, and our B-band
lightcurve fit for SN 2000fr given in Knop et al. (2003). A x>
comparison was used to choose the best low redshift template.
In the case of SN 1999Q, the data point at day +45 was ex-
cluded from the fit for consistency, since only data up to day
+40 were used to fit the low redshift lightcurves.

Figs. 9-11 show the comparison of the data with the best fit
template for each of the supernovae. Table 8 gives the results
of the fit together with redshift, the number of data points, the
template giving the best fit and the 2. As there are few data
points for each SN, the y? parameter has little significance for
estimating the goodness of the fits. Thus, to estimate the possi-
ble systematic error in the measured peak magnitude from the
selection of lightcurve template, we computed the r.m.s. of the
fitted Inqx of all the lightcurve templates giving a y? < x2, +3.
This systematic uncertainty is reported also in Table 8. In the
cases of SN 1999ff and SN 2000f this is quite small, and com-
patible with the scatter due to the statistical uncertainties, thus,
it is a conservative estimate. For SN 1999Q the systematic un-
certainty is larger than what would be justified statistically.
Moreover, this SN is well fitted by the template of SN 1999ac,
giving a similar y? than the best fit one, but a fitted ,,,, about
0.2 mag brighter.

‘We note that SN 1999ff is fitted by the template of a nearby
SN with a very different sg. Trying to impose the template to
have a similar B-band stretch as the SN, has given a fitted value
of I, in agreement with the one reported in Table 8, within
the quoted statistical uncertainty.
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Fig. 9 I-band fit for SN 2000fr. Best fit was obtained with the template
of the nearby SN 1992bc, out of 42 templates. The fit was performed
with only one free parameter, the peak magnitude, I, = 23.42+0.08
mag. Supplemental data from the B-band (not shown) is used to fix
the date of maximum.
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Fig. 10 I-band fit for SN 1999Q. Best fit was obtained with the tem-
plate of SN 1989B, out of 42 templates. The fit was performed with
only one free parameter, the peak magnitude, /. = 23.66+0.08 mag.
B-band date of maximum fixed to MJDy,a = 51194.65 (Tonry, private
communication). The dashed line is beyond the templates definition.
Thus, only data in the range of definition, plotted with closed symbols,
are considered for the fit.

4.5. Monte-Carlo test of the fitting method

A Monte-Carlo simulation was run in order to test the fitting
method applied to the high redshift SNe. The uncertainties on
the data were used to generate a set of 1000 SNe, randomly
distributed around the data points, at the same epochs of the
data. All the simulated data sets were in turn fitted with the 42
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SN z sp n Tnax template ¥ AV
SN 2000fr 0.543 1.064+0.011 3 2342008005 SN1992bc 0.79 0.027
SN 1999ff  0.455 0.82 £0.05 2 2325+0.10+£0.09 SN1992bc 026 0.022
SN 1999Q 0460 1.061 +0.025 4 23.66+0.08+021 SN1989B 2.54 0.019

Table 8 List of the high redshift type Ia SNe used in this work. Columns are: redshift, number of data points used in the fit, magnitude of the
peak resulted from the fit (both statistical and systematic uncertainties are given), best fit template, y? of the fit, Milky Way extinction in the
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Fig. 11 I-band fit for SN 1999ff. Best fit was obtained with the tem-
plate of SN 1992bc, out of 42 templates. The fit was performed with
only one free parameter, the peak magnitude, /. = 23.25+0.10 mag.
Supplemental data from the B-band (not shown) is used to fix the date
of maximum.

templates and the one giving the minimum y? was selected for
each simulation. The distribution of the maximum peak fitted
in each of the simulated data sets around the value fitted on
the experimental data was studied to check for systematic un-
certainty in the fitting procedure. This was found to be robust,
always selecting the same template as the one giving the best fit
for all the three SNe. No bias was found, therefore confirming
the peak magnitude fitted with this method. The uncertainty on
Inax reported in Table 8 was consistent with the dispersion in
the distribution measured on the simulations.

5. The I-band Hubble diagram up to z ~ 0.5

The goal of this work is to add the three high redshift SNe in
the Hubble diagram. The /-band peak magnitudes of the high
redshift supernovae, reported in Table 8, were thus corrected
for Milky Way extinction. Note that all the SNe have been re-
ported not to suffer from extinction in the host galaxy.

The Hubble diagram has been built both without and with
width-luminosity correction (case a and case ¢ respectively),
were the systematic uncertainties on the peak magnitudes of the
distant supernovae, listed in Table 8, are added in quadrature to
the statistical uncertainties. Cases b and d are like a and c but
neglecting the systematic uncertainties in Table 8. Figure 12
shows the extended Hubble diagram (case ¢), where an intrin-
sic uncertainty of 0.14 mag has been added in quadrature to the
measurement errors of the plotted data. The solid line repre-
sent the best fit to the nearby data for the concordance model

Q= 0.3 and Q4 = 0.7. Also plotted is the model for Qj = 1
and Q4 = 0 (dashed line). The bottom panel shows the residu-
als obtained for case a. Table 9 lists the y? values for the high
redshift SNe to each of the model. The concordance model re-
sults are consistent with the data. The low statistics of the high
redshift sample is insufficient to draw strong conclusions on
cosmological parameters.

Q%) X2 X Xe Xo  dof
0307 2981 393 505 1124 3
(1,0) 721 1139 1453 3332 3
(10 343 560 664 1757 3

Table 9 x? of the high redshift data to each model, without stretch cor-
rection and with systematic uncertainties added in quadrature (y2), ne-
glecting the systematic uncertainties (y?), with stretch correction and
adding the systematic uncertainties in quadrature (y2) or neglecting
them (y2).

The scatter between the z~0.5 points is 0.38 + 0.08 mag,
i.e. slightly too large to be consistent with the quoted measure-
ment errors. In this sense, and also given the very limited statis-
tics available, additional unidentified systematic uncertainties
on the distant SNe cannot be excluded.

A general problem concerns J-band observations, that cor-
respond to the restframe /-band at the redshift considered.
Infrared data reduction and calibration, involving conditions
rapidly evolving with time, remain more problematic to what
is the case at optical wavelengths. Moreover, the standard star
systems used are somewhat less well established.

Some uncertainties are specific to the sample considered
here. The different fitting methods applied to the restframe
I-band lightcurve for the low and high redshift samples can
be easily overcome if distant supernovae are followed at NIR
wavelengths with better time coverage. Both the low and high
redshift samples used in this analysis are rather heterogeneous,
as they were collected from different data sets. Future data sets
collected with a single instrument would naturally solve this
problem.

6. SN colors and study of gray dust

Multi-color photometry allows for extinction tests for non-
standard dust with only weak wavelength dependence, such as
the reddening by a homogeneous population of large grain dust,
as proposed by Aguirre (1999a,b). Assuming a density of gray
dust in the intergalactic (IG) medium to explain the observed
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Fig. 12 Effective I-band maximum vs redshift for the nearby supernovae of the Calan/Tololo, CfA and CfA2 sample, together with three
supernovae at redshift ~ 0.5 for case ¢ (top panel), residuals to the (), 24)=(0.3,0.7) model for case ¢ (middle panel) and case a (bottom
panel). SN 1998es and SN 1999dq were excluded from the fit (see text) and are plotted with open symbols.

dimming of supernovae at redshift z = 0.5 with Qj = 1 and
Q, = 0, we calculated the expected color extinction following
Goobar et al. (2002a) using the SNOC Monte-Carlo package
(Goobar et al., 2002b), for two cases of Ry = 4.5 and Ry = 9.5
and a comoving dust density between z=0 and the SN redshifts.

For two of the three SNe considered in this work we com-
puted rest frame B — V and B — I. For the third supernova,
SN 1999Q, only B — I is available. Table 10 and 11 lists the
colors for all the SNe, corrected for Milky Way extinction. The
color evolution has been compared to models for a A domi-
nated universe and a Qy = 1, Qs = 0 universe with presence
of gray dust (Ry=4.5 and Ry=9.5) accounting for the faintness
of type Ia supernovae at z ~ 0.5, and it is shown in Figure 13.
The error bars include also the intrinsic color dispersion con-
tribution.

The 2 has been computed for both B — V and B - I evo-
lution for each supernova and for all the supernovae together
(see Table 12). The correlations between SN colors at different
epochs found in (Nobili et al., 2003) were taken into account.

However, we note that, although this correlation should be
taken into account in the calculations, neglecting it would not
change significantly the conclusions of the analysis. Although
individual supernovae give y? values that would seem to distin-
guish between the models being compared, the combination of
the three SNe disfavour such conclusions. For instance, Riess
et al. (2000) used the B — I color of SN 1999Q to rule out the
gray dust hypothesis. However, when combined with the other
two supernovae in this analysis, SN 1999ff in particular, for
which we also have used B — V color, no such conclusion may
be drawn.

To make our test for gray dust more robust a different ap-
proach was followed. The method of least squares has been
used to combine color measurements along time for each su-
pernova (see Cowan, 1998, p.106 for details) for details. The
residuals of each supernova colors to the expected model, plot-
ted in Figure 13, are weighted averaged together, and the co-
variance matrix is used as weight in the calculation. In the fol-
lowing, we refer to E(X — Y), to describe the color excess of
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day B-1
SN 2000fr

0.38 -0.36 + 0.11

14.98 -0.33 £0.23

28.95 1.47 £ 0.16
SN 1999fF

6.10 0.00 +0.12

27.05 1.44 +0.24
SN 1999Q

5.84 -0.46 + 0.16

13.67 -0.07 £0.19

28.46 1.16 £ 0.16

31.01 1.49 +0.16

Table 10 Restframe B — I colors in magnitudes for the three high red-
shift SNe. Time is divided by the B-band stretch.

day B-V
SN 2000fr
-7.35 -0.16 + 0.05*
-2.98 -0.14 + 0.05*
4.99 -0.08 + 0.05
13.16 0.27 + 0.08
20.42 0.64 + 0.07
30.15 1.03 + 0.09
SN 1999fF
-7.99 0.01 +0.08*
1.91 -0.04 + 0.09
1.98 0.09 +0.12
291 0.21 +0.12
19.55 0.70 + 0.09
28.75 1.20 + 0.20

Table 11 Restframe B — V colors in magnitudes for the two of the high
redshift SNe. Time is divided by the B-band stretch.

“data not included in the analysis because out of the range in which
Nobili et al. (2003) studies color correlations.

any supernova with respect to the X — Y average color of local
supernovae, as derived in (Nobili et al., 2003). First we applied
this method to all local supernovae and used the results to es-
tablish the expected distribution in the E(B — I) vs E(B - V)
plane, as showed in Figure 14.

As the high redshift SNe were not corrected for host galaxy
extinction, we computed the local sample distribution for two
cases: the left panels represent the distribution of color excess
of 34 nearby SNe not corrected (top panel) and corrected (bot-
tom panel) for host galaxy extinction. The size of the ellipses
on each color axis is given by the estimated one-dimensional
standard deviation of the distribution and the inclination is de-
fined by the linear Pearson correlation coefficient computed
on the same data sample. The solid contours represent 68.3%,
95.5% and 99.7% probability.

The right panels in Figure 14 show the combined values of
color excess for the high redshift supernovae, where SN 1999Q
is represented by a band (horizontal dashed-lines), as the B—V
color is missing. These are compared to the local supernova
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Fig. 13 High redshift SNe color evolution, B — V (top panel) and B — 1
(bottom panel), compared to a A dominated universe (solid line) and to
an Qy = 1, Q, = 0 universe with presence of gray dust with Ry=4.5
(dashed line) and Ry=9.5 (dotted line).

distribution (dotted lines), that represent the distribution ex-
pected in the absence of IG dust. Also plotted is the 68.3%
level of the expected distribution in presence of “gray” dust
with Ry = 9.5, represented by the ellipse (dashed line) dis-
placed by (0.06,0.19) from the no-dust model. Only the case
of Ry = 9.5 has been plotted for readability reasons, given the
small difference between the two dust models. Note that this is
the model closer to no-dust model. The ellipse corresponding
to Ry = 4.5 would be displaced by (0.03,0.04), respectively in
E(B - V) and E(B — I), from the latter.

We computed the x? of the high redshift data for each
model (with and without IG dust), for both the situation in the
top and bottom panels of Figure 14. For each model, we sum
the y? contribution from all SNe. In particular, for SN 1999ff
and SN 2000fr we take into account the correlation found be-
tween E(B—V) and E(B - 1) in the nearby sample. The reduced
x* (for 5 degrees of freedom) are 1.38, 1.67 and 1.36 for the no-
dust, IG dust with Ry = 4.5 and IG dust with Ry = 9.5 model
respectively, for the host-galaxy extinction corrected case, and
1.69, 2.22 and 1.84 uncorrected. These results do not allow



16 Nobili et al.: Restframe /-band Hubble diagram for type Ia supernovae up to z ~ 0.5

X5 _y/dof  x3_ /dof
SN 2000fr
no dust, (Qy, 24)=(0.3,0.7) 1.61/4 2.04/3
dust R, = 9.5, (Qu, Qp)=(1,0) 3.12/4 2.20/3
dust R, = 4.5, (Q, 24)=(1,0) 4.02/4 2.41/3
SN 1999ff
no dust , (Qu, 24)=(0.3,0.7) 4.26/5 8.86/2
dust R, = 9.5, (Q, Q4)=(1,00 3.37/5 4.69/2
dust R, = 4.5, (Qu, Qp)=(1,0) 3.20/5 4.07/2
SN 1999Q
no dust, (Qy, 24)=(0.3,0.7) — 5.82/4
dust R, = 9.5, (Qu, Qp)=(1,00 — 8.87/4
dust R, = 4.5, (Q, Q4)=(1,00 — 9.65/4
All the SNe combined
no dust , (Q, 24)=(0.3,0.7) 5.87/9 16.72/9
dust R, = 9.5, (Q, 24)=(1,0) 6.48/9 15.75/9
dust R, = 4.5, (Qu, Qp)=(1,0)  7.21/9 16.13/9

Table 12 x? computed for the 3 different models and colors for each
of the supernovae and for all of them combined.

us to reach any definitive conclusions. A Monte Carlo simula-
tion was used to estimate the minimum sample size needed to
test for presence of homogeneously distributed gray dust in the
IGM. SNe colors were generated following the binormal distri-
bution defined by the SN local sample. Under the assumption
that the systematic effects are negligible and an average mea-
surement uncertainty of 0.05 mag in both E(B—V) and E(B-I),
we found that a sample of at least 20 SNe would be needed to
be able to exclude the dust models at the 95% C.L.

6.1. Possible systematic effects.

As shown in the previous section, given the data sample avail-
able at high redshift it was not possible to draw any firm con-
clusions about presence of gray dust in the IG medium. Three
data points are an inadequate sample to perform a robust sta-
tistical analysis. Moreover, the possibility for the result to be
affected by systematic effects is not negligible. This becomes
clear when looking at the behavior of single high redshift super-
novae in Figure 13. In particular, the case of SN 1999ff seems
worth examining. The first data point of B — I color, lies about
two standard deviations above all the models, while the sec-
ond one fits all the models well. This difference, ~ 0.5 mag,
is not fully justified by the given uncertainties, and is larger
than the intrinsic dispersion measured on nearby supernovae.
Table 12 gives the y? values computed for each of the SN to
each of the model, and for all of the supernovae combined. In
the case of SN 1999fF the y? values for the B — I to each of the
model are too large. The same supernova in Figure 14, does not
look as extreme, as it is the combination of the two data points
shown in Figure 13. The anomaly of this SN does not necessar-
ily indicate that unknown systematic effects are taking place,
it may also be the result from possible underestimation of the
measurement uncertainties. Increasing the sample and the time
sampling for each object would allow us not only to improve
the significance of our statistic, but it will also be a means to
identify and quantify systematic effects involved.

n SN 1991bg SN 1997cn
SN 2000fr 3 24.2 24.0
SN 1999ff 2 2.53 117
SN 1999Q 4 36.6 32.0

Table 13 Ay? for the fit of the high redshift SNe to the templates of the
two sub-luminous SNe relative to the best fits (which are “normal” SN
templates). n is the number of data points used in the one-parameter
fit (see discussion in section 4.4).

7. Test for SN brightness evolution

Evolution of the properties of the supernova progenitors with
redshift has been often proposed as an alternative explanation
to the observed dimming of distant SNe. This is based on the
fact that older galaxies show different composition distribution
than younger ones, e.g. an increased average metallicity, there-
fore offering different environmental conditions to the explod-
ing star. A simple way to test for evolution is to compare prop-
erties of nearby SNe with distant ones. This will not prove that
there is no evolution, but it will exclude it on a supernova-by-
supernova or property-by-property basis, finding always coun-
terparts of distant events in the local sample.

In this work we compared colors of nearby and distant su-
pernovae (primarily to test presence of “gray” dust). Although
the size of the high redshift sample is very limited, our attempt
does not give evidence for evolution of the average SN col-
ors. Furthermore, the correlation found between the intensity
of the secondary peak of I-band lightcurve and the supernova
luminosity give an independent way of testing for evolution.
The restframe /-band lightcurve for the high-redshift super-
novae were all fitted by templates showing a prominent sec-
ond peak, i.e. inconsistent with the intrinsically underluminous
supernovae necessary to explain the apparent faintness of high
redshift supernovae in a flat A = 0 universe. Note that, for at
least one supernova, SN 2000fr, the secondary peak is evident
on the data even prior to the lightcurve fit. Table 13 lists the
Ay? for the fit of the high redshift SNe to the templates of the
two sub-luminous SN 1991bg and SN 1997cn, relative to the
best fit. The y? values are significantly larger than the best fit
value.

8. Summary and conclusions

In this work we have investigated the feasibility of using rest-
frame /-band observations for cosmological purposes.

‘We have developed a five parameter lightcurve fitting pro-
cedure which was applied successfully to 42 nearby type Ia
supernovae. The fitted lightcurve were used to build a set of
templates which include a broad variety of shapes. We have
found correlations between the fitted parameters, in particu-
lar between the time of the secondary peak and the B-band
stretch, sp, as well as the I-band stretch, s;. Moreover, a width-
luminosity relation was found for the /-band peak magnitude.

We built a restframe /-band Hubble diagram using 26
nearby supernovae at redshifts 0.01 < z < 0.1, and measured an
r.m.s. of 0.23 mag, smaller than the uncorrected dispersion cor-
responding to restframe B-band. The width-luminosity relation
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Fig. 14 Left panels: distribution of combined color measurements for the local sample of supernovae in the E(B — I) vs E(B — V) plane, not
corrected (top panel) and corrected (bottom panel) for the host galaxy extinction. The solid contour is 68.3%, 95.5% and 99.7% of probability.
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has been plotted for the dust distribution.

was used to reduce the rm.s. to 0.19 + 0.02 mag, correspond-
ing to an intrisic dispersion of 0.14 mag. Differences between
the three data samples are also discussed.

J-band measurements of three high redshift supernovae
were used to extend the Hubble diagram up to z ~ 0.5. Their
restframe /-band lightcurve was fitted by the template set built
on the local SNe sample, as the five parameter fit method could
not be used for the poorly sampled high redshift lightcurve. The
peak I-band magnitude of the high redshift SNe was compared
to three different set of cosmological parameters. Although the
“concordance model” of the universe, (Qj7, 24)=(0.3,0.7), is
found in better agreement with the data than the other models,
the large dispersion of the high redshift supernovae, together
with the low statistics of the sample, do not allow to reach firm
conclusions.

Alternative explanations of the observed dimming of su-

pernova brightness, such as presence of gray dust in the IG
medium or evolution effects in the supernova properties have

also been addressed. Both the /-band Hubble diagram and
multi color photometry have been used for testing gray dust.
Although no firm limits on the presence of gray dust could be
set, this study shows that with higher stastistics, the restframe
I-band measurements could provide useful information on cos-
mological parameters, including tests for systematic effects. A
Monte Carlo simulation indicates that a sample of at least 20
well observed SNe would be enough for testing the presence
of a homogeneous dust distribution in the IGM, using only the
color diagram technique. A similar technique, but using QSO
colors was used by Mortsell & Goobar (2003), to rule out gray
dust being the sole explanation for the apparent faintness of
SNeIaatz ~0.5.

Possible systematic uncertainties affecting the restframe /-
band Hubble diagram are discussed. Some sources are identi-
fied, for instance the different methods applied for fitting the
low and the high redshift samples, selection effects for bright
objects during the search campaign, uncertainties connected
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with the J-band data calibration, as well as uncertainties in
the K-correction calculations due to the presence of the Ca
IR triplet feature in the near infrared region of the SN spec-
tra. However, these systematic uncertainties differ from the
ones that could affect the restframe B-band Hubble diagram.
Thus,the use of /-band measurements of type Ia supernovae,
can be complementary to the already well established tools.
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Abstract. The properties of low-redshift Type Ia supernovae are investigated using published multi-band optical broadband
data from the Calan/Tololo and CfA surveys. The average time evolution of B—V,V —R,R -1, B— [ and V - I, the intrinsic
dispersion and time correlations are studied. This information is required to deduce the extinction of such explosions from the
measured colours. We find that extinction corrections on individual SNe based on their colours up to 40 days past the B-band
lightcurve maximum are generaly limited to o4, 2 0.1, due to intrinsic variations, as far as it can be conservatively deduced
with the current sample of data. However, we find that the V — R colour, especially at late times, is consistent with a negligible
intrinsic spread, and may be the most accurate estimator for extinction.

Key words. supernovae: general — stars: statistics

1. Introduction

In the last few years Type Ia supernovae (SNe Ia) have proved
to be excellent distance estimators and have been successfully
used to investigate the fate of the universe (Perlmutter et al.
1999; Riess et al. 1998). Despite the broad use of these objects
by cosmologists, the current knowledge of the nature of SNe Ia
is rather limited. Thus, there is a strong demand for further un-
derstanding to assess important issues about these explosions.
For cosmological implications, the main concerns are related
to the possible evolution of the SN properties with redshift.
Moreover, critical tests for extinction along the line of sight
based on supernova colours require good knowledge of the in-
trinsic properties of these objects.

In this paper, a statistical study on 48 well observed nearby
SNe Ia is carried out. In particular, the intrinsic dispersion in
SN colours is investigated using published BVRI data. We also
focus on the time correlation of intrinsic optical colours. This
information is needed to address the possible host galaxy or
intergalactic extinction by dust of supernovae used for cosmo-
logical tests (see e.g. Riess et al. 2000; Nobili et al. 2003), and
also to probe for other exotic sources of dimming at high-z with
differential extinction (Mortsell et al. 2002).

2. The data set

Published BVRI lightcurves of well observed nearby SNe Ia
were analysed. The considered sample consists of 48 SNe Ia
from 2 different sets, the Calan/Tololo data published by
Hamuy et al. (1996), and the set in Riess et al. (1999), usually

Send offprint requests to: S. Nobili, e-mail: serena@physto.se

referred to as the CfA data. The list of SNe is given in Table 1,
along with the observed filter data available for each of them,
their redshift and the B-band lightcurve “stretch”, s, as defined
in Perlmutter et al. (1997) and Goldhaber et al. (2001).

The selected samples include a broad variety of SNe, well dis-
tributed in stretch factor, s. This parameter, related to Ams
(Phillips 1993), has been found to correlate with the supernova
luminosity. Thus, a sample well distributed in stretch should
imply a broad distribution in luminosity. Figure 1 shows the
distribution of the B-band light curve stretch factor and SN
redshifts (0.003 < z < 0.12), for both samples. The timescale
stretch parameter was determined from the lightcurve fits as in
Goldhaber et al. (2001) using their B-band lightcurve template
with a parabolic behavior for the earliest epoch after explosion.

K-corrections were applied to account for the small cosmo-
logical redshift as described in e.g. Goobar et al. (2002), using
the (s = 1) spectroscopic template of Nugent et al. (2002) as
a starting point. The results of this analysis were used to im-
prove the spectral template of SN Ia’s (Sect. 6) and we iterated
the analysis once re-calculating the K-corrections with the im-
proved template. Note that even though the K-corrections for
the used data set are small, typically of the order of a few hun-
dreds of a magnitude, for some of the more distant objects in
the sample considered, they reach up to ~0.5 mag.

The SNe light curves were corrected for both Milky Way
and host galaxy extinction as in Phillips et al. (1999) using the
method first proposed by Lira (1995) for estimating host galaxy
extinction using late epoch light curves. There is empirical ev-
idence that the B — V colors of SNe Ia show extremely small
scatter for the period between 30 and 90 days post B-band max-
imum, despite any difference in the light curve shapes at earlier
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Fig. 1. Distribution of redshift, z, (binsize = 0.02), and stretch factor, s,
(binsize = 0.08), for the analysed sample.

epochs. As the set of SNe used in this article is a subset of the
one analysed in Phillips et al. (1999), the host galaxy extinc-
tions listed in Table 2 of their paper were used. These were
derived combining the late time B — V colour with information
on the B — V and V — [ at maximum light.

The Cardelli et al. (1989) relation, modified by O’Donnell
(1994), was used to compute the extinction in other colours
given E(B — V). Spectral templates of Type Ia SNe were used
to compute the evolution of the extinction with the supernova
epoch.

The extinction corrected lightcurves were further screened
to exclude the most peculiar SNe, as the main emphasis of
this work is to establish the properties of “normal” supernovae.
Figure 2 shows the difference of the B-band lightcurve maxi-
mum, B,y and the V-band light curve maximum Ve« plotted
against the decline rate parameter, Ams, as reported in Phillips
et al. (1999). A 30 clipping rejection criteria was applied, iter-
ating until no data points were further rejected. At least 5 SNe
in the 2 data sets deviate significantly from the expected linear
relation derived in Phillips et al. (1999) from an independent
set of 20 non-reddened SNe (solid line in Fig. 2):

Buax = Vimax = —0.07(+£0.012) + 0.114(+0.037)(Am 15 — 1.1).

The outliers are SN 1993ae, SN 1995bd, SN 1996ai, and
SN 1996bk for the CfA data, and SN 1992K for the
Calan/Tololo set. Moreover SN 1995E and SN 1995ac have
been excluded since they are similar to the peculiar SN 1991T
(Branch etal. 1993)'.

3. The average optical colours

Figures 3-8 show the time evolution of the extinction and K-
corrected B—V,V—-R,R—-1,B-1and V — I, colours. The
plotted errors include the uncertainty on the host galaxy exinc-
tion correction. The time axis (#) has been corrected by the SN
redshift and the B-band stretch factor s, to account for the de-
pendence of colours on the stretch. This rescaling of the time
axis was found very effective in reducing the measured intrinsic
dispersion (Sect. 4)

/= I B )
s-(1+2)

For each colour lightcurve we have spline-interpolated the

weighted mean values computed in four days wide, non-

overlapping bins. The aim of this procedure was to find a

! Including these 2 SNe in the analysis does not change the results
significantely.
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Table 1. List of SNe used for the analysis.

SN Band z s Ref.
1993ac B,V,R, I 0.049 0865 (1)
1993ae* B, V,R,I 0.019 0846 (1)
1994a¢ B, V,R,I 0004 1.033 (1)
1994M  B,V,R, I 0.023 0865 (1)
1994Q B,V,R,I 0.029 1.116 (1)
19948 B,V,R,1 0015 1061 (1)
1994T B,V,R,1 0035 0890 (1)
1995ac* B, V,R,I 0.050 1.123 (1)
1995ak B, V,R,I 0.023 0857 (1)
1995al B,V,R,I 0005 1044 (1)
1995bd* B, V,R,I 0016 1131 (1)
1995D B,V,R,I 0.007 1.081 (1)
1995E* B,V,R,I 0012 1.024 (1)
1996ai* B, V,R,I 0.003 1110 (1)
1996bk* B, V,R,I 0.007 0.761 (1)
1996b1 B,V,R, I 0.03 1030 (1)
1996bo B, V,R,I 0017 0902 (1)
1996bv B, V,R,I 0.007 1.106 (1)
1996C B,V,R,1 0030 1102 (1)
1996X B,V,R,I 0007 0889 (1)
1990af B,V 0.051 0792 (2)
19900 B,V,R,I 0030 1116 (2)
1990T B,V,R,I 0040 0998 (2)
1990Y B,V,R,I 0039 1007 (2)
1991ag B, V,R,I 0014 1.084 (2)
19918 B,V,R,1 0055 1114 (2)
19910 B,V,R,1 0032 1068 (2)
1992a¢ B,V 0.075 0970 (2)
1992ag B, V, I 0.025 0951 (2
1992al B,V,R,I 0015 0963 ()
1992aq B, V, I 0.102 0868 (2)
1992au B, V, I 0061 0787 (2)
1992bc B, V,R,I 0020 1.039 (2)
1992bg B, V, I 0.035 0983 (2)
1992bh B, V, I 0.045 1048 (2)
1992bk B, V, I 0.058 0825 (2)
1992bl BV, I 0044 0812 (2)
1992bo B, V,R,I 0019 0767 (2)
1992bp B, V, I 0.079 0907 (2)
1992br B,V 0.088 0682 (2)
1992bs B,V 0.064 1.030 (2)
1992 BV, I 0.045 0798 (2)
1992K* B, V, I 0.010 0787 (2)
1992P BV, I 0.037 0952 (2)
1993ag B, V, I 0.049 0917 (2
1993B BV, I 0.070 1.023 (2)
1993H B,V,R, I 0.024 0774 ()
19930 BV, I 0.051 0950 (2)

(1), Riess et al. (1998); (2), Hamuy et al. (1996).
¢ Excluded from the analysis presented here.

curve that describes the average time evolution of the colours.
This parameterization will be referred as a “model” in the
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Fig. 2. Binax—Vmax V8. Amys for the 2 sets of data, k-corrected, corrected
for Galactic extinction and Host Galaxy extinction, compared with the
result of Phillips et al. (1999).

following discussion. Other methods were used to fit the data,
as for example a least squares cubic spline fit. These result in
curves that differ from the model typically by 0.01 mag. The
models show some systematic discrepancies between the two
data sets, especially in R — [ for which the C-T model is al-
ways redder than the CfA model. In Fig. 9 we investigate the
differences of each of the models from the one built on both
sets together. The differences are usually of the order of a few
hundreds of a magnitude. The largest deviation was found for
R — I in the Calan/Tololo set, resulting in a difference of about
0.2 mag at maximum with respect to the model built up us-
ing data from both sets. Note, however, that the statistics in the
Calan/Tololo set for R — I colour, all along the evolution and in
particular around the time of B, is extremely poor, as shown
in Fig. 5. Due to the smaller quoted observational error bars,
the CfA set dominates the weighted average used to build the
model out of both data sets.

A source of uncertainty in this analysis is the ability of the
observers to convert the instrumental magnitudes from the used
filter+CCD system transmission into the standard BVRI sys-
tem. The apparent systematic effects for R — I in Fig. 9 may be
indicative of this.
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Fig.4. V — R for the two sets of data. The solid line represent alway
the curve found for the current set, while the dashed line is the curve
found for the same colour of the other set.

In order to assess systematic effects in builing the colour
models, we checked whether the host galaxy extinction was
over-corrected. Thus, we compared the models with the data
of those SNe that, according to Phillips et al. (1999), suffered
no extinction from the host galaxy. The comparison, shown in
Fig. 7, exhibits no obvious deviations and we may conclude
that the extinction corrected colours are consistent with the un-
corrected sub-sample.

A possible remaining dependence of colours on the stretch
factor s was investigated. For data points in a 5 days broad
bin around time of B-maximum and around day 15, a linear
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the curve found for the current set, while the dashed line is the curve
found for the same colour of the other set. The filled circles represent
SN 1993H, while the filled diamonds are data of SN 1992bc. Refer to
Sect. 7 for a discussion about these 2 SNe.

weighted fit was done on the residuals from the models not
showing any further significant dependence on Am s or equiv-
alently on the stretch parameter s. Note that this is not in con-
tradiction with Fig. 2, as we are considering (B—V),, instead
Of Bmax — Vmax. Moreover, our analysis includes data points in a
broad bin around day zero, and not a fitted lightcurve maximum
as in Fig. 2.
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Fig.7. Comparison of the models with data of unreddened SNe only.
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found for the same colour of the other set. The filled circles represent
SN 1993H, while the filled diamonds are data of SN 1992bc. Refer to
Sect. 7 for a discussion about these 2 SNe.

4. Intrinsic colour dispersion

The observed colour dispersion around the models is overall
inconsistent with a statistical random distribution of the data
with the reported measurement errors. The y 2 value per degree
of freedom computed for each model is typically between 3
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and 6, giving indication of a very poor fit of the data. Thus,
we conclude that the analysed data supports the existence of an
intrinsic colour dispersion of Type Ia supernovae2.

The intrinsic colour dispersion was computed on the resid-
uals of each of the data sets from the corresponding model, built
as explained above. Labeling XY; any of the measured colours,
B-V,V—R,R—-1,B—1IandV — I, the residual with respect
to the model expectation is referred as Ryy,, i.e.,

Rxy, = XY; — XYmodel, ®)

Next, the time axis was binned into 5 days wide bins to com-
pensate for the modest statistics. The bins are centered at days
d = 5-n, with n ranging from 0 to 8. For each bin &, we compute
the weighted average for the data XY, (see Appendix A)

N,
_ D XY,
===
Zi=kl Wi

where Ny is the number of points in bin k and w; is the inverse
of the uncertainty on the ith measurement squared, 1/ o-iz, where
o; include both measurement errors and uncertainty on the host
galaxy extinction corrections. The weighted sample standard
deviation was computed as the square root of the weighted sec-
ond moment:

Xv* 3)

N 2
Yzt WiRyy,

N
it Wi

2 This has been further investigated as described at the end of this
section.
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Fig. 10. Comparison of the results for the intrinsic dispersion in each
colour given in Table 2 for both data sets (triangles) and the results
obtained keeping the 2 sets of data separated (squares and diamonds
for the C-T and CfA respectively).

The uncertainty on the expression in Eq. (4) is given by the
square root of the variance, V[s’)‘(y], computed as:
Vimy,]

4my,

VIshyl = ®)
where V[m,,] is the variance of the weighted second moment.
‘We can consider the result of Eq. (4) as an estimate of the in-
trinsic dispersion in each bin, for each XY colour: Ayy = s&,.
This has been applied at each one of the sets separately and at
the whole set of data. The results of the method for the whole
set of data are given in Table 2.

Figure 10 shows a comparison of the intrinsic dispersion
computed for each of the sets separately and their combination.
In most of the cases the differences exceed the statistical uncer-
tainties, seemingly arising from systematic differences between
the two data sets. The computed intrinsic dispersion for the CfA
sample was found to be smaller than for the CT data set and the
whole (combined) sample in most cases, again pointing at sys-
tematic differences in the reported magnitudes.

Note that the adopted method leads to an overestimation
of the intrinsic colour dispersion due to the contribution from
the measurement errors. However, the weighting procedure en-
sures that the most accurate measurements dominate the re-
sult. To asses the impact of the measurement accuracy, we
run a Monte-Carlo simulation to generate a synthetic colour
data set with a dispersion given by the measurement uncertain-
ties alone, i.e. no intrinsic dispersion. Three hundred data sets,
with the same distributions in epochs and formal error bars as
the CfA and Calan/Tololo were simulated and the weighted
standard deviation (and its error) were computed, according
to Egs. (4) and (5). Note that the simulation, for simplicity,
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Table 2. Results of the analysis of all SNe. First column: central value
in days for each time bin; N, is the number of points for each bin;
XY* is the weighted mean value and its 1-sigma uncertainty; Ayy is
the intrinsic dispersion computed according to Eqs. (4) and (5); Ay
is the corrected intrinsic dispersion, computed as in Eq. (6), and in the
last column is the estimated lower limit at 99% C.L. (see text).

Day Ne BV¥ Apv AT LL.
0 57  -0.11+001 009+001 007 005
5 70 002+001 0.10+001 008 005
10 75 016£001 0.11+001 009 006
15 59 047£002 0.11+001 009 006
20 47 075+£003 013+002 0.1 008
25 39 095+002 0.10+002 008 006
30 34 1.08£002 0.11+002 009 007
359 27 1.07+002 008+003 <005

40 35  1.02+002 0.10+003 007 006
Day Ni VRF Avr AT LL.
0 31 004002 007001 006 005
5 36 001002 008001 006 005
10 38 -008+001 006+001 004 004
15 34 -007+£002 007+002 006 005
20 24 009£002 006+002 005 004
250 22 022+002 0.06+001 <0.04

30° 18 031001 006001 <004

359 16 030001 004001 <003

40° 19 025+001  005+001 <0.03

Day Ni RI¥ Art Aser LIL.
0 30 0442002 010001 009 006
5 36 050002 009+001 007 005
10 32 -050£002 007£001 005 005
15 30 -025£004 0.2£003 011 008
20 20 -006+004 013002 0.2 009
25 22 009+£002 008+001 005 005
30 18 023+003 008+001 006 006
359 16 027+003 0.09+001 <0.06

40 17 022+004 014+003 013 010
Day Ne BI* Apy AT LL.
0 39 054002 013+001 0.0 008
5 48 -052+002 0.15+002 013 009
10 48 -044+003 017+001 015 0.0
15 35  010+005 018002 0.16 011
20 34 074+006 024+005 023 0.5
25 25 125+005 022+004 021 0.5
30 27 166+003 016x002 0.3 010
359 23 1.65+003 012002 <008

40 33 151004 020£002 017 013
Day N vI¥ Ayt AT LL
0 37 043002 008+001 005 005
5 51 -054+002 011+001 009 006
10 48 -060+001 009+001 006 005
15 38 -034£003 0.3£002 011 008
20 36 001+003 0.14+002 013 009
25 28 033+003 015+002 0.4 010
30 28 057+003 012002 010 008
35 25  058+002 0.10+001 008 007
40 33 048+003 0.43£001 011 008

“ Compatible with null intrinsic dispersion at 99% C.L.; an upper limit
is given instead of the corrected intrinsic dispersion.
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generates Gaussian distributed and completely uncorrelated
data. The averages, §, were used to disentangle the contribution
of the intrinsic dispersion from the measurement errors. First,
an hypothesis test was run to verify whether the simulated data
and the measured data had the same dispersion; e.g. implying
null intrinsic dispersion:

H()ZA=6
H]ZA#&.

A level of significance @ = 0.01 was set for rejecting the null
hypothesis (Cowan 1998). Only 10 cases were not rejected, in-
dicated by a  in Table 2. For all the other cases, for which the
Hj hypothesis was rejected, the intrinsic dispersion was com-
puted as:

AT = VAZ - 62 (6)

and a lower limit on its value was set at a 99% confidence limit.
The cases for which the null hypothesis was not rejected, were
considered as compatible with no intrisic dispersion, and an
upper limit on its value was set at a 99% confidence level. The
corrected intrinsic dispersions are listed in the 5th column of
Table 2, together with upper and lower limits. We notice that
the narrowest colour dispersion happens for V — R, especially
at late times. At 25 days after By,x and later, this colour is
compatible with no intrinsic spread at all. Further, it should be
noted that at day 35, all the colours but V —1I are consistent with
vanishing intrinsic dispersion.

5. Correlation

The correlation between optical colours at different epochs was
also estimated. The property that was tested is whether a super-
nova that is blue at a certain epoch for example, say at maxi-
mum, stays blue at all epochs. In Riess et al. (2000), the authors
argue that data measurements more than 3 days apart may be
considered as uncorrelated estimators of colour. Our analysis
does not support that assumption>. We find significant correla-
tions for data points up to a month apart, as shown below. The
method followed is essentially the one used to compute the in-
trinsic dispersion. One can summarize the following steps:

— Bin the data in time;

— Select only the SNe present in all the time bins;

— For each bin compute the weighted average of the measure-
ments belonging to the same SN;

— Compute the linear correlation coefficient between bins as
in Eq. (A.8);

— Test the correlation coefficient significance (Appendix A.2).

We refer to Appendix A.2 for what follows. The correlation
coefficient between different epochs % and  is:

—=h —k
?:1 (R];(Y, - RXY) (RI;(Z - RXY)

Thie = >
n Rh _ Eh n Rk _ Ek
X XY; XY Z/‘:l XY; XY

3 For high-z objects this is even more questionable when some of
the main sources of uncertainty is the subtraction of a common image
of the host galaxy and the K-corrections.

()]

2
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Table 3. Correlation coefficients between the different bins. The indicated xbin is the central value of each bin. The bin size is 7 days for all the

bins. The errors indicate the 1 o~ confidence level for the computed coefficients. See text for details.

B-Vjxbin 0 7 15 2 30
0 100 08070% 0610 0477020 04502
7 100 07591 06991 063701
15 100 05917 045702
2 100 05608
30 1.00
V-Rixbin 0 7 15 2 30
0 100 081705 046703 029703 003703
7 100 0.24*08 048032 024704
15 100 04892 015703
2 100 —0449%
30 1.00
R-Ixbin 0 7 15 2 30
0 100 07392 05793 0567031 (3104
7 100 0.66%9% 078906 0580%
15 100 0.89%0% (5303
2 100 08313
30 1.00
V- I/xbin 0 7 15 2 30
0 100 0.8470% (92004 (931004 () 49+025
7 100 0720015 0747018 05002
15 100 090:% 049902
2 100 06591
30 1.00
B-Ixbin 0 7 15 2 30
0 100 0.629% 074704 044702 0307034
7 100 07603 04792 051702
15 100 07691 040%0%
2 100 07344
30 1.00

where the summation is on the ith SN, which by construction
is present in all the bins. The uncertainty on r has been com-
puted converting it into the normally distributed variable z, as
described in Appendix A.2. The results, given in Table 3, show
that the correlation is important and non-zero all along the time
evolution. Figure 11 shows the weighted mean colours for the
selected SNe in the bins centered at day 0, 15 and 30. Note
that the supernovae selected are different in different colours,
but, by construction, are the same in all the bins for each of the
colour. It appears that supernovae that deviate from the average
colour at a certain epoch are likely to keep their colour excess
all along the 30 days evolution considered here.

6. Supernovae template

Nugent et al. (2002) analysed the relation between colours of
SNe Ia and K-corrections. In particular they showed how K-
corrections are mainly driven by the overall colour of the SN
rather than by peculiarities of single features. Using spectra and

colour light curves they give a recipe to build a SN Ia template,
to be used for computing K-corrections of s ~ 1.0 SNe. As
the sample used in our work is larger than the one considered
in their paper, we have used our results to improve the spec-
tral template. Note that this affects only the BVRI magnitudes,
which are the only bands treated here. Referring to Nugent et al.
(2002), we proceed as follows:

— correct the BVRI of their list of UBVRIJHK magnitudes
using our B — V, V — R and R — I models;

— correct the corresponding spectral templates with this
colours?;

- iterate the whole analysis described in this paper, using the
newly created templates to compute the K-corrections for
both Calan/Tololo and CfA data set;

— correct again the templates using the most recent version of
the models.

IS

The same code used by Nugent et al. (2002) was used for this.
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Fig. 11. From top to bottom and left to right. Residuals from the models for the SNe selected for each colour, in bin centered at day 0,15 and 30.
The band defined by the solid lines correspond to the intrinsic dispersion found in at the same epoch.
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Table 4. Results of the analysis done excluding SN 1992bc and SN 1993H (**) for B — I and V — 1. xbin is the central value in days for each
bin; XY*** is the weighted mean value and its uncertainty; Ag** is computed according to Egs. (4) and (5); AG** is the corrected intrinsic
disperion and L.L. is the lower limit at 99% C.L.; in the last column is the difference between the results given in Table 2 and this analysis; the

errors are computed as sum in quadrature.

day BFw A A LL, Apr — Ap**
0 -053+£0.02 0.13+001 0.10 0.08 0.000 + 0.017
5 -053+£0.02 0.13+£001 0.10 0.08 0.024 + 0.025
10 -041+002 015+002 0.13 0.09 0.018 + 0.022
15 0.10+005 0.18+0.02 0.16 0.11 0.003 + 0.026
20 074+005 0.15+002 0.12 0.09 0.098 + 0.052
25 131005 0.12+£0.02 0.09 0.08 0.101 + 0.044
30 1.68 £0.03 0.12+0.02 0.08 0.08 0.038 +0.028
35 1.65+£0.03 0.13+£0.02 <0.09 -0.006 + 0.024
40 1.49+£004 020+0.03 0.18 0.13  -0.004 +£0.035
day Vlk** Aw** Af/oln** LL. AVI - AVI**
0 -043+002 0.07+0.01 0.05 0.05 0.002 +0.011
5 -055+001 0.09=+0.01 0.06 0.05 0.019 £ 0.014
10 -058+0.01 0.09+001 0.06 0.05 0.002 +0.013
15 -034+003 0.11+001 0.09 0.07 0.016 + 0.022
20 001+£003 011002 0.09 0.07 0.036 + 0.027
25 035+0.03 0.09+0.01 0.07 0.06 0.060 + 0.028
30 057+003 0.11+£0.02 0.09 0.07 0.007 + 0.029
35  058+£0.02 0.10+0.01 0.08 0.07 0.000 + 0.019
40 047+003 0.13+£001 O0.11 0.08 0.000 + 0.018

Even though the template itself is modified considerably from
the original one, iterating once results in small corrections
(~0.001-0.005 mag) in the intrinsic dispersion in all colours at
any epoch, and a few percent in the colour models. As the cor-
rection obtained are small and well within the given uncertain-
ties, we do not iterate further. The results of this analysis should
not be considered definitive and may change as SNe Ia and their
colour evolutions are studied in even more detail. However, it
can be considered a good estimate of the average SN Ia tem-
plate (in BVRI), as it is constructed from a quite broad sample
of SNe. The final corrected template is available upon request.

7. Discussion

Throughout our analysis all data points were treated as inde-
pendent measurements. This is particularly important for the
cases with significant host galaxy light underneath the super-
nova where a single reference image was used, introducing a
correlation between the data points not considered here.

A first estimate of the intrinsic dispersion was calculated
for each data set separately and the two data sets together. A
comparison of the results shows that the colours extracted from
the CfA sample have smaller scatter indicating that the contri-
bution from measurement errors is not negligible. Further, in
the analysis the measurements are assumed to be Gaussian dis-
tributed and the weighted standard deviation has been taken as
an estimate of the intrinsic dispersion. However, we noticed
that 2 SNe, SN 1993H and SN 1992bc, seem to be rather de-
viant in B — I and V — I for the C-T set, as shown in Figs. 6

and 8. The effect of the “outliers” is particularly important
around 20 days after B-maximum. For comparison, we re-
calculated the intrinsic spread in B — I and V — I excluding
these 2 SNe. The results are shown on Table 4. The agree-
ment between the intrinsic dispersion between the data sets
improves when these 2 SNe are excluded. We emphasize that
there are systematic differences between the Calan/Tololo and
CfA data sets, and they might have been introduced while con-
verting from the instrumental system used to the standard BVRI
system.

An attempt of disentangling the intrinsic dispersion from
the contribution of the uncertainties has been done resulting in
upper limit values for the intrinsic dispersion in some cases.
The most relevant is the case of V — R, that seems com-
patible with null intrinsic dispersion for most of the epochs
at 99% C.L. Moreover this analysis brings out an important
feature at day 35, when all the colours but V — I are consistent
with zero intrinsic dispersion. This indicates that further stud-
ies will be needed to investigate this intriguing finding. When
computing the correlation coefficients we considered data up to
30 days after B-band maximum, even though later epoch data
are available for several supernovae. However, the necessary
condition of each SN being observed in all the time bins re-
duces the statistics if later epochs are introduced. This limita-
tion is specific to the sample used and can be overcome with
the use of a more extensively observed sample, such as what
will be provide by SNfactory (Aldering et al. 2002).

The intrinsic dispersion sets constrains on the ability to de-
termine the host galaxy extinction, Ay. This will depend on
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the colour, as the intrinsic dispersion is different for different
colours. As an example we used the Cardelli et al. (1989) rela-
tion at the effective wavelength for each bandpass to compute
the expected uncertainty in the extinction, neglecting any de-
pendence on the supernova phase.

oR, = 3 A
ol R = 6.2 Ay
Rl =41 A" ®
o1 = 14 Agr
ot = 25-A8F

where Ry was assumed equal to 3.1. Table 5 shows the results
of the Eq. (8) for the epochs for which the intrinsic dispersion
was calculated. The ATy was used for this. The results indi-
cate that, with the present knowledge, extinction by dust with
Ry = 3.1 may only be determined to o4, R 0.10 with Type
Ia restframe optical data within the first 40 days after B-band
lightcurve maximum, for the colours and epochs with non-zero
intrinsic dispersion. However observations in V — R are prefer-
able to other colours to set limit on the extinction of an ob-
served supernova. To account for possible different extinction
parameters Ry in the different supernova host galaxies (as no-
ticed ine.g. Riess et al. 1996 and Krisciunas et al. 2000), we re-
peated the analysis considering a Gaussian uncertainty oz, = 1
on Ry, propagating this scatter on the host galaxy extinction
corrections. This changes the values of the intrinsic dispersion,
but typically within the quoted errors in Table 2.

8. Conclusion

A statistical analysis of colours of SNe Ia using a sample
of 48 nearby SNe was performed. Of this sample 7 SNe have
been excluded based on their large extinction, or peculiar be-
havior of their colours at maximum. With the present knowl-
edge and data quality we computed the average colour evo-
lution for B-V,V - R, R—-1, B—-1 and V — I with time
and the derived intrinsic scatter. We find that the correlation of
colours during the first 30 days after restframe B-band max-
imum is not negligible, i.e. arguing against the assumptions
made in the analysis of SN 1999Q (z = 0.46; Riess et al.
2000) where five measurements of restframe B — I along its
lightcurve were treated as independent estimates of extinction.
According to our findings, their limit on the presence of in-
tergalactic grey dust must be revised. A reanalysis of the data
from SN 1999Q is in preparation (Nobili et al. 2003). With the
data at hand, host galaxy extinction corrections from restframe
optical colours within the first 30 days after maximum light are
generaly limited to o4, R 0.1 due to the intrinsic variation of
Type Ia colours at those epochs, with the possible exception of
extinction corrections derived from the rest-frame V — R colour.
The results of this analysis have been used to correct spectro-
scopic templates which are available upon request.
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Appendix A
A.1. Algebraic moments

In what follows we refer to Cowan (1998) and Kendall & Stuart
(1958, see Vol. 1, Chap. 10), our aim here is to give uniformity
to the notations used. Given n independent observations of a
variable, x1, X2, ..., X, the rth moment or algebraic moment is
given by:

n
1 r
my = — E X;-
n <
i=1

The expectation value, or mean value, and the variance of m ,
are:

(A.1)

Elm] =
1 .
Vi = ~ (o - 17) (A2)

where (5, is the 2 - rth moment. Equations (A.2) are exact for-
mulae as long as one knows u», and y,. However this is not
always the case, and one has to use their estimators m,, and m,
from the sample itself. The variance of the standard deviation
can be computed using standard error propagation:

o2
Vio] = v i) = Al =5

4my

(A3)

In experimental situation each observation x; is often attached
to a certain weight w;. Supposing that the weight themselves are
known without errors, one can define the following formula for
the rth weighted moments:

n o
_ Zi:l wlxl' .
- n
i=1 Wi

My, (A4)

In order to evaluate the variance on the weighted standard de-

viation we simply extended Eq. (A.3) for the case of weighted
moments, obtaining:

2
Vi, mo, = mi,

Viow] = VI ymu,] = =

4my,

AS
Anegmmy, 43
where the m,, and m,, are the 4th and 2nd weighted moments
respectively and neg = (X, wi)?/ D, w?.

A simple Monte Carlo simulation has been run to verify the
accuracy of the approximated formula (A.5).

A.2. Correlation coefficient

Given 2 random variables x and y the correlation coefficient is
defined as

Pxy = %' (A.6)
The unbiased estimator of the covariance V, is:

= 1 < _

V= — Zl =D W= A7)
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so that the estimator of the correlation coefficient will be:
Vg L =D -

r,y = ; = = 3 .
e - % 2 (- 9)

For Eq. (A.8) to be a good estimator of the correlation coef-
ficient there are a few caveats to check. First condition is that
the samples are randomly defined from the population, that is
to make sure that the samples x and y are not selected in some
ways that would operate as to increase or decrease the value
of r. Even though one has random samples it is possible to
compute the errors due to sampling. Commonly this is com-
puted as (1 — 72)/ y/n. Unfortunately this is just an approxima-
tion. Moreover r’s for successive samples are not distributed
normally unless 7 is large and the true value p is near zero.
This yields to a distinction:

(A.8)

- ifn>30:
in order to know whether the value calculated for r is sig-
nificantly different from zero, one can compute its standard
error as:

o,=1/Vn-1.

If /o is greater than 2.58, one can conclude that the uni-
verse value of r is likely to be greater than zero.
- ifn < 30:

(A9)

the variable
fer ;’ - 22 (A.10)
VI—-r

follows the #-distribution with d.o.f. = n — 2. This can be
used only for testing the hypothesis of zero correlation.

R. A. Fisher developed a technique to overcome these difficul-
ties. The variable r is transformed into another variable that is
normally distributed. This is especially useful for high value
of r, when none of the above test can be safely applied. The
transformation to the variable z:
=L In(1 ! In(1 A.ll

&—En( +r)—§ (1-7) (A.11)
allows some important semplifications. The distribution of z’s
for successive samples does not depend on the universe value p
and the distribution of z for successive samples is so near to
normal that it can be treated as such without any loss of accu-
racy, see for example (Vol. 1, Chap. 16 and Vol. 2, Chap. 26)
of Kendall & Stuart (1958). Moreover the standard error for z
is independent on its o~:

o, =1/Vn-3.

The way to proceed is then very simple:

(A.12)

— Compute r according to (A.8);

— Transform r into z according to (A.11);

— Compute o, according to (A.12);

— In order to state a 1 sigma confidence limit for r, transform
the 2 values z + o, back to r, using the inverse of (A.11).
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Abstract. Spectroscopic data of 12 high-redshift supernovae (0.279 < z < 0.912) are analysed. A quantitative comparison
between low and high-redshift SNe by means of spectral indicators is presented. Measurements of Ca 1 H&K expansion
velocity and equivalent width-like measurements for the features we label “Fe m 4800, “Mg 1 4300” and “Ca mn H&K” are
found statistically consistent with spectra of nearby supernovae. We find no indication that high redshift supernova spectra
resemble those of sub-luminous, fast-decliner, supernovae found in the local sample. Furthermore, based on qualitative and
quantitative classification SN 2002fd (z=0.279) showed spectral characteristics similar to a SN 1991T/SN 1999aa-like object.

1. Introduction

Precision estimations of cosmological parameters using high-
redshift type Ia supernovae (SNe Ia) as distance indicators re-
quire good understanding of their brightness homogeneity and
the reliability of the shape-brightness corrections derived from
the local sample.

The spectral energy distribution is the most direct way to
investigate the physics of supernova explosions and thus, to
search for possible intrinsic differences between local and dis-
tant SNe used in cosmology. Possible signs of evolution in
spectra of high-redshift SNe, such as those due to a drift to-
ward low metallicity progenitors, have been modeled, e.g. by
Hoeflich et al. (1998) and Lentz et al. (2000). These studies
found that, because of the plausible lower progenitor metallic-
ity, high-redshift supernovae are expected to show enhanced
UV flux. Furthermore, the effect of lower metallicity in optical
spectral features would be twofold: (a) the minima of the spec-
tral lines tend to shift to longer wavelengths and (b) the depth
of the absorption features decrease.

‘With the rapidly increasing number of local supernovae ob-
served, a wide range of spectral diversities is being found (see
e.g Branch (2003)). The physical origin of such diversities is
still under investigation, thus, statistical studies are useful to
probe possible inconsistencies between high and low redshift
SN data sets. For example, comparisons of light curve parame-
ters have been carried out, but as of yet, without conclusive re-
sults (Riess et al. 1999; Aldering et al. 2000). Possible system-
atic differences in the brightness of SNe Ia have been found in
the local sample depending on host galaxy type: slow-decliner
supernovae have been claimed to be more common among
young progenitor systems and fast-decliners in old progeni-
tors systems (Hamuy et al. 1995, 1996, 2000; Howell 2001).

Send offprint requests to: G. Garavini , gabri@physto.se

However, this trend could not be confirmed by Sullivan et al.
(2003) in a study of 39 distant SNe in a redshift range of
0.3 < z < 0.8, possibly due to the limited span of light curve
widths in their SN sample.

Local supernovae are usually classified in three sub-groups
according to their spectral appearance around B-band maxi-
mum light. Normal supernovae, represented by objects such
SN 1981B (Branch et al. 1983), SN 1989B (Barbon et al.
1990), SN 1992A (Kirshner et al. 1993), and SN 1972E
(Kirshner et al. 1973), show strong absorption features due
to intermediate mass elements (IMEs, i.e. Si, S, Ca and Mg).
Peculiar SN 1991bg-like supernovae (Filippenko et al. 1992a;
Leibundgut et al. 1993; Turatto et al. 1996; Mazzali et al.
1997), are characterized by enhanced Si 1 lines and strong
Ti m absorption features. Peculiar SN 1991T-like supernovae
(Filippenko et al. 1992b; Phillips et al. 1992; Ruiz-Lapuente
et al. 1992; Jeffery et al. 1992; Mazzali et al. 1995), have very
weak IMEs — virtually absent in pre-maximum spectra — yet
strong doubly ionized iron absorption features. Recently, su-
pernovae with spectral characteristics in between those of nor-
mal and SN 1991T-like have been identified. These show weak
Si 1 lines, yet a evident Ca 1 H&K absorption, and they are
sometimes called SN 1999aa-like supernovae (Li et al. 2001b;
Garavini 2004b). In general, objects resembling these two pro-
totypes are, however, classified as SN 1991T/SN 1999aa-like
supernovae.

So far, very few distant SN Ia spectra have been com-
pared with local data sets, e.g. (Perlmutter et al. 1998; Coil
et al. 2000; Barris et al. 2003; Riess et al. 2003; Blakeslee
etal. 2003). Moreover, none of the spectroscopically confirmed
high-redshift SNe has been reported as peculiar. The observed
peculiarity rate mismatch between low and high-redshift data
sets could be due to the limited statistical significance of the
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distant supernova sample, but should be taken under consider-
ation as a possible sign of evolution (Li et al. 2001b,a).

During the 2000, 2001 and 2002 discovery campaigns,
the Supernova Cosmology Project (SCP) carried out dedicated
spectroscopy observations of 20 high-z SN Ia at the Very Large
Telescope (Lidman 2004). In this work we analyze the 14 best
signal-to-noise supernova spectra of these campaigns with the
aim to pursue a quantitative test for supernova evolution.

‘We perform expansion velocity measurements as inferred
from the blue-shift of Ca n H&K and “equivalent width-like”
(w) measurements of the absorption features we label “Fe 1
48007, “Mg 1 4300” and “Ca 1 H&K”. In Folatelli (2004) Ew
measurements were shown to be useful spectral indicators to
investigate supernova homogeneity. Furthermore, this newly
introduced spectral indicators seem to correlate with the in-
trinsic brightness of local SN Ia. In this study we compare
the Ews and the measured expansion velocities with those of a
vast sample of published local supernova data. Additionally, a
schematic approach for supernova type classification at z ~ 0.5
is presented. As the result of the analysis the spectral classifica-
tion of the first peculiar SN 1991T/SN 1999aa-like supernova
at redshift z=0.279 is also reported.

2, Data-set

The data set presented here consists of 12 high-redshift
(z=0.279-0.912) supernovae for a total of 14 spectra observed
by the SCP collaboration with the Very Large Telescope (VLT)
during the supernova search campaigns carried out during
2000, 2001 and 2002. Further details about the VLT confir-
mation observations are reported in (Lidman 2004). Details
of the supernova spectra are presented in table 1 where the
(wavelength-averaged) signal to noise ratio per resolution el-
ement for each supernova spectrum is reported. The data is
shown in Figs. 1 — 3 where light gray spectra are the original
observed spectrum rebinned to 10 A per pixel resolution and
the black spectra have been smoothed using a inverse variance
weighted Gaussian filter (Lombardi & Schneider 2002) with
=20 A.

All data were reduced using IRAF procedures. Special care
was taken in the determination of the statistical error spectrum.
This is calculated on regions that are near to the supernova
spectrum on the sky subtracted two dimensional image and
scaled to the area in the trace of the supernova.

High-redshift supernova spectra are likely to suffer from
host galaxy contamination. The host galaxy is usually spa-
tially unresolved making it difficult to estimate its contribu-
tion to the observed flux. The host galaxy contamination in
our data was estimated using a statistical comparison with a
large data set of nearby supernovae templates and galaxy mod-
els (Sainton 2004). The y* minimization procedure is based on
eq. (1) where S, $% and S$V are the observed flux, the
galaxy model flux and the supernova template flux in the i-th
bin, respectively:

Npin—1

XaaN = Y o4 (lows) -
= [¢Y]

—N(gS § (Agest (1 + 2)) + (1 = PS TN (e (1 + D)),

where the quantity S + S5V is normalized thus, q is the
galaxy relative contribution to the observed spectrum. The fit
parameter N is a global scale factor, o-; the observed flux stan-
dard deviation in each bin and z the redshift. The estimated
values for q from the fitting procedure are tabulated in column
10 of table 1. The epoch with respect to the B—band light curve
maximum — reported in table 1 — was estimated using both pre-
liminary light curve results and spectroscopic dating by means
of statistical comparison with low-z SNe (Lidman 2004). The
two methods usually agreed within two days. This value is as-
sumed to be the uncertainty on the quoted epoch whenever an
accurate light curve estimate of the maximum was not avail-
able. The redshift of the supernova, when quoted with 3 digits,
was estimated from host galaxy lines in the spectrum. When
this was not possible, the redshift was estimated from the su-
pernova spectral features, and is then quoted with 2 digits.

3. High-redshift supernova identification

At redshifts above 0.5, the observation of the characteristic
Si n feature at 6150 A is beyond the wavelength instrumen-
tal range. Therefore, the classification of the supernova type
has to rely on the spectral features on the blue side of the spec-
trum. Nugent et al. (2001); Hook (2004) showed that four dif-
ferent wavelength regions can be used to distinguish between
photospheric SN Ia and core-collapse supernovae in this red-
shift range. Furthermore, the same regions can be used to iden-
tify possible spectral peculiarities among Ia’s as those found in
SN 1991T/SN 1999aa-like or SN 1986G/SN 1991bg-like su-
pernova. In Table 2 the characteristics of these four wavelength
regions for different types and sub-groups of supernovae are
schematically reported. Each spectral feature is qualitatively
described as strong, weak or absent based on the absorption
strength and broad or narrow based on the wavelength span. In
the absence of identification procedures based on quantitative
measurements, this scheme helps in constraining the classifica-
tion.

2.5 log(f,) + constant
£

91bg/86G-like

1
4000

L
4500
Rest Frame Wavelenght [A]

1
5000

Fig. 4 SN 2000fr at day -6 compared with normal and peculiar Type Ia
SNe, Type II and Type Ic SNe. The wavelength region highlighted in
Table 2, are marked with dashed lines and labeled with region name.
The SN type of the spectrum is also indicated.
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Fig. 1 Spectroscopy data set. In each plot the light gray spectrum is the origanal observed spectrum rebinned to 10 A per pixel resulution. The
black spectrum have been smoothed using a inverse variance weighted Gaussian filter with =20 A. Specifications are reported in table 1
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Fig. 2 Spectroscopy data set. In each plot the light gray spectrum is the origanal observed spectrum rebinned to 10 A per pixel resolution. The
black spectrum have been smoothed using a inverse variance weighted Gaussian filter with =20 A. Specifications are reported in table 1
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Fig. 3 Spectroscopy data set. In each plot the light gray spectrum is the origanal observed spectrum rebinned to 10 A per pixel resolution. The
black spectrum have been smoothed using a inverse variance weighted Gaussian filter with =20 A. Specifications are reported in table 1
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Table 1 Summary of spectroscopy data set. For each SN in our data set, redshift, reduced Julian date of observation, epoch since estimated
B-band maximum light, telescope and instrument setting used for the observation, exposure time, signal to noise, total flux percentage of galaxy

contamination and identification are given. See text for details

SNename Red-shif®  Date  Daysfrom®  Instrument setup telescope  Exposure  S/N_ Galaxy® 1D
(MID) B-band time () %
Maximum
SN 2000t 0543 516762 5.5 FORST 300V grism + GG435  VLEUTI 7200 0 6 Ta
SN 2001g0 0552 520213 5.6(1) FORS1 300V grism + GG435  VLE-UTI 2400 3 13 Ia
SN2001go 0552 520271 9.5(1) FORS1 300V grism + GG435  VLTUTI 7200 6 19 Ia
SN 2001g0 0552 520581 205(1) FORS1 300V grism + GG435  VLEUTI 9000 2 53 Ia
SN 2001gr 0540 520210 202) FORS1 300V grism + GG435  VLEUTI 3600 3 57 Ia
SN2001gw 0363 520214 -12) FORS1 300V grism + GG435  VLTUTI 1200 3 19 Ia
SN 2001gy 0511 52021.3 7.5(1) FORS1 300V grism + GG435  VLEUTI 2400 4 20 Ia
SN 2001ha 058 52022.0 o2 FORS1 300V grism + GG435  VLEUTI 3600 3 6 Ia
SN 2001he 035 52022.1 02 FORS1 300V grism + GG435  VLTUTI 1800 7 14 Ia
SN200lgm 0478 520213 5(2) FORS1 300V grism + GG435  VLTUTI 2400 2 28 Ia
SN 2002gi 0912 524072 202) FORS1 3001 grism + GG435  VLEUT3 7200 2 37 Ia
SN 2002gk 0212 524133 62) FORS2 3000 grism + GG435  VLT-UT4 900 10 66 Ia
SN 2002¢1 0510 524131 5(2) FORS2 300V grism + GG435  VLEUT4 3000 5 23 Ia
SN 2002fd 0279 523761 12 FORS2 300V grism + GG435  VLEUT4 600 2 28 Tapec

“Determined from host galaxy lines if 3-digits
“Uncertainties quoted in parenthesis

“Estimated in percentage on the total observed flux by statistical methods — see text

Table 2 Summary spectroscopic fingerprints with relevance for different SN types atz > 0.5. Four wavelength regions are selected for performing
the SN type identification. Each spectral feature, in these regions, is qualitatively described as strong, weak or absent based on the absorption

strength and broad or narrow based on the wavelength span.

Region Id TRegion Normal Type Ta Type ojc Type IT STT/99aa-Tike 91bg/86Glike _ comments
Rest Frame[A]

*Canm H&K' 3700-3900 strong/broad evident/broad?  absent  weak or absent/broad®™®  strong/broad h
Sim 39004100 evident/narrow® absent absent weak® absent N
"Fer’ 4500-5100 strong/broad strong/broad  absent strong/narrow? strong/broad fg
STW’ 5000-5500 b absent weak or absent® strong/narrow®?

“Before max.

® Around max.

“Few peculiar exceptions.

“In 91bg/86G-like beginning of the distinctive strong Ti m absorption.
/In Normal Ia typical line profile time evolution.

$In 91T/99aa-like dominated by Fe m in pre-max.

"Splitted minimum in some Ia.

The application of this scheme is shown for two differ-
ent epochs (one weak prior to maximum and one weak after
maximum light in the supernova restframe) for SN 2000fr and
SN 2001go. Fig. 4 shows the comparison of the spectrum of
SN 2000fr at day -6 with the spectra of the normal and pecu-
liar type Ia supernovae, as well as type II and type Ic super-
novae. The wavelength ranges reported in Table 2, are marked
in Fig. 4 with dashed vertical lines to select the spectral region
in which perform the classification. In the ’Ca H&K’ region a
strong absorption is clearly visible in SN 2000fr as in type Ia
and Ic supernovae, together with the split of the minimum of
Ca H&K sometimes seen in SN Ia. A weak absorption is also
visible in the ’Si I’ region characteristic of type Ia SNe. The
signal to noise ratio of our spectrum of SN 2000fr decreases in
the "Fe 1’ region where a broad absorption is present with no
distinctive minima as in normal Ia’s and Ic’s. On the red end
of the spectrum of SN 2000fr (’S 1’ region) the noise increases
and the distinction of lines is uncertain. These characteristics

are consistent with those generally found in normal type Ia su-
pernovae.

The comparison for the highest S/N spectrum of SN 2001go
is shown in Fig 5. At this epoch (8 days after B band maxi-
mum light), normal supernovae have a broad absorption fea-
ture between 3700 and 3900 A (CaH&K’ region. This is
seen in our spectrum of SN 2001go. In the ’Si I’ region
SN 2001go shows a weak absorption feature as normal Ia’s
and SN 1991T/SN 1999aa-like objects. The broad absorp-
tion feature in the "Fe m’ region of our spectrum resembles
those of normal and peculiar type Ia’s with a multiple min-
ima. In the ’S " region SN 2001go shows the typical "W’
shaped strong absorption features characteristics of normal or
SN 1991bg/SN 1986G-like objects. The presence of Si m and
S 1 features and the strength and width of Ca H&K in this ob-
ject are typical of normal type Ia supernovae.

Based on this classification scheme and on the statistical
comparison with a large data set of local supernovae, all but
one of our high-z spectra were classified as “normal” type Ia
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Fig.5 SN 2001go at day +8 compared with normal and peculiar Type
Ia SNe, Type II and Type Ic SNe. The wavelength region highlighted
in Table 2 are marked with dashed lines and labeled with region name.
The SN type of the spectrum is also indicated.

supernova. The only object (SN 2002fd) not classified as nor-
mal SN Ia will be discussed in section 5.1

4. Spectral Indicators

Next, we compare measurements of supernova spectral indica-
tors of our high-redshift data set with those of a broad sample
of local supernovae in order to probe for possible differences
between the low and high-redshift populations.

4.1. Velocities

The faintness of distant supernovae discovered in the recent
years has been attributed to large distances, as expected in the
presence of a cosmological constant. In principle though, the
faintness could be due to intrinsically dimmer SNe. Under-
luminous SNe generally show lower and more rapidly decreas-
ing expansion velocities compared to normal SNe, see for ex-
ample Leibundgut et al. (1993); Wells et al. (1994); Patat et al.
(1996); Garnavich et al. (2001); Li et al. (2003). The differ-
ences are more pronounced in the case of the Si m16355 absorp-
tion line were differences of more than 2000 km s~! are seen,
Branch & van den Bergh (1993). The separation is less conspic-
uous for the Ca m H&K absorption — measurable in the redshift
range of our data set — but the trend remains; see for example
SN 1999by and SN 1991bg in Fig. 6 where the time evolution
of the expansion velocity as inferred from the Doppler shift of
the minimum of the Ca m H&K is shown.

Assuming that intrinsically low-luminosity high-z SNe
were alike local fast decliners, the expansion velocities on the
lower edge of the distribution shown in Fig. 6, would sug-
gest a possible under-luminous SN. The measurements have
been obtained performing an error weighted non-linear fit to
a Gaussian model considering the whole line profile for per-
forming the fit. The typical uncertainties on the redshift value
(usually estimated by using the galaxy lines) is taken to be 300
km/s. In the cases of SN 2001ha and SN 2001hc we could not
identify galaxy lines in the SN spectrum and thus, the redshift

20000~ ©

SN2000fr 2=0.543 o
SN2001g0 2=0.552
SN2001gr 2=0.540 7
SN2001gw 720363 |
SN2001gy 2=0.511
SN2001ha 2=058 ]
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Fig. 6 Ca H&K expansion velocities of high-redshift supernovae pre-
sented in section 2 compared with local SNe. The solid and dotted
lines indicate the values of extreme under-luminous SNe SN 1999by
(Garnavich et al. 2001) and SN 1991bg (Leibundgut et al. 1993) re-
spectively.

was estimated by comparing with other supernovae spectra. In
these cases the uncertainty is taken to be 3000 kmy/s. This value
dominates with respect to the measurement errors, which are
added in quadrature to compute the total reported uncertain-
ties. The velocities of Ca 1 H&K for normal supernovae show
a pre-maximum light rapid drop from values around 22000
km/s to 14000 km/s. After maximum light the slope changes
and the velocity decreases by about 4000 km/s in 50 days. The
solid and dotted lines plotted in Fig. 6 show typical trends of
extreme under-luminous supernovae (in this case SN 1999by
(Garnavich et al. 2001) and SN 1991bg (Leibundgut et al.
1993) respectively).

All our high-redshift supernovae show velocities higher
than what is indicated by the solid line, thus we note that the
high-redshift SNe are consistent with spectroscopically normal
SNe. Li et al. (2001b), estimated that 16% of all supernovae
discovered in the local universe are under-luminous. However,
for magnitude-limited high-redshift supernova searches — as
those carried out by the SCP — the peculiarity rate for
SN 1991bg-like SNe is expected to be less than 2% Li et al.
(2001b). Thus, the lack of observed peculiar under-luminous
high-redshift SNe is within expectations.

4.2. Equivalent Widths

Equivalent width (ew) time evolution measurements have been
empirically shown to be spectral indicators of SN Ia intrinsic
brightness (Folatelli 2004). Next, Ew of high-redshift SNe are
compared with those of local supernovae in search of possi-
ble evidence of evolution. The spectra of the high-redshift su-
pernovae cover generally features 1 to 5 in the definition of
Folatelli (2004). These are the features labeled “Ca 1 H&K”,
“Si m 40007, “Mg 1 43007, “Fe n 48007, and “S m W” respec-
tively. However, because of the moderate signal to noise ratio
of our spectra, we focused only on three strong absorption fea-
tures: “Mg 1143007, “Fe n 4800 and “Ca n H&K”. Figures 7,
8 and 9 show the measurements on our high-redshift SNe com-
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Fig. 7 ‘Mg n 4300’ Ew measurements of high-redshift supernovae pre-
sented in section 2 compared with local SNe. The solid line indicates
the empirical model for normal supernovae as described in Folatelli
(2004).

pared to those at low redshift. Note, that the higher redshift
spectra have larger measurement errors in Ew due to both the
lower signal-to-noise and the possible residual host galaxy con-
tamination left after the host subtraction. We assumed the latter
to be about 10%, and estimated the corresponding uncertainty
in the Ew as in Folatelli (2004).

The ew time evolution of “Mg 1 4300” shows a break at
around one week after maximum for most of the SNe. This is
related to blending with “Si  4000” in coincidence with ab-
sorption deepening which makes the values of Ew suddenly
increase from ~100A to ~250A on time scales of less than
a week. The actual phase at which this break takes place de-
pends on the object characteristics: for under-luminous SNe Ia
it seems to occur as early as 5 days before maximum light,
while normal SNe Ia show this behavior around one week after
maximum light, and SN 1991T/SN 1999aa-like objects show
it later than day +10. Thus, the “Mg 1 4300” results to be
useful to discriminate among the different type Ia sub-classes.
The solid line in Fig. 7 shows the step like function describing
the average behaviour of Branch normal supernovae derived
in (Folatelli 2004). The ew values for our high-redshift super-
novae (all SNe in table 1 were measured but SN 2001gi) are
consistent with corresponding local supernova values within
their intrinsic spread. Moreover, SN 2001go, for which the
measurements of three epochs are available, shows the typical
break at around one week after maximum as most of the local
SNe. Note, that some of the values prior to maximum appear to
be slightly higher than those of local SNe, although the devia-
tion is not statistically significant, as shown in the next section.

“Fe m 4800” ews have a very smooth and homogeneous
time evolution for all kind of type Ia SNe (see Fig. 8). Ew values
increase from around 100A before maximum light to 350A two

Fig. 8 ‘Fe m 4800” Ew measurements of high-redshift supernovae pre-
sented in section 2 compared with local SNe. The solid line indicates
the empirical model for normal supernovae as described in Folatelli
(2004).

weeks after. A mean evolutionary curve for the normal SNe can
be represented by a cubic spline function (Folatelli 2004). The
solid line in Fig. 8 shows this average curve. All SNe in table 1
but SN 2001gu, SN 2001gw, SN 2001gy and SN 2001gi were
measured (for which the line was not easely identifiable) and
found well within the intrinsic spread of local supernovae.

Fig. 9 shows the time evolution of “Ca 1 H&K” Ew. The be-
havior is less homogeneous than for the other two features an-
alyzed, especially before maximum light. The overall intrinsic
spread of Ew values is the largest among the features analyzed
here. However, before maximum light, peculiar SN 1991T-
like objects show systematically low values. The current set
of high-redshift supernovae do not show significant deviations
with respect to the local sample in the plot.

A statistical comparison betweenew of high-z (all SNe in
Table 1 were measured but SN 2001gi) and low-z supernova is
carried out in section 5.

5. Evolution: High-z vs Low-;

In this section, a quantitative analysis of the high-redshift SNe
is performed using the spectral indicators described in section
4.2. Folatelli (2004) identified empirical models to describe the
time evolution of Ew for ‘Fe m14800” and ‘Mg u 4300’ features
in normal — low redshift — supernovae. These models can be
used to test if high-redshift supernovae Ew’s follow the same
evolution trends as local SNe. The results of a y test is shown
in Table 3. The empirical models derived from local super-
novae and high-redshift SNe data are plotted in Figs. 7 and
8. The intrinsic dispersion around the models for normal low-
z supernovae — as quoted in Folatelli (2004) — was added in
quadrature to the statistic and systematic (i.e. due to the host
galaxy subtraction residuals) uncertainties to perform the test.
The first two columns of Table 3 refer to the comparison with
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Table 3 Result of the y? test comparing Ew measurements of high-redshift SNe with the models described is section 4 for ‘Fe n1 4800’ and ‘Mg it
4300 (column 2,3 ) and with values of under-luminous SNe (column 4,5)

Feature  x?/dof Puom  x%/dof Paint
Fen 9.5/11 0.58  26.3/11  0.006
Mgn 18.1/13 0.15 386.5/13  0.00

!Formally, this probability is < 1077+, However, this assumes ideal conditions.
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Fig.9 ‘Canm H&K’ Ew measurements of high-redshift supernovae pre-
sented in section 2 compared with local SNe.

the ‘Fe 1 4800” and ‘Mg 1 4300’ Ew models for normal super-
novae. The last two columns refer instead to the comparison
with under-luminous SNe (e.g. SN 1986G (Phillips et al. 1987)
and SN 1991bg). The hypothesis that our high-redshift super-
novae are well described by the same model as for local nor-
mal supernovae is statistically more significant that them being
consistent with under-luminous SNe. Note however, that the
statistical significance of our SNe being as local normal SNe
is lower for ‘Mg 1 4300’ than for ‘Fe 1 4800” because of the
slightly higher than average Ew values measured prior to max-
imum light.

Lentz et al. (2000) claim that the strength of supernova
absorption lines should be affected by the drift toward lower
metallicity progenitor expected at high-redshift. However,
measuring the intrinsic spread of Ews of the absorption fea-
tures of their models relative to those of the one solar metal-
licity synthetic spectrum, we found values lower than what is
measured on the local supernovae. Thus, the range in which Ew
vary — studied in Folatelli (2004) —is dominated by other effects
than their prediction from metallicity variations. The possible
change of restframe U-B color in high-redshift SNe is probably
a more sensitive parameter to investigate the effects of varying
metallicity.

5.1. SN 2002fd: SN 1999aa-like Supernova

SN 2002fd is the only supernova in our data set that clearly
deviates from the “normal” classification of Ia’s (see ta-
ble 2). According to our scheme SN 2002fd appears to be
a SN 1991T/SN 1999aa-like supernova. The spectrum of
SN 2002fd — the spectrum with highest signal to noise ration
in our dataset — is shown in Fig. 10 compared with other well
known peculiar and normal objects. The redshift of SN 2002fd

SN 2002fd -7

2.5 log (Flux) + constant

5000
Rest Frame A[A]

Fig. 10 SN 2002fd at day -7 compared with normal and peculiar SNe.

(z=0.279) is the lowest among the SNe in our sample. This su-
pernova shows ‘Camn H&K’ weaker than in normal but stronger
than in SN 1991T. The ‘Fe i’ region appears similar to that of
SN 1999ac (Garavini 2004a) and similarly does the ‘S m W’
region. Given the low redshift, Si m 1 6355 is also visible, —
next to the marked telluric absorption — and appears stronger
than in SN 1999aa but weaker than in SN 1999ac and nor-
mal SNe. Already from this qualitative analysis of the spec-
trum it is clear that SN 2002fd can be classified as a peculiar
SN 1991T/SN 1999aa-like object with characteristics in be-
tween those of extreme cases (e.g. SN 1991T) and normal SNe
(e.g. SN 1994D), close to SN 1999aa. The increasing rate of su-
pernova discoveries in the local universe is showing that these
two classes of objects are probably not separated but form a
‘continuum’. The discovery of SNe with similar spectral char-
acteristics at the redshift of SN 2002fd gives confidence that
supernova populations at low and intermediate z do not differ.
By means of Ew measurements we can make statistical
tests of our qualitative classification of SN 2002fd. Prior to
maximum light, Ew measurements of CaH&K shown in Fig.
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9, are useful to separate peculiar SN 1991T/SN 1999aa-like
SN Ia from normals. If the identification of SN 2002fd as a pe-
culiar object is correct, we expect the Ew value to be lower
than that average of normal SNe. The average Ew prior to
lightcurve maximum in normal SNe is <ew> = 114.06. The
measured scatter around that mean is gy~ = 14.16. For pecu-
liar SN 1991T/SN 1999aa-like SNe we find <ew> = 68.69 and
O w> 0.08. The value measured for SN 2002fd (ew = 73.60
+2.90) is consistent (within one standard deviation) with what
was found for peculiar objects.

SN 1991T/SN 1999aa-like supernovae appear to make up
20% of all supernovae observed at low-z (Li et al. 2001b). This
high peculiarity rate, though, could be the result of our diffi-
culty in classifying spectroscopically peculiar SN 1999aa-like
(Branch 2001). Nevertheless, we should expect to find some of
such SNe at high-redshift. Li et al. (2001b) used a Monte-Carlo
simulation to estimate that in a magnitude-limited high redshift
supernova searches, and considering an extra extinction of 0.4
mag, between 18.6% and 6% (for an age bias of +7 and —1 days
respectively) SN 1991T/SN 1999aa-like SNe should be found.
The expected number could be biased by the strengthening ev-
idence that spectroscopically SN 1991T/SN 1999aa-like SNe
do no always come with broad light curves and vice-versa, see
for example SN 1999ee, SN 2002¢x or SN 1999aw. SN 2002fd
represents the first example of a SN 1991T/SN 1999aa-like su-
pernova in the Hubble flow and thus, shows that these objects
can indeed be found also at high-redshifts. Further studies are
required to address the issue of whether the peculiarity rate of
high-redshift SNe is consistent with what found in the local
SNe or rather should be regarded as a sign of evolution.

6. Summary and Conclusions

Spectroscopic data of 12 high-redshift supernovae, in the red-
shift range z=0.279 to 0.912 are analized along with a quali-
tative classification scheme to be used for high-redshift super-
novae. The first quantitative comparison between low and high-
redshift SN Ia by means of spectral indicators is presented. The
measurements of the expansion velocities as inferred from the
minimum of Ca mH&K for the high-redshift supernovae are
compared with those of local SNe with the aim to point out
possible evolution effects. No signs of evolution with redshift
were found in the spectral characteristics. Equivalent widths
values and time evolution for the features we label “Fe m4800”,
“Mg 14300 and “Ca mn H&K” are also found within the intrin-
sic distribution of nearby supernovae. Furthermore, by means
of a x? test, high-redshift SNe data are found statistically con-
sistent with the empirical models describing the time evolution
of “Fe 1 48007, “Mg 1 4300” ew’s (Folatelli 2004) for local
normal SNe.

Based on our classification scheme all our SNe, but one,
were classified as normal type Ia. SN 2002fd (z=0.279) showed
weaker Ca m H&K, Si m 24000, S 1 ‘W’ and Si m 16355
consistently with what observed in SN 1991T/SN1999aa-like
objects in the local universe. This classification was con-
firmed by means of the Ew measurements. Prior to max-
imum light, Ca 1 H&K equivalent widths show a clear
distinction between the values typically found for normal

and SN 1991T/SN1999aa-like SNe. The value measured for
SN 2002fd (w = 73.60 + 1.89) results consistent with that
of SN 1991T/SN 1999aa-like object (< EW > = 68.69, 0 <gy>
6.08).

Supernova Ews intrinsic spread of optical absorption lines
is found to be larger than what is predicted from metallicity
variation alone. The ultra-violet flux is theoretically expected
to be the more affected by possible progenitors population drift
(Lentz et al. 2000), suggesting that accurate studies of rest
frame U — B color are useful to further investigate possible dif-
ferences between the properties of low and high-z supernovae.
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ABSTRACT

‘We present a method to prepare supernova spectra for further quantitative analysis. The method
was developed to treat the extensive spectroscopic data of low-redshift type Ia supernovae
(SNe Ia) obtained during the Spring 1999 Nearby Supernova Campaign which was coordi-
nated by the Supernova Cosmology Project (scp). Over one hundred low-resolution, long-slit
spectra from 18 SNe Ia discovered in that campaign were treated. The resulting calibrated
spectra include estimated statistical uncertainties in the flux as a function of wavelength. In
addition, systematic effects are addressed and an estimate of their residual significance is given.
Finally, we correct the effect of host-galaxy contamination using a fitting procedure to subtract
its contribution from the one-dimensional spectra. Though we focus on the SNe from the scp
campaign, this method can be extended to optical spectroscopy in general.

1. Introduction

Type Ia supernovae (SNe Ia) have been proven to be remarkably precise standardizable candles. The high
intrinsic brightness and uniformity in absolute B magnitude that these objects show have turned them into
one of the most powerful means of measuring relative distances on cosmological scales. In the past few
years, this has led to some outstanding results in cosmology which favor the case of an accelerating universe
(Riess et al. 1998; Perlmutter et al. 1999; Tonry et al. 2003; Knop et al. 2003). Yet, the intrinsic dispersion
in luminosity and the peculiarity of some of the observed SNe Ia requires a better understanding of their
properties and asserting their homogeneity as standard candles. Moreover, any possible source of systematic
effects that might mimic the acceleration in the Hubble diagram should be thoroughly studied. In that sense,
spectroscopy data plays a crucial role as a complement of photometry in characterizing SNe Ia.

With the purpose of tackling the problem of systematic effects in the use of SNe la to determine the
value of the cosmological parameters, the Supernova Cosmology Project (scp) coordinated the Spring 1999
Nearby Supernova Campaign (in the following, the “Spring '99” campaign). During this campaign, 19
nearby SNe Ia (z < 0.2) were discovered and followed-up and a similar number of SNe of all types was
also discovered but not followed-up (Aldering 2000; Nugent et al. 2000). The follow-up observations con-
sisted of ground based optical multi-filter photometry and low to medium resolution spectroscopy. The
spectroscopic data were obtained using a total of 9 telescopes on more than 30 observing nights during three
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months. Based on a vast set of spectra from that campaign, this paper describes the procedure by which
the SN spectra are made suitable for future quantitative analysis. This involves the development of a data
treatment method which produces calibrated spectra with estimated statistical and systematic uncertainties.
The spectroscopic data as well as the photometry will be published in forthcoming papers.

While qualitative studies help in classifying SNe Ia as such and in performing comparisons of spectral
feature shapes, robust conclusions should be derived from quantitative analyses, through parametrization
of spectral characteristics and accurate modeling. This requires a careful treatment of the observations, the
estimation of uncertainties and the control of possible systematic effects. Some previous work has proven
that spectral parameters can yield detailed information about the properties of SNe Ia as standard candles,
in an independent way from lightcurve properties. Nugent et al. (1995) introduced the so called silicon
and calcium intensity ratios and their correlation with peak luminosity. Using synthetic spectra, the authors
were able to parametrize this empirical correlations through the effective temperature of the SNe. Also,
the velocity of Si m 16355 measured 10 days after maximum light has been used to study the degree of
spectral inhomogeneity among SNe Ia (Branch & van den Bergh 1993) and more recently assess the issue
of possible coexisting explosion mechanisms (Hatano et al. 2000). Our aim is to treat the extensive set of
spectra coming from the Spring '99 campaign in order to carry out similar quantitative analyses and study
the homogeneity and possible refinement of the standard candle calibration.

The next section briefly presents the data and describes the reduction method. Section 3 deals with the
issues of uncertainty estimation and control of systematic effects. In section 4, the problem of host-galaxy
contamination in SN spectra is addressed. Section 5 summarizes the method and discusses its reach for
future work.

2. Data and Reduction Method

The spectroscopic data collected in the Spring '99 campaign consists of low-dispersion, long-slit spectra
covering a broad wavelength range (typically between 3500 and 9500 A). These spectra are separated in
two sets. First, the follow-up set, which consists of over 100 optical spectra from 9 different ground-based
telescopes: APO 3.5m, CTIO 4m, ESO 3.6m, INT, KPNO 4m, Lick 1m, Lick 3m, MDM 2.4m, and NOT.
This set is to be used in monitoring the evolution of SNe Ia in their early stages (see, for example, Garavini
et al. (2004a,b); Folatelli et al. (2004)). The time coverage for this set goes from 15 days before maximum
light to 60 days after. Second, a reference set consisting of at least one spectrum per followed-up SN taken
around one year after maximum light or later. By that time, the SN had faded enough for the spectra to show
only the host galaxy. This second set of spectra was used to subtract any remaining host-galaxy light from
the follow-up spectra, as described in section 4.

The following description of the reduction method and the analysis carried out in section 3 focuse on
the bulk of the follow-up observations. These observations are presented in Table 1. They include 7 of the 9
telescopes used, which covers the data from 18 out of the 19 SNe Ia, with the only exception of three spectra
observed at one of the missing telescopes (INT). The data from the other telescope which was left aside
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(Lick 1m) involves exclusively the very nearby SN 1999by which is therefore not included in this work.
The first 5 columns of Table 1 list telescope and instrument name, observing date, dispersor or channel
name, approximate total wavelength coverage, and average dispersion. The values on the last two columns
are the estimate of the systematic uncertainties and the number of standard-star spectra obtained on each
night, as explained in section 3.2.1.

Every spectrum was reduced by means of standard IRAF! routines. Two-dimensional images were
bias-subtracted and flat-fielded using appropriate calibration images. The result of flat-fielding was checked
for non-uniform illumination effects on the slit by use of twilight exposures. Sky background subtraction
was performed on the resulting images. A cubic apline function was fitted to the sky signal along the
whole spatial axis (its length depending on the projection of the slit on the detector) and subtracted from
the signal of the object. This background subtraction procedure, when compared to another where a low
order polynomial was fitted in the vicinity of the object, proved to be more straight-forward and equally
accurate. When the SN was well separated from the core of its host, the background fit included the profile
of the host. In other cases, a narrow aperture was taken in order to minimize the contribution from the host
in the total flux. Any residual contamination from the host was removed at a final stage with use of the
reference spectra. After background subtraction, one-dimensional object spectra were obtained by variance
weighted (optimal ) aperture extraction (Horne 1986). At the same location of the SNe, sky background
spectra were extracted from “sky only” images obtained as the difference between the original and the
background-subtracted two-dimensional spectra.

Comparison arc lamp spectra were used to perform wavelength calibration for each instrumental set-
ting. The conversion to wavelength was done preserving the original pixel sampling in order not to introduce
any further correlation between pixel values. The result was corroborated with the position of emission lines
on the sky background spectra and using the wavelength values tabulated by Osterbrock et al. (1992). Fig-
ure 1 shows some of the sky lines identified on a 1500 second exposure at the KPNO 4m telescope. This
case represents the typical shape of the sky spectrum on a relatively dark night although the realtive strength
of different sky lines is site-dependent since some lines, especially on the blue, are of man-made origin.
In a few cases the arc-lamp calibration was not accurate enough and a correction based on the sky lines
was needed. These corrections were always lower than 15 A. In general, a final accuracy below ~2 A was
achieved for the whole set of spectra, which is satisfactory given the dispersion values listed in column 5
of Table 1. This accuracy is also good in the case of SN spectra, whose lines are broadened by expansion
velocities of ~10000 kmy/s.

Spectrophotometric standard stars observed on each night were used to calibrate the spectra to absolute
flux. The spectra of these stars were reduced in the same manner as those of the science objects. The
observed fluxes were compared with the tabulated ones in order to fit the sensitivity function for each night
and instrumental setting. These functions were applied to the science spectra of the corresponding nights.
A correction for atmospheric extinction was also performed, depending on the object’s zenith distance and

IIRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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using tabulated mean extinction coefficients for each observatory site.

Different individual spectra of the same object taken during the same night were combined as described
in section 3.1. Finally, a correction for Galactic extinction was applied using an average Ry-dependent ex-
tinction law (Cardelli et al. 1989), assuming Ry = 3.1 and taking the value of Ay for each SN from Schlegel
et al. (1998). No correction for extinction in the host galaxy was applied.
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Fig. 1.— Night sky spectrum observed with the Mayall 4-m telescope at KPNO. Exposure time: 1500s.
The tabulated line positions are shown. Measured positions agree well within the resolution achieved by the
spectrograph.
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3. Uncertainty Estimation

A quantitative spectral analysis requires the availability of associated uncertainties. In the following, we
will discuss how the uncertainties in the measured flux were estimated. Statistical and systematic effects are
addressed separately. Table 2 provides a summary of these analyses for all the SN Ia spectra corresponding to
the observations listed in Table 1. Columns 1 to 8 of Table 2 show SN name, redshift, telescope, observation
date, epoch in days since maximum light, exposure time in seconds, approximate wavelength range of the
final spectrum in the SN rest frame, and the average wavelength bin size in the SN rest frame. The quantities
listed in columns 9 and 10 of Table 2 are the estimated systematic uncertainties (section 3.2.1), the average
signal-to-noise ratios per 10 A (section 3.1), respectively. Columns 11 and 12 summarize the results of
cross-instrument comparisons (section 3.2.2).

3.1. Statistical Uncertainties

Statistical error estimation is based on the use of optimal extractions, as described by Horne (1986) and im-
plemented in IRAF. When extracting the one-dimensional spectra the signal of the object is summed inside
an aperture along the spatial direction on the two-dimensional images. In the case of optimal extractions,
this is done using a variance-weight based algorithm which takes into account both photon and instrumen-
tal noise. Since the photon noise is estimated from the total flux measured, it is necessary to consider the
contribution from the sky background, which in our case was stored in the “sky-only” spectra. In addition
to providing with an estimate of the statistical uncertainties, variance-weighted extractions improve bad-
column and cosmic ray cleaning. This procedure produces a sigma spectrum (the 1-o statistical uncertainty
along the dispersion direction) as the square root of the estimated variance. The sigma spectrum is calibrated
in the same fashion as the signal spectrum to be finally taken as a measure of the statistical uncertainties on
the flux. A typical example of a sigma spectrum can be seen in Figure 2.

The computation of the sigma spectrum does not take into account the possible correlation among pixel
values. Depending on the projection of the slit on the detector, a certain amount of correlation is expected
among neighboring pixels. The uncertainties would then be represented in the general case by a band-
shaped covariance matrix. In this work, we neglect the off-diagonal terms and consider the uncertainties to
be represented by the sigma spectrum.

An additional cause of pixel correlation arises during spectral combination. In many cases, the ob-
servation of a supernova was split up into a number of individual exposures which were finally combined.
Each individual spectrum was reduced as described above and thus included associated statistical uncertain-
ties. Since the dispersion solution was computed for each exposure separately, the wavelength sampling
was slightly different among the spectra (differences being normally within a few parts in a thousand). To
account for this, the spectra to be combined were first resampled to a common wavelength grid by linear
interpolation. In general, this process introduces an additional amount of correlation among neighboring
pixels, which can also be represented with a band-shaped covariance matrix. For a fixed order of interpo-
lation (linear, in our case), the amount of correlation depends on the wavelength bin size the spectra were



0.3

Throughput cutoff

/ _

Bad column =—p

0.25

_ o2 Telluric features B
e
o
©
o
a
T 0.151 -
%)
(0]
2
5
[0}
o s
011 SN features 7
0.05F i
¥
0 1 1 L L L
3000 4000 5000 6000 7000 8000 9000

A (A)
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originally sampled on (i.e., on the dispersion and the pixel size) and on the difference between the original
wavelength grid and the one it was interpolated to. In particular, for larger wavelength bin sizes, the corre-
lation becomes less important —and the interpolation less accurate. In our case, the correlation is neglected
and the uncertainties are propagated from the individual sigma spectra.

Once the individual spectra were interpolated, the combination was performed using the method of
least-squares (Ls) described in Appendix A for the general case of non-diagonal covariance matrices. We
applied the method in the case of uncorrelated uncertainties, i.e. considering only the sigma spectra squared
in the diagonals. The combined spectrum were therefore obtained with associated sigma spectra.

The results were used to compute ratios of signal to sigma spectra in bins of 10 A averaged over the
entire wavelength range. This signal-to-noise ratios, (S /N), are listed in column 10 of Table 2. Values given
between brackets correspond to spectra with uncorrected host-galaxy contamination. The computed signal-
to-noise ratios range from ~1 to several hundred, with the lowest values belonging to the most distant SNe.
Figure 3 shows the distribution of signal-to-noise ratios with a median of (S/Ny = 38 found for the sample
of non-contaminated SN Ia spectra in Table 2.

3.2. Systematic Uncertainties
3.2.1. The Standard-Star Method

High signal-to-noise ratio spectra of spectrophotometric standard stars were used to build a sensitivity func-
tion for each instrumental setting on each observing night. The fit of the sensitivity function was performed
by comparing the observed flux on the calibration spectra with published tabulated flux values. The accu-
racy of the fit depended on the wavelength sampling both in the published tables and our data, being these
normally good enough to follow the continuum but not the narrow spectral lines. The points overlapping
these lines and the strongest telluric features were rejected when performing the fits. Any wavelength-
independent deviation (due to the presence of clouds, light loss outside the slit or extraction aperture, etc.)
was allowed for in building the sensitivity function by scaling every spectrum to the same level. In general,
wavelength-dependent deviations among the different standard stars indicate the presence of remaining sys-
tematic errors in the observation and/or reduction. In order to quantify these errors in a conservative way a
three-step method was developed:

1. The sensitivity function was used to calibrate each standard star spectrum of the corresponding night.
The result was interpolated to the wavelength sampling of the table and then scaled by the median of
the flux to allow for any gray absorption. A root mean square (rms) was computed for each standard-

star spectrum, as
N Obs Tab\2
ASVos — S
o = J E [—ZS.Tab L ) s (1)
1

i=1

where S iObs is the interpolated observed flux and S iT"b is the tabulated flux in wavelength bins i =
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Fig. 3.— Distribution of average signal-to-noise ratios per 10 A for the Spring 99 SN Ia spectra. The
median of the distribution is 38.
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1,...,N, and A = (ST /5055y is the median-based scaling factor. The calculation of o was done
using a 3o -clipping iterative procedure.

2. The spectrum with the highest standard deviation was selected and excluded from the subsequent fit
of a new sensitivity function. This new sensitivity function is therefore independent of the selected
spectrum.

3. The excluded standard-star spectrum was calibrated using the new sensitivity function and a new rms,
O syst» was computed using Eqn. 1. This value was taken as the systematic uncertainty measure for
all science spectra of the night which were obtained with the same instrumental settings. Thus, the
method is conservative in the sense that the most deviant spectrum is used to compute o gy

This procedure was performed separately for each instrumental setting used on each night. Figure 4
shows the example for a night at the ESO-3.6m telescope (grism #11). The inset graph shows a histogram
of the residuals and the value oy, = 0.031 found in that case. The values of oy for all nights and
instrumental settings and the amount of standard-star spectra observed in the follow-up part of the Spring 99
campaign are given in column 6 and 7 of Table 1, respectively. Column 9 in Table 2 lists the same values
of oy for each SN spectrum as a comparison to the other uncertainty estimations. In a few cases, only
one standard star spectrum was available and therefore the iterative procedure described was not applicable.
We provide uncertainty estimates for some of those cases by using the sensitivity function corresponding
to another observing night from the same telescope, when the observations were done in a similar way
and the interval between the nights was not greater than a few days. Only the night of February 23rd at
the Lick-3m telescope lacks an estimate of o, because the other nights were too distant in time (April)
and the instrumental settings were different. Figure 5 shows the distribution of oy, with a median value
Ogyst = 0.042.

The reported oy, although it was computed pixel by pixel, is treated as a measure of the overall
systematic uncertainties. Therefore, when analysing a portion of the spectrum, these uncertainties should
be scaled by the fraction of the total wavelength coverage under consideration. One would feel tempted
to interpret the deviations seen in Fig. 4 as, for example, the effect of uncorrected atmospheric extinction
and to correct every spectrum by the systematic trends present in the standard star spectrum. However, this
trends varied from star to star and we were unable to find a general correction to be applied to all of the
science spectra of a certain night. In section 3.2.3 we explain how the systematic effects are monitored by
comparing the spectrophotometry with direct imaging measurements.

3.2.2.  Cross-Instrument Checks

An alternative way to examine the accuracy of the spectra was possible when different telescopes or instru-
mental settings provided independent measurements of the same object. Since the Spring *99 campaign was
so thorough, this situation was often encountered.
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Fig. 4.— Upper panel : Comparison of a spectrum of the standard star LTT-3218 observed with the ESO-
3.6m telescope (solid line), and its tabulated flux (boxes). The arrow marks a telluric absorption band. Lower
panel : Residuals relative to the tabulated values. The inset histogram shows the distribution of residuals
and the resulting o (rms).



—11-

70 —

60 —

50—

40 -

30 —

Number of Spectra
T

20 —

median = 0.042

0.02 0.04 0.06

0.08
o

syst

0.1

0.12

0.14

0.16

Fig. 5.— Distribution of systematic uncertainties for all the observing nights belonging to the follow-up

spectroscopy of the Spring '99 campaign.



—12-

Whenever a SN was observed at the same telescope in the same night using two different instrumental
settings (different grisms, gratings or channels), the consistency of the results in the overlapping wavelength
range was tested. An rms was calculated from the relative differences between the two measurements, as

N 2(ASB — SR)\?
O grism = JZ(#) s 2

B, gR
o\ AT S,

where S IB and Sf are the fluxes observed using each instrumental setting, in each bin i = 1,...,N of the
overlapping range, and A = (S® /S B) is a scaling factor based on the median of the fluxes in the same range.
This calculation was done using a 3o-clipping iterative algorithm. The values of o gisn, are listed in column
11 of Table 2. Column 12 in the same table shows the overlapping wavelength regions, given in the SN rest
frame. The ranges of overlap vary from several hundred to several thousand A for the different teslescopes.
In general, the values of o5, are comparable with those of oy from section 3.2.1. An advantage of
this procedure is that it directly involves the object instead of the standard stars. However, its applicability
is limited to the overlapping wavelength range and to the cases when the two measurements are available.
Figure 6 shows the example of high signal-to-noise ratio spectra of SN 1999ac obtained at the ESO 3.6m
telescope using grisms #11 and #12. The two spectra agree at the percent level (0 grisnm = 0.01).

These comparisons also served in finding systematic mismatches produced by some instrumental set-
tings. The comparison of grisms #4 and #5 from the NOT yielded significant deviations redward of 6000
A. We used data from other telescopes to demonstrate that the problem resided in grism #4 only. It was
later found that the deviations were due to a second order contamination effect. The data from grism #4 was
therefore cut at 6000 A (in observed frame) and the values of o g5, for the NOT listed in Table 2 correspond
to the remaining overlapping region.

Less common was the case where spectra of the same object were taken almost simultaneously with
two different telescopes. Their comparison adds an independent check for systematic effects. A case like
this is shown in Figure 7 where two spectra of SN 1999ac taken almost simultaneously at the CTIO-4m
telescope and the NOT agree within a few percent in the range 4000 A< 1 < 8000 A. Somewhat greater
deviations, up to 10%, are found on both ends of the spectra.

3.2.3.  Residual Correction from Spectrophotometry

The presence of residual systematic effects on the spectral distribution of the calibrated spectra may
have several causes. One important source of inaccuracies when observing through long slits is the effect of
differential atmospheric refraction (par). This effect is originated by the apparent vertical displacement of
objects produced as light traverses the Earth’s atmosphere. The magnitude of the displacement increases at
lower altitudes and is wavelength-dependent —it is greater at shorter wavelengths. This may result in light
losses that vary with wavelength if the object is moved perpendicular to the axis of the slit. For a detailed
analysis on the possible impact of par on long-slit spectrophotometry, see Filippenko (1982). A common
procedure that minimizes this effect during the observations is to position the slit along the parallactic
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Fig. 6.— Upper panel: Two spectra of SN 1999ac taken through different grisms at the ESO-3.6m tele-
scope on the same night. Two telluric absorption features are signaled with arrows. Lower panel : Relative
difference in the overlapping region. In this example, there is agreement to within a few per cent.
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Fig. 7.— Upper panel : Two spectra of SN 1999ac taken at the CTIO-4m telescope and the NOT with a
few hours of interval. The spectrum from the NOT is the combination of two spectra taken with different
grisms. Telluric absorption features are marked with arrows. Lower panel : Relative difference between the
two spectra above. In this case, the agreement is within a few percent over the whole wavelength range.
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direction (i.e. toward the zenith) so that the object is displaced inside the slit for all wavelengths. In the case
of the Spring 99 campaign, this prescription was not always fulfilled. Instead, in order to ensure locating
the ever fading SNe inside the slit, the latter was often aligned through the center of the host galaxy or
some reference field star. In those cases, care was taken to observe at low zenith distances or using wider
slits. However, a fraction of the Spring 99 spectra may be subject to the effect of par. Any attempt to
simulate this effect and correct for it in practice would require a model of the atmosphere at the observing
site, and the knowledge of an amount of parameters such as airmass, accuracy of the slit-positioning and
tracking precision, location of the object in the slit, image quality, etc. Such a detailed analysis is beyond
our possibilties and would only be justified for high precision spectrophotometry observations.

Nevertheless, regardless of its origin, any residual inacuracy on the spectra can be detected and cor-
rected using photometric measurements. Synthetic magnitudes computed by integrating the spectral flux
through different bandpasses can be compared with the usually more accurate results of direct photometry.
The Spring '99 campaign involved multi-filter photometry observations covering roughly the same time
range as the spectra. The resulting preliminary light-curves were used to correct the spectra when needed,
through the procedure described next.

The spectral flux was integrated through every bandpass used in the direct imaging observations that
was covered by the spectrum. The ratio of spectrophotometric to photometric fluxes yielded the ordinates
of a series of points to which the effective wavelength of each filter was assigned as abscissa. These points
were used to interpolate a smooth correction function (a polynomial of order equal to the amount of points
available) which was extrapolated to cover the wavelength range of the spectrum. The correction was refined
by performing a non-linear least-squares fit that varied the ordinates of the points, treated as independent
from each other even though some correlation is expected from the overlap of the different bandpasses. The
type of correction achieved in this way has a smooth wavelength dependence. Thus, the overall continuum
level is modified while line profiles or other high-frequency features remain unaffected.

4. Host-galaxy Contamination

When analysing spectra of distant SNe it is important to control the possible contamination due to host
galaxy light. If the SN and its host are not well resolved, the subtraction of the background flux becomes
non-trivial. The situation worsens as the SN fades away with time. In order to cope with this problem the
Spring 99 campaign included a set of reference spectra. These spectra were taken on the same location of the
SNe, more than one year after they went off. Therefore, the reference spectra provide clean measurements
of the host-galaxy background to be subtracted, when needed, from the follow-up spectra.

Host-galaxy contamination is usually noticed by an overall change in the spectral continuum (and in
the color indices), and by the presence of narrow absorption and emission lines originated in the galaxy.
When well resolved, these lines serve in detemining the amount of galaxy flux present in the SN spectrum
by comparing their intensities in the follow-up and reference spectra. The Spring "99 spectra were generally
taken at too low resolutions to achieve such a direct measure. Therefore, an indirect method had to be used



—16-—

to find the correct estimate of the host galaxy level to be subtracted from the follow-up SN spectra. This was
done by chi-square minimization of the difference between the subtraction and a template, non-contaminated
SN spectrum at a similar evolutionary phase. The ratio of galaxy line intensities, when available, was used
as an approximate initial value for the fitting procedure. The knowledge of statistical uncertainties both in
the follow-up and reference spectra ensured the robustness of the minimization procedure. Final error-bars
in the subtracted spectrum were computed by propagation of the uncertaities in the measurements and in the
fitted parameters.

In general, the subtraction procedure was accurate to a ~5% of the contamination level. Therefore,
the subtractions were performed only in the cases when the contamination was larger than that. Table 3
summarizes the resulting contamination levels in the U, B, V, R, and I bands for the cases where the
subtraction was applied. Figure 8 shows an example of a contaminated spectrum of SN 1999au and the
result of the subtraction. In this case, emission line intensities of Ha and Nu 16584 from the host galaxy
were used to verify that very little scaling was needed for the reference spectrum (the scale factor was found
to be 0.92). In this case, the contamination level found accounted for 79% of the total flux in the B band.
The lower panel shows the subtracted spectrum and its fit to a non-contaminated spectrum of SN 1999be
at a similar epoch. Clearly, any quantitative analysis of SN spectral characteristics is only possible after
subtraction.

5. Discussion

Based on a large set of SN Ia spectroscopic data from the scp Spring 99 campaign, we have developed a
method to estimate uncertainties involved in SN Ia spectra. The final aim of this work is to produce suitable
data for performing quantitative studies of the properties of these objects as distance indicators. These
studies involve spectral feature measurements and modeling, and therefore benefit from the knowledge of
uncertainties in the data.

The final calibrated spectra are produced with associated statistical uncertainties in the form of pixel-to-
pixel correlation matrices. The signal-to-noise ratios found for the sample of over 100 spectra studied ranges
between ~1 and several hundred. Additionally, systematic uncertainties that cannot be corrected for are
estimated by several independent means. The values found, ranging from 2% to 14% of the measured flux,
apply to the whole wavelength coverage of the spectra. When analysing a certain region of the spectrum,
these uncertainties can be scaled as the fraction of the total wavelength range that is under consideration.

The method for estimating systematic effects described in this paper was developed after the Spring 99
campaign was completed and is thus limited by the availability of calibration data. The spectra were ob-
tained using an amount of telescopes during many observing nights rendering some heterogeneity in the
observational techniques. This does not prevent the method from being of general use and, furthermore,
from being considered when planning new campaigns.

The subtraction of host-galaxy light from the follow-up spectra by fitting to non-contaminated SN
spectra can be regarded as a first quantitative study where the knowledge of uncertainties in both SN and
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Fig. 8.— Example of host-galaxy subtraction by fitting to a non-contaminated SN spectrum. Upper panel :
The observed spectrum of SN 1999au at 17 days after maximum light (solid line), and the corresponding
reference spectrum where only the host is seen (dashed line), scaled by the fitted factor of 0.92. Some host-
galaxy lines are marked as well as the most prominent telluric absorptions. Lower panel : The result of the
subtraction (solid line), compared with the template, non-contaminated spectrum of SN 1999be at 19 days
after maximum (dashed line). All the data was taken at the CTIO-4m telescope.
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galaxy spectra lead to reliable results. The cases for which the subtraction method was applied are presented.
The results yield a wide range of contamination levels, from a few percent to cases where the flux was largely
dominated by the host galaxy. This kind of subtraction is essential for subsequent analysis such as spectral
feature measurements or modeling.

The vast amount of low-redshift SNe Ia spectra from the Spring "99 campaign produced in this man-
ner has been used in a number of studies. The analysis of spectral evolution, including measurements of
expansion velocities, and detailed comparisons with synthetic spectra for the two most extensively followed
up SNe in the sample (SN 1999aa and SN 1999ac) are found in Garavini et al. (2004a) and Garavini et al.
(2004b), respectively. The application of a newly defined set of measurements, similar to equivalent widths,
performed on the whole spectra sample and their possible correlation with luminosity is given in Folatelli et
al. (2004).

A. Spectra combination using least-squares

This is an application of the least-squares method (Ls) to the combination of several spectra of the same
object. Ls can be used to combine independent measurements of the same quantity, e.g. see Cowan (1998).
In a general case, a linear model is given,

P = A8, (AD

where m unknown parameters g= (61,62, ,06,) are related to n expected values of a measurable quantity
P= (Py, Py, , P,)through an nxm matrix of coefficients A. If the results of measuring Pare ¥, considered
as random variables with covariance matrix V (n X n), and the entries of A are supposed to be known with
no errors, then an estimate for the parameters can be calculated as,

A

g=@ATv'ayaTv Y, (A2)
and the errors on the parameters given by an (m X m) covariance matrix,

U=@Tvial (A3)

In the case of spectral combination, there is N measurements of the same object, i.e. the individual, interpo-
lated spectra S@, 1 < i < N, each containing M wavelength bins. The parameters to be estimated are the
values of the combined flux for each of the M bins. Therefore, if the measurement vector ¥ is the alignment
of all the S in a vector of dimensions (NM x 1) and if these are considered to be independent, then the
covariance matrix V will be block-shaped, each block being the covariance of the individual measurements,
V.
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vih o 0
0 v® 0
V= . s (A4)
0 0 ... Y®
and the model matrix A will have the form,
1
1
A=| — |, (AS5)
1

where [ is the (M X M) identity matrix. The solution to the system (from Eq. A2) results in the combined
spectrum g

§= [i [V(”]'l]_l [EN: ([V(i)]_l S"'>) . (A6)

i=1 i=1

And the final covariance matrix of the combined spectrum is (from Eq. A3):

U =

N -1
> [V(i)]_l] . (A7)
i=0
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Table 1: Follow-up spectroscopic observations of the Spring '99 campaign.

Telescope + Observation  Dispersor/ A range® (AP No. of

Instrument Date Channel (A) (A/pix) Tsyst Stds.©

APO 3.5m 1999-02-17 blue 3650 - 6000 6.25 0.035 5

+ DIS 1999-02-17 red 4900 - 10400 7.0 0.045 5
1999-02-26 blue 3650 - 6000 6.25 0.033 2
1999-02-26 red 4900 - 10400 7.0 0.067 2
1999-03-10 blue 3650 - 6000 6.25 0.143 2
1999-03-10 red 4900 - 10400 7.0 0.039 2
1999-04-06 blue 3650 - 6000 6.25 0.053 4
1999-04-06 red 4900 - 10400 7.0 0.066 4
1999-04-17 blue 3650 - 6000 6.25 0.043 5
1999-04-17 red 4900 - 10400 7.0 0.053 5

CTIO 4m 1999-03-15  KPGL #2 3200 - 9300 1.99 0.032 9

+RCSP 1999-03-17  KPGL #2 3200 - 9300 1.99 0.034 9

1999-03-21  KPGL #2 3200 - 9300 1.99 0.057
1999-03-24  KPGL #2 3280 - 9350 1.98 0.064
1999-03-24  KPGL#2¢ 4880 - 9350 2.0 0.020
1999-03-29  KPGL #2 3260 - 9350 1.98 0.041
19990329  KPGL#2¢ 4840 - 9350 2.0 0.032

—_
w

ESO 3.6m 1999-03-13 #11 3350 - 7550 4.09 0.033
+EFOSC 1.16 1999-04-10 #11 3400 - 7600 4.1 0.031
1999-04-10 #12 6000 - 10300 4.2 0.023
1999-04-15 #11 3420 - 7430 4.09 0.032
1999-04-15 #12 6060 - 10220 4.24 0.037
1999-04-18 #11 3400 - 7600 4.1 0.031
1999-04-21 #11 3400 - 7600 4.1 0.040
1999-04-21 #12 6000 - 10300 4.2 0.026
KPNO 4m +R-C  1999-04-06 BL 250 3050 - 10500 5.5 0.092
Lick 3m 1999-02-23 blue 3300 - 5500 1.8 e
+KAST 1999-02-23 red 5050 - 10600 4.6 B
1999-04-13 blue 3100 - 5500 1.85 0.107
1999-04-13 red 3800 - 11000 4.6 0.089
1999-04-24 blue 3300 - 5450 1.8 0.028
1999-04-24 red 5280 - 8050 2.3 0.048
MDM 2.4m 1999-03-01 300 I/mm 3950 - 8950 5.4 0.043
+ Mark III 1999-03-02 300 I/mm 3950 - 8950 5.4 0.078

1999-03-04 300 I/mm 3950 - 8950 5.4 0.08°

i B R VSR (ST S e S (S RV RN RN B el R SN LR S e N SRV RV e ) [fe N - -l e N Y

NOT 1999-02-13 #4 3050 - 9100 6.0 0.077

+ ALFOSC 1999-02-13 #5 3900 - 10150 6.2 0.024
1999-02-14 #4 3000 - 9000 5.95 0.098
1999-02-21 #4 3030 - 8980 5.9 0.13
1999-02-21 #5 3950 - 10150 6.2 0.058f
1999-03-15 #4 3000 - 9000 5.93 0.035
1999-03-15 #5 3900 - 10150 6.15 0.015
1999-03-23 #4 3000 - 9000 5.93 0.0168
1999-03-23 #4 3000 - 9000 6.18 0.0208

Approximate wavelength coverage in the observed frame.

Average wavelength bin size in the observed frame. Typical resolution was ~2 to 3 pixels.
¢ Number of standard-star spectra observed.

4 Using the order-cutting filter GG495.

¢ Value found using the sensitivity function from 1999-03-02.

-

Value found using the sensitivity function from 1999-02-13.

& Value found using the sensitivity function from 1999-03-15.
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Table 3: Host-galaxy contamination levels.

SN Host Epoch Contamination level (%)®
Name Type® (D fu fze /v fro fi
1999a0 Sa 5 12 17 27

7 39 25 26 37

10 19 22 32

13 35 37 47

18 9 7 9

29 40 33 36 39

34 45 42

40 45 40
1999au Sb 12 52 59 67

17 79 79 80 88
20 77 73 71 78
24 87 75 70 74

1999av  E/SO 2 60 81 83 87
5 33 50
31 46 47
1999bi Sb 6 22 24 33 44
12 35 34 42 50
29 94 85
36 97 93

2 Classification based on the host-galaxy reference spectra and the catalog given in Kennicutt (1992).
b Percentage of host-galaxy flux in the total U, B, V, R, and I fluxes.

¢ The higher quality and signal of this spectrum allowed a cleaner extraction of the SN separated from its host.
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