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Abstract. We develop a method to measure the strength of the absorption features in Type SNe Ia spectra and use it to make
a quantitative comparison between the spectra of Type Ia supernova at low and high redshifts. Through the strength of these
features and through measurements of the Ca II H and K velocity we show that the spectra of a high redshift sample, consisting
of 12 SNe Ia with redshifts ranging from 0.212 to 0.912, are quantitatively similar to the spectra of a low redshift sample. One
supernova in our high redshift sample, SN 2002fd at z=0.279, is found to have spectral characteristics that are associated with
peculiar SN 1991T/SN 1999aa-like supernovae.

1. Introduction Recently, both the SNLS! and ESSENCE? projects, which
use hundreds of SNe Ia to constrain the nature of dark energy
Type Ia supernovae (SNe la) are excellent distance indicators  through the measurement of the equation of state parameter,
and have been used to show that the expansion of the Universe  have reported their first results. The control of the systematic
is currently accelerating (Perlmutter et al. 1998; Garnavich uncertainties is critical to their success. Among the possible
et al. 1998; Schmidt et al. 1998; Riess et al. 1998; Perlmutter ~ systematic effects, evolution of the SNe Ia population over cos-
et al. 1999; Knop et al. 2003; Tonry et al. 2003; Barris et al. mological time-scales is one of the most important.
2004; Riess et al. 2004).

! http://www.cfht hawaii.edu/SNLS/
Send offprint requests to: G. Garavini , gabri @physto.se 2 http://www.ctio.noao.edu/essence/
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The spectral energy distribution provides an avenue for
quantifying this. For example, the average metallicity of the
Universe increases with cosmic time, so it is not unreason-
able to expect that high-redshift SNe Ia are in environments
that have lower average metallicity. The effect on the spec-
tral energy distribution of a lower metallicity progenitor has
been modeled by Hoeflich et al. (1998) and Lentz et al. (2000).
These studies find that such SNe Ia, especially at early epochs,
are expected to show enhanced flux in the UV, weaker absorp-
tion features in the optical and a shift in the minima of optical
features to redder wavelengths.

With the large number of well-observed low-redshift su-
pernovae now available, a wide range of spectral diversities is
being found (see e.g Branch (2003)). The physical origin of
these differences is still not completely understood making it
difficult to predict their possible drift as a function of redshift.
Statistical studies are useful to probe for differences between
high and low-redshift SN data sets. So far, very few distant
SN Ia spectra have been compared with low-redshift data sets
in a systematic manner (Perlmutter et al. 1998; Coil et al. 2000;
Barris et al. 2004; Riess et al. 2003; Blakeslee et al. 2003;
Matheson et al. 2005; Hook et al. 2005; Balland et al. 2006).
Moreover, very few spectroscopically confirmed high-redshift
SNe Ia have been reported as peculiar, even though the number
of high-redshift SNe Ia spectra that is publicly available now
approaches one hundred. In a distance limited survey, Li et al.
(2001b,a) find that approximately 20% of all nearby SNe Ia can
be classified as SN 1991T/SN 1999aa-like (hereafter we follow
the convention of Li et al. (2001b) when describing 91T/99aa-
like SNe by using 99Taa to represent this SN subtype), a pecu-
liar, over-luminous SNe Ia. The lack of these SNe in high red-
shift surveys may be partly due to the difficulty in identifying
such SNe in what are generally low S/N spectra. Alternatively,
it could be a sign of evolution. The identification of peculiar
SNe Ia in high-redshift samples is an important step towards
determining whether the range of SNe Ia sub-types that are ob-
served at low redshift is also observed at high redshifts.

During 2000, 2001 and 2002, the Supernova Cosmology
Project (SCP) obtained the spectra of 20 high-redshift SNe Ia
with FORS2 on the ESO Very Large Telescope (Lidman et al.
2005). In this paper, we analyze the 14 spectra with the highest
signal-to-noise ratios and we perform a quantitative compari-
son between these spectra and the spectra of low-redshift SNe.
We also develop an approach to identify SN Ia sub-types at
z ~ 0.5. The paper is organized as follows. The data set and
identification scheme are presented in section 2. The properties
of a newly introduced spectral indicator for Type la supernovae,
i.e. equivalent width, are discussed in section 3. The compar-
ison of high and low-redshift SNe are presented in section 4
together with a statistical analysis of the results. Summary and
conclusions are given in section 5

2. Data set and Supernova ldentification
2.1. The high-redshift spectroscopic data set

The supernova spectra that are analyzed in this work were ob-
tained as part of several campaigns by the SCP to discover and

follow a large number of SNe Ia over a wide range of red-
shifts. Out of the 20 spectrally confirmed SNe Ia in Lidman
et al. (2005), we select the 12 SNe Ia (z=0.212-0.912) with the
highest signal-to-noise ratios (S/N per 20 A resolution element
greater than 3) to pursue the quantitative analysis that is pre-
sented in section 4. One supernova, SN 2001go, was observed
at three epochs, so there are 14 spectra in total.

The biases affecting this sample are complex and we
make no attempt to correct the sample for these biases. We
briefly mention the strongest ones. First, supernova searches
are magnitude limited, so it is unlikely that low-luminosity,
SN 1991bg-like SNe will be found. Second, it is more diffi-
cult to spectrally confirm high-redshift SNe Ia in spectra where
host galaxy contamination is above 75% (Lidman et al. 2005;
Howell et al. 2005). Although this affects all SNe Ia to some
degree, SNe Ia in bright ellipticals, which tend to have lower
luminosities, will be affected most. Moreover, we can not ex-
clude that the signal to noise cut we performed while choosing
the subsample of spectra to study did not introduce an extra se-
lection bias toward over-luminous objects. As it will be clear
in section 3, the spectral indicators we use to search for evolu-
tion with redshift discern only marginally between normal and
over-luminous SN Ia. The additional scatter that would be in-
troduced by using data with lower signal-to-noise ratios would
obfuscate the result.

The spectra, re-binned to 20 A per pixel, are shown in
Fig. 1, and the properties are summarized in Table 1. A full
description of the observations and the data reduction are given
in Lidman et al. (2005). Special care was taken in estimating
the statistical error spectrum which was estimated from regions
free of SN and host galaxy light on the sky-subtracted two di-
mensional spectrum. The error spectrum is used to estimate the
statistical uncertainties on the quantities we compute in the fol-
lowing analysis.

High-redshift supernova spectra usually suffer from host
galaxy contamination. On the 2d spectra, the host galaxy and
the SN Ia are usually spatially unresolved, making it difficult
to estimate the contribution of the host to the observed flux.
We estimated this contribution using a template matching tech-
nique based on a large set of nearby supernovae spectra and
galaxy models similar to those used in Lidman et al. (2005).
The contribution of the galaxy light, relative to the total ob-
served flux, are tabulated in column 10 of Table 1.

The epochs with respect to the B—band maximum light —
reported in Table 1 — were estimated using the preliminary
light curve, if available, and/or spectroscopic dating by tem-
plate matching with low-z SNe. The two methods usually agree
within three days (Hook et al. 2005; Howell et al. 2005), there-
fore we take 3 days to be the uncertainty on the quoted epoch
whenever a light curve estimate of the maximum was not avail-
able. The redshift of the supernova, when quoted with 3 sig-
nificant figures, was estimated from host galaxy lines visible
in the spectrum. When this was not possible, the redshift was
estimated from supernova spectral features, and is then quoted
with 2 significant figures to account for a range of SN photo-
spheric velocities.
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Fig. 1 The spectra of the high-redshift SNe Ia. Name, redshift and epoch (between brackets) label each spectrum shown in the figure. Each
spectrum is the original observed spectrum re-binned to 20 A per pixel and blueshifted to rest frame. See also Table 1 for details. Gray vertical
bands indicate the wavelength region used for quantitative comparison in section 4.
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Table 1 A summary of the high-redshift data. For each SN, the redshift, the Modified Julian Date (MJD), the epoch since B-band maximum
light, the telescope, the instrument, the instrument setting, the exposure time, the signal-to-noise ratio (per 20 A bin), the percentage of galaxy
contamination and SN Ia sub-type are given. See text for details.

SN-name Red-shift®  Date Days from®¢ Instrument setup telescope  Exposure S/N¢ Galaxy! ID
(MJD) B-band time (s) )
Maximum
SN 2001gy 0.511 52021.3 -7,5(1) FORS1 300V grism + GG435 VLT-UT1 2400 11 20 Ia
SN 2002fd 0.279 52376.1 -7(3) FORS2 300V grism + GG435  VLT-UT4 600 46 28 Ta-pec
SN 2000fr 0.543 51676.2 -5.5(1) FORSI 300V grism + GG435  VLT-UTI 7200 21 16 Ia
SN 2001gw 0.363 52021.4 -1(3) FORS1 300V grism + GG435 VLT-UT1 1200 8 19 Ia
SN 2001ha 0.58 52022.0 0(3) FORS1 300V grism + GG435  VLT-UT1 3600 4 6 Ia
SN 2002¢gl 0.510 52413.1 0(3) FORS2 300V grism + GG435  VLT-UT4 3000 9 23 Ia
SN 2001hc 0.35 52022.1 0(3) FORS1 300V grism + GG435  VLT-UT1 1800 14 14 Ia
SN 2001gr 0.540 52021.0 2(3) FORS1 300V grism + GG435  VLT-UT1 3600 5 57 Ia
SN 2002gi 0912 52407.2 2(3) FORSI 300I grism + OG590  VLT-UT3 7200 3 37 Ia
SN 2001gm 0.478 52021.3 5(3) FORS1 300V grism + GG435  VLT-UT1 2400 3 28 Ia
SN 2001go 0.552 52021.3 5.6(1) FORS1 300V grism + GG435  VLT-UT1 2400 5 13 Ia
SN 2002gk 0.212 52413.3 6(3) FORS2 300V grism + GG435 VLT-UT4 900 34 66 Ia
SN 2001go 0.552 52027.1 9.5(1) FORS1 300V grism + GG435  VLT-UT1 7200 10 19 Ia
SN 2001go 0.552 52058.1 29.5(1) FORS1 300V grism + GG435  VLT-UT1 9000 4 53 Ia

“The redshift is quoted to three significant figures if it is determined from host galaxy lines, otherwise two.

bUncertainties are quoted in parenthesis
“For a 20 A bin element

?Estimated contribution of the host as percentage to the total flux.

“When the epoch is quoted with 2 days uncertainty it refers to that of the best matching template.

2.2. SN identification

The identification of low-redshift SN Ia relies primarily on the
detection of the absorption feature at approximately 6150 A
due to Si m 16355. At redshifts above z=0.5, this characteristic
feature is redshifted beyond the wavelength range of most opti-
cal spectrographs and the classification of the supernova has to
rely on spectral features that lie at bluer wavelengths (Lidman
et al. 2005; Hook et al. 2005). Because of the low signal-to-
noise ratio usually available in high-redshift supernova spectra,
this approach is not always conclusive.

We can also use the spectra to identify spectral pe-
culiarities among SNe Ia as those found in 91Taa-like or
SN 1986G/SN 1991bg-like supernova. In Table 2, the char-
acteristics of four wavelength regions for different types and
sub-types of supernovae are schematically reported. Each spec-
tral 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 a procedure that is based
on quantitative measurements, this scheme helps in identifying
the SN type and, in the case of SNe Ia, the sub-type.

2.3. SN 2002fd: A SN 1991T/SN 1999aa-like
Supernova

SN 2002fd is the only supernova in our data set that clearly
deviates from a “normal Ia" (see Table 2). Within the scheme
described above, the spectrum of SN 2002fd is similar to the
spectra of 91Taa-like supernovae. The spectrum of SN 2002fd

(re-binned to 20 A per pixel) is shown in Fig. 2 where it is
compared to other well-known peculiar and normal SN Ia. The
strength of the ‘Ca m H&K’ feature in SN 2002fd is between
that of 91Taa-like and normal SNe. The ‘Fe " and ‘S 1 W’ re-
gions are similar to those in SN 1999ac (Garavini et al. 2005).
Given the low-redshift, Si m A 6355 is also visible. This feature
in SN 2002fd is intermediate in strength to that of the same
feature in SN 1999aa and in normal SNe. From this qualitative
analysis of the spectrum, we classify SN 2002fd as a peculiar
91Taa-like object with characteristics in between the extreme
SN 1991T-like SNe and normal SNe e.g. SN 1994D most sim-
ilar to SN 1999aa. In section 4.3, we show that the equivalent
widths of the absorption features in SN 2002fd are also consis-
tent with those found at low redshift for the 91Taa-like objects.

Finding SNe with spectral characteristics similar to those
of SN 1999aa at the redshift of SN 2002fd is important. 91Taa-
like supernovae appear to make up 20% of all supernovae ob-
served at low-z (Li et al. 2001b) although this high peculiarity
rate could be the result of the difficulty in classifying spectro-
scopically peculiar SN 1999aa-like SNe (see the discussion in
Branch (2001)). Nevertheless, we should find some of these
SNe at high-redshift. Li et al. (2001b) used a Monte-Carlo sim-
ulation to estimate that, in a magnitude-limited high-redshift
supernova search, where 91Taa-like SNe suffer an additional
extinction of 0.4 magnitudes, between 18.6% and 6% (for an
age bias of +7 and —1 days respectively) of all high-redshift
SNe should be 91Taa-like SNe.

The precise number depends on the details of the methods
that are used in the search. Many 91Taa-like SNe may have
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Table 2 A description of the spectroscopic features used to type SN at z > 0.5. Four wavelength regions are selected for performing the SN
typing. Each spectral feature, in these regions, is qualitatively described as strong, evident, weak or absent based on the absorption strength and

broad or narrow based on the wavelength span.

Region Id A-Region Normal Type Ia 91T/99aa-like 91bg/86G-like Type Ib/c Type II
Rest Frame[z&]

‘Canm H&K’¢ 3550-3950 strong/broad weak or absent/broad*® strong/broad evident/broad® absent

Simd 3950-4100 evident/narrow® weak®" absent absent absent

‘Fe '/ 4600-5200 strong/broad strong/narrow® strong/broad strong/broad  absent"

‘Snuw’ 5200-5600 strong/narrowa"’ weak or absent® strong/narrow"”b absent absent

“Before maximum light
b Around maximum light

¢A few peculiar exceptions.

?Marks the beginning of the distinctive strong Ti i absorption feature in 91bg/86G-like SNe Ia.

“In Normal Ia characteristic line profile time evolution.

/Dominated by Fe m in pre-maximum spectra of 91T/99aa-like SNe Ia.

$Split minimum in some SNe Ia.
"In Type II SNe, the Hp line lies on the blue side of the “Fell” region.

LA L L

1 L —
SN 2002fd -7

-2.5 log (Flux) + constant

SN 1994D -9

6 v b b b by

4000 5000 6000 7000
Rest Frama[A]

Fig.2 SN 2002fd at day —7, re-binned to 20 A per pixel (thick solid
line), compared to normal and peculiar SNe. The & symbols mark
regions of strong telluric absorption.

already been observed at high-redshift but not clearly identi-
fied because the signal-to-noise ratio in the spectrum was too
low or the light-curve was not exceptionally broad. It is becom-
ing clearer that 91Taa-like SNe do not always have broad light

curves and vice-versa, see for example SN 1999ee (Hamuy
et al. 2002), SN 2002cx(Li et al. 2003) or SN 1999aw (Strolger
et al. 2002). SN 2002fd, for which we lack light curve infor-
mation, is one of the first examples of a 91Taa-like supernova
at high redshift, and its discovery demonstrates that these ob-
jects are found not only at low redshift. Of course, larger data
samples are required to check whether the fraction of pecu-
liar high-redshift SNe is consistent with that found in the low-
redshift Universe or if there is an evolution with redshift in the
relative fractions, which might affect the derivation of cosmo-
logical parameters from SNe Ia.

3. Equivalent Widths of Nearby Supernovae

During the photospheric phase, supernova spectral absorption
features change in position, shape and strength. Supernova
Type Ia show high homogeneity in their spectral energy distri-
bution, but a certain degree of dissimilarity has been observed
(see Filippenko (1997) for a review). In some cases the differ-
ences are dramatic resulting in the definition of SNe Ia sub-
types. Few attempts have been tried to quantify such dissim-
ilarities (see for example Benetti et al. (2005)) by means of
spectral indicators. The analysis presented in this paper is de-
voted to quantitatively comparing spectral properties of local
and distance supernovae. A new spectral indicator for SNe, i.e.
equivalent width (ew), first described in Folatelli (2004), is in-
troduced to carry out the comparison. In the following sections,
we describe how we measure the EW of the broad absorption
features in SN Ia spectra and we apply it to a sample of nearby
SNe Ia.

3.1. Definition

In the case of supernova spectra the same definition of equiv-
alent width as introduced in stellar spectroscopy can be used.
However, the relationship between this quantity and the phys-
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ical conditions of the ejecta is complex. In the expanding su-
pernova envelope (and thus in a SN spectrum), it is not possi-
ble to identify a true continuum which is necessary to directly
link the equivalent width to the element abundances. However,
this does not prevent us from use this well-defined quantity and
build a consistent set of measurements for all SNe in our data-
sets.

In this analysis we define an absorption feature as a wave-
length region in the spectrum bounded by two local flux max-
ima. Fig. 3 shows these regions as we have defined for SN spec-
tra at different epochs. Each feature is marked with a number
from 1 to 8 and each number corresponds to a mnemonic name.
The ranges over which the upper and lower limits of features
are defined vary in time (because of the SN envelope expan-
sion), and from SN to SN (i.e. SN spectral diversity). These
limits are given in Table 3.

As already mentioned, in order to measure an Ew, the con-
tinuum must be determined. We defined a pseudo-continuum
as the straight line fit through the two local maxima that bound
a feature’ (see panel (b) in Fig. 3). A detailed explanation of
the measurement technique is given in section 3.2

Once the continuum is traced, the Ew is computed for each
feature within its wavelength limits. The spectrum is divided by
the continuum and the resulting area of the feature is measured
(in units of A). In this case, the calculation was approximated
by a simple rectangular integration method:

N
fA(/li))
EW = 1- A, (D
; ( Je(Ai)
where A4; (i = 1,...,N) are the central wavelength values of

bins of size AA; over the span of the feature; f,(4;) is the mea-
sured flux in each bin #; f.(4;) is the fitted continuum flux eval-
uated at the same points. Deviating points due to bad pixels
or narrow host-galaxy lines were rejected using a 3o-clipping
algorithm.

Table 3 Feature limits.

Feature = Mnemonic Blue-ward Red-ward
ID Label limit range (A) limit range (A)
1 “Can H&K” 3500 - 3800 3900 -4100
2 “Si 1 4000” 3900 — 4000 4000 - 4150
3 “Mg 1 4300” 3900 - 4150 4450 — 4700
4 “Fe 1 4800” 4500 — 4700 5050 — 5550
5 “Suw” 5150 - 5300 5500 - 5700
6 “Si 1 5800” 5550 - 5700 5800 — 6000
7 “Sim6150” 5800 — 6000 6200 — 6600
8 “CanIR” 7500 — 8000 8200 — 8900

A 1o statistical uncertainty was computed by error propa-
gation from the estimated uncertainties in the spectral flux and

3 The chosen maxima are those that maximize the wavelength span
of the feature with the restriction that the derived continuum does not
intersect the spectrum within the feature limits with the possible ex-
ception of noise artifacts in case of low signal to noise ratio data.

1A @ renar

4500 4500

f)\ + const. (Arbitrary units)

1 1 1 1 1
5000 6000 7000 8000 9000

Fig.3 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 1 H&K”;
2- “Si m 4000”; 3- “Mg 1 4300”; 4- “Fe m 4800”; 5- “S mw W”; 6-
“Si m 58007; 7- “Si m 6150”; and 8- “Ca n IR”. Short vertical lines
show the approximate positions where the 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, 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 continuum trace for “Fe nm 4800” on a normal SN
near the time of maximum light. Here, solid vertical lines show the
regions where the continuum is fitted. Dotted lines mark the measure-
ment limits.

in the pseudo-continuum:

N (03D 2 2
_ Ji FRCC , 2
GEW_{Z [ffu,-) +ﬁ4(ﬁi)acli(/ll)](A/ll)] @

i=1

By definition, the rest frame equivalent width is distance-
independent and thus provides a useful tool for comparing
spectra from different objects.

3.2. Measurement technique

Measuring equivalent widths on high signal to noise ratio spec-
tra is relatively simple since the local maxima bounding an ab-
sorption feature can be identified easily. On low signal-to-noise
data the measurements can be more difficult. For comparing the
results of high redshift supernova (generally of poor signal to
noise) with those of local supposedly high quality SN spectra
we have established a practical measurement technique (to be
applied on spectra regardless to their signal to noise ratio) that
minimize possible systematic effects.

To measure the Ew of a spectral feature the local continuum
must be determined. To perform this operation we proceeded
as follows:
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— The two local maxima that bound the absorption feature are
visually identified and marked. These are the bounds used
in performing the sum in Eqn. 1.

— A small wavelength region (to which hereafter we refer to
as fitting region) is selected around each identified maxi-
mum?, always within the wavelength ranges of Table 3.

— A straight line is fitted to the data in the fitting regions

— The result of the fit is taken as the continuum and used as
an input in Eqn. 1.

The wavelength span of the two fitting regions depends on
the morphology of the local maxima. On the blue end of the
spectrum, where more absorption features are found, the max-
ima tend to be narrower than on the red end. Thus, the fitting re-
gions are, on average, smaller (~ 20 A) in the blue and slightly
larger (~ 25 A) in the red part of the spectrum. Larger wave-
length spans would tend to set a lower continuum level and
thus to produce Ew systematically biased toward smaller val-
ues. The size of the fitting region is independent of the signal-
to-noise ratios of the spectra; however, in low signal-to-noise
ratio spectra noise spikes that could bias the continuum fit are
avoided.

3.3. Data-set

Two different data sets are used to derive the properties of Ew
in local SNe.

Set A - 77 spectra from 13 of the SNe Ia discovered and

followed by the Supernova Cosmology Project (scp) in collab-
oration with members of the Eros (Hardin et al. 2000), QUEST
(Schaefer et al. 1999), and Nearby Galaxies SN Search (Gal-
Yam et al. 1999) teams. These SNe cover a range of redshift
approximately of 0.01 < z < 0.15.
The two-dimensional raw images were reduced according to
standard procedures. The calibrated spectra were additionally
corrected for atmospheric and Galactic extinction (Cardelli
et al. 1989; Schlegel et al. 1998) and their flux-calibration was
checked against measured broad-band photometry. The spectra
were put in the SN rest-frame. More details about these data
can be found in Table 4. All the spectra in Set A include esti-
mated statistical uncertainties for each wavelength bin. A sub-
set of these spectra showed some degree of host-galaxy light
contamination, especially at late times. This contribution was
estimated and subtracted (for details of the procedure see 2.1)
in cases where it exceeded 10% of the total flux.

Set B - 89 published spectra from 8 well-observed, nearby
objects. See Table 5 for a summary on these data, including
the original sources and the redshifts used to put them in the
rest-frame. Additionally, the spectra were tested and corrected
when needed by use of available broad-band photometry.
Given the absence of published uncertainties on these spectra,
statistical errors were estimated from the point-to-point disper-
sion.

The epochs used in this analysis are based on light curve
estimates. In the case of Set A, the date of maximum B-

4 See panel (b) in Fig. 3, the four vertical lines represent an example
of the wavelength span of each fitting region.

band brightness was determined using preliminary light curves.
Therefore the epochs used to date the spectra were taken as the
integer number of days since maximum light. The photometry
data available for both sets were used to fit the template B-band
light curve given by Goldhaber et al. (2001) and thus to obtain
the values of Am,5(B) and stretch for each SN.

The two sets contain some peculiar SNe Ia, including the
prototypes of the two subclasses: SN 1991T and SN 1991bg.
SN 1999aa (Garavini et al. 2004), SN 1999aw (Strolger et al.
2002), and SN 1999bp (first analyzed in this work) are included
in the 1991T-like subclass. All these SNe present values of the
light curve-shape parameter Am;s(B) < 1.0 (s > 1.1) and are
thus slow decliners. On the other extreme, SN 1986G (Phillips
et al. 1987; Cristiani et al. 1992) and SN 1999by (Vinké et al.
2001; Garnavich et al. 2004) belong to the 1991bg-like sub-
class. These are fast decliner SNe, with Am;5(B) > 1.70 (s <
0.80). The case of SN 1999ac (Garavini et al. 2005) is con-
sidered separately. This SN has photometric and spectroscopic
peculiarities that make it a unique object: its light curve shows
a slow rise similar to SN 1991T but a fast decline (Phillips et al.
2002) and its spectrum is similar to SN 1999aa.

3.4. Tests for Systematic Errors

Possible systematic errors arising from the choice of the re-
gions at both sides of the feature where the pseudo-continuum
is fitted were accounted for by randomly shifting these regions
(typically within a quarter of the region size in each direc-
tion®) and computing the weighted root-mean square deviation
(rms) of the encountered Ew’s. This source of error was added
quadratically to the one given in Eqn. 2. This was the domi-
nant source of uncertainties when the signal-to-noise ratio per
resolution element was above ~10.

It is known that ews can be affected by poor resolution or
low signal-to-noise ratio of the spectra (see, for example Gray
(1992)). These effects were tested as follows. Boxcar smooth-
ing was used to decrease the resolution of the best-sampled
spectra and reproduce the range of resolutions in the present
data set. Due to the nature of the broad SN features, even the
lowest resolution available (~10 A/pixel) did not produce any
significant change of the measured Ew.

In the present spectra sample Set A and Set B, pixel-to-
pixel signal-to-noise ratios ranged from about 5 to several hun-
dred. When Gaussian noise was added to the best-quality spec-
tra, in order to reproduce that quality range, no significant bias
was detected on the resulting Ew values.

Additionally, the effect of reddening was also tested by arti-
ficially adding it to several spectra up to a value of Eg_y = 0.32
(corresponding to Ay = 1 mag, with Ry = 3.1) following the
law given in Cardelli et al. (1989). This produced no significant
change in the resulting values for ew. The nature of these quan-

> The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, un-
der contract with the National Aeronautics and Space Administration.

6 Considering the uncertainty on the location of a region of size /
tobel/ Viz ~ 1 /4, as derived from the second moment of a uniform
distribution.
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Table 4 SNe from Set A (scp data).

Host Galaxy Observed
SN z Galaxy Type? Epochs®
1999aa  0.0144 NGC2595 SAB(s)c -11,-7,-3,-1,5,6, 14,19, 25, 28, 33, 40, 47, 51, 58
1999ac  0.0095 NGC 6063 Scd -15,-9,0,2, 8, 11, 16, 24, 28, 31, 33, 39, 42
1999a0 0.054 Anon. S: 5,7,10, 13, 18, 34, 40
1999au 0.124 Anon. S: 12,17
1999av 0.05 Anon. E/SO: 2,5,9,31
1999aw  0.038 Anon. @) 3,5,9,12, 16,24, 31, 38
1999be 0.019 Anon. ) 14,19, 26, 33, 37, 44
1999bk 0.096 Anon. E/SO: 4,7,9
1999bm  0.143 Anon. S: 3,6,21
1999bn 0.129 Anon. S: 2,14,22
1999bp 0.077 Anon. S: -2,0,1,6,17,23
1999bq 0.149 Anon. E/SO: 3,18
1999by  0.0021 NGC 2841 SA(r)b 1,6, 16,27, 34

* Hubble type of the host galaxy. An entry followed by a colon is a classification based on the host galaxy spectrum. The rest are taken from

NED’
b Rest-frame days since B-band maximum light.

Table 5 SNe from Set B (Public data).

z Host Galaxy
SN (x1073) Galaxy Type?* Epochs® Sources
1981B 6.031 NGC4536 SAB(rs)bc 0, 17,26, 29, 35, 49 1
1986G 1.825 NGC 5128 SO pec -7,-5,-1,0.3, 21, 28, 41, 44, 55 2
1989B 2425 NGC3627 SAB(s)» -7,-5,-3,-2,-1,3,5,8,9,11,16, 18, 19 3
1990N 3369 NGC4639 SAB(rs)bc -14,-7,7, 14,17, 38 4,5,6
1991bg  3.536  NGC 4374 El -2,0, 13, 16, 23, 24, 30, 31, 44, 52 7,8
1991T 57791  NGC4527 SAB(s)bc¢ -11,-9,-8,-7,-6,-5,-3,0, 10, 15,23, 24, 42, 45 9,10, 11,12
1992A 6.261  NGC 1380 SA0 -5,-1,3,7,9, 11, 16, 17, 24, 28, 37, 46 13
1994D 1.49 NGC 4526 SAB(s) -10,-9,-8,-7,-5,-3,2,4,6,8, 11, 13, 14, 16, 18, 20,25 14,15

2 Hubble type of the host galaxy from NED?.
b Rest-frame days since B-band maximum light.

Sources: (1) Branch et al. (1983); (2) Phillips et al. (1987); (3) Wells et al. (1994); (4) Leibundgut et al. (1991); (5) Phillips et al. (1992);
(6) Mazzali et al. (1993); (7) Filippenko et al. (1992a); (8) Leibundgut et al. (1993); (9) Filippenko et al. (1992b); (10) Ruiz-Lapuente et al.
(1992); (11) Phillips et al. (1992); (12) Jeffery et al. (1992); (13) Kirshner et al. (1993); (14) Meikle et al. (1996); (15) Patat et al. (1996).

tities, defined over a limited wavelength range, makes them in-
sensitive to reddening.

Further systematic effects could arise from host-galaxy
light contamination or other background sources which might
not be well subtracted. The effect of additional signal under-
lying the SN spectrum would be to lower the values of Ew.
The published spectra from Set B in the present sample cor-
respond to very bright, nearby SNe, for which SN and host-
galaxy spectra can be resolved. For more distant SNe, from Set
A and the high redshift data set, we used only the spectra where
no significant contamination was found or when this could be
reliably subtracted. We have tested this effect on a typical near-
maximum light spectrum. Template galaxy spectra of Hubble
types E and Sc were added to the SN spectrum in order to sim-
ulate contamination levels ranging from 0 to 50% of the total
integrated flux between 3500 and 9000 A. The ews of all eight
features were then measured on every spectrum. The decrease
in the Ew with increasing contamination levels was found to be
approximately linear. Table 6 summarizes these results by giv-

ing the relative decrease of Ew per each 10% of un-accounted
contamination on the total integrated flux for both galaxy types.
Since SNe Ia near maximum light are generally bluer than their
hosts, errors in estimating the amount of host galaxy contami-
nation leads to larger equivalent width errors for features at red-
der wavelengths. For early type galaxies, because of the pres-
ence of the Balmer break around 4000A, the effect on the Ew
of “Can H&K” is less than 10% even for 50% contamination.

3.5. Results

Given the mean redshift of the high-redshift sample (z=0.49)
and the typical S/N ratio of the spectra, we restrict our analysis
to the bluest and strongest features - #4 “Fe n1 48007, #3 “Mg n
4300” and #1 “Cam H&K”.
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Table 6 The fractional decrease in the Ew corresponding to a 10%
increase in the amount of contamination from the host.

Feature = Mnemonic Host Type

ID Label E Sc

1 “CamH&K” 0.019 0.080
2 “Si 40007 0.048 0.074
3 “Mgu4300” 0.037 0.073
4 “Fem4800”  0.070 0.074
5 “‘Suw” 0.112 0.074
6 “Sim 58007 0.128  0.066
7 “Sim 61507 0.103  0.084
8 “CanlR” 0.155 0.114

3.5.1. “Fe 11 4800” (#4).

Fig. 4 shows the evolution of the Ew of feature #4 in nearby
supernovae. The equivalent width increase constantly from be-
fore maximum up to three week after. The expansion of the
ejecta and the consequently increasing optical depth are at the
origin of this trend. At epochs later than 15 days, this feature
has become broader as a consequence of the blending of lines
lying to the red (see Fig. 3).

The number of data points enable us to compute a mean
evolutionary curve for normal supernovae. The solid line in
Fig. 4 shows this average curve represented as a cubic spline
function. The curve was built in the range —10d < epoch < 50d
by dividing the epochs into 5 bins, calculating a weighted av-
erage of the Ew in each bin, and finally tracing the spline func-
tion through those points. The coordinates (epoch,Ew), in units
of days and A, of the 5 points defining the curve are: (-5,134);
(5,181); (15,267); (25,339); (35,356).

The different subtypes of SNe Ia evolve approximately par-
allel to the mean curve. In general, 1991bg-like SNe lie above
the curve and 1991T-like SNe lie below it. This is summarized
in Table 7 which shows the distribution of the three SNe Ia
subtypes with respect to the average curve. Column 1 lists the
epoch bins in consideration. Column 2 gives the number of
points from normal SNe in each bin. Column 3 lists the av-
erage Ew for normal SNe and its 1-o uncertainty. Column 4
shows the rms dispersion, which we name “¢ ”, of normal SNe
with respect to the average curve.

We note that for normal type Ia SNe the average trend in
the first data bin is computed based on four data points from
SN 1994D and one each from SN 1989B and SN 1990N. The
mean is then biased toward the average ew value of SN 1994D
between -10 and -6 days. This is higher than the measurement
obtained on the other SNe, thus, the pre-maximum average
trend has to be considered only indicative. More Ew measure-
ments are needed to firmly establish the normal pre-maximum
SN behavior.

Columns 5 and 6 refer to 1991T-like SNe and show the
number of points and the mean deviation from the average
curve. Columns 7 and 8 show the same two quantities for the
case of 1991bg-like SNe. The values in columns 6 and 8 are to
be compared with ¢. It can be seen that 1991T-like SNe show
systematically negative deviations up to around a month af-
ter maximum light. The deviations are positive in the case of

1991bg-like SNe, although they are generally less significant
—also, there are fewer data for this subtype.
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Fig. 4 Measured equivalent width values corresponding to “Fe nm 4800”
(#4). SN 1991bg-like objects are marked with open squares, 1991T-
like SNe with open circles, normal SNe with filled circles and SN
1999ac with triangles. Error-bars are given by Eqn. 2 plus system-
atic uncertainties arising in the pseudo-continuum fit. The solid line
shows a cubic spline function used to represent the average evolution
of normal SNe in the sample, between days —10 and +50. In general,
1991bg-like SNe lie above the average curve whereas 1991T-like SNe
lie below it.

3.5.2. “Mg 1 4300” (#3)

Feature #3 is due to the contribution of various ions which
varies with time. These include Mg n, Co m, Fe n, Fe m, and
Si mr for spectroscopically normal and 1991T-like SNe. In the
case of 1991bg-like SNe, the region is dominated by strong
lines of Ti it (Filippenko et al. 1992a; Mazzali et al. 1997). The
equivalent width evolution of this feature is different than that
of “Fe m 4800 as can be seen in Fig. 5.

The ew of the feature increases dramatically over a short
period of time as it mergers with the neighboring “Si m 4000
feature (feature #3 in figure 5). Before and after this increase,
the Ew of this feature is approximately constant. The phase at
which this increase takes place is highly dependent on the SNe
sub-type. For 1991bg-like SNe Ia it seems to occur as early as 5
days before maximum light (the earliest spectrum of a 1991bg-
like SN in our sample), while normal SNe show this behavior
around one week after maximum light, and 1991T-like objects
show it later than day +10. Thus, the Ew of the “Mg 1 4300”
feature can be used to discriminate between different Type Ia
sub-types.

We describe the average evolution of this feature with the
function:

A
fO0.0) = —————

e +1

+ B, 3)
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Table 7 Dispersion of “Fe u 4800 ew for the three SNe Ia subtypes. See text for details.

Epoch Normal 1991T-like 1991bg-like
bin n (EW) o n Opw n Orw
A @A (A) (A)

(H 2 3) 4 ) (6) @) (8)

[-10,-6] 6 132+11 28 5 -29+3 0
[-5,-1] 6 11412 37 5 -36+5 2 16 +4
[0,5] 12 16410 28 5 -62+9 4 24 7
[6,11] 15 200+8 25 4 -58+15 1 1132
[12,18] 15 265+9 25 5 47 £ 12 1 1392
[19,27] 10 31612 30 5 -34+18 3 58+8
[28,40] 9 35313 36 5 3+9 3 37+5

Columns: (1) Range of epoch bins in days; (2) Number of points for normal SNe; (3) Average ew for normal SNe; (4) Dispersion (rms)
of normal SNe around the average curve’; (5) Number of points for 1991T-like SNe; (6) Mean deviation of 1991T-like SNe from average
curve. Uncertainties do not include the computed dispersion of normal SNe Ia around the curve (6); (7) Number of points for 1991bg-like
SNe; (8) Mean deviation of 1991bg-like SNe from average curve. Uncertainties do not include the computed dispersion of normal SNe Ia

around the curve (8).
# Only one measurement, thus no uncertainty is given.

with parameters 6 = (A, B, 1, T). The solid line in Fig. 5 shows
the average curve for normal SNe Ia between days —10 and
+30. Other SN subtypes show a parallel trend. Table 8 lists
the dispersion of normal SNe around the average curve and the
deviations of 1991T-like and 1991bg-like SNe from the same
curve.

We note that for normal type Ia SNe at epoch before max-
imum light the data points distribution appears to be bi-modal.
The high values of ew are those measured on SN 1989B (two
data points in the first bin and three in the second one) and on
SN 1990N (one data point in each bin). SN 1994D shows in-
stead low Ews (two data points in each bin before maximum
light) with SN 1992A measuring intermediate values (in both
pre-maximum bins). The average trend is then greatly affected
by SN 1994D which, as for feature #4, seems to be an out-
layer. Because of the low statistics the pre-maximum trend has
to be considered only indicative. An analysis including more
normal type Ia SNe will be needed to asses the average trend
and to investigate whether the apparent bi-modal distribution is
a distinctive characteristic of type la SNe disclosing interesting
supernova physics.

3.5.3. “Ca n H&K” (#1)

The prominent absorption trough found around 3800A is at-
tributed mainly to the H and K lines of Ca i with some con-
tribution from Si nm 23858. Fig. 6 shows the change in the Ew
of this feature with phase. As expected for SN 1991T-like ob-
jects this absorption is particularly weak (and thuse has a low
Ew) expecially in the premaximum spectra. The intrinsic dis-
persion in Ew values is greater than in the case of feature #3
and #4 and there is no trend with time. The evolutionary be-
havior is more or less peculiar to each object both qualitatively
and quantitatively. The dispersion on Ew is greater before max-

7 In general we find 6 ~ VN - Ogw, but note that there are slight
deviations due to the use of different epoch bins for this table and in
building the average evolutionary curve.

Equivalent width (&)

o 1991bg—like

o Branch normals
o 1991T—like

4 SN 1999ac

20 40 60
Epoch (days)
Fig.5 Measured equivalent width values corresponding to “Mg 1
4300” (#3). SN 1991bg-like objects are marked with open squares,
1991T-like SNe with open circles, normal SNe with filled circles and
SN 1999ac with triangles. Error-bars are given by Eqn. 2 plus system-
atic uncertainties arising in the pseudo-continuum fit. The solid line
represents the average behavior of normal SNe, fitted using the func-
tion of Eqn. 3. In general, 1991bg-like SNe lie above the average curve
whereas 1991T-like SNe lie below it.

imum light, where some objects show an increase and others
a decrease. After maximum light, there is normally a slow de-
crease, except for the 1991bg-like objects which maintain or
increase their Ew.

The two points with ew > 170A after day 0 belong to SN
1999bm. Their large Ew values are due to an unusually broad
“Ca n H&K” feature. This phenomenon might be caused by
the presence of a strong, high-velocity Ca n component, as
suggested in the case of the Ca 1 IR triplet for SN 2001el
(Wang et al. 2003). The signal-to-noise ratio of the spectra of
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Table 8 Dispersion of “Mg 11 4300 ew for the three SNe Ia subtypes.See text for details.

Epoch Normal 1991T-like 1991bg-like
bin n (EW) o n Opw n Orw
A @A (A) (A)
(H 2 3) 4 ) (6) @) (8)
[-10,-5] 6 90 +7 16 6 15+4 0
[—4,0] 6 98 +5 14 5 -5+3 4 139 + 22
[1,5] 9 11812 28 4  -25x12 1 206*
[6,10] 10 184 +14 26 4 -T77+12 0 ‘e
[11,17] 15 25110 33 5 —69 +23 2 48 +2
[18,30] 15  257+7 27 6 8+6 4 21 +20

See column explanations in Table 7.
2 Only one measurement, thus no uncertainty is given.
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Fig.6 Measured equivalent width values corresponding to “Ca m
H&K” (#1). SN 1991bg-like objects are marked with open squares,
1991T-like SNe with open circles, normal SNe with filled circles and
SN 1999ac with triangles. Error-bars are given by Eqn. 2 plus system-
atic uncertainties arising in the pseudo-continuum fit.

SN 1999bm in the region around 8000 A is too low to deter-
mine the presence of such a component.

4. Comparing High and Low-redshift spectra

In this section, we compare our high-redshift spectra with the
low redshift spectra described in section 3.5. The comparison
is carried out by means of two spectral indicators:

1) the photosperic velocity of the Ca m H&K spectral line
as derived from the minimun of the absorption features,

2) the equivalent width mesurements of “Ca m H&K”,
“Mg 1 and “Fe r”.
We first perform a qualitative analysis (sections 4.1 and 4.1.2)
and then turn to a more quantitative approach (section 4.2). The
measured values are reported in Table 9.

4.1. Velocities

For normal SNe Ia, the velocity of Ca m H&K drops rapidly,
from values around 22000 km/s before maximum light to
14000 km/s at maximum light. After maximum light, the rate of
decrease slows and the velocity decreases by about 4000 km/s
in 50 days. The mean trend for normal SNe Ia, from 10 days be-
fore maximum light to 40 days after maximum light, is shown
in Fig. 7. The shaded area represents the dispersion (one stan-
dard deviation about the mean). The trend and the dispersion
have been computed from a large sample of nearby supernova
(Garavini et al. 2004).

The inferred expansion velocity of the ejecta in under-
luminous SNe is lower than the expansion velocity in normal
SNe (Leibundgut et al. (1993); Wells et al. (1994); Patat et al.
(1996); Garnavich et al. (2004); Li et al. (2003)). The differ-
ences are more pronounced in the case of the Si 1 16355 ab-
sorption feature where differences of more than 2000 km/s are
seen (Branch & van den Bergh 1993). The separation is less
conspicuous for the Ca m H&K absorption — measurable in
the redshift range of our data set — but the trend remains, as
can be seen in Fig. 7 where SN 1999by (Garnavich et al. 2004)
and SN 1991bg (Leibundgut et al. 1993) are plotted with the
dashed and dotted lines, respectively. Assuming that intrinsi-
cally low-luminosity high-redshift SNe show the same spec-
tral characteristics as those in the local Universe, measured ex-
pansion velocities values on the lower edge of the distribution
shown in Fig. 7, would suggest a possible under-luminous SN.

The velocities of both the low-redshift and high-redshift
SNe are individually measured by performing an error-
weighted non-linear least-squares fit to the entire line profile
manually selecting the end points limiting the wavelenght re-
gion where to perform the fit. The line profile is modeled with
a Gaussian plus a linear component. This method accurately
reproduce the absorption line profile and it has been succefully
used in previous works (e.g. Garavini et al. (2005); Hook et al.
(2005)). All the SNe in our data set were measured, with the ex-
ception of SN 2001gk, for which the line profile is incomplete,
and SN 2001go at +29 days, for which the signal to noise is
too low to correctly identify the absorption. The uncertainty in
the redshifts is taken to be o, = 0.001 = o, = 300 km/ s if the
redshift was estimated from galaxy lines. For SN 2001ha and
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Fig. 7 The change in the velocity of the Ca 1 H&K feature with epoch
for a sample of high-redshift SNe (presented in section 2, filled sym-
bols, and from Hook et al. (2005) open circles) and a sample of low-
redshift SNe. The dashed and dotted lines indicate the values of ex-
tremely under-luminous SNe SN 1999by (Garnavich et al. 2004) and
SN 1991bg (Leibundgut et al. 1993) respectively. The solid line indi-
cates the average trend for Ca m H&K, which has been computed using
a large data set of low-redshift normal SNe Ia (Garavini et al. 2004).
The gray band shows the dispersion (1 standard deviation) of the data
about the average trend.

SN 2001hc, we could not identify host galaxy lines, so their
redshifts were estimated by comparing their spectra with the
spectra of nearby SNe Ia. In these cases the uncertainty is in-
creased to o, = 0.01 = o, = 3000 km/s. This uncertainty
dominates the statistical uncertainty from the fit.

The velocity of the Ca m H&K feature in all our high-
redshift supernovae lie above the dashed line in Fig. 7, which
represents the velocity of this feature in the peculiar under-
luminous SN 1999by. We note that the velocities of our high-
redshift SNe are consistent with those of spectroscopically nor-
mal SNe. In Fig 7 open circles indicate the measurements re-
ported in Hook et al. (2005) where a similar result was found
in an independent sample of high redshift SNe Ia. We note that
the two high-redshift supernova samples are consistent with
each other. Li et al. (2001b) estimated that 16% of all super-
novae discovered in the local Universe are under-luminous.
However, as already mentioned in section 2.1 for magnitude-
limited high-redshift supernova searches — such as those car-
ried out by the SCP — there is a bias against discovering
SN 1991bg-like SNe. Thus, the lack of any such SNe in our
high-redshift SNe sample is not unexpected.

4.1.1. Equivalent Widths of Distant Supernovae:
Possible systematic effects

Because of the required visual identification of the maxima in
low signal to noise ratio data, different observers might tend
to select fitting regions differing both in wavelength span and
location. As for the measurements on low redshift SNe, pos-
sible systematic uncertainties arising from the selection of the
region around each maximum were accounted for by Monte-
Carlo simulations. Each identified fitting region was randomly

varied in wavelength span according to a Gaussian distribution
with o = [/4, where [ is the original span of the fitting region
(typically [ = 20 A). Additionally, the wavelength of the region
was randomly shifted according to a Gaussian distribution with
o = 10A. This effect is insignificant for high signal to noise ra-
tio data and thuse was not taken into account in section 3.4.
The two effects were taken into account simultaneously. The
sigmas of the simulations were chosen in a conservative man-
ner so as to take into account even large mis-identification. The
standard deviation of the measurements so obtained was taken
as systematic uncertainty associated with the measured value
(see sec. 4.1.2).

Further systematic effects could arise from the removal of
the host-galaxy light contamination. As described in section 3.4
residual galaxy light underlying the SN spectrum would bias
the Ew measurements toward low values. An overcorrection of
the SN spectrum for the host galaxy light would, instead, bias
the Ew measurements toward high values.

We tested the accuracy of the template matching tech-
nique used to estimate the host galaxy contamination. White
Gaussian noise was added to a template SN plus host galaxy
spectrum to match the signal-to-noise ratios in the data, and the
resulting spectra were run into the subtraction code. The result-
ing estimate of the host galaxy contamination was found to be
accurate at the level of 10% of the total flux. The corresponding
systematic uncertainty in the ews was computed accordingly to
the values given in Table 6.

Other sources of systematic effects such as signal to noise
ratio, reddening and spectral resolution do not differ from the
case of nearby SNe and were already discussed in section 3.4.
In particular, the resolutions of our VLT spectra are higher than
those of the nearby data set and thuse we do not expect to be
affected by limited resolution effects.

4.1.2. Equivalent Widths of Distant Supernovae:
Measurements

In Figs.8, 9 and 10, we compare the strengths of “Fe 1 48007,
“Mg m4300” and “Ca m H&K” absorption features in high red-
shift SNe spectra with those of local objects presented in sec-
tion 3. Since the Ews of these features are a strong function
of the phase, they are plotted with respect to B-band maxi-
mum light. Note, that the plotted errors bars in the Ews of the
high-redshift SNe Ia include both statistical uncertainties, from
the measurement, and systematic uncertainties from residual
host galaxy contamination but do not include that from possible
misidentification of the maxima around the absorption feature
(i.e. misidentification of the fitting regions). Table 9 reports the
measured Ew values, their uncertainties are reported between
parentheses. The first value in the parentheses includes only
statistical and host galaxy contamination uncertainties, the sec-
ond includes also the possible fitting region uncertainties added
in quadrature.

In Fig 8 the comparison of the “Fe 1 4800 Ews is shown.
All SNe (with the exception of SN 2001gu, SN 2001gw,
SN 2001gy and SN 2002gi, for which the absorption feature
was not easily identifiable) were measured and were found to
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Table 9 Measurements of the velocities of Ca 1 H&K and of the ews of Ca mn H&K, Mg 1 and Fe . Measurements uncertainties are reported
in parenthesis. The first value includes statistical plus host galaxy contamination uncertainties, the second value includes (added in quadrature)
also the possible systematic uncertainties due to misidentification of the fitting regions, (see sec. 4.1.1 for details).

SN day Ca HK vel Can H&KEw MgnEew Fe n ew
sn2001gy  —7.5(1) 21520 (300) 176 (8/21) 111 (12/31)
sn2002fd  —7(2) 14940 (300)  73.6 (3/14) 101 (8/11) 86 (15/23)
sn2000fr =5.5(1) 17400 (300) 122 (13/14) 103 (6/13) 91 (13/23)
sn2001gw -1 (2) 15440 (300) 130 (9/13) 125 (17/22)
sn2002gl  0(2) 13680 (300) 124 (14/15) 121 (12/18) 168 (20/25)
sn2001ha 0 (2) 16310 (3000) 188 (19/22) 132 (9/24) 216 (33/62)
sn200lhc 0 (2) 13110 (3000) 112 (15/15) 116 (11/18) 140 (15/23)
sn2002gi 2 (2) 13950 (300)
sn2001gr 2 (2) 15170 (300)  94.6 (10/22) 140 (16/34) 141 (31/69)
sn2001gm  5(2) 17580 (300) 128 (23/26) 123 (17/40) 169 (34/84)
sn2001go  5.6(1) 14470 (300) 120 (11/28) 93 (11/24) 191 (28/41)
sn2002gk 6 (2) 91 (6/11) 161 (14/16) 157 (16/17)
sn2001go  9.5(1) 13320 (300) 112 (6/13) 181 (14/24) 174 (20/27)
sn2001go  29.5 (1) 228 (22/48) 315 (41/52)
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Fig. 8 A comparison between the ‘Fe 1 4800° Ews in low- and high-
redshift SNe Ia. High-redshift supernova are indicated by large filled
symbols. The gray filled area represents the 95% probability region
for normal low-redshift SNe Ia as presented in section 3.5.

be well within the 95% probability distribution of low-redshift
supernovae indicated by the gray filled area.

Fig 9 shows that the “Mg 11 4300” Ews of the high-redshift
supernovae (all except SN 2002gi are measured) are consistent
with the trend defined by the 95% probability distribution of
low-redshift normal supernova indicated by the gray filled area.
Moreover, SN 2001go, for which measurements at three epochs
are available, shows the sudden increase at around one week
after maximum, as do most low-redshift normal SNe.

Fig. 10 shows the comparison of the values of the Ew of
“Ca m H&K”. For this feature, as described in section 3.5, it
is not possible to identify a distinctive trend for SN subgroups
as function of time. Before twenty days post-maximum nor-
mal and under-luminous low-redshift SNe populate the region
spanning between Ew=60 Aand ew=140 A. In Fig. 10 the gray
filled area represents the 95% probability region for normal
(non-outlayers) and under-luminous low-redshift SNe Ia. Some

Epoch referred to Bmgx (days)

Fig.9 A comparison between the ‘Mg 11 4300” Ews in low- and high-
redshift SNe Ia. High-redshift supernova are indicated by large filled
symbols. The gray filled area represents the 95% probability region
for normal low-redshift SNe Ia as presented in section 3.5. Peculiar
under-luminous SNe are shown separately for comparison.

outlayers are found among normal SNe and are indicated with
small diamond symbols. The overall Ew intrinsic spread of this
feature is the largest of all the features analyzed in this work.
Before maximum light, peculiar 91Taa-like objects show sys-
tematically low values, as indicated by the small square sym-
bols. The high-redshift supernovae (all except SN 2002gi are
plotted) do not show significant deviations with respect to the
low-redshift sample shown in the plot, and SN 2002fd falls on
the 91Taa-like trend as expected.

Lentz et al. (2000) claim that the strength of supernova ab-
sorption features should be affected by the drift toward lower
metallicity progenitors, expected at high-redshift. We tested
this hypotesis as follows. We measured the equivalent widths
of the absorption features of the presented models and com-
puted the standard deviation with respect to the one solar metal-
licity model. The dispersions so computed were found lower
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Fig. 10 A comparison between the ‘Ca mn H&K’ Ews in low- and high-
redshift SNe Ia. High-redshift supernova are indicated by large filled
symbols. The gray filled area represents the 95% probability region
for normal (non-outlayers) and under-luminous low-redshift SNe Ia.
Outlayers normal SNe are indicated with the diamond symbols. Slow
decliner SNe are indicated by the open square symbols.

than those measured in low-redshift supernovae data (reported
in section 3). Thus, the spread in the Ews of nearby SNe Ia is
dominated by other effects and not by metallicity variations as
was modelled in Lentz et al. (2000). The possible change of
rest frame U-B color in high redshift SNe is probably a more
sensitive parameter for investigating the effect of the drift with
redshift in the metallicity of SN progenitors.

4.2. Statistical comparison

In this section, a quantitative — statistical — comparison of the
low- and high-redshift SNe is performed using the spectral in-
dicators described in section 3. The mean trends in the Ews of
the ‘Fe m1 4800’ and ‘Mg 14300’ features identified for normal
— low-redshift — SNe can be used to test whether high-redshift
supernovae Ews follow the same trends or show some differ-
ences.

The results of a set of y? tests are shown in Table 10. The
intrinsic dispersion around the models for normal low-z super-
novae was added in quadrature to the statistical and systematic
uncertainties to perform the test. The uncertainty on the time
was propagated according to the Ew model for normal low red-
shift SNe and added in quadrature to the measurements error
on the Ews. The y? test was repeated twice. Columns 1 to 4
in Table 10 report the result of the test when only the system-
atic uncertainty due to host galaxy subtraction was considered.
Columns 4 to 8 report the result of the test when the possible
systematic uncertainties due to misidentification of the max-
ima (i.e. fitting regions misidentification) was included. We
note that the fitting region uncertainties — included in this sec-
ond test — should be considered as upper limits to the possible
systematic uncertainty due to the Ew’s measurement technique
(see section 4.1.1 for details).

Columns 1, 2, 5 and 6 of Table 10 report the /\{2 referring to
the comparison with the ‘Fe m4800” and ‘Mg 114300’ Ew mod-

els for normal supernovae, while columns 3, 4, 7 and 8 refer to
the comparison with under-luminous SNe (e.g. SN 1986G and
SN 1991bg). The hypothesis that the Ew measured on our high-
redshift supernovae follow the same behavior with lightcurve
phase as those measured on low redshift normal supernovae is
statistically accepted. Moreover, the hypothesis that Ews mea-
sured on our high-redshift supernovae are consistent with those
of under-luminous SN 1991bg-like low redshift SNe is re-
jected.

4.3. The "Ca Il H&K" EW of SN 2002fd

Prior to maximum light, the Ew of Ca 1 H&K can be used to
separate peculiar 91Taa-like SN Ia from normal SNe Ia, see
Fig. 10. If the identification of SN 2002fd as a peculiar object
is correct, we expect the Ew to be lower than that of normal
SNe. The average ew prior to light curve maximum in normal
SNe is <ew> = 114.1 and the scatter around the mean value
iS O <gw>= 14.2 For peculiar 91Taa-like SNe we find <ew> =
68.7 and 0w~ = 6.1 The value measured for SN 2002fd, (Ew
=73.6 £ 2.9), is consistent — within one standard deviation —
with that found for 91Taa-like SN Ia, and inconsistent (at more
than 3 standard deviations) with the normal SNe Ia.

5. Summary and Conclusions

Spectroscopic data of 12 high-redshift supernovae, in the red-
shift interval z=0.212 to 0.912, were analyzed and a qualita-
tive classification scheme was presented. Based on this clas-
sification scheme, all of our high-redshift SNe except one -
SN 2002fd at z=0.27, which is similar to SN 1999aa, a per-
culiar SN Ia - were classified as normal SNe Ia. We also find,
based on spectral properties alone, that none of the supernovae
studied in this work are under-luminous. This is not unexpected
because of the bias against selecting such objects in magnitude
limited surveys.

A quantitative comparison between low and high-redshift
SNe Ia by means of spectral indicators has been presented. The
velocities of the ejecta in high-redshift supernovae, as inferred
from the minimum of Ca mn H&K feature, were compared to
those of low-redshift SNe with the aim of uncovering differ-
ences. No differences could be found.

Using a low redshift SN Ia sample, we study the evolu-
tion in the ew of the strongest spectral features as a function of
phase, and find that the Ew of different SNe Ia sub-types (nor-
mal, 91T-like and 91bg-like) evolve differently.

The equivalent widths of “Fe m 48007, “Mg u 4300” and
“Ca m H&K” in high-redshift SNe Ia are found to follow the
same trends with epoch as those observed in low-redshift SNe.
Furthermore, the equivalent widths of “Fe 1 4800 and “Mg 1
4300 in high-redshift SNe are found to be statistically consis-
tent with the equivalent widths observed in low-redshift normal
SNe.

The ews of Ca 1 H&K in the spectrum of SN 2002fd are
consistent with those observed in SN 1991T/SN1999aa-like
objects in the local Universe quantitatively confirming the sub-
type identification of this SN and pointing out that this feature
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Table 10 A statistical comparison of the equivalent widths (for features ‘Fe 14800’ and ‘Mg 14300’ ) of high-redshift SNe with the equivalent
widths of normal (column 2, 3, 6 and 7) and under-luminous (columns 4, 5, 8 and 9) SN 1991bg-like low-redshift SNe. Columns 2, 4, 6,and
8 reports the y* obtained with the number of degrees of freedom in parenthesis. Columns 3, 5, 7, and 9 report the probability to obtain a
x° value greater than that obtained. Columns 2 to 6 report the results including only the statistical and systematic uncertainties due to host
galaxy subtraction. Columns 7 to 9 report the results when also the systematic uncertainty due to possible misidentification of fitting regions in

included (see 4.1.1 and 4.2 for details).

Feature X%orm 1:“norm XS Ibg—like P‘) Ibg—like Xﬁorm Pnorm X%lbg_like P9 Ibg-like
(2) 3) ) (6) [ ®) )
Fen 13.0(11) 029  29.6(11) 0.002 6.7(11) 0.8 16.8(11) 0.1
Mgn 11.2(13)  0.59  228.4(13) 0.00 73(13) 09  162.4(13) 0.00

can be successfully used to identify peculiar objects at high-
redshift.

The number of supernova used in this analysis is small
when compared to the numbers of SNe Ia that are now being
observed. Both the ESSENCE and SNLS projects will result in
samples of SNe Ia with similar spectral quality; however, the
samples will be many times larger. With their strict selection
criteria, they will be able to search for difference between low
and high samples with more precission than what has been pre-
sented here.
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