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Abstract. We define a new set of empirical spectral quantities similar to equivalent widths (Ew). These have been
used to characterize the spectral homogeneity of type la supernovae (SNe Ia), their evolution with phase and to

search for correlations with lightcurve properties and intrinsic brightness. A remarkable degree of homogenelty ‘ }3’;\
was found, including both 1991T- and 1991bg-like objects, in the cases of the features we name “Fe 11 48007, oy JS‘?
“Mg 11 4300” and “Ca 11 IR”. Average evolutionary curves were built for Branch normal SNe to represent the . o
general change of BW in time. The inhomogeneities among SNe Ia subtypes were found to stand out in the cases
of the Si 11 features (“Si 1 40007, “Si 11 5800”7 and “Si 11 6150”). At times around maximum light the EW. sof
these features serve to distinguish clearly among SNe Ia subtypes. One of the studied spectroscopic indicators
. (measured at A ~ 4000 A) appears particularly promising as luminosity calibrator. The observed scgt-tgl;_m_,_—— o e,
M2 was reduced to a value < 0.14 mag for a sample of 10 nearby SNe with 0.70 < Ama5(B) < 1.73. This small skt
Ls Ja.; y '{d scatter is probably dominated by the uncertainty in the distance estimates to those supernovae. Several other
”Mé as spectral indicators introduced are also measurable on optical spectra of hlgh-z SNe, since they involve the blue
“sr IT 4.0,  part of the spectrum in the rest frame. o
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Key words. 3 an understanding of SNQ,Ia (m As high-
\ e ") quality data-sets of SNe begin to become available, we are
. i - now able to pursue more thorough, quantitative studies.
1. Introduction T Some pioneering work has been done in the search for cor-
Type Ta supernovae (SNe Ia) have been successfully used relation§ betwee:n.spef:tral characteristics ar_ld lightcurve
as standardized candles for distance measurements and properties, attaining in some cases theoretical explana-
thus to probe the expansion history of the Universe. ti01'15 ass_ociated with physical properties of the SNe or
72” ) However, the physical nature of SNe Ia is not well un- t%lelr env1ronrr.1ent. Nugent ef gl. (1995) n_ote two spectral
gf;ﬂ”‘y derstood. The most widely accepted model for SNe Ia in- signatures which correlate 4o ,\lummosﬂ:y in a spectral se-
i volves a degenerate C+0O white dwarf accreting material quence that they para.metrize with the eﬂ:‘ec_tive ?empera'—
from a companion star (Whelan & Iben, 1973; Nomoto, tur§ of the SNe. They m_tl."oduce t'he corre.latlon with lu‘ml-
1982; Then & Tutukov, 1984; Paczyriski, 1985). The nature nosity of the so-called silicon ratio [R(Si 11)] and cal'cmm
of the secondary component in the binary system as well ratio [R(Ca 1)]. Another easy to measure spectral signa-
as the “expl o sion me ch%m\rgn leading to a supernova event ture is the blueshift of certain absorption lines. In partic-
remain QPG.L e relah fechs review, see e.g. Hillebrandt & ular, Bra.nch & van den Bergh (1993)- define the parame-
Lo - Niemeyer (2000)). Furthermme, systematic effects of evo- ber v1o(Si 11) Whmh denot.es. the velocity t:hat corresponds
"}g: s | lutionary or environmental origin have been proposed as to. the bluesh'lft of the minimum of the line normal}y at-
ww;& . ont | alternatives to the cosmological explanations of the faint- t.rlbuted 130 Si 11 A6355 measured 10 days ajfter [HaxImuIm
o %% 2| ness of the high-z SNe Ia. The study of lightcurve and ¥1ght. This parameter was used to det.ermme that there
—~ spectral properties is a tool for understanding the physics is a degree of spectroscopic heterogeneity among SNe Ia.
ot {’QL» of SNe Ia and for testing the accuracy of the standard More recentlj?r, Hatano et al (2000) ujged the rel‘atlonshxp
@™ candle hypothesis. betw‘een. R(Si 1) 'afld vlq(Sl 11) to claim thgt this hetero-
it Classification and qualitative analysis of Type Ia spec- geneity is of multidimensional nature and might imply the
tra are a first and important step in the progress toward coexistence of different explosion mechanisma fc:r SIES&%,& o Mgt eba
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The present analysis is purely empirical and is moti-
vated by the observation that different subtypes of SNe Ia
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generally show absorption features of different strengths.’

From the point of view of spectroscopy, three subtypes can
be distinguished (Branch et al., 1993). Spectroscopically
normal SNe Ia, also referred to as Branch normals, are
the ones whose optical spectra resembles those of 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). Peculiar SNe Ia can be divided
in two kinds, with SN 1991T (Filippenko et al., 1992a;
Phillips et al., 1992; Ruiz-Lapuente et al., 1992; Jeffery et
al., 1992; Mazzali et al., 1995) and SN 1991bg (Filippenko
et al., 1992b; Leibundgut et al., 1993; Turatto et al., 1996;
Mazzali et al., 1997) as prototypes. Before maximum light,
1991T-like SNe show unusually weak lines of intermediate-
mass elements, yet some prominent lines due to Fe III.
Their spectra at these early stages look featureless com-
pared to those of normal SNe Ia. These differences become
progressively less evident after maximum light. On the op-
posite extreme, 1991bg-like SNe show strong Ti II lines
which produce a broad absorption trough from ~4100 to
4400 A —lasting for several weeks after maximum— and
enhanced absorption around 5800A. Around maximum
light, absorption lines for these SNe are generally stronger
than those of normal SNe Ia. Based on the lightcurve
width parameters —Amg5(B) (Phillips, 1993; Phillips et
al., 1999) or stretch (Perlmutter et al., 1997; Goldhaber
et al., 2001)— and their relation to luminosity, 1991bg-
like SNe are also referred to as under-luminous or fast—
decliners, and 1991T-like SNe as slow-declmers '}‘Jle{e 15/
exceptions to this classification and to;\tlya aaaale gy, | be—
tween lightcurve and spectral properties. ObJeCtS isCov-
ered more rerently present a higher degree of peculiarities,
e.g. SN 2000cx (L1 et al., 2001), and SN 2002cx (Li et al.,
2003).

Based on a large spectroscopic data-set of SNe Ia, in-
cluding several peculiar objects, this work presents a novel
set of measurements which are analogous to equivalent
widths (Ew). We carry out the analysis of these measure-
ments with a threefold goal:

(a) Provide empirically derived quantities of SN Ia spectra.
as a function of epoch.

(b) Quantify the spectral homogenflt of SNe Ia.

(c) Look for spectral calibrators to “shafpen the standard
candle nature of SNe Ja. A

Section 2 briefly describes the two sets of spectroscopic
data used in this work. Section 3 introduces the definitions
on which the measurements in this work are based and the
way systematic errors were controlled and final uncertain-
ties estimated. The analysis of results is divided between

Sec. 4 and Sec. 5. The former presents the measurements

and time evolution for each spectral feature considered.
The latter introduces some applications of spectral mea-
surements to the use of SNe Ia as distance estimators in
cosmology. Finally, Sec. 6 summarizes this work and com-
ments on future prospects.

s Do u-u—L”—A‘LL—u%’““J\N—iL*‘W&*

A new set of spectral indicators for type Ia supernovae

2. Data Description § N
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This work uses two.8ets of spectroscopic data: Set A -
77 spectra from 13/5Ne Ia discovered and followed by the
Supernova Cosmology Project (SCP) in collaboration with
members of the EROS (Hardin et al., 2000), the QUEST
(Schaefer et al., 1999), and the Nearby Galaxies SN Search
(Gal-Yam et al., 1999) teams. More details about these
data can be found in Table 1; Set B - 89 published spectra
from 8 well-observed, nearby objects. See Table 2 for a
summary on these data.

Data from Set A were reduced and processed accord-
ing to the method described in Folatelli et al. (2003).
They consist of flux-calibrated spectra which were ad-
ditionally corrected for atmospheric and Galactic extinc-
tion (Cardelli et al., 1989; Schlegel et al., 1998). Measured
broad-band colors were used to “tilt” the spectra when
discrepancies greater than the estimated calibration un-
certainties (typically in the range of 5 to 10% of the total
flux) were found. The spectra were put in the SN rest-
frame using the redshifts (z) given in Table 1.

All the spectra in Set A include estimated statistical
uncertainties for eaclkwavelength bin. This was possible
thanks-to-the-use=of the “Feduction method described in
Folatelli et al. (2003),\theh- keeps track of the measure-
ment uncertainties through all reduction steps. A subset
of these spectra showed some degree of host-galaxy light
contamination, especially at late times. This contribution
was estimated and subtracted in cases where it exceeded
10% of the total flux.

The spectra from Set B were taken from a number
of sources (see Table 2). The flux calibrated spectra were
put to rest-frame using the redshifts in Table 2. Finally,
the spectra were tested and corrected when needed by use
of available broad-band photometry. Given the absence
of published uncertainties on these spectra, mean Poisson
errors were estimated from point-to-point dispersion.

These two sets include some peculiar SNe Ia, includ-
ing the prototypes of the two subclasses: SN 1991T and
SN 1991bg. SN 1999aa (Garavini et al., 2003), SN 1999aw
(Strolger et al., 2002), and SN 1999bp (first analyzed in
this work) are included in the 1991T-like subclass. All
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these SNe present values of the lightcurve-shape param-_ " 1%

eter<Amy5(B) < 1.0 and are thus slow decliners. On the
other extreme, SN 1986G (Phillips et al., 1987; Cristiani
et al., 1992) and SN 1999by (Vinks et al., 2001; Garnavich
et al., 2001) belong to the 1991bg-like subclass. These are
fast decliner SNe, with/A“ﬁff;@T;Tf/m/.c The case of SN
1999ac is considered separately. This SN presents pho-
tometric and spectroscopic peculiarities which make it a
unique object: its lightcurve shows a slow rise similar to
SN 1991T but a fast decline (Phillips et al., 2002) and its
spectrum is similar to SN 1999aa (Garavini et al., 2003).
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Table 1. SNe from Set A (scP data).

: A new set of spectral indicators for type Ia supernovae

Host Galaxy Observed
SN z Galaxy Type® Epochs®
1999aa  0.0144 NGC 2595 SAB(rs)c -11, -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/S0: 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/S0: 47,9
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/S0: 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 is taken from fhe NED'
b Rest-frame days sincé B-band maximum light.

Table 2. SNe from Set B (Public data).

z Host Galaxy
SN (x1073) Galaxy Type? Epochs® Sources
1981B 6.031 NGC 4536 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 NGC 3627 SAB(s)b -7, =5, -3, -2, —1, 3, 5, 8, 9, 11, 16, 18, 19 3
1990N  3.369 NGC 4639 SAB(s)bc —14, 7,7, 14, 17, 38 4,5,6
1991bg  3.536  NGC 4374 El —9, 0,13, 16, 23, 24, 30, 31, 44, 52 7,8
1991T 5791  NGC 4527 SAB(s)be —11, —9, —8, —7, —6, —5, —3, 0, 10, 15, 23, 24, 42, 45 9, 10, 11, 12
1992A  6.261  NGC 1380 SAQ -5, -1,3,7,09, 11, 16, 17, 24, 28, 37, 46 13
1994D 149  NGC 4526  SAB(s)  —10,—9,—8,—7,—5,—3, 2, 4, 6, 8, 11, 13, 14, 16, 18, 20, 25 14, 15

> Hubble type of the host galaxy from the 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. (1992b); (8) Leibundgut et al. (1993); (9) Filippenko et al.
(1992a); (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).

3. Spectral Indicators
3.1. Feature Definitions

Centered on the location of the strongest absorption
features in near-maximum SN Ia spectra, eight regions
bounded by local spectral flux maxima have been defined.
Figure 1 shows these regions as they are defined at differ-
ent epochs. Each feature is marked with a number from 1
to 8 and each {}pmber corresponds to a label name. These

names areAre ated to an ion or a line responsible for at
least part of the observed feature at some epoch.

The ranges over which the upper and lower limits of
features are defined are given in Table 3. These limits vary
in time, and from SN to SN, following the spectral evolu-
tion. The choice of the limits in each case dependsor-the

rdeﬁmtroirof‘the—m@asur-emeﬁtﬂﬁsdf_a,ndm descrlbed n e ﬁva’fw»

“ndetain the next-paragraph.

3.2. Equivalent Widths q}< e %
The measurements introduced in this paper are efthena-
“uze-of equivalent widths (Ew)~However, in order to mea-
sure an EW, the continuum mus be determined and this is
not well defined in SNe Ia spectra, particularly after max-
imum light. For simplicity, we/define a pseudo-continuum
as the straight line fit through the two local maxima that
bound a feature (see panel (b) in Fig. 1). The inability to

! The NASA/IPAC Extra
ated by the Jet Propulsion
Technology, under contract
Space Administration.

lactic Database (NED) is oper-
aboratory, California Institute of
ith the National Aeronautics and
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Table 3. Feature limits. the restriction that the derived pseudo-continuum does
Miniaaniy, not CW within the feature limits.
+ Feature _ Blue-ward N 1 Red-ward i This criterion for the selection of the feature bounds
ID_ Label limit range (A) _limit range (A) is also applied to feature mergers. A merger occurs when
1 “Ca 11 H&K” 3500 — 3800 3900 - 4100 . . 1 .
. N a single straight-line pseudo-continuum trace can be ap-
2 Si 11 4000 3900 - 4000 4000 - 4150
« 5 plied to the whole region encompassing two features with-
3 Mg 11 4300 3900 — 4150 4450 — 4700
4 “Fe 11 4800” 4500 — 4700 5050 — 5550 out cutting thé spectrum. Consequently, the three weakest
5 “g 11 W? 5150 — 5300 5500 = 5700 features namely Sl I1 4000”) #5 (“S 11 W”) and #6
6 “Si 11 58007 5550 — 5700 5800 — 6000 (“Si 11 5800"), are defined over a limited time around max-
7 “Sj 11 6150” 5800 — 6000 6200 — 6600 imum light. Eventually, they become blended with neigh-
8 “Ca 11 IR 7500 - 8000 8200 — 8900 boring, stronger features, w%lose label is then used. Feature
#2 (“Sin 4000”) merges, #3 (“Mg 11 4300”); feature #5
. ; =5 = ——— ST W merges 4 (“Fe 11 4800”); and feature #6 “Si 11
,;"‘I\ >l T 5800” merges, -#7 (“Si 11 6150”). These mergers may occur
12[ . N at different epochs for different SNe.
I A Once the contmuum is traced, the EW is computed for
S e || each feature w1th1n its wavelength limits. The spectrum
I g 5 5 YT EEr——— is normalized by the continuum and the resulting area
7

f, +const. (Arbitrary units)

L
9000

Fig. 1. 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 4000”; 3- “Mg 11 4300”; 4-
“Fe 11 4800”; 5- “S 1 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 fea-
ture limits are marked with vertical lines. Panel (b): an exam-
ple 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.

determine the actual continuum level prevents us from de-
riving the physical interpretation assigned to EW of single,
narrow lines of stars. Nevertheless, this does not prevent
us from building well-defined quantities and thus a con-
sistent set of measurements for all SNe.

Given the complexity of SNe Ia spectra, within the
limits given in Table 3, at each side of a feature there may
be several local maxima. The chosen maxima are the ones
that maximize the wavelength span of the feature with

of the feature is measured (in units of A). In this case,
the calculation was approximated by a simple rectangular
H()

integration method:
AAi:
fe(Xi) )

where A; (i = 1,...,N) are the central wavelength values
of bins of size A); over the span of the feature; fi(\;)
is the measured flux in each bin 4; f.(}\;) is the fitted
continuum flux evaluated at the same points. Deviating
points due to bad pixels or narrow host-galaxy lines were
rejected using a 3o-clipping algorithm.

A 1o statistical uncertainty was computed by error
propagation from the estimated errors in the spectral flux
and in the fitted continuum:

=[x

Here, oy, are the estimated measurement uncertainties on
spectral flux and o, are the uncertainties in the fitted
continuum flux. In the calculation of ogy, it was assumed
that values in different wavelength bins are independent
from each other and that numerical uncertainties arising
from the integration method itself are negligible.

By definition, the EW is distance-independent and thus
provides a useful tool for comparing spectra from different
objects. Section 4 is dedicated to this analysis.

N

)

of (M)
f2(N)

20y 1/2
%%%af@») (AW] @

3.3. Systematic Effects

Systematic errors in the determination of the continuum :
reference points were accounted for by performing the fits \

on sliding windows (typically a quarter of the region used

“Tor the continuum fit to each side) and computing the

weighted root-mean square deviation (rms) of the encoun-
tered Ew’s. This source of error was added ge@metﬁcally
to the one given in Eqn. 2. This was the dominant source
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of uncertainties when the signal-to-noise ratio per resolu-
tion element was above ~10.

It is known that EW’s can be affected by poor res-
olution or low signal-to-noise rati io of the spectra (Gray,
1992). These effects were tested by- 16
data. Boxcar smoothing was used to decrease the resolu-
tion 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, pixel-to-pixel signal-to-
noise ratios ranged from about 5 to several hundred. When
Gaussian noise was added to the best-quality spectra, 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 artificially 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 EW measurements, given by
the point-to-point ratio of observed to continuum fluxes

I SENERR
in a limited wavelength range, makes them"
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 sig-
nal underlying the SN spectrum would be to lower the
values of EwW. The published spectra from Set B in the
present sample correspond to very bright, nearby SNe, for
which SN and host-galaxy spectra can be resolved. For
more distant SNe, from Set A, we used only the spec-
tra where no significant contamination was found or when
this could be reliably subtracted. We have tested this ef-
fect 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 simulate contamination levels
ranging from 0 to 50% of the total integrated flux between
3500 and 9000A. The EW’s of all eight features were then
measured on every spectrum. The decrease of EW with
increasing contamination levels was found to be approxi-
mately linear. Table 4 summarizes these results by giving
the }’?1%},}’% hdefrease of Ew per each 10% of contamina-
tion, 1n the cases’of both galaxy types. Since the SN at
the epoch under consideration is relatively fainter on the
red part of the spectrum, the effect is greater for features
lying on that end. For early type galaxies, because of the
presence of the Balmer break around 40004, the effect on
the Ew of “Ca 11 H&K” is less than 10% even for 50%
contamination.

A

4. Spectral Evolution

A first use of EW is the study of their change in time as a
way to characterize spectral evolution. Though empirically
defined, consistency in the measuring procedure allows for
a comparative analysis of their evolution with time. As

Table 4. The effect of host-galaxy contamination on the EW’s.

v “\\ v«/\MMﬂV“L

BES '5\;\,‘,,;? Feature Host Type
T wh @ ID Label E Sc

1 “Ca mm H&K” 0.019 0.080

2 “Si 11 4000” 0.048 0.074

3 “Mg 11 43007 0.037 0.073

4 “Fe 11 4800” 0.070 0.074

5 “S1uw” 0.112 0.074

6 “Si 11 5800” 0.128 0.066

7 “Si 11 6150” 0.103 0.084

8 “Ca 11 IR 0.155 0.114

the SN evolves from its hot photospheric phase, through
maximum light, and finally into the nebular phase, both
continuum and line properties vary. The evolution of the
physical conditions in the ejecta as well as the recession of
the photosphere produce variations in the spectral char-
acteristics which result in changing EW values.

The following analysis is divided by spectral features.
The first three sections are dedicated to features which N
show the greatest homogeneity, even among 1991T- and
1991bg-like SNe: features #4 (“Fe 11 4800”), #8 (“Ca 11
IR"), and #3 (“Mg 11 4300”). “Fe 11 4800” and “Mg 11 %yr

Ls

v

< v

4300” fall in a region of the spectrum where several ions i
of intermediate-mass and iron-peak elements contribute 7 3 >
to form fairly complex profiles. “Ca 11 IR”, on the con- & e
trary, is believed to be due to the Ca 1I infrared triplet N g/ )
at all epochs, with little contamination from other ions. /‘ Q’ &g o
Subsequent sections involve features with more hetero- ¥ \g)\r "”Q[B &
geneous behavior, i.e. the three “Si 11" features, “Ca II s {L\s‘j
&R and “S 1T W”. These features are believed to be N
formed by intermediate-mass elements around maximum e ®
light and eventually become contaminated by iron-peak 4}3“ \@‘)
element lines. 5
The epochs used in this analysis are based on
lightcurve estimates. In the case of our Set A, prelim-
inary lightcurves were used for determining the date of W]
maximum B-band brightness and epochs were corrobo- O 0‘1"'
rated to within a few days by spectral shape comparison N Y
“with precisely dated SNe. Given the uncertainties in dat- oy
ing, epochs were taken as the integer number of days since ‘5\; 7
maximum light. ‘w")V'
-

o W
4.1. “"Fe 11 4800” (#4) S e
This feature shows a very smooth evolution in EwW (see (\SW:T \;

Fig. 2). In this evolution, there is a high degree of homo- ?7 A
geneity for all the SNe in our sample. In general, the Ew
values increase from around 100A before maximum light
to 350A three weeks after, with some hint of a decline from
then on. The overall increase in the EW is mainly due to
the rise of the emission peaks relative to the troughs be-
tween them. 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. 1). The exact epoch when this
blending takes place depends on the SN. In general, it is
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found to happen at later epochs for slow decliners and at
earlier epochs for fast decliner SNe.

A mean evolutionary curve for the Branch normal SNe
in our sample can be represented by a cubic spline func-
tion. The solid line in Fig. 2 shows this average curve.
The curve was built in the range —10d < epoch < 50d by
dividing the epochs into 5 bins, calculating a weighted
average of the Ew in each bin, and finally tracing the
spline function through those points. Individual objects
evolve approximately parallel to the mean curve. In gen-
eral, 1991bg-like SNe lie above the curve and 1991T-like
SNe lie below it.

This is summarized in Table 5 which shows the distri-
bution of the three SNe Ia subtypes with respect to the
average curve. Column 1 lists the epoch bins in consider-
ation. Column 2 gives the number of points from Branch
normal SNe in each bin. Column 3 lists the average EW for
normal SNe and its 1-¢ uncertainty. Column 4 shows the
r.m.s. dispersion of Branch normal SNe with respect to the
average curve, which we name “6”. 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 system-
atically negative deviations up to around a month after
maximum light. The deviations are positive in the case of
1991bg-like SNe, although they are generally less signifi-
cant —also, there are fewer data for this subtype.

T T T T T
| 5 1991bg—like o ° { o
"y @ Branch normals *

| o 1991T—like .
" a SN 1999ac

300 . Vg 40
—

200
T

[ | L 1 L 14

0 20 ’ 40 60
Epoch (days)

Fig. 2. Measured EW values corresponding to “Fe 11 4800”
(#t4). Fast decliner SNe are marked with open squares, slow
decliner SNe with open circles, normal SNe with filled circles
and SN 1999ac with triangles. Error-bars are given by Eqn. 2
plus systematic uncertainties arising in the continuum fit. The
solid line shows a cubic spline function used to represent the
average evolution of normal SNe Ia in the sample, between
days —10 and +50. In general, 1991bg-like SNe Ia lie above
the average curve whereas slow decliner SNe Ia lie below it.

4.2. “Ca1l IR" (#8)

This broad feature located around 8000A and usually as-
signed to a Ca II triplet with very little contamination
from other elements, shows an evolutionary pattern which
is'similar to that of “Fe 11 4800” (see Fig. 3). Fewer spec-
tra in the present sample cover the region spanned by this
broad feature, which reduces the statistical significance of
these results. Fringing residuals and low sensitivity from
some detectors can introduce higher noise and system-
atic uncertainties by affecting the trace of the pseudo-
continuum. These effects were checked and the problem-
atic spectra were excluded from the analysis.

Similarly to “Fe 11 4800”7, the EW’s start growing at
maximum light and stabilize after approximately day 425,
though the amplitude of the increase is greater in this case.
Individual objects evolve in a nearly parallel manner, with
the exception of the 1991bg-like SNe which show a slightly
slower increase. The solid line in Fig. 3 represents a cubic
spline function built with the data from normal SNe in 4
epoch bins between days —10 and +40. In general, 1991bg-
like SNe lie above the average curve while 1991T-like SNe
lie below it.

The deviations from the average curve are summarized
in Table 6. The columns of this table are equivalent to
those of Table 5. The distinction among the three families
of SNe Ia is enhanced in the present case, although more
data would be necessary to corroborate this in the case of
1991bg-like objects.
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Fig. 3. Measured EW values corresponding to “Ca 11 IR” (#38).
Fast decliner SNe are marked with open squares, slow decliner
SNe with open circles, normal SNe with filled circles and SN
1999ac with triangles. Error-bars are given by Eqn. 2 plus sys-
tematic uncertainties arising in the continuum fit. The solid
line shows a cubic spline function used to represent the mean
evolution of normal SNe Ia. In general, 1991bg-like SNe Ia lie
above the average curve whereas slow decliner SNe Ia lie below
it.
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Table 5. Dispersion of “Fe 11 4800” EW for the three SNe Ia subtypes. P 7 mclide e
Epoch Branch Normal 1991T-like 1991bg-hke ) error on dle
. bin n (EW) ) n AEW / n AEW pveraaf JZ{—IMLL«
Chuns A & & M
why s © (1) @ @ @ 6 ©®y 1 ®/ Nooael vt £
i b1 dhan [—10, —6] 6 132411 28 5  —20+3 0 ¥ ?Juau) o — 5
R [~5,—1] 6 11412 37 5 —36£5 2 1644 : e (60
grrel 2 o [0, 5] 12 164+£10 28 5 —62£9 4 24£7 s e
s o J [6,11] 15 20048 25 4 —58%15 1 18 — ooy 4 L)t 16 Jerey )
oy e er A [12,18) 15 265+9 25 5 —4T£12 1 139 — dwv\‘“‘ 4
I 2 N9, 27 10 31612 30 5 —34+18 3 58+8 ¥
¢ o L [ ?
an 7 w’&’v’ N [28,40] 9 363+13 36 5 3+9 3 37+5
Uﬂmj b V“;{:’ VN e al
Columns: (1) Range of epoch bins in days; (2) Number of points for Branch normal SNe; (3) Average EW for Branch 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; (7) Number‘_gf pointsfor 1991bg-like SNe; (8) Mean deviation of 1991bg-like SNe from
pabef’? 547 average curve. B e
hgree " e
iy #l5 Table 6. Dispersion of “Ca 11 IR” EW for the three SNe Ia subtypes.
ol }u:vf" T
Epoch Branch Normal 1991T-like 1991bg-like
bin n (EW) é n AEW n AEW
&) @A) (A) (A)
(1) (2 (3) (4) (5) (6) () ®)
[—5,4] 4 116 =21 40 7 —88 +25 2 155 £ 15
[5,13] 4 229419 39 6 —61+8 2 161+ 32
[14, 23] 4 27725 31 5 —53 +18 2 90 £ 13
[24, 35] 4 392417 43 4 —1+12 5 63 + 21
See column explanations in Table 5.
4.3. “Mg 11 4300" (#3) tpr), which will be used in Sec. 5. The parameters were
fitted to the dat ding t 1 SNe. The solid
This feature is formed at different epochs by the over- . ed to the data COIresponding to norma SNe. The soli
. . . . line in Fig. 4 shows this average curve between days —10
lap of lines from various ions. These include Mg 11, Co II, .
. . and +30. Nearly parallel evolutionary paths are followed
Fe 11, Fe 111, and Si 111 for spectroscopically normal and by individual SNe varving svstematically amone SN fami-
1991T-like SNe. In the case of 1991bg-like SNe, the re- ¥ e yIng sy . Y &
Do X . ] - lies as in the cases of the two previously analyzed features.
gion is dominated by strong lines of Ti 11 (Filippenko et . ) .
Table 7 lists the dispersion of normal SNe around the av-
al., 1992b; Mazzah et al 1997). The EW evolution of this
i erage curve and the deviations of 1991T-like and 1991bg-
feature 184 not h-as-in- the two previous cases, As
- . . 7 like SNe from the same curve. The largest deviations for
can be seen in Fig. 4, a mere-or-less-discontinious evelu- 1991T-like SN found b d ks af
(s 7 iomary beltavior s found-here. This s related to blending ke SRe are founc: between one and two weets al-
b ) ter maximum light, due to the aforementioned lag in the

with “Si 11 4000” in coincidence with absorption deepen-
ing which makes the values of Ew suddenly increase from
~100A to ~250A on time scales of less than a week. The
phase at which this break takes place is highly dependent
on the kind of object: for 1991bg-like SNe Ia it seems to
occur as early as 5 days before maximum light (the ear-
liest spectrum of a 1991bg-like SN in our sample), while
normal SNe Ia show this behavior around one week after
maximum light, and 1991T-like objects show it later than
day +10.
The average evolution can be described by a function:
4 ©

t—t
‘r

f(8,t) = + B,
1

with parameters 6 = (A4, B,tbr,r). This type of function
is useful to reproduce the step-like behavior observed and
to parametrize the time when the break occurs (through

occurrence of the break for these objects. The remarkablel4
difference in EW seen between 1991bg-like SNe and the
rest at times around maximum light is also found in the
table.

4. “Sin” Features

This section describes thé properties of three features
which are assigned to Si II in near-maximum spectra and
which are peculiar to SNe Ia: “Si 11 40007, “Si 11 5800” and
“Si 11 6150”. Figures 5, 6 and 7 respectively show their EwW
evolution. These features are relatively weaker and more
subject to contamination than the others treated in this
work. “Si 11 4000” blends into “Mg 11 4300” a few days
after maximum and is thereafter considered as part of it.
“Si 11 4000” is not considered in 1991bg-like SNe because
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Table 7. Dispersion of “Mg 11 4300” EW for the three SNe Ia subtypes.

Epoch Branch Normal 1991T-like 1991bg-like
bin n <EW) ) n AEW n AEW
4) (A) A) 4)
(1) (2) 3) 4 (5) (6) (M (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] 9 118 +12 28 4 —25+12 1 206
[6,10] 10 184+14 26 4 —77+12 0 e
[11,17] 15 251410 33 5 —69 £ 23 2 48 + 2
[18, 30] 15 2577 27 6 8+6 4 21+20
See column explanations in Table 5.
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Fig. 4. Measured EwW values corresponding to “Mg 11 4300”
(#3). Fast decliner SNe are marked with open squares, slow
decliner SNe with open circles, normal SNe with filled circles
and SN 1999ac with triangles. Error-bars are given by Eqn. 2
plus systematic uncertainties arising in the continuum fit. The
solid line represents the average behavior of normal SNe Ia, fit-
ted using the function of Eqn. 3. In general, 1991bg-like SNe Ia
lie above the average curve whereas slow decliner SNe Ia lie be-
low it.

of the presence of strong Ti 1T which blends it into a broad
“Mg 11 4300” feature. “Si11 5800” is considered until about
10 days after maximum light, when it becomes contami-
nated by the Na 1D line (Branch et al., 1983). “Si 11 6150”
remains defined as such for later epochs, though Fe II lines
on each side of it appear around 10 days past maximum
and the feature becomes broader and structured.

~"The dispersion in EW 1s greater for the Si II feature;j\

M[;i{ Wl “‘j )

Wl

as they show a clearer distinction among different kinds
of SNe Ia. Single objects show increasing EW evolution, as
isseen in other features, though in these cases no clear\
common behavior can be established for the whole set of)
SNe. ——

——THhe EW of “Si 11 4000” between days —10 and 410 for
normal and 1991T-like SNe show a clear division into two
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Fig. 5. Measured EW values corresponding to “Si114000” (#2).
Slow decliner SNe with open circles, normal SNe with filled
circles and SN 1999ac with triangles. Error-bars are given by
Eqn. 2 plus systematic uncertainties arising in the continuum
fit. Normal and 1991T-like SNe are clearly separated in two
families.

families: (a) A group of SNe with very weak absorptions
(Ew < 10A), including the 1991T-like objects and SN
1990N. (b) A group of normal SNe Ia plus SN 1999ac, with
EW > 15A. On average, there is a factor of 4 difference in
EW between the two groups.

“Si 11 5800” is very strong in 1991bg-like SNe, for which
the main contribution was first attributed to the Na 1 D
line (Filippenko et al., 1992b) and more recently to Ti 11
(Garnavich et al., 2001). These SNe clearly separate from
the rest, with values of Ew a 50A. The distinction be-
tween normal and 1991T-like SNe is also found here, as in
the case of “Si 11 4000”.

Less dispersion is found in the case of “Si 11 6150”.
EW’s scatter the most before maximum light, differing on
a factor of 2 between extremes. Fast decliner SNe show
absorption strengths similar to those of normal SNe up
to 20 days past-maximum light. Afterward, they seem to
stabilize whereas normal SNe keep increasing. SN 1991T-

bgg,
g'k \\ )E \fu)/xﬁ %:
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Fig. 6. Measured EW values corresponding to “Si115800” (#6).
Fast decliner SNe are marked with open squares, slow decliner
SNe with open circles, normal SNe with filled circles and SN
199%ac with triangles. Error-bars are given by Eqn. 2 plus sys-
tematic uncertainties arising in the continuum fit. This dia-
gram clearly separates the three SN Ia subtypes.
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Fig. 7. Measured EW values corresponding to “Si 11 6150 (#7).
Fast decliner SNe are marked with open squares, slow decliner
SNe with open circles, normal SNe with filled circles and SN
1999ac with triangles. Error-bars are given by Eqn. 2 plus sys-
tematic uncertainties arising in the continuum fit. The distinc-
tion between 1991T-like objects and the rest is evident around
maximum light up to day +25.

like objects show significantly weaker “Si 11 6150” before

and around maximum light and become closer to normal

/" SNe at times later than about two weeks. SN 1999ac marks

\ / a division between 1991T-like SNe and the rest throughout
the epochs analyzed.

The Si 11 features are important in classifying SNe Ia

as such and, furthermore, in distinguishing between sub-
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classes. The present measurements serve in quantifying
the differences among those subclasses. The pair “Si 11
6150” - “Si 11 5800” can be easily identified in optical
spectra of low redshift SNe. However, at higher redshift
(z > 0.5) optical spectra only cover “Si 11 4000” among
the three. Therefore, the analysis of this feature becomes
crucial when applied to high-redshift SN samples.

5. "Ca 11 H&K”

The prominent absorption trough found around 38004 is
attributed mainly to the H and K lines of Ca 11 with some
contribution from Si 11 A3858. Fig. 8 shows the measure-
ments on this feature. In the case of SN 1991T, this feature
is particularly weak. This could be due to lower abun-
dances of Ca 11 or to a temperature effect. Fisher et al.
(1999) marginally attributeg this feature to Ni II on the
early spectra of SN 1991T.

This feature breaks the trend relating absorption
strengths and lightcurve shapes, as was found for the pre-
viously analyzed features. The SNe Ia subtypes are not
distinguished or in any order of Ew. An additional pe-
culiarity is that in general the EW do not increase with LI
phase. The evolutionary behavior is dependent on the ob-¢ , Aeu%ﬁ{ e
ject both qualitatively and quantitafively. The dispersion Gth e’
on EW is greater before maximum light, where some ob-
jects show an increase and others a decrease. After max-
imum light, there is normally a slow decrease, except for
the 1991bg-like objects which maintain or increase their
EW.
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Fig. 8. Measured EW values corresponding to “Ca 11 H&K”
(#+1). Fast decliner SNe are marked with open squares, slow
decliner SNe with open circles, normal SNe with filled circles
and SN 1999ac with triangles. Error-bars are given by Eqn. 2
plus systematic uncertainties arising in the continuum fit.

The two points with Ew > 170A after day 0 belong to
SN 1999bm. Their large EW values are due to an unusually
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broad “Ca 11 H&K” feature. This phenomenon might be—spectral
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caused by the presence of a strong, high-velocity Ca II
component, as suggested in the case of the Ca 11 IR triplet
for SN 2001el (Wang et al., 2003). The signal-to-noise ratio
of the spectra of SN 1999bm in the region around 8000 Ato
determine the presence of such a component. :

A
6. “S11 W” L;M

The analysis of this feature is limited to the time range
when it shows its distinct “W”-like shape, i.e. up to 7
days after maximum light. Its EwW values are plotted in
Fig. 9. Though the dispersion around maximum is large,
the distinctions seen in previously discussed features are
not present here. Fast decliner, normal and 1991T-like
SNe seem not to be distinguishable through the EW cor-
responding to this feature.
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Fig. 9. Measured EW values corresponding to “S 11 W” (#5).
Fast decliner SNe are marked with open squares, slow decliner
SNe with open circles, normal SNe with filled circles and SN
1999ac with triangles. Error-bars are given by Eqn. 2 plus sys-
tematic uncertainties arising in the continuum fit. A large dis-
persion among all the SNe is found and no clear distinction of
the different subtypes.

5. Ew and the Standard Candle Calibration

The use of SNe Ia for measuring precise cosmological dis-
tances is based on the refinement of the standard candle

through calibration of its luminosity at maximum lightg
M®ax) The| (H,=7243km s~ Mpc™!, from Freedman et al. (2001))

(e.g. the peak absolute B-band magnitude,
calibration of ME** is usually done through its correlation
w1th a lightgurve shape parameter like Am5(B) or stretch
(s); “In this work we attempt-to use Spectroscoplc indi-
cators to achieve similar and complementary results. In
the following, a number of correlations between EW mea-
surements and M®** or Am;s(B) are presented. Other

—— C e ey -

eters were tested for correlations to M 52>
with no con uswe /Zesults and are thus not mcluded in

this analysis.

As a reference for the next sections, Table 8 summa-
rizes the relevant data used and the correlations found for
the sample of SNe Ia studied in this section. Columns 2
and 3 respectively give the values of ME** and Am15(B).
The latter were found by fitting the template B-band
lightcurve given by Goldhaber et al. (2001) to the pho-
tometry data. Column 4 shows the residual magnitudes
from the parabolic relation between MEF** and Am,s(B)
given by Phillips et al. (1999). The data in column 2
were used to fit the intercept of such a relation —the
value of M®** at Ami5(B) = 1.1, which was found to
be —19.18 + 0.08. The relation, originally given for the
range 0.85 < Am;5(B) < 1.70, was extended to the ex-
treme values of Amq5(B) of the present SN sample.

The values of ME?* are based on observed peak B-
band magnitudes, extlnction estimates and distances to
the host galaxies. The distance moduli, the estimation
methods used and the corresponding references are listed
in columns 5 through 7. Column 8 gives the total color
excess (Ep_v) due to reddening in the Galaxy and in the

ww

| =
o

host galaxy. The values for SN 1999aa, SN 1999ac, and 7 .

SN 1999bp correspond to reddening in the Galaxy only.
Column 9 shows the references for host galaxy reddening
estimates. The Galactic reddening was taken from Schlegel
et al. (1998).

For very nearby SNe, published distance estimates
were used. It should be noted that the different meth-

| f ods, and even different authors using the same method,

can yield systematically inconsistent results. For example,
systematic differences of ~0.2-0.3 mag (~10% in distance)
are found between the results of the two teams which use
cepheids observed with the Hubble Space Telescope (Saha
et al.,, 1996, 1997, 1999; Freedman et al., 2001). Both
teams measured a distance to the hosts of SN 1981B, SN
1989B, and SN 1990N, showing those discrepancies. We
de’diHEﬂ:]:D {isé the results from Freedman et al. (2001).
For SN 1991T there are distance estimates by Saha et
al. (2001) and Gibson & Stetson (2001).We chose to use
the latter because their estimate of the Hubble constant is
in agreement with the one by Freedman et al. (2001). In
general, for these nearby objects, the uncertainties in the
distance and in the extinction are the ones that dominate
the errors on MZ2*. All of this must be borne in mind
when considering the correlations presented below.

of-the-distance-to-the-host-galaxy, the value of recession
velocities and a standard value of the Hubble constant

/ For more distant SNe, with-ne-available-meastrement

were used. Uncertainties in the recession velocities due to
peculiar motion were considered to be 300 km s™!. The
| uncertainties in H, dominate. Among these SNe, a value of
extragalactic extinction was available only for SN 1999aw
(Strolger et al., 2002). Since these objects are fainter, the
i uncertainties on their ME** show comparable contribu-
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tions from the estimates of the peak magnitudes and the
distances.

5.1. Peak Luminosity
5.1.1. Ew Ratios

The line depth ratio of the two absorptions troughs la-
beled as “Si 11 5800” and “Si 11 6150” on spectra around
maximum light, R(Si 11), was introduced by Nugent et al.
(1995) as a quantity which is correlated to luminosity. A
similar spectral signature is introduced here: the EW ra-
tio of “Si 11 5800” to “Si 11 61507, which we denote as
R(SI 1) gw-

The EW ratio for each SN is computed at the time of
maximum light by fitting a straight line to all the values
of R(Si I)gy in the range —7 < epoch < +8. For SNe with
only one measurement off maximum light, this was extrap-
olated using the average slope of all other SNe —found to
be 0.013 & 0.004 d~!. Uncertainties were propagated ac-
cordingly. Columns 7 and 8 of Table 8 respectively show
R(Si 11)gw and R(Si 11). The values of R(Si 11) for the SNe
published in Nugent et al. (1995) were used. For the rest
of the SNe in our sample, their method was reproduced
for all spectra taken in the range —7 < phase < +8 and
the values at maximum hght were derived, as described in
the case of Ew ratios. The a,na,legy Between the two kinds
of Si 11 ratios is seen in Fig. 10, which shows their corre-
lation with M®2*. A linear law reduces the dispersion in
MPE** for this sample of 13 SNe Ia from 0.89 mag to 0.33
mag for R(Si 11) and 0.39 mag for R(Si I)gw.

There is a strong correlation between R(Si 1I) and
R(Si 1)gw. This would suggest that any possible change
of the line profiles for different types of SNe Ia affects the
two features in the same manner, making it equivalent to
use either line depths or EW. Since when measuring an EW
one uses the data from the whole absorption trough, in-
stead of only the central part, we would expect R(Si II)gy
to produce more robust results in the cases of spectra with
low signal-to-noise ratios.

5.1.2. “Mg 11 4300" Break

The evolutionary behavior of “Mg 11 4300” is found to
be correlated to photometric properties, as mentioned in
Sec. 4.3. To quantify this correlation, the functional model
given by Eqn. 3 was used to fit the parameter t;, for each
of SN individually. This parameter is related to the phase
in which this feature suddenly becomes stronger (what we
MM Column 9 of Table 8 lists
€ values of . for ten SNe Ia in our sample. In the
cases of SN 1991bg and SN 1999by, the epochs of their
earliest spectra are used as upper limits for t,., assuming
they followed the same evolutionary pattern found for the
other objects.
The upper panel of Fig. 11 shows the correlation be-
tween Amgs(B) and ty,. The break occurs at later epochs

R(Si 1Ngy
0 0.2 0.4
T T T " T ™
2 |
- - _
= i
g o)
\; I
< ]
~
|
L J L I f [ 1
0 0.2 0.4 0.6

R(Si 1)

Fig. 10. Absolute magnitude at maximum light, M5®*, versus
the silicon ratios, R(Si 11) as defined in Nugent et al. (1995)
(filled diamonds), and R(Si 11)ew (open squares).

for SNe with slower declining lightcurves. A least-squares
fit with weights on both axes yields:

Amys(B) = 1.869(£0.052) — 0.070(£0.005) - tp,  (4)

where 1.7 < tp, < 16.9 is given in days since maximum
light. The fit was done excluding the two upper limits and
the interesting case of SN 1999ac (see the coment on this
SN in Sec. 2), which deviates by more than 5 standard
deviations. The resulting dispersion in Am;5(B) around
the fitted line is 0.08 mag, which is comparable with the
measurement uncertainties.

The lower panel of Fig. 11 shows the correlation be-
tween MPE®* and tp,.. A least-squares fit of a parabola
yields:

MDa* = _17.29(£0.52) — 0.30(£0.11) - tp, +
+ 0.0102(=£0.0005) - £2,.

The parabolic law was chosen in view of the relation-
ship between Amys(B) and ME** given by Phillips et
al. (1999). The scatter in MZ®* for this sample is reduced
from 0.49 to 0.21 mag. Note that this correlation includes
the case of SN 1999ac which is deviating in Am;s(B).
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Since this spectral feature lies almost exactly on the
wavelength covered by the standard B filter, one would ex-
pect a correlation like the one found. An additional point
to note is that this feature can be observed with optical
detectors up to redshifts of ~1, which may make stud-
ies of this spectral region important for future SN-related
cosmology experiments. Since several spectroscopic obser-
vations are needed to obtain the value of tp., the use of
this parameter to estimate MJ** would be limited to SNe
with rather extensive spectroscopic follow-up.

Am,5(8)

-19

Mg (max)
-18

-17

15

10
tor (days since B maximum)

Fig.11. The “Mg 11 4300” break parameter ty,. Upper panel:
Amas(B) versus tp,. The two points marked with arrows cor-
respond to upper limits of t5,. The straight line is least-squares
fit to the data, excluding the upper limits and the oulying point
corresponding to SN 1999ac. Lower panel: Mg versus ty, for
the same objects as in the upper panel. The same two upper
limits are marked with arrows. The solid line is a parabola
fitted to the data, excluding the upper limits. SN 1999ac is
included in the fit.
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Some, EW measurements around maximum lightﬂprove use-
ful in finding correlations between spectral characteristics
and absolute peak magnitudes. The strongest of or-
relations comes from the behavior of the total absorption
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// inthe region from ~3900A to ~46004, i.e. the sum of EW
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from features #2 and #3 (“Si 11 4000” and “Mg 11 4300”).
These sums, which we name “EW(43)”, were computed
relative to an average value of 1104, in the epoch range
between —7 and +7 days. The time evolution of EW(243)
for single SNe in that epoch range can be described by a
straight line. A least-squares method was used to fit the
intercepts [EW[5%%,] and the slopes [c(243)] of these lines
for each SN.

hese values are listed in columns 10 and
11 of Table 8. They are found to correlate with Mg
The strongest correlation is that of the a(a43) which is
shown in the top panel of Figure 12. A least-squares fit of
a straight line with weighs on both coordinates yields, for
—3.0 < o243 < 13.2 (A d-1):

MB* = —19.27(=£0.10) + 0.103(£0.025) - (6)

The scatter in ME* for the present sample is reduced

a(2+3).

from 0.49 to 0.14 mag, a value which is below the typlcal s

uncertainties in M E?*. These uncertainties may be over-""
estimated, espec1a,11y due to the systematic uncertainties
in the distances, which for the considered sample averages
to omy ~ 0.3 mag. This correlation, if confirmed with
larger data samples, would sharpen the normalization of
MEa* for SNe Ia and extend its applicability to 0.70 <
Amls(B) < 1.73.

~——Furthermore, we study the properties of 0(243) as
a secondary calibrator of the standard candle, i.e. af-
ter M®2* has been normalized using its correlation with
Am;y5(B). The bottom panel of Fig. 12 shows the residuals
of that correlation (AMp) against o (z43). A least-squares
fit of a straight line yields:

AMp = —0.06(+£0.10) 4 0.043(£0.025) - ago43y.  (7)

The dispersion in AMp is reduced from 0.28 to 0.17 mag
for the present sample. We note that the dispersion of
0.28 mag found after normalizing with Amy5(B) is larger
than the one given by Phillips et al. (1999) because of
the greater uncertainties in the magnitudes of the present
sample and because several objects lie outside the range
of Amy5(B) in which the normalization was defined by
the authors. This correlation should be tested with larger
data samples in order to determine if the combination of
the two parameters proves more convenient than using a
single parameter.

Similarly, o(z43) was combined as a secondary cal-
ibrator with the parameter t,. described in Sec. 5.1.2.
However, for the SN sample considered in this work, this
did not seem to reduce the scatter in the residuals of
Eqn. 5. Evidently, a larger SN sample is needed to pursue
this analysis.

The robustness of the estimates of o135 with re-
spect to possible host-galaxy contamination was tested,
especially since this spectral indicator might be useful to
calibrate the brightness of supernovae at high-redshifts.
Taking the case of a well-sampled SN, we artificially pro-
duced SN+host spectra by adding type E and Sc template
galaxy spectra. These were added in amounts to simulate
a range of contamination levels between 0 and 50% of the

’ [Sca b4 1y
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total B-band flux, fqr the spectrum closer to maximum
light. Under the eens assumption that no further
‘attempts are done to reduce the level of contamination
when the SN is fainter, the rest of the SN spectra were
scaled according to the B-band lightcurve measurements,
thus increasing the effective amount of contamination in-
troduced at those epochs. Figure 13 shows the results of
this test. The upper panel shows the variation found on
Q(243) as a function of contamination level. The lower
panel shows the effect on absolute magnitudes, following
the relation between o243y and ME** (Eqn. 6). It can be
seen in this case, that the effect on the estlma'ced lu
nosity is limited to less than ~ 0.1'mag for coﬁgcamfizléitolon
Jevels as high as 50%. 028 A

(e,

—-20

-19

Mg(max)

-18

-0.5

MMy
05

bed i s ! ek 1 1

- 0 5 o 10 15
Opyzy (B d )

Fig. 12. The slope parameter a(sys). Upper panel: The cor-
relation between MZ** and a(g43) (see text). The solid line
shows the fit of a straight line (Eqn. 6). Lower panel: Residuals
(AMg) of the correlation between MZF** and Am;s(B)
(Phillips et al., 1999) versus oya43). The correlation between
AMsg and o243 is represented by the straight line (Eqn. 6).

The computation of o (z43) can be done using a min-
imum of two spectra taken around maximum light. This
and the location on the spectrum of the features involved
makes it practicable on optical spectra of SNe up to z ~ 1.
We tested its applicability on a SN at z = 0.55 observed
on two epochs with an eight-metre class telescope and a
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Fig. 13. The effect of host-galaxy contamination on o3y (up-
per panel) and on M5** (lower panel), through Eqn. 6. Filled
squares correspond to a host galaxy of Hubble type E, while
open circles correspond to one of type Sc. The values of the
ordinates are given with respect to the non-contaminated case
which is denoted with a zero subscript.

total exposure time of ~4 hours. We were able to estimate

EWT3X - with an uncertainty of ~10A, and a(a43) with an
(2+3) (2+3)

error of ~2.5Ad~1. The latter would correspond, through

Eqn. 6, to an uncertainty of ~0.25 in MJ?**. The use of
Q(2+3) could thus provide sufficiently precise luminosities
in an independent manner of those coming from lightcurve
measurements. ';5

M(j//‘/wﬂj J“’ ”‘9

We have introduced a set of newly defined spectroscopic
measurements for SNe Ia. Equivalent width measurements
(Ew) on eight separate spectral features were performed.
These EW’s were used as an empirical tool to investigate
the standard candle properties of SNe Ia: their homogene-
ity, evolution with phase and means of calibrating their
intrinsic luminosities.

A remarkable degree of homogeneity among SNe Ia
was found, including both 1991T- and 1991bg-like objects,
in the cases of features “Fe 11 48007, “Mg 11 4300” and
“Ca 11 IR”. Average evolutionary curves were built for
Branch normal SNe to represent the general change of EW
in time. The mean deviations of peculiar SNe were com-
puted from those curves to help characterizing the differ-
ent SNe Ia subtypes. We found that individual SNe evolve

,& A i

Jhs

6. Conclusions

nearly parallel to each other. Also, we note a general trend

of increasing EW from 1991T-like through normals and to
1991bg-like SNe. ik s b mean
The inhomogeneities among SNe Ta subtypes stand out
in the cases of the Si 11 features (“Si 11 40007, < 11 58007
and “Si 11 6150”). At times around maximum light the
EW of these features serve to distinguish clearly among
SNe Ia subtypes. The trend of increasing Ew from 1991T-
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like to 1991bg-like SNe is enhanced for “Si 11 4000” and
“Si 11 5800”. A more qualitative inhomogeneity was seen
in the cases of “Ca 11 H&K” and “S 11 W”, where large
dispersions were found and evolutionary trends varied ir-
respective of the SN Ia subtype.

Several spectral parameters connected with the EW’s
were studied with emphasis on searching for possible cor-
relations with intrinsic luminosity and lightcurve proper-
ties. Strongest correlations were found for R(Si I)gw, tor,

~and a(z43), defined in Sec. 5. The correlation of R(Si 11)gw

to M&a* is similar to that found by Nugent et al. (1995)
using line depth ratios. The parameter t, reduces the
scatter in M2 from 0.49 to 0.26 mag on a sample of ten
SNe Ia in the range 0.70 < Am;s(B) < 1.73. Although
the use of ¢y, is limited to SNe with rather extensive spec-
troscopic follow-up, the location of the measured feature
on the blue part of the spectrum makes it applicable in
principle to optical spectra of SNe up to z ~ 1.

Based on only ten SNe Ia, the correlation between
o243y and ME** proved to reduce the scatter from 0.49
to 0.14 mag. We present this result as preliminary evi-
dence that this parameter may sharpen the standard can-
dle definition beyond the lightcurve shape-brightness re-
lation. Clearly, these studies need t?\!be onfirmed with a

o M ik ‘larger statistical sample; the SN actory project
“v’ wR<(Aldering et al., 2002). ~
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