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Abstract. We present a new method to parameterize Type la SupernoMaka)3nulti-color light curves. The method was
developed in order to analyze the large number of SN la neoltr light curves measured in current high-redshift prtge
The technique is based on empirically modeling SN la lumtgogariations as a function of phase, wavelength, a shape
parameter, and a color parameter. The model is trained vetmple of well-measured nearby SN la and then tested with an
independent set of supernovae by building an optimal lusiipalistance estimator that combines the supernova rastef
luminosity, shape parameter, and color reconstructedtivitimodel. The distances we measure usingndV-band data show

a dispersion around the Hubble line comparable or lower tidained with other methods. With this model, we are able to
measure distances usitlg andB-band data with a dispersion ofi® + 0.05 around the Hubble line.
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1. Introduction build a SN la Hubble diagram have made use of color in their

Type la supemovae (SNe Ia) are a powerful tool for Studyir(]JIistance estimat(‘_:»r Riess et dl.[(1996b) summarizes previ(_)us

the evolution of the luminosity distance as a function of—re%%rk on the su.bject and proposes a way to reconcile diver-
ent interpretations of data by taking into account theesorr

shift and for subseque_ntly constramlng the cosm?Iogleal ﬂation between light curve shape and color. New methods us-
rameters. SNe la are indeed very luminous and “standardiz-

: . Ing color information have also been recently proposed 1o es
able” candles, and have lead to the discovery of the actipra .. J Lo y Prop 7
timate luminosity distances (see for exaniple Wang et al3200

i i F 998 3
of tr,lﬁtr?:livirsoitgledsessi:igléc}‘;;,Bé\Ph%rrom;er:égui{-cllzgsg)éf & ndlWang et al._2005). We will bring to the debate our own
. 9 - o T T 9 estimations of the correlation strength and its waveleigth
jects, SNe la exhibit variability in light curve shapes,ars| endence
intrinsic luminosity, and spectral features. Finding etations P - .
. . . ) . Cosmological measurements using SNe la are based on

among SN la observables is motivated by improving the esti- . . :

: LT o comparing nearby and distant objects. In order to reduce the
mation of their intrinsic luminosity on an event-by-eveasis,

. ; A . ' sources of systematic uncertainties, it is important tHatis:
in order to reduce the scatter in luminosity distance eséma . , .

. . . . tances are derived using the same procedure, especially whe
The main correlations observed in photometric measuresnent .= . :
are- considering large samples such as those being collecteteby t

ESSENCE or SNLS projects. To analyze these data sets, the

— a width-luminosity (or brighter-slower) relation, whick-e following constraints have to be taken into account:
presses the fact that brighter supernovae have a slower de-
cline rate than fainter ones (Pskovkii 1977; Phillips 1993
Riess et l.| 1995| Hamuy etial. 1996b; Perlmutterlet al.
1997).

— a brighter-bluer relation, which was made explicitin Tripp
(1998);| Tripp & Branch |(1999);_Parodi etlal. (2000), and
assumed to be due to extinction by dust in other
works (Riess et all_1996a, 1998; Perlmutter et al. 1999;
Tonry et all 2003; Knop et £l. 2003; Barris etlal. 2004). L InlPerlmutter et &l (1999), it is checked tiat V rest-frame col-

. o ) _ors of nearby and distant type agree on average, and the roelar
The case of the brighter-bluer relation is interesting.rEife surement is not used event per event.

authors fully agree neither on the origin of théeet nor onthe 2 http://www.ctio.noao.edu/~wsne
strength of the correlation, most, if not all, recent attésrtp  ° http://cfht.hawaii.edu/SNLS

High redshift objects often lack late-time photometricadat
(or have one of too poor quality) which makes it impracti-
cable to estimate color from late-time data as proposed by
Lira et al. (1998).

Above redshiftz ~ 0.8, rest-frameJ-band measurements
have to be used because of the limitation of silicon detec-
tors. Incorporating rest-framé-band measurements on the
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same footing as the commonly used rest-fraBr@andV- tance estimate is then constructed from the fitted parameter

band data is hence highly desirable. the light curve model. It is used to build Hubble diagrams suc
— Applying cuts on light curve parameters should be prohilsessively from B, V) and (U, B) light curve pairs. In order to

ited since the resolution on these parameters follows thgsess the precision of this approach, we compare distance e

photometric resolutions and hence degrades with redshiiithates of the same events obtained from HeB) and B, V)

therefore biasing the event sample. In particular, cuts band pairs and with other distance estimators.

colors to eliminate reddened events are to be avoided.

: . . . 2. The light curve model
Various technigues have been used to estimates distances. 9

Phillips (1998) and_Perlmutter etlal. (1997) fit one band at&1. Model definitions
time, and derive distances from light curve parameters m('aAa- read ioned h ize ligh
sured in diferent bands (usuall andV bands), sometimes S already mentioned, we choose to parameterize light surve

relying on late time measurements to measure host galaxy ore precisely light curve pairs or light curve triplets evh

tinction. A recent and refined version of this approach can Bgailab!e) using a single Iu_minosity, a single s_hape patam_e
found in\Wang et 211 (2005), andlin Wang et AL (2003) it is pr(?—nd a single color. The choice among possible implememistio

posed to fitB — V as a function ofB. These methods do not'S largely arbitrgry. We choose the f_ollowing parametetsow
make use of rest-framg-band measuremenis. Nugent et aﬁnable comparisons to be made with previous works:

(2002) discuss in detail the problems associated with SN la f; : a global intensity parameter which varies with redshift
U-band photometry. They mention in particular the apparent like the inverse of the luminosity distance squared,

large intrinsic variations of the UV luminosity among siaril — s : a time stretch factor as the decline rate indicator
supernovae as well as our lack of understanding of the SN la (Perlmutter et al. 1997). In Goldhaber et Al. (2001), this pa
UV photometry —principally due the uncertainties whidcteat rameter is shown to apply to the rising part of the light curve

the large extinction corrections which have to be appliethéo as well. However, while the stretch paradigm describes well
data. Nevertheless, it is important to try and incorporat-r the bright part of theB light curve, it does poorly at late
frameU-band data to estimate distances. time. It also fails to capture the shape variations in theoth
An extension of Perlmutter etlal. (1997) to rest-frabhe bands. This is why our model uses the stretch parameter
band data was developedlin Knop €t al. (2003), but at the ex- as an index rather than the stretch paradigm itself. As de-
pense of adding a large distance systematic (and probably st scribed below, by construction our model follows exactly
tistical) uncertainty. Similarly, the MLCS methad (Riessé the stretch paradigm in tHgband.
1995, 199€a) has been extended to includband measure- — c= (B - V)max+ 0.057, where B — V)naxiS measured at B
ments under the name of MLCS2k2_(Jha 2002) and used in maximum, and-0.057 is the chosen reference color (Vega
Riess et &l.1(2004), but also at the expense of a worsened dis-magnitudes) of a SN la.
tance resolutior_(Jra 2002). We will show that our model pre- tE_, : the date of maximum in the rest-frarBeband

dicts light curves for any band located between rest-frame, , A . : :

andR bands and that we are able to get a similar or better d%gtsifggzg-df;n;tlggs;:is; 2fif§5%§?gﬂ,ggar?fg]hzgg e=n

tance resolution with both rest-fram8,{) and U, B) band (t—t8 ){)/(1’4_ 2), can be written: -
ma ' .

pairs.
We propose here to parameterize the light curve model with
a minimal parameter set: a luminosity parameter, a decitee r f5\(p,z T) = fo (1 + 2) f¢(p, 1,50) A T+ 2)da
parameter and a single color parameter. Our approach will be hc
to build a phenomenological model of the expected SN flu(p, 4, s, €) is a model of the SN la energy luminosity per unit
continuously varying with phase, wavelength, decline eat¢ wavelength. It may vary with the supernova stretch and color
color, in order to capture all these features at once. This apote that the potential extinction by dust in the host galsxy
proach dters several practical advantages which make it easilgt explicit in the equation. Instead, we choose to incaafor
applicable to high-redshift SNe la currently measurediigda it in the modelks(p, 4, S, ¢) as discussed below.
projects. First, the k-corrections are built into the moaied Building an average spectral templateas a function of
not applied to the data. This allows one to propagate all the phase, wavelength, color and stretch from observatiorsis ¢
certainties directly from the measurement errors. Moreamp plicated because of the inhomogeneity and incompleterfess o
tantly, when needed, we make use of the SN rest-fridaband published data. Although some spectral features have lmgen c
fluxes to estimate the supernova distances. related with stretch, we do not have yet a complete knowledge
In Sect. 2 we describe the semi-analytic model used. Weéspectral diversity as a function of phase. In most of the ap
then describe, in Sect. 3, how the @o@ents of the model proaches to SN la light curve fitting, the limited knowledge
are determined by an iterative training based on a set of wadf spectral variability impacts on the accuracy of crogeifil
sampled nearby SNe la taken from the literature. We also-hidtacorrections, defined as expected ratios of fluxes ffedént
light some properties of the resulting model. At this stdage, bands at the same phase (Kim et al. 1996; Nugenilet all 2002).
aim is to model multi-color light curves and not to estimate InINugent et al.l(2002), it was shown that the variation in
luminosity distances. The model is tested in Sect. 4 witthan ik-corrections from one supernova to another depends primar
dependent set of SNe la in the Hubble flow. A luminosity disly on the supernova color, and to a lesser extent on spectral
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feature$. Hence we neglected the variability of those spectralhere we explicitly separate the corrections associattutihe
features in the modeling of light curves. parameterss and c to clarify their interpretation¥s(ps, 4, 9)
In order to implement stretch dependent light curve shapeedifies the shape of light curves and absorbs any stretch—
and colors we therefore used the following approximation: color relation except for the(— V)maxcolor. Indeed we ward
to describe exactly théB(— V)maxcolor. K¢(4, c) is then a color
fsn(ps, 2z T) = fo (1 + 2) f¢(ps’ ) A T(A(1+2)da correction as a function of wavelength and color.
hc In order to remove all degeneracies amongitoents, the
x exp[-0.4 In(10)x K(ps, A7,5,¢)] (1) model must fulfill the following constraints:

whereps = p/sis a stretch-corrected phase. This functional Ks(ps<35s1g) =0
form defme; the light curve model. N K(ps=0,8 ) = O
In equatiorilLg no longer depends explicitly @andc, and 0 _o
K(ps, 4, S €) is a smooth “correction” function of our four vari—(KC(/l’ €=0)=%Ke(4s, ) =
ables it is the central wavelength of the filt&r % enablesone ~ Kc(4s,€) — Kc(dv,€) = ¢

to implement light curve shape variations that are more demp herel di refer to th lenaths of the B and V
cated than simple dilation of the time scale, along withtstre wherelg andy reterto tne mean wavelengins ot ine b an

dependent colors. As described beldwyaries smoothly with filtgrs. The first con_straint ensures that the parz?\nmﬂxetually.

A; this justifies placing it outside the integral over wavejtm defines the stretch i papd, since th_e templgte is not modified
We also considered keepid§(ps, A7, S, €) inside the integral. for 4 = ’lB'_ The remaining constraints defnmea; theB - v

It changed the results of the fits by less than 1%, while tﬁglor (relative to the spectral template) at rr_1aX|manor all
computing time was multiplied by a factor of 10. stretches. Note that other colors may (and in fact will) aepe

Equation [1) implements k-corrections for an avera%?sat fixedc. fo describe§ the actual peak f!uthIt isin no
SN la, conforming to the common practice. The approach p g);(cprr_ecttlad fortthde bnghtelr-slowgrl reflztlorr:.a in oh

posed here will be easy to adapt when constructing a stretE)h—. s IS Impiemented as a polynomial of degiieg In phase,
dependent spectral template becomes possible. 1 in 1 andDg in stretch respectively. Similarlygs. is a poly-

The k-corrections are usually applied to data. Here, thgym'ﬁl of (:egrtﬁeDg n phasef antch n polor.IDIn Ichlsttud_y,
are incorporated into the model. Thiffers a few practical ad- 4e3clofe Tcr)1r Ie egrees o pohynom|aIBp_(t o ds’t 'CI) d_ q
vantages: first, light curves can be generated for arbippasg- (4,3,1,1). The large degree in phase permits a detalled adap-

bands (within the spectral coveragedofnd): light curves tation of the model light curve shapes to the actual data. The

in the observed pass-bands can be directly fitted to the d te;‘der degr:eggs correTpontorI]t_o thﬁ m|n|r:1al r(;umtberlcnﬁmmwm th S
Second, the light curve parameter uncertainties extrdobed a degree > In wavelengtn Is chosen 1o adapt colo

the fitincorporate all uncertaintes propagated from mamsugy i SR L FOMINER I8 T PR AR
ment uncertainties; for example, uncertainties introduc¢he ' b

k-corrections by the possibly poor determination of thedxt coe(ﬁments_ to 34. There are 32 freje ‘Fﬁ’?‘e?ts forks an(_j 2

maximum angbr color are propagated into the parameters uf{?e codliclents fo'f“c- We will call “training” the determina-

certainties. tion of these cofficients from measurements of nearby SNe la.
The functionsy and K define the model. Once they are

determined, one can fit the supernova photometric datagoit.2. Normalization of transmissions

measured in a minimum of two pass-bands, to estimMats c,

and a date oB maximum light, which is a nuisance paramete;J.-he value Off‘? d_epends on the normalization _Of the spectral
With only one passband,must be held fixed. templateg. This is not an issue when comparing nearby and

For ¢(ps, 1), we use a template spectrum assembled istant supernovae to measure cosmological parametecs, si

P. Nugent |(Nugentet il 2002 and private communicatiofl ly flux ratios matter: all objects have to be fitted using the
smoothed a‘loné the phase (time) axis, and normalized asae model._ FoHo measurements,_one would need tp nor-
function of phase to th&-band light curve template “Parap " &12€ ¢) using SNe la at known distances, but we will not
-18" of IGoldhaber et al.l (2001). Any smooth variation of thgerform thls here. :

templateg with phase or wavelength is irrelevant at this level, Mor_e important is the appar_ent_dependence of t_he value
since it may be changed by the functififps, 4, s, c). The only of fo with respect to the normalization of the transmission

important quantities i (ps, 1) are the SN la spectral featuresgequat'oﬂ)' Since we aim at fitting multi-color light cusve

intended to be realistic on average observed with dferent instruments, with a single set of param-
The empirical correction functiok is implemented as a eters fo.s.0), it |s.mandatory to remove this -depende-nce.
sum of two polynomials: All photometric data are expressed in units of the integrate

flux fe¢ (deduced from the zero point) of a known standard
K(ps, A, S, €) = Ke(Ps, A, S) + Ke(A, ©) (2) Spectrumpes (e.g. Vega). While the functional form di(2) is
determined by optical transmission measurements its Herma

4 Most of the SN la photometric reductions transform instrata  jzation can be determined frof.s andéres via the relation
magnitudes into standard magnitudes using color equatders/ed

from standard stars observations. This assumes that @leerrthan A
spectral features dominates cross-filter corrections. Pret(4) he T()dA = frer 3)
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The filter transmissions are usually published as seriespdéte describing the features of the average normal SN Ia, it
numbers (as in_Bessell 1990), and this leads to ambiguitiesnot well suited for describing very ftierent objects, such as
for example)| Sunt#@et al. (1999) writes'Note that|Bessell SN 1991bg-like events. We note that, this is not a constraint
(1990) defines the sensitivity function as the product of ther cosmological studies since, so far, no under-lumindis S
quantum giciency of the detectetelescope, the filter trans- have been found in distant SN searches. Furthermore, iéptes
mission curve, the atmospheric extinction, and a lineanly i at high-redshift, these objects would easily be identifiethb
creasing function of wavelength.The ambiguity is whether from spectroscopy and from thed — VV color evolution (see
the transmission refers to signal per unit energy, or sigeal for instance Phillins et &l. 1999; Garnavich el al. 2004).
photon flux. Attributing dimensions to transmissions seltre SN 1991T-like events were kept in the sample. This "sub-
ambiguity. class” of over-luminous SNe la is spectroscopically idiedi

There have also been concerns about the relative weighysthe presence of unusually weak absorption lines during
of the diferent wavelengths in the integrals over wavelengthe pre-maximum phase. These are mofédlilt to identify
(Nugent et all_2002), namely whether one should sum photahan their under-luminous counterparts in low signal-tisa
or energies. If one aims at reproducing the instrument respo spectra, such as those usually available for high redsNi&. S
to an arbitrary spectral energy density, the mathematitat i Moreover, theB-V color evolution is not particularly éierent
grals should mimic the physical integration process of the ifrom the one of normal SNe. Ideally, one should useféedént
strumentl(Fukugita et Al. 1996). For example, if one conrside spectral template for fitting this kind of events. We estietae
CCD-based observing system, théeetive transmissioii (1) errors introduced in the k-corrections using a standard &N |
will be proportional to a number of photo-electrons per phapectral template to be of a few percent in the worst cases,
ton. So one should not integrate photon counts nor energiasd well within the final dispersion in the peak luminosity of
but charge on the detector (or ADC counts). SNe la. We further note that, the uncertainty due to usinga no
optimal spectral template is analogous to the uncertaintiye
cross filterk-corrections used in standard methods.

The resulting sample of 50 SNe was then split into two sets:
Since fo describes thebserveduminosity in theB band (be- a training sample and a test sample. The training sample was
cause of the constraints applied to the corrections), theeoused to adjust the céiicients of the polynomials of the model.
only incorporates stretch-shape and stretch-color glatibut |t contains all the supernovae with redshifts smaller th@i®
no correlation involving luminosity. This option was chose  (not in the Hubble flow) and 6 supernovae at redshifts above
order to allow us to train the model with objects at unknowm.015, for which withU-band data was available, in order to
distances, in particular the nearby objects in the sampliaf improve the model in this wavelength region. The trainingsa
(2002) measured in the band. If one @sets all magnitudes ple contains the 34 supernovae listed in tble 1. The tegilsam
of each training object by an arbitrary amount, possibfjeti  contains 26 supernovae (table 2). Note that the two samgdes a
ent for each object, the resulting model will not change. Omt completely independent. Indeed, they share ten sugaeno
could then consider incorporating high redshift objects the  with U-band light curves, since such events are rather scarce.

3. Training the model

training, but we choose not to do it here. The data was not pre processed in any way prior to fit-
ting. To account for the Milky Way extinction, we incorpo-
3.1. The nearby SN la Sample rate it into the instrument transmission, using the law from

Cardelli et al. [(1989) with a color exce&{B — V) obtained
The model was trained and tested using a sample of publisign|Schlegel et al! (1998) dust maps at the position of the ob
nearby supernova light curves. We collected 122 SNe la fect to fit.
which B- andV-band light curves are available in the literature,
including data fronpHamuy et al. (1996Db); Riess etlal. (1996 .
and_.Jhal (2002) for a total of 94 objects, and 28 additional st "@ining the Model

pernovae collected from various sources (see the captitar ofa|| the published nearby supernova magnitudes are expiesse
bleld). in the Johnson-Cousing BVR system. In Equatior]1), we
Objects were then selected based on two main critefigse models of the instrument transmissions as a function of
First, we kept supernovae with at least two measurements fgelength. We adopted the transmission functions putish
fore the maximum in thd3 or theV band. This is necessarypy |Bessell [(1990), and interpreted them.&B(1) (see equa-

to ensure that the date of maximum is well defined and thgsn 1), i.e. counts per unit energy, following a footnote of
the measurements can safely be used as a function of phasgzer et all. (1990).

Out of the whole sample, 56 SNe satisfied this criterion. Then Training the model consists in determining the
under-luminous peculiar supernovae: SN 1991bg, SN 1998bfp. 1, s¢c) = Ky(ps, 4,9 + Ks(d,C) correction func-

SN 1998de and SN 1999ty (HOV/e" 2001 Li et al. 2001b), ari%n (Eqm) using the training Sampie data in thBVRbands.
the peculiar objects SN 2000cx and SN 2002er (Li Bt al. 200}g3e R band was introduced to avoid relying on extrapolation

Pignata et al. 2004) were rejected from our sample. There ge measurements beyond rest-framéand. We start with a
a number of reasons for this choice; the most important of&t guess:

being the spectral fierence between normal and SN 1991bg-
like SNe la. Since our model is built using a spectral tenKs(ps, 4,5 = 0
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Ke(1,€) = cx (21— 1g)/(Av — 1B)

20 stretch:

and we use an iterative algorithm which can be sketched as 10l
follows: > e
1. Fit the light curves using the current determinatiorkof A7k

2. Fit 5K (ps, 4, S, €), an instance of théC function, on the
light curve residuals. During this step, identify and remov
the outliers data points.

3. K—K+0K.

4. GOTO step 1, untils K becomes negligible.

-16 1

N
o

-19

-18

The fit converged after four iterations. 2480 measurement 7S

All the available data,j.e. the UBVR residuals, up to oM

large phases were used to determine&héunction (step 2). -17

However, not all the data points were used to fit the light earv

(step 1): theR-band data was not used and oblV photomet- Ao I0 30 3040

ric points with phases ranging froai5 days to+35 days were phase

used since we are mostly interested in describing the raste 1950 pe—

UBYV central part of the supernova light curves. 19F 1
185 o2

3.3. Results of the training > s 07

points were fitted, and 39 were discarded as outliers (at the 17k ‘ ‘ ‘ ‘ ‘ '
3 o level). Compared to the number of free @adents of

the model, we can safely conclude that the model is not over- -19.5 -

trained. The standard deviations of the residuals to theetnod 19F

in UBVRare respectively of 09, 0.09, 0.06, 0.07 magnitudes. s

Figure [1) shows the findl, B, V andR templates obtained at o 3

the end of the process as a function of stretch. By constnucti 18E

the rest-frameB andV-band magnitudes at maximum do not arsfE /i

vary with stretch. We find a strong dependencelbf{ B)max I ‘ ‘ ‘ ‘ ,

with stretch §(U — B)max = — s, compatible with_Jhia 2002), 20 30 40

which is an essential feature for the model to reproduce-in or

der to estimate a reliable color in the wavelength range ®etw iy 1 They BV Rtemplate light curves obtained after the train-
U andB. The model also manages to reproduce a a sFret@rqg phase for dferent values of the stretch and null color. Note
dependent secondary shoulder in Réand. We also notice e grong variations of the-band maximum with the stretch.
that theR-band light curves cross each-other foffelient val- \oie also the after max shoulders in #eandR bands. The
ues of the stretch. This reproduces well the fact that thghber 4| 4150 reproduces well the fact that the brighter-stoee
slower relation is weaker in the redder pass-bands, as noteel,, is weaker in thek band than in thed or V bands. The
by Phillips etal. (1999). The residuals to the light curveft  ,qe| doesotincorporate the brighter-slower correlation. The

shown figuréP. _ apparent brighter-slower correlation for theband is, in fact,
Figure[3 represents the color correctitfg(4, ¢) forc = 0.1 4 stretch-color correlation.

compared to the dust extinction law from Cardelli etlal. (€08
Interestingly enough, the law we obtain follows pretty vik#t
of Cardelli in theR band but not in théJ band where we get
a stronger dependence anAlso shown (shaded area) is th
uncertainty orik; derived from they® i_ncremer_wt (normalize(_j are included in the stretch dependent t&kitps, 4, S), andnot
to the number of supernovae) of the fit to the light curve ne&din the color curve of figurEl3.
als. The Cardelli law in th&) band is at 3.7 standard deviation
from the best fit value.

As a consequence, we deduce that the relation betweerbartormance study
E(B-V) and E(V-R) are very similar (i.e. indistinguishaple
to the ones expected from reddening by dust. This similaritPnce the correction functio®(ps, 4, S, €) is determined, we
noted by Riess et al. (1996b), does not prove howevecttan can fit the model on the sample of nearby SN la light curves
be interpreted as reddening by dust; an additional req@nemlisted in tabldP. This allows us to perform various consisje
for this hypothesis to be valid would be that the p&kand checks, in order to make sure that the model describes veell th
magnitude increases withby a value ofRg x ¢. We will see UBV photometry of SNe la.

10
phase

that this is not the case in the next section. Let us also empha
%ize that the stretch dependent part oftheB andV —Rcolors
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) oF L
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02f E
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03¢ 0.1
02F C
-0.1? -0.2} U B v R

m OF C PR IR U RS SRR R
oib 4000 5000 6000
A (A)

035660 10 20 30 40 ) ) )

phase Fig. 3 The color correctiotk. as a function of wavelength for
03 a value ofc of 0.1 (thick line). The shaded area corresponds to
o2F one standard deviation to the best fit value. The dashed curve
o1F represents the extinction with respectBoband, A, — Ag),

S of fromiCardelli et al.|(1989) witlR, = 3.1 andE(B - V) = 0.1.
o1b & The curves are compatible in tieband but not in th&) band
2E  ® (by construction they match iB andV bands as illustrated
0ab S ‘ ‘ ‘ ‘ , with the open circles).

-10 0 10 20 30 40
phase
03 a rest-frameéB magnitudemy (Perlmutter et al. 1997) which re-
02F moves this artificial dependence on the model normalization
01 . fsn(0,2 Tg)

« o Mo = =25 1000 (1 ) For(T) @
02F where fsy and fie; are respectively defined by equatidds 1
N: . ‘ ‘ ‘ ‘ . and(3,Tg is the transmission of thB filter and

Y Shase Y ® T4(A) = Te(1/(1 + 2)) is a redshiftedB transmission. One
can check that;, varies as 5 log, d, (2) with redshift and that

Fig. 2 Residuals to the light curve fit as a function of phas@,g — Mg for z < 1, wherem is the conventiona magni-

for supernovae from the training sample (open symbols) a e .
the test sample (filled symbols). There is no significant dif- We incorporate the Hubble parameter dependenck of

0 o
ference between the distributions obtained with both sampf constantbpalratmetMB 't_ dMB f_ 5S|’(3|9|10 (hﬁi’ \1/vh|c(;1 |s_t8e
which proves that the model is not over-trained. The systiem gverage absolute magnitude ot a ave anilc -

??r a value of the Hubble parameter of 70 km.Mpc.

residuals as a function of phase are a direct consequenice o A tioned in the introduction. th K luminosity of
limited number of parameters (5) used to implement the cerre s mentioned in the introcuction, the peak iuminosity o
e la is correlated to stretch and color, so we may build a

tions K as a function of phase. Increasing this number wou ) )

remove this systematic trend in residuals, but some pagasie Istance estimator that accounts for those correlatiodgara

would be poorly constrained in th¢ band where photometric r_esult reduce_s the dlsperslon. Following Trlpp (1998), dexd
linear corrections of cdBcientsa andB respectively for stretch

data is scarce. ) . .
and color. The distance estimator is then
my — ML - 4316+ a(s—-1)-fc (5)

Its expectation value for a supernova at redshiftis

A first test consists in checking the ability of the model t . . .
duce the sh d color feat f the indenend 10010 (dL(2) Hoc ™). Since our goal is here to test the distance
reproduce e shape and color eatures of the Inaependen S fimator rather than actually perform a cosmological fe, w

of SNe la. This is demonstrated on figlile 2 which shows tha"

. ) . mpose the “concordance” cosmological paramet@sg € 0.3
residuals to the fits of light curves of SNe from the test sazr.np'andQA - 0.7) when fittingMZ,  andg and apply the method

to build low-z Hubble diagrams using successivady\{) only
4.1. Distance estimate and (U, B) only light curves of supernovae from the test sam-
ple (tabld®). In general, rest-fram,®, V) light curve triplets
The global intensity parametéy is proportional tad (22 and  should be used, when available, to determine the light curve
inversely proportional to the normalization@fOne can define parameters.
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4.1.1. Hubble diagram in BV only

Using B- and V-band only light curves of supernovae with
redshifts larger than 0.015 from the test sample, we obtain:
ML = -19.41+0.04,a = 1.56+0.25and3 = 2.19+0.33. The
standard deviation of residuals isl6 + 0.03 °. Uncertainties
onmg, S, c along with their covariance were included in thé fit
we also considered an uncertainty on redshifts due to @eculi
velocities of 300 km3'; an additional “intrinsic” dispersion of
0.13 is needed in order to geja per degree of freedom of 1.
The resulting Hubble diagram as well as the observed brighte
slower and brighter—bluer relations are shown fidilire 4.

Our approach to estimating distances easily compares to
the one adopted in_Tripp (1998): the mairifeiences are the
light curve model and the brighter-slower parameterizatio
When we fit the same SNe sample (The Calan-Tololo sam-
ple fromlHamuy et al. 1995a), a value @f= 1.04 + 0.24 and
B = 2.08+0.27 are obtained, which compare welkic= 0.88’,

B = 2.09 of{Tripp (1998), based on peak luminosity, color, and
decline rate estimates fram Hamuy et al. (1996a). We coeclud
that our model correctly reproduces basic parameter estima
tions of previous works.

Concerning the interpretation of the brighter-bluer clarre
tion, we find a value oB which is incompatible withiRg = 4.1,
expected for extinction by dust analogous to the observed
law in the Milky Way. The value we find is compatible with
those found in previous works (see Tlipp (1998) and refexenc
therein). However, as stressed.in Riess kbt al. (1996b)dloe ¢
excess (or deficit) at maximum should not be interpreted as
entirely due to extinction but be corrected for the part @ th
excess that is correlated with stretch . We measure a stretch
color slope of about 0.2, similar to the relation proposed in
Phillips et al. (1999 and can redefine our parameters to ac-
count for this correlation:

Am+ax(s-1l)-Bxc

Am-Bxc

Am+ax(s-1)

0.5

o

AL LA B A B B B

e

e
o

O
o

0.1

T
/

ey
\

¢ =c+02(s-1)

s =s

Fig. 4 From top to bottom: Residuals to the Hubble diagram

so thats and¢’ are uncorrelated. The correlation dbeients @S @ function of redshift, stretchand colorc indexes for su-
then become’’ = « + 0.28 andg’ = j8, which means that re- P€rnovae of the test sample fittedBrandV bands. SNe with

defining the color excess to explicitly assign to stretctopler  r€dshifts smaller than 0.015 are labeled with opened sysnbol

variations correlated to stretch does not change the letight
bluer correlation strength. ) ) o _ )

The two-parameter (stretch and color) pragmatic approdéigéntangling the contributions would improve the distares-
we followed can accommodate both reddening by dust and gytion. Our distance indicator is however independentef t
intrinsic color dfect dependent or not on stretch. One may relfferpretation of the color variations. Since the low vabig
sonably assume that reddening by dust and stretch indepenfe2y indicate that some intrinsiéfect plays a role, we did not

intrinsic colors mix (as proposedlin Nobili ef al. 2003), ahait interpret color as only due to reddening by dust and hence ac-
cepted negative values as such.

5 Note that this number takes into account the number of pasame
in the fit. The measureBMSvalue is 014 + 0.03.

6 The uncertainties on the distance estimate formally depene  4.1.2. Hubble diagram in UB only
andg, and increase with them. As a consequence ytheinimum ) ) ) ) )
is biased toward large values of these parameters. We theresm- Ve applied the same procedure as in the previous section to fit
puted the uncertainties with the initial values, and use¢salt of the theU andB-band light curves of the sub-sample of tale 2 for
fit at the final iteration. which U-band measurements are available and redshifts larger

7 b = 052 translates ta ~ 0.88 when using stretch and the firsthan 0.015 (9 supernovae). We obtaif’ = -19.37 + 0.05,
order relation AM;s — 1.1) ~ 1.7(1 - s). a = 08+ 04,3 = 3.6 + 0.6, and the standard deviation of

8 The proposed relation iggs— = 0.114s+ 0.037. With the approx- residuals is 0L6+0.05. As expected, these results are consistent

imate relation% ~-17 (atsg = 1), we expectic/ds~ -0.2. with the fit usingB andV, as shown by the confidence contours
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- e
r «Q r
af = 0.5;
= 37 X o \ ‘%% T
2} S -0.5;
L q : L L P |
= (‘) ‘l ‘2 0 0.01 0.02 0.03 0.04
o z
Fig. 5 68% joint confidence regions far,(B) fitted using either Ir
UB or BV light curves of the test sample. The crosses show the [
best fitted values with & uncertainties. o 050 i
LN
for @ andg fitted using eithetU B or BV light curves shown E of % + y #
figure[®. Note the covariance between the estimated values of < i % B
a andp, particularly in theU + B band case, which simply L -
reflects the correlation between the parameteand s in the 05¢ T L L
test sample. 0.6 0.8 s 1 1.2
One of the SN present in this sample (1996bo) show a large
statistical uncertainty due to its limited-band photometry.
Removing this point from the fit has thé&ect of bringing down r
the U, B contour to the point that it contains almost all of the o 1-
B, V contour, bringing the two determinations@andg closer 9 r
to each other. X o5l ‘f -
Figure[® presents the residuals to the Hubble diagram as f i + P B
a function of redshift, stretch and color using the values of E 0? %/ L
Mg, o, 8 fitted with B- andV-band light curves in the previous d //%/ ‘%
section. Note the large uncertaintyecting 1996bo, which ap- i o

pears as & 2 sigma outlier in the 3 plots. Fitting the Hubble di-
agram with the values af andg obtained withB- andV-band

o
H

o

o L
o
[EEY

_OA
N

light curves, the standard deviation of residuals.20@: 0.05.

Comparisons of the fitted values saindc fitted using ei- Fig. 6 From top to bottom: Residuals to the Hubble diagram as
ther UB or BV data are shown figuld 7. The error bars only function of redshift, stretck and colorc indexes for super-
reflect the propagation of photometric errors and do not agovae of the test sample fitted h and B bands. The values
count for any intrinsic dispersion. There is no significaiatsb of M, o, B used here are those fitted usiBgndV bands as
between the two estimates. described in the text. SNe with redshifts smaller than 05
labeled with opened symbols. Note the large uncertaifiect
ing one SN (1996bo) due to its limitéd-band photometry, and

4.2. Comparison with other luminosity distance which also appears as-a2 sigma outlier in the 3 plots.

estimators

We compare our method with various estimators of SN la dis-

tances by examining the dispersions about the Hubble liae of

sample of nearby supernovae. The comparison is made on figace compare our resolutions to “full-sample” resolugidar

tances measured i@ andV bands only for which we obtain distance indicators involving rest-frarke B andV bands.

a dispersion of A6+ 0.03. OurU- plus B-band distances es-  The MLCS method was originally presented.in Riess &t al.

timates could not be compared with other estimate due to {1©964a), quoting a distance resolution of 0.12. Its lateset

lack of published distances measured in these 2 bands.  opment is presented |n_Jha (2D02), with a distance resalutio
As shown in many papers (e.g._Wang etlal. 2003 amd0.18, and used in Riess el al. (2004). From the latter, Wwe co

Wang et al.| 2005), testing luminosity distance indicatons dected the distance measurements to the 20 objects in common

“low-extinction sample” greatly improves their perforntan with our test sample, and compute a Hubble diagram dispersio

As said in the introduction, cutting on color estimate meedu of 0.24 (0.22 with the low-redshift “golden sample”) ) to be

with a redshift dependent accuracy is a source of systemiaticcompared with our value of 0.16 when measured on the same

rors which we need to avoid for cosmological applications. W20 events.
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Fig. 7 Differences of andc values fitted with eithetJB or

BV light curves of supernovae from the training and the t
sample (respectively opened and filled symbols). The ears b
only reflect the propagation of photometric errors and do
account for any intrinsic dispersion.

high-redshift SNe la for which limited coverage is obtaired
both wavelength and phase.

The k-corrections, which allow the observer to transform
the observed magnitudes into the standard rest-frame mag-
nitudes, are built-in; the model includes the dependence on
stretch and color of the spectrum template needed to estimat
those corrections. In particular, the well-known corrielatbe-
tween U — B)maxand stretch is reproduced.

The B-V) and {V — R) stretch-independent colors we ob-
tain are extremely similar to the ones expected from reddgni
by dust. The [ — B) color departs from this law. We find a
relation betweenB — V) color and observe® luminaosity in-
compatible withRg = 4.1, at more than 3 standard deviations,
even when accounting for the stretch—color correlation.

We have tested this fitting procedure on an independent
sample of SNe la. Alternatively usir andV-band data and
U- and B-band data, we are able to retrieve consistent pa-
rameters and hence build Hubble diagrams with both sets of
data. The dispersions about the Hubble line were found to be
0.16+ 0.03 and 016+ 0.05 in theB plusV andU plusB bands
only, respectively. This method is particularly well adzghto
reliably measure SN la distances in the full redshift range: a
in particular beyond redshift ~ 0.8 for which rest-frame/-
band measurements are often not available.

eé{:knowledgementsii is always a pleasure to acknowledge the stim-

ulating discussions among the FROGS (FRench ObservingpGrbu
Supernovae), especially with G. Garavini, J. Rich and Rl€favhom

NRE would also like to thank for their critical reading of theanuscript.

We thank P. Nugent for providing us with his template spenttime
series.

The CMAGIC method ofl Wang etal.|l (2003) finds a
weighted dispersion of 0.08 for a sub-sample of SNe with
Bmax— Vmax < 0.05. With a weaker cut on coloBmax— Vinax <
0.5, the dispersion rises to about 0.15, which is consistetfit wi
our result. Similarly, th\C,, method presented in Wang et al.
(200%), also present an exquisite distance resolution @f O.
in theV band based on a low-extinction subsample. However,
when considering the full sample, the distance resolutien d
grades to 0.18. A more detailed comparison with CMAGIC
and AC;, would require comparing the distances of the same
sample of SNe (due to the limited statistics) but their disés
are not published. Note also that in these papers, the tdst an
training samples are not separated.

In summary, the method we propose gives a dispersion on
distances measured usiBgandV-band data only comparable
or lower than obtained with other methods while also provid-
ing, for the first time, comparable dispersion values for dis
tances measured usikly andB-band data only.

5. Conclusion

We have proposed a new method to fit broadband light curves
of Type la supernovae. It allows us to determine simultaslsou
the SN la rest-framdé magnitude at maximum, stretch and
color excess (or deficit) using any measured multi-coldrtlig
curve within the wavelength range of rest-fratd8V bands.
This technique is particularly well-suited to the treatmeh
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Table 1. The training sample of Type la supernovae lightesirv

Name z3®  Bands m; s c Phot. Ref?
1981B  0.006 UBV  12.018 (0.003) 0.911 (0.004) 0.165 (0.002) B83)
1984A -0.001 UBV  12.389 (0.003) 0.946 (0.005) 0.215 (0.003) (K86)
1986G  0.002 BV  12.026 (0.006) 0.736 (0.005) 0.915 (0.006) 87)\P
1990N  0.003 UBVR 12.701 (0.006) 1.055(0.005) 0.090 (0.005)  (L91,L98)
1991T 0.006 UBVR 11.574(0.003) 1.129 (0.005) 0.183 (0.003F92,L98,A04,K04b)
1992A  0.006 UBVR 12.546 (0.003) 0.794 (0.003) 0.088 (0.002)  (S92,A04)
1992al  0.015 BVR  14.448 (0.012) 0.922 (0.011) -0.035 (0,012 (H96)
1994D 0.001 UBVR 11.722 (0.002) 0.780 (0.002) -0.068 (0)00ZR95,P96,M96,A04)
1994S  0.015 BVR 14.764 (0.017) 1.006 (0.025) 0.011 (0.018) R99J
1994ae  0.004 BVR  13.108 (0.008) 0.990 (0.006) 0.098 (0.009) (R99,A04)
1995D  0.007 BVR  13.450 (0.013) 1.029 (0.014) 0.072 (0.012)  R99(A04)
1995al  0.005 BVR  13.309 (0.016) 1.038(0.019) 0.168 (0.017) (R99)
1996X  0.007 BVR 12.986 (0.010) 0.868 (0.011) 0.050 (0.010) ROY)
1997E  0.013 UBVR 15.101(0.006) 0.820 (0.010) 0.078 (0.006) (J02)
1997do  0.010 UBVR 14.314 (0.014) 0.920 (0.013) 0.118 (0.009 (302)
1998bu  0.003 UBVR 12.069 (0.002) 0.989 (0.004)  0.260 (0.002 (S99)
1998dh  0.009 UBVR 13.825(0.011) 0.861(0.006) 0.110 (0.008 (302)
1998es  0.011 UBVR 13.814(0.007) 1.061(0.009) 0.104 (0.006 (302)
1999aa 0.014 UBVR 14.728(0.005) 1.055(0.005) -0.007 .00 (J02,A04,K00)
1999ac  0.009 UBVR 14.114 (0.005) 0.925 (0.009) 0.112 (0.006 (302)
1999cc  0.031 UBVR 16.802 (0.009) 0.834 (0.012) 0.047 (0.010 (302)
1999c]  0.008 UBVR 14.819 (0.008) 0.901(0.011) 1.118 (0)007  (J02,K00)
1999dq 0.014 UBVR 14.398 (0.004) 1.057 (0.006) 0.118 (0.004 (302)
1999ee  0.011 UBVR 14.839 (0.003) 0.979 (0.003) 0.297 (0.002 (S02)
1999ek 0.018 UBVR 15.616 (0.005) 0.888 (0.007) 0.167 (0.005  (J02,K04b)
2000E  0.005 UBVR 12.856(0.004) 1.011(0.006) 0.219 (0.004) (V03)
2000ca  0.024 UBVR 15.529 (0.007) 1.000 (0.012) -0.066 ().00 (K04a)
2000cn  0.023 UBVR 16.551 (0.008) 0.730 (0.006)  0.195 (0.006 (J02)
2000dk 0.017 UBVR 15.338(0.005) 0.727 (0.007) 0.054 (0,005 (302)
2001V 0.015 BVR 14.603(0.019) 1.100 (0.019) 0.113 (0.018) Vio3)
2001bt 0.014 BVR 15.267 (0.006) 0.865 (0.005) 0.232 (0.007)  (K04b)
2001cz  0.016 UBVR 15.045 (0.006) 0.995 (0.010) 0.122 (0.007 (K04b)
2001el  0.004 UBVR 12.600 (0.004) 0.933(0.004) 0.200 (0,004 (K03)
2002bo  0.004 UBVR 13.956 (0.005) 0.896 (0.004) 0.443 (0.005 (Z03,B04,K04b)

aHeliocentric redshift.

bPhotometry References :

Richmond et 21.1(1995), H95: Hamuy el al. (1996a), M96: Meid al. (1996), P96:_Patat ef al. (1996), L98:

B83. _Buta & Tuiner_(1983), K86. Kinme & Tsvetkov ((1986), P87:
Phillips et al.(1987), L91: Leibundgut etizl. (1991), FORidbenko et al.|(1992), S92: Sunii¢199?), R95:

Lira et al. [1998), R99:_Riess efial. (1999), SR9: Sufiitzeal. (1999), HO1L Howell (2001), LOL: Lietlal.
(2001b), J02t_Jhe (2002), S02:_Stritzinger etlal. (2002)3:Kxisciunas et &l (2003), VO3:_Valentini efi al.
(2003), Vi03:Vinko et al.|(2003), Z03: Zapata el al. (2008p4:|Altavilla et al. (2004), BO4:_Benetti etlal.
(2004, GO4l_Garavini et al. (2004), KO4h: Krisciunas e{2004), GO5t_Garavini et al. (2005)

1

1
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Table 2. The test sample of Type la supernovae light curves

Name z? zP Bands my, BV sBY cBv my, VB sUB cUB Phot. Ref
1990af 0.051 0.050 BV  17.73(0.01) 0.73(0.01) 0.00 (0.01) (H96)
1992bc  0.020 0.020 BVR 15.09(0.01) 1.03(0.01) -0.04 (0.01) (H96)
1992bh  0.045 0.045 BV  17.60(0.02) 0.97 (0.02) 0.10 (0.01) (H96)
1992bo  0.019 0.018 BVR 15.76(0.01) 0.73(0.01) 0.06 (0.01) (H96)
1992bp 0.079 0.079 BV  18.28(0.01) 0.86 (0.01) -0.04 (0.01) (H96)
1993H 0.024 0.025 BVR 16.74(0.02) 0.69 (0.01) 0.26 (0.02) (H96,A04)
19930 0.052 0.053 BV  17.62(0.01) 0.89(0.01) -0.01(0.01) (H96)
1993ag 0.049 0.050 BV  17.80(0.01) 0.89(0.02) 0.10 (0.02) (H96)
1995ac  0.050 0.049 BVR 17.04(0.01) 1.03(0.01) 0.01(0.01) (R99,A04)
1995bd  0.016 0.016 BVR 15.26(0.01) 0.99 (0.01) 0.30 (0.01) (R99,A04)
1996bl  0.036 0.035 BVR 16.68(0.01) 0.97 (0.01) 0.05 (0.01) . . (R99)
1996bo  0.017 0.016 UBVR 15.83(0.01) 0.88(0.01) 0.36 (0.015.84 (0.01) 0.89(0.01) 0.16 (0.07)  (R99,A04)
1997E  0.013 0.013 UBVR 15.10(0.01) 0.82(0.01) 0.08 (0.01)5.10(0.01) 0.80(0.01) 0.07 (0.02) (J02)
1998ab 0.027 0.028 UBVR 16.08 (0.01) 0.94 (0.01) 0.09 (0.01)6.05 (0.02) 0.90 (0.01) -0.03 (0.02) (J02)
1999aa 0.014 0.015 UBVR 14.73(0.01) 1.05(0.01) -0.00 {0.014.72 (0.01) 1.05(0.01) -0.00 (0.01) (J02,K00,A00)
1999ac  0.009 0.010 UBVR 14.10 (0.01) 0.93 (0.01) 0.09 (0.01)4.08 (0.01) 0.89 (0.02) 0.12 (0.02) (3J02)
1999aw 0.038 0.039 BVR 16.75(0.01) 1.19(0.01) 0.04 (0.01) i - (S02)
1999cc  0.031 0.032 UBVR 16.78(0.01) 0.84(0.01) 0.01(0.016.75 (0.02) 0.81(0.02) 0.12 (0.03) (302)
1999dg 0.014 0.014 UBVR 14.41(0.01) 1.05(0.01) 0.13 (0.0134.41 (0.01) 1.04 (0.01) 0.06 (0.01) (J02)
1999ek  0.018 0.018 BVR 15.61(0.01) 0.89(0.01) 0.16(0.01) i . (302,K04b)
1999gp  0.027 0.026 UBVR 16.02(0.01) 1.09 (0.01) 0.09 (0.016.02 (0.01) 1.07 (0.01) 0.03 (0.01) (302,K01)
2000ca 0.024 0.025 UBVR 15.52 (0.01) 1.00(0.01) -0.07 (0.015.56 (0.01) 0.98 (0.02) -0.05 (0.02) (K04a)
2000cn  0.023 0.023 UBVR 16.55(0.01) 0.73(0.01) 0.19 (0.016.56 (0.01) 0.73(0.01) 0.18 (0.01) (302)
2000dk 0.017 0.016 UBVR 15.34(0.01) 0.73(0.01) 0.05(0.01)5.33 (0.01) 0.70 (0.01) 0.02 (0.01) (302)
2001V 0.015 0.016 BVR 14.60(0.02) 1.10(0.02) 0.11 (0.02) . . (Vi03)
200lba 0.029 0.031 BV  16.20(0.01) 0.99 (0.01) -0.04 (0.01) (K04a)

aHeliocentric redshift.

PCMB-centric redshift.
¢Photometry References

Garavini et al.|(2004), KO4a: Krisciunas e al. (2004), K(Khisciunas et &l.1(2004), GOb:_Garavini el al. (2005)

: H96: Hamuy etal. (1996a), R99:sRieal. (1999), KOO:_Krisciunas etlal. (2000), HO1: Howeb@2), LO1:Liet al.
(2001b), J02{ Jhal (2002), SO02:._Strolger et Al._(2002), VIGRko et al. (2008), Z03|_Zapata etial. (2003), AQ4._Altdaibt al. (2004), GO4:
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