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ABSTRACT

Supernova surveys can be used to study a variety of subjectsas: (i) cosmology through type la supernovae (SNe)st@j-

formation rates through core-collapse SNe, and (iii) sagea properties and their connection to host galaxy charatts. The
Stockholm VIMOS Supernova Survey (SVISS) is a multi-bandgmg survey aiming to detect supernovae at redshit6 and

derive thermonuclear and core-collapse supernova rategtatredshift. In this paper we present the supernovae désed in the

survey along with light curves and a photometric classi@atinto thermonuclear and core-collapse types. To debecstipernovae
in the VLT/VIMOS multi-epoch images, we used @irence imaging and a combination of automatic and manuatsaletection to
minimise the number of spurious detections. PhotometryHerfound variable sources was obtained and careful siroolatvere

made to estimate correct errors. The light curves were tysedy a Bayesian probability method and Monte Carlo sinariatwere

used to study misclassi cation. We detected 16 supernaviae, of which had a core-collapse origin and seven had a tauniear

origin. The estimated misclassi cation errors are quitealimn the order of 5%, but vary with both redshift and typdeTmean
redshift of the supernovae is 0.58. Additionally, we founghdable source with a very extended light curve that coasisibly be a
pair instability supernova.

Key words. supernovae — general

1. Introduction their presence signals that active star-formation is giace in

. the host galaxy. The star-formation rate density for a costi-
During the last couple of decades supernovae have been shgw{é, de ned by the redshift range and eld size, can be dekive

to be powerful probes of both cosmology and star formation tfym the core-collapse supernova rates by making an asgmpt
high-redshift galaxies. A number of surveys with various scyp how many stars out of the current star forming populatia t
enti ¢ goals have been conducted and proposed. Most of thes|ode. This method provides an independent tracer otre s
have in common that multiple imaging epochs are used to Uetggmation history of the universe and has been used by Dahlen
the supernovae. In some cases the surveys also containspegt 51 (2004); Botticella et al. (2008); Bazin et al. (2008jile
scopic follow-up observations of the detected candidates. | et a). (2011a) also provide a local supernova rate, thigr b
spectroscopic information makes it possible to easily @®ar s3mple of SNe is also used to study the host galaxy properties
terise the detected supernovae and to measure redshtftBiu 5,4 connections to supernova subtype. Most of these surveys
comes at the cost of added telescope time. Whole-sky SWEBING:rget low-redshift SNez(. 0:3), but with deep enough obser-
surveys have already started, e.g., Pan-STARRSI (Younlg el tions the technique also works at higizde.g. Dahlen et al.
2008) and PTF (Rau et al. 2009), and several more are bedigha) For this kind of projects it is important that the abse

planned, e.g., SkyMapper and LSST. With the large number\pliions are obtained as a “blind” survey to limit the selewti
expected supernovae it will not be feasible to obtain speolr o octs.

all of them. Photometric techniques will thus be requirechtar-
acterise the detected sources. The use of thermonuclear (la) supernovae as standardisable
Core-collapse supernovae (CC SNe) are the result of a megndles has been instrumental in measuring cosmologieal pa
sive star ending its life in an energetic explosion (see, 8Bmartt rameters for the CDM concordance cosmology (e.g. Astier
2009). Because the lifetimes of these massive stars are, shelr al. 2006; Riess et al. 2007; Amanullah et al. 2010; Wood-
Vasey et al. 2007; Kessler et al. 2009). The systematic resr
? Based on observations collected at the European Orgaisati SUlting from the determination of the distance modulus lert
Astronomical Research in the Southern Hemisphere, ChigeuESO monuclear supernovae have been extensively studied and min
programme 1D 167.D-0492. imised. To achieve the precision needed to pinpoint cosgiolo
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ical parameters, it is necessary to obtain spectra for thersu pernovae in one of the search elds of the survey and provide
novae. Despite the amount of work made on calibrating the digght curves along with type classi cations for them. We Iwil
tance modulus relation, the underlying physics of thernotgar present the supernova rates and conclusions to be drawn from
supernovae is still partly unknown. In particular, the tgb@ro- them in a future paper (Melinder et al, in prep.).
genitor system that gives rise to the supernovae is unoesee, The rst part of the paper contains a description of the data
e.g., Ruiter et al. (2009) for a discussion of theeatient possi- set and the methods used to reduce it. In Section 3 we de-
bilities. One way of putting constraints on progenitor misde scribe the supernova typing method and the template suyeerno
to study the delay times of thermonuclear supernovae (he., light curves. Section 4 contains a description of how the-sim
time between formation of the progenitor star and the sup&rn ulations of supernovae have been set up aner® the results
explosion). The rate of thermonuclear supernovae comparedrom extensive testing of the typing method. Finally, wegemst
either the global (Dahlen et al. 2004) or the local (Sullieqial. the results and possible implications in Section 5 and emtecl
2006; Totani et al. 2008; Maoz & Badenes 2010) star formhy discussing and summarising the results in Section 6. The
tion history can provide estimates on the delay time digtiim  Vega magnitude system and a standa@DM cosmology with
even without observed spectra of the supernovae. A numbefflaf; v; g= f70;0:3;0:7ghave been used throughout the pa-
surveys targeting la SNe in galaxy clusters have also begerun per.
taken (Sharon et al. 2010; Barbary et al. 2010). Recentlgayi
et al. (2010) presented an accurate measurement af th@:1
thermonuclear SN rate from the Sloan Digital Sky Survey B. The data
Supernova Survey. .
A major challenge to all intermediate- and high-redshift Cé'l' Observations
SN searches is how to take into account theas of SNe missed The data were obtained with the VIMOS instrument (LeFevre
owing to large host galaxy extinctions. Mattila et al. (2p@id et al. 2003) mounted on the ESO Very Large Telescope (UT3) at
Kankare et al. (2008) present supernovae found in the nuclgaveral epochs during 2003-2006. The VIMOS instrument has
regions of luminous infrared galaxies (LIRGs) by usingaméd four CCDs, each 2k2.4k pixels with a pixel scale of 0.208%px,
adaptive optics imaging. These types of searches are iargoricovering a total area of 466 sg. arcmin. The SVISS observa-
to constrain the numbers of supernovae lost in LIRGs, in Whitions were obtained in two elds, covering parts of the Chand
most of the massive stars are formed at intermediate anehigDeep Field-South (Giacconi et al. 2001) and the ELAIS-Sd el
redshifts (Magnelli et al. 2009). (La Franca et al. 2004). The observations in the ELAIS-SHl el
Typing of supernovae using broad band colours in multwere obtained in ve broad band lterdJ, B, V, Randl) cen-
ple epochs has been demonstrated to work by several authoed at = 00:32:13, = -44:36:27 (J2000). The data used in
(e.g., Barris & Tonry 2004; Johnson & Crotts 2006; Kuznegsothis paper are only from the ELAIS-S1 observations, the CDF-
& Connolly 2007; Poznanski et al. 2007a; Sako et al. 2008)bservations will be presented in a subsequent paper.
The application of the codes vary, in some cases the codes areThe supernova search lters aReandl|, with roughly twice
used mainly to reject core-collapse SNe from the follow-arp t the exposure time in compared toR. Observations in these
get lists of cosmological la surveys, but in others the cates Iters have been divided into one reference epoch (hendefor
used as the only way of typing SNe without spectra. Most efpoch 0), seven search epochs and one control epoch. The im-
the codes use template- tting methods where a number of &ges used to construct the reference epoch were obtained in
corrected thermonuclear and core-collapse SN light cuaves August 2003, the search epoch images were obtained from July
compared to the observed light curve and colour evolutidve T2004 to January 2005, while the control epoch was taken in
simplest way of doing this tting is through? tting. However, January 2006. The search epochs were separated by roughly on
there are some problems with this approach because it dbesmonth.
allow prior information on, e.g., redshifts and peak lunsityto The UBV observations were obtained at severaledent
be used to full extent. Kuznetsova & Connolly (2007) introéld epochs during the time period 2004-2006. Details on the data
a Bayesian approach to supernova typing where probabifity dreduction and calibration of the BV data along with a galaxy
tributions for the parameters could be used as priors. yatetatalogue for the eld will be presented in Menc a-Trinchat
Bayesian methods have been further developed by Rodneyak (in prep). In the present paper thkBV observations have
Tonry (2009), where "fuzzy” templates are used to improvenly been used to calculate photometric redshifts for supex
classi cation of SNe with non-standard light curves. Witlist host galaxies.
method the templates are assigned an uncertainty thatsenter Table 1 contains the speci cations of the drent epochs
into the likelihood calculations, which improves the class  and parts of the data. It is worth noting that the quality afda
tion quality of SNe with non-standard light curves. Recgntlis very good overall with median seeing of 0°&d 0.68%n
Kessler et al. (2010a) presented the results of a super@sa cR=, respectively, and all search epochs have seeing beld¥ 0.9
si cation challenge, where a common sample of supernoVs ligAs can be seen in the table, the observations are also vepy dee
curves was typed by derent codes. Their results indicate thawith mean 3 limiting magnitudes of 26.8 and 26.3 R and
Bayesian typing codes are competitive and give reliable gz 1, respectively. In Dahlen et al. (2008) the 50% detection e
terminations. ciency magnitude of the survey in the F850LP lter is given,
The Stockholm VIMOS Supernova Survey (SVISS) is aonverting this to our magnitude system we obtajn 26.5.
multi-band R+ 1) imaging survey aiming to detect supernovae athis magnitude can be compared to ourlBnits, based on the
redshift 0.5 and derive thermonuclear and core-collapse superdings in Paper |; the depth is thus quite similar. The skarc
nova rates. The supernova survey data were obtained ower a &ir variable objects in the SubaXMM-Newton Deep Survey
month period with VIMOSVLT (LeFevre et al. 2003). Melinder (Morokuma et al. 2008; Totani et al. 2008) has a limiting mag-
et al. (2008) describe the supernova search method aloihg wittude ofm,  26:0, again converted to our magnitude system.
extensive testing of the image subtraction, supernovactiete Compared to other SN surveys, our data set is thus among the
and photometry. In this paper we report the discovery of 16 steepest ever obtained, although smaller in eld size thaest



J. Melinder et al.: The discovery and classi cation of 16 sumvae in ELAIS-S1

Table 1. Overview of the ELAIS-S1 observations mentioned by Berta et al. 2008) and the noise levels were in-
signi cant compared to the individual frames. The fringepna

Filter EpDate Exp.time (s) min  Seeing ) was then subtracted from each of the at elded science frame
R 02003-08 8640 - 0.65 Finally, all of the science frames were manually inspeced)e
R 1/2004-07 5760 26.83  0.68 frames were removed because of vignetting/angdoor seeing
S 2//3882:88 gégg ggi{ 8'25 (see Table 1 for th(_e total exposure time used in each e_poch).
R 4/2004-10 8760 26.94 0.89 The good_quallty frgmes for each epoch were registered to
R 5/2004-11 7560 26.80 0.80 a common pixel coordinate system using a shift- and rotate-
R 62004-12 7320 26.75 0.80 transform (yielding a typical rms of 0:1 pixels or 0.099.
R 7/2005-01 5760 26.88 0.76 The registered frames were then median combined. The bad
R C° /2006-jan. 8760 - 0.72 pixel maps for each individual image were also registeretl an
I 0/2003-08 11520 - 0.59 summed, yielding an exposure time map for each epoch. Some
I 1/2004-07 11520 26.60 0.59 pixels & 0:2% in the reference epoch) had an exposure time of
| 2/2004-08 18240 26.41  0.64 zero, i.e., none of the individual frames contained useditda.dor
' 3/2004-09 9960 2639 071 that pixel. These pixels were agged in the combined science
| 4/2004-10 11520 26.52 0.68 frames.
: ggggjﬁ% ig ggg gg'gi 8'22 _Each of the combined epoch images were photome.trically
| 7/2005-01 12480 26.20 0.70 calibrated using 50 secondary photometric standards in _the
| CP /2006-jan. 11520 _ 0.69 eld. The calibrated photometry for these stars was obthine
U 2003-2006 37740 5784  0.73 from stacked one-nightimages from nights where standnd-s
B 2003-2006 34940 28.53 0.71 observations were available. The secondary standard esurc
Vv 2003-2006 20060 26.93 0.71 were selected by requiring a signal-to-noise ratio of a4tlé80

_ and a stellar-like point spread function (PSF). The souncae
Notes.The upper part of the table shows the observational preseofi 3|50 required to be isolated in the single-night frame with n
theRI supernova search epochs, the lower part shows the prapeftieisip|e neighbours within a TFWHM (full width at half max-
theUBYV observations. The entries in the table are mean valueslwerﬁnum) radius. The photometry of the primary and secondary
four VIMOS quadrants. standards was obtained witRAF/phot using an aperture size

@ 3 magnitude limits estimated from the photometric scattesiif: : - .
ulated sources placed in faint galaxies (> 240) in the individual ©f 10 FWHM (with aperture correction). The resulting zero-

subtracted epoch images (see Section £11Gontrol epochs, taken ap- Point errors for each epoch are0:02 magnitudes, but it should
proximately one year after the nal SN survey epoth3 magnitude be noted that all epoch images are scaled to the referenca epo
limits using a 4 FWHM diameter aperture. zeropoint in the subtraction procedure.

2.3. Supernova detections and photometry

2.2. Data reduction of the R and | observations .
In Melinder et al. (2008), henceforth Paper |, we presented o

The data were reduced using a data reduction pipeline wetipernova detection method, which is explained there iaildet
ten in MIDAS scripting language for SVISS developed by ouwVe used IRAFPYRAF scripts that were run in sequence and
team. Each image was bias-subtracted using an epoch masteteeded as follows: (i) accurate image alignment oveethe
bias frame constructed by median-combinn@0 bias frames. tire frame; (i) convolving the better seeing image to theea
Flat eld calibration data were obtained for each night irttbo PSF size and shape as the poorer seeing image, using a spa-
lters and all science data were at elded using high sigrtal tially varying kernel; (iii) subtracting the images; (ivitection
noise stacked frames. Cosmic-ray rejection routines wasd to  of sources in the subtracted frames, using both sourcetitetec
detect possible cosmic rays, but no automatic correctiare wsoftware and naked-eye detection; (v) photometry and oaonst
applied. Parts of images with suspected cosmic rays were méon of light curves of the detected transients.
ually inspected and pixels with cosmic ray contaminatiomeve  All search epochs were aligned to the pixel coordinate sys-
agged. Atmospheric extinction corrections were appliedite tem of the reference epoch using theomap/geotran tasks in
images using tabulated extinction cogients from the ESO IRAF/PyRAF. We found that the shift- and rotate-transform used
quality control web pages. The images were also normalisedithen registering the individual frames was not good enoogh f
counts per second. A bad pixel mask was produced for eachr@fistering the search images to the reference image. $his i
the images, containing vignetted 6% in most cases), saturatedikely caused by changes in the geometry (e.g.edéntial re-
and cosmic ray agged pixels. fraction, changes in exure of the telescope) of the framesro
The VIMOSI band su ers from quite severe @ects of fring- the time period our observations were obtained. To perfiuen t
ing (see Berta et al. 2008, for a detailed description ofgirig  registration at sub—pixel accuracy, we used a generalftians
for the VIMOS instrument), and care has to be taken to suitvat allows for shifts, rotations, shear, and pixel scakndes in
cessfully remove these. We constructed a fringe map for eable image being aligned. The reference sources for retjisira
observation night by median-combining the non-alignedrsoé  were bright, point-like objects in the eld (approximatelp0
frames and rejecting bright pixels by a standard sigmectieje  sources were used). The resulting standard deviationsdaye-
routine. To make this possible, the observations were métthe wometrical transforms were smaller than 0.1 pixels for atiays.
a dithering scheme that was optimised to avoid having iddivi  Convolution to a common PSF was made with the ISIS 2.2
ual science frames target the same area on sky. For soms itightode (Alard & Lupton 1998; Alard 2000). A convolution kernel
was necessary to make two fringe maps owing to sky-brigktnegas computed by comparing a humber of reference sources in
variations during the night. We did not need to use any maskithe two images. The better seeing image (i.e., the image with
or smoothing on the resulting fringe maps, there were vesy fesmaller PSF width) was then convolved and scaled to match the
extremely bright sources in our eld (causing optical glspsts photometry of the unconvolved image; the convolved framg wa
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either the reference or the search frame. A backgroundti@ria  The simulations also allowed us to check the photometry for
between the frames was also computed and compensatedgossible systematic errors. In Paper | we discuss the disgov
The selection of suitable image subtraction parametersdor of a small systematic ux oset ( 10% at the 3 limiting mag-
dataset was investigated in Melinder et al. (2008). Findflg nitudes, lower for brighter sources) in subtracted franidss
reference epoch was subtracted from the search epoch aad erpset is not present in all epodhers and changes between
sure time maps for the images were combined to make a weigpbchs. We can calculate this et from the simulations and
map for the subtracted frame. correct the photometry for this ect in the epochs where it is
needed.

Randl light curves are then put together for the 1459 sources
remaining after automated detection in the subtracteddsam

Source detection was made in the subtracted frames ush{g rejected spurious detections by requiring the candsdate
SExtractor (SE, Bertin & Arnouts 1996) to obtain an initiaP€ brighter than the 3limiting magnitudes (see Table 1) in (i)
source list. Separate detection was made in each epoch andhe detection epoch and the subsequent epoch and (ii) beth th
ter, except in the very last epoch (sources discovered itatte Randl Ite(s. With this rejection criterion the nu_mber of super-
epoch would only have one point on the light curve and thus ateva candidates decreased to 115. At this point we are reason
tomatically fail our selection criterion, see Section 2)3The ably certain that no true supernova candidates have beppelio
detection parameters for SE were set at a quite liberal tevel(unless they were too faint to ful | the rejection criteriprbut
make sure that no SN candidates were missed (i.e., this-detB€re is likely still a number of spurious detections rerrajnin

tion threshold accepts sources at a lower signal-to-neisel | SOme cases subtraction residuals will appear at the sariédnc
than the rejection criteria, see Section 2.3.2). Furtheemiie N both lters and in multiple epochs (e.g., very bright geites).
weight maps for the subtracted frames were used in source de-

tection to lower the number of spurious detections. Usirg t
weight maps reduced this number by about 20%, primarilyeclo

to the edges of the frames. Using the full set ofUBVRI observations, we calculated pho-
The number of detections in a single subtracted frame is tyfgmetric redshifts for the supernova host galaxies. We @sed
ically in the order of 100 times the expected number of truemplate- tting method with the mean galaxy luminosity &n
varying sources. This is consistent with the ndings of atbe- tion as a Bayesian prior, see Dahlen et al. (2010) and Dahlén
pernova surveys using similar techniques (e.g. Miknatitiale et al. (2004). We used 16 SEDs (spectral energy distribsition
2007). Most of these spurious detections are spuriousattiin - that were constructed by interpolating between four erogiri
residuals. About 50% of the spurious sources were thentegiec templates (E, Sbc, Scd and Im galaxy types) from Coleman et al
most of these by requiring that true sources must be presentiggo) and two starburst-galaxy templates from Kinney et al
both theRandl Iter at the given epoch. Spurious sources closg1996). For the supernova host galaxies we used photometry
to saturated stars and image defects were also removedtdhe from the stacked) BV images, but excluding frames obtained
number of candidates for all the epochs remaining afterititis during the time period when the supernova is detectabletHeor
tial rejection procedure was1500. Most of them are spurious| andRimages we used the reference epoch images. These con-
detections related to subtraction residuals of brightgetathat siderations ensure that the supernova light does nettathe
are presentin both lIters. In Section 5 we show how constgindetermination of the photometric redshifts.
on the light curve and supermova typing can be used to safely |, o gpserved subsection of the ELAIS-S1 eld only two

reject the remaining spurious detections. galaxies have known spectroscopic redshifts. This meaats th
calibration and validating of the photometric redshiftsnist
2.3.2. Photometry straightforward. We obtained archiBV Rldata of the Hubble
Deep Field-South (HDF-S) observed with the VIMOS instru-
Photometry on the detected sources was made using the IRAEnt. The HDF-S has been observed extensively with spec-
daophot package. The PSF photometry was performed on &ibscopy and we found 280 sources with spectroscopic ritglshi
detected candidates using the taflktar . We also tried using ranging from z 0 to z 3.5 that are also found in the VIMOS
aperture photometry with aperture corrections computechfr HDF-S observations (Vanzella et al. 2002; Rigopoulou et al.
the original worse seeing image, using the IRAF fpiskt. This 2005; Glazebrook et al. 2006). We reduced and analysed the
does give fairly good results, but seems to be more suséeptid DF-S photometric data in the same way as the ELAIS-S1 data
to residual ux from the background galaxies than the PSFphset. The photometric calibration was also made in the sarye wa
tometry, thus giving larger errors (both statistical anstegnatic) (including corrections for galaxtic extinction) as for tBeAIS-
in general. S1 observations.

In Paper | we found that the photometric uncertainties esti- Comparing the spectroscopic redshifts to the photometric
mated bydaophot/phot were underestimating the true noiseedshifts obtained from the imaging data, we nd a redshift u
by a factor of two or more. The two main reasons for this acertainty of z= 0:085 (1+ 2) and a frequency of catastrophic
that (i) the pixels in the subtracted image will be positivebr- failures (de ned agzphot  Zsped > 0:3) of 9%. Because the in-
related owing to the convolution made in the image matchirgjrument and lters are the same, the analysis is made intlgxac
step; (i) the sky noise is estimated in a region outside ef tithe same way and the depth of the imaging data is comparable,
host galaxy, thus not taking subtraction residuals prgpetb we assume that the uncertainties of the SVISS redshiftshare t
account. Therefore, we used simulations to obtain reli@ble same as the uncertainties determined for this dataset. fihe u
ror estimates. By simulating SNe at @irent brightness in eachcertainty of the redshift determination was taken into actdn
epoch and nding the scatter in their measured magnitudes, the supernova typing, see Section 4.1. The photometritifeds
obtained an estimate of the true photometric error for eadfitp technique and calibrations of it as applied to our data skbei
on the SN light curve. presented in greater detail in Menc’a-Trinchant et alp(ep).

2.3.1. Source detection

.4. Host galaxy redshifts
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At rst, the host galaxies were identi ed as the closest gala we use measures of goodness-of-t to purge candidates with
ies to the SNe in terms of angular separation. But when the rdidht curves that are too dissimilar from the model curves.
shift information was also considered, it became cleargbate For each of the nine supernova types we created template
of the identi ed hosts were at unrealistical redshiftsheitmak- light curves using absolute magnitudelg) light curves and
ing any SNe in them too faint to be detectable or too bright-corBEDs, which are described in more detail in Sections 3.3 and
pared to our templates. Instead of angular separation we-the8.3.6. We used four parameters that uniquely de ne the light
fore used the photometric redshift information and choge tourve for a given type: (iMg the absolute rest-frame B band
closest galaxy in terms of physical distance. With this madth magnitude at peak, (i§, the redshift of the supernova, (itj)the
we were able to identify hosts for 13 of the SNe. For one ¢iime di erence between the explosion date for the model and the
these (SN309) the chosen host was not the closest galaxy in ast observational epoch,(iVviRy; E(B  V)g= ; extinction in
gular distance. Identifying hosts for the SNe in this way fis dhe host galaxy. We denote the template light curvesfigg
course not unproblematic, there is a risk of selecting anrinc
rect host galaxy. We did not try to estimate the percentage of ffi;jo= ffi;j(Ms;Zt; )g )
m|S|dent|_ cations, but_we reran the typing for aI_I 13SNendB  5q pecause these parameters uniquely de ne the light
at redshift prior and, in releva_nt cases, also with redsprfors. curve for a specic type, we may rewrit®(fFigjT,) as
based on other closeby galaxies. The result of these tetiatis P(fFigjff,;(Me; zt; )9 andP(T ) asP(Mg; zt; ;T)).

none of these SNe change main type and that the changes in rédyye (e ne the likelihood function for each supernova type:
shift are small. We conclude that host misidenti cation loasy

little e ect on the main results of this paper. li(fFigMe;zt; ) P@EFRigiT)P(T;)
For the remaining three supernovae (SN-14, SN-31 and SN- = P(fFigiff.j(Me; Zt; )OP(Me;Zt; ;T)):
261) there are no nearby galaxies with redshifts that areison ’ 3)

tent with hosting a SNe with the observed light curve. Foséhe

three SNe we ran the typing code without photometric retishifThe probability that a supernova with a template light cuiye
supplied, thus using a at prior on the redshift. This is ali®-  will have an observed light curvéig is

cussed in more detail in Section 5.2. More information on the

host galaxy identi cation and properties of these galaxidgé . o Yoo o (F 22 F?).
be presented in an upcoming paper (Menca Trinchant et al, i P(fFigjffi;(Me; zt; )9 = P (4)
prep.). i !

where each observational data point is allowed to uctuate a

cording to Gaussian statistics (the widths of the distidng are

given by the observational errorsr;). It should be noted that

Our typing method relies on a Bayesian template- tting algghe photometric quantities in this expression are in urfitso

rithm. The use of prior probabilities and Bayesian marggaal (countgsec). Non-detections are included in the analysis as data

tion makes it possible to include previously known inforimat points with zero ux and with an error given by the limiting

on the di erent supernova types in the tting technique whileuxes.

avoiding over- tting. The goal of the method is to nd the mos ~ TheP(Mg;zt; ;T)), or equivalentlyP(Mg; z t; T;), prior

likely supernova typeT) given an observed light curvéRg of ~contains all prior information on the parameters for a gitean-

a supernova candidate. The description of the Bayesianauetiplate. We assume that the parameters are independent and can

follows Kuznetsova & Connolly (2007), although the notatiothus factorise the prior:

and scope is slightly dierent. All calculations were made in a ey : ) .

parallelised FORTRAN 90 code using double precision. P(Me:zt, JTj) = P(MBJTj)P(Z]Ti)P(tJTj)
Formally we want to nd the type that maximises the prob- P( JTP(T)):

ability P(T;jfFig, wherej = [1;::;Nr] refers to the dier-

ent types and = [1;:::;Ngp] to the points on the observed

light curve. Nine supernova types (las4d@:, laging iike 1891t ke,

IbChormal, 1DCorignt, 1IN, 1IL and 1IP) were considered. The to-

tal number of data pointdNyy) is given by the product of the

number of lters (Nsiers) and the number of observation epoch

(Nep). The SVISS observations were made in two ItelRsandl)

and in seven epochs, thiMg, = 14 in this work. The probability

P(T;jfFi9 cannot be calculated directly; using Bayes' theorem 1

we can rewrite the probability: P(T)) = W

(T jiFig = pPOFETPT)

3. Supernova typing method

(®)

The individual parameter priors are described in the nectiae
The remaining priorP(T;) contains information on whether a
speci ¢ supernova subtype is more likely than others. Tha-re
tive rates of supernova subtypes are not well constrainkidjht
redshifts. Therefore, we assume that the prior probabfiitya
gupernova candidate to be of a certain subtype is equall ieal
types (i.e., a at prior),

(6)

(1) There are more priol}sarameters thz_it could havg bgen used
 PEFigiT)P(T ) to construct the template prior. Including more prior imfa-
tion will of course a ect the typing and can make it more accu-
P(fFigjT;) is the probability of obtaining the light curve ddtag rate. For this to work, the parameter in question needs te hav
for a given supernova type;. P(T ) contains all prior informa- known probability distribution (or at least a valid rangeval-
tion on the supernova model light curve for the specic typaies). It should be noted that adding more priors will cause th
When Bayes' theorem is used in this fashion, we implicitly acomputation time of the typing to increase by a factor eqoal t
sume that the set of supernova types is complete, i.e., pdirsu the number of steps used for the probability distributionr O
nova candidates must be one of the considered types. For sifsice of four priors is thus based on a compromise between
ciently peculiar supernovae, and non-supernovae, Equati limiting computing time and choosing parameters with well-
will not give valid probabilities. In Section 4.3 we des@ibow known distribution on one hand and typing accuracy on the
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other. Other authors have used additional or aedént set of supernova type, thus we may wrikéz T ) = P(2) and obtain
priors. Kuznetsova & Connolly (2007) include prior informa

tion on stretch in their typing code, using a Gaussian digtibn e 2 )2 2)
with mean and width from observations. In our code we use ther P2 = —pz_i z (8)
z

monuclear supernova templates with elient stretch to account

for this variance. The inclusion of a colour uncertainty he t ) _ ) . _

templates can also be described in terms of an additiona, pri Z IS the numerical step size, similar tdVl in eq. 7. The at
this has been used by, e.g., Poznanski et al. (2007a). Wetdo§§ishift prior is given by

have colour uncertainty in our typing, instead we chooses® u

more templates that have dirent colour evolution. P(2) = zZ . @)

Z

3.1. The parameter prior distributions where ;)] is the lower and upper limits of the redshift in-

Each of the four parameters has an associated probabiy-di terval considered. For both distributions we used a nurakric
bution function. The parameter priors on the right hand side step size of 0.02 in redshift and a redshift interval given by
equation 5 are given by the respective probabilities. [2; Z_Il_lalz [O'% ZbOI]t 2 ai ime di . d1ob
: ; ‘o i e probability of a given time dierence is assumed to be
The prior on the peak absoluBmagnitude is given by equal for all time di erences betweet to t,. The time di er-

ence probabilities do no depend on the typ&jT;) = P(t), and

(Mg h Mgi)?=(2 %)) i
e M the prior is
(7) P

P(MgjT) = —p——— Mg;
(MgjT) > B ¢ 1

b 1 ﬁt

P(t) = (10)

where hMgi is the mean peak magnitude for a given super- , ) )
nova type (see Table 2 and the discussion in Section 3:3), where tis the numerical step size am the num_ber o_f steps.
is the dispersion of the mean magnitude anid is the nu- We used t = 1 day throughout this work. The time dérence
merical step size. Assuming the peak magnitudes to be ntyerval considered is given bya[t;] = [ 136 142], this inter-
mally distributed around the mean is consistent with otserwal is chosen based on the time drence between our search
tions, c.f. Richardson et al. (2002) and Richardson et a0gp. €Pochs and that we require supernova candidates to be etlserv
The range in peak absolute magnitudes considered is given!byt least two Subsequent epoch.s. -
[AMgi 2 m;hMgi + 2 ] for each subtype and the numerical The extinction models considered are two Cardelli laws
step size used is 0:02 0:04. (Cardelli et al. 1989) wittR, = 2:1 and 3.1 and the Calzetti
The redshift prior used is either a Gaussian or a at distr|2W (Calzetti et al. 2000) witRy = 4:05. Some authors have re-
bution, depending on whether the host galaxy has a valid ptrted indications of steep extinction laws for superndag.
tometric redshift available or not. The meap,and width, z G0obar 2008), this motivates the inclusion of Re= 2:1 law.
of the Gaussian distribution is given by the photometricskef The Calzetti law is normally useq in star-forming galaxied &
tting of the host galaxy (see sec. 2.4 and Menc a-Trindretn therefore a reasonable assumption for core-collapse rsonpese.

al., in prep.). The redshift of the supernova is independgtite However, all extinction laws are considered for any givepety
The second parameter for the extinction is the colour excess

E(B V),therange of excess considered:30E(B V) 06
with step size of 0.1. The total number of combinations of the

Table 2. Properties of the supernova photometric templates di erentextinction laws and valuesiBtB V) ( ) is Next = 21.
We assume a at prior that does not depend on the type under
Type RMIgi w _Stretch Fraction References consideration and arrive at
la—91T -19.64 0.30 1.04 0.125 1-3 1
la— normal -19.34 0.50 1.00 0.615 1,34 .
la—faint ~ -18.96 050 0.80  0.196 1,36 POIT = (11)
la—91bg -17.84 0.50 0.49 0.064 1,34
:Eg B Eg?rztal 11%%@ %‘_1% ﬁ 822; 1 ;g We performed tests on simulated and real data that indicate
m 1723 038 NA 0.028 1 10-12 that the typing is fairly insensitive to changes of the eotiion
In 1882 092 NMA 0.248 1,12-13 prior range. Using a higher maximum extinction or a etient
1P -16.66 1.12 MA 0.407 1,12,14-21 step size does not change the type of any of the observed SNe

(see Section 5).
Notes.hMgi is the absolute magnitude in the Johnson-B Iter at peak
(assuming standardCDM cosmologyfhy; wv; g= f70,0:3;0:79,

wm is the dispersion in the peak magnitude. Fraction referbécex- 3.2. Determining the most likely supernova type
pected fraction in a magnitude limited sample.

When trying to nd the most likely supernova type, the four pa

References(1) Nugent (2007); (2) Stern et al. (2004); (3) Tonry et alggmeters are all nuisance parameters, we marginalizekisle li
(2003); (4) Nugent et al. (2002); (5) Phillips et al. (199®) Jha etal. hood function over the four parameters to get the summed like

(2006); (7) Levan et al. (2005); (8) Hamuy et al. (2002); (®tardson : ; ; ; .
et al. (2006); (10) Gilliand et al. (1999): (11) Cappellaoal, (1997); No0d function, orin Bayesian terms, the evidence:

(12) Richardson et al. (2002); (13) Di Carlo et al. (2002%)(Dessart X X X X

et al. (2008); (15) Baron et al. (2004); (16) ElImhamdi et aDQ3); L= P(fFigjffi.j(Mg; z t; )9P(Mg;zt; ;T)):
(17) Leonard et al. (2002); (18) Hendry et al. (2005); (19 &at al. Mg z t

(2006); (20) Pastorello et al. (2006); (21) Quimby et al.q20 (12)
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Combining this, we arrive at the following formula for thei-ev e, ' _ _ la-91bg
dence (given that photometric redshift for the host is ardd): 21 la-91T
. 1 X 1 X 1 X e (Mg hMgi?=2 %) " " — la-normal
i N — P= | fai |
7Ny t N; Noxt y 2 B la-faint
B
(13)
X a@zp2) Yoo F 671 21t
p— z p— :
2 2 z i 2 F &

25
The probabilityP(T jjfF;g is then equal to the relative evi-

dence for each supernova type,
26 H

L .
P(TjjfFig = P——: (14) -
j L j 27 .o -
The most likely type for a given SN candidate is the one with RN R
the highesP(T jfF;g. We co-add the probabilities for the sub- . . RS
types belonging to either of the two main types (thermorarcle . ' ' '

and core collapse types) and obtain the probabil@sN) and
P(CC) for each typed supernovae. Our tests of the typing using |
simulated data of the same quality and type (see Section 4.1)

indicate that the resulting subtype classi cations witlirese T sl
two main types are prone to quite large errors (in the order of =

10-20%), while the errors on the main type classi cations ar 0.0
signi cantly smaller (in the order of 5-10%). ,

In Section 4 we discuss how to set constraints on the ev- _ .| |
idence and normalised probability to reliably reject botis-m 0 50 100 150 200
classi ed and non-supernova objects. Epoch (days)

We also constructed a "best- " light-curve for each supefeig 1 Template light curves for the four thermonuclear supertypas
nova. This was made by xing the supernovatype and then nétz = 0:5. The upper panel shows tielight curve for the la—normal
ing the most likely value for each parameter one at a time, Bybtype as solid (black), the la—faint subtype as dasteddtiue), the
marginalising over the remaining three parameters. Asthioye 91T-like subtype as dotted (green) and the 91bg-like sebagdashed
Kuznetsova & Connolly (2007), Bayesian techniques do not dtyan). In the lower panel tie | colour evolution for the four subtypes
ways give the best estimate for the individual tted paragngt is shown using the same line styles (this gure is availahleolour in
To obtain trustworthy estimates of individual parameteesji- the electronic version of the article).
cated simulations have to be run, which is beyond the scope of
this paper. We merely used the tted light curves as a measure
of the overall quality of t (a method that is studied exteredy
by Monte-Carlo-simulated light curves, see Section 4.1).

et al. (2004) and were calculated for our magnitude limitetd-s
ple using the limiting magnitudes from the light curve ré¢iec
step. These fractions were not used in the actual typingyere
3.3. Supernova subtype templates only used to study the misclassi cation ratios, see Secti@n

We used supernova spectra and absolute magnitude lighesurv
to construct light curve templates for nine érent supernova 3.3.1. Type la supernovae
subtypes. The spectra amdig light curves for all these types
were (with a few exceptions) obtained from Nugent (2007)Ve used four dierent light curve templates for the thermonu-
The spectra we used extend from 1000 Ato 25000 Aand cowear supernovae. The four templates (91bg-like, la~faant
epochs from day 1-2 to 100 after explosion. The light curvesnormal, 91T-like, from fainter to brighter) have @irent abso-
were scaled to the absolute peak magnitudes given in Talié 2 4ite peak magnitudes and consequentlyedent decline rates
were obtained from Dahlen et al. (2004) (and referencesiter as well. The decline rates were parameterised using thiefstre
unless otherwise noted. The table contains a completefliseo parameters, rst introduced by Perimutter et al. (1997). The
references used in the construction of each template. range in stretchg= 0:49-104) for the four templates provides
The output light curve template library consists of observe sparsely sampled grid that covers the observed stretirtipdis
frame light curves for the redshift range 0.01-2.0 (with gpst tion of type la supernovae (e.g., Sullivan et al. 2006).
size of 0.01 in2) in the VIMOSR and| lters for each of the The spectra and rest-frarBdight curve used to construct the
nine supernova subtypes. As an example, Figures 1 and 2 shawnormal and la—faint templates were rst presented in éhig
theR band light curve and the | colour evolution for the nine et al. (2002). The absolute pe&magnitude used for the la—
templates at = 0:5 (roughly corresponding to rest frarBeand normal template, 19:34, was obtained from Tonry et al. (2003).
B V). It should be noted that the similarities in colour betweefihe peak magnitude for the la—faint subtype was calculayed b
the Ibc—bright and Ibc—normal templates and for the 1IP dhd I starting from the la—normal peak magnitude and scaling to a
templates, respectively, arise because of the spectrgllages s = 0:8 peak magnitude using the luminosity-to-decline rate
used (see relevant sections below). relationship from Phillips et al. (1999) and the declineerto-
The subtype fractions listed in Table 2 are based on the matretch relation from Jha et al. (2006). The resulting alisol
surements of Li et al. (2011b) and the compilation by DahlgreakB magnitude is 18:96.
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. _' lbc-bright bright and normal) considered in this work (Hamuy et al. 2002

e Li etal. 2011b).
2 Y lbc-normal
_,’\---'.‘,\_ — L It should be noted that the red colour of the template in pre-
B Y cie In ] peak epochs (the rst5-7 days in rest-frame) is the resuiast
N —_— P ing the template on SN 1999ex, which showed thieet at early

epochs (Hamuy et al. 2002). There are not mary $bpernovae
that have been observed before peak brightness, but ohiees/a

of other Ibc's (e.g., SN 2008D from Modjaz et al. 2009) show
that this e ect may not be characteristic of the type. We per-
formed tests using the typing code with ddltemplate without

the early red phase and found that the choice of template has
very little in uence on the resulting probabilities (ledsan 1%).

24}

26

27
3.3.3. Type IIL supernovae

[ = = = e o = =

The IIL spectra and light curves were rst used in Gilliland
et al. (1999). The light curve is originally from Cappellaro
et al. (1997). Richardson et al. (2002) presented the atesolu
B peak magnitude distribution of IIL SNe, and we adopt the
mean peak magnitude and scatter for their normal IIL popula-
tion. Converting the magnitude to our cosmology, we arrive a

B peak magnitude of 17:23.

0 50 100 150 200 3.3.4. Type IIn supernovae

Epoch (days)
Fig. 2. Template light curves for the ve core-collapse superngyzes  The spectra and light curves are based on SN 1999el (Di Carlo
atz = 0:5. The upper panel shows tReight curve for the IIP subtype as et al. 2002), whereas the absol@@eak magnitude and scatter
thick solid (black), the IIn subtype as dash-dotted (rew),ItL subtype are obtained from Richardson et al. (2002). After compensat

as solid (green), the Ibc—normal subtype as dotted (blaukyiae Ibc— i for the di erent cosmological parameters, the resulting peak
bright subtype as dashed (blue). In the lower panelRhel colour mg nitude is 18:82 g P ' gp
evolution for the ve subtypes are shown using the same ligtes 9 T

(this gure is available in colour in the electronic versiofithe article).

3.3.5. Type IIP supernovae

The light curve and spectra for the 91T-like template were _
rst presented in Stern et al. (2004). These input data We‘,l'é’le spectra used to build the 1IP supernova template come fro

corrected for extinction assumirf@®y; E(B V)g = f3:1=0:2g di erent sources. For the early epochs33 days after explo-
(Nugent 2007). The 91bg-like template is based on Iighte:mrvs'on) we used extinction-corrected spectral models frossBet
and spectra of SN 1991bg and SN 1999by (Nugent et al. 2009 al. (_2008), which in turn are based on SWIFT UV-optical ob-
The peak absolut magnitudes are, respectivelyl9:64 and Servations of SN 2005cs and SN 2006bp (Pastorello et al.;2006
17:84 (Tonry et al. 2003). The templates have stretch valuB§&Wn etal. 2007; Immler et al. 2007; Quimby et al. 2007). The

according to their namesakes, 1.04 for the 91T-like tereplad |12t€ €poch spectra are based on SN 1999em from Baron et al.
0.49 for the 91bg—like template. (2004) and obtained from Nugent (2007). The reason for not us

ing the SN 1999em spectra for the early epochs is that the UV
part of those spectra are modelled and extrapolated froioabpt

3.3.2. Type Ib/c supernovae observations, the more recent modelling based on earlyhepoc
UV/optical observations should therefore provide a more accu-

We used two Ifc supernova templates, the Ibc—bright and 'bcr_ate spectral evolution

normal templates. The spectral evolution is based on thk afor
Levan et al. (2005) and the light curve is based on obsemngtio The light curves were constructed using photometric data
of SN 1999ex from Hamuy et al. (2002). The observed data weog SNe 1999em, 1999gi, 2003gd, 2004et, 2005cs and 2006bp
corrected for extinction because the used SN have notable g&mhamdi et al. 2003; Leonard et al. 2002; Hendry et al. 2005
tinction,fRy; E(B  V)g= f3:1; 0:4gis assumed (Nugent 2007).Sahu et al. 2006; Pastorello et al. 2006; Quimby et al. 200%.
Richardson et al. (2006) nd that the absolute peak magmitutight curve of each of these SNe was scaled to a common peak
distribution of Ibc SNe can be described by using one brighthagnitude and corrected for extinction using the valuesrgiv
and one normal population. We used the mean absolute p@akhe original references. Each curve was then re-sampidd w
magnitudes, 19:.34 and 17:03, and scatter for the two popula-a resolution of one day over the range of observed epochs (us-
tions from their paper; converting the magnitudes to ouiseno ing spline interpolation). The nal IIP light curve was theib-
cosmology and k-correcting to th& band. The data availabletained by averaging over the six interpolated light curvidse

in the SVISS do not allow a re nement of the Ibc typing intoadopted absolut® peak magnitude, 16:66, and scatter come

Ib and Ic subtypes, and it is not clear-cut that these two-spdmm Richardson et al. (2002), again compensating for ttse co
tral types correspond to the two dirent photometric types (themological parameter derence.
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3.3.6. K-corrections of SN light curve templates In the next step we used the type speci ¢ SEDs of the SNe to
calculate the K-corrections that give us the apparent niages

in the observed R and | Iters corresponding to the absolute B

band magnitudes (see Section 3.3.6). The apparent magsitud
were also corrected for extinction in the SN host galaxiésgis

We then calculate VIMOSR and | apparent light curves for
the redshift range [@] using the following formula (similar to
Dahlen et al. 2004):

my(t;2) =Mpeaks + Ma(t (1+2) ht the extinction distributions from Riello & Patat (2005). tine _
B, N (15) nal step, we added a photometric error to the apparent magni
+As Kj(zt (1+2 °); tudes. This consists of both a statistical part, derivechftbe

expected 8\N=3 limits in R and | (see Section 2.3.2, and a "sys-
{ematlc part, for which we assumed an extra 4% error in the
ux. The simulated catalogue consists of apparent magetud
and errors in R and | at each observational epoch. We treated
objects with 8N< 1 as non-detections. This is also the case for
epochs observed prior to the explosion of a particular SN.
Because we rely on photometric redshifts, we also assigned a

wherey refers to the observed IterR or 1), t is the observer
frame epochMgeap is the peak absolute magnitude in a res
frameB Iter, Mgisthe light curve decline relative to the peak

(2) is the distance modulus and;As the rest frame extinctionin
the host galaxy. The K- correcudﬁ/ following the formalism
of Kim et al. (1996), is given by

()Se() é simulated redshift to each SKn. We calculated this by adding
Kz )= 25lo &7 2:5 log(1+ 2) a random scatter, z,q — drawn from a Gaussian distribution
)Sy( )d (16) with , = 0:06 — to the true redshiftz(,e) according tazgi, =
|: (; )Ss( )d E Zyue + (1 + Zyye)  Zmg- The ; used here is the photometric
+2:5log redshift accuracy of our host galaxy catalogue, see Se2tian

F(=(1+2); )Sy( )d When testing our code using the mock catalogue, we culled

In this expressiorZ ( ) is the spectral energy distribution oft€ Sample by applying additional selection criteria. As der
Vega; Sg( ), Sy( ) the Johnson B and VIMORI total lter fault set-up, we only included objects with &\&3 in at least

transmission curves arfel : ) the spectral energy distribution W0 consecutive epochs in both R and I (mimicking the set-up
of the supernova at rest frame epoch used for the observed supernovae). The total number of remai

ing simulated supernovae after the cull 8 000, which corre-
sponds to roughly 2000 SNe per subtype (see Table 3).
4. Testing the typing method

4.1. Simulated supernova light curves 4.2. Rejection of non-supernovae

To test the typing accuracy of the code applied to the obgervs mentioned in Section 3.2, the Bayesian typing method only
SNe, we created a simulated mock detection catalogue. @tis gives valid results when the input light curve can be modedile
alogue was created to resemble the expected charactewsticone of the templates. If the variability of a source has a 8bh-
the detected SN sample when it comes to peak magnitude distrigin (or, though less likely, is a SN with a very irregulaght
butions, light curve shapes, redshift distribution, anst@xtinc- curve), the resulting likelihoods will be very small. Indig¢he
tion. The catalogue also re ects the speci cs of the SN skearcevidence will be zero (within machine accuracy) in many sase
including the cadence between observing epochs and the limihere the observed light curve is just too dient from a tem-
ing magnitudes in the detection lIters. plate SN light curve. The evidence; (see Equation 13), can

We rst assumed a total SN rate by summing the thermontherefore be used to reject possible anomalous sources (AGN
clear (TN) and core-collapse (CC) rates from Dahlen et alariable stars, complicated subtraction residuals). Vilevied
(2004). We used this rate to assign a random redshift to edablk suggestion of Kuznetsova & Connolly (2007) and de ned
mock SN in the range @ z < 2. The SNe were thereafter giverrejection limits for each templaté, ggo1. These were calcu-
a main type, either TN or CC, from the relative strength of thated by nding the evidence below which fall 99.9% of the
rate of these types at the assigned redshift. The thermeauckvidences — resulting from tting of the Monte-Carlo-siratéd
SNe were then subdivided into a faint, a normal, a 91bg—likk alight curves. The likelihood thresholds are in the order@f'8°.
a 91t-like population, while the CC SNe were subdivided into It should be noted that the likelihood threshold is only re-
IIL, 1IP, lIn, Ibc—bright or Ibc—normal. It should be notebtdt ally e cientin removing sources with light curves that are suf-
the fractions of each simulated subtype are equal at thistpoiciently di erent from a supernova light curve. For example, an
We did this to ensure that the number of simulated SNe for eaattive galactic nuclei (AGN) with a light curve very similiar a
subtype is su ciently high for statistics, even for the rare subsupernova will of course not be removed by this cut. Using thi
types. The fractions given for each subtype in Table 2 weeed ugejection scheme allows us to perform an automatic cut thikat w
when analysing the typing results for the simulated lightzes only reject extreme outliers (0.1%) in the supernova pamia
(see Section 4.3). Additional manual inspection is needed to safeguard agparss

A peak B-band magnitude was assigned to each SHible spurious candidates that have light curves similaugh
(Table 2). This was then perturbed using the peak magnitugeSNe to end up with likelihoods higher than the 99.9% thresh
dispersion values given in the table. Each SN was assignedadeh This process is described, along with our nal supemov
explosion date over the course of one year. We then used the@ndidates, in Section 5.
tual cadence of the SN search and the B-band light curves for Some of the problems related to supernovae with non-
each speci ¢ type to calculate the absolute magnitude oSthe standard light curves may be avoided by using the technifue o
at the di erent observational epochs. Because the SN explosifuzzy” templates, pioneered by Rodney & Tonry (2009). This
dates are distributed over time, we will have some SNe theat anethod enables the templates to cover more of the parameter
observable in all epochs (i.e., those exploded before thteob- space by giving the templates themselves an uncertaintgZif
servation), and others that explode during the obsenatiper ness”). In this work we did not use this technique but it can be
riod and thus only observable in some of the epochs. implemented into our code, and we will include it as an option
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in future versions of it. Another way to improve typing of tee A K-S test applied to the two samples is not conclusive, we
SNe is to use a more extended set of templates and to updatectir@not rule out that the two populations are the same with sig
existing ones. ni cance (the K-S p-value is 0.11). Interpreting this ressihot
trivial, there is a number of assumptions that go into sirtiga
the SNe (the choice of speci c templates and basically athef
priors) that can make the distribution drent from what you

We used the Monte-Carlo-simulated supernova light curgesWould expect for a real sample. It is certainly possible &hdis-
nd the expected misclassi cation ratios for the two maipss- covered SNe may have a light curve that is simplyedent from
nova types at dierent redshifts. Typing of the simulated ligh@ny of the templates we use, which will cause a mismatch like
curves was performed using the same code and assumption§'§2ne we see in thie distributions. This is also discussed in
when typing the observed supernovae. This approach allewsgction 4.2, where we provide some suggestions on how te solv
to estimate the total errors on the supernova counts inuudihe problem. _ _
both systematic errors, which arise from the assumed paisds 1 he assumption that the the supernovae will be evenly dis-
possible systematic errors in the photometry; and stediseir- tributed into the subtypes (see Section 4.1) will in uenie It
rors from the photometric statistical errors and the phetinim  distribution and cause it to be slightly dérent from the observed
redshift errors. distribution. In this particular case we cannot use the arpri
We investigated the errors by studying the misclassi aatic®uPtype fractions to weight the results (as used in Sectigh 4
ratios, fioss and fgain for the simulated thermonuclear and corePecause the numbers of observed SNe in therint types are

collapse supernova light curves. The ratios are de nedas 100 low for subtype K-S calculations.
There is consequently no reason to expect that the the sam-

4.3. Systematic and statistical errors of typing

Nrn cc Nea TN ples would be perfectly matched (giving p-values close to 1)
fos(TN) . G—7 3y fean(TN) . G~ Nevertheless, we cannot rule out that the resulting p-gahai-
app(TN) app(TN) cate that the assumption of the simulated light curves gnere
fioss(CC) Nea T foain(CC) Nrw cc . (17) sentative of the sample of real supernovae (at a signi ciawes
" Napp(CC) 9 " Napp(CC)’ of 10%). Note that the ecient number of data points for the two

types are quite low ( 7 for the thermonuclear and 9 for the

whereNrn cc andNea T is the number of SNe that were in-core-collapse SNe, see Section 5). A better accuracy fopthe
correctly classi ed (the true type on the left) aNdp, is the ap- values requires more real supernovae to compare with, which
parent number of SNe of the given type. For examfiles(TN) would also enable us to look at the subtype statistics.
gives the fraction of thermonuclear SNe incorrectly claskas
CC SNe. Note that using the ratios as measures of misclassi c . L . .
tion errors is valid if the underlying core-collapse to tnenu- 44 Redshift determination with the typing code
clear. SN ratio in the survey is the same as the one we assumgyn xing the type to the most likely template found in the full
Section 4.1. Bayesian tting run, we tried to nd the most likely redshidif

The di erent subtypes have quite @rent misclassi ca- the supernovae (see Section 3.2 for a more detailed desojipt
tion ratios. Because we assumed the SN frequency for thie prior on redshift is based on the probability distribatfor
di erent subtypes to be equal, we also computed weightgidotometric redshift of the host galaxies. By looking atrih@st
misclassi cation ratios, fiossw(TN), fgainw(TN), fiossw(CC), likely redshifts obtained from the typing of the simulatag s
faainw(CC), where the number of misclassi cations per subtypgernovae, we investigated whether the prior informatiotead
(e.g-Nipr Tn) are weighted by the relative frequency of that sulihrough the supernova light curve changes the redshiftracgu

type. The subtype fractions are given in Table 2. Tg and For the SVISS host galaxies the normalised photometric
fgam;w ratios were adopted as the nal measure of misclassi caedshift scatter is , = rms(@re Zob9=(1 + Zre)) = 0:06,
tion errors In our survey. the simulated SN redshifts are scattered according to sieis (

Figure 3 shows hoWgainw(T N=CC) and fiossu(T N=CC) de- Section 4.1). When comparing the most likely redshifts )
crease when a limit on the type probabilitiBgy,, for a source to from the typing code with the true onezqf as de ned in
be included in the analysis is introduced. The gure alsoveho Section 4.1), we found a normalised redshift scatter of Df66
that the use of a limiting probability will decrease the syref- the thermonuclear supernovae and 0.072 for the core-sallap
ciency. Owing to the low-number statistics nature of oungey  with a negligible o set for both types. Overall, a small number
we elected not to use a limiting probability as a rejectiditeer of objects £0.1%) were assigned a catastrophic redshift, de ned
ria, but it should be noted that the misclassi cation ermas be as objects withj¢sir  zruej=(1+ zrue) > 0:2; these are all misclas-
somewhat decreased by only including objects with high @rolsi ed SNe. The resulting redshift accuracy is thus very &mi
bilities. The ratios and total number of simulated supeagdor to the input simulated error, the inclusion of prior infotioa
the di erent redshift bins can also be found in Table 3. in the form of the supernova data did not improve the redshift
There is a caveat with using the misclassi cation resutisfr determination. On the other hand, excluding the misclassi
the simulated sample. The errors are only really reliablewhsupernovae, no additional errors to the redshift estimsgesn
the observed supernova sample has light curves that arksintio have been introduced in the typing code.
to the template light curves on average. If most of the olezserv  In Table 3 we also present the redshift scatter for the simu-
supernovae have light curves @rent from the templates, thelated supernovae in the redshift bins used to study misaass
errors estimated by this method will not be representdfiigrire  tion. Note that the scatter values in the table are not nasedhl
4 shows the distribution of Bayesian evidence for most yikeli.e.dz= stdev@&e Zobs))), @s opposed the the, discussed in
type,L, for the simulated SN sample together with the observélge previous section. The overall redshift accuracy is isberst
supernovae (see Section 5). Comparing the distributidn @f  with the simulated input accuracy. TheB < z 0.5 redshift
the simulated SNe to the observed ones indicate that thelsampin has a somewhat increased scatter, this is because difierhig
seems to be fairly dierent. contribution of catastrophic redshifts (or, equivalenthisclas-
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‘ ; : 0.16 . ‘
—_— fgain,w (TN) _— fgain,w(cc)
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Fig. 3. E ect on the misclassi cation ratios of applying a rejectiaitezion on the type probability. The léfight panel shows the weighted
misclassi cation ratios fossw and fgainw) for the thermonucleéore-collapse SNe along with the fraction of rejected odaigis Nej=Napp) for a
given limiting type probability Pji,). This information can be used to select an optifg] to avoid misclassi cations without rejecting too many
candidates. For details see the text and Table 3 (this guexailable in colour in the electronic version of the a€jcl

Table 3. Simulation results

z fgain;w flossw fgain fioss dz Napp
Thermonuclear Supernovae
z 025 0.019 0.025 0.039 0.046 0.091 540

0:25<z 050 0.098 0.023 0.096 0.043 0.12 2894
0:50<z 075 0.096 0.032 0.10 0.052 0.084 3102
0:75<z 1:.00 0.057 0.017 0.078 0.022 0.074 1759
1:.00<z 1:25 0.038 0.0045 0.061 0.0056 0.095 358

1:25<z 150 0.26 0.0 0.50 0.00 0.082 20

z 15 0.082 0.024 0.042 0.071 0.098 8673
Core-collapse Supernovae

z 025 0.0079 0.0060 0.015 0.013 0.078 1676

0:25<z 050 0.020 0.085 0.038 0.084 0.12 3319
0:50<z 075 0.041 0.12 0.067 0.13 0.083 2428
0:75<z 1:.00 0.026 0.085 0.032 0.12 0.094 1172
1:00<z 1:25 0.0034 0.029 0.0042 0.047 0.12 472
1:25<z 150 0.0 0.014 0.00 0.027 0.16 367
z 15 0.022 0.075 0.084 0.037 0.11 9434

Notes. fgainw/ flossw are the misclassi cation ratios weighted by subtype fremyeand fy,n/ fioss are the unweighted misclassi cation ratiak is
the redshift variance (based on the tted redshift from y@rig code compared to the true redshift of the supernovah#ospeci ¢ bin and N,
is the apparent number of simulated supernovae of the gjyeEnin the bin.

si ed SNe) in this bin. The actual percentage of outliershiist results from this sample with the observations and siniati

bin is still quite low, 3% for the thermonuclear and 4% for théor the SVISS, we re-sampled the SDSS supernova light curves

core-collapse SNe. to a cadence of 20 days (yielding 4-5 epochs). The resulting
light curves (az 0.1) therefore sample approximately the same
rest-frame epochs as the light curves from SVISS (with a mean

4.5. SDSSII supernovae redshift of 0.57). We used the SD3Sandr lIters, which at

We also tested our typing code on a small sample of spectfo- 0-1 target similar rest-frame colours as the VIM@3and
scopically con rmed supernovae from the SDSS supernova sirlters at z ~ 0:5. Using only these epochs and lters will of
vey (Frieman et al. 2008). The sample contains 55 la supamo@ourse render the typing less optimal, but will render tfseiits
atz=0.001-0.2 and 32 IIP supernovaezad.001-0.2 (Frieman comparable to the SVISS typing because the same rest-frame
et al. 2008; Kessler et al. 2009, 2010b; D'Andrea et al. 201d)ght curve information is used. Note that a maximum of ve
The observations were obtained with a cadence (1-10 dagis) 8R0chs can be tted using this sampling, compared to the maxi
total survey length (90 days). To be able to compare the typin§?um of seven used in the SVISS observations and simulations.

11
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Fig. 4. Main panel: t quality as measured by the absolute Bayesigiihood for the best- tting templatel(ay), versusP, the probability of a
given source being of the simulated type, for thE8000 Monte-Carlo-simulated supernovae. The upper paoglstheP distribution and the
right panel the. .« distribution. For clarity, large (blue) dots and solid @)Juines marks the correctly typed SNe (wRh> 0:5); small (red) dots
and dashed (red) lines the incorrectly typed SNe. The cnodstar symbols in the main panel shaw,.yx and P(T N)=P(CC), respectively, for
the observed supernovae (see Section 5). Three of the thaatear SN candidates hakg,.x< 1 10 4, they are marked by a caret lower limit
symbol atl_ ax< 1 10 # (note that they have the sarRéT N) values, thus the symbols are overlapping) (this gure iilable in colour in the
electronic version of the article).

The results of testing performed on the sample of SDIBuld be caused by the somewhat lower number of data-points
supernovae do not show any signi cant drences with the available, on average, for the SDSSII SNe with resampldd lig
Monte-Carlo-simulated sample in terms of misclassi catio curves. We conclude that the simulations provide valichesties
The total misclassi cation percentage for a sample of 55ua son the misclassi cation ratios for a real sample of supeeov
pernovae (i.e., la supernovae typed as any of the corepsallalight curves.
subtypes) is 7.3 %. The total misclassi cation percentamgyeaf
sample of 32 IIP supernovae is 9.3 %. These ratios are of the
same order of magnitude as the results obtained for the sinpu-Results

lated sample, although slightly higher. The simulated 1@ 8k  after applying the photometric rejection criterion deberd in

misclassi ed in 3% of the cases in the relevant redshift bin, thgction 2.3.2. we ended up with 115 supernova candidates tha
corresponding percentage for 1IP SNe i8%. The di erence ;e typed using our code. The subtype probabilities forwre t
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Fig. 5. R-band image cutouts, approximately 2@0large of the supernova candidates SVISS-SN43, SVISS-SNMIBS-SN115 and SVISS-
SN116. The leftmost panels show the reference image, mitels show the peak brightness (observed) epoch and thimdgt panels show
the subtracted image at peak brightness. The (red) circtkatiae location of the supernova as detected in the subttdicime. The most likely

redshifts (from the typing code) for these SNe are (stadirtpe top) 0.43, 0.50, 0.40 and 0.55, respectively.
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Fig. 6. R-band image cutouts for the supernova candidates SVISBSNSVISS-SN402, SVISS-SN135 and SVISS-SN14. See Figdioe 5
descriptions on the derent panels and marks. The most likely redshifts (from ypég code) for these SNe are (starting at the top) 0.47,0.22
0.98 and 0.36, respectively.
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Fig. 7.R-band image cutouts for the supernova candidates SVISH-SVISS-SN54, SVISS-SN261 and SVISS-SN55. See Figuredekerip-
tions on the di erent panels and marks. The most likely redshifts (fromypig code) for these SNe are (starting at the top) 0.51, @.37 and
0.83, respectively.
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Fig. 8. R-band image cutouts for the supernova candidates SVISE-SWVISS-SN56, SVISS-SN357 and SVISS-SN24. See Figurede&zrip-
tions on the dierent panels and marks. The most likely redshifts (fromypey code) for these SNe are (starting at the top) 0.12,, A.87and
0.81, respectively. Note that the host galaxy for SN357astéed with a foreground galaxy, the selected host is thertoast of the two galaxies.
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Fig. 9. Observed and tted light curves for the supernova cands&l&eISS-SN43, SVISS-SN161, SVISS-SN115, and SVISS-SNIAé left-
hand panels show the observdsolid hexagons) antl (squares) light curves along with the best- t light curvetb&é most likely supernova
subtype, solid (black) foR and dashed (blue) for I. The error bars given for the obsiemnatare based on the photometric accuracy simulations
described in Section 2.3.2. If the source is non-detected (ias an estimated magnitude error of more than 1), a tdgrbwer limit is given.
The right-hand panels show tiRe | colour evolution. For th&® | plot, the limit symbols indicate that the source was onlyedttd in one of
the bands and a lower or upper limit is given (this gure isitlale in colour in the electronic version of the article).
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Fig. 10. Observed and tted light curves for the supernova candsl@¥ISS-SN309, SVISS-SN402, SVISS-SN135, and SVISS-SS#&é.
Figure 9 for descriptions on the dérent panels and marks.
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Fig. 11.0Observed and tted light curves for the supernova cand&l&lSS-SN51, SVISS-SN54, SVISS-SN261, and SVISS-SN&SFgRpire 5
for descriptions on the dierent panels and marks.
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Fig. 12.0bserved and tted light curves for the supernova cand&l&¢lSS-SN31, SVISS-SN56, SVISS-SN357, and SVISS-SN2AF&pire 5
for descriptions on the dierent panels and marks.
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Table 4. Supernovae in the SVISS

SVISS ID Type (Subtype) Py(Pg)? logL | z Mgpeak te (daysy Ext/E(B V)°
SVISS-SN43 TN(la—normal) 0.886(0.733) 4.7| 0.43 -19.88 140 0.0
SVISS-SN161  TN(la—faint) 1.00(0.910)  -19.10.50  -18.28 -47 /0.0
SVISS-SN115 TN(la—91t) 1.00(1.00) -17.80.40 -19.04 1 0.0
SVISS-SN116  TN(la—faint) 1.00(1.00) 11| 055 -18.98 -6 /0.0
SVISS-SN309 TN(la—faint) 1.00(1.00) -14.8 0.47 -17.96  -77 /0.0
SVISS-SN402  TN(la—faint) 1.00(0.929) 6.1 0.22 -18.66  -127 Ch.4
SVISS-SN135 TN(la—normal) 0.950(0.580) 9.6| 0.98 -18.9 -25 CB.2
SVISS-SN14  CC (IIn) 0.623(0.551) 11.24 0.36° -18.64 133 70.0
SVISS-SN51 CC (lIP) 1.00 (0.980) 9.0 | 0.51 -17.56 25 CD.6
SVISS-SN54  CC (IIn) 0.812(0.733) 9.8| 0.77 -19.04 72 cP.2
SVISS-SN261 CC (Ibc-normal) 0.734 (0.364) 10.00.37 -17.48 -110 Ccm.4
SVISS-SN55 CC (lIP) 0.995(0.854) 3.8| 0.83 -17.91  -17 /0.0
SVISS-SN31  CC(lIL) 0.999 (0.795) 4.4 | 0.12 -1652 64 4.0
SVISS-SN56 CC (Ibc—bright) 0.930(0.912) 0.03M0.57 -19.27  -74 CD.6
SVISS-SN357  CC (IIn) 1.00(1.00) 6.0 | 1.4  -19.08 -91 /0.0
SVISS-SN24 CC (Ibc—bright) 0.643 (0.643) 7.2| 0.81 -19.56 25 CD.5

Notes. ® P, refers to the co-added probability for the best- tting majpe (TN'CC), P refers to the subtype probability from the typing code.
® This is the time since explosion in the observers frafh&xtinction models are as follows: C3, Cardelli wRy=3.1; C2, Cardelli withR,=2.1;
CZ, Calzetti. For the SNe with a most likely extinction of agno best- t model is given® “Hostless” SNe, for these a at redshift prior was
used, see text for details.

main types are co-added, yieldiR§T N) and P(CC), for each At this point we also rejected possible AGN that contaminate
candidate; the candidate was assigned the main type with the sample. To do this we used subtracted frames with a two-
highest probabilityL max for the candidate is the maximum evi-year di erence in time (the reference epoch from August 2003
dence among the subtypes belonging to the chosen main tygred the control epoch obtained in November 2005 to January
The evidence was then compared to the threshold eviden2@06). If a candidate showed variability over this time span
Logot (See Section 4.2), and candidates with lowegrf.x than is very unlikely to be a supernova, and we rejected it (with th
the threshold were rejected. The remaining number of candikception of one candidate, discussed in Section 5.2). ©f th
dates at this point was 54, the rejected objects were alse mah candidates 15 were rejected because of this, but note that
ually checked to ensure that the technique was working. some of these are likely not AGN but rather some other non-

We then investigated each of the 54 possible supernoval transient object (at least one of them has a light curve and
manually, making an overall assessment — using both the ig@lour consistent with a variable star). It should be noteat t
ages, light curve and classi cation — of whether the sousce §he AGN rejection scheme will not allow us to get rid of AGN
likely a supernova or something else. This investigatioa per- that show no variation over the two-year baseline and have a
formed by six of us (JM, TD, G, LMT, JS, and SM), and we SN-like light curve during the search period; however, then
individually and separately rated each candidate. The alaau Per of AGN ful lling this criterion is estimated to be smakiso
jection step allows us to remove spurious transient sodroes S€€ Section 5.3).
imperfect image subtraction. These residuals can be grasen  The nal sample of 16 supernovae is presented in Table 4,
both bands and in multiple epochs, which enabled them to getout images for each SN are available in Figures 5 through 8
through the earlier rejection steps. During the manualeasp Figures 9 through 12 show the observed and best- tlightesrv
tion of both images and light curves, the residuals can be dier all of them. The best- t light curves are here obtainedias
covered. The choice of having several independent inspectgcribed in Section 3.2, it should be noted that the typingmebt
minimises the risk of errors being made. The rejected redsduis not based on nding the best- tting (in the? sense) param-
have a number of properties in common: they all have a brigefer set but rather on nding the type with the closest matghi
host galaxy, in general they tend to move (by 0.1-1 pixetsinfr parameter space given the priors. Nevertheless, the tgid |
epoch to epoch, most of them have law.x and have erratic curves provide a quick estimate on how good the evidence for
light curves combined with large errors, most of them alsmsh the most probable type is, a tted light curve far from the ob-
a negative residual close to the source in at least one ¢ftech served curve usually also means that the evidence is low. The
Approximately 20 candidates are considered to be spuristus sprobability (P) might be close to one even for ldwmay, this re-
traction residuals. A small number of candidatess) is found ects that the chosen type might be improbable in the absolut
very close to the edge of the images and are related to the $&@se but that the type is the best among the available @itern
higher noise level at the edges. A reanalysis of the photomtves.
ric errors in these regions showed that the sources did hbt fu ~ The redshift distribution, based on the tted redshiftsnfro
our photometric criteria, we consequently decided to tefexse the typing, of the supernovae is shown in Figure 13. The joint
sources. This decision also means that theient eld of view distribution (the lled bars in the plot) has a mean of 0.58€T
will be somewhat smaller, a trade-ave are willing to accept thermonuclear supernovae are on average found at lower red-
to make the detection eciency of the survey constant over theshifts compared to those of the core-collapse (with a mean of
full eld. After this rejection step we were left with 31 traifent 0.51 compared to 0.64). The requirement that the supernovae
sources that we believe are real. The world coordin®&ebght should be detected in both Iters makes this expected becaus
curves and errors for the 31 transient sources are givenein thermonuclear SNe become very faint at redsl&ft8:8 in the
appendix (available in the electronic version of the aaicl R-band owing to k-corrections.
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the ones used or adding a colour prior could make it possible
to get a better typing result for this supernova.

As discussed in Section 2.4, for three CC SNe no photomet-
ric redshift prior was used. In the case of SVISS-SN14 this is
because the most likely redshift (0.36) for the found subtyp
lIn, is signi cantly di erent from the photometric redshift of the
host galaxy (0.76). This type and redshift is found to be th&t b
t even when the photometric redshift is used as a prior. The
reason for this mismatch could be either that the host rédshi
is incorrect (approximately 10% of the photometric redstafe
so called catastrophic redshifts, by more than 0.3, again see
Section 2.4), or that there is another very faint and undetec
galaxy that is the real host of the SN. A third possibilityhiat
the supernova is of a peculiar type that is not well-modébgd
the template light curves.

For SVISS-SN261, the closest galaxy is quite far away in
angular distance and it has a redshift of 1.64. Using this as a

Fig. 13. Redshift distribution of the supernovae detected in theSS/I re(dshift prior results in the SNe being placed at a redsh@t®7
ELAIS-S1 eld using az bin size of 0.25. The redshifts used are thg,g 5 Ibc—bright subtype. There is just no possible SN type tha
r”esglgng bﬁSt' ttr:e(:s?'flts from the SUpetm(i‘r’]a gp'”? dgﬁﬁmge gr:ey, can give the observed light curve at such a high redshifio Als

ed bars show the total supernova counts, the blue eds show . : : .
the distribution of thermonFLcIear SNe and the red (dashied} Ithe using a at prior on the redshift results in _the Same type and
distribution of core-collapse SNe (this gure is availaliecolour in _redsh|ft. We t_)el|eve that the true hos_t of this SN is undetct
the electronic version of the article). it could possibly be a low-surface brightness, but starfog

galaxy at intermediate redshift.
The third of the three “hostless” SNe is a complicated case.
5.1. Thermonuclear supernovae SVISS-SN31 is located very close to a very faint galaxy with a
photometric redshift of 2.97. At that redshift all of the supova
Seven of the 16 supernovae in the survey are found to havgypes under consideration would be undetectable (owingsto d
thermonuclear origin. Based on the simulation resultsr@pp tance dimming and k-corrections). Using a at prior on the-re
imately 0.7 (10% of the total number) could be misclassi edhift results in a type IIL SN a = 0:12. Other nearby galaxies
core-collapse supernovae. Inspecting the light curveda@oid  (in angular distance) have been considered as hosts, batafon
ing atthe tquality (P(T N) andL pes) we can see that one of thethem has a redshift lower thar0.6. The second-closest galaxy
seven supernovae (SVISS-SN43) has a somewhat insecure B4k a photometric redshift of 1.04 (highly uncertain, théo68
ing. The probabilityP(T N), is well below 1.0, which means thatcon dence interval for this measurement is 0.96—1.58), &nd
it has a signi cant chance of being a core-collapse supenov this is used as a prior for the supernova typing the resuijipg
Three of the supernovae (SVISS-SN161, SVISS-SN115, aigda 1In SN atz = 1:92. However, the evidence for this type is
SVISS-SN309) have low evidencesyes). They all have prob- lower than the IIL solution found with a at prior. Redshiftiprs
abilities close to 1.0, however, indicating that they, whibt be- from the other nearby galaxies result in even worse evidéarce
ing perfectly matched by the available templates and praves the most likely types. It should also be noted that the mabe ty
optimally t by the thermonuclear templates. The additidrao (CC) of the supernova is the same for all the tested redstiift p
more general stretch prior as described in Section 3 woulst mers. Based on the evidence comparisons, host galaxy piegert
probably allow the templates to match the observed lightesir and angular distance we conclude that the typing withoutla re
better. shift prior provides the most believable solution. The masch
with the host redshift could be explained by, as for SVISSE&N
above, the host galaxy redshift being catastrophicallyngra
faint undetected host galaxy, or a peculiar SN type.
Nine of the supernovae are found to be best matched by a core-
collapse template light curve. The simulation results éath ; .
that r?one of Fhese a?re likely to be misclassi ed thermormcle5'3' A peculiar SN candidate
supernovae (2.4% of the total number). A look at the actual Ih Section 5 we described how the AGN that likely contaminate
qualities for the supernovae show that three of them (SVISthe sample are dealt with. One of the variable sources stgpwin
SN14, SVISS-SN261, and SVISS-SN24) have probability valariability over a two year period, SVISS-T167 has an intrig
ues lower than 0.8 and accordingly have a de nite probahbilit ing light curve that could possibly come from a supernovawit
being misclassi ed thermonuclear SNe. It is worth notingtth a very extended light curve. However, the supernova would in
for two of them the most likely subtype is Ibc, the CC subtypehat case have to be of a peculiar type; our typing code was un-
with light curves most similar to the thermonuclear subs/peable to nd the most likely type (i.eL pest < L 999, as de ned
They are also all quite faint and detected only in 2—-3 epoclis.Section 4.2). The light curve of this candidate is shown in
However, we have no reason to mistrust the likelihoods corigure 14 and an image cutout is shown in Figure 15. For it to be
puted for these SNe and thus conclude that they are likely @fen remotely similar to a normal supernova light curvegéds
core-collapse origin. to be situated at high redshift where cosmological timetidita
One of the CC supernovae, SVISS-SN56, has a low ewill stretch the light curve by a factor of 2 (or more).
dence (also visible in the light curve t, see Figure 12),iind  Comparing this to the light curves of bright peculiar super-
cating that none of the supernova templates tted the dath waovae we nd that the light curve is marginally consistenthwi
Including more core-collapse supernova templates, impgov that of a pair instability (Pl) supernovae at high redstsiftme-

5.2. Core-collapse supernovae
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Fig. 15.1-band image cutouts, approximately 280°large of the transient of unknown type, SVISS-T167. Thareft panel shows the reference
image, middle panel shows the peak brightness (observedhegnd the rightmost panel shows the subtracted image labpigatness. The (red)
circle marks the location of the transient as detected irsth¢racted frame.

templates), but could also mean that it is a high-redshlébga

(z & 1) where the lack of near infrared data renders the pho-
tometric redshift technique unreliable. We excluded therc®
from the SN sample presented in Table 4. To discover the true
identity of the object, follow-up observations of its hostaxy

are needed.

6. Summary and discussion

We have presented light curves and typing of the 16 supeenova
discovered by SVISS. Using photometric redshifts estichate
from host galaxy photometry, we typed the SNe into thermonu-
clear or core-collapse events. The typing uses spectrdigird
curve templates for nine derent subtypes and is based on a
Bayesian tting method. From studying Monte-Carlo-sinteld
SN light curves and a small sample of SDSS SN light curves, we
Fig. 14. I-band light curve of SVISS-T167. Also shown isEaband COnclude that the typing code yields reliable results aterimg
light curve for a pair instability SNe shifted = 1 (line). Details of that we only have photometric redshifts with accuraciesin t
how the comparison light curve is constructed can be fourttiértext  order of 0.1, only one colour, and a limited number of epochs.
(this gure is available in colour in the electronic versiofthe article). We nd that probably not more than 5-10% of the supernovae
are misclassi ed. The misclassi cation ratios are not syetrit
with respect to the two main types, a CC SN is more likely to be

thing that has also been suggested by Gal-Yam et al. (2009) fiéisclassi ed into a TN SN than the other way around.
SN 2007bi and by Woosley et al. (2007) for SN 2006gy. PI SNe Comparing our typing quality with that of other typing
have slowly evolving light curves, sometimes with a secopdacodes is not straight-forward because the input data arsl tes
peak; the slow light curve decline of our candidate indisatat Of the codes vary considerably. Kessler et al. (2010a) try to
it could be similar to such SNe. The PI light curve in Figure 1#emedy this by oering a test sample of SN light curves and
was derived by taking a model rest fraf®@and light curves for a framework in which dierent typing codes can be com-
a 110M progenitor from the supplemental information availpared. Currently, our code is written speci cally to dealthwi
able for Woosley et al. (2007) and shifting it ;= 1:0, ap- the data from SVISS, trying the code out on the test sample
plying time dilation and distance modulus. We did not attemjs thus outside the scope of this paper. Nevertheless, we can
any detailed k-correction, but it should be noted that threeze  compare the typing quality estimated from our Monte-Carlo-
tion term should be fairly small because the rest frdwentral Simulated light curves with the typing qualities reported i
wavelength az = 1:0 is close to the central wavelength of thé<essler et al. (2010a). The la ciency which in our paper
| Iter. We also compared the light curve to that of SN 2010g# equal to Napg(TN)  Nrni cc)™Nwot(TN), and lapureness
(Pastorello et al. 2010), an extremely luminous type le-tki- (Napp(TN) Nt cc)A(Napp(TN)  Nrne cc + Near 7n) inour
pernova. We found that the very extended light curve anduzolohotation, are two of the concepts used to describe the gualit
evolution of our transient is impossible to match with tha@gx Kessler et al. (2010a). Our overall eiency and pureness val-
light curve, even when shifting it to higher redshift. ues for the thermonuclear SNe, 0.97 and 0.75, respectiuely,
There is no strong evidence for our candidate being a supg@mparable to the results obtained by the other typing codes
nova of this type, it is still a distinct possibility that tiseurce but with the caveat that we did not use the same test sample of
is actually an AGN because the position of the source is fightsupernovae as these authors.
the centre of its host galaxy. The photometric redshiftfieriost ~ Out of the 16 SNe, §7 are core-collapse supernovae, and
galaxy is not constrained, which might point towards it lpeém 7"8% are thermonuclear; only the systematic typing errors de-
AGN (our photometric redshift code does notinclude AGN SEBved from the misclassi cation ratios are given here. Theam
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redshift for the entire sample is 0.58 with the core-coléable detect 9 CC SNe out to= 1:4, with most of them az 0.8, and
being at slightly higher redshifts than the thermonucless this is therefore one of the deepest survey to date for CC SNe.
In a supernova survey of this type a large number of spurious _
sources will be detected and methods must be devised t(ysaﬁé:f(nowledgementsWe thank A. Pastorello for comments on the peculiar SN

. . . . . candidate and the SDSS supernova team for the use of the lighygebSN la
reject interlopers without compromising the SN detectior € ;¢ we also thank A. Jerkstrand for helpful discussioganding parallelisa-

ciency. We used a combination of automatic (SExtractonadig tion of the typing code. We thank the anonymous referee foresbelpful com-

to-noise rejection, SN typing rejection) and manual (bg-&¢ ments that helped us improve the paper. The observatiors wade in service

spection of image frames by multiple independent obse,rve'i@d\ilgt;hg Vg{\ef]j’\’l'cf’os ':gt:ége”t atop";“fagﬁ]' %gsgfvzg?“ﬁséesbﬁo i
_ : ; . : : re grateful for ial support fr wedis uncil.

by eye mspeCt.lon of |Ight curves by multlple Independep{ OS.M. and J.M. acknowledge nancial support from the AcadeofiyFinland

servers) rejection methods to ensure that the nal SN saiBplgproject:8120503).

as pure as possible.

In the specic case of AGN interlopers we nd that
the use of an additional observing epoch displaced from t
searclreference epochs by at least one year makes it possibkad, C. 2000, A&AS, 144, 363, (A00)
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Appendix A: Observational data for the 31 transient
objects

This appendix contains a table with extended informatian fo
the 31 transient objects detected in the SVISS ELAIS-S1. eld
The astrometry is accurate to within B#or details on the as-
trometry see Menc’a-Trinchant et al., in prep.). The phwb
rical errors are obtained as described in Section 2.3.2né0¥
detections the magnitude is given as a lower limit and thé lim
is also given as the error. The limiting magnitudes giverhia t
table are 1 limiting magnitudes derived from the photometric
accuracy investigation. The host galaxy redshifts givethénta-
ble are photometric redshifts derived from tb@VRI galaxy
photometry. Objects that were assumed to be hostless ae giv
a redshift of NA in the table.
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Table A.1. Extended information on the transient objects

Id RA (deg.) Dec(deg.) Host, Epoch MR Mg m m
SVISS-SN43 7.9102451 -44.499318 0.46 1 24.881 0.0811 24.74).1405
2 25.416 0.1149 24.797 0.1429
3 25.615 0.1458 25.47 0.3558
4 26.427 0.222 25.518 0.3195
5 26.649 0.5808 26.927 0.5354
6 27.29 0.421 >26.894 26.8935
7 27.36 0.4706 >26.719 26.7194
SVISS-SN161 7.9549322 -44.484425 0.54 1 >28.134 28.1342 >28.024 28.0236
2 >27.94 27.9396 >27.746 27.7464
3 25115 0.0595 25503 0.1809
4 24.207 0.02 23.878 0.0362
5 25925 0.1307 25.383 0.1815
6 27.213 0.3706 26.709  0.4135
7 >28.084 28.0837 >27.722 27.7219
SVISS-SN115 8.1434494  -44.39665 0.40 1 >27.3 27.3 >27.211 27.2112
2 22.07 0.02 22.235 0.02
3 22.884 0.02 22.262 0.02
4 24.644  0.0676  23.416 0.02
5 24965 0.0839 23.982 0.0716
6 25221  0.1118 24.703  0.1808
7 25.36 0.1697 25.138 0.3596
SVISS-SN116 8.088403  -44.47483 0.57 1 >28.657 28.6567 >27.598 27.5984
2 22.895 0.02 22.941 0.02
3 24.622  0.1311 23.45 0.02
4 26.516 0.2035 25.441 0.1349
5 26.335 0.3015 24.983 0.1291
6 27.643 05584 25911  0.3007
7 26.733 0.3231 26.434 0.3512
SVISS-SN309 8.0001281 -44.439905  0.67 1 >28.657 28.6567 >27.598 27.5984
2 >28.508 28.5081 >27.635 27.635
3 >28.022 28.0224 >27.577 27.5774
4 24.236 0.02 23.902 0.0532
5 23.599 0.02 23.751  0.0761
6 26.126  0.1866  25.278  0.1809
7 27.559  0.5768 25.75 0.2316
SVISS-SN402 8.0848318 -44.405671 0.34 1 >27.3 27.3 >27.211 27.2112
2 >26.776 26.7764 >27.543 27.5435
3 >28.096 28.0961 >26.972 26.9718
4 >27.703 27.7034 >27.298 27.2979
5 >27.221 27.2206 >25.897 25.8973
6 24.173 0.02 23.362 0.02
7 23.747 0.02 23.063 0.02
SVISS-SN135 7.8847856 -44.377629  0.90 1 >27.253 27.2533 >27.877 27.8767
2 >28.186 28.1863 >27.596 27.596
3 25344 0.0522 24569 0.0683
4 27.161 0.3049 25.469 0.1887
5 27.815 0.612 26.092  0.3977
6 >27.173 27.1731 26.736 0.7313
7 28.259 0.5435 27.158 0.5231
SVISS-SN14  8.0329574 -44.514378 /AN 1 26.187 0.1873 25.843 0.1986
2 26.291 0.2177 26.025 0.2372
3 27.031 0.3204 26.979 0.4307
4 27.948 0.6347 27.462 0.5716
5 27.766  0.5392 27.096 0.6211
6 28.03 0.5945 27.42 0.5754
7 >28.084 28.0837 26.636 0.3541
SVISS-SN51  7.9625753 -44.508399  0.53 1 26.042 0.2719 924.92.1633
2 26.663 0.3074 25.147 0.1941
3 27.145  0.4142 25.47 0.3558
4 26.9 0.288 25.967 0.4471
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Table A.1. Continued.

Id RA (deg.) Dec(deg.) Host, Epoch MR mg m m
5 27.25 0.4775 25.418 0.14
6 >28.19 28.19 25.954  0.3464
7 >28.022 28.0217 26.682 0.5789
SVISS-SN54  7.9628816 -44.443032  0.77 1 25.467 0.16 24.9771696
2 26.722 0.3195 25563 0.2678
3 >27.967 27.967 26.066 0.6209
4 >28.386 28.3863 26.671  0.6957
5 >28.275 28.2753 >28.148 28.1477
6 >27.008 27.008 >26.489 26.489
7 >28.022 28.0217 >26.719 26.7194
SVISS-SN261 8.0816154 -44.476649 /AN 1 >28.134 28.1342 >28.024 28.0236
2 >27.94 279396 >27.746 27.7464
3 >28.285 28.2846 >27.675 27.675
4 >28.171 28.1708 >27.643 27.6432
5 >28.204 28.2036 >27.305 27.3051
6 24.892  0.0416 23.8 0.0426
7 26.361 0.2134 24.922  0.1047
SVISS-SN55  7.8047583 -44.499259  0.59 1 >27.918 27.9184 >27.667 27.6672
2 25776  0.1298 25566 0.2291
3 25.878 0.1712 24.981 0.1349
4 >27.418 27.4183 25.545 0.3008
5 >28.065 28.0654 25.115 0.2053
6 >28.133 28.1333 26.083  0.3359
7 >27.753 27.7532 26.291 0.4234
SVISS-SN31  8.0856037 -44.462252 /AN 1 24.303 0.0459 23.958 0.0535
2 25.016 0.0526 24.313 0.0634
3 25.671 0.1325 24.756  0.1057
4 26.771 0.248 25.689 0.151
5 27.031 0.5771 25592 0.2423
6 27.535 0.5243 26.24 0.3787
7 >27.966 27.9659 26.308 0.327
SVISS-SN56  8.0617464 -44.438378  0.51 1 >26.694 26.694 >26.359 26.359
2 >26.776 26.7764 >26.333 26.333
3 >28.096 28.0961 >25.939 25.939
4 25.372  0.1405 24.312 0.1262
5 25.343 0.1372 23.897 0.0672
6 27.093 0.5583 24.884 0.2127
7 >27.322 27.3217 >26.176 26.1764
SVISS-SN357 7.9953784 -44.396938 1.36 1 >27.3 27.3 >27.211 27.2112
2 >26.776 26.7764 >27.543 27.5435
3 >28.096 28.0961 >26.972 26.9718
4 >27.703 27.7034 >27.298 27.2979
5 24743  0.0709 25.001 0.3677
6 24,922  0.0813 24.624 0.1682
7 25.344  0.1673 24.729 0.2138
SVISS-SN24  7.9023817 -44.374341  0.77 1 25.184 0.138 23.8160755
2 26.489 0.2786 24.369  0.1448
3 >27.226 27.2258 26.055 0.3293
4 >27.836 27.8362 26.635 0.5763
5 >27.153 27.1535 >26.362 26.3618
6 >27.451 27.451 >26.641 26.6409
7 >27.503 27.5032 >26.398 26.3982
SVISS-T99 8.0147036 -44.388741  1.50 1 26.438 0.4123 24.548.1501
2 25545 0.3216 24.117 0.1073
3 >28.096 28.0961 24.315 0.1309
4 26.49 0.329 24.091 0.1019
5 25.674 0.216 24.046 0.077
6 25.861 0.2149 24.139 0.1084
7 24.644  0.1045 23.611 0.1222
SVISS-T104  7.9834014 -44.414223  1.52 1 24.255 0.053 23.965.0922
2 24567  0.0901 24.03 0.0987
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Table A.1. Continued.

Id RA (deg.) Dec(deg.) Host, Epoch MR mg m m
3 23.751 0.02 24.033 0.0971
4 25.153 0.1144 24.243 0.1186
5 26.532 0.5599 25.183 0.468
6 27.25 0.6157 >26.62 26.6198
7 >27.322 27.3217 >26.176 26.1764
SVISS-T167  8.0149816 -44.361213  1.95 1 >27.3 27.3 >27.211 27.2112
2 >26.776 26.7764 25.764  0.2732
3 26.07 0.2859  25.337 0.2675
4 25,587 0.1695 24.991 0.2025
5 25988 0.3184 25.02 0.3775
6 25193 0.1084 24.783 0.1944
7 25.81 0.2537  25.215 0.3938
SVISS-T182  8.1151531 -44.431759  0.52 1 >27.3 27.3 >27.211 27.2112
2 >26.776 26.7764 >27.543 27.5435
3 24.4 0.2141 24.431 0.1453
4 23.198 0.02 23.078 0.02
5 23.451 0.02 22.84 0.02
6 23.332 0.02 23.095 0.02
7 23.92 0.02 24.134  0.1091
SVISS-T23 7.8220527 -44.379293  0.65 1 25.619 0.254 25.9265168
2 25317 0.1843 25.601 0.2831
3 25.48 0.2386  25.233  0.2195
4 25.923 0.2426  26.226  0.4586
5 25.259  0.2237 >26.362 26.3618
6 26.155 0.3105 26.391 0.446
7 26.25 0.3229 >26.398 26.3982
SVISS-T26 7.9150698 -44.334945  1.23 1 >26.887 26.887 25.088 0.234
2 24.828 0.1365 24.297 0.1378
3 24365 0.1184 23.805 0.0795
4 24.65 0.1249 24.02 0.0846
5 24.114 0.02 23.852  0.0797
6 24.643 0.111 23.905 0.3598
7 24967 0.1364 24.367 0.1622
SVISS-T68 7.8542558 -44.400151 0.34 1 >27.253 27.2533 >27.877 27.8767
2 26.33 0.193 25546  0.1742
3 26.515 0.3176 25.981 0.2312
4 26.989 0.2703 25.697 0.2381
5 26.196 0.1796  25.744 0.29
6 26.926  0.8029 >26.911 26.9113
7 >28.472 28.4721 25.381 0.159
SVISS-T306  7.9255526 -44.517406 0.4 1 23.315 0.02 2344 20.0
2 23.438 0.02 23.718 0.0461
3 23.054 0.02 23.312 0.02
4 23.795 0.02 24,143  0.0783
5 23.294 0.02 23.281 0.02
6 24.042 0.02 24.809 0.153
7 25.272  0.0876 >26.719 26.7194
SVISS-T39 7.9069841 -44.529026 1.8 1 22.849 0.02 22.691 2 0.0
2 23.087 0.02 22.806 0.02
3 23.366 0.02 23.124 0.02
4 23.645 0.02 23.418 0.02
5 24.422 0.082 23.565  0.0596
6 24.115 0.02 23.516 0.1144
7 22.971 0.02 22.845 0.02
SVISS-T50 7.9607529 -44.511618 0.7 1 25.762  0.2132  25.2722126
2 26.444  0.2649 25.635 0.2819
3 27.018 0.3854 >26.602 26.6022
4 27.628 0.4064 >26.764 26.764
5 >28.275 28.2753 >28.148 28.1477
6 >28.19 28.19 >26.894 26.8935
7 27538 0.5227 26.654 0.5722
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Table A.1. Continued.

Id RA (deg.) Dec(deg.) Host, Epoch MR mg m m
SVISS-T6 7.870627 -44.513955 1.64 1 24.408 0.1208  25.0752020.
2 23.841 0.02 24.69 0.1199
3 25261 0.1689 25.071 0.2404
4 23.709 0.02 24.144  0.0849
5 24,466  0.0946 >26.476 26.4764
6 >27.004 27.0039 24518 0.1963
7 24.187 0.02 24.602  0.2067
SVISS-T36 7.8742713 -44.409262 /AN 1 23.593 0.02 22.525 0.02
2 22.87 0.02 22.35 0.02
3 23.355 0.02 22.776 0.02
4 21.948 0.02 21.894 0.02
5 23.726 0.02 21.124 0.02
6 22.609 0.02 22.253 0.02
7 23.133 0.02 22.636 0.02
SVISS-T59 7.7726376 -44.492906 0.64 1 >27.364 27.3641 >26.725 26.7249
2 27552 05635 24.851 0.1431
3 25,557 0.2283 24.719 0.1742
4 >27.3 27.2997 24528 0.1315
5 25.371 0.193 24.148  0.1936
6 24868 0.1861 24.741 0.2644
7 26.298 0.3412 24.968 0.277
SVISS-T106  7.9025451 -44.494797  0.09 1 >27.364 27.3641 >26.725 26.7249
2 >27.587 27.5866 >26.912 26.912
3 >27.161 27.1611 >26.657 26.657
4 24564  0.0862 23.261 0.02
5 23.795 0.02 23.188 0.02
6 22.995 0.02 22.372 0.02
7 23.411 0.02 22.305 0.02
SVISS-T138 7.8257044 -44.441017 AN 1 >27.364 27.3641 >26.725 26.7249
2 >27.587 27.5866 >26.912 26.912
3 >27.161 27.1611 126.657 26.657
4 22.897 0.02 21.947 0.02
5 22.829 0.02 21.746 0.02
6 22.467 0.02 21.475 0.02
7 22.393 0.02 21.575 0.02




