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ABSTRACT

We present photospheric-phase observations of LSQ12gslpvey-declining, UV-bright
Type la supernova. Classified well before maximum light, 18@dj has extinction-corrected
absolute magnitudé/p = —19.8, and pre-maximum spectroscopic evolution similar to
SN 1991T and the super-Chandrasekhar-mass SN 2007if. Wealltnaeiolet photometry
from Swift ground-based optical photometry, and corrections fronear-mfrared photo-
metric template to construct the bolometric (1600— 2389)dlght curve out to 45 days past
B-band maximum light. We estimate that LSQ12gdj produz6d + 0.07 M, of 5°Ni, with

an ejected mass near or slightly above the Chandrasekhar Amsuch as 27% of the flux
at the earliest observed phases, and 17% at maximum lightitsed bluewards of 3304,
The absence of excess luminosity at late times, the cutdﬁ@fepectral energy distribution
bluewards of 300&, and the absence of narrow line emission and strong Naabsorp-
tion all argue against a significant contribution from omgpshock interaction. However, up
to 10% of LSQ12gdj's luminosity near maximum light could b®guced by the release of
trapped radiation, including kinetic energy thermalizedinlg a brief interaction with a com-
pact, hydrogen-poor envelope (radias10'® cm) shortly after explosion; such an envelope
arises generically in double-degenerate merger scenarios

Key words: white dwarfs; supernovae: general; supernovae: individ8& 2003fg,
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1 INTRODUCTION [2013E b), and into mechanisms for increasing the peak hsitin
of Chandrasekhar-mass events (Hillebrandt et al.|2007).

Type la supernovae (SNe la) have become indispensable as The status of superluminous SNe la as being super-

luminosity distance indicators at large distances apjsitgr Chandrasekhar-mass has historicall .
4 . — - y been closely tidwkiopgeak
for_studying the cosmological dark ener@lg% luminosity. SN 2003fg’s ejected mass was inferred at fitfits

Perimutter et £|. 1999). They are believed to be the thercieau peak absolute magnitude/yy = —19.94, requiring a large mass

explosions of carbon-oxygen white dwarfs, and their speate of 5Ni (Myi = 1.3 + 0.1 M@'M@) and a low Si ve-

generally very similar near maximum light, although somecsp locit . 1 . : Lo
c . . - y near maximum- 8000 km s~ ), suggesting a high binding
troscopic diversity existe (Branch L1 Benettl ’ energy for the progenitor. Ejected mass estimates wererfede

IBranch et al. 2006, 2007, 2008; Wang €t al. 2009). for SN 2007if (Scalzo et 4. 2010) and SN 2009dc (Silvermaallet
SNe la used for cosmology are referred to as spectroscpical 2011; Iliwgm_e_rgwlél. 2d)11), producing numbers of aimil
“(Branch) normal” m& SNe la; they have a-typ  magnitude. These ejected mass estimates depend, to vamying

cal absolute magnitude near maximum light in the rand8.5 < tents, on the interpretation of the maximum-light luminypsin
My < —19.5. They are used as robust standard candles basedterms of a large’®Ni mass, which can be influenced by asym-
on empirical relations between the SN'’s luminosity and @ar metries and/or non-radioactive sources of luminosity. &mm-

and light curve widthl(Riess etlal. 1996: Tripp 19098; Phsle al. ple, shock interaction with a dense shroud of circumstetiaterial
[1999; Goldhaber et El. 2001). Maximum-light spectroscqpiap- (CSM) has been proposed as a source of luminosity near maximu
erties can also help to improve the precision of distancea-me light for SN 2009dc |(Taubenberger et al. 2011: Hachingetlet a
sured using normal SNe la_(Bailey eflal. 20D9; Wang &t al.|2009 [2012;[Taubenberger etlal. 2013). The CSM envelope would have
[Folatelli et all 2010; Foley & Kasen 2011). to be largely free of hydrogen and helium to avoid producimise

Another subclass of SNe la with absolute magnitude sion lines of these elements in the shocked material. Thi¢ieaial
My ~ —20 has also attracted recent attention. At least three uminosity could simply represent trapped radiation frorshart
events are currently known: SN 2003fg_(Howell étlal. 2006), interaction soon after explosion with a compact envelopther
SN 2007if [Scalzo et &l. 2010; Yuan et lal. 2010), and SN 2009dc than an ongoing interaction with an extended wind. Such &e-en
(Yamanaka et al. [ 2009; Tanaka et al. 2010; Silvermanlet al. lope is naturally produced in an explosion resulting fronskw”

2011 [Taubenberger efldl_2011). A fourth event, SN 2006gz Merger of two carbon-oxygen white dwarfs (Iben & Tutdkov 498
(Hicken et al[ 2047), is usually classed with these thretpagh  Shen etal. 2012). Khokhiov etlal. (1993) modeled detonatiafn

its maximum-light luminosity depends on an uncertain ettom carbon-oxygen white dwarfs inside compact envelopesjngall
correction from dust in its host galaxy. These four events ar themtamped detonationshese events are luminous and have long
spectroscopically very different from each other. Amone thur rise times, but appear much like normal SNe la after maximum

events, SN 2006gz is the most spectroscopically normal near light. A strong ongoing interaction with an extended windcon-
maximum light, with a photospheric velocity typical of nam trast, is expected to produce very broad, ultraviolet (bviyht

SNe la as inferred from the velocity of the 5i\6355 absorption light curves and blue, featureless spectra uncharastedsnor-
minimum, and Cii absorption A\4745, 6580, 7234) in spectra mal SNe lal(Eryer et al. 2010; Blinnikov & Sorokina_2010).

taken more than 10 days befoErband maximum light. In con- Searching for more candidate super-Chandrasekhar-mass
trast, SN 2009dc shows low 8ivelocity vs; (~ 8000 km s~1), a SNe la/ Scalzo et Al (2012) reconstructed masses for a sasfipl
relatively high Siii velocity gradientis;(~ —75 km s~ * day '), SNe la with spectroscopic behavior matching a classicallT99
and very strong, persistent I€ A6580 absorption. SN 2007if is like template and showing very slow evolution of thelSveloc-
spectroscopically 1991T-like before maximum light, it®sjpum ity, similar to SN 2007if; these events were interpretedamsped
dominated by Feil and showing only very weak Si, with a detonations, and the mass reconstruction featured a veighro
definite C1I detection in a spectrum taken 5 days afteiband accounting for trapped radiation. One additional plaes#per-

maximum light. SN 2006gz, SN 2007if and SN 2009dc show Chandrasekhar-mass candidate event was found, SNF 2088072
low-ionization nebular spectra dominated by IFein contrast to 012, with estimated ejected mass 1.7M and °°Ni mass~
normal SNe la which have stronger Fe emission[(Maeda ethl.  0.8M. The other events either had insufficient data to establish
[2009; | Taubenberger etldl. 2013). Only one spectrum, taken atsuper-Chandrasekhar-mass status with high confidencedoreh

2 days pastB-band maximum, exists for SN 2003fg, which constructed masses consistent with the Chandrasekhar iHass
resembles SN 2009dc at a similar phase. Recently two additio  ever, none of the Scalzo et dl. (2012) SNe had coverage atwave
SNe, SN 2011laa and SN 2012dn, have been proposed as supelengths bluer than 3308, making it impossible to search for
Chandrasekhar-mass SN la candidates based on their lutyiabs  early signatures of shock interaction, and potentiallyaragtimat-

ultraviolet (UV) wavelengths as observed with tBeifttelescope ing the maximum bolometric luminosity and tA&Ni mass. While
(Brown et al[ 2014). [Brown et al. [(2014) obtained good UV coverage of two new can-

didate super-Chandrasekhar-mass SNe la, 2011aa and 20i®2dn

plained by models of exploding Chandrasekhar-mass whitefgy optical photometry redward of 6008 has yet been published for
since these produce no more thar, of **Ni even in a pure these SNe, precluding the construction of their bolomdigit

detonation[(Khokhlov et " 1393). While they might moreatégs curves or detailed inference of their masses.

These extremely luminous SNe la cannot presently be ex-

tively be called “superluminous SNe la”, these SNe la haypé-ty In this paper we present observations of a new overluminous
cally been referred to as “candidate super-Chandrasekiian® (Mp = —19.8) 1991T-like SN la, LSQ12gdj], including detailed
or “super-Chandras”, based on an early interpretation 02808fg UV (from Swiff) and optical photometric coverage, as well as spec-
as arising from the explosion of a differentially rotatingite dwarf troscopic time series, starting at 10 days befBrband maximum
with mass~ 2 Mg dm.). Observation of events in  light. We examine the UV behavior as a tracer of shock intevac
this class has stimulated much recent theoretical invetsig into and as a contribution to the total bolometric flux, in ordebéter

super-Chandrasekhar-mass SN la channels (Hachishletk; 20 understand the physical mechanisms behind the high luitiems
Uustham 2011} Di Stefano & Kili€_20112; Das & MukhopadHyay of these events. Including ti&wift UV filters and a correction for

(© 0000 RAS, MNRASDOG, 000-000




UV + optical observations of LSQ12gdj 3

2.2 Photometry

Swift UVOT observations were triggered immediately after spec-
troscopic confirmation, providing comprehensive photsineov-
erage at UV wavelengths starting 8 days befBrband maximum
light. The observations were reduced using aperture prettgm
according to the procedure m@oog), using the u
dated zeropoints, sensitivity corrections, and trandorssurves

Figure 1. Discovery images for LSQ12gdj. Left: REF (galaxy template)
image showing the host galaxy before the SN. Center: NEWénsagwing ofBreeveld et I.L(M.l).
Ground-based follow-up photometry was taken by the

host galaxy + SN. Right: Subtraction SUB = NEW - REF, showimg N - ) .
alone. The thumbnails af&” x 56/ square. Carnegie Supernova Project (ICSP) using the Swope 1-m tele-

scope at Las Campanas observatory, in the natural system CSP
BVr'i’ filters, starting at 10 days befor&-band maximum
. . light. The SITe3 CCD detector mounted on the Swope has a
unobserved near-infrared (NIR) flux, we construct the beioia 2048x 4096 pix active area, with a pixel scale of 0.435 arcsec/pix;
light curve of LSQ12gdj and use it to reconstruct fifevi mass to reduce readout time, a 1200 1200 pix subraster is read out,
synthesized in the explosion and the total ejected mass. for a field of view of8.7 x 8.7 arcmin. The images were reduced
with standard CSP software including bias subtractiorgdiity
correction, flat fielding and exposure correction. A locajsnce

2 OBSERVATIONS of 20 stars around the SN, covering a wide range of magnitudes
. - has been calibrated on more than 15 photometric nights h@o t
2.1 Discovery and Classification natural system of the Swope telescope, using the reductimrep

. . i .i S ;!! ! e as dl i
LSQ12gdj was discovered on 2012 Nov 07 UT as part of the La dures described i al.(2010) and the bandpdiss c

bration procedures and transmission functions_in Stiziret al.
Silla-QUEST (LSQ) Low-Redshift Supernova Sur ) . ° :
). ongoing since 2009 using the QUEST-Il camera momned (2012). Template images for galaxy subtractions were takiém

the Du Pont 2.5-m telescope under favorable seeing condita
the ESO 1-m Schmidt telescope at La Silla Observatory. QUEST
P Y. Q the nights of 2013 Oct 10-11, using the same filter set as the sc

Il observations are taken in a broad bandpass using a custom- ) PSFE-fitti h ‘ d heeSN d
made interference filter with appreciable transmissiomfi®00— ence images. fitting p otometry was periorme on the
7000 A covering the SDSS/’ and ' bandpasses. Magnitudes tections in the template-subtracted images, relativeaddbal se-

’ ' quence stars, measured with the standard IRAF (Todyl 192%} pa

were calibrated in the LSQ natural system against starsen th --
SN field with entries in the AAVSO All-Sky Photometric Sur- ageDAOP_HOTStetSO 1987).
Additional ground-based photometry was taken by the Las

vey (APASS) DR6 catalog. These images are processed rgular
y( ) d g P 59 Cumbres Global Telescope Network (LCOGT). The LCOGT data

using an image subtraction pipeline, which uses reliablenep quced Usi ineline develobed by the LCOG
source software modules to subtract template images ofdhe ¢ were reduced using a custom pipeline developed by the L T
SN team, using standard proceduresgAF, DAOPHOT, SWARP)

stant night sky, leaving variable objects. Each new imageds ; S .
istered and resampled to the position of a template imagegusi in aPYTHON framework. PSF-fitting photometry is performed af-

SWaRP (Bertin et al[ 2002). The template image is then rescaled ter subtraction of the background, estimated via a low-opddy-

and convolved to match the point spread function (PSF) ofhtve nomial fit. ) i
image, before being subtracted from the new image usioT- The Swift UV photometry and the CSP/LCOGT optical pho-

PANTS]. New objects on the subtracted images are detected usmgtometry are shown in Tabldg 1 ahdl 2, respectively, and plotte

Figure[®. All ground-based magnitudes have bSecorrected
SEXTRACTOR (Bertin & Arnoutd 1996). These candidates are then "
visually scanned and the most promising candidates sdldote to the appropriate standard system Lancolt (1992): Fuiegial.

spectroscopic screening and follow-up. -), the natural-system light curves are included sepbt
The discovery image of LSQ12gdj, showing its position (RA
= 23:54:43.32, DEC =-25:40:34.0) on the outskirts of its host
galaxy, ESO 472- G 007(= 0.030324; [Di Nella et al[1996),is  , 5 ¢
2 i X . pectroscopy

shown in FigurdTl, along with the galaxy template image aed th

subtracted image. No source was detected at the SN position t A full spectroscopic time series was taken by the Public ESO

days earlier (2012 Nov 05 UT) to a limiting magnitudeof21. Spectroscopic Survey for Transient Objects (PESSTO)gutsia

Ongoing LSQ observations of LSQ12gdj were taken after disco EFOSC2 spectrograph on the ESO New Technology Telescope

ery as part of the LSQ rolling search strategy, charactegizihe (NTT) at La Silla Observatory, comprising seven spectrateabe-

rising part of the light curve. tween 2012 Nov 13 and 2013 Jan 13 UT. Thell and gr16

The Nearby Supernova Factory (SNfactory) reported that a gratings were used, covering the entire wavelength range-33

spectrum taken 2013 Nov 10.2 UT with the SuperNova Integral 10330A at 13 A resolution. The spectra were reduced using the

Field Spectrograph (SNIFS; Lantz etlal. 2004) on the Unityeos PYRAF package as part of a custom-built, Python-based pipeline

Hawaii 2.2-m telescope was a good match to a 1991T-like SN la written for PESSTO; the pipeline includes corrections fiastand

before maximum light as classified using SNID (Blondin & Ténr  fringing, wavelength and flux calibration, correction felltiric ab-

), and flagged it as a candidate super-Chandrasekisar-ma sorption and a cross-check of the wavelength calibratiamyuet-

SN la [Cellier-Holzem et al. 2012). This classification watet mospheric emission lines.

confirmed by the first PESSTO spectrum in the time series de- Three spectra of LSQ12gdj were obtained around maximum

scribed below, taken 2012 Nov 13 UT. light by CSP using the Las Campanas 2.5-m du Pont telescope
and WFCCD. The spectral resolution i§8as measured from the
FWHM of the HeNeAr comparison lines. A complete description

L http://www.astro.washington.edu/users/becker/hdtphtml of data reduction procedures can be fOUf‘M@OO

(© 0000 RAS, MNRASD0Q, 000—-000



4  Scalzo et al.

An additional five optical spectra were taken with the WiFeS
integral field spectrograph on the ANU 2.3-m telescope aingid
Spring Observatory. WiFeS spectra were obtained using 300®
and R3000 gratings, providing wavelength coverage in thgea
3500-9600A with a FWHM resolution for the point-spread func-
tion (PSF) of 1.5A (blue channel) and 2.8 (red channel). Data
cubes for WiFeS observations were produced using the P)@iFe
software (Childress et Al. 2013b). Spectra of the SN weraebed
from final data cubes using a PSF-weighted extraction tecieni
with a simple symmetric Gaussian PSF, and the width of this
Gaussian was measured directly from the data cube. Baakgrou
subtraction was performed by calculating the median backgt
spectrum across all pixels outside a distance from the SMlequ
to about three times the seeing disk (typicall{.5-2" FWHM).
Due to the negligible galaxy background and good spatial flat
fielding from the PyWiFeS pipeline, this technique produtad
vorable subtraction of the sky background from the WiFeSspe
of LSQ12gdj.

The observation log for all spectra presented is shown in Ta-
ble[3. All spectra will be publicly available through wiseRE

(Yaron & Gal-Yani 2012).

3 ANALYSIS

In this section we discuss quantities derived from the phetoy
and spectroscopy in more detail. We characterize the sisecpic
evolution of LSQ12gdj, including the velocities of commob- a
sorption features, i§3.1. We discuss the broad-band light curves
of LSQ12gdj and estimate the host galaxy extinctiorf3@. Fi-
nally, we describe the construction of a bolometric lightveufor
LSQ12gdj ing3.3, including correction for unobserved NIR flux
and the process of solving for a low-resolution broad-bgretsal
energy distribution (SED).

3.1 Spectral Features and Velocity Evolution

Figure[2 shows the spectroscopic evolution of LSQ12gdjh wit
spectra of the super-Chandrasekhar-mass SN 2007if irctliaie

comparison. The early spectra show evidence for a hot photo-

sphere, with a blue continuum and absorption features datatin

by Fell and Felll, typical of 1991T-like SNe la_Filippenko etlal.
(1992): Phillips et al.[ (1992). These include absorptiomptexes

near 35004, attributed to iron-peak elements (Ni, Co 11, and

Cr 11) in SN 2007if O). The prominence of hot
iron-peak elements in the outer layers is consistent witheatg
deal of °Ni being produced, and/or with significant mixing of
56Ni throughout the outer layers of ejecta during the explosion.
Si Il A5972 is not visible. Sill A6355 and Cail H+K are weak
throughout the evolution.

Figure[3 shows subranges of the spectra highlighting com-
mon intermediate-mass element lines at key points in thair e
lution. LSQ12gdj shows unusually narrow intermediatesnas
element signatures. The @aH+K absorption is narrow enough
(~ 6000 kms FWHM) that the minimum is unblended with neigh-
boring Si1l A3858, and both components of the doublet can be
seen in the line profile (though still blended)~at10000 km s~ *.

At later phases, the separate components of the iR triplet can
also be seen at 12008n s~ '. Spectra at the earliest phases show
absorption minima near the expected positions of all ofahiees

2 http://www.mso.anu.edu.au/pywifes/doku.php
3 http://www.weizmann.ac.il/astrophysics/wiserep/

near maximum light, but with unexpected shapes; these fTas
not correspond physically to the nearest familiar featareach
case, but if they do, they may yield interesting informatéout
the level populations to detailed modelling which propedgounts
for the ionization balance. An example of such ambiguithésfea-
ture near 365@ in the pre-maximum spectra, the position of which
is consistent with high-velocity Ca as in normal SNe la, but is
also near the expected position ofiGiaround 1200%km s~ *.

To identify various line features in a more comprehensive
manner, we fit the maximum-light spectrum of LSQ12gd] using
SYN++ (Thomas et . 20111), shown in Figlite 4. While LSQ12gdj
displays many features typical of SNe la near maximum light,
fit also suggests contributions from higher ionization sp&ce.g.,

C 111 \4649 over Fel/S 11 absorption complexes, or 8i near
3650A and 44004 in the pre-maximum spectra. These identifica-
tions, though tentative (labelled in red in Figlile 4), arasistent
with spectroscopic behaviors seen in shallow-silicon &/prior to
maximum Iight6). The suggestion ofi Q4649
near 18,00km s~ ! is tantalizing, but ambiguous, and no corre-
sponding Cit A6580 absorption is evident. Qr is an intriguing
possibility, since it provides a better fit in the bluest pairtthe
spectrum and simultaneously contributes strong line lgang in
the unobserved UV part of the spectrum; such line blanketng
in line with the sharp cutoff of our photometry-based SEDHa t
Swift bands (se¢3.3). However, given the degeneracies involved
in identifying highly blended species, we do not consideniGo
have been definitively detected in LSQ12gd;.

We measure the absorption minimum velocities of common
lines in a less model-dependent way using a method similar to
I.|_£TQ_12). We resample each spectruriog6)), i.e.,
to velocity space, then smooth it with wide (“continuum¥;
75000 km s~ ') and narrow (“lines”;~ 3500 km s~ ') third-order
Savitzsky-Golay filters, which retain detail in the intiindine
shapes more effectively than rebinning or conventional SSian
filtering. After dividing out the continuum to produce a srtioed
spectrum with only line features, we measure the absorption
ima and estimate the statistical errors by Monte Carlo sagpive
track the full covariance matrix of the spectrum from thegoral
reduced data to the final smoothed version, and use its (dyoles
decomposition to produce Monte Carlo realizations. We add i
gquadrature a systematic error equal to the RMS spectrogesoh
lution, which may affect the observed line minimum since we a
not assuming a functional form (e.g. a Gaussian) for thepire
file. The resulting velocities are shown in Figlile 5. In chdting
velocities from wavelengths, we assume nearby componeti- mu
plets are blended, with the rest wavelength of each linegotkia
g-weighted rest wavelengths of the multiplet componentkpalgh
this approximation may break down for some lines (see F{@ure

LSQ12gdj shows slow velocity evolution in the absorp-
tion minima of intermediate mass elements, again chatacter
tic of SN 1991T [(Phillips et al. 1992) and other candidateesup
Chandrasekhar-mass events with 1991T-like sp.
2010, ). At early times, familiar absorption features o
intermediate-mass elements are either ambiguously fohibr
too weak for their properties to be measured reliably, buheo
clearly into focus by maximum light. Before maximum, the mea
sured velocities for Sii A3858 differ by as much as 1000m s~ *
between neighboring WiFeS and CSP spectra. The most likely
source of the discrepancy is systematic error in the contmas-
timation for this shallow line near the blue edge of each spec
graph’s sensitivity, since the relative prominence of theal max-
ima on either side of the line differ between CSP and WiFe$. Fo
other line minima, measurements from CSP and from WiFeS are

(© 0000 RAS, MNRASDOG, 000-000



UV + optical observations of LSQ12gdj 5

Table 1. Swift photometry of LSQ12gd]

MJD  Phasé uvw?2 uvm?2 uvwl u b v

56243.9 -84 1834+0.11 18.63+£0.11 16.56 £0.08 15.41+0.05 16.65+0.07 16.77 £ 0.09
56246.2 —6.1 18.07+£0.10 18.57+0.11 16.34£0.08 15.16+0.04 16.25+0.06 16.34 £ 0.08

56249.2 —3.2 18.07£0.10 1842+0.10 16.40+£0.08 15.024+0.04 16.024+0.05 16.21 +£0.08
56252.1 —0.4 18.21+£0.11 18494+0.10 16.61£0.08 15.08+0.04 15.98+0.05 16.15+£0.07
56255.2 2.6 18.424+0.11 18.69+0.11 16.98+£0.08 15.36+0.05 16.00+0.05 16.12 4 0.07

56258.7 6.0 18.68+0.12 1885+£0.12 17.43+0.09 15.67£0.06 16.08+0.05 16.07£0.07
56261.1 84 18.89+0.13 19.324+0.15 17.78+0.09 15.96£0.07 16.17+£0.05 16.14 +0.07
56264.3 114  19.54+£0.18 19.51 +£0.17 18.09£0.10 16.39+0.08 16.42+0.06 16.27 £ 0.08
56267.3 14.3  19.82+0.21 20.10£0.25 18.59+0.13 16.88+0.09 16.73+0.08 16.42+0.08
56270.8 17.7  20.08£0.25 20.484+0.32 18.93£0.16 17.38+0.10 17.18+0.08 16.66 £ 0.09

56279.4 26.1 ... 19.61+0.26 18.40+0.17 18.184+0.12 17.11£0.10
56286.3 32.8 ... 19.02£0.25 18.76£0.17 17.49+0.13
56293.4 39.7 ... 1991+0.33 18.98+0.28 19.114+0.24 17.71+£0.16
56300.1 46.2 ..o 19.174£0.25  18.13+£0.22

@ Phase given in rest-frame days singéeband maximum light.

Table 2. Ground-based photometry of LSQ12gdj in the Landolt and SEt8&dard systems

MJD  Phasé B 1% g r i z Source
56242.1 —10.2 17.02+£0.01 17.05+0.01 ... 17.194£0.01 17.47+0.01 ... SWOPE
56243.1 —-9.2 16.76 £0.01 16.81 +0.01 ... 16.94+0.01 17.20£0.01 o SWOPE
56245.0 -7.3 e ... 16.384+0.01 16.524+0.01 16.81+0.02 17.28+0.01 LCOGT
56245.1 —7.2 16.40+0.01 16.46 £0.01 ... 16.57+0.01 16.84 £0.01 A SWOPE
56246.0 —6.3  16.294+0.01 16.34 +£0.01 ... 1646 £0.01 16.74£0.01 ... SWOPE
56246.0 —6.3 . ... 16.30+0.01 16.454+0.02 16.724+0.01 17.05+0.02 LCOGT
56247.0 —5.3 e ... 16.174+0.01 16.314+0.02 16.65+0.01 16.95+0.02 LCOGT
56247.1 —5.3 16.18 £0.01 16.24 +0.01 ... 16.35£0.01 16.67+0.01 S SWOPE
56248.1 —4.3 16.114+0.01 16.16 +0.01 ... 16.26 £0.00 16.62 £ 0.01 ... SWOPE
56248.1 —4.3 o ... 16.11£0.01 16.29+0.01 16.624+0.02 16.86£0.02 LCOGT
56249.0 —3.4 16.04 £0.01 16.09 +0.01 ... 16.19£0.00 16.59 £ 0.01 ... SWOPE
56250.0 —24  15.99+0.01 16.04 £0.01 ... 16.124+0.01 16.58 £0.01 o SWOPE
56250.1 —-2.3 e ... 15984+0.01 16.144+0.02 16.58+0.01 16.71+0.02 LCOGT
56251.0 —14 15.97+0.01 16.02+0.01 ... 16.06 £0.01 16.55+0.01 A SWOPE
56252.0 —0.5 15.974+0.01 16.00 +0.01 ... 16.03£0.01 16.57£0.01 ... SWOPE
56252.1 —0.4 o ... 1593£0.01 16.04+0.01 16.594+0.01 16.71£0.01 LCOGT
56253.0 0.5 1598 £0.01 15.98 £0.01 ... 16.00£0.00 16.58 £+ 0.01 ... SWOPE
56253.1 0.6 . ... 159240.01 16.034+0.01 16.61+0.01 16.68+0.01 LCOGT
56254.1 1.5 15.99+0.01 15.96 +£0.01 ... 1596 £0.01 16.60 £ 0.01 ... SWOPE
56254.1 1.6 o ... 1590£0.01 16.02+0.01 16.584+0.02 16.64+£0.01 LCOGT
56255.1 2.5 1599+0.01 15.96 £0.01 ... 15.95+0.01 16.60 £ 0.01 ... SWOPE
56255.1 2.5 . ... 159340.01 15.9740.01 16.624+0.01 16.69+0.02 LCOGT
56256.1 3.4 16.05+£0.02 15.96 £0.01 ... 1594 +£0.01 16.62+0.01 ... SWOPE
56256.1 3.5 . ... 15.9040.01 15.9740.01 16.554+0.02 16.72+0.02 LCOGT
56257.1 4.4 16.03£0.01 15.95+0.01 ... 1592+£0.01 16.63+0.01 ... SWOPE
56257.1 4.5 . ... 15944001 15964+0.01 16.624+0.02 16.76£0.02 LCOGT
56258.1 54 16.07£0.01 15.95+0.01 ... 15.95+£0.01 16.65 =+ 0.01 ... SWOPE
56258.1 5.5 . ... 16.00+0.01 15.9440.01 16.65+0.01 16.80+0.02 LCOGT
56259.0 6.3 16.10 £0.01 15.96 £ 0.01 ... 1596 £0.01 16.68 £+ 0.01 ... SWOPE
56259.1 6.4 . ... 16.03+0.01 15.944+0.01 16.69+0.03 16.83+0.02 LCOGT
56261.1 8.3 16.20£0.01 16.01 £0.01 ... 16.03£0.01 16.79£0.01 ... SWOPE
56261.1 8.4 . ... 16.094+0.01 16.094+0.01 16.854+0.01 17.01+0.01 LCOGT
56262.1 9.3 16.25+£0.01 16.04 £0.01 ... 16.09£0.01 16.90+0.01 ... SWOPE
56263.1 10.2  16.30 £0.01  16.10 +0.01 ... 1616 £0.01 16.99 +0.01 A SWOPE
56264.1 11.2  16.39+0.01 16.16 £0.01 e ... 17.09 £0.01 ... SWOPE
56264.1 11.3 o ... 16.21£0.01 16.21+0.03 17.06+0.00 17.10+£0.02 LCOGT

@ Phase given in rest-frame days sing¢eband maximum light.
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Table 2. Ground-based photometry of LSQ12gdj, contd.

MJD  Phasé B \% g r 7 z Source
56265.1 12.2  16.48 +0.01 16.24 +£0.01 ce. 16.31 £0.01 17.18 £ 0.01 ce. SWOPE
56265.1 12.2 ... 16.31+0.01 16.31+0.01 17.174+0.01 17.114£0.01 LCOGT
56266.1 13.1 16.56 £ 0.01 16.29 +£0.01 ce. 16.39 +£0.01 17.28 +£0.01 ce. SWOPE
56266.1 13.2 e ... 16.38+0.01 16.39+0.01 17.244+0.03 17.15+0.02 LCOGT
56267.1 14.1 16.68 £ 0.01 16.36 £ 0.01 ce. 16.46 £+ 0.01 17.32 £ 0.01 ce. SWOPE
56267.1 14.2 e ... 16.484+0.01 16.48+0.01 17.324+0.01 17.21+0.02 LCOGT
56268.1 15.1 16.79 £0.01 16.43 £0.01 ce. 16.52 £0.01 17.37 £ 0.01 ce. SWOPE
56268.1 15.1 16.58 £0.01  16.50 +£0.01 17.354+0.01 17.22+0.02 LCOGT
56269.1 16.1 16.65 +£0.01  16.55+0.01 17.334+0.01 17.18 £0.02 LCOGT
56270.1 17.0 e ... 16.754+0.01 16.55+0.01 17.30+0.02 17.18 £0.02 LCOGT
56270.1 17.0 17.03 +£0.01 16.56 £ 0.01 ce. 16.58 £ 0.01 17.36 £ 0.01 ce. SWOPE
56272.1 19.0 16.95+£0.01 16.63+0.02 17.294+0.03 17.20+0.02 LCOGT
56273.1 20.0 17.02 £0.01 16.63 £ 0.01 17.27 £ 0.01 17.17 £ 0.01 LCOGT
56274.1 20.9 e ... 17.03+0.01 16.65+0.01 17.194+0.01 17.20+£0.02 LCOGT
56275.1 21.9 17.60 £0.01 16.85 £ 0.01 ce. 16.69 £ 0.01 17.23 £ 0.01 ce. SWOPE
56275.1 21.9 17.174+0.01 16.65+0.02 17.204+0.01 17.12+0.01 LCOGT
56276.1 22.9 17.34 £0.01 16.69 £ 0.01 17.22 £ 0.01 17.17 £ 0.01 LCOGT
56277.1 23.8 17.40 £0.01 16.71+0.03 17.18 £0.01 17.17+0.02 LCOGT
56278.1 24.8 17.50 £0.01 16.76 +£0.01 17.174+0.03 17.17+0.01 LCOGT
56279.1 25.8 17.524+£0.01 16.79+0.01 17.1940.01 17.20+0.02 LCOGT
56282.1 28.7 17.81 £0.01 16.87 £ 0.02 17.18 £ 0.01 17.21+0.14 LCOGT
56283.1 29.7 e ... 17.894+0.01 16.92+0.01 17.224+0.01 17.24+0.03 LCOGT
56283.1 29.7 1836 £0.02 17.24 +0.01 16.93 £0.01 17.23 £ 0.01 SWOPE
56284.0 30.6 18.42+0.02 17.31 +0.02 ... 16.96 £0.01 17.26 £ 0.01 e SWOPE
56284.1 30.6 ce. ... 17.864+0.02 16.97 +0.01 17.15+0.01 17.28 £+ 0.02 LCOGT
56285.0 31.6 1844 +0.02 17.314+0.01 ... 17.014+0.01 17.26 +£0.01 e SWOPE
56285.1 31.6 18.03 £0.01 16.96 +0.01 17.234+0.01 17.37+0.02 LCOGT
56286.1 32.6 18.02 +£0.01 17.05+0.01 17.264+0.01 17.34+0.02 LCOGT
56287.1 33.5 e ... 18.06+0.01 17.024+0.02 17.37+0.02 17.32+0.01 LCOGT
56288.0 34.5 1859 +0.02 17.43 +0.01 ce. 17.12 £0.01 17.37 £ 0.01 ce. SWOPE
56288.1 34.5 18.174+0.01 17.10+0.01 17.384+0.01 17.44+0.02 LCOGT
56289.1 35.5 18.18 £0.02 17.10 £0.02 17.45+0.03 17.41 +0.02 LCOGT
56290.1 36.4 18.25 +£0.02 17.18+£0.01 17.464+0.01 17.52+0.03 LCOGT
56291.1 37.4 ... 18.334+0.01 17.27 £0.01 17.49 £+ 0.01 17.61 £ 0.02 LCOGT
56292.0 38.4 17.62 £0.02 17.29 £0.01 17.54 £+ 0.01 SWOPE
56294.0 40.3 17.77 £0.02 17.40 £0.01 17.68 £+ 0.01 SWOPE
56296.1 42.2 17.84 £0.02 17.49 £0.01 17.77 £ 0.01 SWOPE
56297.1 43.2 17.89 £ 0.02 17.55 £0.01 17.83 £0.01 SWOPE
56299.1 45.2 17.98 £0.02 17.64 £0.01  17.95+ 0.01 SWOPE
56316.0 61.6 18.48 +£0.04 18.31 £0.03 18.77 +0.04 SWOPE
56318.0 63.6 18.55 £ 0.03 SWOPE

@ Phase given in rest-frame days singéeband maximum light.

consistent with each other within the errors. For bothi Si3858 the outer edge of the iron-peak element core of the ejecta, as

and Sill A\6355, s; < 10 km s~ from maximum light until those
lines become fully blended with developing Fdines more than
three weeks pasB-band maximum. The Si plateau velocity is
higher ¢~ 11000 km s~ ') than any of thé Scalzo etdl. (2012) SNe.
The velocity of Cal H+K seems to decrease by about 580 s+
between day-7 and day+14, but on the whole it remains steady
near 1000&km s~ *, with a velocity gradient consistent with that of
Sill. The Si1 A\5454, 5640 “W” feature, which often appears at
lower velocities than Si, also appears around 11006 s~ * until
blending with developing Fe features erases it.

These velocity plateaus may be a sign of a density en-
hancement in the outer ejecta, characteristic of a disturbe
density structure resulting from an interaction with oyerl
ing material at early timesmmmzx as in the
DET2ENV2, DET2ENV4, and DET2ENV6 “tamped detonation”
scenarios of _Hoflich & Khohklov| (1996), hereafter colleetyy
called “DET2ENVN?". Alternatively, the plateau may simplyamk

proposed in the case of the relatively normal SN la 2012fr
(Childress et dl[_201Ba), which also featured extremelyromar
(FWHM < 3000 km s~ ') absorption features. SN 2012fr showed
prominent high-velocity Sii absorption features, making it in-
compatible with a tamped detonation explosion scenamggesany

SN ejecta above the shock velocity would have been swept into
the reverse-shock shell. No signs of high-velocity absonptea-
tures from Ca, Si, or S are clearly evident in LSQ12gdj, altito

we might expect such material to be difficult to detect in kha

silicon events like LSQlZg 06).

3.2 Maximum-Light Behavior, Colors, and Extinction

The reddening due to Galactic dust extinction towards tte b

LSQ12gdjisE(B — V)uw = 0.021 mag (Schlafly & Finkbeiner
@). LSQ12gdj was discovered on the outskirts of a spakexy
viewed face-on, so we expect minimal extinction by dust i@ th
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Table 3. Optical spectroscopy of LSQ12gdj

UV + optical observations of LSQ12gdj 7

uT MJD  Phasé Telescope Exposure  Wavelength  Obsefvers

Date (days) / Instrument Time (s) Rang%(

2012 Nov 13.13  56244.1 —8.1 NTT-3.6m/EFOSC 1500 3360-10000 PESSTO

2012 Nov 15.14 56246.1 —6.2 NTT-3.6m/EFOSC 1500 3360-10000 PESSTO

2012 Nov 17.43  56248.4 —4.0 ANU-2.3m/WiFeS 1200 3500-9550 NS

2012 Nov 19.52  56250.5 —1.9 ANU-2.3m/WiFeS 1200 3500-9550 MC

2012 Nov 19.92 56250.9 —1.6 DuPont/ WFCCD 2 x 600 3580-9620 NM

2012 Nov 20.43 56251.4 —1.1  ANU-2.3m/WiFeS 1200 3500-9550 MC

2012 Nov 20.93 56251.9 —0.6 DuPont/ WFCCD 2 x 600 3580-9620 NM

2012 Nov 21.45 56252.5 —0.1 ANU-2.3m/WiFeS 1200 3500-9550 MC

2012 Nov 21.85 56252.9 +0.3 DuPont/ WFCCD 2 x 600 3580-9620 NM

2012 Nov 23.15 56254.1 +1.6 NTT-3.6m/EFOSC 900 3360-10000 PESSTO

2012 Nov 29.47 56260.5 +7.7 ANU-2.3m/WiFeS 1200 3500-9550 CL,BS

2012 Dec 06.12  56267.1 +14.2 NTT-3.6m/EFOSC 1500 3360-10000 PESSTO

2012 Dec 14.13  56275.1 +21.9 NTT-3.6m/EFOSC 1500 3360-10000 PESSTO

2012 Dec 23.13  56284.1 +30.7 NTT-3.6m/EFOSC 900 3360-10000 PESSTO

2013 Jan 13.05 56305.1 +51.0 NTT-3.6m/EFOSC 2 x 1500 3360-10000 PESSTO
@ In rest-frame days with respect to B-band maximum (MJD 56852
b BS = Brad Schaefer, CL = Chris Lidman, MC = Mike Childress, NMlidia Morrell, NS = Nicholas Scott
host galaxy. The equivalent width of N&D absorption i€.05 +
0.03 A Maguire et al.|(2013), also consistent with little to no hos 13000 : : :
galaxy extinction. A fit to the_Folatelli et Al. (2010) versiof the 2 @ sil3sss
Lira relation [.1999) to the CFPandV light curves 125007 ¢ ¢ & siis640
suggestd’ (B — V)nost = 0.02 £ 0.08 mag, consistent with zero. 12000 | ¢ g g g'a””ﬁifi

To obtain more precise quantitative constraints for use in — %
later modeling, we apply a multi-band light curve Bayesiaala o 115008 ¢ -1 %g% T g T % T % """"" 7
' €

ysis method to the CSP light curve of LSQ12gdj, trained or nor < 11000} L 1 IS S S T
mal SNe la with a range of decline rates (Burns et al., in prep) g % %
This method provides joint constraints did((B — V)nost and < 105001

the slopeRy st Of alCardelli et al.[(1988) dust law. We find
E(B — V)nost = 0.013 £ 0.005 mag andRy = 1.66 £ 1.66
(a truncated Gaussian with < Ry < 10), with covariance
C(E(B — V)host, Rv,host) = —0.0039 mag. We adopt these val-
ues for our analysis.

As inIL{,TQM), we perform Gaussian process (GP)
regression on the light curve of each individual band, ushey Figure 5. Blueshift velocities of absorption minima of intermediatass
Python modulesKLEARN dPedregosa ethAl, 2dll), as a convenient element lines in the LSQ12gdj spectral time series. Hotedarashed lines
form of interpolation for missing data. Gaussian procegse® indi_cate the median v‘eloc?ty. Asy_mmetric error bars repnéshe 68% CL
sion is a machine learning technique which can be used to fit "€9ion for the absorption line minimum.
generic smooth curves to data without assuming a partifuther

tional form; we refer the reader to Rasmussen & Williams €00

for more details. Neighboring points on the GP fit are covari- 15947 + 0.004. These errors are statisical only; systematic errors
ant; we use a squared-exponential covariance fundtion’) = are probably around 2%. After correction for the mean exqbct
e~ (t=t)2/27% With 0.5 < 7 < 2.0. When performing the fit, we reddening, we derive peak absolute magnitudiés = —19.78,
include an extra terma?6(t — t;) describing the statistical noise My = —19.77, using a distance modulys = 35.60 + 0.07 de-
on the observations at timeswith errorse;; we neglect this noise rived from the redshift assuming/e&CDM cosmology withH, =
term when predicting values from the fit. 67.3 kms~' Mpc~! 3) and a random peculiar ve-
Figure[® shows the light curve of LSQ12gdj in all avail- locity of 300km s~ .
able bandsS-corrected to the appropriate standard system: LSQ; We find a fairly substantial~ 0.2 mag) mismatch between
Swift UVOT wvwl, uvm?2, wvw?2, and ubv; Landolt BV; and Swiftb and CSPB, and betweeBwiftv and CSP/, near maximum
SDSSgriz. Using the CSP bands, the SIiFTO light curve fitter light; at later timesSwiftand CSP observations agree within the
8) gives a light curve stretck 1.13+0.01 and errors (of theSwiftpoints). The shape of the light curve is strongly
MJD of B-band maximun®6253.4. The SALT2.2 light curve fitter constrained by CSP data, so we use CSP data in construcéng th
(Guy et all 2007, 2010) gives consistent results£ 0.96 + 0.05, bolometric light curve at a given phase when b8thiftand CSP
¢ = —0.048 £ 0.026), though with a slightly later date fds-band observations are available.
maximum (MJD = 56253.8). Using one-dimensional GP regres- The second maximum in the CS$Mght curve appears earlier
sion fits to each separate band yieldsband maximum at MJD (+25 days) than expected for LSQ12gdismi5(B) (+30 days
56252.5 (2012 Nov 21.5, which we adopt henceforth), colbu#-a O). The contrast of the second maximuiide
band maximum B — V)max = —0.019 £ 0.005, Am5(B) = fairly low, with a difference of—0.63 mag with the first maximum
0.74 +0.01, and peak magnitudes s = 15.972 £+ 0.004, my = and+0.20 mag with the preceding minimum. Similar behavior is

10000[ | % %

9500 [

9000

-5 0 5 10 15 20 25 30 35
Rest-Frame Days since B-Band Maximum

(© 0000 RAS, MNRASD0Q, 000—-000



8 Scalzoetal.

07if 8.6 d
-81d
-6.2d
-4.0d
-1.9d
. -1.6d
2 -1.1d
3
+ -0.6d
< —01d
>
z +0.3d
c
(0]
©
3 +1.6d
°
3 07if +5.3 d
©
£
S
=z
1+7.7d
+14.2d
1+21.9d
+30.7 d
+51.0d
|
\ L | 07if +51.8 d
[ 1 | 11
[ | I 1 | 11
1 1 N 1 L1 | 1 L 11 1
3000 4000 5000 6000 7000 8000 9000 10000

Rest Wavelength (A)

Figure 2. Spectral time series of LSQ12gdj (black solid lines, phabelk on right), shown with spectra of SN 2007if (blue salié$, rest-frame phase labels
on rightScalzo et al. 20112) for comparison. All spectraehagen rebinned toA. Constant velocity locations for absorption minima ofigas intermediate-
mass element absorption features are marked with daskesd finrple, Cai H+K and NIR (10000<m s~ 1); blue, Silt AA3858, 4129 (11500km s~ 1); red,
Sill AA6355 (11000km s—1); green, S1 AA5454, 5640 (10500km s—1).

seen in LCOGTz. These properties are typical of I0WNi ex- rise time 0f16.3 + 0.3 days. The pre-explosion upper limitis com-
plosions among the Chandrasekhar-mass models of Kase@)(200 patible with at? rise, but does not permit LSQ12gdj to be visible
difficult to reconcile with LSQ12gdj's high luminosity. THew much beforeB-band phase-16. As pointed out by Piro & Nakar
contrast persists even when CSBnd LCOGTz are S-corrected (2013)2014), the? functional form is at best approximate and does
to Landolt I for more direct comparison with_Kasen (2006). If not take the distribution of®Ni in the outer layers properly into
LSQ12gdj synthesized a high mass®0Ni, comparison with the account; the explosion could in principle have had a “darasgf
models of_ Kasen| (2006) suggests that LSQ12gdj has suladtanti before the onset of normal emission. Nevertheless, LSQt2gta
mixing of °°Ni into its outer layers (as we might expect from its  significantly shorter visible rise than other SNe la with iémde-
spectrum), a high yield of stable iron-peak elements, dn.bot cline rates|(Ganeshalingam eflal. 2011), and much showdarttie
Fitting a>°*°2 rise to the first four points of the LSQ light ~ 24-day visible rise of SN 2007if (Scalzo etlal. 2010) deteseuli by

curve suggests an explosion date of MJD 56236.2, giviBgmnd the same method.

(© 0000 RAS, MNRASDOG, 000-000



UV + optical observations of LSQ12gdj 9

. T o . o
7] I o 1) (I

c c

8 | 8 | |

+ T I \Al -8.1d 1 -8.1d
—~ I —-6.2d — Il
K n | _ 9
- n o 16d g Lo —6.2d
’é b E: Lo -1.6d

i | —0.1d

s n [ 3 I -0.1d
x x
3 ! Sill 3858 3
= . w1 Call HaK = L Si Il 6355

3650 3700 3750 3800 3850 3900 3950 6000 6050 6100 6150 6200 6250 6300

Rest Wavelength (A) Rest Wavelength (A)

. | T T | . T T

o I I I} +1.6d
2 . Q +14.2d
g ! I -8.1d ,; 307 g
& | 9 +30.
= | | -6.2d
= | ! ~1.6d +51.0d
3 | | 3

X . —0.1d %
= =
w : | SIIW L L Calll NIR

5100 5200 5300 5400 5500 5600 8000 8100 8200 8300 8400 8500

Rest Wavelength (A) Rest Wavelength (A)

Figure 3. Subranges of spectra showing absorption line profiles efim¢diate-mass elements in the LSQ12gdj spectral timessérertical dashed lines
indicate the velocity of every component of each absorbindtiptet near maximum light. Phases shown along the rigiriehedges of the plots are in
rest-frame days with respect #-band maximum light, as in Figuié 2.

3.3 Bolometric Light Curve At each epoch, we construct a broad-band SED of LSQ12gdj
in the observer frame using the natural-system transnmssioves,

We construct a bolometric light curve for LSQ12qdj in theties 5 then de-redshift it to the rest frame, rather than comgdl

frame wavelength range 1550-23180using the available pho- K + S-corrections for all of our broadband photometry. Since we

tometry, as follows. have no detailed UV or NIR time-varying spectroscopic teatgs

We first generate quasi-simultaneous measurements of allto.| 512qdj, full K + S-corrections are not feasible for all of the
bandpasses at each epoch in Tables 2[and 1. We interpolate the;ift hands: since we need only the overall bolometric flux over a

vglues of missing measgrements at egch using the GP fits shown i wavelength range instead of rest-frame photometnydifid-
Figure[®. After observations from a given band cease bediiese 5| hands, they are not strictly necessary. We have no Nifopho

SN is no longer detected against the background, we estinpate etry of LSQ12gdj either, so we use the NIR template described
per limits on the flux by assuming that the mean colours of tke S MI.@A) to predict the expected rest-frame itatgs

do not change since the last available observation — inquéati in Y JHK band for a SN la withe; = 1. The size of the correc-

that the SN do_es no; become bluer_ln ®wift bands. If the last tion ranges from a minimum of 7% near maximum light to 27%
measurement in bangdwas taken at timéia.,;, then atall future 55,04 35 days after maximum light, comparable to the olskrv

timest; we form the predictions NIR fractions for SN 2007if[(Scalzo etldl. 2010) and SN 2009dc
(Taubenberger et al. 2013).

My 50 = My j + (Miast,j — Miast,j’) 1) To determine a piecewise linear observer-frame broadband
SED at each epocl#;();), evaluated at the central wavelength

and set the upper limitu; ; by averagingn, ; ;- over all remain- of each band, we solve the linear system

ing bandsj’. We estimate, and propagate, a systematic error on this

procedure by taking the standard deviationsef, ; over all re- JENT;(\)dx L0-0-40m;) @

maining bandg’. All other bands used for this construction (Swift j Tj(\) dX o ’

b, CSPBVri and LCOGTz) have adequate late-time coverage.
The projected values are all consistent with the measuredrup  wherem; is the observed magnitude, afigi(\) the filter trans-

limits from non-detection in those bands, and the overaitriou- mission, in bandj. The system is represented as a matrix equa-
tion of these bands to the bolometric luminosity is smalli%) at tion Ax = b, wherex andb give the flux densities and observa-
late times. tions, andA is the matrix of a linear operator corresponding to
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Figure 4. Maximum light SYN++ fit comparisons between two best fits,maind without the inclusion of CQn. Species listed in red denote degenerate
solutions for some observed absorption features, whileesient uncertainties associated with respective lisagtins log 7) between our two best fits are

represented as a band of aquamarine.

the process of synthesizing photometry. We discretizerttegials
via linear interpolation (i.e., the trapezoid rule) betwélee wave-
lengths at which the filter transmission curves are measiied
solve the system using nonlinear least squares to ensuitiv@os
fluxes everywhere. The Swiftvw1 anduvw?2 bands have substan-
tial red leaks|(Breeveld etlal. 2011), but the red-leak flustisngly
constrained by the optical observations, and we find our ateth
can reproduce the origin&wift magnitudes to within the errors.
We exclude SwiftB and V' when higher-precision CSB and V/
measurements are available, covering similar waveleregions.
To convert this observer-frame SED to the rest frame, weoll

[Nugent et dl.[(2002):

d)\f()\)
1+22\1+2/)"

SX(N) dA = (©)

We integrate the final SED in the window 1550-2308@0 ob-
tain the bolometric flux. Simulating this procedure encetmt us-
ing UBV RI synthetic photometry on SN la spectra from the
BSNIP samplel(Silverman etlal. 2012) with phases betweén
and +460 days, we find that (for zero reddening) we can repro-
duce the 32508008 quasi-bolometric flux to within 1% (RMS).
We add this error floor as a systematic error in quadraturadb e
of our bolometric flux points.

To account for Milky Way and host galaxy extinction, we
make bolometric light curves for a grid of possiblgB — V)
and Ry values, fixingRy = 3.1 for the Milky Way contribu-
tion. We sampleE(B — V)nost in 0.01 mag steps from 0.00-
0.20 mag, and we sampley 1.s; in 0.2 mag/mag steps from 0.0—
10.0. We interpolate the light curves linearly on this gridpart
of the Monte Carlo sampling describedd#., applying our prior
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Figure 6. Multi-band light curves of LSQ12gdj. CSP and LCOGT points
are shown as circlesswift points are upward-facing triangles, and LSQ
points are squares. Solid curves: Gaussian process rnegregsto the
data (sek Rasmussen & Willidins 2006: Scalzo |&t all20149pexSQ, for
which thdmt@a functional form is used (well-apxirnated by a2
rise at early times). Light curve phase is with respecBtband maximum
at MJD 56252.5 (2012 Nov 21.5).

on E(B — V)uost and Ry nost given in[3.22 and constraining their
values to remain within the grid during the sampling.

Figure [T shows the resulting time-dependent SED of
LSQ12gdj for zero host galaxy reddening. The peak waveltengt
changes steadily as the ejecta expand and cool, m&kiijv the
most luminous band at early phases. Although a significaut fr
tion of the flux is emitted bluewards of 330h the flux density
cuts off sharply bluewards dwift uvm?2. Less than 1% of the
flux is emitted bluewards of 2308 at all epochs, and our SED
in these regions is consistent with statistical noise. Deisavior
is inconsistent with simply being the Rayleigh-Jeans thi ot
blackbody. Although we have no UV spectroscopy of LSQ12gdj,
we expect the sharp cutoff blueward of 308dor the entire rise
of the SN to be formed by line blanketing from iron-peak elatee
(e.g. Crit, as in Figuré W), as is common in SNe la.

Figure [8 shows the bolometric light curve, together with
Gaussian process regression fits. Like other candidater-supe
Chandrasekhar-mass SNe la observed v@thift
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Top: linear scale; bottom: log scale. Colored bands reptabe I confi-
dence region around the mean.

43.6

434}
7
© 45
) 43.2
5}
c 430
>
24281
2 o
£ 426}
=1
o 424}
i=J
o
= 422}
42.0
0.30
=
8 025f
£
€ 5
5020 - UV []
k] —
2 015¢ NIR |4
S
S 0.10
I
0.05
00055 —10 0 10 20 30 40 50

Rest-Frame Days Since B-Band Maximum Light

Figure 8. Rest-frame bolometric light curve of LSQ12gdj obtained iy i
tegrating the SED of Figufd 7. Top: Bolometric light curveD8323100A
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Swift UV, including Gaussian process regression fit (cotingccurves).
Bottom: Fraction of bolometric flux bluewards of 338q“UV”) and red-
wards of 88002 (“NIR”, estimated from a template); the solid curves show
the mean behavior, and the lighter bands show thednfidence region
around the mean.

), LSQ12gdj is bright at UV wavelengths from the eatlies
phases. Up to 27% of the bolometric flux is emitted blueward
of 3300A at day —10, decreasing to 17% aB-band maximum
light and to< 5% by day +20. After day +20, the SN is no
longer detected in th8wift bands, so the small constant fraction
reflects our method of accounting for missing data (withdagor
bars). For comparison, in the well-observed normal SN lal#)1

. 2013), at most 13% of the luminosity is erdittieie-
ward of 34004, reaching this point 5 days befoi@-band max-
imum light; the UV fraction is 9% at day-10, and only 3% at
day —15. UV flux contributes only 2% of SN 2011fe’s total lumi-
nosity by day +20, and continues to decline thereafter.



12 Scalzo et al.

4 DISCUSSION

In this section we perform some additional modelling and jgarm
ison to interpret our observations of LSQ12gdj. We fit theobmebt-

ric light curve in§4.] to infer the ejected mass and place rough
constraints on trapped radiation from interaction with anpact
envelope. Irf4.2 we attempt to constrain the impact of interaction
with an extended CSM wind, including constraints on CSM mass
based on blueshifted NeD absorption 13)and a
light curve comparison to known CSM-interacting SNe la.aflin

in §4.3 we consider the implications of our findings for the mae e
tablished super-Chandrasekhar-mass SNe la, includingOBNif2
and SN 2009dc.

4.1 Modeling of the®*Ni Mass and Ejected Mass

LSQ12gdj has excellent UV/optical coverage from well befor
maximum to over 40 days after maximum, allowing us to model
it in more detail than possible for many other SNe la. We use th
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Figure 9. Fits of thd_Ar__n_eh@Z) light curve model to the bolometight

BOLOMASScode (Scalzo et al., in prep), based on a method applied curve of LSQ12gdj, including the trapping of thermalizedidtic energy

to other candidate super-Chandrasekhar-mass SIN

from an interaction with a compact carbon-oxygen envelaopthe context

m m) as well as normal SNe 214) The of the tamped detonation scenario. Top: Zero initial radBettom: Initial

method constrains th&¥Ni mass, My, and the ejected mask/.;,

using data both near maximum and at late times, when the SN is

entering the early nebular phase.

BOLOMASSs uses thé Arnétf (1982) light curve model, includ-
ing as parameters the expected titpat which the ejecta become
optically thin to®°Co gamma rays. HoweveBoLOMASSalso cal-
culates the expected transparency of the ejecta to gamméroay
%6Co decay at late times, using the formalism%)g) to
gether with a 1-D parametrized moded(v), X (v) } of the density
and composition structure as a function of the ejecta vlaciThe
effective opacity for Compton scattering (and subsequemtnd
conversion) of°Co-decay gamma rays in the optically thin limit
I5) is much more precisely known than optica
wavelength line opacities near maximum lig ta
@); this allowssoLoMASSs to deliver more robust, quantitative
predictions than applications of 82) formiaiwhich
ignore Compton scattering and rely on assumed fixed values fo
the optical-wavelength opacitgOLOMASSIs a Bayesian code, us-
ing the affine-invariant Monte Carlo Markov Chain sam@ercee
(Foreman-Mackey et Hl. 2013) to sample the model paramasers
marginalize over nuisance parameters associated witleragsic
errors, subject to a suite of priors which encode explostysitcs
from contemporary explosion models.

ThelArneft @2) light curve model includes as parameters
not only My, the light curve shape, and the gamma-ray trans-
parency time, but estimates of the initial thermal enerfy,;, of
the ejecta and the finite siz@, of the exploding progenitor. They
enter through the dimensionless combinations

trise trise
= = — 4
Y7 90w 17.6days’ @
2Ro Ro
= ~ . 5
v triscVkE 10 cm ®)

While the typical use of this model for white dwarfs sets= 0,
allowing the finite size to float in this case may help us asess
potential contribution of trapped radiation from intefantwith a
compact, hydrogen-free CSM envelope which might othenbise
invisible (it is not appropriate for an ongoing shock intgian).
Figure[® shows two possible fits of t@@gsz) light
curve model to the bolometric light curve of LSQ12et
@) points out that the approximations used break dovwmdsn
maximum light and late phases, when the SN is in transitiomfr

radius and thermal energy determined by the fit, showinguhéitf (solid
curve) and the contribution due only to radioactive decasked curve).
Red symbols mark points in the transition regime from phgltesic to early
nebular phase, which have been excluded from the fit.

full deposition of radioactive decay energy to the opticahin
regime. We therefore exclude light curve points between ay d
and 40 days afteB-band maximum light, and find that the Armett
@) light curve model provides an excellent fit to the rizimg
points.

When we fixw = 0 and consider only the radioactive contri-
bution, we recovet,is. = 16.4 days, in agreement with thé fit
to the early-phase LSQ data, andk; = 1.00 M. Allowing w
to float reveals a second possible solution in which trappedral
energy contributes around 10% of the luminosity at maximigit|
The fit hasw = 0.013 and Ey, = 6 x 10°° erg, and has a signifi-
cantly shorter rise timé.isc = 14.1 days, exploding just before the
initial detection by LSQ. This value af corresponds to an effec-
tive radius of roughlyl0'® cm, more extended than the envelopes in
the DET2ENVN series (Khokhlov etlal. 1993) but not implalsib
so for a non-violent merger. The amount of thermalized kiren-
ergy is compatible with the formation of a reverse-shocKl stear
10000km s~ 'in a tamped detonation. Importantly, the trapped ra-
diation contributes most at early times and around maximght,|
but disappears on a light curve width timescale, just as estgd
by [Hachinger et al.| (2012) and Taubenberger et al. (2013hén t
case of SN 2009dc. The late-time behavior is the same asdor th
radioactive-only case, and the best*fiNi mass is 0.88\/;. The
reduced chi-square for both fits are very low (0.47d0oe= 0 ver-
sus 0.15 forw > 0), so that while thev > 0 fit is favored slightly,
both are consistent with our observations.

The ejected mass estimate depends on the actual denstty stru
ture and®°Ni distribution in the ejecta. We consider two possible
functional forms for the density structure, one which dejseex-
ponentially on velocity and one with a power-law dependeasén
I.4). We parametrize the stratification efejecta
by a mixing scalex; 6), and consider stratified cases
with ax; = 0.1 and well-mixed cases witlin; = 0.5. The detailed
model-dependence of the trapping of radiation near maxitighh
is often factored out into a dimensionless raﬂodMl

[1995] Howell et dll. 2006, 2009) of order unity, by which thagh
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Table 4.Ejected mass amtf Ni mass of LSQ12gdj under various priors

Run p(v)“ aNib vkge€ (km Sil) Mcj /M@d Pscn®

A powdx3 05 10390753 1567003 0.992

B powdx3 0.1 104847502 1517000 0.953

C exp 0.5 107137505 1437008 0.691
+485 +0.06

D exp 0.1 109397555 1.38T005  0.354

@ Assumed density profile as a function of ejecta velocity:
“exp” o exp(—+v/12v/vkE), as in 1-D explosion models.
“pow3x3” o [1 + (v/vkg)3] 3, similar to 3-D models cited in
4).
b Assumed width of the mixing layer near the iron-peak corenliauy, in
mass fraction; 0.1 is highly stratified while 0.5 is well-rik(Kaseh 2006).
¢ Kinetic energy scaling velocity* Total ejected mass.
¢ Fraction of the integrated probability density lying above
Mej = 1.4 M.

“Arnett’s rule” estimate ofMy; from the maximum-light lumi-
nosity is divided. Here we use the Arnett light curve fit dibec
to estimate thé°Ni mass and the amount of thermalized kinetic
energy trapped and released, resulting in an effectileetween
1.0 and 1.1 for LSQ12gdj. For the = 0 Arnett formalism,

«a = 1 by construction, ignoring both opacity variation in theatge
and/or less than complete gamma-ray deposition near maximu
light (Blondin et all 2013). In all reconstructions, we afithe un-
burned carbon/oxygen fraction, the envelope size, anchérenal-
ized kinetic energy to float freely, and we assume that neized
material does not form¥ Ni-free “hole” in the center of the ejecta,
as is found in multi-dimensional explosion mode
12012 Seitenzahl et al. 2013).

Table[4 shows the inferredi/.; and probability of exceeding
the Chandrasekhar limit for four different combinationspoibrs,
marginalizing over the full allowed range af and E:1,. The full
Monte Carlo analysis robustly predictsse = 16 + 1 days and
Mni = 0.96 £ 0.07 Mg. The thermalized kinetic energy is con-
strained to be less than abolG®* erg; this maximum value re-
sults in ejecta with anaximumvelocity around 1000&km s~ !,
roughly consistent with our observations. The well-mixeddm
els haveM.; larger by about 0.0%/than the stratified models,
and slightly larger uncertainties. Models with power-laendity
profiles havelM.; larger by about 0.14//-than models with ex-
ponential density profiles. The exponential density profitpical
of one-dimensional models such as 1984, co
sistently underestimates the ejected mass when applidurde-t
dimensional explosion models of SNe la with a variety of &dc
masse MM); this lends circumstantiaindatuton-
clusive, weight to the power-law profile estimates, whicl te
us that LSQ12gd;j is super-Chandrasekhar-mass. Altheaglo-
MASS can model any user-defined spherically symmetric density
structure, the light curve is sensitive primarily to theatd@ompton
scattering optical depth, and not directly to the actuaitejeensity
profile, for all but the most highly disturbed density sturess.

Our judgment as to whether LSQ12gdj is actually super-
Chandrasekhar-mass hinges on our interpretation of its ori
gin. If LSQ12gdj is indeed a tamped detonation, it is proba-
bly (slightly) super-Chandrasekhar-mass, and could béamaul

UV + optical observations of LSQ12gdj 13
onation (Woosley & Weavet 1994; Fink etal. 2010) of about

1.3 M, or a conventional Chandrasekhar-mass near-pure detona-
tion (Blondin et all 2013; Seitenzahl et al. 2013). Interegy, the
DDCO model of Blondin et al! (2013) has a rise time of 15.7 days
very close to the value we observe. The tamped detonatierpiret:-
tation has the advantage of explaining why LSQ12gdj is Uigtiir

and spectroscopically peculiar before maximum light, e/lather

SNe la which appear to have comparable; may appear spec-
troscopically norma14). One should keepind

that th@t@a formalism is an approximate treatnaerm
neglects many details of radiation trapping, includingpgbéential

for a “dark phase” (Piro & NakAr 201.3), as mentioned@2.

4.2 Constraints on Ongoing Shock Interaction

We also address the question of whether LSQ12gdj might be
undergoing shock interaction with a hydrogen-poor extdnde
wind, adding luminosity to its late-time light curve. Thea*l
CSM” events, such as SN 2002ic (Hamuy €t al. 2003), SN 2005gj
(Aldering et al| 2006} Prieto et 5l. 2007), SN 2008J (Taddiale
2012), and PTF11kx (Dilday etlal. 2012), have spectra whigts
to be well-fit by a combination of a 1991T-like SN la spec-
trum, a broad continuum formed at the shock front, and narrow
Ha lines formed in photoionized CSNI (Silverman etlal. 20i3a,b;
Leloudas et dl. 2013). A hydrogen-poor extended CSM cousd pr
duce pseudocontinuum luminosity and and weaken absorpiiEm
via toplighting . 2000), while not producingyatis-
tinctive line features itself, although a very massive éwpe could
in principle produce carbon or oxygen lines (Ben-Ami et al.2).

Figure[I0 shows thg-band light curve of LSQ12gdj along-
side those of the 1a-CSM SN 2005gj and PTF11kx, the super-
Chandrasekhar-mass SN 2007if, the 1991T-like SN 2005M, and
the fast-declining, spectroscopically normal SN 2004ee c\bose
g for the comparison because it is the bluest band observed (or
synthesizable) in common for all of the SNe. SN 2005gj, the
clearest example of ongoing shock interaction, declinéemely
slowly, with far more luminosity at day-40 and later than any
of the other SNe. PTF11kx, a case of an intermediate-stiengt
shock interaction, has peak brightness comparable to tB&Ti9
like SN 2005M, but shows a long tail of shock interaction lnps-
ity and is up to 0.5 mag more luminous than SN 2005M at-€&g.
By a year after explosion, the spectrum of PTF11kx, like tifat
SN 2005gj, is dominated by shock interaction signature$ sisc
Heo (Silverman et dl. 2018a), rather than by IFas for SN 2007if
(Taubenberger et al. 2013).

Despite having peak magnitudes that differ over a range of
1 mag, SN 2005M, SN 2007if, and LSQ12gdj all have very similar
post-maximum light curve shapes, more consistent with etwtr
than with the la-CSM. This puts strong constraints on thesitign
and geometry of any CSM present; existing examples of la-CSM
show that the light curve shapes can vary dramatically a@@cgito
the density and geometry of the surrounding medium. In @ati
lar, none of the SNe 1a-91T show an extended power-law talilg¢o
light curve, nor do they match expectations from radiatigdrbdy-
namics simulations of heavily enshrouded SNe la in hydreasor
envelopes. (Fryer et al. 2010; Blinnikov & Sorokina 2010).

We can derive a more quantitative upper limit on the pres-
ence of extended CSM by searching for circumstellar IN2

absorption. Maguire et hl[_(2013) observed LSQ12gdj wita th

by a Chandrasekhar-mass detonation inside a compact enveXSHOOTER spectrograph on the ESO Very Large Telescope

lope of mass around 0.1/. If all of LSQ12gdj’'s luminos-
ity is due to radioactive energy release, it could be (shght

at Paranal, finding narrov Na D and Caill H+K absorption
blueshifted at—220 km s~ relative to the recessional veloc-

sub-Chandrasekhar-mass, a good candidate for a double detity of the LSQ12gdj host. LSQ12gdj is one of a larger sam-
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Figure 10. Comparison ofj-band light curves of peculiar SNe la. The CSP

and Swift B-band light curves of LSQ12gdj (filled circles) have begn

corrected tgy band using the spectra in this paper. References for the othe

light curves include: SN 2005gj, frofn_Prieto et MOOR)H(!; curve);
PTF11kx, froml.2) (dash-dot curve); SN 28894and
SN 2005M, frommw) (dotted and dashddoturves);
and SN 2007if, frorh Stritzinger etlal. (2012) dnd Scalzo b1

0) (dash-
dash-dot curve).

ple of SNe la with blueshifted absorption features studied i

Maguire et al.[(2013). While blueshifted N@ absorption would
be expected statistically for a population of progenitens@unded
by a CSM wind, of either single-degenerate (Sternberg!204l1)
or double-degenerate (Shen e al. 2012; Raskin & Kasen 2013)

of SN 2006X in[ Patat et all (2007), we obtain a CSM shell mass
Meny < 3 x 1077 M. Similar limits can be obtained by mul-
tiplying the upper limit on the hydrogen column density b th
surface area of a sphere of radilg'® cm 6 x 107 Mg), or

by using the estimated fluence of ionizing photons |
) 6 x 107 Me). The known H-rich SNe la-CSM, such as
SN 2005gj, have estimated electron densities and CSM masges
eral orders of magnitude higher (Aldering el al. 2006), athédo-

tal CSM masses ejected in the tidal tails of the mergers sited|
by/Raskin & Kasen (2013).

These estimates, of course, assume hydrogen-rich CSM,
whereas shock-powered models for super-Chandraseklss-ma
SNe la posit CSM rich in helium or even carbmt al
[2012; Taubenberger etlal. 2013). The first ionization péntor
carbon (11.3 eV) and oxygen (13.6 eV) are comparable to that o
hydrogen, so one might expect similar electron densit@s fopho-
toionization in those cases; however, the expected relabun-
dance of sodium in such material is highly uncertain, making
difficult to set definite limits. For helium the ionization featial is
much higher (24.6 eV), requiring hard UV flux blueward of 500
this entirely precludes useful limits from NaD absorption for
CSM composed predominantly of helium.

To summarize, we have compiled the following lines of evi-
dence regarding CSM interaction in LSQ12gdj:

(i) Since LSQ12qdj is clearly typed as a SN la near maximum
light, any CSM by this time either must be optically thin or shu
not cover the entire photosphere. The fraction of lumiryostiich
can be produced by shock heating or other non-radioactivess
is limited to about 75% of the totél (Leloudas etlal. 2013).

(i) The weak Nal D absorption limits the mass of extended
hydrogen-rich CSM around LSQ12gdj to be less thah0 6 M.

(i) An extended all-helium or carbon-oxygen CSM could in
theory evade the NaD constraints, but would probably produce
a lingering power-law tail to the light curve, as in SN 2005gj
PTF11kx, which we do not see in LSQ12gd,|.

(iv) Fitsto the bolometric light curve of LSQ12gdj limit tiséze
of any compact envelope to ke 10** cm. In this case the interac-
tion would be frozen out before the first detection, resglimall
intermediate-mass elements being swept up into a revameks
shell and producing the very low velocity gradient observed

(v) IfLSQ12gdj has a compact envelope, its relatively high S
velocity implies a light envelope of mass 0.1 Mg; this traps
some radiation, but not as much as might be trapped in a lyeavil
enshrouded explosion.

It seems therefore that while some CSM may be present around

gin, we have no way of knowing whether such absorption is cir- | 5Q12qdj, luminosity from ongoing shock interaction is fieg

cumstellar for any individual SN Ia, or whether it arisesifrmter-
stellarmaterial in the host galaxy.

gible. Without tell-tale emission lines, however, the casifion
of the CSM and the evidence for a single-degenerate origin fo

We can nevertheless derive a conservative upper limit as-| 5;12gdj remain ambiguous.
suming all of the absorption arises from hydrogen-rich CSM.
Since EW (Na 1 D) near the host galaxy redshift is small, there

should be little CSM present around LSQ12gdj. We useuthe
i1 code to place an upper limit on the column density of INa

using the XSHOOTER spectrum from_Maguire et al. (2013), in

the case in which all Na D absorption is circumstellar; we ob-
tain N(Na1) < 4 x 10" em™2. For a thin spherical shell of ra-
dius10*® cm, thickness0** cm, andH -rich composition of solar
metallicity (log(Na/H) + 12 = 6.17; |Asplund et al| 2005) un-

dergoing complete recombination of Nasimilar to the treatment

4 VPFIT was developed by R. F. Carswell and can be downloadedfdefe
athttp://www.ast.cam.ac.uk/ ~ rfc/vpfit.html

4.3 Implications for SN 2007if and SN 2009dc

LSQ12gdj was flagged early in its evolution as a bright, pgecul
SN la. By considering the UV contribution to LSQ12gdj's lumi
nosity, we have shown that up to 10% of LSQ12gdj's maximum-
light luminosity may be trapped thermal energy from an imt&on
with a compact envelope. It is likely that such a model, witra$i
variations in the relative contributions 8fNi mass and radioactiv-
ity to the maximum-light luminosity, can explain the obssional
appearance of all 1991T-like SNe la of comparable lumigpsit
cluding SN 1991T itself and the SNe la analyzeM]et al
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m). We now consider what lessons may extend to the much
brighter SNe la, SN 2007if and SN 2009dc, if any.

SN 2007if was notable not only for its extreme luminosity,
but for its low photospheric velocity (9000m s~') near maxi-
mum Iight.IO) found that these propertiesew
incompatible with a normal density structure, and propoed
SN 2007if must have been a tamped detonation with a relgtivel
high-mass (0.4/)) envelope. The analysis used= 1.3 + 0.1,
i.e., itassumed that around 30% of SN 2007if’s maximumtligh
minosity was trapped radiation, and a long rise time of 23sday
While the rising part of the light curve was well-sampled by
ROTSE-III (Yuan et all 2010), with the first detection at 20/sla
before B-band maximum light, SN 2007if has only one pre-
maximum bolometric light curve point, making its maximuighit
colour uncertain al. 2012) and precluding a mere d
tailed analysis of the pre-maximum light curve.

Crucially, SN 2007if also has no UV data. If the UV compo-
nent of SN 2007if’'s bolometric luminosity evolved in a siarilvay
to LSQ12gdj's, this would have made SN 2007if 17% more lumi-
nous at peak37 x 10*® erg s7'), requiring a°Ni mass of around
(2.0/a) M. Such extreme explosions are still achievable under
some models for super-Chandrasekhar-mass SNe la, suchlias co
sions of carbon-oxygen white dwar010)urep
detonations of differentially rotating white dwarl.
M), but are at the outer limit of what can be achieved stéte-
of-the-art numerical models of exploding white dwarfs. Weady
have good evidence that SN 2007if has a disturbed densitg-str
ture and that at least some of its maximum-light radiatiorsinie
trapped, thermalized kinetic energy, but it is not difficaltmagine
that the precise fraction could be larger than 30%. Regssdiaost
of that radiation should be gone by around 60 days after siquio
so the late-time light curve measurements correctly reftettthe
ejecta must have been extremely massive. If we assume2.0,
bringing M; down to 1.0M, the limit of what can be achieved in
a Chandrasekhar-mass explosion (Khokhlov Et al.[1993), ust m
still have Me; > 2.26 M at 99% confidence.

Similar considerations apply to SN 2009dc, which has an al-
most identical light curve to SN 2007if out to 100 days paskima
mum light. SN 2009dc also h&wiftdata [(Silverman et &l. 2011),
though none before maximum light, so the precise shape pféts
maximum bolometric light curve is still subject to large entain-
ties. At maximum light, Silverman et al. (2011) estimatet tizout
20% of SN 2009dc’s bolometric flux is emitted in the UV. The low
IME absorption-line velocities make it impossible for SNO2dc
to have a “normal” density structure, or even much burnecdensdt
beyond about 900Rm s~ . For SN 2009dc to have been a tamped
detonation, the carbon-oxygen envelope must have repsssan
much larger fraction of the total ejecta mass — possibly gk bs
30% of the total — in order to reproduce its even lower ejeeta v
locities. Under these conditions, the reverse shock shmeneétrate
far into the inner layers of ejecta before stalling, and tistridu-
tion of material in the reverse-shock shell becomes importa
gamma-ray transport at late times. Thus the approximatievi{
ously used b12) for SN 2007if and other isupe
Chandrasekhar-mass candidates, in which the shock ibdiss
kinetic energy and traps thermal energy but has little efiecthe
late-time light curve, probably breaks down for SN 2009dc.

SN 2009dc’s relatively large~{ 75 km s~" day™") Si 1 ve-
locity gradient presents a problem for the tamped detonatoe-
nario, because no plateau is evident and it is clear thatagiate-
mass elements cannot all be trapped in a thin layer. However,
given the strength of the shock necessary, the approximatio
the reverse-shock shell as a thin layer could also break d@na

(© 0000 RAS, MNRASD0Q, 000—-000

UV + optical observations of LSQ12gdj 15

Other explosion models, such as pulsating delayed detosati
(Khokhlov et al| 1993), could also have given SN 2009dc alkigh
disturbed density structure without the need for an eneetigor a
very narrow layer of intermediate-mass elements in velapace.

.|_(2_D_:I|2) invoked such a model for the slow-deatjni
SN 2001ay|(Krisciunas etlal. 2011). One difficulty with ptilsg
models for SN 2009dc is that the shock would freeze out much
sooner after explosion than in the case of a tamped detonatio
forcing w = 0 and preventing a significant contribution to the
maximume-light luminosity (but potentially further enhamg trap-
ping of radioactive energy near maximum light).

We should note that while our technique assumes spheri-
cally symmetric ejecta, many numerical explosion modekupter-
Chandrasekhar-mass SNe la are highly asymmetric, witleezf
rotation, collision, or ignition axes. Asymmetries in thistdbu-
tion of °Ni can produce variations in temperature, ionization, and
overall luminosity among different lines of sight; for expl®, the
brightest view of the highly asymmetric, P£;, violent merger
11+09 ) was 0.6 mag (bolometric) brighter at peak, and had arise
time 4 days longer, than the faintest view. The effectiveigalfa
for the brightest view of 11+09 is 1.8, while that for the faist
view is 0.6. While it is hard to say how significant these effec
are for SN 2007if and SN 2009dc without reference to a partic-
ular numerical explosion model, the null polarization tesfor
SN 2009dc[(Tanaka etlal. 2010) imply that SN 2009dc must st lea
be viewed along a symmetry axis. In a scenario in which vianat
with viewing angle is used to account for a large fraction fof t
near-maximum luminosity, bright SNe la such as SN 2007if and
SN 2009dc should be balanced by fainter super-Chandrasekha
mass SNe la viewed along other angles, which are not detected

L2_Q14). Furthermore, the influence of asyniasetm
peak brightness should decrease with increa&ihg mass fraction
(e.g.l), and should lessen gradually &&Nren-
ters the nebular phase and the ejecta become fully tramgpare

Finally, [Leloudas et al[ (20113) show a strong association be
tween 1991T-like SNe la and the growing la-CSM subclass lwhic
show narrow h lines in their spectra (Silverman et al. 2013b);
they imply that 1991T-like SNe la must in general be single-
degenerate explosions, although not all of them are redjume
display strong CSM interaction. Single-degenerate chanfoe
producing super-Chandrasekhar-mass SN la progenitoesbe®n
proposed|(Justham 2011; Hachisu et al. 2011), and SN 200dif a
SN 2009dc could in principle be among them. Since the ongo-
ing shock interaction prevents use of the bolometric light/e to
measure radioactive decay in la-CSM, constraints on thedtex
masses must await more detailed modelling, or must be aderr
indirectly from those events which show little CSM inteiiant

5 CONCLUSIONS

LSQ12gdj is a well-observed, overluminous SN la in a nearby
galaxy with little to no dust extinction. The extensive dpescopic
time series show that LSQ12gdj is spectroscopically 19KET-
with intermediate-mass element absorption signaturgsioalnar-
row range of velocities, much like SN 2007if and other 1991T-
like SNe lal Scalzo et all (2010, 2012). From the bolometgbtli
curve of LSQ12gdj we infer &°Ni mass of about 0.9/, and
an ejected mass near the Chandrasekhar mass. LSQ12gdajlys lik
either a nearly pure Chandrasekhar-mass detonation ogtalgli
super-Chandrasekhar-mass tamped detonation.

Observations at UV wavelengths well before maximum light
provide additional useful constraints on the propertids3912gdj
and other 1991T-like SNe la, not considered elsewhere. gelar
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fraction (17%) of the bolometric luminosity near maximurghi, number 320360. MS and CC gratefully acknowledge generqus su
and nearly 30% in the earliest observations, is emittedwaugs port provided by the Danish Agency for Science and Technplog
of 3300A. Accounting for this effect increases the deriv€di and Innovation realized through a Sapere Aude Level 2 ghdat.

mass significantly relative to cases in which it is ignoredy.(e acknowledges support by the EU/FP7 via ERC grant no. 307260,

I|._2_QiZ), assuming that the SN is powered throagh r GIF grant, the Minerva ARCHES award and the Kimmel award.

dioactivity alone. Our excellent time and wavelength cageralso
allow us to constrain the tamped detonation scenario irldeta-
firming that at most 10% of the luminosity comes from trapped
thermal energy near maximum light, and almost none at latedi

Our findings represent what can be done with detailed obser-
vations, and to push our understanding of super-Chandrasek
mass SNe la forward, even more detailed observations will be
needed. Early ultraviolet coverage is critical, startisgsaon after
explosion as possible. Optical and near-infrared obsenatex-
tending to late times, well past maximum light, are needqudoe
helpful constraints on the mass. Nebular spectra can eltecitie
density structure of the innermost ejecta, with implicasidor the
importance of radiation trapping near maximum light. Thebe
servations must go hand in hand with sophisticated, selistent
modelling which can deal with theoretical uncertainties aith
systematic errors in the observations.

Measurement of the properties of a general spectroscgpical
selected sample of 1991T-like SNe la could provide vitaéslto
the identity of their progenitors and how they relate to otheper-
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