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ABSTRACT

While recent observations provide evidence that super-Chandrasekhar Type Ia supernovae and at
least a fraction of normal Type Ia supernovae probably originate from double-degenerate systems, these
two subclasses show distinct characteristics observationally. Here we report an intermediate supernova
iPTF13asv that may bridge this gap. On the one hand, similar to normal Type Ia supernovae, the
over-luminous iPTF13asv follows the empirical relation between the peak magnitude, the lightcurve
shape and its intrinsic color, and shows a near-IR secondary maximum like normal supernovae. On
the other hand, similar to super-Chandrasekhar events, it has strong UV emission around maximum,
low expansion velocities and persistent carbon absorption. We estimate a 56Ni mass of 0.81+0.10

−0.18M�
and a total ejecta mass of 1.44+0.44

−0.12M�. Despite these similarities, iPTF13asv lacks iron absorption in
its early-phase spectra, indicating a stratified ejecta structure with weak mixing. Based on the strong
stratification of the ejecta and the similarity to super-Chandrasekhar events, we infer that iPTF13asv
probably originates from a double-degenerate system.
Subject headings: supernovae: general – supernovae: individual (iPTF13asv) – ultraviolet: general

1. INTRODUCTION

Type Ia supernovae (SNe) are thermonuclear explo-
sions of carbon oxygen white dwarfs (WDs). Since the
majority of them (normal Type Ia SNe) follow a well-
established empirical relation between variation of their
peak magnitudes and lightcurve shapes (Phillips 1993),
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they are standardized to measure cosmological distances
(see Goobar & Leibundgut 2011 for a review). However,
the underlying progenitor systems and explosion mecha-
nisms of Type Ia SNe remain poorly understood.

Recent observations have provided mounting evidence
that Type Ia SNe have multiple progenitor channels (see
Maoz et al. 2014 for a review). In the single-degenerate
(SD) channel, a WD accretes material from a companion
star and explodes when its mass approaches the Chan-
drasekhar limit (Whelan & Iben 1973). This channel
is supported by possible detections of companion stars
in pre- or post-SN images (McCully et al. 2014; Foley
et al. 2014), likely signatures of supernova-companion
collisions (Cao et al. 2015; Marion et al. 2015), and obser-
vations of variable Na ID absorption (Patat et al. 2007;
Sternberg et al. 2014). In the double-degenerate (DD)
channel, in contrast, two WDs collide or merge in a bi-
nary or even triple system to produce a Type Ia SN (e.g.,
Nomoto & Iben 1985; Kushnir et al. 2013). This chan-
nel is consistent with observations of two nearby Type Ia
SN2011fe and SN2014J (e.g., Li et al. 2011; Brown et al.
2012; Shappee et al. 2013; Margutti et al. 2014; Kelly
et al. 2014; Goobar et al. 2015; Lundqvist et al. 2015).

Unlike the SD channel, SNe from the DD channel may
have ejecta mass beyond the Chandrasekhar limit (super-
Chandrasekhar Type Ia SNe). In fact, more than a
handful of SNe were found to have total ejecta masses
significantly exceeding the Chandrasekhar limit (How-
ell et al. 2006; Hicken et al. 2007; Yuan et al. 2010;
Yamanaka et al. 2009; Scalzo et al. 2010; Silverman
et al. 2011; Scalzo et al. 2014c). However, these super-
Chandrasekhar SNe show distinctive characteristics com-
pared to normal events: they are over-luminous in both
the optical and UV, implying a large amount of synthe-
sized 56Ni. They show low expansion velocities and long
rise times, leading to massive ejecta. They also show per-
sistent absorption from unburned carbon. If they origi-
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nate from the same DD systems as some normal Type Ia
SNe, then an intermediate case is needed to bridge the
super-Chandrasekhar and normal Type Ia SNe.

In this paper, we present observations of a peculiar
Type Ia SN, iPTF13asv, that shares observational char-
acteristics with both super-Chandrasekhar and normal
Type Ia SN. It was discovered with r = 20.54± 0.16 mag
at α = 16h22m43s.19, δ = +18◦57′35′′.0 (J2000) in the
vicinity of galaxy SDSS J162243.02+185733.8 on UTC
2013 May 1.44 (hereafter May 1.44) by the intermedi-
ate Palomar Transient Factory (iPTF; Law et al. 2009;
Rau et al. 2009). Nothing was seen at the same loca-
tion down to 5-σ detection thresholds of r ' 21.0 mag
on images taken on April 30.5 and earlier. iPTF13asv
was independently discovered and classified as a peculiar
Type Ia by Zhou et al. (2013), and was designated as
SN2013cv.

This paper is organized as follows: the observational
data is present in §2. The photometric and spectroscopic
properties are analyzed in §3, and we construct its bolo-
metric lightcurve and estimate the total ejecta mass in
§4. A discussions about the nature of iPTF13asv is given
in §5 and our conclusions are summarized in §6.

Throughout this paper, we adopt a Hubble Constant
H0 = 67.77 km s−1 Mpc−1 (Planck Collaboration et al.
2013). The apparent host galaxy of iPTF13asv does
not have a redshift-independent distance measurement
in the NASA/IPAC Extragalactic Database. Thus we
calculate a distance modulus of 36.07 mag by using its
redshift 0.036. The peculiar motion of the host galaxy
at ∼100 km s−1 introduces an uncertainty of / 0.05 mag
to the distance modulus. The Galactic line-of-sight ex-
tinction is E(B − V ) = 0.045 (Schlafly & Finkbeiner
2011). We correct for the Galactic extinction by us-
ing the parametrized model in Fitzpatrick (1999) with
RV = 3.1.

2. OBSERVATIONS

The nightly-cadence survey of iPTF (weather-
permitting) with the 48-inch telescope at Palomar Ob-
servatories (P48) provides a well-sampled R-band light
curve of iPTF13asv covering the pre-SN history and its
rise phase. After discovery, we also utilized the Palomar
60-inch telescope (P60; Cenko et al. 2006), Andalusia
Faint Object Spectrograph and Camera (ALFOSC) on
the Nordic Optical Telescope (NOT), and the RATIR
camera mounted on the OAN/SPM 1.5-meter Harold L.
Johnson telescope for multi-band photometric follow-up
observations. We also triggered target-of-opportunity
observations of the Swift spacecraft for X-ray and UV
follow-up. A sample of the ground-based photometric
measurements are presented in Table 1 and the space-
based measurements in Table 2.

Spectroscopic observations were undertaken with the
SuperNova Integral Field Spectragraph (SNIFS; Lantz
et al. 2004) on the 2.2 m telescope of the University
of Hawaii, the Dual Imaging Spectrograph (DIS) on
the ARC 3.5 m telescope at Apache Point Observatory
(APO), the Double Spectrograph (DBSP; Oke & Gunn
1982) on the 200-inch Hale telescope (P200) at Palo-
mar Observatory, and the Folded-port InfraRed Echel-
lette (FIRE) on the Magellan-I Baade Telescope at Las
Campanas Observatory. As presented in Figure 2, the
spectral sequence provides temporal coverage of the SN

Table 1
Plhotometry of iPTF13asv

Tel./Inst.1 filter MJD−56000 mag.2 mag. err.
(day)

P48 PTF-R 412.456 >20.35 · · ·
P48 PTF-R 413.442 20.44 0.17
P48 PTF-R 413.471 20.34 0.16
P48 PTF-R 414.470 19.58 0.09
P48 PTF-R 415.469 19.06 0.06

· · ·
1 This column lists the telescopes and instruments used for
photometric observations of iPTF13asv. We built reference
images by stacking pre-SN or post-SN frames and used image
subtraction technique to remove light contamination from
the host galaxy. Point-spread-function (PSF) photometry is
performed on subtracted images. The photometry is cali-
brated either to SDSS or by observing Landolt photometric
standard stars.
2 Conventionally, the magnitudes in UBV JH bands are in
Vega system. Those in other bands are in AB system. No
extinction is corrected in this column.
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Figure 1. Multi-color light curve of iPTF13asv. Colors and
shapes represent different filters and instruments, respectively. A
deviation of ' 0.1 mag between P48 R-band (red circles) and P60
r-band (red diamonds) is due to the difference between the P48
Mould R filter and the P60 SDSS r filter. The “S” ticks on the
top axis denote spectroscopic observation epochs. The solid curves
are SALT2 best-fit lightcurves in corresponding filters. The dash-
dotted curves are the IR template from Stanishev et al. (2015).
The inset zooms into the very early phases of the PTF R-band
lightcurve. The dashed curve in the inset shows the best t2 law fit
to the early lightcurve.

evolution.
The lightcurve and spectra are made publicly available

via WISeREP18 (Yaron & Gal-Yam 2012).

18 WISeREP is available at http://www.weizmann.ac.il/

http://www.weizmann.ac.il/astrophysics/wiserep/
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Table 2
Swift Observations

Obs. Date UVOT (AB mag)1 XRT (cnt/s)2

uvm2 uvw2

May 17.4 21.02± 0.08 20.59± 0.08 < 3.6× 10−3

May 22.6 21.25± 0.10 20.92± 0.09 < 8.0× 10−3

May 25.9 21.83± 0.12 21.39± 0.10 < 4.3× 10−3

June 02.7 < 22.20 < 22.36 < 9.0× 10−3

June 10.5 < 21.98 < 22.18 < 1.2× 10−2

June 13.4 < 22.37 < 22.46 < 8.7× 10−3

1 We used the HEASoft package to perform aperture pho-
tometry on the UVOT images. The photometry is corrected
for coincident loss and with the PSF growth curve, and cal-
ibrated with the latest calibration (Breeveld et al. 2011). In
order to remove host galaxy contamination in the photomet-
ric measurements, we acquired post-SN reference frames. In
cases of non-detection, we estimated 5-σ upper limits.
2 We used the XImage software to analyze the XRT data.
In cases of non-detection, we estimate upper limits with a
99.7% confidence level.

3. ANALYSIS

3.1. Initial Rise and Explosion Date

In order to determine the explosion date of iPTF13asv,
we follow Nugent et al. (2011) and model the early PTF-
R-band lightcurve of iPTF13asv as a freely expanding
fireball where the luminosity increases as ∝ t2 and the
temperature remains constant. Restricting ourselves to
the lightcurve within four days of discovery, we find a
best fit (the inset in Figure 1) at an explosion date of
April 29.4 ± 0.3 (95% confidence interval) with a fitting
χ2 = 4.3 for five degrees of freedom. The best-fit light
curve is also consistent with the upper limit on April
30.4.

If we replace the t2 model with a power-law model,
we obtain strong degeneracy between the explosion date
and the power-law index over a large range of the pa-
rameter space. For simplicity, we use the explosion date
determined in the t2 model in the following analysis.

A caveat here is that there might be a dark time be-
tween the SN explosion and the time when it becomes
visible (Piro 2012; Piro & Morozova 2015). The length
of the dark time is roughly the diffusive timescale for the
shallowest 56Ni layer in the ejecta.

3.2. Lightcurve

In order to determine the lightcurve shape parameters
of iPTF13asv, we use the SALT2 software (Guy et al.
2007) to fit its optical lightcurve. The best-fit lightcurve
gives a rest-frame B-band peak magnitude mB = 16.28±
0.03 on May 18.12± 0.09. We set this B-band peak date
as t = 0 in the rest of this paper. The fit also gives a
color term c = −0.16 ± 0.02, and two shape parameters
x0 = 0.0055±0.0001 and x1 = 0.37±0.09. Based on the
fitted SALT2 light curve, we derive a color (B − V )0 =
−0.14 ± 0.03 at the B-band maximum. We also obtain
∆m15 = 1.03±0.01 from x1 by using the relation in Guy
et al. (2007).

The local extinction in the host galaxy of iPTF13asv
is probably small for several reasons. First, as shown in
Figure 3, iPTF13asv and SN2011fe have a similar B−V

astrophysics/wiserep/.
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Figure 2. Optical and near-IR spectral evolution of
iPTF13asv. Ticks at the bottom denote the main spectral fea-
tures. The phases and telescopes/instruments are labeled to the
right of corresponding spectra. The long-slit spectra taken by
APO/DIS, P200/DBSP and Magellan/FIRE are extracted through
usual procedures in IRAF and/or IDL and calibrated using obser-
vations of spectroscopic stars. Data reduction of SNIFS is outlined
in Aldering et al. (2006). However, due to bad weather, flux calibra-
tion of SNIFS spectra was not complete. Therefore, we interpolate
the multi-band lightcurve and “warp” the spectra with low-order
polynomials to match photometric data.

color around maximum. The difference of the B−V col-
ors between 0 and +30 days is probably correlated with
the different stretch of these two events (Nobili & Goo-
bar 2008). Since SN2011fe is unreddened by its host
(Nugent et al. 2011; Vinkó et al. 2012), iPTF13asv also
has little local extinction. Second, the intrinsic color
B − V = 0.95 mag of iPTF13asv at +35 days are consis-
tent with the latest calibration of the Lira relation (Burns
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Figure 3. B−V color evolution of SN2011fe and
iPTF13asv after correction for Galactic extinction The
solid line shows the Lira relation from Burns et al. (2014) and
the dashed lines corresponding to its 0.06 mag scattering.

et al. 2014). Third, the absence of Na ID absorption
in the low-resolution optical spectra also implies weak
extinction in the host galaxy (Poznanski et al. 2012).
Therefore, in what follows we neglect the local extinc-
tion correction.

After correction for Galactic extinction and includ-
ing the distance uncertainty, we derive an absolute peak
magnitude of iPTF13asv in its rest-frame B-band to be
−19.97± 0.06. This is about 0.7 mag brighter than nor-
mal Type Ia SNe.

In the UV, iPTF13asv is very luminous around peak.
As shown in Figure 4, iPTF13asv has UV lightcurves
of both uvm2 and uvw2 filters similar to many super-
Chandrasekhar events, and brighter than all other events
except for SN2009dc (Brown 2014). In this comparison,
no K-correction was made to iPTF13asv and the other
SNe because K-correction is very small for low-redshift
SNe. We note that calculations using the Nugent SN
Ia template (Nugent et al. 2002) and the HST spectra
of SN2011fe (Mazzali et al. 2014) show that at this red-
shift the K-correction is < 0.2 mag in both filters and
thus these comparisons are good to . 20%. It is also
worth noting that SN2011fe belongs to the NUV-blue
subclass (Brown et al. 2012; Milne et al. 2013). Since
iPTF13asv and SN2011fe have similar an optical color
and iPTF13asv is brighter in the UV than SN2011fe,
iPTF13asv also has a very blue UV-optical color, sim-
ilar to other super-Chandrasekhar events (Brown et al.
2014).

We also compare the IR lightcurves of iPTF13asv in
the J- and H-band to the most recent lightcurve template
for normal Type Ia events (Figure 1; Stanishev et al.
2015) and find that the sparsely-sampled lightcurves of
iPTF13asv roughly follow the template. The peak mag-
nitudes of iPTF13asv is MJ = −18.97± 0.08 and MH =
−18.30±0.19, compared to the median peak magnitudes
of MJ = −18.39 and MH = −18.36 with rms scatters of
σJ = 0.116 ± 0.027 and σH = 0.085 ± 0.16 for normal
Type Ia SNe (Barone-Nugent et al. 2012). Without a
IR spectrum around maximum, it is difficult to interpret
why iPTF13asv is so bright in the J band. Both J-band
and H-band lightcurves show clear secondary maxima,
indicating concentration of iron group elements in the
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are shown in gray. Highlighted by different colors are lightcurves of
iPTF13asv (black), SN2011fe (sky blue), SN2012cg (blue), super-
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ple), and the most UV-luminous event SN2011de (orange). All
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Figure 5. SYN++ synthetic SN spectrum fit to
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Fe III (dash-dotted). The absorption features from different species
are illustrated in different colors. The Fe II and Fe III absorption
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central region of the iPTF13asv ejecta (Kasen 2006).

3.3. Spectra

As a result of nucleosynthesis and mixing during SN
explosions, iron absorption is commonly seen in SN spec-
tra, either as Fe II at low effective temperatures or as
Fe III at higher temperatures. However, neither of these
iron features are present in the early-phase spectra of
iPTF13asv. As highlighted in gray regions of Figure
5, spectral feature identification with SYN++ (Thomas
et al. 2011a) on the iPTF13asv spectrum at −8.7 days
shows no Fe II or Fe III. We also compare the iPTF13asv
spectra against both normal events (Figure 6 and super-
Chandrasekhar events (Figure 7) to illustrate that, unlike
iPTF13asv, both normal and super-Chandrasekhar SNe
have iron absorption features at very early phases.

The absence of iron at early phases indicates that syn-
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thesized iron group elements are confined in low-velocity
regions of the ejecta. Since the iron group elements are
the main absorbers of photons below 3500 Å, the lack
of iron group elements in fast-moving ejecta effectively
reduces the UV opacity at early phases. In fact, as
shown in the dark gray region in Figure 6, the flux of
iPTF13asv below 3500 Å is seemingly stronger than those
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Figure 8. Spectral cross-matching. The spectrum of
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SN2012cg and SN2009dc (super-Chandrasekhar).

of SN2011fe at early phases. We did not trigger Swift
observations at early phases of iPTF13asv, because it is
about 160 Mpc away from us. Our experience shows that
Swift UV observations are usually sensitive to Type Ia
SNe within 100 Mpc. Otherwise, Swift observations at
these phases would be perfectly suited to show the UV
flux difference.

The spectral sequence in Figure 6 also shows that
the iron features start to emerge in iPTF13asv about
a week before maximum. Around maximum, the spectra
of iPTF13asv show similar features to both normal and
super-Chandrasekhar events (Figure 8). The expansion
velocities of iPTF13asv, as indicated by Si II 6355 min-
ima, are similar to those of both SN2011fe and SN2012cg
and higher than that of SN2009dc.

We further compare the expansion velocity evolu-
tion of iPTF13asv to a sample of normal and super-
Chandrasekhar events (Figure 9). The velocities are
measured by fitting a Gaussian profile to the iPTF13asv
spectra around the Si II 6355 features. The continuum
components are removed by a linear regression to regions
at both sides of the absorption features. As can be seen
in Figure 9, iPTF13asv has a low expansion velocity and
a shallow velocity gradient, compared to normal Type
Ia SNe. Around maximum, the expansion velocity of
iPTF13asv is ' 10, 000 km s−1 and the velocity gradient
is roughly zero. The low expansion velocity and shallow
velocity gradient of iPTF13asv is usually seen in super-
Chandrasekhar events.

We also note that iPTF13asv shows weak but persis-
tent C II absorption features between −14.1 and +11.5
days (Figure 10). The velocities of these C II lines change
from ' 14, 000 km s−1 at −14.1 days to ' 9, 000 km s−1.
In comparison, about 30% of normal SNe show the
C II 6580 and C II 7234 absorption notches in early
phases (Thomas et al. 2011b; Parrent et al. 2011; Sil-
verman & Filippenko 2012), but these C II features
usually disappear before maximum. In contrast, super-
Chandrasekhar events usually show strong and persistent
C II features after maximum.

3.4. Host Galaxy
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After iPTF13asv faded away, we obtained a low signal-
to-noise ratio spectrum of its apparent host galaxy
SDSS J162254.02+185733.8. The spectrum only shows
Hα emission at the redshift of iPTF13asv. We fit a
Gaussian profile to the Hα line and measure a lumi-
nosity of 3 × 1038 ergs s−1. We adopt the empirical re-
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Figure 11. SED fit of the host galaxy. The data points (red)
are SDSS model magnitudes in optical and aperture-photometric
measurements in the near-IR RATIR reference images. The blue
spectrum is the best fit from FAST.

lation between Hα luminosity and star formation rate
(Kennicutt 1998) and obtain a star formation rate of
2× 10−3M� yr−1 for the host galaxy.

Next, we construct the spectral energy distribution
(SED) of the host galaxy with optical photometry from
SDSS and near-IR photometry measured on the SN ref-
erence images. The SED is then modeled with a galaxy
synthesis code called the Fitting and Assessment of Syn-
thetic Templates (FAST; Kriek et al. 2009) assuming an
exponentially decaying star formation history and a so-
lar metallicity. The best fit model gives a galaxy age of
108.6 years and a stellar mass of 107.8M� with a reduced
χ2 = 1.6 (Figure 11). The best fit model also shows
no ongoing star forming activity. Because SED fitting
models are usually insensitive to very low star forming
rates, the best fit model is consistent with the low star
formation rate derived from the Hα flux.

The derived star formation rate and the stellar mass
of the iPTF13asv host galaxy follow the empirical rela-
tion between stellar mass and star formation rate (Foster
et al. 2012). Using the mass-metallicity relation (Foster
et al. 2012), we also estimate a gas-phase metallicity of
12 + log(O/H) ∼ 8 for the host galaxy. Compared to
the host galaxy sample of SNe Ia in Pan et al. (2014),
SDSS J162254.02+185733.8 is one of the least massive
and most metal-poor galaxies that host Type Ia SNe.

4. BOLOMETRIC LIGHTCURVE AND EJECTA
MASS

4.1. Bolometric Lightcurve

Given the wavelength coverage of the iPTF13asv spec-
tra, we first construct a pseudo-bolometric lightcurve be-
tween 3500 Å and 9700 Å. In order to calibrate the abso-
lute fluxes of these spectra, we use interpolated optical
lightcurves to “warp” the spectra. Then the spectra are
integrated to derive the pesudo-bolometric lightcurve.

Due to the sparsely sampled UV and IR lightcurves, it
is difficult to estimate the UV and IR radiation at differ-
ent phases. Therefore we calculate optical-to-bolometric
correction factors with a spectral template (Hsiao et al.
2007). In this calculation, we find that the UV correc-
tion reaches about 25% before the B-band maximum and
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Figure 12. Bolometric lightcurve. The measured bolometric
luminosities at different phases are in black circles. The blue curve
is the best fit from the Gaussian process regression. The gray
region represents the 1-σ uncertainty of the regression curve.

quickly drops to less than 5% around and after the B-
band maximum. Given the inference that the SN might
be UV-luminous before maximum and the observational
fact that the SN is among the UV-bright Type Ia SNe
around maximum, our calculated correction probably un-
derestimates the UV radiation. Using the Swift data
around maximum, we estimate that this UV correction
introduces a systematic uncertainty of a few percent to
the bolometric luminosity. Around maximum when the
SN cools down, the UV contribution to the bolometric
luminosity becomes even less important.

In the IR, the correction above 9700 Å is below 10%
around the B-band maximum, and then reaches a maxi-
mum of 24% around the secondary maximum in the near-
IR. At the epochs with IR data, we find that the calcu-
lated correction is consistent with the IR measurements.

The final bolometric lightcurve is shown in Figure 12.
We further employ Gaussian process regression to derive
a maximum bolometric luminosity Lmax = (2.2± 0.2)×
1043 erg s−1 at −2.6 days.

4.2. 56Ni Mass and Ejecta Mass

Next, we follow the procedure in Scalzo et al. (2012,
2014a) to derive the 56Ni mass and the total ejecta mass.
First, the 56Ni mass can be estimated through the fol-
lowing equation

Lmax = αS(tR) , (1)

where S(tR) is the instantaneous radioactive power at
the bolometric luminosity maximum. α is an efficiency
factor of order unity, depending on the distribution of
56Ni (Jeffery et al. 2006). We adopt a fiducial value of
α = 1.3 following Scalzo et al. (2012). The radioactive
power of 56Ni→56 Co→56 Fe is (Nadyozhin 1994)

S(tr) = [6.31 exp (−tr/8.8) + 1.43 exp (−tr/111)]MNi ,
(2)

where S(t) is in the unit of 1043 erg s−1 and MNi is in the
unit of M�. With the measured maximum bolometric
luminosity Lmax = (2.2±0.2)×1043 erg s−1 at −2.6 days,
we estimate a 56Ni mass of (0.77± 0.07)M�.

About one month after the SN maximum, the SN de-
bris expands approximately in a homologous manner. At

this time, most 56Ni atoms have decayed to 56Co. Hence
the total luminosity can be approximated by

L(t) =
[
1− exp(−(t0/t)

2)
]
Sγ(t) + Se+(t) , (3)

where Sγ and Se+ are the decay energy of 56Co carried
by γ-ray photons and positions. At time t0, the mean
optical path of γ-ray photons becomes unity. For a given
density and velocity profile, t0 reflects the column den-
sity along the line of sight. We fit equation (3) to the
bolometric lightcurve of iPTF13asv after +20 days and
obtained t0 = 44.2± 2.0 days.

Next, we estimate the total ejecta mass of iPTF13asv.
If we assume a density profile ρ(v) ∝ exp(−v/ve) where
ve is a scale velocity, then the ejecta mass can be ex-
pressed as

Mej =
8π

κγq
(vet0)

2
, (4)

where κγ is the Compton scattering opacity for γ-ray
photons . The value of κγ is expected to lie in the range
between 0.025 cm2g−1 and 0.033 cm2g−1 (Swartz et al.
1995). We adopt a value of 0.025 cm2g−1 for the optically
thin regime. The form factor q describes the distribution
of 56Ni and thus 56Co (Jeffery 1999). For evenly mixed
56Ni, the value of q is close to one third. Taking element
stratification and mixing in the interfaces into account,
Scalzo et al. (2014a) found that q = 0.45 ± 0.05. Here,
we adopt q = 0.45 in our estimation.

The value of ve can be obtained by conservation of en-
ergy. The total kinetic energy of the ejecta is 6Mejv

2
e .

Neglecting the radiation energy, the total kinetic energy
is equal to the difference between the nuclear energy re-
leased in the explosion and the binding energy of the
exploding white dwarf. The binding energy of a rotat-
ing white dwarf with mass Mej and central density ρc
is given in Yoon & Langer (2005). Here we restrict the
central density to lie between 107 and 1010 g cm−3.

If we further assume that the ejecta is composed of un-
burned CO and synthesized Si, Fe and Ni, then the nu-
clear energy of the SN explosion is formulated in Maeda
& Iwamoto (2009) as a function of mass Mej and mass
fractions fFe, fNi and fSi. The ratio η = fNi/(fNi + fFe)
is also a function of ρc. Following Scalzo et al. (2014a),
we adopt a Gaussian prior

η = 0.95− 0.05ρc,9 ± 0.03 max(1, ρc,9) , (5)

where ρc,9 is ρc in units of 109 g cm−3. In addition, we
restrict the mass fraction fCO less than 10%.

Based on the above assumptions, with a given set of
ejecta mass Mej , central density ρc and the mass frac-
tions of different elements, we can calculate the maxi-
mum bolometric luminosity and t0 in equation (3) and
compare them with our measurements of iPTF13asv. Af-
ter one million Markov-Chain-Monte-Carlo iterations, we
obtain MNi = 0.81+0.10

−0.18 and Mej = 1.44+0.44
−0.12M� at a

95% confidence level.

4.3. Detached Shell Surrounding the SN

In order to explain the almost constant Si II velocity
in super-Chandrasekhar events, Scalzo et al. (2010) and
Scalzo et al. (2012) hypothesize a stationary shell de-
tached from the ejecta. The shell is accelerated to a con-
stant speed vsh by colliding with fast-moving ejecta with
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velocities greater than vsh. In fact, some simulations
of WD mergers show that the outermost material forms
such a stationary envelope that collides with fast-moving
ejecta (Hoeflich & Khokhlov 1996). Following the calcu-
lation procedure in Scalzo et al. (2010) and Scalzo et al.
(2012), we derive an envelope mass of 0.15+0.11

−0.01M� for
iPTF13asv.

Though the detached shell has little effect on the γ-
ray opacity and peak luminosity of a SN, it reddens the
SN and extends its rise time. However, compared to
other super-Chandrasekhar events (Scalzo et al. 2012),
iPTF13asv shows a blue intrinsic color and a much
shorter rise time. Based on the color and rise time, we
infer that iPTF13asv is unlikely to have this detached
shell.

5. DISCUSSIONS

5.1. Comparison To Super-Chandrasekhar And
Normal Events

In Table 3, we compare iPTF13asv against both super-
Chandrasekhar and normal Type Ia SNe. In addition to
the features listed in the table, the H-band break, which
is formed by absorption of Fe II, Co II and Ni II (Hsiao
et al. 2013), is distinctive between super-Chandrasekhar
and normal events. The break usually appears in nor-
mal SNe within a month of maximum, but is absent in
the super-Chandrasekhar events. However, in the case
of iPTF13asv, the only near-IR spectrum is taken one
month after the maximum, and is therefore not con-
straining to the existence of the H-band break.

As can be seen from the table, on the one hand, the
over-luminous iPTF13asv has a normal lightcurve shape
and near-IR secondary peak. On the other hand, like
super-Chandrasekhar events, iPTF13asv shows persis-
tent C II absorption and low expansion velocity with
little evolution. While the derived 56Ni mass is higher in
iPTF13asv than in normal events, the total ejecta mass
is close to the Chandrasekhar limit.

We further examine whether iPTF13asv follows the
empirical relation between the peak magnitude, the
lightcurve shape and the intrinsic color, i.e.,

µ = m∗B − (MB − αx1 + βc) , (6)

where µ is the distance modulus, m∗B is the observed
peak magnitude in the rest-frame B band, α, β and
MB are free parameters. In order account for the de-
pendence on the host galaxy properties, Sullivan et al.
(2011) suggest to use different values of MB for galax-
ies of stellar mass greater and less than 1010M�. In
the case of iPTF13asv, the stellar mass of its host
galaxy is ∼ 107.8M�. For galaxies with stellar mass
less than 1010M�, Betoule et al. (2014) obtained MB =
−19.04± 0.01, α = 0.141± 0.006 and β = 3.101± 0.075.
Substituting m∗B = 16.28 ± 0.03, x1 = 0.37 ± 0.09 and
c = −0.16±0.02 into the empirical relation, we find that
iPTF13asv still follows the empirical relation, whereas in
contrast, super-Chandrasekhar events are outliers of this
empirical relation (Scalzo et al. 2012).

Based on this comparison, we suggest that iPTF13asv
is an intermediate Ia SN between normal and super-
Chandrasekhar events, and it may represent the transi-
tion of observational properties as the total ejecta mass
increases from Chandrasekhar to super-Chandrasekhar
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Figure 13. Comparison between the SN-companion in-
teraction signature model and iPTF13asv data. Left : The
uvm2 and uvw2 lightcurves of iPTF13asv (black circles) are com-
pared to the total lightcurves (green) which combine the SN-
companion interaction component (red; Kasen 2010) and the SN
intrinsic emission (cyan). Right : the iPTF13asv spectrum at −13.7
days (black) is compared to the thermal spectrum of SN-companion
collision (red).

in the DD channel.
In addition, Brown (2014) reported the UV bright-

est SN2011de. However, SN2011de is dissimilar to
iPTF13asv, as it has a high-velocity component in its
Si II line. The lack of a well-sampled lightcurve and a
spectral sequence also makes it difficult to estimate the
56Ni mass and total ejecta mass of SN2011de.

5.2. Strong UV Emission

Strong UV emission in a Type Ia SN can be pow-
ered by an extrinsic SN-companion collision (Kasen 2010)
or intrinsic 56Ni decay. In fact, in the UV-luminous
SN2011de, Brown (2014) offered a possible explana-
tion to its Swift lightcurve as a SN-companion colli-
sion. Hence, despite similarities between iPTF13asv
and super-Chandrasekhar events, we assess whether the
strong UV emission of iPTF13asv can be explained by
collision between the SN and a companion star.

We utilize the scaling relation in Kasen (2010) to fit
the observed uvm2 lightcurve. In order to account for
the non-negligible emission from the SN itself, we use
the well-sampled uvm2 lightcurve of SN2011fe as a tem-
plate. The fitting result shows that the companion star
is located at 2 × 1013 cm away from the exploding WD
(left panel of Figure 13). Given a typical mass ratio of
a few, the companion has a radius of ∼ 100R� to fill its
Roche lobe.

Although the model fit to the UV lightcurve looks plau-
sible, it overshoots the optical spectrum of iPTF13asv at
−13.7 days at short wavelengths (right panel of Figure
13). The model also produces a pulse of ' 200µJy in the
R-band within a few days of explosion, much stronger
than the observed R-band fluxes / 150µJy at the very
early phases (the inset of Figure 1). Additionally, we
caution that, as pointed out in Kasen (2010), this scal-
ing relation may become invalid after the first few days
of the SN explosion. Hence, we conclude that the strong
UV emission seen in iPTF13asv is not produced by SN-
companion collision.
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Table 3
Comparison of iPTF13asv to normal and super-Chandrasekhar SNe

Feature Normal iPTF13asv super-Chandrasekhar

B-band peak magnitude −18 ∼ −19.5 −19.97± 0.06 < −19.6
UV peak magnitude & −15 −15.25 . −15

∆m15 (mag) 0.8 ∼ 1.2 1.0 ' 0.6
Near-IR secondary peak strong strong weak or absent

Carbon feature after max no weak strong
Si II 6355 velocity at max (103 km s−1)a 10 ∼ 14 10 8 ∼ 12

Si II 6355 velocity gradient at max (km s−1 day−1)a 50− 150 ∼ 0 −72 ∼ 46
56Ni mass (M�)b 0.3 ∼ 0.6 0.81+0.10

−0.18 > 0.75

Ejecta mass (M�)b 0.8 ∼ 1.5 1.44+0.44
−0.12 > 1.5

a The velocity measurements of normal events are from Foley et al. (2011). Those of super-Chandrasekhar
events are from Scalzo et al. (2012).
b The mass measurements of normal events are from Scalzo et al. (2014b). Those of super-Chandrasekhar
events are from Scalzo et al. (2012).

As a result of the above analysis, we are forced to con-
clude that the strong UV emission is intrinsic. In fact,
the strong UV emission and the lack of iron in early-
phase spectra may be causally related. The latter im-
plies an ejecta structure of weak mixing with most iron
group elements concentrated in the low-velocity zones of
the ejecta. Since the line blanketing of iron group ele-
ments dominates the UV opacity, the optical opacity of
UV photons is very small until the photosphere recedes
into the low-velocity zones of the ejecta. Consequently,
the SN appears to be more UV luminous around maxi-
mum. The concentration of iron group elements is also
supported by the strong secondary peak in the near-IR.
The near-IR secondary peak results from transition of
iron group elements from doubly ionized states to singly
ionized states. The double-peaked morphology of the
near-IR light curve is therefore a direct consequence of
the abundance stratification of the ejecta, in particular,
the concentration of iron group elements in the central
regions (Kasen 2006). To sum up, all these observational
facts suggest that iPTF13asv has a stratified ejecta with
strong concentration of iron group elements in the center.

5.3. Progenitor

The similarity to super-Chandrasekhar events and the
derived ejecta mass naturally suggest that the progenitor
of iPTF13asv is a DD system. This is further supported
by the stratified ejecta. Hydrodynamic simulations (e.g.,
Kromer et al. 2010; Sim et al. 2013) show that explosions
in a SD system cannot avoid a certain level of mixing in
the ejecta. Hence, these models have difficulty in con-
centrating most of iron group elements in the center of
the ejecta. For merging WDs, in contrast, simulations
of prompt detonation (e.g., Moll et al. 2014) produce
strongly stratified structures along polar directions in
asymmetric ejecta. In these directions, iron group ele-
ments are confined in the low-velocity regions. Hence,
based on these arguments, we infer that iPTF13asv orig-
inates from a DD system.

5.4. UV-Luminous Type Ia SNe At High Redshifts

Spectroscopic classification for high-redshift SNe re-
quires very long integration on big telescopes. Therefore,
in high-redshift SN surveys, an optical-UV “dropout” is
introduced to preselect Type Ia candidates (for example,
Riess et al. 2004, 2007). In practice, the F850LP, F775W
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Figure 14. Color difference as a function of redshift for
three different SNe Ia.

and F606 filters on the HST Advanced Camera for Sur-
vey (ACS) are usually used to search for SNe at redshifts
up to 1.8.

The color preselection criteria may introduce bias by
ignoring UV-luminous SNe. In Figure 14, we calculate
the color difference in the F850LP, F775W and F606 fil-
ters for normal SN1992a (Kirshner et al. 1993), near-UV
blue SN2011fe (Mazzali et al. 2014) and UV-luminous
iPTF13asv at different redshifts. As can be seen, the
three SNe show different colors at high redshifts. Al-
though the rate of iPTF13asv-like events is probably low
in the nearby Universe, there might be more such SNe
at high redshifts, as there are more metal-poor dwarf
galaxies at high redshifts. Hence it might become an un-
negligible component in estimating the SN rate at high
redshifts.

6. CONCLUSION

In this paper, we present multi-wavelength observa-
tions of a peculiar over-luminous Type Ia supernova,
iPTF13asv, discovered by the intermediate Palomar
Transient Factory. While its ∆m15 = 1.03±0.01 mag and
sharp secondary near-IR peak resemble characteristic
features of normal Type Ia supernovae, iPTF13asv shows
low but almost constant expansion velocities and per-
sistent carbon absorption features after the maximum,
both of which are commonly seen super-Chandrasekhar
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events. We derive a 56Ni mass of 0.81+0.10
−0.18M� and a total

ejecta mass of 1.44+0.44
−0.12M�. Therefore, we suggest that

iPTF13asv is an intermediate case between the normal
and super-Chandrasekhar events.

Our observations of iPTF13asv also show an absence
of iron absorption features in its early-phase spectra until
several days before maximum, and strong UV emission
around peak. These observations together with sharp
near-IR secondary maxima indicate that iPTF13asv has
a stratified structure along the line of sight, with synthe-
sized iron group elements concentrated in the center of
its ejecta. Compared to hydrodynamic simulations, only
WD mergers might produce the inferred ejecta structure.
Therefore, based on the stratified ejecta and its simi-
larity to super-Chandrasekhar events, we conclude that
iPTF13asv originates from a double-degenerate progeni-
tor system.

We speculate that iPTF13asv might be a transiting
case between normal and super-Chandrasekhar events.
Moving forward, the current and upcoming time-domain
surveys, such as the Zwicky Transient Facility, will find
many more Type Ia supernovae of different subclasses.
Equipped with fast-turnaround follow-up observations
which allow us to estimate the ejecta mass and the 56Ni
mass, these surveys will map how observational features
vary as a function the total ejecta mass for supernovae
from the double-degenerate channel. In particular, UV
photometry and optical spectroscopy of these supernovae
at early phases will encode information about mixing of
iron group elements.
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