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ABSTRACT

We report evidence for excess blue light from the Type Ia supernova (Sn Ia) SN 2012cg at 15 and 16 days before
maximum B-band brightness. The emission is consistent with predictions for the impact of the supernova on a non-
degenerate binary companion. This is the first evidence for emission from a companion to a normal SN Ia. Sixteen
days before maximum light, the B — V color of SN 2012cg is 0.2 mag bluer than for other normal SN Ia. At later
times, this supernova has a typical SN Ia light curve, with extinction-corrected Mp = —19.62 + 0.02 mag and
Amys(B) = 0.86 + 0.02. Our data set is extensive, with photometry in seven filters from five independent sources.
Early spectra also show the effects of blue light, and high-velocity features are observed at early times. Near
maximum, the spectra are normal with a silicon velocity vs; = —10,500kms~'. Comparing the early data with
models by Kasen favors a main-sequence companion of about six solar masses. It is possible that many other SN Ia
have main-sequence companions that have eluded detection because the emission from the impact is fleeting and
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faint.
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1. INTRODUCTION

It is widely accepted that Type la supernovae (SN Ia) are the
thermonuclear explosions of carbon—oxygen white dwarfs, and
many of them appear to explode near the Chandrasekhar mass
(Mcy; e.g., Hillebrandt & Niemeyer 2000), though they may
arise from progenitors of other masses as well (e.g., Scalzo
et al. 2014). Two general progenitor scenarios are commonly
considered for a white dwarf to accrete sufficient mass to
approach the Chandrasekhar limit. In the single degenerate
(SD) model, a non-degenerate binary companion star deposits
matter onto a white dwarf. As the white dwarf nears the
Chandrasekhar mass, a thermonuclear runaway is initiated
(Whelan & Iben 1973; Nomoto 1982). The double degenerate
(DD) scenario postulates that two carbon—oxygen white dwarfs
will merge via gravitational inspiral and explode by subsequent

21 NSF Astronomy and Astrophysics Postdoctoral Fellow.

carbon ignition (Iben & Tutukov 1984; Webbink 1984). Other
models are being explored, such as one in which the triggering
mechanism of the SN Ia explosion is the head-on collision of
two white dwarfs in a three-body system (Kushnir et al. 2013)
and the core degenerate scenario that involves the merger of a
white dwarf and the hot core of a massive asymptotic giant
branch star (Kashi & Soker 2011).

There is some evidence that both the SD and DD scenarios
contribute to the SN Ia population (see Maoz et al. 2014, for a
recent review). For example, Hubble Space Telescope (HST)
deep pre-explosion imaging of the site of SN 201 1fe rules out
evolved companion stars with M > 3.5M; (Li et al. 2011;
Graur et al. 2014). This result does not rule out the SD
scenario, even for this individual case, but it does cut a swath
through the allowable parameter space. On the other hand, the
SN Ia PTF11kx had clear signs of interaction with shells of
circumstellar medium (CSM). The details suggest a SD system
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with a Red Giant companion star in a symbiotic nova
configuration (Dilday et al. 2012).

Many studies have searched for clues indicating the
interaction between a normal SN la and CSM, presumably
pointing to the SD scenario, but they are rarely as decisive as
PTF11kx. Detection of interaction based on variable
Narifeatures (e.g., Patat et al. 2007; Blondin et al. 2009;
Sternberg et al. 2011; Foley et al. 2012b; Maguire et al. 2013),
and measurements of high velocity features (HVF) from
multiple spectral lines (e.g., Marion et al. 2013; Silverman
et al. 2015) have all been used to investigate potential SD
systems. See Maoz et al. (2014) for a more thorough discussion
of work in this area.

A clearer signpost of the SD scenario lies in the very early
light curves (LC). A nearby non-degenerate binary companion
will encounter the shock wave and the expanding debris from
the explosion. The interaction compresses and heats matter at
the point of impact, but not all of the thermal energy is emitted
in a prompt burst. Deeper layers of the ejecta continue to
impact the companion and raise the local temperature. The
extra luminosity from this interaction will be strongest in the
ultraviolet and blue optical bands, and it will only be detectable
for a few days after explosion (Kasen 2010, but see Maeda
et al. 2014; Kutsuna & Shigeyama (2015)).

The effect on the observed brightness depends on the
viewing angle (Kasen 2010; Brown et al. 2012). Interaction is
unlikely to be detected if the impact location is too far from the
direct line of sight to the SN. Thus, not all explosions in SD
systems are expected to produce an early LC signal; perhaps
only ~10% of cases will do so (Kasen 2010).

No previous detections have been reported for the interaction
between a normal SN Ia and its companion after inspections of
hundreds of LC from SN Ia, though many of these were not
obtained early enough to test the Kasen (2010) model
predictions.

Hayden et al. (2010) looked for interaction signals in B-band
LC of 108 SDSS SN Ia. They found that companion stars
would have to be less than about 6M,, on the main-sequence
and they strongly disfavored Red Giant companions. Gane-
shalingam et al. (2011) also examined B-band rise time
behavior for 61 SN Ia and found no evidence of companion
interaction. Tucker (2011) analyzed U-band LCs of =700
SN Ia from the ESSENCE Project and other sources. They
found no signature of shock heating from Red Giant
companions. Bianco et al. (2011) determined that less than
10% out of 87 SN Ia could have come from white dwarf-Red
Giant binary systems. Olling et al. (2015) used high cadence
data from Kepler and they found no evidence for interaction in
three SN Ia. The Kepler bandpass is not sensitive below
400 nm, and it is not clear if it would detect a shocked
companion.

Individual SN Ia that are found very nearby or very early
provide high quality data that may be unavailable to larger
surveys. Analyses of such SN Ia have revealed an interesting
amount of diversity, but no clear signs of shock interaction with
a companion.

Brown et al. (2009, 2012) reported early UV LC from a few
SN Ia without discovering evidence for excess luminosity.
Foley et al. (2012a) described excess UV flux from SN 2009ig
at early phases, but concluded that the colors were inconsistent
with an interaction. Margutti et al. (2012) with X-rays and
Chomiuk et al. (2012) with radio observations ruled out most
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of the parameter space for a main-sequence or evolved
companion to SN 2011fe. Schaefer & Pagnotta (2012)
determined that SNR 0509-67.5 in the Large Magellanic
Cloud contains no candidates for the companion star to deep
limits. They claim to eliminate all previously published single-
degenerate models for this SN Ia. Zheng et al. (2013) showed
that measurements of SN 2013dy, obtained only a few hours
after the estimated time of the explosion, do not reveal any
evidence for interaction. Goobar et al. (2015) find that a very
early section of the SN 2014] LC (~0.5-2.0 days after
explosion) is flatter than a 7* rise; but they rule out the SD
model due to constraints on the size of the companion. Margutti
et al. (2014) use X-ray non-detections of SN 2014J to rule out
SD systems with steady mass loss.

Cao et al. (2015) report the detection of a significant UV
pulse in early data of iPTF14atg. While intriguing, these results
may not be directly applicable to the progenitor scenarios of
normal SN Ia. This object is part of a class that is very rare
(Ganeshalingam et al. 2012); it is about 3 magnitudes
subluminous compared to a normal SN Ia, and it does not
follow the Phillips relation (Phillips 1993). The current work
focuses on the normal SN Ia, SN 2012cg. This object peaks in
Mp between —19.4 and —19.8 mag and does follow the Phillips
relation. Here we show that the early UV and optical LCs for
SN 2012cg are well matched by SD models in which excess
blue light is produced by the impact of the supernova on its
companion. Photometric and spectroscopic observations of
SN 2012cg and the data reduction details are described in
Section 2. Excess luminosity in early photometry and spectra
of SN 2012cg is described and analyzed in Section 3.
Predictions of theoretical models for the interaction of a SN Ia
and a binary companion are described in Section 4 and the
models are compared to observations of SN 2012cg. Section 5
discusses the spectra and the evolution of features in pre-
maximum spectra. Discussion and conclusions are presented in
Section 6.

2. DATA ACQUISITION AND REDUCTION

SN 2012cg was discovered in Virgo Cluster Galaxy
NGC 4424 on 2012 May 17.2, UT = MJD 56065.2 by the
Lick Observatory Supernova Search (LOSS; Filippenko et al.
2001) with the 0.76 m Katzman Automatic Imaging Telescope
(KAIT). The discovery was promptly announced to the
community by email and by ATEL (Cenko et al. 2012). This
rapid notice allowed many observers to begin following
SN 2012cg on May 18 which was less than three days after
the explosion and more than 16 days before the time of
maximum brightness in the B-band (f(Bn.x)). We report
photometric and spectroscopic observations of SN Ia 2012cg
obtained from 2012 May 18.2, (UT) which is 16.1 days before
t (Bmax) (—16.1 days) to June 26.0 (+22.7 days).

2.1. Photometric Observations

Figure 1 shows optical and near-infrared (NIR) photometry
of SN 2012cg obtained from —16.1 to +19.9 days. The optical
data are from the F. L. Whipple Observatory (FLWO) using the
1.2m telescope and KeplerCam, while the NIR data were
obtained with the Peters Automated Infrared Imaging Tele-
scope (PAIRITEL).

The data in the figure have been corrected for Milky Way
(MW) and host extinction. Polynomial fits give the dates of peak
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Figure 1. UBVr'i'"JHK; photometry of SN 2012cg obtained at the F. L.
Whipple Observatory from —16.1 to +19.9 days. The data are corrected for
MW and host galaxy extinction. The black lines are polynomial fits used to
identify the peak brightness and the time of peak for each filter (Table 1). We
find # (Bmax) = 560681.3 (MID) = June 3.3 (UT), with a peak magnitude in
the B-band of —19.62 mag and Am,s(B) = 0.86.

brightness in each filter, the maximum apparent magnitudes and
the decline rate parameters, Am;s (Table 1). The absolute
magnitudes were computed using d = 15.2 £ 1.9 Mpc (u =
30.90 £ 0.3 mag; Tully—Fisher) for NGC 4424 (Cortes et al.
2008). Uncertainties in the absolute magnitude estimates do not
affect our primary results.

The FLWO optical data (u’, B, V, r', i) were reduced using
IRAF and IDL procedures described in Hicken et al. (2007).
Table 2 provides the original measurements without deredden-
ing. The FLWO galaxy templates were obtained on 2014
January 10, which is 596 days after # (Byax)-

Transformation to the standard photometric system was
performed using local comparison stars around the SN in the
same field of view. The linear transformation equations were
calibrated using Landolt (1992) standards for UBV and Smith
et al. (2002) standards for - and i’-bands. The zero-points of
the transformations were determined with data from photo-
metric nights. The zero-points for images obtained on non-
photometric nights were determined by differential aperture
photometry (DAOPHOT) using tertiary standard stars in the
vicinity of the SN. Further details of these methods can be
found in Hicken et al. (2012).

The FLWO u’-band can be correlated with Landolt (1992)
U-band magnitudes via the equation u’ = U + 0.854 mag
(Chonis & Gaskell 2008). Table 2 shows the measured values
for u’ while the figures use the values corrected for extinction
and converted to U-band.

NIR images were obtained at the FLWO in the J, H, K;
bands by PAIRITEL (Table 3). The data are processed into
mosaics using the PAIRITEL Mosaic Pipeline version 3.6
implemented in python. Photometry is performed on the
mosaicked images with DoPHOT (Schechter et al. 1993) using
a modified version of the ESSENCE project photometry
pipeline (Miknaitis et al. 2007). Photometric zero-points are

MARION ET AL.

Table 1

Peak Magnitudes for SN 2012cG FroM EXTINCTION-CORRECTED FLWO DATA
Band MJD-56000° my° My© Amys®
KepCam U 79.6 10.59 —20.30 1.51
KepCam B 81.3 11.26 —19.63 0.86
KepCam V 82.3 11.36 —19.54 0.51
KepCam »/ 81.8 11.53 —19.37 0.63
KepCam 7/ 79.5 12.08 —18.82 0.86
PAIRITEL J 78.3 12.16 —18.74
PAIRITEL H 77.6 12.39 —18.51
PAIRITEL K 80.2 12.35 —18.55
Notes.
440.4 days.
® 10.04 mag.
€ +0.08 mag.
9 40.04 mag.

computed using the 2MASS point source catalog (Cutri et al.
2003). Details of PAIRITEL observations and reduction of NIR
supernova data can be found in Friedman (2012) and Friedman
et al. (2015).

We are fortunate to be able to include pre-maximum
photometry of SN 2012cg that was obtained at other facilities.
After their discovery of SN 2012cg, LOSS/KAIT continued to
monitor the SN and their pre-maximum, uncorrected data are
listed in Table 4. These data were reduced with an image-
reduction pipeline described in Ganeshalingam et al. (2010).
The acquisition and reduction of LOSS /KAIT data is described
in detail by Silverman et al. (2012).

KAIT templates were obtained on 2013 December 9, which
is 554 days after ¢ (Bn.x). The galaxy-subtracted photometry
produced the same values as reported by Silverman et al.
(2012) (W. Zheng 2016, private communication).

B- and V-band photometry was obtained by the Las Cumbres
Observatory Global Telescope Network of 1m telescopes
(LCOGT), and reduced using a custom pipeline developed by
LCOGT which is based on standard procedures, including
pyraf, DAOPHOT, and SWARP in a python framework.
Instrumental magnitudes were transformed to the standard
system (Landolt 1992) using standard star observations
obtained on photometric nights (Brown et al. 2013). The pre-
maximum B- and V-band data from the LCOGT are listed in
Table 5.

Swift photometric data were obtained with the Ultraviolet/
Optical Telescope (UVOT; Roming et al. 2005). The UVOT
reduction used a pipeline developed for the Swift Optical/
Ultraviolet Supernova Archive (SOUSA; Brown et al. 2014). It
is based on Brown et al. (2009), including subtraction of the
host galaxy count rates and uses the revised UV zero-points and
time-dependent sensitivity from Breeveld et al. (2011). Table 6
shows the v, b, u, uwvwl, uvm2, and uvw?2 measurements of
SN 2012cg from —15.7 to +1.0days. The Swift galaxy
template was obtained by observing the location of SN 2012cg
428 days after ¢ (Byax)-

ROTSE-IIIb uses an unfiltered CCD and an automated
image differencing analysis to search for SNe (Yuan &
Akerlof 2008). Photometry is calibrated to an effective r-band
magnitude by comparing to USNO B1.0 (Monet et al. 2003).
For comparison with other data sources in this paper, the



THE ASTROPHYSICAL JOURNAL, 820:92 (16pp), 2016 April 1 MARION ET AL.

Table 2 Table 2
FLWO 1.2 m Observations of SN 2012cc (Continued)
MIJD-56000 Phase® Mag Err MID-56000 Phase® Mag Err
u'-band 77.19 —4.1 12.21 0.01
67.16 —14.1 15.84 0.03 78.30 -3.0 12.13 0.03
6731 140 1583 0.02 81.14 ~02 12.02 0.01
68.20 ~13.1 15.41 0.02 84.25 29 12.00 0.01
6827 130 1537 0.02 85.14 3.8 12.02 0.01
69.20 —12.1 14.81 0.02 86.14 4.8 12.02 0.02
€021 Y 1476 0.02 87.17 59 12.06 0.01
70.23 —1L1 14.15 0.02 87.25 59 12.06 0.01
1299 o1 1330 0.02 88.20 6.9 12.09 0.01
73.23 —8.1 13.02 0.02 3(9)-12 ;-g i;i; 8-81
2126 +0 123 o 9224 109 1227 001
875 5o 1291 0.02 93.15 118 1232 0.01
88.20 6.9 13.02 0.02 94.23 12.9 12.39 0.01
%0 18 79 1310 0.02 96.23 14.9 12.53 0.01
92.25 10.9 13.37 0.02 g;;i }Z-g 322 8-81
0621 149 136 oos 10022 189 1274 001
0823 169 1496 0.03 101.25 19.9 12.80 0.01
100.22 18.9 15.54 0.04 o
B-band 65.21 ~16.1 15.54 0.01
T T o owe oo
67.16 -4l 14.82 002 519 —13.1 14.15 0.01
67.31 —14.0 14.77 0.02 0826 130 D 001
68.19 —131 14.35 0.02 69.19 “121 13.74 0.01
68.26 ~13.0 14.32 0.02 co21 e 1373 001
69.20 ~12.1 13.88 0.02
ol o o 000 70.22 “111 13.38 0.01
7221 91 12.86 0.01
70.23 -l 13.46 002 233 8.1 12.67 0.01
7221 91 12.89 0.02 i el 123 001
73.23 —8.1 12.69 002 2719 41 1227 0.01
75.21 ~6.1 12.44 0.03
78.30 30 12.20 0.01
7831 -30 12.21 0.02 81.14 ~02 12.09 0.01
81.14 —02 12.12 0.02 84.25 29 12.08 0.01
84.26 3.0 12.15 0.02 85.14 3.8 12.08 0.01
85.14 3.8 12.15 0.02 co 14 PP 1208 001
86.14 48 12.21 0.02 87.17 5.9 12.13 0.01
87.18 5.9 12.24 0.02 & 24 e 13 001
87.25 29 12.25 0.02 88.20 6.9 12.18 0.01
88.20 6.9 12.30 0.02 %018 7 2 001
89.18 7.9 12.36 0.02 90.18 8.9 12.27 0.01
90.18 8.9 12.44 0.02 0324 109 s 001
9224 10.9 12.58 0.03 93.14 118 12.48 0.01
93.15 138 12.64 0.02 94.23 12.9 12.65 0.09
94.23 12.9 12.75 0.02 06 23 120 N 001
96.24 14.9 12.97 0.03 o723 159 1273 001
97.23 15.9 13.08 0.02 98.23 16.9 12.77 0.01
100.22 18.9 13.42 0.02 100.22 18.9 12.81 0.01
101.25 19.9 13.52 0.02 101.25 19.9 12.84 0.01
V-band i’-band
65.21 ~16.1 15.56 0.01 65.21 161 1571 001
67.16 —14.1 14.60 0.01 67.15 142 14.76 0.01
67.30 —14.0 14.54 0.01 67.30 ~14.0 14.70 0.01
68.15 —132 14.15 0.01 68.18 ~13.1 14.30 0.07
68.26 ~13.0 14.13 0.01 68.25 _131 1431 0.01
69.20 —12.1 13.75 0.01 69.14 —122 13.92 0.01
69.21 —l12.1 13.73 0.01 69.20 —12.1 13.92 0.01
70.22 —111 13.38 0.01 70.22 ~11.1 13.57 0.01
7221 9.1 12.85 0.01 7221 -9.1 13.03 0.01
73.23 ~8.1 12.65 0.01 7390 41 12.86 0,01
75.21 —6.1 12.37 0.01 75.21 —6.1 12.59 0.01
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Table 2 Table 3
(Continued) PAIRITEL Observations of SN 2012cG
MJD-56000 Phase® Mag Err MID-56000 Phase® Mag Enr
77.19 —4.1 12.50 0.01 J-band
78.30 -3.0 12.47 0.03 67.2 _14.1 14.36 0.05
81.14 -0.2 12.52 0.01 69.1 _122 13.54 0.06
84.25 29 12.61 0.01 702 ~111 13.20 0.08
85.14 3.8 12.65 0.01 71.2 ~10.1 13.01 0.02
86.14 48 12.67 0.01 722 —9.1 12.92 0.09
87.17 5.9 12.75 0.01 732 81 12.69 0.02
87.24 59 12.73 0.01 752 —6.1 12.44 0.02
88.20 69 1281 0.01 76.1 -52 1230 0.08
89.17 7.9 12.84 0.01 782 -3.1 12.29 0.04
90.17 8.9 1291 0.01 79.2 ~2.1 12.26 0.08
92.24 10.9 13.09 0.01 80.2 11 12.46 0.10
93.14 138 13.16 0.01 82.2 0.9 1252 0.07
94.22 12.9 13.24 0.01 832 19 12.52 0.02
96.23 149 13.33 0.01 84.1 2.8 12.55 0.04
97.23 15.9 13.34 0.01 852 3.9 12.65 0.03
98.23 16.9 13.35 0.01 86.2 49 12.82 0.06
100.22 18.9 13.31 0.01 382 6.9 12.92 0.02
101.25 19.9 13.28 0.01 89.2 79 13.00 0.03
90.2 8.9 13.17 1.13
Note.
# Estimated date of 7 (Bmax): MID 56081.3 = June 3.3 (UT). H-band
67.2 —14.1 14.42 0.11
69.1 —12.2 13.72 0.02
ROTSE clear data, which include significant B- and U-band 70.2 111 13.38 0.02
sensitivity, have their zero-point adjusted to B-band. ROTSE 7.2 101 13.15 0.03
detected SN2012cg on May 17.178, which is 1.1 hr before the 722 -9.1 12.91 0.02
discovery epoch reported by Silverman et al. (2012) (May 732 -8.1 12.77 0.02
17.223). Prediscovery ROTSE images on May 16.177 yielded 742 —7.1 12.59 0.06
no detection to a limiting magnitude of 16.9. Table 7 gives the 75.2 —6.1 12.52 0.06
ROTSE measurements. 76.1 =52 12.46 0.08
The ROTSE data are reduced by differential aperture 782 -3l 1253 0.02
; Y p 79.2 21 12.58 0.04
photometry using IDL procedures adapted from DAOPHOT, £0.2 _11 1262 0.05
followed by subtraction of the underly.ing host. Transformation 22 0.9 12.76 0.09
to Bessel V-band was performed using reference stars to a 832 1.9 12.65 0.07
radius of 3’ from SN 2012cg. The transformation was 84.1 28 12.72 0.03
calibrated by comparison to the APASS catalog. This 85.2 3.9 12.82 0.02
measurement is compared to image differencing where it 86.2 49 12.82 0.04
exists. There is good agreement with the host subtraction result 88.2 6.9 12.94 0.02
except for the first epoch when the SN is dim and image 89.2 7.9 13.00 1.52
differencing is difficult. Additional uncertainties at all epochs Ks-band
are extracted from the measured variation due to altering the
aperture photometry parameters. 67.2 —14.1 14.42 0.11
69.1 —12.2 13.64 0.08
. 70.2 —11.1 13.33 0.09
2.2. Reddening 71.2 ~10.1 13.25 0.04
To estimate reddening due to the host galaxy, we compared 72.2 —9.1 13.02 0.02
the B — V color curves of SN 2012cg to SN 2011fe after 7;; _‘3"2 ]i'gs 887
applying E(B — V)uyw = 0.018 mag for the Milky Way ;9'2 72'1 12'3; 0.0471
extinction  in the direction of SN 2012cg (Schlafly & 30,2 11 12.41 0.02
Finkbeiner 2011). B- and V-band LC of SN 2011fe were 822 0.9 12.40 0.03
obtained from the Piszkéstet6 Mountain Station of the Konkoly 832 1.9 12.50 0.04
Observatory, Hungary. These data were previously published 84.1 2.8 12.53 0.03
by Vinké et al. (2012). 85.2 3.9 12.56 0.02
The color curves are aligned at # (By,.x) by applying a vertical 86.2 4.9 12.50 0.08
shift of E(B — V) =0.18 mag. SN 2011fe is essentially 88.2 6.9 12.79 0.10
unreddened by its host (Nugent et al. 2011; Vinké et al. 2012;
Note.

Chomiuk 2013), so this difference provides a plausible estimate
of the reddening of SN 2012cg from the host galaxy. It is the

# Estimated date of # (Bmay): MJD 56081.3 = June 3.3.
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Table 4 Table 6
KAIT (Premaximum) Observations of SN 2012cc Swift (Premaximum) Observations of SN 2012cG
MID-56000 Phase® Mag Err MID-56000 Phase® Mag Err
B-band U-band
64.2 —17.1 17.28 0.09 65.8 —15.5 15.46 0.07
65.2 —16.1 15.94 0.05 67.2 —14.1 15.13 0.07
66.2 —15.1 15.24 0.03 714 -9.9 1291 0.05
67.2 —14.1 14.83 0.03 73.5 —-7.8 12.20 0.03
68.2 —13.1 14.33 0.03 80.7 —0.6 11.72 0.03
69.2 —12.1 13.90 0.03 82.4 1.1 11.78 0.03
70.2 —11.1 13.50 0.03
712 -10.1 13.11 0.03 B-band
732 -8l 1267 0.03 65.8 155 15.48 0.06
;é; _2'} ggg 3‘82 672 ~14.1 14.93 0.05
78.2 _3'] 12'1 X 0'0}) 714 -9.9 13.25 0.04
: : : : 73.5 —-7.8 12.77 0.04
792 -2l 12.09 0.03 80.7 —06 12.16 0.03
812 -0l 12.12 0.03 82.4 1.1 12.19 0.03
V-band Veband
642 —17.1 17.15 0.07 65.8 ~155 15.23 0.09
65.2 —16.1 15.56 0.02 67.2 141 14.62 0.06
662 —151 14.96 0.02 714 99 13.09 0.04
67.2 —14.1 14.58 0.02 735 78 12.61 0.04
682 —13.1 14.08 0.02 752 6.1 12.42 0.03
69.2 —12.1 13.74 0.02 789 o4 1214 0.03
;?i *} (1) i ggg 8‘83 80.6 —07 12.08 0.03
73.2 —8.1 12.62 0.02 82.5 12 12.04 0.03
75.2 —6.1 12.36 0.02 UVW1-band
76.2 -5.1 12.28 0.02
782 —3.1 12.08 0.02 65.8 —155 17.14 0.12
792 21 12.12 0.02 67.6 —13.7 16.89 0.11
81.2 —0.1 12.04 0.02 68.4 —12.9 16.46 0.18
714 -9.9 14.60 0.05
Note. 733 -8.0 13.94 0.04
* Estimated date of 7 (Byx): MID 56081.3 = June 3.3. 752 —6.1 13.57 0.04
78.9 —2.4 13.33 0.04
80.6 —-0.7 13.39 0.04
82.5 1.2 13.48 0.03
Table 5
LCOGT (Premaximum) Observations of SN 2012cG UVM?2-band
MID-56000 Phase® Mag Err 65.8 —15.5 19.82 0.35
B-band 67.2 —14.1 19.86 0.32
70.4 —-10.9 18.55 0.25
66.6 —14.7 15.23 0.10 71.4 -9.9 18.02 0.12
69.6 —11.7 13.87 0.09 74.3 -7.0 17.04 0.11
70.8 —10.5 13.35 0.06 75.2 —6.1 16.76 0.10
75.6 —-5.7 12.40 0.08 78.9 —24 16.50 0.10
83.6 2.3 12.02 0.05 80.6 —-0.7 16.49 0.09
82.5 1.2 16.48 0.09
V-band
UVW2-band
66.6 —14.7 15.00 0.07
69.6 —11.7 13.72 0.06 65.8 —15.5 18.83 0.18
70.8 —10.5 13.33 0.04 67.2 —14.1 18.43 0.15
75.6 —-5.7 12.40 0.06 70.5 —10.8 16.79 0.11
83.6 2.3 11.97 0.05 71.4 -9.9 16.34 0.11
73.9 —7.4 15.73 0.10
Note. 74.4 —6.9 15.51 0.09
* Estimated date of #(Bya,): MID 56081.3 = June 3.3. 75.2 —6.1 15.40 0.07
78.9 —2.4 15.14 0.08
. 80.6 —-0.7 15.18 0.07
same B — V offset found by Silverman et al. (2012) for 825 12 15.19 0.06
SN 2012cg. Figure 2 illustrates the comparison between the two
de-reddened color curves. The dotted lines mark the +0.05 mag Note.

uncertainty of E(B — V) for SN 2012cg.

# Estimated date of 7 (Bmay): MID 56081.3 = June 3.3.
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Table 7
ROTSE (Premaximum) Observations of SN 2012cG

MIJD-56000 Phase® Mag Err
Clear Filter

64.2 —17.1 16.63 0.38
65.2 —16.1 15.41 0.11
66.2 —15.1 15.39 0.45
67.2 —14.1 14.88 0.03
68.2 —13.1 14.32 0.03
70.2 —11.1 13.37 0.20
72.2 -9.1 12.95 0.03
73.2 -8.1 12.70 0.03
75.2 —6.1 12.55 0.02
76.2 —5.1 12.43 0.02
Note.

 Estimated date of 7 (Bpax): MID 56081.3 = June 3.3.

B-V

-0.2 ¢ SN 2012cg MW-corrected ©
SN 2012cg shifted+MW-corrected ®
03 ) ) _ SN 2011fe MW-corrected &

-10 -5 0 5 10 15
Days from B-maximum

Figure 2. B — V color evolution for SN 2012cg and SN 201 1fe after correction
for Milky Way (Galactic) reddening. The curves are fit to minimize the difference
near 7 (Bpax). We assume that SN 2011fe has essentially zero reddening, so the
magnitude of the difference determines E (B — V)host &~ 0.18 mag. (See
Section 2.)

Summing the MW and host galaxy components of the
extinction, we determine that the total reddening of SN 2012cg is
EB — V) = 0.18 + 0.018 = 0.198 = 0.20 % 0.05 mag,
which is consistent with that reported by Silverman et al. (2012).

We also use the hierarchical Bayesian statistical model
BayeSN to fit the BVr/i'JH LC data from FWLO and
PAIRITEL. BayeSN models the variations in observed optical
and NIR SN Ia LCs as a combination of an intrinsic LC
distribution and a distribution of host galaxy dust extinction,
determined from a low-z SN Ia training set (Mandel et al. 2011).
Applied to an individual SN Ia, it computes the posterior
probability of its LC and dust parameters. Using this method, for
SN 2012cg, we inferred a host galaxy dust color excess of
E(B — V)post = 0.25 4+ 0.03 (assuming Ry = 3.1).

Differences in the total reddening on the order of 0.08 mag
have much smaller effect on the B—V curve of SN 2012cg than
the color excess we measure (see Section 3). In Section 4.1
we show that the color excess for SN 2012cg with respect
to other SNe Ia is about 0.4-0.5 mag, which is significantly
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larger than the uncertainty of E(B—V) given above. We
can increase the uncertainties to +£0.08 mag include the
BayeSN result and the Amanullah et al. (2015) result of
E(B — V)i = 0.15 £+ 0.02 mag without affecting our pri-
mary results.

2.3. Estimating (B,,..) and t = 0

We estimate ¢ (By,x) by fitting a polynomial to the B-band
LC (Figure 1). We find 1 (Bn.,) = MID 56081.3 4+ 0.5 days
(June 3.3 UT), with Mp = —19.62 £ 0.08 mag (Table 1). The
phases of all reported observations of SN 2012cg are defined as
relative to the time of f(Bpy). Our estimate for 7(Byay)is
between the estimates provided by Silverman et al. (2012)
(June 2.0 UT) and Munari et al. (2013) (June 5.0 UT).

We also estimate the rise time from explosion (f = 0) to
t (Bmax) of SN 2012cg to compare the timing of observations
with other SN. This estimate has no effect on our measure-
ments of excess flux. The L o 2 “fireball” model for early LCs
of SN Ia (Arnett 1982) produces a good fit to the data for many
well observed SN (Nugent et al. 2011). The Arnett (1982)
model derives L o t* from solving a diffusion equation, but the
result is much like the simple assumption that with a constant
temperature and expansion velocity, flux scales with the surface
area which is proportional to . We note however, that recent
studies have shown that the LC for some SN Ia are not well fit
by the * model (e.g., Piro & Nakar 2013). Note also that the #*
model is strictly valid only for the bolometric LC. Although #*
works for optical band passes as well in some circumstances, in
general for filtered LCs one may expect deviations from the
strict n = 2 exponent. It seems reasonable to use a more
general " model having different n indices for different filter
bands. We find the n does vary among the bands in our fits
(Section 3).

Zheng et al. (2013) fit the LC SN 2013dy with a variable, or
“broken,” power law that has a very steep rise (a higher power
law index) for the first day. At a little more than one day after
first light, this model adopts a more gradual curve with an
exponent of 2.24 + 0.08. Zheng et al. (2014) find that a similar
model is required to fit the LC of SN 2014J. Dessart et al.
(2014) present LC for delayed detonation and pulsational-
delayed detonation models of SN Ia that do not fit well to the 7>
model.

Despite differences in their trajectories back toward ¢t = 0, if
we ignore the breakout phase, then all of these models are
monotonically decreasing without inflections in the model LC.
At this time, it is not obvious that one model is preferred to
another, so we use the classic  model to find the moment of
explosion. The model LC is fit to the FLWO data between —12
and —8days which produces an estimated time for the
explosion of MJD = 56062.5 £ 0.5days (May 15.5 UT).
This result is consistent with Silverman et al. (2012) who
estimate the explosion date to be May 15.7 (UT).

These results give a rise time of 18.8 days. A variable power
law model (Zheng et al. 2013, 2014) would estimate an
explosion date of about one day later and a rise time about one
day faster. Silverman et al. (2012) measure an earlier time of
t (Bmax) (June 2.0 UT), so their rise time estimate is shorter at
17.3 days.
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Figure 3. Optical spectroscopy of SN 2012cg obtained from —16.1 to
+21.9 days. The sources are FLWO (black), SALT (blue), and HET (green).
The continuum slopes of the spectra show that SN 2012cg is a blue SN Ia at
early phases. Absorption features in the pre-maximum spectra are relatively
weak. This is characteristic of slightly overluminous SN Ia.

2.4. Zero-point Corrections

To calibrate and compare the early-time data of SN 2012cg
from different sources, a (t — te,(p)2 model LC was fit to the V-
and B-band data. The model was selected by minimizing the
residuals for the FLWO data at phases from —14 to —10 days.
Each of the other data sets was fit to the * curve by moving it
up or down to minimize the residuals of the data from each
source over the same phase interval. Thus the shape of each LC
was preserved while systematic errors in the photometric
calibration of the LC from the various sources was reduced.

The zero-point offsets used for all the LC figures presented
herein are: 0.00 mag for KAIT V-band; —0.08 mag for KAIT B-
band; —0.12 mag for LCOGT V-band; —0.24 mag for LCOGT
B-band; —0.16 mag for Swift V-band; —0.08 mag for Swift B-
band. The ROTSE data, has its zero-point adjusted to B-band.

We note that the —17 days KAIT data in both V- and B-
bands (blue triangles) were measured from data near the
detection limit of the instrument; the error bars come from the
formal measurement uncertainty and are thus likely under-
estimated (Silverman et al. 2012).

2 Upon acceptance of this work, all spectra herein will be available in
WISeREP (the Weizmann Interactive Supernova data REPository; Yaron &
Gal-Yam 2012): http://wiserep.weizmann.ac.il/.
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Table 8
Optical Spectra of SN 2012cG
Date Phase®  Telescope/Instrument Range A) R (\/AN)
May 18.21 —16.1 FLWO/FAST 3300—7400 2700
May 19.30 —15.0 FLWO/FAST 3300—7400 2700
May 19.81 —14.5 SALT/RSS 3500—9000 1100
May 20.15 —14.2 FLWO/FAST 3300—7400 2700
May 20.20 —14.1 HET/LRS 4100—10200 1500
May 21.15 —13.2 FLWO/FAST 3300—7400 2700
May 22.15 —12.2 FLWO/FAST 3300—7400 2700
May 23.15 —11.2 FLWO/FAST 3300—7400 2700
May 24.16 —10.1 FLWO/FAST 3300—7400 2700
May 25.16 —-9.1 FLWO/FAST 3300—7400 2700
May 25.20 -9.0 HET/LRS 4100—10200 1500
May 29.20 -5.0 HET/LRS 4100—10200 1500
June 1.20 -2.0 HET/LRS 4100—10200 1500
June 6.20 +3.0 HET/LRS 4100—10200 1500
June 12.20 +9.0 HET/LRS 4100—10200 1500
June 14.21 +10.9 FLWO/FAST 3300—7400 2700
June 15.15 +11.9 FLWO/FAST 3300—7400 2700
June 15.20 +12.0 HET/LRS 4100—10200 1500
June 16.25 +12.9 FLWO/FAST 3300—7400 2700
June 18.15 +14.9 FLWO/FAST 3300—7400 2700
June 19.19 +15.9 FLWO/FAST 3300—7400 2700
June 20.24 +16.9 FLWO/FAST 3300—7400 2700
June 21.22 +17.9 FLWO/FAST 3300—7400 2700
June 22.15 +18.9 FLWO/FAST 3300—7400 2700
June 23.18 +19.9 FLWO/FAST 3300—7400 2700
June 25.17 +21.9 FLWO/FAST 3300—7400 2700

Note.
 Phase in days with respect to the estimated date of ¢ (Bpay): MID 56081.3 =
June 3.3.

2.5. Spectroscopic Observations

Optical spectra®® of SN 2012cg were obtained from May
18.2 through June 25.2 (Figure 3). These dates correspond to
phases —16.1 to +21.9 days. Details for the observations are in
Table 8. .

Optical spectra (3480-7420 A, displayed in black) were
obtained with the FLWO 1.5 m Tillinghast telescope and the
FAST spectrograph (FAST; Fabricant et al. 1998). The position
angle was 90° but the airmass was low (<1.18). FAST data are
reduced using a combination of standard IRAF and custom
IDL procedures (Matheson et al. 2005). Additional optical
spectra (4,200—10,100 A, green) were obtained with the 9.2 m
Hobby-Eberly Telescope (HET; Ramsey et al. 1998) at the
McDonald Observatory using the Marcario Low-Resolution
Spectrograph (LRS; Hill et al. 1998). HET/LRS spectra are
reduced with standard IRAF procedures. The HET spectra of
SN 2012cg obtained on May 20, 25, and 29 were previously
published by Silverman et al. (2012).

One early epoch spectrum was obtained with Robert Stobie
Spectrograph (RSS) on the Southern African Large Telescope
(SALT) covering the range 3500-9000 A (blue). This was
reduced with a custom pipeline that incorporates routines from
PyRAF and PySALT (Crawford et al. 2010).

Optical spectra from the FLWO, HET and SALT cover
slightly different wavelength ranges. None of the sources
provide continuous coverage through these phases (see
Table 8). When they do overlap (—14, —9, 12days), the
agreement is excellent.
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Figure 4. V-, B-, and U-band photometry (top to bottom) of SN 2012cg from multiple sources. The data have been corrected for extinction. The LC of SN 201 1fe
(Vinko et al. 2012, dashed black lines) stretched to yield a rise time of 18.8 days equivalent to SN 2012cg (see the text) and " model LCs (dotted—dashed, green) are
plotted as templates for a normal SN Ia. The power-law indices used for different bands are 3.4 (U), 2.4 (B), and 2.2 (V), see the text for details. In all bands, the
SN 2012cg data display excess flux at phases earlier than —14 days. From —14 days toward maximum light, the data from SN 2012cg and SN 2011fe fit the templates
well. Uncertainties are marked only where they approach the size of the symbols. Note that uncertainties on the earliest KAIT points are likely underestimated (see

Section 4 for more information).
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Figure 5. Swift photometry (squares) for SN 2012cg obtained in UV filters:
W1, M2, and W2. The data have been corrected for extinction. Excess flux is
apparent at —16 days in all filters, and it is also present at —14 days for M2 and
W2. Model LCs scaled as 130 (see text) are plotted for reference in each
passband with green dotted—dashed lines. The timing of the observed UV
excess matches well with the optical data displayed in Figure 4.

3. DETECTION OF EXCESS LUMINOSITY

Figures 4 and 5 display early photometry in six filters from
five sources that reveal excess luminosity in the very early LC
of SN 2012cg. These data have been corrected for extinction
using E(B — V) = 0.20 mag (see Section 2.2) and the
Fitzpatrick (1999) reddening law with Ry = 3.1. By “excess”
we mean luminosity measurements that exceed the fit model
function by at least three times the measurement uncertainty,
i.e., they deviate from the models by more than 3¢. For each
passband in Figures 4 and 5, a " model LC (green dotted—
dashed curves) was fit to the measurements between —14 and
—8 days. Regardless of whether n was fixed at 2 or allowed to

float, for phases earlier than —14 days the observed data from
various sources consistently exceed the model LC by several
times the measurement uncertainty.

By using strict ¥ models we find that between —18
and —l4days the average flux excess ratio,
(Fins = Froode)/ (02bs + Toqe)'/?, is 12.9, 4.9, and 4.5 for the
U-, B- and V-band, respectively (note that the amount of excess
flux is higher in the B-band than in the V-band, but the higher
uncertainty of the B-band observations make their excess flux
ratio similar to that of the V-band). Using the more general ¢"
model and letting n float, n = 3.4 £ 0.1 (U), n = 2.44 £ 0.05
(B), and n = 2.20 4 0.03 (V) are found when fitting the data
between —14 and —8 days as before. In this case the excess
flux ratios are somewhat reduced, but their average values are
still 7.7 in U, 4.4 in B, and 3.9 in V. Thus, regardless of which
models are used for comparison, the earliest observed fluxes
deviate from the models by more than 40 in the V-band and
blueward. Note that a model LC that uses a variable power-law
with the date of explosion scaled to one day later than the ¢*
model and higher indices for the first day (Zheng et al. 2013,
2014) would increase the measured excess fluxes even more.

In order to test the null-hypothesis, i.e., whether the entire
LC could be fit with a single " model without any excess flux,
we extended the fitting range to —18 days, thus, all data in
between —18 and —8 days were fit by the more flexible "
model. This resulted in lower indices than in the previous case:
n =324 0.1,2.19 £ 0.05, and 2.05 4 0.04 for U, B, and V,
respectively. However, the quality of the fit drastically
worsened, resulting in xz/dof =33.2 (U), 17.5 (B), and 11.1
(V) compared to 16.2, 4.9 and 2.3 given by the previous fitting.
This fit obviously reduces the deviations of the earliest data
from the model curve, and the worse quality of the fit increases
the uncertainty of the model (op04e1 above). Yet, in the data
earlier than —15 days the average excess flux is still present in
U (6.10) and in B (2.00), even though it is diminished in the
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V-band (0.60). It is emphasized that the decrease of the signal-
to-noise of the excess flux in this model fit is almost entirely
due to the increase of oydel (as a consequence of the much
higher x?), compared to the previous cases when only the data
taken after —14 days were fit. We conclude that for the B- and
U-band the null-hypothesis can be rejected with high
confidence, thus, the excess flux earlier than —15 days is
inevitably present in our U- and B-band data. For the V-band
data the excess flux is not statistically significant in the model
which fits the entire LC, but becomes more evident in the
models that are constrained by data taken later than —14 days,
which also fit the LC much better.

We emphasize that we do not use these simple power-law
LC models either to derive physical constraints for the amount
of excess flux or to investigate their origin. The physics of the
origin of the early-phase excess fluxes will be studied by
comparing the data with real physical models in Section 4.
Here we use the " models only for illustration purpose, i.e., to
reveal that, unlike other well-observed SN Ia, SN 2012cg
show noticeable deviations from the simple “fireball” model in
the blue- and UV-bands.

Figure 4 shows measurements from V-, B-, and U-band
filters. The abscissa is time in days from ¢ (By.x), and the
ordinate is apparent magnitude with absolute magnitude (using
p = 30.90) displayed on the right axis. Uncertainties are
smaller than the size of the symbols, excepted where indicated.
The optical data were obtained at the FLWO, KAIT, LCOGT,
Swift, and ROTSE.

SN 2011fe has been described as a good example of a
typical SN Ia (e.g., Nugent et al. 2011; Chomiuk 2013). We
use data of SN 2011fe as a surrogate for a “normal” SN Ia,
using the well constrained LC parameters of Vinké et al. (2012)
and Pereira et al. (2013). In Figure 4, V- and B-band LC of
SN 2011fe (Vinko6 et al. 2012) are plotted as black dashed
lines. The extinction-corrected data for SN 201 1fe are fit with a
polynomial and plotted as a continuous LC in order to avoid
crowding the figure with more symbols. The rise time for
SN 2011fe is 17.7 days, whereas our estimate for the rise time
of SN 2012cg is 18.8days. Since we make all direct
comparisons based on the phase with respect to f(Bpax), We
stretch the rise time of SN 2011fe to 18.8 days for plotting.

Figure 5 shows Swift measurements for UV filters: W1, M2,
and W2. Error bars in the figure and uncertainties in the table
take into account the leaks of redder light into both the W1 and
W2 filters. It is clear that the UV measurements at —16 days are
well above the power-law model LCs. Using power-law indices
similar to those found above for the U-band (n ~ 3.6) the
excess fluxes for the Swift UV-bands are similar to that in the
U-band. The larger error bars in the Swift data decrease the
excess flux ratios, but they are still significant: 9.1 in W1, 3.0 in
M?2 and 4.9 in W2 filters, respectively. The amount of excess
flux is greater in the UV at —16 days than it is for the B and V
optical bands shown in Figure 4. This result is consistent with
model predictions for increased UV luminosity from interaction
events (see Section 4).

4. COMPARING SN 2012CG TO MODELS

In the SD model, assuming the absence of circumstellar
material, a SN Ia will expand freely after the explosion until it
encounters the companion star. At the point of impact, matter is
compressed and heated while the SN continues to expand.
Material flowing around the companion star forms a bow

10
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shock, and a cavity is opened in the SN ejecta as it is diverted
around the companion. Emission from the shock heated region
can escape through this hole in the expanding SN (Marietta
et al. 2000; Kasen 2010; Cao et al. 2015). The size of the cavity
is determined by the radius of the companion and that
determines the amount of excess radiation that will emerge
within the first few hours.

The outer layers of the expanding material fill in the hole, but
the supernova ejecta continue to collide with the binary
companion. These impacting layers are heated by compression
and some of the kinetic energy is also dissipated at this point.
Additional thermal energy can diffuse out in the hours and days
that follow the initial prompt burst. Continuing radiative
diffusion from deeper layers of ejecta can produce emission in
the optical and UV that may exceed the radioactively powered
luminosity of the supernova for a few days after the explosion.

Kasen (2010) modeled the shock from a SN Ia as it impacts
a companion star. He calculated the observational conse-
quences for three different binary companions: a Red Giant
with » = 2 x 103 cm, a 6My MS star with r = 2 x 102 cm,
and a 2Mg MS star with r = 5 x 10'! cm. The models predict
that under optimal conditions, optical and UV emission from
the interaction will produce a detectable contribution to the LCs
for a few days after the explosion. After this time, the shock
heated emission will no longer contribute to the observed LC,
and the SN will behave like a normal SN Ia with the LC
entirely powered by radioactive decay of “°Ni.

The reddest filter modeled by Kasen (2010) is V. Conse-
quently we do not consider the /R and i’/I data when
discussing the interaction models. The models were originally
defined in AB magnitudes and the observations were measured
in the Vega system. In order to compare them, we changed the
magnitude measurements for both data and the models to flux
units. In that format, the models can be moved up or down
while preserving the relative flux at all wavelengths.

In Figure 6, we show the same U-, B-, and V-band data of
SN 2012cg that appear in Figure 4. The data are plotted with
model LC from for a normal SN Ia with no interaction (solid
black line) and LC for interactions with three possible
companions: a Red Giant star (RG, red), a 6M main-sequence
star (MS, blue) and a 2M MS star (green) Kasen (2010). The
models for different passbands show that the signatures of
interaction have a greater deviation from normal at bluer
wavelengths.

With the exception of the RG model that diverges from the
other models at later phases, the interaction models remain
close together and fit the data well from —14 to —8days.
Earlier than —14 days however, the predicted LC for the
different models diverge and the separation is sufficient to
easily differentiate the model predictions.

In Figure 6, the —16 and —15 days data are clearly brighter
than the non-interaction models. There is some scatter in the
data, but most of the points lie closest to the blue line which is
the model for interaction with a 6Mg MS companion. The data
are inconsistent with models for a normal SN Ia or a Red Giant
companion viewed on axis.

This result defines a 6Mg MS star as the smallest allowed
companion. If the impact location were not directly along the
line of sight to the SN, then the observations of SN 2012cg
could be produced by a much larger companion, such as a Red
Giant. As the viewing angle becomes more oblique, the
observed excess flux would be reduced.
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Figure 6. Early U-, B-, and V-band data for SN 2012cg are plotted with model
results for a normal SN Ia with no interaction and 3 cases of interaction with a
binary companion (Kasen 2010). The models fit the data well at phases after
—14 days (except for the Red Giant model (red line) that is divergent through
about —11 days). When the model light curves separate, the model for a SN Ia
with no interaction (black) has the lowest predicted flux. Data obtained before
—14 days are brighter than predicted by the normal models and the closest
model fit is for interaction with a 6 Mg MS star (blue line). The values of the
earliest KAIT points (blue triangles) are somewhat uncertain (see Section 4 for
more information.

Off-center interaction sites will be more common than
directly aligned sites. Kasen (2010) determined that even for
the strongest possible signal from an interaction, the collision
of a SN Ia with a Red Giant companion, the increased flux due
to shock-heated ejecta would only be detectible about 10% of
the time. Smaller companions create smaller and weaker
interaction signatures that are even more dependent on viewing
angle in order to be detected. Brown et al. (2012) found similar
results for a decrease in the observed flux as the position of the
interaction is incrementally offset from the direct line of sight
to the SN. They also find that the observed flux as a function of
wavelength changes, with the UV becoming relatively brighter
as the viewing angle increases.

4.1. B — 'V Colors

Figure 7 shows B — V colors for SN 2012cg from —17 to
—8 days. Blue colors are negative (toward the bottom of the
figure) and red colors are positive (toward the top). The data
and models are the same as those presented in the top 2 panels
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of Figure 6. We note that the colors presented here match well
with those reported by Silverman et al. (2012).

The Kasen (2010) model for a normal SN Ia without
interaction (solid black line) shows B — V colors that are
significantly different than the B — V colors for models with
interaction. The non-interacting model is very red (top left)
soon after the explosion, due to Fe-group line blending that
suppresses the B-band continuum. The B — V colors rapidly
become bluer as the relative B-band flux increases. For a non-
interacting SN Ia, B — V is monotonically decreasing during
this time period and it never produces a color peak.

The figure also shows B — V colors for two other normal
SN Ia that have very early observations. The filled stars are
B — V for SN 2009ig (Foley et al. 2012a) and the filled
diamonds are B — V for SN 2011fe (Pereira et al. 2013). In
both cases, the color curves follow the general path of Kasen’s
non-interacting model. They become bluer with time and
neither of these normal SN Ia produces a peak in their color
curves. The phases of both SN Ia have been stretched to match
the 18.8 day rise time of SN 2012cg. Without stretching, the
color curves rise even more steeply into the red.

The KAIT data (purple) and Swift data (green) for
SN 2009ig are displayed in different colors. These data from
Foley et al. (2012a) have been corrected for systematic
differences in their respective instrumental response functions
using spectrophotometry (also known as an S-correction; e.g
Stritzinger et al. 2002) that makes them slightly bluer than
without the corrections. In order to avoid introducing additional
systematics, we do not apply S-corrections to any of the
photometry of SN 2012cg. The effect would be ~0.1 mag at
—16 days and the applied S-correction would make the early
colors of SN 2012cg even bluer. No significant difference is
apparent between the Swift colors and colors from ground
based sources.

In contrast, the B — V colors for the interaction models start
very blue in the earliest phases. They grow rapidly redder and
then approach the color curve of non-interacting SN Ia after a
day or two. The B — V color curves for the models reach a red
peak within a few days and then they decline in unison with the
color curve for a non-interacting SN Ia.

The early B — V colors of SN 2012cg behave like the
interaction models. The data have more scatter than the models,
and they might show a peak near —15 days, but given the
uncertainties they also look consistent with a flat color
evolution up to —12 days after which they start to decline. In
between —18 and —15 days the B — V data of SN 2012cg are
found near the model results for interactions a 6Mg MS star.
Irrespective of the best model fit, it is clear that SN 2012cg is
bluer than non-interacting SNe Ia, either model or observed,
but after —14days the B — V colors follow the path of a
normal SN Ta.

These early photometric data of SN 2012cg are consistent
with the interaction models and are clearly unlike SN 2009ig,
SN 201 1fe, or the model for a normal SN Ia that experiences
no interaction. The model for a larger companion, such as the
Red Giant, does not fit the timing of the data peak.

5. SPECTRA

The spectral features of SN 2012cg are similar to other
SN Ia that are slightly overluminous with moderate decline
rates. All of the typical SN Ia features are present, but in the
earliest spectra, the velocities are slightly higher and features
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Figure 7. B — V colors for the SN 2012cg are displayed using open symbols. The colored lines trace B — V for the interaction models. B — V data for two normal
SN Ia are plotted using filled symbols: SNe 2009ig (Foley 2013, stars) and 2011fe (Pereira et al. 2013, diamonds). The colors for the other two SN are similar to the
model for a normal SN Ia with no interaction (solid black line), but they do not fit the data for SN 2012cg or any of the interaction models. The colors for SN 2012cg
are much bluer at the earliest phases, they redden for 2-3 days and then “turn over” near —15 days. After reaching this peak, the SN 2012cg colors follow the normal
track. The B — V data for SN 2012cg are closest to the model with a 6 M, companion (blue line).

are slightly shallower than features found in spectra from
fainter SN Ia. By —7days, the spectra of SN 2012cg are
similar to all normal SN Ia.

As shown by Marion et al. (2013) and Marion et al. (2015),
plotting the pre-maximum features of multiple ions in the same
velocity space is a productive tool to identify the relative
locations of their line-forming regions in radial space. In
particular, this technique allows easy identification and
comparison of photospheric-velocity features (PVFs)—absorp-
tion features with minima indicating typical SN Ia photospheric
velocities—and detached, HVFs—absorption features with
minima indicating significantly higher velocities than typical
SN Ia photospheric velocities (e.g., Marion et al. 2013;
Childress et al. 2014; Silverman et al. 2015).

Figure 8 shows the pre-maximum spectra from Figure 3
zoomed in on individual absorption features of CanH&K,
SinA6355, CuA6580 and the Caninfrared triplet (IR3;
A8579). The phases of observation are from —16 days (top)
to +0 days (bottom). The features have been normalized to a
flat continuum, and the line depths have been normalized to 1.0
in arbitrary flux units.

The only measurable C 1 detection is for A6580 at —16 days.
That relatively narrow absorption feature is plotted in black and
can also be seen in the red wing of Sin A6355 at this phase
(near 5000 km sfl). The C 1 velocity of about 18,000 km s lis
clearly lower than the HVF for Sin. Silverman et al. (2012)
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trace C min SN 2012cg through about —8 days. They use SYN
++ fitting (Thomas et al. 2011)* to tease measurements out of
small distortions in the spectra.

Sinand Caushow HVF components that change with time.
Sinm A6355 has a distinct HVF at —16 days with a velocity of
about —21,500 km s at the absorption minimum. From —15 to
—12 days, the Sin HVF and PVF are blended into a single broad
absorption feature. By —11 days, there is no longer evidence for
SinHVF. SiuPVF are measured to be —10,500kms~'on
—9 days and the Si 1 velocities remain constant through 7 (By,ax)-

HVF for Can are present in the spectra of most SN Ia. Here,
they are prominent from —16 days to about —11 days. HVF
Canbecomes weaker compared to CauPVF, but they persist
through #(Bpax). Near —10days, the CanHVF feature
becomes narrower, the limit of the blue wing moves from
about 30,000 km s 'to about 25,000 km s 'and it makes a
more abrupt transition to the continuum.

Can PVF are first detected in H&K beginning about —9 days.
This phase is also when the primary absorption in CanH&K
(seen in the figure at —21,000 kms™') begins to be distorted by
Sinm A3858 (Foley 2013; Marion et al. 2013). The absorption
minimum for these features is about —11,000 km s 'in the rest
frame of the Siuline, which suggests that it is indeed PVF
Sinand not HVF Ca.

B https://c3.1bl.gov/es/
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Figure 8. The evolution of absorption features C 1 (black), Siu (green), and
Ca 1 (blue and red) in pre-maximum spectra of SN 2012cg. The features are
normalized to a flat continuum and the line depths are normalized to 1.0. These
line profiles identify the locations of line-forming regions for each ion in
velocity space. C nis only measurable at —16 days. Si i exhibits a detached
HVF at —16 days and strong influence of the HVF in Si 1 line profiles at —14
and —13 days. HVF of Ca 11 are common in SN Ia, and here they persist until at
least —2 days.

5.1. Early Spectra are Very Blue

Figure 9 shows the FLWO optical spectra of SN 2012cg
obtained at —16.1, —15.0 and —14.2 days. The spectra are
dereddened and plotted in blue when using the combined
extinction of the host and MW (E(B — V) = 0.20), and
plotted in green for MW extinction only (E (B — V) = 0.018).
Reddening details can be found in Section 2.

The SN 2012cg spectra are compared to spectra of SN 201 1fe
that represent a typical SN Ia. They were obtained at —16.1 and
—15.3 days (Parrent et al. 2012) and at —14.3 days (Pereira
et al. 2013). After correction for extinction, the fluxes are scaled
to the distance of SN 2012cg and plotted in red.

The spectra plotted in black are produced by adding the flux
of a blackbody (BB) to the spectra from SN 201 1fe. A different
BB is added to the spectra from SN 201 1fe to form the orange
spectra. The BB parameters are listed in each panel. The
SN 2012cg spectra are bluer and hotter than spectra of
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Figure 9. The earliest spectra of SN 2012cg are dereddened and plotted in blue
for Host + MW extinction and green for MW only. The spectra plotted in red
are distance corrected SN 2011fe spectra from similar phases. The black and
orange spectra are the SN 2011fe data with blackbodies added at the
temperatures and radii listed in each panel. Dilution of the features consistent
with adding continuum to the spectra of SN 2011fe. Note that the BB radii are
approximately the same as the photospheric radii at these phases. The
SN 2012cg spectra are bluer and hotter than spectra of SN 2011fe at
comparable phases which is consistent with the photometric measurements.
At —14.2 days, the red spectrum is offset by —0.2 log flux units to make it
easier to see the orange and green spectra.

SN 201 1fe at comparable phases. This result is consistent with
the photometric measurements.

Fitting BB shapes to the spectra does not generate precise
physical measurements (Kirshner et al. 1973). The BB
parameters displayed here are chosen so that when they are
added to the SN 2011fe spectra, the resulting continua fit the
spectra of SN 2012cg. The fitting was done by eye, but
changes to the temperature or radius of less than 10% are
sufficient to make it obvious that the results do not fit the target
spectrum.

The radii for the BB that produce the closest fits to the
SN 2012cg data are similar to the radii for the photosphere in
homologous expansion. For example, we can define a photo-
spheric radius using the time interval from the estimated time
of explosion (—18.8 days) to the time of a observation. The
rates of expansion, estimated from the absorption minima of
the Si II 6355 feature (see Figure 8), are ~16,000 km s lat
—15.0days and ~14,000 km s 'at —14.2d. Since the strong
HVF component of the Si I 6355 feature prevents reliable
measurement of the photospheric component in the —16.1 days
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spectrum, we use ~16,000 km s~ ! from the spectrum taken 1
day later (—15.0 days).

The expansion parameters that determine the photospheric
radius corresponding to the earliest spectrum would be:
fi=27d =233 x 10° s and v; = 16 x 10°cms~'. There-
fore at a phase of —16.1 days, we estimate the radius of the
photosphere to be: R ~ 3.7 x 10'*cm. For the phase of
—15.0days, the velocity stays the same and R, ~ 5.2 X
10" cm. At —14.4 days, we apply vs = 14 x 10°cms ' to
the time interval from —15.0days, and find that R; =
6.1 x 10" cm.

High temperature blackbodies, as in the top panel, wash out
the spectral features of the SN 2011fe spectra. Lower
temperatures, as found in the bottom panel, make only small
changes to the features. The stronger features in SN 2012cg
imply that the excess flux is not a pure BB. The SN 2012cg
features appear to have a higher optical depth at these very
early phases than they do at later phases. This means higher
density ejecta in the line-forming regions at —16 and —15 days.
By —14.4 days the spectral differences are small.

5.2. Narrow Features from the Host

Significant changes to narrow features from Nai1D and
Can H&K may be evidence of a process that could produce an
observable increase in luminosity. If the SN shock passes
through a region of CSM that has a higher density than is
usually found around SN Ia, then Narand Caunwould be
ionized. As the region cools, the atoms recombine and may
produce additional luminosity. The recombination will also
increase the absorption strength of the observed Nariand
Caunlines (Patat et al. 2007; Blondin et al. 2009, 2012; Simon
et al. 2009).

These narrow features are strong in all spectra in this sample,
but the resolution of the FAST spectra (R ~ 2700) is not
intended for measurements on the order of a few hundred
kilometers per second. The pseudo equivalent widths of the
Canand Narlines fluctuate within the expected uncertainties
due to random noise. There is no evidence that the line profiles
or equivalent widths are any different during the phases at
which we measure excess flux (—16 and —15 days) than they
are at any other phase in our sample. Thus, we rule out the
possibility that the observed luminosity enhancement is due to
interaction with circumstellar material.

6. DISCUSSION AND CONCLUSIONS

We find excess luminosity at —16 and —15 days in the LCs
of SN Ia 2012cg. The excess is present in data from multiple
filters obtained at multiple sources. The B — V color curves for
SN 2012cg are very blue at these phases, and they clearly
diverge from B — V models and data of normal SN Ia. Spectral
evidence is also used to confirm that this short period of excess
luminosity, just a few days after the explosion, is real.

The basic parameters for SN 2012cg describe a slightly
overluminous SN Ia with a moderately slow decline rate and a
normal Si it velocity: Mg = —19.62 mag, Amys5(B) = 0.86 mag
and vg; = —10, 500 km s lat t (Bmax)- These parameters agree
with Silverman et al. (2012) who were unable to detect the
extra flux because their earliest observations were near the
detection limit.

We also examine optical and infrared spectra from
SN 2012cg that reveal a blue continuum and relatively weak
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absorption features in the pre-maximum spectra. HVF are
detected for both Simand Cau. Silicon velocities are normal
(vsi = —10, 500 km s~ ') at —10days and they stay constant
through 7 (Bpax)-

Kasen (2010) described how the impact of the SN on a
companion could produce emission that may be detected as
enhanced luminosity in the first few days after the explosion.
We compare the early LC data and B — V colors of
SN 2012cg to the Kasen (2010) models for a normal SN Ia
and to models for interaction with three different, non-
degenerate companions. We find that the observations of
SN 2012cg are consistent with models for the interaction
between a SN Ia and a main-sequence binary companion of
about 6 M.

Interaction with a larger companion star is a possibility with
the constraints of our data, if the impact site were significantly
off-axis with respect to the line of sight to the SN. The
interaction would still produce excess flux but at a reduced
level that may be comparable to the observations (Kasen 2010;
Brown et al. 2012).

Our size estimate for the companion is supported by Graur
et al. (2015). They use pre-explosion HST Wide-Field
Planetary Camera 2 images to estimate the upper limits on
the luminosity of a possible companion to SN 2012cg. The
limits they derive suggest that the brightest possible companion
would be either a Red Giant or a ~7M;, main-sequence star.
The late-time HST WFC3 photometry from Graur et al. (2015)
is also consistent with this model. The pre-explosion limits
suggest that the progenitor system of SN 2012cg did not have a
helium star donor (e.g., Wang et al. 2014; Liu et al. 2010).

We note that Dessart et al. (2014) present pulsational-delayed
detonation (PDD) models of SN Ia, and some of these models
exhibit color peaks similar to the Kasen (2010) models. The
PDD models also have increased luminosity at early times, but
they do not reach the levels of excess that we observe in
SN 2012cg. Comparing the B-V colors of SN 2012cg,
SN 2011fe, and SN 2009ig, as plotted in Figure 7, to the results
from synthetic photometry of various PDD models** by Dessart
et al. (2014) we find that the PDD model colors are consistent
with the observations at —14 days and afterward, while before
this epoch the PDD models predict B — V > 0.2 mag, similar to
SN 2011fe and SN 2009ig but in disagreement with the bluer
(B — V ~ 0 mag) colors of SN 2012cg.

Other models predict that extra blue flux at early times could
be the result of radioactive “°Ni on the outside of the exploding
WD. This material could potentially come from the burning of
accreted He on the surface WD progenitor. Shen & Moore
(2014) discuss He detonation models for single and DD
progenitors of SN Ia. They find that the He detonation would
likely be triggered by a minimum mass He shell. In the case of
a low mass shell, He will only burn to Si and Ca, and not
produce radioactive Ni. Although a larger He shell may burn all
the way to >°Ni, Shen & Moore (2014) predict that the He
detonation will occur at lower masses and trigger a SN Ia well
before the He-shell becomes capable of producing *°Ni.

Amanullah et al. (2015) show that SN 2012cg may have
time variable reddening that would change the colors with time.
However, this effect is reported in only the M2 — V colors and
only nearer to 7 (Byay) than the phases we discuss here. They
note that B — V has minimal evolution and they specifically

x https: //www-n.oca.eu/supernova/snia/snia ddc pddel.html
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discount the presence of circumstellar dust close enough to the
SN that it might affect the brightness and colors we observe at
these very early phases. Thus, the unusual early-time colors we
see are probably not due to CSM interaction, but instead are
coming from interaction with the companion.

Cortes et al. (2006) report that NGC 4424 has a strongly
disturbed stellar disk, with groups of young blue stars outside
the locations of current star formation. They suggest that the
peculiarities of NGC 4424 are the result of an intermediate-
mass merger plus ram pressure stripping. SN 2012cg went off
on the East side of the host, about 17" away from the nucleus.
That puts it outside the current Haemission region, but within
regions that mix dust, blue-star-complexes and H1 in emission.
SN 2012cg is not in a region of active, ongoing star formation,
but it is in a location where there was star formation in the
recent past.

Crowl & Kenney (2008) describe fiber spectroscopy of NGC
4424. Their fibers clearly encompass the location of
SN 2012cg. All of the fiber spectra are averaged to obtain a
composite spectrum of the galaxy. They determine that the
luminosity weighted stellar population of the composite
spectrum is about 2 Gyr and that star formation shut off about
300-500 Myr ago.

The turbulent region around SN 2012cg makes it difficult to
be precise about the star formation history. Given these
constraints, the maximum mass of stars currently present in this
location is likely to approach ZAMS ~ 9M,. They will have
been formed toward the end of the recent is star formation
epoch. Less massive stars are also possible. Thus, the
environment is suitable to establish a progenitor system in
the region of SN 2012cg with a WD of about 1M, and a MS
companion of about 6M..

This work emphasizes the importance of photometric
observations of SN Ia as early as —17 days to evaluate the
possible interaction with a companion and for more advanced
analysis of progenitor systems. Foley et al. (2012a) identified
excess UV flux from SN 2009ig at early phases, but the colors
were inconsistent with an interaction. SN 201 1fe was observed
early but the data reveal no evidence for interaction. Nearly all
of the LC of other SN Ia that have been used to interpret the
presence or absence of interaction do not include sufficiently
early data. However, these reported non-detections have been
used often to suggest that the SD model for SN Ia is no longer
viable and that SN Ia are exclusively produced in DD
progenitor systems.

Observations at phases between —17 and —15 days suggest
that SN 2012cg had a MS binary companion of about 6M,
when it exploded. This is consistent with the SD scenario, i.e.,
a binary system containing the exploding white dwarf and a
non-degenerate companion. The size estimate for the compa-
nion should be regarded as a minimum, since the star could be
much larger but seen at a less favorable angle. The constraints
of timing and the size of the companion demonstrate that the
interaction with a companion would go undetected in all but a
few of the current data sets. Had the angle of observation been
different, the excess luminosity in SN 2012cg might have gone
unobserved as well.
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