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ABSTRACT

The Type Ia supernova (SN Ia) SN 2000cx was one of the most peculiar transients
ever discovered, with a rise to maximum brightness typical of a SN Ia, but a slower
decline and a higher photospheric temperature. Thirteen years later SN 2013bh (aka
iPTF13abc), a near identical twin, was discovered and we obtained optical and near-
IR photometry and low-resolution optical spectroscopy from discovery until about
1 month past r-band maximum brightness. The spectra of both objects show iron-
group elements (Co 11, Ni 11, Fe 11, Fe 111, and high-velocity features [HVFs| of Ti 11),
intermediate-mass elements (Si I1, Si 111, and S II), and separate normal velocity fea-
tures (~12000 km s~1) and HVFs (~24000 km s~!) of Ca II. Persistent absorption
from Fe 111 and Si 111, along with the colour evolution, imply high blackbody tem-
peratures for SNe 2013bh and 2000cx (~12000 K). Both objects lack narrow Na 1 D
absorption and exploded in the outskirts of their hosts, indicating that the SN envi-
ronments were relatively free of interstellar or circumstellar material and may imply
that the progenitors came from a relatively old and low-metallicity stellar population.
Models of SN 2000cx, seemingly applicable to SN 2013bh, imply the production of up
to ~1 Mg, of %Ni and (4.3-5.5)x1073 M, of fast-moving Ca ejecta.

Key words: supernovae: general — supernovae: individual (SN 2000cx, SN 2013bh)

INTRODUCTION cosmological parameters (e.g., |Conley et al|[2011} [Sullivan|

Resulting from the thermonuclear explosion of C/O white
dwarfs (WDs; e.g., [Nugent et al|2011; Bloom et al.||[2012)),
Type Ia supernovae (SNe Ia) provided the first clear indi-
cation that the expansion of the Universe is accelerating
(Riess et al|[1998; Perlmutter et al|[1999) and have been
used as precise distance indicators to accurately measure

A~ An1o T A

let al||2011} [Suzuki et al||2012). Despite their utility, the
specifics of SN Ia progenitor systems and explosion mecha-
nisms are still unclear (see for further informa-
tion). In general, the two leading progenitor scenarios are
the single-degenerate (SD) channel, when the WD accretes
matter from a non-degenerate companion star (e.g.,

lan & Iben|1973), and the double-degenerate (DD) channel,
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which is the result of the merger of two WDs (e.g.,
[Tutukov|1984; [Webbink|[1984]).

The ability to determine cosmological distances using
SNe Ia lies mainly in the fact that they follow a light-
curve decline rate versus peak luminosity correlation (i.e.,
the “Phillips relation”; [Phillips|[1993); however, the scatter
in this relation is at least partially caused by the inclusion
of various peculiar SNe Ia that nominally follow the correla-
tion. Some of these objects, which are definitively classified
as SNe Ia, can show extreme peculiarities. One of the most
well-known and infamous of these objects is SN 2000cx.

SN 2000cx was discovered using the 0.76 m Katzman
Automatic Imaging Telescope (KAIT;Richmond et al.[1993)
on 2000 Jul. 17.5 UT dates are used through-
out), as part of the Lick Observatory Supernova Search
(LOSS; [Filippenko et al|[2001)). It occurred in the outskirts
of the nearby (z = 0.00807) SO galaxy NGC 524 and was
intensely observed by multiple groups (e.g.
[Candia et al.|2003). It was soon discovered that SN 2000cx
was peculiar in many ways. Its rise to maximum brightness
in the B band was typical for a SN Ia, but it declined much
slower than normal. Thus standard light curve fitting algo-
rithms could not be reliably used on SN 2000cx
. Furthermore, the optical colours of the SN were red-
der than nearly all other SNe Ia near maximum brightness,
but quickly became bluer than other SNe Ia by 15 d after
maximum (Candia et al.[2003).

Spectroscopically, SN 2000cx showed strong Fe III and
weak Si IT and S 1II features, and thus resembled the over-
luminous SN 1991T (Filippenko et al.|[1992; Phillips et al.|
[1992). Unlike SN 1991T (and pretty much all other SNe Ia
ever observed), SN 2000cx continued to show strong Fe III
features (indicative of a high photospheric temperature)
through 20 d past maximum brightness (Li et al|[2001).
In addition, high-velocity features (HVFs) of Ca II were
observed at velocities > 20000 km s~', separated from
a second set of Ca II features at more typical velocities
(~12000 km s~ ', Thomas et al2004} [Branch et al.[[2004),
the latter of which we will refer to as the photospheric ve-
locity features (PVFs). These extreme observables indicate

that SN 2000cx likely produced > 0.5 Mg of °*Ni (Soller-
man et al.|2004) and possibly up to ~1 Mg of 5°Ni (Li et al.

@. SN 2000cx remained unique—until now.

Herein we present optical and near-IR photometry and
low-resolution optical spectra of a near twin of SN 2000cx,
SN 2013bh (aka iPTF13abc), during the first month after its
discovery. We discuss the discovery of this object in §2] and
present our observations and describe our data reduction in
§3] Our analysis of the data, as well as a discussion of the
host galaxy and possible progenitor system of SN 2013bh,
can be found in @ We summarize our conclusions in

2 DISCOVERY

iPTF13abc was discovered on 2013 Mar. 23.5 with » =
19.64 £ 0.14 mag as part of the intermediate Palomar Tran-
sient Factory (iPTF; [Law et al|[2009; Rau et al.|[2009}
. It was found at J2000.0 coordinates o =

15702™13.09°, 6 = +10°38'45”6 in the star-forming galaxy

SDSS J150214.17+103843.6 (2 = 0.0744, 2012).

The field of iPTF13abc is shown in Figure [I] with the SN

Table 1. P48 Photometry of SN 2013bh

JD-2456000 R (mag)

366.88 <21.22

370.02 <21.46

375.02 19.70 (0.14)
376.03 19.43 (0.10)
377.01 19.22 (0.11)
386.98 18.35 (0.24)
392.95 18.49 (0.11)
393.78 18.50 (0.11)
396.94 18.80 (0.13)

lo uncertainties are in parentheses.

marked with the green cross-hairs and a bright offset star
marked with the red square. Up is north and left is east; the
host galaxy of iPTF13abc is east and slightly south of the
SN.

About 10 days later, this SN was independently discov-
ered by the Catalina Real-Time Transient Survey (CRTS;
[Drake et al| [2009) as CSS130403:150213+103846, and
upon public announcement of the discovery was chris-
tened SN 2013bh (Morales-Garoffolo et al| [2013). On
2013 Apr. 1.3, we obtained a spectrum of SN 2013bh and
found that it was similar to the aforementioned SN 2000cx
a few days before R-band maximum brightness. Three days
later, the Public ESO Spectroscopic Survey of Transient Ob-
jects (PESSTO; e.g., |Maund et al.||2013[ﬂ collaboration ob-
tained a spectrum of this object and also found SN 2013bh
to be spectroscopically similar to SN 2000cx (Drake et al.

2013).

3 OBSERVATIONS AND DATA REDUCTION
3.1 Photometry

SN 2013bh was discovered using the 48 in Samuel Oschin
Telescope at Palomar Observatory (P48). Every night since
15 May 2013, P48 observed the field of SN 2013bh three
times in the R—bandEl weather-permitting. Adjacent vis-
its were separated by at least 45 min. The P48 images of
SN 2013bh were processed with the iPTF LBL pipeline (Nu-
gent et al. in preparation). Aperture photometry was then
performed on each of these images with an aperture radius
equal to the seeing of each image. Aperture correction coeffi-
cients were calculated by measuring unsaturated stars that
have signal-to-noise ratio (S/N) > 20 with two apertures,
one of which had a radius of seeing while the other had a
radius of three times seeing. Relative photometry was done
among all P48 images while the absolute photometry was
calibrated to r-band data of the Sloan Digital Sky Survey
(SDSS) Data Release 9 (DR9) Catalogue (Ahn et al.[2012).
The P48 R-band data of SN 2013bh is presented in Table[T]

After discovery, multiple telescopes were employed in

L http://www.pessto.org/pessto/index.py
2 All photometric data presented herein are in AB mags, except
the J- and H-band data which are in Vega mags.

N AN1 YT AA AAMNTDOD A s I =™
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Figure 1. The field of iPTF13abc with the SN marked with the green cross-hairs and a bright offset star marked with the red square.
Up is north and left is east. The host galaxy of iPTF13abc is east and slightly south of the SN.

order to follow SN 2013bh photometrically. As part of reg-
ular iPTF operations , robotic multi-band
(gri) follow-up photometry was obtained with the Palomar
60 in (P60). First, the images were reduced using the au-
tomated P60 pipeline . Next, calibration
star magnitudes were measured on the best seeing image.
Finally, aperture photometry on SN 2013bh was undertaken
(with the radius equal to the seeing and the background
annulus equal to 3 and 5 times the seeing) and calibrated
relative to these stars. Given the offset from the host galaxy,
image subtraction was not required. Table [2| shows our P60
photometry of SN 2013bh.

Using ALFOSC at the Nordic Optical Telescope (NOT),
La Palma, we obtained BVRI photometry of SN 2013bh. All
data have been reduced with standard IRAFE| routines, us-
ing the QUBA pipeline (see [Valenti et al|[2011] for more
information). The magnitudes are measured with aperture
photometry (with the radius equal to the 2 times the see-
ing and the background annulus equal to 3 and 5 times the
seeing) and calibrated to the Landolt system through ob-
servations of standard stars PG1047+003 and PG1525-071.
In order to match the other SN 2013bh photometry, the RI
data from NOT were converted to ri magnitudes using the
conversions presented by . These data are
presented in Table

Optical and near-IR photometry (riZYJH) were ob-
tained with the multi-channel Reionization And Transients
InfraRed camera (RATIR; Butler et al|/2012) mounted on

3 IRAF: The Image Reduction and Analysis Facility is dis-
tributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in As-
tronomy (AURA) under cooperative agreement with the National
Science Foundation (NSF).

N A1 TP AC ATIANTD A s 1

Table 2. P60 Photometry of SN 2013bh

JD-2456000 g (mag) r (mag) i (mag)
375.40 e 19.42 (0.05) e
388.44 18.38 (0.02)  18.31 (0.03)  18.94 (0.06)
380.34 18.41 (0.03)  18.31 (0.03)  18.93 (0.05)
390.25 18.44 (0.05)  18.34 (0.04)  19.14 (0.11)
392.21 18.53 (0.06)  18.36 (0.05) 19.10 (0.12)
393.21 18.46 (0.02)  19.08 (0.05)
406.17 19.39 (0.14)
409.19 20.11 (0.42)  19.33 (0.11)
412.42 20.18 (0.08)  19.50 (0.05)  19.89 (0.09)
413.41 19.85 (0.07)
414.31 20.32 (0.06) .
415.32 19.91 (0.08)
416.22 20.54 (0.06)  19.60 (0.08)
417.36 19.95 (0.15)
422.38 21.06 (0.08)  20.17 (0.06)  20.39 (0.11)
423.36 21.11 (0.10)  20.20 (0.06)  20.38 (0.10)
426.22 21.13 (0.10)  20.32 (0.06)  20.51 (0.11)
427.21 21.26 (0.15)  20.43 (0.08)  20.62 (0.15)

1o uncertainties are in parentheses.

the 1.5 m Johnson telescope at the Mexican Observatorio
Astronorhico Nacional on Sierra San Pedro Martir in Baja
California, México (Watson et al[[2012). Typical observa-
tions include a series of 60 s exposures in riZYJH, with
dithering between exposures. The fixed IR filters of RATIR
cover half of their respective detectors, automatically pro-
viding off-target IR sky exposures while the target is ob-
served in the neighboring filter. Master IR sky frames are
created from a median stack of off-target images in each IR
filter. No off-target sky frames were obtained on the opti-
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Table 3. NOT Photometry of SN 2013bh

JD-2456000 B (mag) V (mag) r (mag) i (mag)
396.65 18.98 (0.03)  18.48 (0.03)  18.78 (0.03) 19.77 (0.03)
407.45 19.69 (0.09)  19.27 (0.09) .

lo uncertainties are in parentheses. ri magnitudes have been converted from RI data using the

conversions presented by (2006)).

Table 5. CRTS Photometry of SN 2013bh

JD-2456000 V (mag)

385.50 18.44 (0.07)
392.50 18.48 (0.17)
402.50 19.16 (0.96)
411.50 19.19 (0.77)

1o uncertainties are in parentheses.

cal CCDs, but the small galaxy size and sufficient dithering
allowed for a sky frame to be created from a median stack
of all the images in each filter. Flat-field frames consist of
evening sky exposures. Given the lack of a cold shutter in
the RATIR design, IR darks are not available. Laboratory
testing, however, confirms that dark current is negligible in
both IR detectors .

The RATIR data were reduced, co-added, and anal-
ysed using standard CCD and IR processing techniques
in IDL and Python, utilizing online astrometry programs
SExtractor and SWar}EI Calibration was performed using
field stars with reported fluxes in both 2MASS (Skrutskie
and the SDSS DR9 Catalogue .
Table 4] lists our RATIR photometry of SN 2013bh.

In addition to obtaining our own data described above,
we also downloaded publicly available V-band data from

CRTS (Table[5)[]

3.2 Spectroscopy

A spectroscopic time series of SN 2013bh was also obtained
soon after discovery. Low-resolution optical spectra were ob-
tained mainly using the Marcario Low-Resolution Spectro-
graph (LRS; on the 9.2 m Hobby-Eberly
Telescope (HET) at McDonald Observatory, though spec-
tral data were also acquired with the Low Resolution Imag-

ing Spectrometer (LRIS; 1995) on the 10 m Keck I
telescope and the Double Beam Spectrograph (DBSP;

on the Palomar 200 in telescope. We also
downloaded, via WISeREP (the Weizmann Interactive Su-
pernova data REPository; [Yaron & Gal—Yam”QOlQDEl a pub-
licly available spectrum of SN 2013bh obtained by the

4 SExtractor  and SWarp can  be  accessed from

http://www.astromatic.net/software, .

PESSTO collaboration using the ESO Faint Object Spec-
trograph and Camera v.2 (EFOSC2; Buzzoni et al.[1984) on
the ESO New Technology Telescope (NTT). Table [6] sum-
marizes the spectral data of SN 2013bh presented here and
upon publication all of these spectra will be available in
electronic format on WISeREP.

All of our spectra were reduced using standard tech-
niques (e.g., [Silverman et al.|2012a). Routine CCD process-
ing and spectrum extraction were completed with TRAF.
We obtained the wavelength scale from low-order polyno-
mial fits to calibration-lamp spectra. Small wavelength shifts
were then applied to the data after cross-correlating a tem-
plate sky to the night-sky lines that were extracted with the
SN. Using our own IDL routines, we fit spectrophotometric
standard-star spectra to the data in order to flux calibrate
our spectra and to remove telluric lines (Wade & Horne|1988}
[Matheson et al.|[2000).

4 ANALYSIS AND RESULTS
4.1 Light Curves

We present our BgVriZYJH light curves of SN 2013bh
in Figure [2| (points), compared with those of SN 2000cx
(solid lines, |Li et al|[2001}; |Candia et al|2003). Upper lim-
its are shown as downward-pointing arrows. In the figure,
the SN 2000cx data has been shifted in time to match the
r-band peak of SN 2013bh. It has also been shifted in ap-
parent magnitude to the distance of SN 2013bh, however no
other vertical shift has been applied. Neither of the objects
have been dereddened. The photometric data of SN 2000cx
matches SN 2013bh in all bands for which there are obser-
vations of both objects. The observed brightness of the two
objects is consistent in B and V, while SN 2013bh appears
to be < 0.3 mag brighter than SN 2000cx in r and i. The
upper limits on SN 2013bh in the J and H bands are also
consistent with the observed magnitudes of SN 2000cx in
these bandpasses.

From low-order polynomial fits, we find that SN 2013bh
reached a peak r-band magnitude of 18.3 + 0.03 on
2013 Apr. 5.2£0.5 and a peak i-band magnitude of 18.94+0.3
on 2013 Apr. 4.5 £ 1. The peak values for the ¢ band are
somewhat uncertain due to the fact that our earliest data
for this bandpass are very close to maximum brightness. SN
light-curve declines are often described by Amgs, i.e., the
decrease in magnitudes in a given bandpass from peak to
15 d past peak. SN 2013bh has Amis(r) = 0.73 £ 0.03 mag
and Ami5(¢) = 0.96 £ 0.10 mag, which are both somewhat

5 hittp://nesssi.cacr.caltech.edu/catalina/20130403/130403109080414069maklen than the corresponding values for SN 2000cx (0.94

6 http://www.weizmann.ac.il/astrophysics/wiserep

and 1.06 mag, respectively; 2001)), implying that

N AM1 YT AA AAMNTDOD A s I =™
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Table 4. RATIR Photometry of SN 2013bh

SN 2000cx and SN 2013bh: They Are Twins

JD-2456000 r (mag) i (mag) Z (mag) Y (mag) J (mag) H (mag)

386.00 18.34 (0.01)  18.88 (0.01) 19.15 (0.05) <18.50

389.00 18.26 (0.01)  18.93 (0.01) 19.39 (0.05) <18.50

397.00 18.61 (0.03)  19.66 (0.03) e e

398.00 18.64 (0.01)  19.56 (0.02) e 19.95 (0.11) e <18.50

399.00 18.77 (0.01)  19.73 (0.02)  19.98 (0.07) 19.93 (0.12) <19.40 <18.50

410.00 19.88 (0.02)  20.45 (0.10)  19.73 (0.06) <19.90 <18.50

423.00 20.30 (0.02)  20.25 (0.03) 20.65 (0.12) 20.02 (0.11) <19.30 <18.50

lo uncertainties are in parentheses.

Table 6. Journal of Spectroscopic Observations of SN 2013bh

UT Date Epoch?® Instrument Range (A)  Res. (A)b Exposure (s)
2013 Apr. 1.31 —-3.6 LRS 4192-10204 15.6 2000
2013 Apr. 5.40 0.2 EFOSC2 3764-9283 18 1500
2013 Apr. 6.46 1.2 LRS 4192-10128 15.4 2000
2013 Apr. 9.56 4.1 LRIS 3764-10204 4.5/6 480
2013 Apr. 11.44 5.8 LRS 4192-10204 15.5 2000
2013 Apr. 13.48 7.7 DBSP 3624-9872 3/4 300
2013 Apr. 16.43 10.5 LRS 4192-10204 15.2 2000
2013 Apr. 22.26 15.9 LRS 4204-10204 15.6 2000
2013 Apr. 27.23 20.5 LRS 4288-10200 15.9 2500

aRest-frame days relative to the date of r-band maximum (2013 Apr. 5.2).

DIRS = Low-Resolution Spectrograph on the 9.2 m Hobby-Eberly Telescope at McDonald Observatory;
EFOSC2 = ESO Faint Object Spectrograph and Camera v.2 on the NTT; LRIS = Low Resolution Imaging
Spectrometer on the 10 m Keck I telescope; DBSP = Double Spectrograph on the Palomar 200 in telescope.

bApproximate full width at half-maximum intensity (FWHM) resolution. If two numbers are listed, they
represent the blue- and red-side resolutions, respectively.

the light curve of SN 2013bh is slightly broader than that of
SN 2000cx.

Given E(B — V)yrw = 0.0284 mag
[1998), no reddening from the host galaxy of SN 2013bh (see
Section , and p = 37.57 £ 0.15 mag (see Section ,
the peak absolute magnitudes of SN 2013bh in our best
observed bands are M, = —19.3 £ 0.15 mag and M; =
—18.7+£0.34 mag. These values are in agreement with those
of SN 2000cx, after correcting for E(B —V )y = 0.08 mag
and no host reddening (—19.24 and —18.94, respectively;

2001).

4.1.1 The B and V Bands

While we do not have data on the rising portion of the B-
band light curve of SN 2013bh, we note that SN 2000cx
was found to have a similar rise time to that of the normal
Type Ia SN 1994D ‘ Based on two data points,
SN 2013bh has a slightly slower decline than SN 2000cx in
the B band (much like the r and ¢ bands, see below), but
has a very similar V-band light curve. SN 2000cx was found
to have a normal B-band decline rate until 6 d after B-band
maximum brightness, after which time the decline slowed

(Ti ot al|2001).

"~ AM1O VYA ATIANTD A o I ™

4.1.2  Ther Band

The best observed bandpass of SN 2013bh is the r band, and
in Figure [3] we present its r-band light curve, along with
data from various comparison objects: SN 2000cx (solid;
Li et al|[2001), the overluminous type Ia SN 1991T (dot-
ted; |Lira et al|[1998), and the normal type Ia SN 2011fe
(dashed; [VinkS et al|[2012). All comparison objects have
had their published R-band data converted to r-band mag-
nitudes using the conversions in and have
been deredshifted and dereddened by values given in their
respective references. The top panel of Figureshows abso-
lute r-band magnitudes while the bottom panel is the same
data, but shifted such that all objects have the same peak
magnitude.

Once again, the light curve of SN 2013bh matches well
to that of SN 2000cx and both are slightly more luminous at
peak (in the r-band) than SN 2011fe, but less luminous than
SN 1991T. The r-band is the only band for which we have
pre-maximum data of SN 2013bh. Based on these observa-
tions, it appears that SN 2013bh has a relatively normal rise
time, similar to that of SN 2000cx.

The r band of SN 2013bh shows a plateau that begins
between 12 and 17 d after r-band maximum brightness, sim-
ilar to SN 2000cx for which the plateau begins at ~15 d after
maximum, which is later than more normal SNe Ia (~12 d
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Figure 2. BgVriZYJH light curves of SN 2013bh (points), compared with those of SN 2000cx (solid lines, |Li et al.|2001} |Candia et al.
2003). The SN 2000cx data has been shifted in time to match the r-band peak of SN 2013bh and shifted in apparent magnitude to the

distance of SN 2013bh. Neither of the objects have been dereddened.

for SN 1994D and ~14 d for SN 2011fe, |Li et al.|2001} |Vinkd
et al.|2012] respectively). Since the plateau begins later and
the secondary r-band maximum is weaker in SNe 2013bh
and 2000cx that in other SNe Ia, the amount these objects
have faded shortly after maximum brightness is larger than
that of the comparison objects shown in Figure [3] As men-
tioned above, SN 2013bh has a slightly slower r-band decline
rate after maximum brightness than SN 2000cx, but it is
clear that both are faster than the other objects in the Fig-
ure. Finally, the r-band plateau in SN 2013bh ends between
23 and 27 d past maximum, again similar to SN 2000cx.

4.1.8 The i1 ZYJH Bands

The i-band data of SN 2000cx was normal until about 7 d
after r-band maximum brightness at which time it began
to decline faster than normal SNe Ia. At 14 d past max-
imum it had faded ~ 1.1 mag below peak after which it
re-brightened somewhat (Li et al.|2001). It is likely that
SN 2013bh also behaved this way, but unfortunately, we do
not have i-band data at this epoch. We do see evidence,
however, that SN 2013bh (like SN 2000cx) has a weak sec-
ondary maximum, as compared to more normal SNe Ia, in
the ¢ band (just like the r band). These secondary maxima
are usually associated with Fe III recombining to form Fe II
as the SN ejecta cools (Pinto & FEastman/2000a)). Weak sec-

ondary maxima indicate that the SN photosphere remains
relatively hot through these epochs, which is consistent with
the blackbody temperatures and strong Fe III absorptions
seen in SN 2013bh at these epochs (see Section [4.4)).

Moving further into the IR, the Z and Y data of
SN 2013bh also show weak secondary maxima as compared
to other SNe Ia, which is similar to the weak secondary
maxima in JHK data of SN 2000cx (Candia et al.[[2003).
SN 2000cx, and many other SNe Ia, have been found to have
My ~ —17.9 mag at 10 d after B-band maximum (Candia
et al.||2003), which is consistent with our observed upper
limit of My > —18.9 mag at this epoch. Furthermore, |Can-
dia et al.| (2003) observed a deep dip in the J-band light
curve of SN 2000cx at about 13 d past maximum bright-
ness and this is certainly consistent with our upper limits
for SN 2013bh.

4.2 Colour Curves

In Figure[d] we plot the colour evolution of SN 2013bh, along
with the same comparison objects that were shown in Fig-
ure[3] As above, all objects have been corrected for Galactic
extinction using the dust maps of |Schlegel et al.| (1998) and
information in their respective references.

The B —V colour of SN 2013bh is redder than all of the
comparison objects at ~8 d after r-band maximum bright-

N A1 T A ANAINTD A s B
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Figure 3. The r-band light curve of SN 2013bh with some comparison objects: SN 2000cx (solid; |Li et al. |2001), the overluminous
type Ia SN 1991T (dotted; |Lira et al.[[1998]), and the normal type Ia SN 2011fe (dashed;|Vinké et al.|2012). All R-band photometry has
been converted to r-band magnitudes using conversions found in |Jordi et al.| (2006)). All data have been deredshifted and dereddened by
values given in their respective references. Absolute r-band magnitudes are shown (top) as well a shifted version of the data such that

all objects have the same peak magnitude (bottom).

ness, but then becomes nearly as blue as SN 2000cx by ~18 d
after maximum. The B — V' colour of SN 2000cx was also
seen to be quite red at early times, becoming extremely blue
by 2 weeks after maximum. This was due to a plateau in the
colour curve at B —V = 0.3 mag for 6 < ¢ < 15 d (Li et al.
2001} |Candia et al.2003). Even though SN 2013bh data
are sparse, the observations are consistent with a plateau at
B —V = 0.4 — —0.5 mag at similar epochs as the one seen
in SN 2000cx, though perhaps a bit later.

The single V — R observation of SN 2013bh from ~8 d
after maximum brightness is slightly redder than the V — R
colour of SN 2000cx at the same epoch. SN 2000cx (and
presumably SN 2013bh as well) is bluer than normal and
overluminous SNe Ia at all epochs studied herein and shows
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a deep blue dip at ~12 d after maximum (as seen in the
upper-right panel of Figure [4 and |Li et al.[|2001). In V — T
it was also seen that SN 2000cx was bluer than other SNe Ia
and again showed a deep blue dip, though in this colour the
dip is a few days earlier than in V — R. We see a similar
behavior in our one V' — I data point for SN 2013bh, though
it is significantly (~0.3 mag) bluer than even SN 2000cx.
The r — i colours of SN 2013bh, for which we have a
handful of data points, are found to match SN 2000cx near
r-band maximum brightness. Soon after maximum, however,
SN 2013bh evolves to be bluer than SN 2000cx in 7 —i. The
minimum in the r — ¢ colour curve of SN 2013bh occurs
at ~9 d after maximum and is about 0.2 mag bluer than
that of SN 2000cx. At later epochs, SN 2013bh remains ~
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Figure 4. Colour curves of SN 2013bh and the same comparison objects used in Figure[3] All data have been deredshifted and corrected
for extinction using the reddening values provided in their respective references.

0.1 mag bluer than SN 2000cx. Note that the majority of
the difference in r — i of SN 2013bh at about 1 month past
maximum as measured from P60 and RATIR data comes
from the i-band photometry, though it is still consistent at
about the 20 level. Furthermore, no instrumental response
corrections have been applied to our data and, as mentioned
above, no host-galaxy subtraction was performed.

In summary, based on limited data, the colours of
SN 2013bh tend to follow those of SN 2000cx, and cer-
tainly more closely than either SN 1991T or SN 2011fe. How-
ever, SN 2013bh appears to have more extreme colours than
SN 2000cx. In general SN 2013bh seems to be redder than
SN 2000cx in the bluest colours, but bluer than SN 2000cx
in the reddest bands. This implies an optical continuum that
peaks redder than SN 2000cx, thus SN 2013bh seems to have
a lower blackbody temperature which is consistent with our
spectral models (see Section .

4.3 Spectra

All of our spectra of SN 2013bh are shown in black in Fig-
ure[§land are labelled with their age relative to r-band max-
imum brightness. The over-plotted red, dashed curves are
spectra of SN 2000cx at similar epochs to our observations

of SN 2013bh, also labelled by their age relative to r-band
maximum brightness (converted from the date of R-band

maximum brightness as determined by 2001)). The

SN 2000cx comparison data come from the in-depth study
of that object by and the large CfA SN Ia
spectral dataset presented by Matheson et al| (2008). Both
objects have been deredshifted and dereddened. The spec-
tral match between SN 2013bh and SN 2000cx at all epochs
studied in this work is remarkable. We do note, however,
that SN 2000cx seems to have a slightly bluer continuum
than SN 2013bh, which is indicative of a higher blackbody
temperature, once again consistent with our spectral models
(see Section [44).

We assumed above no reddening from the host galaxy
of SN 2013bh. This is due mainly to the facts that we see
no evidence of absorption from Na I D and because it was
found in the outskirts of its host (much like SN 2000cx).
In our highest S/N spectrum from 4 d after r-band maxi-
mum brightness, we find a 20 upper limit of 0.2 A for the
equivalent width (EW) of Na I D absorption. Using the em-
pirical relation of [Poznanski et al.| (2011)), this converts to
E(B = V)p,.; < 0.006 mag, which is negligible (especially
given the uncertainties in the conversion, i.e. ~0.3 mag). Also
supporting no host reddening is the location of SN 2013bh
in its host galaxy. It went off ~24 kpc (projected linear
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distance) from the centre of SDSS J150214.17+103843.6,
which is equivalent to ~3 Petrosian radii (Petrosian||1976|).
See Section [4.6] for more information on the host galaxy of
SN 2013bh.

In Figure |§| we compare our highest S/N spectrum of
SN 2013bh (from ~4 d past maximum brightness) with var-
ious other SNe la at similar epochs. Shown in the Figure
are its near twin, SN 2000cx (Li et al.|2001)), as well as the
overluminous SN 1991T (Filippenko et al.|1992) and the ex-
tremely normal SN 2011fe (Parrent et al.|2012)). Important
spectral features are labelled. SN 2011fe stands out from
the other three objects with overall much stronger absorp-
tion features and a much broader and more blended Ca II
near-IR triplet. Further differences are seen in the blue end
of the spectrum where SN 2011fe is dominated by absorp-
tion from blends of Fe IT and Mg II lines, while the complex
profiles in the other objects are due in large part to Fe III
and TiII (see for further information).

Even though SNe 2013bh and 2000cx bear some resem-
blance to SN 1991T, there are significant differences as well.
The O I line is more prominent in SN 1991T than in either
SNe 2013bh and 2000cx, where it is almost non-existent.
This (along with a lack of C absorption) may be an indi-
cation of more complete WD burning in SNe 2013bh and
2000cx, which is consistent with the relatively large amount
of 5®Ni inferred for these objects (see §. SNe 2013bh and
2000cx both also show significant absorption from HVFs of
Ti II while SN 1991T lacks these features in the blue end of
the spectrum. In addition, just blueward of the Ca II near-
IR triplet in these latter two objects, a second absorption
component from HVF's of Ca II is easily seen and is conspic-
uously absent from SN 1991T.

4.4 Spectral Fits

The spectrum-synthesis code SYNAPPS (Thomas et al.[[2011))
was employed to help identify the species present in our spec-
tra of SN 2013bh. SYNAPPS (and its modeling kernel SYN++)
is derived from SYNOW (Fisher et al.|[1997)), which computes
synthetic spectra of SNe in the photospheric phase using
the Sobolev approximation (Sobolev|1960; (Castor||1970; | Jef-
fery||1989). SYNAPPS is capable of varying a large number of
parameters automatically, thus finding an optimum fit via
x2-minimization.

In SYNAPPS models the spectral lines are assumed to
form via resonance scattering above a sharp photosphere.
The location of the photosphere is expressed in velocity co-
ordinates as vy}, (in km s™') taking into account the ho-
mologous expansion of the SN ejecta. Consequently, for a
particular ion, the minimum and maximum velocity coordi-
nates of the line-forming region are denoted with v,;,, and
vmax (both in km sfl)7 respectively. If vy iy 2 vy, then
the line forming region is considered “detached” from the
photosphere.

The optical depths for each transition of a given species
are controlled with two additional parameters: the opti-
cal depth of a “reference line,” 7.o¢ (which is usually the
strongest line in the optical band, defined internally within
the code), and the e-folding width, ve (in km s~ 1), of the op-
tical depth profile above the photosphere (assumed to be an
exponential function in SYNAPPS). For other features, the op-

tical depth is computed relative to the reference line assum-
ing Boltzmann-excitation (i.e. local thermodynamic equilib-
rium) using an excitation temperature Texc (in K). Non-
LTE effects are mimicked partly by allowing different Texc
values for each species, all of which can be different from the
photospheric temperature Tphot' The latter is used only in
computing the blackbody radiation emitted by the photo-
sphere. Since the number of species appearing in a typical
SN spectrum is usually between 5 and 10, and each ion has
5 tunable parameters, the number of adjustable parameters
in a SYNAPPS session can be substantial.

The spectral sequence of SN 2013bh in Figure [5| sug-
gests that the optical spectra shortly before and after maxi-
mum brightness are formed by the same set of ions, and the
spectral evolution can be modeled by simply tuning the op-
tical depth and other parameters of the same species. This
is supported by the similar photospheric temperature of the
pre-maximum and post-maximum spectra, which suggests
that the excitation of ions should not change drastically near
maximum.

A model containing the usual composition of a SN Ia
was constructed to fit the spectra of SN 2013bh and is based
on the model for SN 2000cx by Branch et al. (2004) and
Thomas et al.|(2004). The model was initially fit to the 4.1d
spectrum, then it was optimized for the —3.6 and +6.3 d
spectra. SYNAPPS fits to these three SN 2013bh spectra are
shown in Figure[7] The data are shown as solid black, while
the models are shown as dashed red. Major spectral features
have been labelled. The parameters of our SYNAPPS fit to the
4.1 d spectrum are listed in Table [

The model includes PVFs of Ca II, Si II, S II, Fe III,
Co 1I, and Ni II, in addition to detached, HVFs of Ca II,
Si I, Ti II, and Fe II. The photospheric velocity is Uph &

11000 km s~ 'for all modeled spectra and the detached,
HVFs span a range between 20000 and 24000 km s™*. These
modeled velocities are fully consistent with what is cal-
culated from direct measurements of the spectral features
themselves (§ , including a Si II velocity plateau seen in
our SN Ia-like SYNAPPS fits. From Figure[7] it is clear that
most of the spectral features between 3000 and 6300 A can
be fit successfully with the models. As also seen in other,
more normal SNe Ia at similar epochs (e.g., [Silverman et al.
2012a)), redward of ~6300 A, the continuum is significantly
depressed relative to the blackbody continuum, which can-
not be modeled self-consistently within the framework of
SYNAPPS. Therefore, this region has been omitted from the
automatic fitting process.

We identify Ca II via the near-IR. triplet (at ~8000 A)
as well as Ca I1 H&K (at ~3650 A). The strong, unblended
feature near 6150 A is due to Si IT A6355 and the feature near
5480 A is from S II. The model is able to fit the observed
feature near 4000 A, which was identified in SN 2000cx as a
blended HVF from Ti II by [Branch et al.| (2004) and could
also be due to Si IT A\4130, despite the presence of these ions
in our model. Note that the feature at 4500 A, suspected
to be a HVF of Hf in SN 2000cx by |[Branch et al.| (2004),
can be fit adequately as a blend of iron-group elements.

As mentioned above, our SYNAPPS model of SN 2013bh
is extremely similar to models of SN 2000cx. |Li et al.| (2001}
found that Si II A6355 strengthened with time in SN 2000cx
while Fe IIT remained strong through maximum brightness,
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Table 7. SYNAPPS Model Parameters for the 4.1 d Spectrum

Ton log Tp.ef Vmin Umax Ve Texc
(103 km s~1) (103 km s~!) (103 kms™1) (10% K)
Sill 1.57 12.0 40.0 1.0 8.8
Si 111 1.34 16.0 40.0 2.0 13.0
S —2.00 12.0 40.0 1.0 5.2
Call (PVF) 0.80 12.0 40.0 4.8 12.0
Call (HVF) 2.90 25.0 40.0 3.0 12.0
Ti Il 2.09 21.0 40.0 2.0 5.5
Fe 11 0.94 21.2 40.0 4.0 5.0
Fe II1 0.03 11.0 40.0 2.0 12.0
Coll 0.60 11.0 40.0 2.0 6.3
Ni Il 1.00 11.0 40.0 2.0 5.1

vpp = 11000 km s™1, T}, 4 = 11000 K.

which is identical to what we find for SN 2013bh. S II was
found to be weak in both objects, but vanished quicker in
SN 2013bh than SN 2000cx. HVF's of Fe IT occurred in both
objects, but we find evidence of only PVFs for Fe III and Si II
while SN 2000cx showed evidence for HVF's of these ions (Li
et al.|2001; 'Thomas et al.||2004)). Evidence for O T and Mg I1
absorption in SN 2000cx was presented by [Thomas et al.
(2004) and |Branch et al.| (2004)), respectively, though our
SYNAPPS fits do not support the same claim for SN 2013bh.
Models in both of those studies do indicate Ca II velocities
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in SN 2000cx that match what we find for SN 2013bh quite
well. In addition, [Branch et al. (2004) note significant ab-
sorption due to HVFs of Ti II in their models of SN 2000cx
and we find similar results for our models of SN 2013bh.

For epochs studied herein, the photospheric temper-
atures inferred from our SYNAPPS fits to SN 2013bh are
~11000 K. This is higher than more normal SNe Ia, though
slightly cooler than what was found for SN 2000cx (12000 K;
Thomas et al.[2004)). Note, however, that at slightly earlier
epochs (about 1 week before maximum brightness), a much
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Figure 7. Observed spectra of SN 2013bh (solid black) and SYNAPPS fits to the data (dashed red). Each spectrum is labelled with its age
relative to r-band maximum brightness and the data have all been deredshifted and dereddened. Major spectral features are identified.

higher blackbody temperature for SN 2000cx was inferred
from near-IR spectra (20000-25000 K; [Rudy et al.|[2002).

4.5 Expansion Velocities

For a few of the spectral features in SN 2013bh (and
SN 2000cx) which are easily-identifiable and relatively well-
separated, the expansion velocities are measured. Here we
investigate the Si T 6355 feature, the S 11 “W” feature]]
the Ca II H&K feature, and the Ca II near-IR triplet. For
the Si IT and S II features, the method of velocity determina-
tion is the same as that used in |Silverman et al.| (2012), but,
briefly, consists of: defining two endpoints on either side of
the feature of interest, fitting a linear pseudo-continuum be-
tween those endpoints, fitting a spline function to the data
between the endpoints, and using the minimum of the spline
fit to calculate an expansion velocity for the feature.

For the Ca II features, however, we employed a slightly
different fitting method. Similar to the method outlined
above, we begin by choosing endpoints for the spectral fea-
ture in question and, using these endpoints, define and then
subtract from the data a linear pseudo-continuum. Then a
non-linear least squares fitter is used to simultaneously fit

7 The two broad absorptions that make up the S II “W” are fit
using a single spline, but we calculate the expansion velocity of
the absorption complex using the minimum of the bluer of the
two features relative to its rest wavelength.

multiple Gaussian components to each component of the fea-
ture. The Ca II H&K feature (Ca II near-IR triplet) consists
of 2 (3) distinct components. Given that the relative fluxes
(set by the gf weights) and rest wavelengths of each com-
ponent are known and since we require that all components
in a given fit have the same Gaussian width, each Ca II fit
contains only 3 free parameters: the Gaussian height, width,
and centroid of the strongest component. By-eye initial es-
timates of these parameters for each fit are used as inputs
to the fitting routine.

For the Ca II H&K profile, we also allow for the exis-
tence of absorption due to Si IT A3858 at a similar velocity to
Si 11 A6355 (e.g., [Foley|2012). We find that Si IT A3858 is ex-
tremely weak (or non-existent) in our spectra of SN 2013bh
that cover this wavelength range. We do, however, find evi-
dence for Si IT A3858 absorption in SN 2000cx at velocities
consistent with Si II A6355.

All of the measured velocities for SN 2013bh are consis-
tent with our SYNAPPS fits and are plotted in Figure |8 (filled
black), relative to r-band maximum brightness. We also plot
(open grey) our re-measured velocities of SN 2000cx (also
relative to r-band maximum) using spectra presented in |Li
et al.| (2001)) and Matheson et al.| (2008]). Note that the ve-
locities for SN 2000cx calculated herein are consistent with
previous work (Li et al.|[2001; 'Thomas et al.|[2004; Branch!
et al.|2004)).

The upper panel of Figure [§| shows the velocities of
the Si IT A6355 and S II “W” features for SNe 2013bh and
2000cx, along with the 1o region (light grey) around the av-
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Figure 8. The temporal evolution of the expansion velocities (relative to r-band maximum brightness) of SN 2013bh (filled black) and
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SNe Ia as determined by the entire BSNIP dataset. Note that the HVFEs and PVFs of the Ca II near-IR triplet in SN 2013bh become
blended by 16 d after maximum brightness and thus are shown as a single (black filled square) data point from then on.

erage Si II A6355 velocity of normal SNe Ia as determined by
the entire Berkeley SN Ia Program sample (BSNIP; |Silver-
man et al.|[2012)). The Si II A6355 velocity of SN 2013bh is
initially similar to other, more normal SNe Ia, but shows a
plateau until ~10 d after maximum brightness, thus becom-
ing larger than the typical SN Ia Si II A6355 velocity. After
this epoch, the velocity decreases some, eventually matching
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the more normal SNe Ta. SN 2000cx also shows a plateau at
nearly the same velocity (~11500-12000 km s~*) though it
is much longer lived, lasting through all epochs for which
we measure a Si II A6355 velocity in this work. In fact, |Li
et al.| (2001)) found that this plateau continues to ¢t > 40d.
Such long-lasting Si IT velocity plateaus are not unheard of,
though all other examples of them are found in extremely
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peculiar SNe Ia (e.g., |Scalzo et al. 2010} |Childress et al.
2013).

The width of the Si II A6355 feature in SN 2013bh is
larger than that of SN 2000cx, but we do not see any con-
vincing evidence for HVF's from Si II, even though this has
been seen in other SNe Ia (e.g., Silverman et al.[2012b; |Chil-
dress et al.|2013; Marion et al.[2013). In both SNe 2000cx
and 2013bh, the Si IT A6355 and S II “W” features both
strengthen with time, though while the former stays strong
through all epochs considered here, the latter begins to
weaken after maximum brightness and completely disap-
pears by a few days after maximum.

As seen in Figure[5] the S II “W” feature is somewhat
weaker in SN 2013bh as compared to SN 2000cx near max-
imum brightness. This spectral feature is usually found to
have velocities 1000-2000 km s~ lower than the Si II A\6355
feature (e.g., [Silverman et al.[2012), though in SNe 2013bh
and 2000cx both features have similar velocities before max-
imum. At this point the velocity plummets, likely due to the
feature getting progressively weaker and becoming blended
with other ions (notably Si II, see § [£.4).

The spectra of SN 2000cx blueward of the Ca II near-IR
triplet were initially found to be quite complex and confus-
ing (Li et al.[2001), but it was eventually realized, through
spectral modeling, that this object showed HVF's of Ca II
at velocities > 20000 km s~ ! (Thomas et al.|[2004} Branch
et al.|2004). This was in addition to a second set of Ca II fea-
tures at more typical velocities (~12000 km s™'). HVFs from
Ca II have been seen in many individual SNe Ia (e.g., |Silver-
man et al.|[2012b; |Childress et al.[2013; [Marion et al.|2013))
and might be common in the early-time spectra of SNe Ia
(e.g., Mazzali et al.[[2005; |Childress et al. 2013} Silverman
et al. in preparation). Unsurprisingly, SN 2013bh once again
matches SN 2000cx and shows strong HVFs from Ca II at
early times.

The bottom panel of Figure [8] shows the velocities for
SN 2013bh (filled black) and SN 2000cx (open grey) of PVFs
and HVFs of Ca II H&K (stars and circles, respectively)
and PVFs and HVFs of the Ca II near-IR triplet (squares
and triangles, respectively). In both objects, through ~10 d
past maximum, we measure distinct PVFs and HVFs for
both the Ca II H&K feature and the Ca II near-IR triplet.
The PVF velocities are similar to more normal SNe Ia at
these epochs, while the HVF velocities of both objects are
significantly larger than most SNe Ia (Childress et al.[2013;
Silverman et al. in preparation). By 16 d past maximum, we
are only able to measure a single Ca II near-IR triplet feature
in SN 2013bh. Since the measured velocity at this epoch is
nearly the average of the HVF and PVF velocities from the
previous spectrum, it appears that the two components have
become blended and thus are shown in the Figure as a single
(black filled square) data point from then on.

The measured velocities of the PVFs for both Ca II
features in SN 2000cx are nearly identical, while the HVF
velocities of this objects also match each other quite well.
This is a useful sanity check for our velocity determinations
since one might expect all Ca II features in a given spectrum
to have nearly equal velocities. The velocities of the PVFs
and HVF's are quite self-consistent for SN 2013bh as well.
Also note the relatively small scatter in all PVF velocity
measurements (both objects and both spectral features), as
well as the consistency of all of the HVF velocity measure-

ments. This once again emphasizes the similarity between
these two objects.

To highlight the separation between the HVFs and the
PVFs, as well as our multiple Gaussian component fitting
technique, we plot the full Ca II near-IR triplet profile for
SNe 2013bh (top) and 2000cx (bottom) in Figure [J} Both
spectra were obtained ~4 d after maximum and have had
their linear pseudo-continua (grey dotted line) removed. The
data are the black curves, the combined Gaussian fits are the
grey solid curves, and the individual Gaussian components
are the grey short-dashed curves. The separation between
the HVFs (left-hand triplet of Gaussians) and the PVFs
(right-hand triplet of Gaussians) can easily be seen in both
objects. While we fully admit that the fits are not perfect
and fitting a set of Gaussians to the full profile is an over-
simplification, they do appear to capture the overall shapes
of both profiles, as well as at least some of the more subtle
details. The fits tend to have reduced x? values of 2-3.

The vertical solid line is the Ca II near-IR triplet ve-
locity for SN 2013bh, while the vertical long-dashed line is
the velocity for SN 2000cx. The PVFs in these two objects
have consistent expansion velocities at this epoch, however
the HVF's of SN 2013bh are found to be at larger velocities
than those of SN 2000cx (which can also be seen in Fig-
ure . Perhaps this indicates a higher Ca II optical depth
in SN 2013bh. A more detailed analysis of HVF's is beyond
the scope of this paper, but an in-depth study of HVFs in a
large set of more normal SN Ia spectra will be undertaken
in the near future (Silverman et al. in preparation).

4.6 Host Galaxy and Progenitor System

SN 2013bh lies in the outskirts of the star-forming galaxy
SDSS J150214.17+103843.6 at a redshift of z = 0.0744
(Ahn et al.[2012), which, assuming a ACDM cosmology with
Hy =73 %km s * Mpc™?!, implies a distance of 326 422 Mpc
and a distance modulus of p = 37.57 & 0.15 mag. It is lo-
cated 15”9 west and 2”0 north of the centre of its host, a
projected distance of ~25.3 kpc (or ~3 Petrosian radii, [Pet-
rosian| [1976)). Correlation with a library of galaxy spectra
using the “SuperNova IDentification” code (SNID; Blondin
& Tonry|2007)) indicates that SDSS J150214.17+103843.6 is
a spiral (Sa/Sb) galaxy with z = 0.075, quite close to the
SDSS DR value of z = 0.0744 (Ahn et al.|2012). While this
is not an atypical type of host galaxy for a SN Ia (Li et al.
2011)), very few (if any) SNe Ia are found further away from
the centre of their host (e.g.,[Wang et al.||2013).

While inner parts of the host galaxy of SN 2013bh may
be currently forming stars, the outer edges (where the SN is
located) show no obvious u-band emission (Ahn et al.|2012),
indicating a lack of star formation (< 4.9 x 1072 Mg yr—*;
e.g., 7). In addition, typical metallicity gradients in spi-
ral galaxies (e.g., Henry & Worthey||1999) indicate that
SN 2013bh went off in a region that likely has relatively
low-metallicity.

SN 2000cx also exploded in the periphery of its host
galaxy, the nearby (~38 Mpc) SO galaxy NGC 524. It was
found 18 kpc (linear projected distance) from the centre of
its host, in a low-metallicity region (Li et al.||2001). High-
resolution spectra of SN 2000cx presented by [Patat et al.
(2007) do not show evidence of Na I D absorption to very
tight limits and they infer N(Na I) < 2 x 10'® cm™2 and
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Figure 9. The Ca II near-IR triplet profile for SNe 2013bh (top) and 2000cx (bottom), after removing the linear pseudo-continuum
(grey dotted line). The rest-frame age of each spectrum is listed next to the data (black). Over-plotted are the combined Gaussian fits
(solid grey) and the individual Gaussian components (short-dashed grey). The HVFs are the left-side Gaussians while the PVFs are the
right-side Gaussians. The Ca II near-IR triplet velocity of SN 2013bh (SN 2000cx) is shown as the vertical solid (long-dashed) line.

(for solar abundances) N (H) < 3x10'® cm™2. As mentioned
above, our highest S/N spectrum of SN 2013bh also did not
show obvious absorption from Na I D (with a 20 upper limit
of 0.2 A) or evidence for star formation from narrow emission
lines.

Both SN 2013bh and SN 2000cx lack Na I D absorp-
tion which indicates low host-galaxy reddening and a rel-
atively “clean” circumstellar environment (i.e., free of ex-
pelled material from the companion star). Their locations on
the periphery of their host galaxies, along with no obvious
associated recent star formation, point to old stellar pop-
ulation progenitors with relatively low-metallicity for both
objects. All of these observations are consistent with many
DD models (e.g., Iben & Tutukov||{1984), though we can-
not definitively rule out all SD models (e.g.,|Whelan & Iben
1973)).

Li et al.[(2001) and |Candia et al.|(2003) found that none
of the standard SN Ia light-curve fitting algorithms could
match the observations of SN 2000cx, and thus the same
can be said for SN 2013bh; however, the delayed-detonation
DD3 model (Woosley & Weaver| [1994; Pinto & Eastman
2000b) did match many of the observations of SN 2000cx.
This model produced higher kinetic energies and more nu-
clear burning than models of more normal SNe Ia (including
the overluminous SN 1991T). As a result, the DD3 model
produced a relatively large amount of **Ni (~1 Mg,), higher-
than-normal blackbody temperatures, and high expansion
velocities. The latter two observables were seen in both
SN 2000cx (Li et al.|[2001} [Thomas et al.|2004; Branch et al.
2004) and SN 2013bh (Sections and [4.5). Furthermore,

N A1 TP AC ATIANTD A s 1

this model also predicted peak magnitudes and Am,s val-
ues consistent with those observed for both SN 2000cx and
SN 2013bh.

An alternative explanation for the HVFs observed in
these two objects comes from a 3D model presented by
Thomas et al.| (2004). They explain the HVFs of Ca II as
coming from clumpy ejecta such that the high-velocity ma-
terial only partially covers the SN photosphere. This idea is
supported by |Leonard et al.| (2000), who found significant
polarization intrinsic SN 2000cx. ,Thomas et al.| (2004) also
derive (4.3-5.5)x1073 Mg, for the high-velocity ejecta mass
in Ca, which they claim can be explained by primordial ma-
terial alone. This conclusion is consistent with the “clean”
environment determined for SNe 2000cx and 2013bh by the
lack of Na I D or narrow Ca II H&K absorption from cir-
cumstellar material.

5 CONCLUSIONS

In this work we have presented optical and near-IR pho-
tometry of SN 2013bh (aka iPTF13abc), a near twin of
SN 2000cx, from discovery through ~40 d past r-band max-
imum brightness and low-resolution optical spectroscopy
through ~20 d past maximum. SN 2013dh reached a peak
absolute magnitude of M, = —19.2 mag and had a decline
rate of Amqs(r) = 0.73 mag, matching nearly identically to
SN 2000cx. The colours of SN 2013bh mostly follow those
of SN 2000cx, but show evidence of a slightly “flatter” op-
tical continuum that indicates a slightly lower blackbody
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temperature than SN 2000cx. This is consistent with the
relative spectral shapes of these two objects. The colours
of SNe 2000cx and 2013bh also indicate photospheric tem-
peratures that are higher than more normal SNe Ia. This is
supported by the presence of strong absorption features from
Fe 11T and Si IIT that persist well past maximum brightness
(which is not seen in any other SN Ia). Our spectral mod-
els from SYNAPPS and direct measurements of the strongest
spectral features also indicate the presence of other iron-
group elements (Co II, Ni II, Fe II, and HVFs of Ti II) and
intermediate-mass elements (Si II and S II). Furthermore,
in all of our spectra we observe separate normal velocity
features (~12000 km s™') and HVFs (~24000 km s™') of
CaIl.

The environments of both SN 2013bh and SN 2000cx
appear to be relatively “clean,” with negligible amounts of
CSM, consistent with their locations in the outskirts of their
host galaxies and the lack of obvious associated recent star
formation. This points to the progenitors of these objects be-
ing relatively low-metallicity, old stars, consistent with the
DD scenario (though the SD scenario cannot be completely
disproved). The delayed-detonation DD3 model of [Woosley
& Weaver| (1994); Pinto & Eastman| (2000b) was success-
fully applied to SN 2000cx and given the observational sim-
ilarities with SN 2013bh, it is reasonable to use it for this
object as well. This model implies a relatively large amount
of 55Ni produced (~1 Mg), higher-than-normal blackbody
temperatures, and high expansion velocities. The latter two
of these were directly observed in SN 2013bh. The model
also predicts peak magnitudes and Amgs values consistent
with those observed for both SN 2000cx and SN 2013bh. A
3D model presented by Thomas et al.| (2004) explains the
HVFs of Ca II as coming from (4.3-5.5)x10™* Mg, of clumpy
ejecta, which can be explained by primordial material alone.

Of the ~2300 SNe Ia given TAU designations from the
beginning of 2000 through the end of 2012, SN 2000cx was
the only one of its kind discovered. PTF, which ran for 4
years starting in 2009, discovered 1250 SNe Ia with no ob-
jects resembling SN 2000cx. iPTF, which began in Jan 2013,
discovered SN 2013bh (aka iPTF13abc) and through the end
of Jul 2013 has found 111 SNe Ia. Very roughly, it seems
that an object like SN 2000cx or SN 2013bh is found in
every ~2000 SNe Ia. In other words, these objects are ap-
proximately 0.05% of the total SN Ia rate. The extreme rar-
ity of of these objects and how they relate to more normal
SNe Ia and overluminous SN 1991T-like objects is a chal-
lenge to SN progenitor models. As large-scale transient sur-
veys (e.g., iPTF, Pan-STARRS, LSST) continue to (and will
in the future) find many new objects, more objects similar
to SNe 2000cx and 2013bh will likely be discovered.
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