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ABSTRACT

A comprehensive set of optical and near-infrared (NIR) photometry and spectroscopy is presented for the faint and fast 2008ha-
like supernova (SN) 2010ae. Contingent on the adopted value of host extinction, SN 2010ae reached a peak brightness of —13.8 >
My > —15.3 mag, while modeling of the UVOIR light curve suggests it produced 0.003-0.007 My, of *°Ni, ejected 0.30—0.60 M, of
material, and had an explosion energy of 0.04-0.30 x 10°! erg. The values of these explosion parameters are similar to the peculiar
SN 2008ha —for which we also present previously unpublished early phase optical and NIR light curves — and places these two
transients at the faint end of the 2002cx-like SN population. Detailed inspection of the post-maximum NIR spectroscopic sequence
indicates the presence of a multitude of spectral features, which are identified through SYNAPPS modeling to be mainly attributed to
Co 11. Comparison with a collection of published and unpublished NIR spectra of other 2002cx-like SNe, reveals that a CoII footprint
is ubiquitous to this subclass of transients, providing a link to Type Ia SNe. A visual-wavelength spectrum of SN 2010ae obtained at
+252 days past maximum shows a striking resemblance to a similar epoch spectrum of SN 2002cx. However, subtle differences in the
strength and ratio of calcium emission features, as well as diversity among similar epoch spectra of other 2002cx-like SNe indicates

a range of physical conditions of the ejecta, highlighting the heterogeneous nature of this peculiar class of transients.

Key words. supernovae: general — supernovae: individual: SN 2008ha — supernovae: individual: SN 2010ae

* Based on observations collected at the European Organization
for Astronomical Research in the Southern Hemisphere, Chile (ESO
Programs 082.A-0526, 084.D-0719, 088.D-0222, 184.D-1140, and
386.D-0966); the Gemini Observatory, Cerro Pachon, Chile (Gemini
Programs GS-2010A-Q-14 and GS-2010A-Q-38); the Magellan 6.5 m
telescopes at Las Campanas Observatory; and the SOAR telescope.

** Tables 1-5 and Appendix A are available in electronic form at
http://www.aanda.org
*** Reduced spectra are available as FITS files at the CDS via
anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/561/A146

Article published by EDP Sciences

1. Introduction

In recent years dedicated transient search programs have led to
the tantalizing discovery of a diverse population of hydrogen
deficient, rapidly evolving supernovae (SNe). Detailed studies
of these new transients have lead to the emergence of a hand-
ful of subclasses whose origins are a matter of open debate.
For instance, SNe 2002bj and 2010X had extremely short rise
times (tg < 7 days), reached peak absolute R-band magnitudes
(Mpg) of —18 and —17 mag, respectively, and exhibited expan-
sion velocities on the order of 10* km s~!; altogether sugges-
tive of progenitors with very small ejected masses, i.e., <0.5 Mg
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(Poznanski et al. 2010; Kasliwal et al. 2012a; Perets et al.
2011). Another group of fast evolving transients recently identi-
fied consists of, amongst others, SN 2005E (Perets et al. 2010),
PTF 09dav (Sullivan et al. 2011; Kasliwal et al. 2012b), and
SN 2012hn (Valenti et al. 2013). These objects share the charac-
teristics of low peak luminosities ranging between Mg ~ —15.5
to —16.5 mag, rapid rise times (tg < 12—15 days), nebular phase
spectra dominated by prevalent calcium features, and are prefer-
entially located in the outskirts of their host galaxies.

Adding to this assortment of newly identified transients are
a number of peculiar type Ia supernovae (SNe Ia) that prob-
ably originated from non-standard thermonuclear explosions.
Excluding the so-called super-Chandrasekhar mass SNe Ia, ex-
amples of these typically faint objects that show a diverse set
of observational properties include SN 2002es (Ganeshalingam
et al. 2012), SNe 2006bt and 20060t (Foley et al. 2010b;
Stritzinger et al. 2011), and PTF10ops (Maguire et al. 2011). In
addition to these unusual objects are the members of the spectro-
scopically defined peculiar 2002cx-like class of SNe Ia, which
have recently garnered considerable interest within the commu-
nity. SN 2002cx-like or Type Iax supernovae (SNe Iax, see Foley
et al. 2013, and references therein) exhibit a bizarre set of obser-
vational properties including a considerable range in luminos-
ity (Mg ~ —14 to —19 mag), as well as low values of kinetic
energy (~10% erg) and ejected mass (0.15-0.5 M,). Of partic-
ular interests is the extreme Type lax SN 2008ha, which peaks
at My ~ —14 mag and has photospheric expansion velocities
between 4500—-5500 km s~!, is the faintest and least energetic
stripped-envelope SN yet observed (Foley et al. 2009; Valenti
et al. 2009; Foley et al. 2010a).

This paper presents detailed optical and near-infrared (NIR)
observations of the faint and fast Type lax SN 2010ae that as we
demonstrate, share many characteristics to SN 2008ha. To facili-
tate a detailed comparison between these two objects, previously
unpublished optical and NIR photometry of SN 2008ha taken by
the Carnegie Supernova Project (CSP; Hamuy et al. 2006) are
also presented. To maintain focus on SN 2010ae, details con-
cerning the observations and data reduction of SN 2008ha are
deferred to Appendix A. For an in-depth analysis on SN 2008ha
the reader is referred to papers by Foley et al. (2009, 2010a) and
Valenti et al. (2009).

1.1. Supernova 2010ae

The supernova was discovered in unfiltered images by the
CHilean Automatic Supernova sEarch (CHASE; Pignata et al.
2010) on 2010 February 22.06 UT. With J2000.0 coordinates
of @ = 07"15™54%65 and § = —57°20'36"9, the location of
SN 2010ae is less than 170 from the center of the type-Sb-
peculiar galaxy ESO 162-17 (see Fig. 1). Previous non-detection
images were obtained on 2010 February 10.11 UT and 2010
February 17.11 UT, indicating that the discovery epoch was
within a week after the explosion. To determine the detection
limit of these images 1000 artificial stars were distributed ran-
domly within their field, and magnitudes of these stars were
computed with the use of the task SExtractor. From this exer-
cise a robust 30~ upper detection limit of 19.2 + 0.1 mag was
computed. However, this upper limit is valid only for the field,
whereas at the position of the SN the background flux is higher.
We then estimated the background noise at the position of the
galaxy in the template subtracted pre-discovery search images
and compared this to the noise of the field. From this experi-
ment the magnitude limit at the SN position is determined to
be 0.33 mag shallower than that of the field. This translates to

A146, page 2 of 22

SN2010ae

1 arcmin .
- E

Fig.1. Swope V-band image of the Sb-type peculiar galaxy
ESO 162-17, with the position of SN 2010ae indicated.

a final magnitude limit at the position of the SN of 18.9 mag,
which is included in the plot of the broadband light curves pre-
sented below (see Fig. 2).

Based on an initial optical spectrum that exhibited preva-
lent C11 16580 absorption, we initially classified SN 2010ae
as a bright SN Ia (Stritzinger et al. 2010a). However, with the
addition of spectra covering an extended wavelength range, it
became evident this was a low-luminosity 2008ha-like SN Iax
around maximum (Stritzinger et al. 2010b). Given its peculiar
nature, an intensive followup campaign was initiated, that was
made possible through the collaborative efforts between mem-
bers of the CSP, the Millennium Center for Supernova Science
(MCSS; Hamuy et al. 2012), and the SN ESO Large Program
(PI S. Benetti).

The redshift of ESO 162-17 is listed in the NASA/IPAC
Extragalactic Database (NED) as z = 0.0037, which when adopt-
ing an H, = 73 + 5 kms~!, corresponds to a Hubble flow dis-
tance (corrected for a Virgo and Great Attractor infall model)
of 12.9 + 0.9 Mpc. This value is consistent with the /-band
Tully-Fisher distance of 13.1 + 3.5 Mpc (u = 30.58 + 0.58 mag)
as reported by Springob et al. (2009). In what follows the Tully-
Fisher distance is adopted to set the absolute flux scale of
SN 2010ae.

2. Host reddening and metallicity estimates

The NED galaxy database provides a Milky Way extinction
in the direction of ESO 162-17 of E(B — V)yw = 0.124 +
0.012 mag (Schlafly & Finkbeiner 2011), that when adopting a
Fitzpatrick (1999) reddening law characterized by an Ry = 3.1,
corresponds to Ay = 0.38 mag.

Accurately estimating the reddening of SN 2010ae associ-
ated with dust external to the Milky Way is problematic at best.
Unfortunately, the limited sample of SNe Iax currently prevents
us from determining whether or not these objects have stan-
dard intrinsic colors (Foley et al. 2013). We are therefore largely
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Fig.2. Optical and NIR light curves of
SNe 2008ha (blue dots) and 2010ae (red
stars) plotted vs. T'(Bmax). The light curves
of SN 2008ha have been adjusted in appar-
ent magnitude to match the peak values of
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limited to relying on empirically-derived relations between the
equivalent width (EW) of NaT D absorption and host color ex-
cess E(B — V)post- These relations are commonly derived from
observations within the Milky Way (e.g. Munari & Zwitter 1997;
Poznanski et al. 2012), and provide values with a ~68% uncer-
tainty of the value of Ay (Phillips et al. 2013). Nevertheless, as
an initial guide to estimating E(B — V)host We use this relation
based on EW measurements of conspicuous NaI D contained
within the medium-resolution X-shooter spectra (see Sect. 5.1)
at the redshift of the host galaxy. From the series of seven epochs
of X-shooter spectra, a Gaussian function was fit to each compo-
nent, yielding averaged EW values of Na1 D1 = 0.74 +0.06 A
and Na1 D2 = 0.58+0.06 A. Combining these averaged values
with the empirical relation of Poznanski et al. (2012; see their
Eq. (9)), which provides an approximation between the EW of
Na1 D and the color excess within the Milky Way, we obtain
E(B — V)pest = 0.50 £ 0.42 mag. Adding this to the Galactic
component, the total color excess of SN 2010ae is estimated to
be E(B— V)it ~ 0.62+0.42 mag (i.e. Ay = 1.9 mag). This value
is consistent with the E(B — V)x = 0.6 mag adopted by Foley
(2013) for a comparison between a maximum light spectrum of
SN 2010ae and the normal Type Ia SN 2011fe. We stress that

SN 2010ae. Upside-down red triangles are
non-detection upper limits estimated from un-
filtered images taken 12 and 5 days prior to
discovery.

the application of relations between the EW of Na1 D and color
excess are far from quantitative, and provide a rather uncertain
estimation. In what follows, results are therefore provided con-
sidering a range of dust extinction values extending from the
Milky Way component, the combination of the Milky Way and
host component derived from the NaI D absorption, and for the
intermediate value E(B — V)moderate = 0.30 mag.

Finally, we note that the Balmer decrement was used to pro-
vide another independent measurement of the total color excess.
By extracting a region near the position of the SN from our last
epoch optical spectrum, Ha to HB line fluxes were measured to
give a ratio of 5.7. Combining this ratio with relations between
the Balmer decrement and color excess from Xiao et al. (2012)
and Levesque et al. (2010), we obtain total (host+Milky Way)
color excess values of E(B— V) = 0.59 mag and E(B— V) =
0.69 mag, respectively. These estimates are consistent with the
E(B — V)it ~ 0.62 mag inferred from the NaT D absorption.
Below broadband color curves are examined as a potential av-
enue for estimating host extinction (see Sect. 4.1).

To estimate the metallicity of the host near the location of
SN 2010ae, we turn to line diagnostics derived from conspicu-
ous, narrow host-emission features that are readily measured in
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the low-resolution optical spectra. After careful inspection of the
full time series, three epochs of spectra, obtained on 1, 2, and 4
of March 2010 were deemed to be of high enough quality and
signal-to-noise to afford robust metallicity measurements.

Oxygen abundance metallicities were derived using the em-
pirically based N2 and O3N2 calibrations of Pettini & Pagel
(2004). Gaussian fits to the Ha and [N1I] 116548, 6583 emis-
sion lines contained within the three epochs yield an averaged
local metallicity of 12 + log(O/H) = 8.40 + 0.18 dex, cali-
brated on the N2 scale. Here the quoted uncertainty accounts
for both measurement and systematic errors. For comparison,
the O3N2 method suggests an averaged local metallicity of
12 + log(O/H) = 8.34 + 0.14 dex, where again the quoted
uncertainty includes measurement and systematic errors. These
oxygen abundance metallicities correspond to 0.52 and 0.44 the
known solar metallicity of ~8.69 dex (Asplund et al. 2009), and
so are consistent with the metallicity of the LMC.

For comparison, in the case of SN 2008ha, Foley et al. (2009)
reported a local metallicity of 12 +1og(O/H) = 8.16 £ 0.15 dex,
calibrated to the N2 and O3N2 scales. It will be interesting to
see in the future if the whole population of SNe Iax occurs in
moderately low metallicity environments, or whether this is lim-
ited only to those objects located at the extremely faint end of
the class.

3. Observations

3.1. Optical and NIR imaging

Two months of ¢'r'i’z’BV-band and unfiltered imaging of
SN 2010ae was performed, extending from —2 to +61 days rel-
ative to the epoch of B-band maximum (hereafter 7 (B)max). The
broadband monitoring was obtained as a part of CHASE with
the PROMPT telescopes (Reichart et al. 2005), while two ad-
ditional epochs of imaging was taken with the Swope 1-meter
(+SITe3 CCD camera) telescope located at the Las Campanas
Observatory (LCO). Additionally, starting around maximum
and extending for a period of ~3 weeks, nine epochs of NIR
YJH-band imaging was also obtained at LCO with the Swope
I m (+RetroCam) and the du Pont (+WIRC) 2.5 m telescopes.
All imaging was processed in a standard manner following pro-
cedures described in Stritzinger et al. (2011, and references
therein).

Photometry of the SN was computed differentially with re-
spect to a sequence of local stars in the field of the host galaxy.
The optical local sequence consists of 22 stars calibrated with
respect to Landolt (1992) and Smith et al. (2002) photometric
standard fields observed over the course of multiple photometric
nights. These standard fields therefore provide g’#'i’z’ photome-
try in the A B photometric system and BV photometry in the Vega
photometry system. The NIR local sequence consists of 37 stars
calibrated using Persson et al. (1998) standards observed with
the Swope, depending on the particular star due to the pointing of
the telescope, over the duration of 2 to 8 photometric nights. The
Y-band local sequence was calibrated relative to the (J—Kj) rela-
tion provided in Hamuy et al. (2006, see Appendix C, Eq. (C2)).
Absolute photometry of the local sequence stars is provided in
Table 1. We note that our entire sequence of unfiltered images
was used to compute an unfiltered light curve relative to the lo-
cal sequence calibrated to the R band.

Prior to computing photometry of the SN, galaxy subtraction
was performed on all science images in order to remove signif-
icant contamination associated with host-galaxy light. Multiple
optical and NIR templates were obtained with the PROMPT and
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Swope telescopes well after the SN faded. These images were
stacked to create deep master templates and implemented to sub-
tract the galaxy light at the position of the SN following the
method described by Contreras et al. (2010).

The light curves of SN 2010ae are plotted in Fig. 2, and the
corresponding definitive optical and NIR photometry is listed in
Tables 2 and 3, respectively. The optical and NIR light curves of
SN 2008ha (see Appendix) are also plotted in Fig. 2. For com-
parative purposes the light curves of SN 2008ha have been nor-
malized to match the peak values of SN 2010ae, and are plotted
vS. T (B)max-

3.2. Spectroscopy

With substantial target-of-opportunity (ToO) access on
Gemini-South (+GMOS) and the VLT (+X-Shooter), along
with visitor nights at the NTT (+EFOSC, SOFI), SOAR
(+GOODMAN), and du Pont (+WFCCD) telescopes, a detailed
time series of optical and NIR spectrscopy was obtained for
SN 2010ae. The resulting early phase time series consists of 21
spectra covering 20 epochs of optical spectroscopy, extending
from —-2d to +57d relative to T(B)max, as well as eight NIR
spectra covering seven epochs ranging from —1d to +18d.
Additionally, at late phases a visual-wavelength spectrum
was taken with the VLT (+FORS2) on +252d. The journal of
spectroscopic observations is presented in Table 4.

All low-resolution spectra were reduced in the standard man-
ner using IRAF! scripts following the techniques thoroughly de-
scribed by Hamuy et al. (2006). To reduce the Gemini-S spec-
tra, we made use of the IRAF gmos package following standard
reduction methods. In the case of the X-Shooter spectra, the
esorex pipeline was utilized to produce rectified 2D images.
Each 2D X-Shooter spectrum was then optimally extracted and
flux calibrated using the nightly sensitivity function derived from
standard star observations. Telluric absorption corrections de-
rived from observations of appropriate standards obtained prior
to and/or after each set of science exposures were applied to each
NIR spectrum. When necessary the fluxing of the time series
of 1D spectra was adjusted to match the broadband photomet-
ric values. In these instances an average value derived from the
ratio between the ¢g’Vr'i’ synthetic and broadband magnitudes
was applied to the extracted spectra as a multiplicative constant.
Since fluxing of the Gemini-S spectra was performed through
the use of a generic sensitivity function, the adjustments for these
particular spectra were at times as large as a factor of 1.5 of the
flux.

The final optical and NIR spectroscopic sequences of
SN 2010ae are plotted in Figs. 3 and 4, respectively, and the late-
phase optical spectrum of SN 2010ae is shown in Fig. 12, com-
pared to a similar epoch spectrum of the Type lax SN 2002cx
(Jha et al. 2006).

4. Light curve analysis

4.1. Optical and near-IR light curves

The photometry of SNe 2008ha and 2010ae plotted in Fig. 2 re-
veal similar bell-shapped light curves, characterized by a fast

! The Image REduction and Analysis Facility (IRAF) is distributed by
the National Optical Astronomy Observatories, which is operated by
the Association of Universities of Research in Astronomy, Inc., under
cooperative agreement with the National Science Foundation.
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rise to maximum followed by a subsequent decay, and yield
no evidence for a secondary maximum. Basic light curve pa-
rameters of these two objects were measured from Guassian
process functional fits to the photometry. Table 5 lists the key
observables including the time of maximum, apparent and ab-
solute peak magnitudes, and values of the decline-rate parame-
ter, Am;s. Here Ams is defined as the magnitude change from
the time of maximum brightness to 15 days later. In the case of
normal SNe Ia, Am,s is known to correlate with the peak ab-
solute luminosity in such a way that more luminous objects ex-
hibit smaller Am;s values (Phillips 1993). However, in the case
of SNe Iax this relationship is known to exhibit significant scat-
ter (Foley et al. 2013). The quoted uncertainty of the light curve
fit parameters summarized in Table 5 are robust estimations de-
rived from Monte Carlo simulations, while the associated uncer-
tainty of the absolute magnitudes account for both errors in the
fit and the adopted distance. Given our inability to accurately
estimate the host extinction, a range in absolute magnitude is
given for each passband assuming the Galactic component and
E(B — V)it = 0.62 mag. We note that in order to compute the
peak absolute magnitudes of SN 2008ha a Galactic reddening
value of E(B — V)uyw = 0.07 mag was used and no host redden-
ing was adopted.

Functional fits to the light curve fits of both SN indicate the

following general trends: (i) the bluer the bandpass, the earlier
in time maximum light is reached, with a ~9-day delay between

each X-Shooter spectrum has been moderately
smoothed. Prominent telluric features are indi-
cated with an Earth symbol.

the time of B-band and H-band maxima and; (ii) the bluer the
filter, the faster the light curve evolves as parameterized by the
decline-rate Am;s.

At peak brightness SNe 2008ha and 2010ae reached Mp =
—13.79 + 0.14 mag and, depending on the adopted extinction
value, —13.44 + 0.54 > Mp = -15.47 = 0.54 mag, respec-
tively. Even when adopting an Ap = 2.5 mag, SN 2010ae com-
fortably sits as the second least luminous SN Iax yet observed,
and if only Galactic extinction is adopted, is 0.3 mag less lu-
minous than SN 2008ha. The H-band light curves, which are
less susceptible to dust extinction imply SN 2008ha is at most
~0.8 mag fainter than SN 2010ae (see Table 5). Interestingly,
SN 2010ae exhibits a faster B-band light curve decline with
Amis(B) = 243 + 0.11 mag as compared to SN 2008ha
with Ams(B) = 2.03 £ 0.20 mag, however, SN 2008ha
has marginally higher decline rates in the redder bands (see
Table 5).

We now compare optical colors of SNe 2008ha and
2010ae. Color curves normally tend to track the photospheric
temperature evolution, and in the case of some SN types, can
provide constraints on dust extinction. The (B — V), (V —r) and
(V — i) color curves of SNe 2008ha and 2010ae are plotted in
Fig. 5, corrected only for Galactic reddening. For comparison,
the (B — V) and (V — r) color curves of the normal Type Ia
SN 2006ax (Contreras et al. 2010), are also plotted in Fig. 5,
and reveal a noticeably different morphology. At the earliest
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epochs the colors of SNe 2008ha and 2010ae are at their bluest
value, corresponding to the phase when the photospheric tem-
perature is at its highest value. As the ejecta expand and cool
the colors evolve towards the red, reaching a maximum value
between 15-20 past T(B)max, Whereupon the colors appear to
level off, or in the case of the (B — V) color curve of SN 2008ha
evolves back towards the blue.

Comparing the color curves between the two objects, it is
evident that at maximum brightness they exhibit nearly identical
(B — V) colors, however, by +10d SN 2010ae appears ~0.6 mag
redder than SN 2008ha. Interestingly, this is consistent with the
estimated upper limit on E(B — V), = 0.62 mag. However, in-
spection of the (V—r) and (V —i) colors at the same epoch reveals
that SN 2010ae is redder than SN 2008ha by about half of what
is expected for E(B — V), = 0.62 mag. This highlights the com-
plexities of attempting to separate intrinsic colors from effects
associated with dust reddening of SNe Iax, and further progress
will certainly require an expanded sample to determine if it is at
all possible to disentangle these parameters.

4.2. SEDs, UVOIR light curves and light curve modeling

The comprehensive optical and NIR photometry allow for the
construction of broadband spectral energy distributions (SEDs)
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adopting the redshift z = 0.0037. The labels
on the right indicate the rounded epoch rela-
tive to T (B)max. Vertical gray bands mask the
most prevalent telluric regions.

and UVOIR (Ultra-Violet-Optical-InfaRed) bolometric light
curves.To begin, the NIR light curves of SNe 2008ha and 2010ae
were interpolated so NIR magnitude could be measured on dates
corresponding to the optical-band observations. Additionally,
the NIR light curves also required extrapolation as their temporal
coverage is not as complete as in the optical. This was accom-
plished by computing the (i — Y), (Y — J), and (J — H) colors at
the first and last observed NIR epochs. These colors were then
used to extrapolate the NIR light curves to all phases covered
by the optical broadband observations. In the case of SN 2008ha
its u-band light curve was also extended in time adopting the
(u — B) color computed from photometry obtained on the last
epoch of u-band observations. Additionally, to extend the time
coverage of SN 2008ha’s UVOIR light curves beyond +28d,
we utilized published broadband photometry presented by Foley
et al. (2009) and Valenti et al. (2009). All of the photometry was
next corrected for extinction and converted to flux at the effec-
tive wavelength of each passband, allowing for the construction
of the SEDs.

Plotted in Fig. 6 are the SEDs of SNe 2008ha and 2010ae
at maximum light. In the case of SN 2010ae, SEDs are shown
for three color excess values. Clearly at this phase (and later)
most of the flux is emitted at optical wavelengths, while
SN 2010ae shows more flux at red wavelengths than does
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Fig. 6. SEDs of SN 2008ha (dots) and SN 2010ae (stars) at maximum
light. SEDs of SN 2010ae are plotted for three reddening values, corre-
sponding to the Galactic component (red stars), the combined Galactic
plus host component as estimated from the equivalent width of the
host’s NaI D absorption features, and an intermediate value of these
two estimates (see Sect. 2). The SED of SN 2008ha is constructed from
the u'Bg’Vr'i"Y JH broadband observations corrected for Galactic red-
dening. The SEDs of SN 2010ae are constructed from measurements
obtained with the Bg’Vr'i’z’Y JH passbands, while the - and K;-band
flux points correspond to measurements provided by the first X-Shooter
spectrum.

ues of E(B — V)mw = 0.12 mag, E(B — V)moderate = 0.30 mag,
and E(B — V)i = 0.62 mag. Like the individual absolute mag-
nitude light curves, SN 2010ae is found to be, depending on the
adopted color excess value, marginally fainter, consistent with
or brighter than SN 2008ha.

Key explosion parameters of SNe 2008ha and 2010ae were
estimated through model fits to the UVOIR light curves. The
model is based on analytical solutions to Arnett’s equations
(Arnett 1982), and provides estimates of ejecta mass (M,;), the
radioactive *°Ni content (My;), and the kinetic energy (E;) of
the explosion. The model fits follow the methodology presented
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by Valenti et al. (2008; see their Appendix A), and relies
upon a number of underlying assumptions including: homol-
ogous expansion of the ejecta, spherical symmetry, no appre-
ciable mixing of °Ni, constant optical opacity (in this case
Kopt = 0.1 cm? g7, and the diffusion approximation for pho-
tons. An important input parameter used to compute a model
light curve is an expansion velocity (vpn) of the ejecta. We opted
to compute a grid of models that encompasses a range of ve-
locities bracketing the value of the photospheric velocity in-
ferred from SYNAPPS (Thomas et al. 2011) synthetic spectral
fits to our near maximum light optical spectra of SNe 2008ha
and 2010ae (see below). Our SYNAPPS analysis of the near
maximum light spectra of SNe 2008ha and 2010ae provides
photospheric expansion velocities that range between 4500 <
vph < 5500 km s7! and 5000 < v < 6000 km s7',
respectively.
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Prevalent telluric regions are indicated with
an Earth symbol.

Final best-fit modeled light curves of SNe 2008ha and
2010ae are plotted as solid lines in Fig. 7. The correspond-
ing explosion parameters computed to provide a good match
to the UVOIR light curve of SN 2008ha are My; = 0.004 M,
M ~ 0.4-0.5 My and E; ~ 0.08-0.18 x 107! erg. In the case
of SN 2010ae, because of the large uncertainty associated with
the host extinction, modeled parameters were derived for each of
the UVOIR light curves shown in Fig. 7. This analysis provides
low, medium, and high adopted extinction modeled parameters
of (i) My; = 0.003, 0.004 and 0.007 Mo; (ii) M.j ~ 0.45-0.60,
0.35-0.50, and 0.30-0.50 Mo and (iii) Ex ~ 0.09-0.30 x 10°!,
0.06—0.20 x 10!, and 0.04—0.26 x 10°! erg. In summary, when
comparing these two faint and fast transients, depending on the
adopted host extinction value, we find that SN 2010ae produced
a similar amount of My;, and marginally higher values of M,;
and Ej than SN 2008ha.
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5. Spectroscopic analysis
5.1. Early phase spectroscopy

The spectroscopic time series of SN 2010ae (see Figs. 3 and 4)
represents among the most complete temporal and wavelength
coverage yet obtained for an SN Iax, allowing for the oppor-
tunity to gain new insight into the nature of this class of tran-
sients. The visual-wavelength time series exhibits rich structure
characterized by numerous low-velocity P-Cygni spectral fea-
tures formed by both intermediate-mass elements (IMEs) and
Fe-group elements. As the SN evolves through maximum, the
strength of many of the IMEs decreases, even becoming in some
cases un-identifiable (e.g. CI), while simultaneously, features
associated with Fe-group elements begin to dominate. At NIR
wavelengths the —1d spectrum exhibits a rather smooth, fea-
tureless continuum superposed by a handful of notches. In the
next observed spectrum (+9d) a dramatic transformation occurs,

1.9 20 2.1 22 23

has been flattened and sigma-clipped.
Prevalent telluric regions in the optical
are indicated with an Earth symbol.

revealing a significant number of prominent low-velocity emis-
sion features. The spectral evolution is reminiscent of that ob-
served in normal SNe Ia (e.g. Hsiao et al 2013); however, given
the extremely low kinetic energy of SN 2010ae, its NIR spec-
trum exhibits numerous features that emerge relatively rapidly
after maximum.

Close examination of the high signal-to-noise spectra of
SN 2010ae indicates the presence of a multitude of host-
galaxy emission lines associated with a diffuse H1 re-
gion. Discernible emission features include: [O1] 43727,
[Ne1mr] 43969, [OmI] 444959, 5007, [NII] 446548, 6583,
[St] 26716, and [ArTi] 47136, as well as Balmer lines at
43835, 3889, 3970, 4102, 4340, 4861, 6563, and He 1 4115876,
6678, 7065 emission features. From a detailed inspection of the
2D spectra, we can conclude that the extended H II region emis-
sion is in the vicinity of the SN; however, the local peak observed
in Ha is found not to be coincident with the position of the SN.
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Fig. 10. Velocity evolution of the absorption minimum of IMEs and Fe-
group spectral features that suffer minimal line blending.

In addition to the nebular emission lines, an excess of flux
blue-wards of ~4500 A is evident in the +52d and +248d
(see below) spectra, most likely due to incomplete background
subtraction. Under closer scrutiny, the absorption features con-
tained within the blue portion of the +52d spectrum closely re-
semble those of an E+A post-starburst galaxy. From this we infer
that SN 2010ae likely exploded in an environment which under-
went an episode of star formation within the last ~1 Gyr

Returning to the SN features, in order to understand which
ions are responsible for the numerous absorption and emis-
sion features that characterize the spectroscopic time series of
SN 2010ae, we turn to the parameterized spectral synthesis code
SYNAPPS (Thomas et al. 2011). Based on the workings of SYNOW
(Fisher 2000; Branch et al. 2009), SYNAPPS is an enhanced and
automated spectral synthesis code that relies on a number of un-
derlying assumptions (for complete details see Thomas et al.
2011, and references therein), and therefore its results should
be approached with caution. However, it does provide a fast and
effective guide for line identification for a variety of SN types,
and is quite useful for studying transient objects that are poorly
understood. The input parameters required to compute a syn-
thetic spectrum consist of a black-body temperature (Tzp), an e-
folding velocity (v.) for the exponentially declining optical depth
distribution, and a list of ions. Each ion requires an additional set
of input parameters, including an excitation temperature (7exc),
an optical depth (7), and a photospheric velocity (vpn) of the
opacity distribution.

To identify the most pertinent spectral features SYNAPPS
models were computed for the —1d and +18d spectra. Given the
lack of absorption features in the —1d NIR spectrum, a fit at this
epoch was limited to only optical wavelengths. When computing
the SYNAPPS spectrum an extended set of ions was used in the
calculation including: CI, C11, O1, Na1, MgI, Mg11, Sill, Silll,
S1, S11, Can, Sc1i, Tin, Cr1i, Fell, Fel, and ColIl. The re-
sulting best-fit synthetic spectrum is compared to the —1d spec-
trum in Fig. 8. Here the synthetic spectrum was computed with
vph = 5960km s™!, and as indicated in the figure a subset of 12 of
the above IMEs and Fe-group ions, which provide plausible con-
tributions to the observed spectral features. Ions of IMEs account
for numerous spectral features throughout the optical spectrum,

A146, page 10 of 22

while Fe-group ions are largely responsible for forming a mul-
titude of features that dot the blue end of the spectrum (for a
slightly alternative SYNOW spectrum, see Foley 2013).

To obtain a synthetic spectrum that provides a reasonable
match to the extended +18 day X-Shooter spectrum, it was found
that a subset of ions characterized by different vp, values pro-
vides the best fits to the observed spectrum. Figure 9 displays the
resulting best-fit SYNAPPS synthetic spectrum, where the optical
and NIR spectra are shown in the top and bottom panels, respec-
tively. At optical wavelengths a decent synthetic spectrum fit is
obtained with vy, = 4200 km s~!. and the same ions as indi-
cated in Fig. 8, except excluding S1, S 1T and Fe 111, and including
Mg11. Instead, the NIR spectrum is found to be described with
vpnh = 1700 km s~!. and a smaller subset of ions including O1,
Simm, Catr, Fetr, and Co11. Of these ions, Co1l clearly domi-
nates the rich structure observed in the wavelength regions that
correspond to the H and K passbands.

Figure 10 exhibits the time evolution of the blue-shifted line
velocities (vexp) for a set of ions that suffer minimal to no line
blending. Specifically, vex, is plotted for IMEs and Fe-group ions
located at optical wavelengths including Camm H&K, Na1 15893,
Silr 16355, C11 216580, Fe 11 16149 and Fe 11 16247; also plotted
are vexp values associated with NIR ColI features at 15759 A,

16 064 A, and 16361 A. Around maximum the IMEs exhibit
Vexp Values that range from ~4300 km s~ up to ~7100 km s,
while Fell 16149 exhibits vey, ~ 6140 km s™'. As the SN
evolves, vexp 1s observed to decrease for all features, with the
Fenm 116149, 6247 features being observed in the +57d spec-
trum to reach veyp ~ 1250 km s7!. Between +9d to +18d as the
Co1I lines emerge and dominate the NIR spectrum their mea-
sured line velocities appear consistent with an averaged value
ranging from ~3300 to 2000 km s~!, which is ~800 km s~! be-
low those inferred from the optical Fe I features.

5.2. Spectral comparison of SN 2010ae to relevant SNe lax

We now proceed to compare spectra of SN 2010ae to other rel-
evant SNe lax. Plotted in the left panel of Fig. 11 are the —1d
and +14d visual-wavelength spectra of SN 2010ae compared to
similar epoch spectra of SN 2008ha (Foley et al. 2009, 2010a).
Overall the comparison reveals that these objects are spectro-
scopically similar, particularly at maximum. Close inspection in-
dicates that the main difference between these two transients is
the blue-shifts of the absorption lines, with SN 2010ae exhibit-
ing higher expansion velocities. This results in an enhancement
of line blending of many of the low-velocity spectral features
that are more clearly resolved in SN 2008ha (see bottom left
panel of Fig. 11). Nevertheless, the most prevalent ions in both
objects are in close agreement.

Turning our attention to redder wavelengths, unfortunately
no NIR spectra of SN 2008ha were obtained preventing a one-
to-one comparison. Indeed NIR spectra of the spectroscopic de-
fined SNe Iax class are nearly nonexistent, with the only pub-
lished observations being those consisting of a sequence of five
epochs taken of the bright SN 2005hk (peak My ~ —18 mag;
Phillips et al. 2007), which were recently presented by Kromer
et al. (2013). Making use of a subset of that unique data set,
plotted in the right panel of Fig. 11 is a comparison between
NIR spectra of SN 2005hk and SN 2010ae obtained just prior to
maximum light and around three weeks later. Interestingly, al-
though SN 2005hk is more than 3 mag brighter than SN 2010ae
at maximum, their NIR spectra are very similar. At —1d the spec-
tra are characterized by a relatively smooth continuum with no


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322889&pdf_id=10

M. D. Stritzinger et al.: An observational study on the faint and fast SN 2010ae

SN 2008ha —1d
SN 2010ce —1d

SN 2008ha +14d
SN 2010ce +13d

Normalized l"A

Wn M

5000

M’ ‘ | a »“iw “Nj W‘k}“

6000 7000
Rest Wavelength [4]

4000 8000 9000

LI L L | L L A B
SN 2005hk —1d
SN 20100e -1d

s '

el

8 Mf h‘:*‘wmm

= ————+——

£ SN 2005hk +27d T

2 SN 2010ace +18d ]
-I PR R MR R | P R N .i. W 1
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Rest Wavelength [um]

Fig. 11. Left: comparison between visual-wavelength spectra of the Type Iax SNe 2008ha (black) and 2010ae (red) taken around maximum light
and a fortnight later. The spectra of SNe 2008ha and 2010ae have been corrected to the rest frame adopting redshift values z = 0.0047 and z =
0.0037, respectively. The spectra of SN 2010ae have also been de-reddened for an E(B — V), = 0.62 mag. Telluric features are indicated with
an Earth symbol. Right: comparison between NIR spectra of the Type lax SNe 2005hk (black) and 2010ae (red) obtained around maximum light
and several weeks later. The spectra of SNe 2005hk and 2010ae have been corrected to the rest frame adopting redshift values z = 0.0130 and z =
0.0037, respectively. Vertical gray bands mask the most prevalent telluric absorption features.
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Fig. 12. Expanded view of the late-time (+252d) visual-wavelength spectrum of SN 2010ae (red) compared to a similar epoch spectrum (+277d)

of the bright Type Iax SN 2002cx (black) (Jha et al. 2006).

prevalent features red-wards of ~1.2 ym. This is consistent with
what is observed in other normal SN Ia, however at much ear-
lier epochs (see e.g. Hsiao et al 2013). As revealed in the bottom
panel, the +27d spectrum of SN 2005hk exhibits many of the
same Fe-group (mostly cobalt) spectral features as in the +18d
spectrum of SN 2010ae, though these features become more
prominent in SN 2010ae on a shorter timescale.

5.3. Late-phase spectrum

The late-phase spectrum of SN 2010ae provides a unique op-
portunity to examine the nature of an SN Iax positioned at the
faint end of the population. As is evident from Fig. 12, the
+252d spectrum of SN 2010ae bares a striking resemblance to a
similarly aged spectrum of the brighter, prototypical Type lax
SN 2002cx. Like SN 2002cx, the spectrum of SN 2010ae

exhibits many low-velocity features associated with both for-
bidden and P-Cygni permitted Fe1I lines (see Jha et al. 2006).
The majority of cooling, however, appears to occur through the
most prominent emission features being [Call] 417291, 7324,
and the CaIl NIR triplet. Additional prevalent features include
a P-Cygni line located at ~5870 A that is probably attributed
to Na1 D (however [Co11] 415890, 5908 cannot be entirely ex-
cluded) and forbidden iron lines including [Fe 11] 417155, 7453.

Under close inspection of Fig. 12, SN 2010ae does reveal
differences with respect to SN 2002cx, the largest being be-
tween the [Cat] and the Cam NIR triplet emission features,
with both exhibiting different line ratios and being significantly
more prominent in SN 2010ae. The cause for these differences is
probably related to differences in the physical nature of the un-
derlying ejecta. Turning to the analytical work by Li & McCray
(1993), we attempt to understand these calcium line differences
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through the comparison of the allowed temperature vs. number
density relation of the underlying ejecta. The adopted relations
which were developed under a number of assumptions, including
for example that N, lies within the regime between the critical
density of [Ca11] (i.e. N. > 10° cm?) and that of the critical den-
sity of the CaIl NIR triplet (i.e., N, < 10" / team ~ 10872 cm?).
In other words, Eq. (21) of Li & McCray (1993), which uses
the ratio ([Call 47291 + A7324])/Call 18542 as an observa-
tional input, is assumed to be roughly valid for N, values be-
tween 10° < N, < 10° cm®. Therefore, by assuming that the ra-
tio of the underlying T’ of the ejecta for both objects is at or near
unity, and plugging in the appropriate measured calcium ratios,
suggests that the N, of SN 2010ae is approximately a factor 4
smaller than in SN 2002cx. Alternatively, if the values of N, for
the two objects are fixed to a constant value, this would suggest
that the emitting region of SN 2010ae is ~2000 K less than that
of SN 2002cx. We note that these findings are rather insensitive
to the range of reddening values that are adopted in this study.
From this brief analysis we find that at similar late epochs, the
underlying ejecta of SN 2010ae is probably less dense and/or
cooler compared to the corresponding line forming regions of
SN 2002cx.

Plotted in Fig. 13 is the late-phase spectrum of SN 2010ae
zoomed in on the wavelength region around the most prominent
[Ca1n] features, with zero velocity placed at the expected loca-
tion of [Nill] 47378. This ion has been associated with a preva-
lent feature in some SNe Iax (see Foley et al. 2013, their Fig. 24),
but is clearly not present in SN 2010ae nor in SN 2002cx (see
Fig. 12). Also indicated in Fig. 13 are the expected locations
of [Fen] 117155, 7453, both of which have been observed in
other SNe lax and core-collapse SNe. The width of the [Cali]
lines is representative of the majority of emission lines that
characterize the late-phase spectrum, which exhibit Full-Width-
Half-Maximum (FWHM) velocities ranging between ~700 to
1000 km s~!, and in addition, show little indication of signifi-
cant line shifts and/or large scale asymmetries.

In Fig. 14 the late-phase spectra of SNe 2002cx and 2010ae
are compared to other SNe types at similar epochs. The compar-
ison objects include the normal Type Ia SN 1998bu (Silverman
et al. 2013), the underluminous Type IIP SN 2008bk, and the
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Fig.13. Late-phase spectrum of SN 2010ae
centered on the wavelength region around
~7300 A.

Type Ib SN 2007Y (Stritzinger et al. 2009). Overall, the com-
parison indicates that SNe Iax are in a class of their own. As
telling as the spectral features identified in the late-phase spec-
trum of SN 2010ae may or may not be, equally telling are those
features that are not present. For instance the late-phase spec-
trum of SN 1998bu shown in Fig. 14 contains broad emission
features associated with the blending of Fe-group features of
[Fem] at ~4650 A, and [Fe11] + [Fe1r] at ~5300 A. As ubig-
uitous as these features are to thermonuclear SNe, they clearly
are not evident in the +252d spectrum of SN 2010ae, nor for that
matter in all other SNe Iax observed at late phases. Continuing
to oxygen, interestingly the spectrum of SN 2010ae shows no
evidence for [O1] 146300, 6364. This feature typically domi-
nates the late-phase spectra in the vast majority of core-collapse
SNe (see for example SN 2007Y and to lesser extent SN 2008bk
in Fig. 14), while it is typically not present in late spectra of
thermonuclear SNe Ia (e.g. Blondin et al. 2012; Silverman et al.
2013). Recently, however, [OI] has been observed in the sub lu-
minous Type Ia SN 2010lp (Taubenberger et al. 2013), and is
expected to be observed in turbulent deflagration explosions of
C/O white dwarfs, the possible progenitor candidates for bright
2002cx-like SNe Iax (e.g. Phillips et al. 2007; Kromer et al.
2013; Fink et al. 2013).

6. Discussion

The observations presented in this paper confirm the existence
of another member of a population of fast evolving, low kinetic
energy and low luminosity objects similar to SN 2008ha that
have hitherto been missed by transient surveys. To place into
context the extreme nature of these faint and fast objects with
other SNe, plotted in Fig. 15 is a comparison between the peak
absolute B-band magnitude vs. Ams for an extended sample of
bright, normal and faint SNe Ia observed by the CSP, along with
a handful of other well-observed SNe lax. As confirmed from
the figure, SN 2008ha is no longer alone at the extreme end of
the luminosity vs. decline-rate relation diagram.

Our model fits to the UVOIR light curves of SNe 2008ha and
2010ae indicates that they have both produced a few x1073 Mg
of 3Ni. Although the amount of Ni is often correlated with
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Fig. 14. Comparison of the late-phase spectra
of the Type Iax SNe 2002cx and 2010ae to
similar epoch spectra of the normal Type Ia
SN 1998bu (Silverman et al. 2013), the under
luminous Type IIP SN 2008bk (CSP, unpub-
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5000

effective temperature of the spectra (Nugent et al. 1997; Hoflich
et al. 1996), here we have a low “°Ni mass, which leads to a
rapidly receding photosphere. In turn, the effective diffusion time
is quite low, and the heating of the ejecta is driven by the de-
cay of “°Ni rather than by *°Co. As *°Ni has a much shorter
half-life than 3°Co, there is more power available per gram of
material (Hoflich et al. 1993). This has the net effect of produc-
ing early photospheric spectra that resemble hot and luminous
SNe Ia.

Additional insight within the SNe Iax class is provided
from our extended observations of SN 2010ae. The detailed
NIR spectral time series of SN 2010ae has allowed us to iden-
tify a significant number of Fe-group features that we asso-
ciate predominately with cobalt. Plotted in Fig. 16 is a compar-
ison of post maximum H-band NIR spectroscopy of the normal
SN 1999ee (Hamuy et al. 2002), the subluminous 1991bg-like
SN 1999by (Hoflich et al. 2002), and the Type Iax SNe 2005hk

lished), and the Type Ib SN 2007Y (Stritzinger
et al. 2009). Each spectrum is labeled with re-
spect to 7' (Bmax), except for SN 2008bk whose
epoch is with respect to the date of discovery.

8000

(Kromer et al. 2013), 2008ge, 2010ae, and 2012Z. The pre-
viously unpublished spectra of SN 2008ge and SN 2012Z
were obtained with the VLT equipped with ISAAC (Infrared
Spectrometer And Array Camera), and reduced in a standard
manner. As discussed earlier in the case of SN 2010ae, a forest
of CoTI lines dominate this spectral region, and this association
evidently holds true for the more luminous Type Iax SN 2008ge
(peak My ~ —17.4 mag; Foley et al. 2010c), SN 2005hk (peak
My ~ —18.0 mag; Phillips et al. 2007), and SN 2012Z (peak
My ~ —18.5 mag; Stritzinger et al., in prep.).

A cobalt footprint appears to be ubiquitous to this class of
objects and provides additional confirmation that the faint and
fast SN 2010ae is indeed spectroscopically similar to the brighter
Type Iax objects like SNe 2002cx and 2005hk. Interestingly, as
revealed in the comparison of Fig. 16, the structure and dis-
tinctiveness of the Coll forest appears to increase as we go
down in the plot. This is probably related to the kinetic energy
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Fig. 15. Peak absolute B-band magnitude vs. Am,s for a sample of CSP SNe Ia (black dots), several SNe lax (blue squares), and SN 2010ae
(red star). The SNe lax plotted from brightest to faintest are SN 2005hk (Phillips et al. 2007), SN 2002cx (Li et al. 2003; Phillips et al. 2007),

SN 2007qd (McClelland et al. 2010), and SN 2008ha.

of the explosion with the least energetic objects suffering less
line blending effects. The separation of the features depends
on the differential expansion rate of the Fe-group element re-
gion combined with the wavelength separation of the multi-
plets. In normal SNe Ia where the differential expansion rate is
high, these features are blended leading to the characteristic fea-
tures observed (Wheeler et al. 1998). However, at longer wave-
length (~2 pm) the Fe-group element multiplets are only par-
tially blended allowing the individual multiplets to be identified.
Even with the large differential expansion rate of normal SNe Ia,
the features are reasonable well separated. On the other hand,
for subluminous 1991bg-like SNe Ia the Fe-group elements are
more confined in velocity space, allowing for the identification
of individual blended Fe-group multiplets. For SN 2010ae the
Fe-group elements are even more confined in velocity space,
leading to the well-separated features associated with the indi-
vidual multiplets.

Although the Type Iax spectral class exhibits some homo-
geneity there are a number of observational signatures that
demonstrate variety, such as that revealed through the com-
parison of late-phase spectra. We now turn to the presence of
[Fe1r] A7155 and [NiIll] 247378 emission lines, both of which
are thought to be formed in the ashes of a deflagration flame
(e.g. Maeda et al. 2010), and thereby provide some clues to
the burning physics. Both features are clearly conspicuous in a
handful of SNe Iax (Foley et al. 2013). However, through ex-
amination of the late-phase spectra of the bright SN 2002cx
and now the faint SN 2010ae, we find little to no evidence for
[Ni1r] 27378 emission, while [Felr] 27155 is discernible, al-
beit not at the strength seen in other objects, e.g. SNe 2005P
and 2008ge (see Foley et al. 2010c, 2013). A lack of forbidden
lines implies high densities consistent with a fast receding pho-
tosphere into the high density regions. Additionally, our analysis
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of the dominant cooling calcium features provides an indica-
tion that there are clear differences in the physical conditions
of the underlying ejecta. Additional late-phase observations of
other low- and high-luminosity SNe Iax are required to deter-
mine how cooling is dependent on the physical parameters of
the ejecta. Summarizing, the late-phase spectrum of SN 2010ae
resembles SN 2002cx; the main differences observed are the
strength and line ratios of the calcium features. Finally, we note
that all late-phase spectra obtained to date of spectroscopically
classified SNe lax suggest a relative dense ejecta at low velocity
(Jha et al. 2006; Foley et al. 2013; McCully et al. 2013), and
are substantially different from the spectra of similar aged ther-
monuclear and core-collapse SNe (see Fig. 14).

Initial studies of the bright and energetic Type Ilax
SNe 2002cx and 2005hk suggested that their observational prop-
erties were most consistent with 3D deflagration models (e.g.
Branch et al. 2004; Phillips et al. 2007). Recently, a suite of mod-
eled calculations of Chandrasekhar mass carbon-oxygen white
dwarf models that burn via a turbulent deflagration flame and
leave a bound remnant has been published (Kromer et al. 2013;
Fink et al. 2013; Jordan et al. 2012). These models provide
a promising avenue to explain the range of SN Iax luminosi-
ties and explosion energies, however, they appear to produce
5Ni masses that are roughly an order of magnitude larger than
the values inferred from the observations of SNe 2008ha and
2010ae. For these extremely low-luminosity, low-ejecta mass
objects their origins may be more attuned to the partial ther-
monuclear incineration of helium-accreting sub-Chandrasekhar
mass carbon-oxygen white dwarfs that burn via a deflagration
flame, and leave a bound remnant (see e.g. Foley et al. 2013).
Unfortunately, the viability of this progenitor path remains at
best conjecture, and additional modeling efforts including full
radiative transfer calculations are required to determine if SN
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Fig.16. H-band NIR spectroscopy of the normal SN 1999ee (Hamuy et al. 2002) and the sub-luminous Type Ia SN 1999by (Hoflich et al. 2002),
compared to the Type Iax SNe 2012Z, 2005hk (Kromer et al. 2013), 2008ge, and 2010ae. The SNe Iax spectra are ordered (top to bottom) from
brightest to faintest, and the epoch with respect to maximum light is indicated for each object. Co II features appear to be a ubiquitous signature of
SNe Iax class, showing increased prominence in the lowest velocity objects.

can be simulated that create the low *°Ni masses inferred for the
faintest events.

Past efforts to model sub luminous SNe Ia consist of edge-lit
explosions where a helium layer is accreted onto either a sub-
Chandrasekhar or a Chandrasekhar mass carbon-oxygen white
dwarf, and subsequently initiates a detonation (Livne 1990;
Woosley & Weaver 1994; Livne & Arnett 1995) or a double det-
onation explosion (Fink et al. 2010; Sim et al. 2012; Townsley
et al. 2012). Within this realm, even less robust explosions could
occur if the edge-lit explosion does not successfully unbind the
white dwarf (Bildsten et al. 2007; Shen et al. 2010; Wang et al.
2013a,b). However, it is unclear if any variant within this ex-
tended family of models can successfully reproduce all of the
most important observables of the least luminous SNe Iax, in-
cluding low velocities, low S6Ni mass, and the synthesis of IMEs.

Apart from a white dwarf origin others have explored the
possibility of fallback models (Valenti et al. 2008; Moriya et al.
2010), as well as electron-capture SNe from super asymptotic

giant branch progenitors (Pumo 2010), but these avenues appear
less likely given the range of observational properties displayed
by the SN Iax class.

Future efforts to model this unique class of stellar explosions
will have to consider the broad range of observational details
touched on in this study before a consensus can be reached about
whether nature prefers a unique or a multiple progenitor path to
produce the range of objects that fall under the SNe Iax designa-
tion. In a forthcoming paper we will present model calculations
for SN 2010ae.
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Table 2. PROMPT optical photometry of SN 2010ae in the standard system.

JD-2455 000+ g’ (mag) r’ (mag) i’ (mag) Z' (mag) B (mag) V (mag) Unfiltered (mag)
249.6 17.294(036)
250.6 17.643(025)  17.190(015)  17.114(027) 17.061(029) 17.799(034)  17.406(018) 17.021(019)
251.5 17.522(022)  17.054(016) 16.976(016)  16.849(025) 17.672(032)  17.292(022) 16.841(023)
252.5 17.446(020) e ‘e e 17.641(029) e 16.802(015)
253.6 e e ‘e e 17.682(037)  17.201(021) e
254.6 17.529(033)  16.928(019) 16.856(022) 16.639(020) 17.748(034)  17.094(035) 16.732(015)
255.7 e e e e 17.883(085)  17.185(031) ‘e
256.6 17.691(042)  16.942(016) 16.820(024) 16.610(018)  18.034(047) e 16.825(016)
258.7 e e e e 18.685(049)  17.347(024) e
259.5 18.139(029) e ‘e e 18.859(042) 17.446(019) 17.019(023)
260.5 17.074(016)  16.883(015) 16.624(017)  19.214(059) 17.563(027) 17.075(021)

261.5 18.360(150)  17.200(025)  16.926(025)  16.680(020)  19.248(063)  17.644(052) 17.144(029)

262.5 . 17.253(017)  16.937(017) - 19.488(062)  17.789(037) 17.234(020)
263.5 18.519(048)  17.334(028)  17.050(067)  16.828(031) . 17.624(032) 17.338(030)
264.5 18.742(039) - . - . e 17.448(022)
265.5 . 17.255(024) - 19.851(114) o 17.528(030)
267.7 18.889(063) . 17.035(026) . 18.191(030) e
269.5 . - - 17.887(029)
270.7 18.110(109)
271.5¢ o 17.966(033)  17.534(034) - o - 18.116(056)
273.6 . - . 17.387(035) . 18.516(048) e
276.6 19.483(085) - . - 20.298(177) - 18.384(072)
286.5 18.947(074)
288.5 19.575(092) - o 19.176(072) e
289.5 . 18.868(062)  18.754(053) . - e
291.5 . : 17.988(039)  20.758(154) . 19.320(154)
296.5 . - . - 19.556(195)
297.5 19.881(157)  19.070(054)  18.869(065) . 19.671(133) e
299.5 . - 18.397(079) -+ .-

305.5¢ 20.174(089)  19.293(049) e e e
307.6 19.611(111)
308.5 20.088(101)  19.303(081) . 19.678(153) .
309.5 . . 19.230(100) - e
313.5 - 19.863(190)

Notes. Values in parentheses are 1o~ measurement uncertainties in millimag. ” Photometry obtained from Swope images.

Table 3. NIR photometry of SN 2010ae in the standard system.

JD-2455 000+ Y (mag) J (mag) H (mag) Telescope
258.6 16.207(015)  16.128(015)  15.717(015) DUP
259.6 16.095(015)  16.148(015)  15.674(015) DUP
260.6 16.092(015)  16.135(015)  15.668(015) DUP
261.6 16.066(015)  16.171(015)  15.661(015) DUP
268.6 16.362(015)  16.540(015)  16.043(025) SWO
269.6 16.400(019)  16.596(015)  16.078(022) SWO
272.6 16.641(019) e e SWO
273.6 16.627(015)  16.837(016)  16.186(032) SWO
276.5 16.756(024)  17.035(021)  16.481(030) SWO

Notes. Values in parentheses are 1o~ measurement uncertainties in millimag. > DUP and SWO correspond to the du Pont and Swope telescopes,
respectively.
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Table 4. Journal of spectroscopic observations.

Date JD-2455000+  Phase“ Telescope Instrument Grating Range Resolution No. of exposures Integration
A) (FWHM, A) (s)
2010 Feb. 23 250.57 -2.1 GEM-S GMOS R600 4858-7729 8 1 1200
2010 Feb. 24 251.51 -1.1 VLT XSHOOTER  UV+VIS+NIR  3150-24 790 8,8, 16 200, 200, 100
2010 Feb. 25 252.52 -0.1 GEM-S GMOS B600+R600 3583-8959 8 1,1 600
2010 Feb. 26 253.52 +0.4 GEM-S GMOS B600+R600 3583-8959 8 1,1 600
2010 Feb. 27 254.52 +1.9 GEM-S GMOS B600+R600 3581-8960 8 1,1 800
2010 Feb. 28 255.51 +2.9 GEM-S GMOS B600+R600 3583-8959 8 1,1 800
2010 Mar. 01 256.51 +3.9 GEM-S GMOS B600+R600 3583-8959 8 1,1 800
2010 Mar. 02 257.67 +5.0 GEM-S GMOS B600+R600 3583-8959 8 1,1 850
2010 Mar. 04 259.57 +6.9 GEM-S GMOS B600+R600 3582-8959 8 1,1 700
2010 Mar. 05 260.52 +7.9 NTT EFOSC gm#l 1+gm#16 3352-10291 14 1,1 600
2010 Mar. 06 261.55 +8.9 VLT XSHOOTER  UV+VIS+NIR  3150-24 790 0.8,0.8,3.2 4,4,8 600, 600, 300
2010 Mar. 07 262.51 +9.9 VLT XSHOOTER  UV+VIS+NIR  3150-24 790 0.8,0.8,3.2 4,4,8 600, 600, 300
2010 Mar. 08 263.52 +10.9 NTT SOFI GB+GR 9358-25 000 27, 30 12, 20 120
2010 Mar. 08 263.55 +10.9 VLT XSHOOTER  UV+VIS+NIR  3150-24 790 0.8,0.8,3.2 4,4,8 600, 600, 300
2010 Mar. 10 265.53 +12.9 VLT XSHOOTER  UV+VIS+NIR  3150-24 790 0.8,0.8,3.2 4,4,8 600, 600, 300
2010 Mar. 12 267.55 +14.9 SOAR GOODMAN RALC300 3556-8884 0.8,0.8,3.2 3 600
2010 Mar. 13 268.55 +15.9 VLT XSHOOTER  UV+VIS+NIR  3150-24 790 0.8,0.8,3.2 4,4,8 600, 600, 300
2010 Mar. 15 270.54 +17.9 VLT XSHOOTER  UV+VIS+NIR  3150-24 790 0.8,0.8,3.2 4,4,8 600, 600, 300
2010 Mar. 15 270.74 +18.1 DUP WFCCD B 3674-9254 7 3 600
2010 Mar. 20 275.66 +23.0 DUP WFCCD B 3674-9252 7 1 900
2010 Apr. 17 304.50 +51.9 GEM-S GMOS B600 3582-6420 8 1 2500
2010 Apr. 22 309.50 +56.9 GEM-S GMOS R400 5378-9636 8 1 2500
2010 Nov. 04 504.81 +252.2 VLT FORS2 300V 3150-8883 9 1 1793
Notes. @ Days since Bpa, (JD—2455 252.65).
Table 5. Light-curve parameters of SNe 2008ha and 2010ae.
Filter Peak time Peak obs. Peak abs. Amys
(JD-2450 000) (mag) (mag) (mag)
SN 2008ha

u’ 478223 + 140 19.33 £0.12 -12.64 £ 0.16 2.74 +0.31

B 4782.43 + 1.50 18.13 £ 0.06 -13.79 £ 0.14 2.03 +0.20

g 4783.76 + 0.22  17.87 +£0.02 -14.01 £ 0.14 1.80 + 0.03

\% 4785.67 + 048 17.74 £ 0.01 -14.11 £ 0.14 1.29 + 0.04

r 4788.15 £ 0.51 17.67 £0.01 -15.15+0.14 1.11 £ 0.04

i 4789.05 +0.55 17.74 £ 0.02 -14.04 £ 0.14 0.85 = 0.04

Y 4790.31 £0.79 17.50 £ 0.04 —-14.21 +£0.14 e

J 4791.01 +1.27 17.72 £ 0.04 —-13.98 £ 0.14

H 4792.01 +2.41 17.18 +£0.08 —-14.50 £ 0.15

SN 2010ae

B 5252.65 020 17.65+0.02 —-13.44 > Mp > —1547+0.54 243 +0.11

g 5253.00 £0.18 17.49+£0.02 -1354> M, > -1533+0.54 1.51 £0.05

\% 525474 £ 0.18 17.17 £0.02 —-13.80 > My > —-1533 £0.54 1.15+0.04

r 5255.78 £ 0.30  16.92 + 0.01 —-1399 > M, > -1529 £0.54 1.01 £0.03

4 5257.04 £0.23 16.82+0.01 -14.01 > M; > —-1499+0.54 0.80 +£0.04

b 525770 £ 0.31 1658 +0.02 -14.18 > M, > -14.88 £0.54 0.76 + 0.04

Y 526147 £0.72 16.07 £0.02 -14.64 > My > —15.16 + 0.54 e

J 5258.75+0.53 16.13+0.05 -1456> M, > —-14.99 +£0.54 0.74 +£0.03

H 526097 £0.80 15.66 £+0.02 -14.99 > My > —-15.26 £0.54 0.77 £ 0.07
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Appendix A: Supernova 2008ha

SN 2008ha was discovered in the irregular galaxy UGC 12682
on 2008 November 7.17 UT through the course of the Puckett
Observatory Supernova Search (Puckett et al. 2010). With
J2000.0 coordinates of @ = 23134™M5269 and 6 = +18°13/3574,
the SN was positioned approximately 12" West and 0’5 South
from the center of its host. According to NED, the Schlafly
& Finkbeiner (2011) recalibration of the Schlegel et al. (1998)
dust maps provides a visual extinction value Ay = 0.21 mag.
This value is adopted in our analysis, and is slightly lower than
the Schlegel dust maps value (adopted by Valenti et al. 2009;
and Foley et al. 2009) of Ay = 0.25 mag. To set the absolute
flux scale of SN 2008ha the NED Virgo Infall corrected red-
shift distance of 1553 + 17 km s~! is adopted, which for an
H, = 73 + 5 km s™! Mpc™!, corresponds to 21.3 + 1.5 Mpc
or u =31.64 +0.15 mag.

Optical (u’g’r’i’) and NIR (YJH) imaging of SN 2008ha
was obtained at the Las Campanas Observatory using facilities
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available to the Carnegie Supernova Project. Depending on the
particular filter as many as 18 epochs of optical imaging was ob-
tained with the Swope telescope covering the flux evolution from
approximately —1d to +28d relative to T(B)max. Our NIR fol-
low up was considerably more sparse consisting of five epochs
of imaging with the Swope (+RetroCam) ranging from +0.2d
to +18.1d relative to T(B)max.- The data were processed in the
standard manner, including template subtraction, following the
methods described in Contreras et al. (2010) and Stritzinger et al.
(2011).

Differential PSF photometry of the SN was computed from
template subtracted science images relative to a local sequence
of stars calibrated over the course of multiple photometric nights
with respect to the Landolt (1992), Persson et al. (1998), and
Smith et al. (2002) standard fields. Coordinates and final magni-
tudes of the local sequence are provided in Table A.1. Definitive
optical and NIR photometry of SN 2008ha in the standard
photometric systems are given in Table A.2 and Table A.3,
respectively.
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Table A.2. Swope optical photometry of SN 2008ha in the standard system.

JD-2454 000+ i’ (mag) g’ (mag) r’ (mag) i’ (mag) B (mag) V (mag)
781.6 19.332(138)  17.992(041)  18.004(044)  18.104(044) 18.144(049) 17.911(035)
783.6 19.390(131)  17.853(032)  17.868(028) 17.963(033) 18.154(054) 17.771(036)
785.6 19.644(098) 17.936(018) 17.701(019)  17.799(023)  18.294(039)  17.746(020)
786.5 19.922(061)  18.027(015)  17.709(015) 17.800(015)  18.393(020)  17.738(016)
789.6 20.574(080)  18.352(016)  17.692(020) 17.730(028)  18.878(030)  17.918(020)
792.5 21.181(125)  18.717(106)  17.861(031) 17.814(044) 19.447(045)  18.208(028)
793.5 21.235(146)  19.048(144) 18.009(075) 17.950(042) 19.612(061)  18.344(027)
795.5 21.623(188)  19.247(127)  18.242(035) 18.136(034) 19.977(073)  18.600(041)
797.5 22.207(335) 19.571(029)  18.425(022)  18.243(025) 20.244(203)  18.849(168)
798.5 22.482(395) 19.637(029) 18.476(023) 18.317(033) 20.147(145)  18.848(096)
801.6 22.591(357)  19.822(035) 18.694(028) 18.476(036) 20.490(085)  19.043(046)
802.5 e 19.935(266)  18.738(064)  18.521(056)  20.538(071)  19.136(034)
803.5 19.907(037)  18.813(031)  18.565(034)  20.722(178)  19.118(085)
806.5 20.308(262)  18.952(058)  18.695(064) e 19.301(064)
807.5 20.174(357)  19.092(113)  18.715(083) 19.286(091)
808.5 e 19.150(108)  18.987(120) 19.498(136)
809.5 20.491(387)  19.272(075)  18.915(095) 19.593(116)
810.5 e 19.250(080)  18.956(087) 19.509(096)
Notes. Values in parentheses are 10~ measurement uncertainties in millimag.
Table A.3. Swope NIR photometry of SN 2008ha in the standard system.

JD-2454 000+ Y (mag) J (mag) H (mag)

782.6 17.832(096)  17.819(438)  17.652(115)

784.6 17.872(090)  17.768(058)  17.468(130)

787.6 17.540(021)  17.663(046)  17.281(072)

791.5 17.504(030)  17.674(062) e

800.5 17.945(045) 17.824(116)  17.552(121)

Notes. Values in parentheses are 10~ measurement uncertainties in millimag.
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