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ABSTRACT
We present photometry, spectra, and spectropolarimetry of supernova (SN) 2012ab, mostly
obtained over the course of ∼300 d after discovery. SN 2012ab was a Type IIn (SN IIn) event
discovered near the nucleus of spiral galaxy 2MASXJ12224762+0536247. While its light
curve resembles that of SN 1998S, its spectral evolution does not. We see indications of CSM
interaction in the strong intermediate-width emission features, the high luminosity (peak at
absolute magnitude M = −19.5), and the lack of broad absorption features in the spectrum.
The Hα emission undergoes a peculiar transition. At early times it shows a broad blue emission
wing out to −14 000 km s−1 and a truncated red wing. Then at late times (>100 d) it shows
a truncated blue wing and a very broad red emission wing out to roughly +20 000 km s−1.
This late-time broad red wing probably arises in the reverse shock. Spectra also show an
asymmetric intermediate-width Hα component with stronger emission on the red side at late
times. The evolution of the asymmetric profiles requires a density structure in the distant
CSM that is highly aspherical. Our spectropolarimetric data also suggest asphericity with a
strong continuum polarization of ∼1–3 per cent and depolarization in the Hα line, indicating
asphericity in the CSM at a level comparable to that in other SNe IIn. We estimate a mass-loss
rate of Ṁ = 0.050 M� yr−1 for vpre = 100 km s−1 extending back at least 75 yr prior to the
SN. The strong departure from axisymmetry in the CSM of SN 2012ab may suggest that the
progenitor was an eccentric binary system undergoing eruptive mass loss.
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1 IN T RO D U C T I O N

Type IIn supernovae (SNe IIn) are known for their strong narrow
or intermediate-width hydrogen emission lines superimposed on
an otherwise smooth blue continuum (Schlegel 1990; Filippenko
1997). These prominent lines likely originate in dense circumstel-
lar material (CSM) that was ejected shortly before the SN explosion
itself (see Smith 2014 for a review of pre-SN mass loss). Spectra of
SNe IIn often show signs of asphericity in the CSM and SN ejecta
(SN 1988Z: Chugai & Danziger 1994; SN 1995N: Fransson et al.
2002; SN 1997eg: Hoffman et al. 2008; SN 1998S: Leonard et al.
2000; Wang et al. 2001; Fransson et al. 2005; SN 2005ip: Smith
et al. 2009; Katsuda et al. 2014; SN 2006jd: Stritzinger et al. 2012;
SN 2006tf: Smith et al. 2008; SN 2009ip: Mauerhan et al. 2014;
Reilly et al. 2017; SN 2010jl: Smith et al. 2012; Fransson et al. 2014;
PTF11iqb: Smith et al. 2015). While blueshifted line profiles can
be caused by dust formation or occultation by the SN photosphere,
other types of line-profile asymmetries and polarization favour real
geometrical asphericities. When indicative of real asphericity, line-
profile shapes may be caused by an aspherical explosion (which
may tell us about the explosion mechanism), asphericity in the
CSM (providing clues to the nature of the progenitor system and
its unstable mass loss), or both. Since SNe IIn sweep through CSM
with time, and because the optical depth changes with time, moni-
toring the time-evolution of SNe IIn at many different epochs helps
disentangle the various potential sources of asymmetric line emis-
sion.

Observational evidence suggests that SNe IIn are aspherical and
may have high polarization signals. An ∼20 per cent level of SN
asphericity may result in a detectable 1 per cent linear polarization
signal (Höflich 1991; Leonard & Filippenko 2005). While a number
of efforts have been made to explain core-collapse SNe in terms of
axisymmetric jets (Khokhlov et al. 1999; Wheeler, Meier & Wilson
2002; Wang et al. 2002), observational evidence in the form of loops
in the Q/U plane suggests that even these axisymmetric models may
not be sufficient for all types of core-collapse SNe (Hoffman et al.
2008; Wang & Wheeler 2008; Maund et al. 2009). In contrast to
SNe IIn, SNe II-P generally have shown very low levels of polar-
ization at early times (Leonard & Filippenko 2001; Leonard et al.
2002a; however, see Leonard et al. 2016; Mauerhan et al. 2017). The
initially low polarization levels often rise during the plateau phase
(e.g. Leonard et al. 2016), with a polarization angle that typically
remains nearly fixed throughout (e.g. Leonard et al. 2001; Mauer-
han et al. 2017). Occasionally, a sharp rise in the polarization signal
is seen during the transition to the nebular phase (Leonard et al.
2006; Chornock et al. 2010), perhaps suggesting that the core of
the SN is more aspherical than the early-time photosphere (Chugai
et al. 2005; Chugai 2006). However, as demonstrated by the mod-
elling of Dessart & Hillier (2011), it is also possible that even large
asymmetries during the plateau phase will produce very little po-
larization, owing to the high optical depth to electron scattering and
the fact that geometric information is lost due to multiple scatters.
The ‘spike’ that is sometimes seen during the drop off of the plateau
may, therefore, be more of an optical-depth effect (i.e. the ‘spike’
occurs when τe− has decreased to unity) than a demonstration of
increasing asphericity with depth in the atmosphere (Leonard et al.
2012). The picture for SNe IIn, on the other hand, is not as well un-
derstood. The primary reason for this is that an effective model for
a SN IIn must not only account for the geometry of the SN ejecta,
but also the geometry of the CSM interaction region (Chugai 2001).
In such cases, the temporal evolution that multi-epoch spectropo-

larimetry provides becomes particularly important in establishing a
physical model.

Spectropolarimetry provides unique insight into these explosions
in that it allows us to view the asphericities in both the explosion
itself and the recently ejected CSM through a perspective not pro-
vided by total-flux spectra alone. Having multiple epochs of spec-
tropolarimetry allows us to further track these asphericities as the
SN evolves. Shifts in the magnitude and angle of the polarization
signal over time reveal different geometries for the CSM shell and
the SN ejecta in some SN IIn spectropolarimetry (e.g. SN 2009ip:
Mauerhan et al. 2014; Reilly et al. 2017; SN 1997eg: Hoffman et al.
2008). Shifts in the polarization signal across particular emission
or absorption lines tell us about the geometry of the regions from
which they arise (Maund et al. 2007).

SN 2012ab was discovered coincident with the nucleus of the
spiral galaxy 2MASXJ12224762+0536247 (redshift z = 0.018) as
a part of the Robotic Optical Transient Search Experiment (ROTSE)
at an unfiltered apparent magnitude of 15.8 (M = −19.0 mag)
on 2012 January 31.35 (UT dates are used throughout this pa-
per.) with the 0.45-m ROTSE-IIIb telescope at the McDonald
Observatory (Vinko et al. 2012). A finder chart SN 2012ab is
shown in Fig. 1. The object was not detected in an image
that was taken two nights earlier on Jan. 29.17 with a limit
of m ≈ 18.7 mag (absolute M ≈ −16.1 mag), indicating that
SN 2012ab either exploded earlier and brightened suddenly ow-
ing to CSM interaction or was found within ∼2 d of explosion.
It peaked at an unfiltered apparent magnitude of 15.3 (absolute
M = −19.5) on February 27.28. It was reportedly located at
α(J2000) = 12h22m47.s6, δ(J2000) = +05

◦
36′25.′′0 (Vinko et al.

2012). We obtain the Milky Way extinction along the line of sight
of AR = 0.045 mag, AV = 0.057 mag (EB − V = 0.018 mag; Schlafly
& Finkbeiner 2011), and a redshift-based distance [which assumes
H0 = 73 km s−1 Mpc−1 (Riess et al. 2005) and takes into account in-
fluences from the Virgo cluster, the Great Attractor, and the Shapley
supercluster] of 82.3 ± 5.8 Mpc from the NASA/IPAC Extragalactic
Database (NED).1

A spectrum of SN 2012ab acquired with the 9.2-m Hob-
berly Eberly Telescope/Marcario Low-Resolution Spectrograph on
February 7.34 revealed a hot, blue continuum with narrow Hα and
[O III] emission lines from the host galaxy (Vinko et al. 2012). The
redshift calculated from the narrow features in the SN agrees with
the Sloan Digital Sky Survey (SDSS) galaxy redshift of 0.018. A
later spectrum acquired on February 16.31 shows broader Balmer
emission features superimposed on the blue continuum (Vinko et al.
2012). Because of its narrow Hα emission lines, SN 2012ab was
classified as a normal SN IIn. Here, we present results for SN 2012ab
based on two epochs of spectropolarimetry, 12 other epochs of spec-
troscopy, and early-time photometry.

2 O BSERVATI ONS

2.1 Photometry

After the discovery of SN 2012ab, ROTSE-IIIb continued to gather
unfiltered data for ∼100 d on an almost daily basis. The ROTSE-
IIIb images were bias-subtracted and flat-fielded by an automated

1 The NED is operated by the Jet Propulsion Laboratory, California Institute
of Technology, under contract with the National Aeronautics and Space
Administration (NASA; http://ned.ipac.caltech.edu).
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Figure 1. Left: an unfiltered ROTSE-IIIb image of the host galaxy of SN 2012ab taken on 2012 February 3 with the SN present. The hash marks show the
location of the SN that we measure. Right: an R-band image of the host galaxy taken with the Mont4K imager on the Kuiper telescope on 2015 June 11. The
SN had faded by the time of this image, but we mark its location near the nucleus.

pipeline. In order to remove contamination from the underlying
host galaxy, we constructed a pre-SN galaxy template from images
taken in 2008 March. We performed image subtraction (Yuan &
Akerlof 2008) before running our custom RPHOT photometry pro-
gram (Quimby 2006), which was based on the DAOPHOT (Stetson
1987) point-spread-function (PSF) fitting photometry package. All
ROTSE-IIIb unfiltered magnitudes have been converted to R-band
magnitudes via USNO-B1.0 photometric calibrations and included
in Table 1. We also display this ROTSE-IIIb light curve in Fig. 2
alongside the light curves of another SN IIn (SN 1998S), a SN II-P
(SN 1999em), a SN II-L (SN 2003hf), and a theoretical tidal disrup-
tion event (TDE). Image subtraction was complicated by the large
pixel scale and the SN being coincident with its host-galaxy nu-
cleus. The statistical uncertainties (derived from background noise)
in Fig. 2 likely underestimate the actual errors in the photometry.
The photometric scatter in the data is also higher than normal for
ROTSE-IIIb data, probably because SN 2012ab is located in the
nucleus of its host galaxy.

2.2 Spectroscopy

We obtained optical spectra with a variety of instruments over the
course of a year after the discovery of SN 2012ab. Our spec-
tra were taken on 13 different nights with the Low-Resolution
Spectrograph on the Hobby-Eberly Telescope (HET; Hill et al.
1998), the Kast spectrograph (Miller & Stone 1993) on the Shane
3-m reflector at Lick Observatory, the Bluechannel (BC) Spectro-
graph on the 6.5-m Multiple Mirror Telescope (MMT), the CCD
Imaging/Spectropolarimeter (SPOL; Schmidt, Stockman & Smith
1992b) on the 2.3-m Bok Telescope and the MMT, the Deep Imag-
ing Multi-Object Spectrograph (DEIMOS; Faber et al. 2003) on the
10-m Keck-II telescope, and the Low Resolution Imaging Spec-
trometer (LRIS; Oke et al. 1995) at the 10-m Keck-I telescope. The
spectroscopic observations are detailed in Table 2 and the reduced
spectra are shown in Fig. 3.

Atmospheric dispersion correctors were used with Keck-I/LRIS.
At all other instruments the data were taken either at low airmass
or we oriented the slit along the parallactic angle (Filippenko 1982)
in order to minimize wavelength-dependent light losses and thus
obtain correct relative spectrophotometry.

Table 1. Photometry of SN 2012ab.

MJD Daya Magnitude σ (mag)

55955.36 − 1.99 (18.3)
55956.36 − 0.99 (18.7)
55957.37 0.02 (17.4)
55958.36 1.01 16.13 0.05
55959.36 2.01 15.57 0.03
55960.34 2.99 15.39 0.05
55971.41 14.06 15.44 0.03
55972.35 15.00 15.73 0.03
55973.31 15.96 15.53 0.05
55976.31 18.96 15.53 0.03
55978.30 20.95 15.38 0.03
55979.30 21.95 15.53 0.02
55982.29 24.94 15.52 0.03
55984.28 26.93 15.32 0.03
55986.35 29.00 15.40 0.06
55987.27 29.92 15.49 0.04
55988.29 30.94 15.53 0.05
55990.26 32.91 15.71 0.05
55992.25 34.90 15.36 0.12
55993.25 35.90 15.54 0.10
55997.29 39.94 15.94 0.06
55998.24 40.89 15.33 0.04
56002.24 44.89 15.82 0.04
56009.22 51.87 15.39 0.05
56010.22 52.87 15.78 0.03
56012.28 54.93 15.63 0.18
56014.20 56.85 16.06 0.04
56016.20 58.85 15.92 0.07
56017.20 59.85 16.29 0.08
56019.19 61.84 15.76 0.12
56021.18 63.83 16.02 0.08
56028.26 70.91 16.40 0.13
56034.23 76.88 16.54 0.11
56035.26 77.91 17.03 0.12
56041.16 83.81 (16.4)
56047.14 89.79 (16.5)
56048.22 90.87 (16.7)
56064.17 106.82 (16.5)

Note. aDays since discovery (2012 January 31.35 UT). ROTSE unfiltered
photometry calibrated as R band. Parentheses indicate upper limits.
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Figure 2. ROTSE-IIIb unfiltered absolute magnitudes (calibrated as ∼R band) of SN 2012ab are shown in black circles, corrected for AR = 0.24 mag (see
Section 3.1) and m − M = 34.57 mag. Unfilled black triangles indicate limiting magnitudes. Dotted vertical black lines at the bottom indicate dates on which
we obtained spectra. For comparison, we have included the light curves of the Type II-P SN 1999em (blue; Leonard et al. 2002b), the Type II-L SN 2003hf
(green; Faran et al. 2014a), the Type IIn SN 1998S (red; Fassia et al. 2000; Poon et al. 2011), and the expected decline rate for a TDE (grey).

Table 2. Spectroscopic observations of SN 2012ab.

MJD Year-month-day Daya Telescope/instrument Wavelength range (Å)b ∼R (λ/�λ)

55964 2012-02-07 7 HET/LRS 4124–10 018 600
55973 2012-02-16 16 HET/LRS 4126–10 020 600
55980 2012-02-23 23 Lick/Kast 3385–10 077 600
55987 2012-03-01 30 HET/LRS 4126–10 020 600
55987 2012-03-01 30 MMT/BC 5591–6874 3300
56009 2012-03-23 52 Bok/SPOL 3835–7417 200
56033 2012-04-16 76 MMT/SPOL 4029–7075 200
56034 2012-04-17 77 MMT/BC 5600–6884 3300
56045 2012-04-28 88 Lick/Kast 3369–10 560 600
56076 2012-05-29 119 MMT/BC 5649–6933 3300
56094 2012-06-16 137 Keck/LRIS 3250–9937 1100
56109 2012-07-01 152 MMT/BC 3777–8916 700
56246 2012-11-15 289 Keck/DEIMOS 4321–9510 6000
57163 2015-05-21 1206 Keck/DEIMOS 4326–9468 6000

Notes. aDays since discovery (2012 January 31.35 UT).
bAfter applying host-galaxy redshift.

Standard spectral reduction procedures were followed for all of
the spectra (see Section 2.3 for SPOL polarization data details).
Since SN 2012ab was found near its host galaxy’s nucleus, we took
a very late-time spectrum on day 1206 in order to sample the likely
contamination of host-galaxy light in all of the spectra. We would
have directly subtracted the host-galaxy light seen on day 1206 from
all previous epochs of spectra, but the absolute flux calibration of
the spectra is uncertain owing to slit losses, variable seeing and slit
sizes, and in some cases cloud cover. Consequently, we use the day
1206 spectrum as a qualitative template for the host-galaxy light.
We note that even the day 1206 spectrum may have some lingering

intermediate-width Hα emission, suggesting that late-time CSM
interaction is still ongoing several years later. We also show an
SDSS spectrum (R ≈ 2000) acquired 1448 d prior to discovery of
SN 2012ab for comparison (Abazajian et al. 2009).

2.3 Spectropolarimetry

We obtained spectropolarimetric observations of SN 2012ab us-
ing the CCD Imaging/Spectropolarimeter (SPOL; Schmidt et al.
1992b) on the 90-inch Bok (2012 Mar. 23) and 6.5-m MMT tele-
scopes (2012 Apr. 16). We used a 3.0 arcsec slit at the Bok and
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Figure 3. Spectroscopic observations of SN 2012ab, dereddened E(B − V) = 0.079 mag and scaled for clarity (see Table 2). An SDSS spectrum taken
1448 d prior to the SN is overlaid on the very late-time Keck spectrum (day 1206) to show that we are seeing primarily host-galaxy emission at these late
times (Abazajian et al. 2009). We also plot a smoothed version of the day 1206 spectrum behind the day 137 and 289 spectra to show that the host-galaxy
nucleus accounts for most of the continuum emission in these spectra. We find a continuum temperature in the for pre-explosion SDSS spectrum of roughly
8700 K ± 1000 K based on blackbody fits to the dereddened blue continuum.

a 1.9 arcsec slit at the MMT. Because SN 2012ab was located in
the nucleus of its host galaxy, using such large slit widths means
that we have significant contamination from galaxy light in all of
our spectra. This contamination is particularly important at late
times when the continuum light from CSM interaction has declined
significantly. We used the 600 lines mm−1 grating, which has a typ-
ical wavelength coverage of ∼3900–7550 Å with a resolution of
∼20 Å (∼900 km s−1). A rotatable semi-achromatic half-wave plate
modulates the incident polarization and a Wollaston prism in the
collimated beam separates the orthogonally polarized spectra on
to a thinned, antireflection-coated 800 × 1200 pixel SITe CCD.
SPOL has a fully polarizing Nicol prism in the beam above the
slit which corrects for the efficiency of the waveplate as a function
of wavelength. A series of four separate exposures that sample 16
orientations of the waveplate yield two independent, background-
subtracted measures of each of the normalized linear Stokes pa-
rameters, Q and U. We acquired two such sequences at the Bok
and three at the MMT. We then combined each set of sequences by
epoch to improve the signal-to-noise ratio (S/N).

We used Hiltner 960 and VI Cyg 12 as polarimetric standards
(Schmidt, Elston & Lupie 1992a) to confirm that the instrumen-
tal polarization for SPOL at the Bok and MMT telescopes was
<0.1 per cent for each epoch. We also measured the polarization
angle, θ , of these polarimetric standards in order to calibrate our
data values to the standard equatorial frame. The discrepancy be-
tween the measured and the expected position angle was <0.◦2 for
each of the polarimetric standard stars.

3 R ESULTS

3.1 Extinction and reddening

The strength of the absorption lines of Na I D λλ5890(D1),
5896(D2) correlates with the interstellar dust extinction present
along a particular line of sight. While this relation does not per-
form well with low-resolution spectra (Poznanski et al. 2011), it
can be used with moderate-resolution spectra when the Na I D2
line is not saturated and the doublet is not blended (Poznanski,
Prochaska & Bloom 2012). Phillips et al. (2013) found that the
sodium doublet absorption for one-fourth of their sample of SNe Ia
was stronger than expected for dust extinction values estimated
from SN colour. In our moderately high-resolution spectrum on
day 30, the sodium doublet is not blended together and we mea-
sure the equivalent widths for the D1 line (λ5896) and the D2
line (λ5890) to be 0.25 ± 0.04 Å and 0.29 ± 0.04 Å, respec-
tively (see Fig. 4). Based on these equivalent widths, the relation
provided by Poznanski et al. (2012) suggests that we have an addi-
tional extinction along the line of sight caused by the host galaxy
of AV = 0.19 mag (assuming AV = 3.08E(B − V); Pei 1992) or
AR = 0.15 mag. Many other attempts have been made in the litera-
ture to connect the equivalent width of the absorption in the sodium
doublet to extinction (Richmond et al. 1994; Munari & Zwitter
1997; Turatto, Benetti & Cappellaro 2003; Poznanski, Prochaska
& Bloom 2012), but our results are not significantly changed even
if we choose the model with the highest estimated extinction of
AV = 0.44 mag instead. We adopt a total Milky Way (Schlafly &
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Figure 4. A moderately high-resolution spectrum taken on day 30 showing
the sodium doublet absorption which we use to constrain the host-galaxy
extinction and ISP. Vertical dashed lines show the rest wavelengths of the
Na I D lines.

Finkbeiner 2011) plus host-galaxy extinction of AV = 0.24 mag
(E(B − V) = 0.079 mag) or AR = 0.20 mag.

Fig. 3 shows spectra dereddened by E(B − V) = 0.079 mag.
After this correction, the day 23 spectrum exhibits a continuum
temperature of ∼12 000 K ± 3000 K, similar to that of other SNe
IIn at early times.

3.2 Light curve

The unfiltered light curve (∼ R-band) for SN 2012ab obtained by
ROTSE-IIIb is displayed in Fig. 2. The absolute magnitudes shown
have been adjusted for Milky Way and host-galaxy reddening (de-
termined from Na I D line widths as discussed in Section 3.1) and
for the distance modulus of m − M = 34.57 mag based on a distance
to the host galaxy of D = 82.3 ± 5.8 Mpc.

Upper limits on SN 2012ab set ∼1 d prior to discovery show that
the rise to peak for this object must have been very fast. However,
our upper limits are not very deep and our lack of detection is
still consistent with a normal or faint Type II-P SN. After being
discovered at an absolute magnitude of −18.7, SN 2012ab reached
a peak absolute magnitude of −19.4 within only 3 d of discovery.
This quick rise suggests that SN 2012ab may have exploded prior
to our detection and we are just now seeing the CSM interaction
causing this rapid brightening, as in the case of SN 2009ip when
the SN was initially faint (Mauerhan et al. 2013; Prieto et al. 2013;
Pastorello et al. 2013).

Although the photometric points exhibit large scatter, the light
curve appears relatively constant at above −19.5 mag until about
day 55. Beyond day 50 the light curve begins to decline more rapidly
(∼0.06 mag d−1 between days 52 and 78), but we do not have very
deep or late-time constraints that allow us to accurately track this
decline into the nebular phase of the SN. Our spectra show that the
SN has clearly faded, but accurate spectrophotometry is not possible
because of slit losses, galaxy nucleus contamination, and variable
seeing.

3.3 SN location

We find astrometric fits to both our ROTSE and Kuiper images
(Fig. 1) using astrometry.net (Barron et al. 2008). We then measure
the location of the SN from the ROTSE image and the location of
the host galaxy from the Kuiper image using radial profile fits to
a Moffat distribution. We determine the uncertainty in the location

101 102 103
0

1

2

3

4

5

6

7

Figure 5. A comparison of various nebular line-intensity ratios with time.
The filled squares indicate the line ratios for the SDSS spectrum 1448 d
prior to discovery. The ratio of the narrow Hα and Hβ lines to nebular lines
does not change significantly over the course of most of the evolution of
SN 2012ab.

of the centroid by replicating the noise level in each image and
refitting the centroid 100 times. The location of the SN is measured
to be α(J2000) = 12h22m47.s63, δ(J2000) = +05

◦
36′24.′′83 ± 0.′′23,

and the location of the host galaxy is measured to be α(J2000) =
12h22m47.s64, δ(J2000) = +05

◦
36′24.′′41 ± 0.′′02. The difference

between these is �α = 0.s01 ± 0.s22 and �δ = 0.′′42 ± 0.′′078. �δ is
bigger than the uncertainty in the �δ. This suggests that the SN is
not coincident with the host-galaxy nucleus as initially reported, but
rather is offset by roughly 0.42 arcsec. At a distance of 82.3 Mpc,
the SN has a projected distance from the nucleus of the host galaxy
of ∼160 pc.

3.4 Spectral morphology

We see a strong blue continuum (∼12 000 K ± 3000 K) present at
early times (day 30) in our spectra. Both the pre-discovery SDSS
spectrum and the very late-time Keck spectrum on day 1206 show a
strong blue continuum, though at a cooler temperature of ∼9000 K
± 3000 K. Very late-time photometry of the galaxy nucleus taken
on days 1176 and 1228 reveals an mR ≈ 17.7 mag source, which we
assume is primarily light from the host-galaxy nucleus. This host-
galaxy emission accounts for roughly 10 per cent of the total light
from the SN at peak magnitude and about half of the total light in
our spectra around day 80. We do not estimate the SN magnitudes at
late times from our spectra because of uncertainty in slit losses and
other factors mentioned above, most of which make the absolute
flux calibration difficult when the source is near the nucleus of its
host.

We detect a number of spectral features in the 14 different spectra.
Most prominent are the resolved Hα and Hβ emission lines present
from day 7 to day 1206. We also detect several narrow nebular lines
in many of the spectra: these include [O III] λλ4959, 5007, [N II]
λλ6548, 6583, and [S II] λλ6717, 6731.

In order to determine if the narrow Hα, which has a full width at
half-maximum (FWHM) intensity of less than 300 km s−1, is being
emitted by a slowly moving wind or by a distant nebular region,
we take the ratios of Hβ to [O III] λ5007, Hα to [N II] λ6583, and
Hα to [S II] λλ6717, 6731 (Fig. 5). Except perhaps for the day 23
spectrum, the ratio of the narrow Balmer flux to the nebular lines
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does not change significantly (though the error bars are large on
all of these measurements). We unfortunately exclude the earliest
spectra we have from this comparison because the nebular lines
are heavily blended with the Balmer lines and, as a result, we
cannot reliably measure their individual flux levels. The constant
line ratios persisting as the SN expands and fades suggest that most
of the narrow Hα and Hβ emission may be nebular and not dense
CSM being overtaken by the shock. This is further supported by the
fact that both the pre-SN SDSS spectrum obtained 1448 d prior to
discovery and the late-time spectrum dominated by the host galaxy
on day 1206 show these nebular lines with similar ratios (Fig. 5).
Based on the ratios of the nebular lines, a Baldwin, Phillips, &
Terlevich (BPT) diagram indicates that the host is consistent with
an H II region, not a LINER or narrow-line active galactic nucleus
(AGN).

Hα and Hβ have broad (FWHM ≈ 20 000 km s−1) and
intermediate-width (FWHM of ≈4500 km s−1) emission compo-
nents which shift from the blue side at early epochs to the red side
at later epochs. Hα shows no broad absorption features in any of
our spectra. Hβ seems to have some broad absorption features on
days 76–137, though this may be a trough between two emission
features rather than an actual absorption feature. There are other
broad features seen in the spectra, but they are significantly weaker
than those in a normal SN photosphere. The evolution of the broad
Hα and Hβ lines is discussed later in Section 4.4.

3.5 Spectropolarimetry

Our spectropolarimetric analysis is performed primarily using the
linear Stokes parameters, q = Q/I and u = U/I, which are rotated 45

◦

with respect to each other, allowing us to decompose the polarization
signal into orthogonal components. Typically, one can combine the
Stokes parameters to obtain the polarization level, P =

√
Q2 + U 2,

and the position angle on the sky, θ = 1/2 tan−1(U/Q). However,
since the definition of the polarization angle makes it a positive-
definite value, it is biased in cases where we have low S/N because
fluctuations will raise the mean polarization level significantly. In
order to attempt to control for this effect, we use a debiased polariza-

tion level, Pdb =
√

|Q2 + U 2 − 1
2 (σ 2

Q + σ 2
U )| (Wardle & Kronberg

1974). Even the debiased polarization level is not a perfect measure
(Miller, Robinson & Goodrich 1988), so we attempt to perform our
analysis in the q and u plane whenever possible. This allows us to
avoid problems with the positive-definite nature of polarization and
see where the changes in polarization signal are most pronounced.

We must address the tricky issue of interstellar polarization (ISP)
in order to determine the polarization intrinsic to SN 2012ab. It is
difficult to measure the combined level of the ISP arising from the
Milky Way and from the SN host galaxy. Fortunately, however, a
variety of circumstances point to a very low ISP for SN 2012ab.

First, we see heavy depolarization of the Hα and Hβ lines on day
76, in contrast to the polarization seen in the Hα and Hβ lines on
day 52. The position angle on the sky does not change across the
Hα and Hβ lines in the MMT spectropolarimetry, suggesting that
the depolarization is caused by a dilution of the polarized contin-
uum with unpolarized line emission. If unscattered line emission
dominates the light near line peak, the polarization signal should
approach the ISP (Hoffman et al. 2008; Patat et al. 2011). The peak
of the Hα line suggests an ISP value of< 0.5 per cent.

In Section 3.1 we found a low value for the reddening of
EB − V = 0.079 mag based on Na I D absorption plus Milky Way
reddening. We adopt this total extinction level when dereddening

our spectra in Fig. 3 and all subsequent analysis. Additionally, the
Serkowski relation suggests that ISP <9E(B − V) for Milky Way
dust (Serkowski, Mathewson & Ford 1975), which means that we
can use the measure of E(B − V) from the Na I D absorption lines
and the Milky Way to place a constraint on the level of the ISP
to <0.71 per cent. This constraint is roughly consistent with the
observed depolarization across the narrow Hα line.

Fig. 6 shows the spectropolarimetric data plotted in the q–u plane.
Both the day 52 and day 76 spectra exhibit a relatively strong level
of continuum polarization. We measure the continuum polarization
in two regions (5400–5500 Å and 6100–6200 Å; see Hoffman et al.
2008) where the spectrum is devoid of line emission. On day 52,
we measure the continuum polarization to be 1.7 ± 0.1 per cent at
5400–5500 Å and 0.8 ± 0.1 per cent at 6100–6200 Å. By day 76,
the continuum polarization has risen to 3.5 ± 0.1 per cent at 5400–
5500 Å and 2.3 ± 0.1 per cent at 6100–6200 Å. There is a slight
change in the position angle (across the entire range 4100–7000 Å)
from 127◦ ± 15◦ on day 52 to 119◦ ± 9◦ on day 76, though the
change is not sufficiently large to indicate a statistically significant
drop.

4 D I SCUSSI ON

4.1 SN, AGN, or TDE?

Although we find that SN 2012ab is offset from its host galaxy by
roughly 0.4 arcsec (see Section 3.3), we also consider the possibility
that it is an AGN or TDE based on the properties of the transient
itself. We find it unlikely that SN 2012ab is an AGN by considering
both the light curve and various emission-line strengths. As we
discuss in Section 4.2, SN 2012ab has a relatively smooth light
curve, but it shows a significant drop of over 1.5 mag between
days 52 and 78. AGN can exhibit large variations in magnitude,
but generally take months or years to show this great a change (e.g.
Ulrich, Maraschi & Urry 1997). On the time-scale of days to weeks,
the variability of AGN in the optical is usually much less pronounced
than we see in SN 2012ab (Ulrich et al. 1997). Our pre-detection
upper limits imply a steep rise in the light curve. This is followed
by ∼50 d of nearly constant magnitude and then a significant and
steady decline in the light curve. These characteristics are dissimilar
to variability often seen in AGN (Peterson 2001). Also, at the time
of writing, SN 2012ab has not rebrightened.

While we see a variety of nebular lines that are likely from a
nearby H II region in our spectra, we would expect to see a greater
range of ionization levels in an AGN. These forbidden lines in-
clude [O I] λλ6300, 6364, [N I] λ5199, and [Fe VII] λ5721, none of
which we detect. The He II λ4686 line in AGN is often quite strong
even compared to the Balmer series. We do not detect any He II

λ4686 in our spectra. Lastly, the pre-SN SDSS spectrum shows
no broad component of Hα and the very late-time Keck spectrum
shows a weak broad component of Hα. All of our spectra in be-
tween these two, however, contain a strong broad Hα emission
component. While some AGN show a broad line region and oth-
ers do not, it is not typical for AGN to transition from one to the
other and back again, further suggesting that this galaxy is not
an AGN.

While TDEs are not yet as well studied as AGN, we do expect
that they would show evidence of asphericities (Strubbe & Quataert
2009) like those we see in SN 2012ab (see Section 4.4). Strubbe &
Quataert (2009) predict the optical signatures of TDEs to have peak
luminosities of ∼1043–1044 ergs−1 and characteristic decay time-
scales of ∼10 d. Although these luminosities are comparable to
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Figure 6. Top panels: q–u Stokes parameters, polarization p, and position angle θ for SN 2012ab from the 90-inch Bok telescope on day 52. The data
are grouped into ∼30 Å bins. Shaded regions show a scaled version of the flux spectrum. We have adopted an ISP value of <0.71 per cent based on Na I

D absorption-line measurements (see Section 2.3). Bottom panels: the same for the 6.5-m MMT data on day 76. Colours in the q–u plots correspond to
wavelengths as shown on the right.

that of SN 2012ab, the theoretical decline rate in TDEs (t−5/3; Rees
1988; Evans & Kochanek 1989; Phinney 1989; shown in Fig. 2) is
inconsistent with our light curve of SN 2012ab. When we match the
theoretical TDE decline to the measured decline of SN 2012ab, we
find that a TDE event would require unreasonably bright early-time
magnitudes. For instance, we would have expected the source to
be brighter than −20 mag for all days prior to day 47. Even when
considering the optical decline rates observed by Lodato & Rossi
(2011) for TDEs just after peak (t−2.6) or a few months after peak

(t−5/12), we still do not see similar behaviour in the light curve of
SN 2012ab.

A lack of forbidden emission lines in TDEs is expected owing
to very high densities in the emitting regions (Strubbe & Quataert
2009). This is consistent with our narrow emission lines arising
from nearby H II regions. The spectrum of a TDE should consist
of broad emission lines offset in redshift from the host galaxy’s
emission lines (Strubbe & Quataert 2009). The spectra of SN
2012ab do show some offset between the narrow lines and the
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intermediate-width and broad lines. Gezari et al. (2012) suggest
that we would see strong He II emission in TDEs while Arcavi et al.
(2014) claim that these emission lines would be likely. Gezari et al.
(2012) also provide various X-ray and ultraviolet criteria that help
distinguish SNe, AGN, and TDEs, but we do not have any such data
to aid in our classification process for SN 2012ab. Overall, our data
are most consistent with classifying SN 2012ab as a core-collapse
SN, though we cannot rule out the possibility of SN 2012ab be-
ing a highly unusual TDE. The observed positional offset from the
nucleus, however, makes a TDE or AGN hypothesis even less likely.

4.2 Light curve

Having peaked at an absolute magnitude of M = −19.5 and per-
sisted at brighter than M < −18 mag for over 75 d, SN 2012ab
was most likely a luminous Type II SN. At peak, it is over a mag-
nitude brighter than a standard SN II-L (SN 2003hd) and ∼3 mag
brighter than a standard SN II-P (SN 1999em), but about the same as
SN 1998S (Type IIn). SNe II-L are generally seen to have decline
rates of >0.01 mag d−1 in the I (Poznanski et al. 2009) and V (Faran
et al. 2014a) bands, while SNe II-P during the 100 d plateau decline
more slowly. As we discuss in greater detail in Section 4.7, whether
SNe II-P and II-L should be considered distinct classes is still a
topic of debate (Arcavi et al. 2012; Anderson et al. 2014; Valenti
et al. 2016). For the first ∼50 d, the light curve of SN 2012ab is
essentially constant. Between days 52 and 78, the light curve drops
at an average rate of ∼0.06 mag d−1.

We estimate the total radiated energy over the course of our
photometric coverage to be Erad ≈ 1050 erg. In comparison, the
average core-collapse SN has a total radiated energy of Erad ≈
1048–1049 erg. The additional energy we see in our estimate is likely
caused by CSM interaction which powers a significant fraction of
the light curve for an extended period of time.

4.3 CSM interaction luminosity

The intermediate-width Hα component seen in our spectra suggests
the presence of CSM interaction in SN 2012ab. If the CSM interac-
tion is powering a large component of the luminosity, then we can
estimate a lower limit to the wind-density parameter (w =
ṀCSM/vpre, where vpre is the velocity of the pre-shock wind) prior to
explosion for SN 2012ab. We calculate the wind-density parameter
as

w = 2L/v3
post, (1)

where L is the observed luminosity and vpost is the velocity of the
post-shock shell (Smith et al. 2008). In determining all of our input
parameters, we will make conservative estimates that err on the side
of a lower resulting wind-density parameter (or equivalently a lower
derived mass-loss rate).

We find the velocity of the post-shock shell by looking at the
intermediate-width component of the Hα line profile which be-
comes prominent by day 76, but is more distinct from the broad
component by day 137. The intermediate-width component is mea-
sured to have a half width at half-maximum intensity of 2200 km s−1

on the blue side and 3300 km s−1 on the red side on day 77. In or-
der to provide a lower bound on w, we use vpost = 3300 km s−1. We
adopt a magnitude of MR = −18.24 on day 77 based on interpolation
between the actual dates we have photometry to estimate the lumi-
nosity (L ≈ 1.6 × 109 L�). We assume no bolometric correction
and obtain a conservative estimate of the wind-density parameter
of 9 × 1017 g cm−1. If we assume a steady wind velocity from the

101 102 103

102

Figure 7. Hα broad-line equivalent width measurements. Unfilled circles
are estimates of the equivalent width from spectra that do not extend far into
the red, making it hard to sample the continuum on the red side of the Hα

line. Blue triangles indicate lower limits that are set by assuming that the
flux level at the edge of the intermediate-width Hα line on the red side is the
continuum level on the red side. See Section 4.4 for a detailed discussion of
the evolution of the Hα line profile.

progenitor of vpre = 100 km s−1, we can estimate the mass-loss rate
to be at least Ṁ = 0.050 M� yr−1. As discussed in Section 4.4, the
pre-SN wind seems to have reached a distance of ∼1600 au on the
far side prior to interaction with the SN ejecta, suggesting that mass
loss was occurring ∼75 yr (depending heavily on the assumed vpre)
prior to explosion.

There are a number of suggested types of progenitor stars of
SNe IIn which have widely differing mass-loss rates. Smith (2014)
discussed progenitors of SNe IIn such as luminous blue variables
(LBVs) with mass-loss rates as high as 0.01–10 M� yr−1 or red
supergiants and yellow hypergiants with mass-loss rates in the range
of 10−4 to 10−3 M� yr−1. Of these, only LBVs in eruption are
known to achieve mass-loss rates in the range of SN 2012ab.

4.4 Asymmetric Hα

SN 2012ab exhibits strong broad and intermediate-width Hα emis-
sion at all epochs up to and including day 289. We find the
best-fitting Gaussian profiles to the intermediate-width and broad
components of the day 137 spectrum simultaneously (see Fig. 8).
The intermediate-width component is centred at 800 km s−1 with
a FWHM of 4500 km s−1, and the broad component is centred
at 2800 km s−1 with a FWHM of 20 000 km s−1. We measure the
equivalent width of the broad Hα emission in all of our spectra
by removing the narrow component of the line (via interpolation),
removing the continuum flux via a polynomial fit across the edges
of the Hα line, and then summing the remaining normalized flux
in the Hα line; our results are shown in Fig. 7. The unfilled circles
represent estimates for the equivalent width in spectra which do not
extend far into the red so that sampling this side of the continuum
is difficult. For this reason, we set larger upper error bars on these
estimates and provide lower limits as the lower error bars by fitting
the continuum immediately at the edge of the intermediate-width
Hα component on the red side. We see a general trend of increasing
equivalent width in the Hα line until day ∼150.

Though the error bars are rather large owing to variable slit widths
and weather conditions, there is a general trend of increasing flux
until about day 150 in the broad component, primarily because of
increases in flux on the redshifted side of the line. This is likely
due to one of three situations. Either the near side has become
increasingly optically thin so that the far side is no longer occulted
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Figure 8. Evolution of the intermediate-width and broad Hα line profiles. We have interpolated the data across nebular lines and the narrow Hα component.
The peak of each profile was normalized and each triplet group of data was offset for clarity. We constructed a template from the day 137 spectrum and
plotted it as a shaded background in each panel. The fits to the intermediate-width component (dotted), the broad component (dashed), and the sum of the two
components (dash–dotted) are plotted in black.

by material approaching us, the material on the far side has reached
a distance great enough that it is now outside of the occultation
region from our line of sight, or the SN ejecta on the far side are
running into CSM for the first time.

Eventually, the Hα flux begins to decline, though evidence of
weaker CSM interaction persists even in the day 1206 spectrum
when the intermediate-width component of Hα can still be seen. As
the host-galaxy light begins to dominate the total flux, the equivalent
width shown in Fig. 7 drops.

Fig. 8 shows the Hα line-profile evolution. The most interesting
evolution is seen as the broad component changes with time, though
we also discuss the intermediate-width component later in this sec-
tion. Our earlier spectrum on day 16 shows a broad profile with
an extended blue wing in emission out to −14 000 km s−1 at zero
intensity (though the line strength is weak relative to the continuum
at these early times). The line appears truncated on the red side, per-
haps due to occultation of the far side on days 16 and 30. Because
the broad blue component is first seen in the day 16 spectra and
is measured at −14 000 km s−1 at zero intensity, we can estimate
the radius of the CSM on day 16 to be R = vt ≈ 130 au. We also
estimate the photospheric radius (R =

√
L/(4πσT 4) = 76+60

−27 au).
Taking into account the large uncertainties in the temperature esti-
mates from our blackbody fits (Teff = 12 000 K ± 3000 K) and the

time until first CSM interaction, our radius estimates are consistent
with the photosphere originating in the CSM interaction region at
early times.

Over time this asymmetric profile changes dramatically. The
broad blue wing at −14 000 km s−1 diminishes and the blue edge
slows to below −7000 km s−1 at zero intensity by day 119. We see
a more symmetric line core appear in the spectra on days 76 and 77.
By day 137, we clearly detect an augmented broad red component
of the Hα line out to +20 000 km s−1 at zero intensity (see Figs 8
and 9). By day 289 this broad red component of the Hα line has
slowed to about +15 000 km s−1 at zero intensity. The Hβ emission
profile also shows a similar broad red component, though we can-
not determine its full extent because of blending with other spectral
features on the red side.

We show the late-time asymmetric broad profiles of Hα and Hβ

more clearly in Fig. 9. This broad red wing may be present in some
of the earlier spectra as well, though it is difficult to detect because
some of the spectra do not extend far enough to effectively constrain
the continuum level on the red side (Fig. 3). While an augmented
blue component can be caused by dust formation blocking the red-
shifted side of the line, an augmented red component requires real
geometrical asphericity. Since the broad red component at late times
extends out to +20 000 km s−1, this fast material has not yet come

MNRAS 475, 1104–1120 (2018)
Downloaded from https://academic.oup.com/mnras/article-abstract/475/1/1104/4750785
by Arizona Health Sciences Library user
on 30 April 2018



1114 C. Bilinski et al.

Figure 9. Hα and Hβ in the late-time spectra of SN 2012ab. See Section 4.4
for a discussion of the broad redshifted component of Hα and Hβ that we
see in the late-time spectra.

into contact with much, if any, CSM prior to day 137. The most
likely origin for this broad red component is freely expanding SN
ejecta that are crossing the reverse shock (see e.g. Smith et al. 2005).
Consequently, we can estimate a minimum radius for the CSM in-
teraction region (located outside of the reverse shock radius) of
R = vt ≈ 1600 au by assuming a constant SN ejecta velocity of
20 000 km s−1 until day 137.

We also see distinct changes in the intermediate-width compo-
nent of Hα (Fig. 8). Initially, the intermediate-width component is
blended with the broad emission. By day 119, we detect a very
prominent intermediate-width component in the Hα profile, sug-
gesting interaction with CSM. At day 137, this intermediate-width
component extends out to −1400 km s−1 at half-maximum on the
blue side and +2700 km s−1 on the red side. It remains strong at
a similar −1500 km s−1 at half-maximum on the blue side and
+2500 km s−1 at half-maximum on the red side until day 289, and
may even be present in our latest spectrum on day 1206. Much
like the broad component of the Hα emission at late times, we see
an augmented red side to the intermediate-width profile, suggesting
asphericity in the density of the emitting material. The intermediate-
width component at late times most likely arises from the post-shock
swept-up CSM in the cold dense shell on the far side. This is the
same gas with which the reverse-shocked ejecta are interacting.

We measure the flux of the Hα line above the continuum level (ex-
cluding the narrow component) on the redshifted and blueshifted
sides of the line separately (choosing v = 0 at the centre of the

Figure 10. Ratio of the equivalent width of the redshifted Hα component
(excluding the narrow component) to that of the blueshifted component. We
exclude all spectra which show no broad Hα profile or have insufficient data
on the redshifted side to reliably fit the continuum.

narrow component for each spectrum). The ratio of these red/blue
fluxes is shown in Fig. 10. The story here is consistent with that
shown in Fig. 8; we find an initially dominant blueshifted Hα line
that is quickly surpassed in strength by the redshifted Hα compo-
nent, which remains strong until late times. We further discuss the
implications of the changing Hα line shape on the physical picture
we construct for SN 2012ab in Section 4.8.

4.5 Sources of polarization

As stated in Section 3.5, we measure continuum polarization as
high as 3.5 ± 0.1 per cent in our MMT data. Because the ISP level
is relatively small (<0.70 per cent), this continuum polarization is
most likely caused by large asphericity in the electron-scattering
photosphere of SN 2012ab. Since most of the flux of SN 2012ab on
days 52–76 comes from CSM interaction, we expect the electron-
scattering photosphere to arise primarily in the CSM interaction
regions. Although it is difficult to disentangle geometry, optical-
depth effects, inclination angle, and a variety of other factors that
affect the polarization signal we receive, SN 2012ab must have a
heavily aspherical CSM density profile to produce such large contin-
uum polarization values. Dessart, Audit & Hillier (2015) modelled
SN 2010jl, another SN IIn, with an axially symmetric prolate mor-
phology and found that a pole-to-equator density ratio of ∼2.6
could effectively produce the ∼1.6 per cent continuum polarization
seen in spectropolarimetry of SN 2010jl. As shown later (Fig. 11),
spectra of SN 2012ab are qualitatively similar to those of SN 2010jl.

CSM dust outside of the interaction regions could affect our
polarization signal. We observe an increase in polarization between
days 52 and 76 with no significant change in position angle. This
increase in polarization may be partly caused by a combination of
an aspherical electron-scattering region and an external dusty CSM
that is distributed in the same geometry. This effect was seen in
SN 2013ej (Mauerhan et al. 2017).

4.6 Depolarization of Hα and Hβ

Depolarization of Hα and Hβ is seen in our spectropolarimetry
taken with the MMT on day 76. The depolarization seen on day 76
is likely due to dilution by unpolarized line emission. The earlier
spectropolarimetry from the Bok telescope on day 52 does not
show significant depolarization, though there may be some. This
suggests that the Hα line may be influenced by electron scattering
in addition to unpolarized line emission. This is supported by the
fact that the relative strength of the intermediate-width component
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Figure 11. Comparison of the SN 2012ab spectra to spectra of a variety of SNe [IIn: SN 2010jl (Williams et al., in preparation); II-P: SN 1999em (Leonard
et al. 2002b); II-L: SN 2003hf (Faran et al. 2014a)] at similar times. SN 2012ab clearly lacks the strong absorption seen in the SN II-P spectrum, the strong Ca
component seen in the SN IIn and SN II-L spectra, and the various other metallic absorption lines blueward of Hα seen in the SN IIn and SN II-L spectra.

of Hα greatly increases between days 52 and 76, alongside the
increase in the depolarization in Hα seen between days 52 and 76.

Fig. 6 displays the evolution of the day 52 and day 76 spectropo-
larimetry in the q–u plane. On both days we see the data form a
locus of points along a line approaching the origin. While we can-
not disentangle the shape of the SN ejecta and the CSM from the
position angle, the depolarization of the Hα and the Hβ lines along
a linear region in the q–u plane does suggest some level of axisym-
metry in the emission regions. We find that a disc-like geometry
for the CSM, as has been suggested previously for some SNe IIn,
is plausible (Leonard et al. 2006; Hoffman et al. 2008; Mauerhan
et al. 2014; Smith et al. 2015).

4.7 Comparison to other SNe II

The light curve of SN 2012ab shows similarities to those of some
other SNe II (particularly the brightness and shape of SN 1998S),
but the spectral evolution is unusual. Our first spectrum was taken
7 d after discovery. We cannot reliably measure the nebular lines
in this spectrum because of blurring with nearby lines owing to
its low resolution, which makes determination of the source of the
narrow Hα emission difficult on this date. Additionally, the char-
acteristic narrow lines associated with SNe IIn can sometimes fade
quickly (e.g. SN 1998S; Shivvers et al. 2015, PTF11iqb; Smith et al.
2015), so we may have missed this narrow CSM emission owing
to a lack of spectra at very early times. Since the very narrow com-
ponent of Hα emission (<300 km s−1) is likely due to H II regions
or distant CSM, we cannot use this component of the spectrum to

classify SN 2012ab as a SN IIn. However, we do see clear evi-
dence for CSM interaction in SN 2012ab in the intermediate-width
Hα emission.

We also consider SN Types II-L and II-P for comparison. There
are two clues that CSM interaction in SN 2012ab is stronger than
in normal SNe II-P and SNe II-L. (1) There is no P Cygni absorp-
tion profile seen in Hα, suggesting that while the pre-shock CSM
around SN 2012ab may not be dense enough to produce narrow
optical emission lines, it can produce X-ray emission which heats
the interior SN ejecta so that we do not see absorption (Chevalier
& Fransson 1994). (2) The strong intermediate-width component
arising by day 76 is likely the result of a swept-up CSM shell.

Some SNe IIn with relatively weak CSM interaction have been
shown to resemble SNe II-L (PTF11iqb; Smith et al. 2015).
SNe II-L are a small fraction of the total SN population (Smith
et al. 2011). It has been proposed recently that there may be a con-
tinuum between the II-P and the II-L classification types (Anderson
et al. 2014; Valenti et al. 2016), though other work suggests that they
are two distinct populations (Arcavi et al. 2012). Poznanski et al.
(2009) argued that SNe II-P should have a plateau phase that lasts
roughly 100 d. In a similar fashion, Faran et al. (2014b) suggested
that a decline of less than 0.5 mag by 50 d after peak is indicative
of a SN II-P. Our photometry does not show a plateau phase lasting
100 d, but it also does not drop by 0.5 mag in the first 50 d, making
it less likely that SN 2012ab is a SN II-P or a weakly interacting
SN IIn that resembles a SN II-L.

SNe II-L generally do not show strong P Cygni absorption in the
Hα line profile compared to SNe II-P (Schlegel 1996). However,
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SNe II-L still tend to have a number of Fe II, Ba II, Sc II, Mg I, Ti II,
and Ca II absorption or P Cygni features in the visible wavelength
range, which SN 2012ab lacks. An underlying SN II-P can look like
a SN II-L because of extra luminosity from CSM interaction and
CSM interaction modifying the spectrum, as appeared to be the case
for PTF11iqb and a few other objects (Smith et al. 2015; Morozova,
Piro & Valenti 2017). In SN 2012ab, these features in the underlying
SN atmosphere may be masked to an even greater extent because
of stronger CSM interaction. Fig. 11 shows a comparison of select
epochs of the SN 2012ab spectra to those of well-known SNe IIn, II-
L, and II-P. The SN 2012ab spectra are similar to that of SN 2010jl
on day 59. Although the intermediate-width Hα component seen in
SN 2012ab is indeed somewhat broader than is typically seen in
other Type IIn SNe, these intermediate-width lines are uncharacter-
istic of other Type II SNe. While SN 2012ab shows some similarities
to SNe II-L but with stronger CSM interaction, it is most clearly a
Type IIn SN because of its intermediate-width lines and relatively
smooth continuum.

4.8 A physical picture for SN 2012ab

Fig. 12 provides a schematic overview and description of the pos-
sible physical evolution of SN 2012ab. There are three main stages
of evolution captured by our spectra, as follows.

(i) The primary feature in the early-time spectra of SN 2012ab
(days 7–52; Fig. 12a) is a broad blue wing of Hα extending to
−14 000 km s−1 with a truncated red wing. This could be caused by
a very large asphericity in the explosion of SN 2012ab, an optically
thick photosphere blocking emission from redshifted material, or a
lack of CSM interaction on the red side. Since we see redshifted
emission in both an intermediate-width and a broad component at
later times, there must be fast ejecta and CSM on the receding
side. Very broad redshifted emission at late times indicates that
some of the SN ejecta have travelled until those late times without
yet crashing into any CSM. Additionally, because the line wings
are asymmetric with a broader blue wing at first and a broader red
wing later, they cannot be due exclusively to broadening by electron
scattering.

Taking all of this into account, we favour the interpretation that
initially the photosphere is optically thick and blocks emission from
most of the redshifted ejecta, while there is little or no CSM inter-
action on the far side. The narrow emission lines seen in Hα at early
times may be H II region lines or distant CSM. We do not see any
narrow absorption features, so we suspect that our viewing angle
is out of the equatorial plane of the CSM interaction. Alternatively,
the lack of narrow P Cygni features in the spectra suggests that the
near-side CSM interaction depicted in Fig. 12 may be enveloped
by the SN photosphere along our line of sight, as was suggested

Figure 12. Overview of the evolution of SN 2012ab. Distances in the panels are estimated based on the ejecta velocities described in the text. The viewing
angle on the left side is not constrained well, but is probably out of the equatorial plane owing to a lack of narrow absorption seen in the spectra. We see a
general change from prominent blueshifted Hα emission at early times to prominent redshifted Hα emission at late times, likely caused by asphericity in the
CSM. A more detailed description of each panel is given in the text in Section 4.8.
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for SN IIn PTF11iqb (Smith et al. 2015). A lack of higher-velocity
absorption features from the fast-moving SN ejecta suggests that
the shocked CSM is likely emitting X-rays and thus reheating the
SN ejecta.

(ii) The primary features in the intermediate-phase spectra of
SN 2012ab (days 76–88; Fig. 12b) are a strong intermediate-width
component and a mostly symmetric broad component. Because the
initially obscuring blueshifted material has expanded and cooled,
causing the photosphere to recede, we can now see a redshifted Hα

component in the spectra of SN 2012ab. This redshifted Hα consists
of both an intermediate-width and a broad component. The broad
blue wing of Hα has gradually slowed down as the fastest ejecta
have already run into more CSM, creating an intermediate-width
component to the blueshifted Hα line. Initially, the intermediate-
width line core is roughly symmetric, but with time we see that the
red side of the line has both a greater velocity and brightness.

(iii) The primary features in the late-time spectra of SN 2012ab
(days 119–289; Fig. 12c) are a strong redshifted intermediate-width
component and a very broad red wing with relatively weak emission
on the blue side (see Fig. 9). The elevated brightness of the red side
suggests a higher density of CSM on the receding side of SN 2012ab.
On the other hand, a higher density of material on the red side would
generally mean more slowing of the SNe ejecta, but we see a higher
velocity on the red side. This implies that the CSM on the red side
had an initially larger distance away from the SN, so interaction
with the SN ejecta began at a later time and the fast ejecta had not
yet decelerated.

The most unusual aspect of SN 2012ab is its broad red wing
of Hα at +20 000 km s−1, which is clearly present on day 137.
Dessart et al. (2009) show that electron scattering in high-velocity
ejecta can produce an asymmetric broad red wing, while the asso-
ciated P Cygni absorption on the blue side is not always seen in
Type IIn SNe. Although electron scattering may contribute to the
extended red wing in SN 2012ab, it cannot explain the augmented
red intermediate-width component nor is it clear if it can produce
the broadest part of the red wing out to +20 000 km s−1. Because
there is not a similar blue wing at the same time, we conclude that
the broadest part of the red wing is likely caused by asphericity
in the density and radius of the CSM. It is likely that this bright
and broad Hα emission at such late times arises from the reverse
shock, as has also been seen in SN 1987A (Smith et al. 2005; France
et al. 2011; Fransson et al. 2013). In the case of SN 2012ab, this
material could not previously have crashed into any closer CSM
and is estimated to be at a distance of ∼1600 au from the central
SN (see Section 4.4). The fact that we also observe a stronger red
side to the intermediate-width component of the Hα line at late
times reinforces the idea that on the far side of SN 2012ab the
CSM interaction begins later, the CSM has higher density at that
radius, and the SN ejecta have higher velocities because they have
not decelerated yet. Since the late-time broad red wing originates in
material travelling +20 000 km s−1, the redshifted SN ejecta were
expanding unimpeded in a relative cavity at smaller radii.

4.9 Implications

The high luminosity of SN 2012ab, its intermediate-width spectral
features, and the lack of normal P Cygni features in the ejecta pho-
tosphere suggest that it is undergoing CSM interaction. Both the
spectral evolution and the spectropolarimetry provide evidence that
this CSM is highly aspherical. While we have little direct informa-
tion about the nature of the progenitor of SN 2012ab (our limiting
magnitudes only go to a depth of M = −16.1 mag at best and span

3 d prior to discovery.), the aspherical CSM provides valuable in-
formation about the mass-loss history of SN 2012ab. In order to
produce lower-density CSM closer to SN 2012ab on the side fac-
ing us, and higher-density CSM at larger radius on the far side,
SN 2012ab must have undergone variable and aspherical mass loss.
A spherical wind from a single star and axisymmetric CSM from
a rotating star both fail to explain the asymmetric spectral features
that we see. Instead, we speculate that such an aspherical CSM may
have been the result of interactions analogous to the colliding winds
seen in pinwheel nebulae (Monnier, Tuthill & Danchi 1999; Tuthill,
Monnier & Danchi 1999; Ryder et al. 2004; Millour et al. 2009) or
interactions in a highly eccentric binary system like η Carinae, pro-
ducing different amounts of CSM in each direction in the equatorial
plane. These possibilities are explored below.

A particularly interesting scenario resulting in non-axisymmetric
mass loss is that of a WR star and an O (or B) star in a binary
system where their winds collide and produce a ‘pinwheel’ nebula
(Tuthill et al. 1999). These have mass-loss rates of 10−6 M� yr−1

in hydrogen-poor WR winds (Millour et al. 2009). In SN 2012ab,
however, we require much higher mass-loss rates of hydrogen-rich
material, but it is interesting to think if a similar binary interac-
tion may be operating. If oriented properly, the resulting spiral-like
structure might allow the SN ejecta to crash into CSM on the near
and far sides at different times, producing the lopsided broad sig-
nature that we see in our spectra. We can estimate the period of the
hypothetical binary orbit based on the times when we see CSM in-
teraction begin on the close compared to the far sides. We see CSM
interaction early in our spectra on day 7 on the blueshifted side, and
the redshifted CSM interaction does not turn on until about day 76.

Since the high-velocity SN ejecta travelling at +20 000 km s−1

took ∼70 d longer to reach the CSM on the far side than the close
side, we can extrapolate that the original wind, which was travelling
at a lower velocity of several hundred km s−1 at most, must have
been ejected on the far side several thousands of days prior to
the material that was being ejected towards us. This gives us an
important constraint on the period of our likely binary progenitor
system. The period we estimate is longer than those of WR 118 (P ≈
60 d; Millour et al. 2009), WR 104 (P = 220 d; Tuthill et al. 1999),
WR 98 (P = 565 d; Monnier et al. 1999), and the expected WR
star progenitor to the Type IIb SN 2001ig (P ≈ 150 d; Ryder et al.
2004). Although mass loss from pinwheel nebulae might produce
the aspherical spectral features like the ones we see, the periods
of these systems are much shorter than the time delay we see in
our data, suggesting that a circularised binary system is not a likely
candidate for the progenitor of SN 2012ab.

Other candidates for such mass-loss events include WR stars and
LBVs that are undergoing heavy mass loss and are in highly eccen-
tric orbits. Pairing these kinds of objects into an elliptical binary
orbit, especially with other massive stars, can result in colliding
stellar winds and the eventual production of dust (Zhekov et al.
2014a; Zhekov, Gagné & Skinner 2014b; Sugawara et al. 2015).
One such system, WR 140, has a high eccentricity of e = 0.881
and period of P = 2899 d (Marchenko et al. 2003), resulting in a
very eventful periastron passage with a resolved one-sided nebula
(Monnier, Tuthill & Danchi 2002). Another system with a qual-
itatively similar colliding wind is η Carinae, a well-studied LBV
binary system (Damineli 1996) with eccentricity e = 0.9 and period
P = 5.5 yr (Parkin et al. 2009; Corcoran et al. 2001). At the present
epoch, η Carinae forms dust episodically in its colliding stellar wind
(Smith 2010), much like WR 140 but at a higher mass-loss rate and
lower wind velocity of ∼500 km s−1 (Hillier et al. 2001). η Carinae
is also a more appropriate comparison for SN 2012ab because it
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has a hydrogen-rich wind, unlike the wind from a hydrogen-poor
WR star.

Kiminki, Reiter & Smith (2016) show that η Carinae has exhibited
strong non-axisymmetric ejection in its three periods of eruptive
mass loss over the past 1000 yr. Although η Carinae’s 1840 s mass-
loss eruption was mostly axisymmetric, its two prior eruptions in
the 13th and 16th centuries were not, suggesting that the mass-
loss mechanism is highly variable and can even be one-sided.2 Our
estimated lower bound on the mass-loss rate for SN 2012ab of
Ṁ = 0.050 M�yr−1 is very high for what would be expected from
a WR star, although plausible for an LBV-like η Carinae during
an eruption. Moreover, the H-rich CSM in SN 2012ab is clearly
inconsistent with a normal WR star, pointing instead towards an
LBV.

Binary systems have been suggested to play a critical role in
other work on SN IIn progenitors (Kashi, Soker & Moskovitz 2013;
Smith & Arnett 2014; Smith 2014; Smith, Mauerhan & Prieto 2014;
Mauerhan et al. 2014) and LBV systems undergoing heavy mass
loss (Smith 2011; Smith & Tombleson 2015). Because of the sheer
magnitude of the mass-loss rates and aspherical nature we see in
SN 2012ab, it is more likely that its progenitor system is a bi-
nary with an LBV undergoing eruptive mass loss than any of
the WR binary scenarios we discussed. 75 per cent of high-mass
stars are likely to undergo binary interaction during their lifetimes
(Sana et al. 2012), and binary stars with longer periods tend to
have higher eccentricities (Duquennoy & Mayor 1991), resulting in
stronger interactions at periastron passage. It is plausible, then, that
SN 2012ab may be the result of a high-mass wide binary star sys-
tem undergoing interaction during periastron passage at some point
prior to exploding as a SN.

5 SU M M A RY

SN 2012ab bears many similarities to other SNe with CSM inter-
action. Its spectrum is very similar to that of SN 2010jl on day 59
and its light curve is very similar to that of SN 1998S. SN 2012ab
does, however, exhibit several properties that distinguish it from
other SNe IIn, such as follows.

(i) A quick rise time of �3 d suggests that we are seeing the
sudden onset of CSM interaction. The SN ejecta may have been
expanding undetected in an inner cavity prior to this interaction or
it may have taken a few days before we could see the shock breakout
in the wind.

(ii) The broad blue wing of Hα extending to −14 000 km s−1 at
early times suggests there are fast-moving ejecta on the near side of
the SN, and that the SN ejecta are initially optically thick.

(iii) The lack of the broad red wing of Hα at early times and
its presence at +20 000 km s−1 at late times suggest an initial oc-
cultation of the far side, combined with a later start time for CSM
interaction on the receding side of SN 2012ab. The delay in CSM
interaction on the receding side is most likely caused by differences
in the radius of the CSM. This requires aspherical mass loss with
the material ejected towards us being released at a more recent time
(or lower velocity) and the material ejected away from us being
released farther back in time (or at a higher velocity).

(iv) The intermediate-width line core of Hα has a larger bright-
ness and higher velocity on the receding side of SN 2012ab at later

2 Recent ALMA observations show a highly non-axisymmetric density dis-
tribution in the equatorial material around η Carinae, even in the otherwise
axisymmetric 19th century eruption (Smith, Ginsburg & Bally 2017).

epochs, suggesting a higher density of heated post-shock material
at late times. The CSM producing the blue side of the intermediate-
width line is likely already swept up and has cooled at this point,
so we see a resulting discrepancy in brightness compared to the red
side.

(v) The relatively high continuum polarization level at 5400–
5500 Å of 1.7 ± 0.1 per cent increases to an even higher value of
3.5 ± 0.1 per cent by day 76. Strong depolarization of the Hα line
seen between days 52 and 76 occurs at the same time that we see a
prominent intermediate-width component emerge in Hα, indicating
that the continuum polarization is not caused primarily by scattering
off of CSM dust. This unpolarized line emission from CSM inter-
action dominates the light in the Hα line, thus providing additional
support to the idea that the continuum polarization comes from real
asphericity in the SN event.

(vi) We derive a likely progenitor mass-loss rate of Ṁ =
0.050 M� yr−1, assuming a wind speed of vpre = 100 km s−1. This
heavy mass-loss rate needs to be highly aspherical to explain the
asymmetric line profiles, which we suggest may have arisen from
non-axisymmetric mass loss in an eccentric binary system. The
asymmetric line profiles do not require mass loss in the form of a
steady wind. Instead, a brief ejection which creates a dense shell
would suffice.
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