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ABSTRACT

In this dissertation, I use spectropolarimetry, spectroscopy, and photometry to study

Type IIn supernovae (SNe IIn) and their progenitor environments. In Chapter 1,

I first introduce why the environments of massive stars undergoing eruptive mass-

loss are interesting to study. I then discuss the classification scheme for SNe and

why SNe IIn are of particular importance when studying eruptive mass-loss from

massive stars. I describe the benefits of polarization data and how to interpret it

in the context of SNe IIn. Lastly, I discuss spectropolarimetric trends in all SNe so

far, with an emphasis on results for SNe IIn.

In Chapter 2, I show my analysis of pre-SN images over almost 12 years from the

Katzman Automatic Imaging Telescope, searching for progenitor outbursts similar

to those of SN 2009ip or η Car. While no progenitor outbursts were detected, I

was able to set limiting magnitudes in the pre-SN images which constrain how faint

outbursts must have been in order for there to be no detection. Further, I was able

to estimate the probability of detecting at least one outburst within the dataset to

be ≥ 60% for each outburst template used, suggesting that outbursts are typically

less luminous than ∼ −13 mag or are not common just prior to explosion. This work

was published in Bilinski et al. (2015).

In Chapter 3, I use spectropolarimetry, spectra, and photometry of SN 2012ab

to study its environment. The lack of broad absorption features and the strong

intermediate-width emission in Hα is indicative of circumstellar material (CSM)

interaction. The spectral evolution for SN 2012ab proves to be interesting as it

evolves from having a strong broad blueshifted peak in Hα to a late-time broad red

wing with a truncated blue wing. This suggests that SN 2012ab interacted with

CSM approaching us early on after explosion and then began to interact with CSM

on the far side at later times. Spectropolarimetric results suggest that strong CSM
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interaction with significant asymmetry tangential to our line of sight turned on by

day 76. Mass-loss estimates for SN 2012ab place it among other SNe IIn which likely

arise from an LBV-like star in an eccentric binary system undergoing eruptive mass

loss. This work was published in Bilinski et al. (2018).

In Chapter 4, I use spectropolarimetry, spectra, and photometry of SN 2014ab

to study its environment. The spectrum of SN 2014ab remains remarkably un-

changed over the course of ∼ 150 d, showing a consistently stronger blueshifted

emission component in Hα. This implies obscuration by large dust grains, occul-

tation by optically thick material, or asymmetry between the far and near side of

the CSM interaction region. However, spectropolarimetry for SN 2014ab indicates a

low polarization level at all epochs, suggesting nearly circular symmetry in the plane

perpendicular to our line of sight. SN 2014ab is the first published example of a SN

IIn where the polarization is very low, despite there being evidence for asymmetry

along the line of sight. This work was published in Bilinski et al. (2020).

In Chapter 5, I explore the collective spectropolarimetric properties for a sample

of 14 SNe IIn. Past spectropolarimetric studies of SNe IIn have focused on a single

object usually with a few epochs of spectropolarimetry at most. I find a tendency

for the intrinsic polarization to drop smoothly over hundreds of days after peak

and for the intrinsic polarization to be stronger at bluer wavelengths, especially in

early epochs. I suggest that scattering of the SN light by dusty CSM may be the

source of this wavelength-dependent polarization which is added to the polarization

from electron scattering. Changes in the magnitude of the polarization and the

wavelength dependence with time are not generally accompanied by changes in the

position angle, suggesting a persistent axisymmetric geometry in the environment

of SNe IIn. This result favors progenitors for SNe IIn that are undergoing binary

interaction prior to death. This work will soon be submitted for publication in the

Monthly Notices of the Royal Astronomical Society.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

One of the most persistent jokes made in the field of astronomy is that of reducing

complicated models to a spherical cow. It has been used for countless phenomena

to varying degrees of success. The basic picture for supernovae (SNe), generally

the massive explosions occurring when a star dies, was thought for a long time to

be well-approximated as a sphere. Evidence over the last few decades has shown

this to be untrue. Not only is there mounting evidence that the SN itself drives an

asymmetric explosion of the ejecta, but also that the years prior to stellar death

are turbulent and eruptive in nonspherical ways. The most well-observed example

of a massive star undergoing significant eruptions (which we can actually resolve

because of how close it is) is that of η Carinae, picture in Figure 1.1.

η Car is a luminous blue variable (LBV), a transitional (because they are rare)

class of post-main sequence stars exhibiting irregular eruptive variabilities (Hubble

and Sandage, 1953; Tammann and Sandage, 1968). It is immediately apparent that

the beautiful bipolar lobes of η Car, known as the Homunculus Nebula (Thackeray,

1949; Gaviola, 1950), are not well approximated by a spherical cow. The Homuncu-

lus Nebula was formed during the Great Eruption of η Car in the 1840s that caused

it to brighten significantly, becoming nearly the brightest star in the sky (Innes,

1903; Currie et al., 1996; Smith and Gehrz, 1998; Morse et al., 2001; Smith and

Frew, 2011). The complex bipolar nebula is estimated to contain 10-20 M� (Smith

et al., 2003; Smith, 2006). Interestingly, a Little Homunculus also resides within the

greater Homunculus Nebula, created by a Lesser Eruption of η Car in around 1890

(Ishibashi et al., 2003). Although this smaller region is estimated to contain only

0.1 M� (Smith, 2005), it shows evidence for numerous aspherical giant eruptions
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Figure 1.1: Top Left Panel: SN 1987A. Image Credit: P. Challis (Harvard-
Smithsonian Center for Astrophysics) Top Right panel: η Car. Image credit: NASA,
ESA, N. Smith (University of Arizona, Tucson), and J. Morse (BoldlyGo Institute,
New York)Bottom panel: An illustration of a spherical cow that appeared on the
cover of a 1996 meeting of the American Astronomical Association by Ingrid Kallick.
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occuring in massive stars within an astronomically short time span.

Even though massive stars such as η Car showed evidence for asymmetric erup-

tions, the physical model for SN explosions was still thought to be nearly spherical

for a long time (Wheeler, 1981). However, in 1987, a SN II occurred nearby in the

Large Magellanic Cloud. SN 1987A provided the first opportunity for spectropolari-

metric data to be compared to a SN that was close enough to be resolved [though

the first ever spectropolarimetric data on a SN was taken by McCall et al. (1984)

on the Type Ia SN 1983G, with an estimate of 2% polarization thought to arise

entirely from interstellar polarization (ISP)]. SN 1987A exhibited significant polar-

ization that jumped to a peak of ∼ 1.3%–1.5% around day 140 when the radioactive

decay tail began in the light curve and then slowly faded back down to ∼ 0.2%–0.4%

(Jeffery, 1991a). One of the most remarkable features in SN 1987A is the persistence

of the position angle of the polarization (see §1.3.2 for the definition of the position

angle) throughout the many observations, suggesting a persistent geometry in the

early and late time photospheres (Wang et al., 2002). Soon after SN 1987A, another

relatively nearby event, SN 1993J sparked continued interest in spectropolarimetric

studies and marked the second SN event that was close enough to have resolved

light echo features (Liu et al., 2003) and markedly asymmetric signatures. A hot

binary companion to the red supergiant progenitor of SN 1993J was even detected

(Maund et al., 2004).

The emerging spectropolarimetric data for SNe (especially SN 1987A) made it

clear that the majority of SNe were powered by asymmetric explosions. However,

as objects like η Car displayed, the pre-SN environment is also asymmetric, likely

caused by binary interactions. Since stellar evolutionary models do not generally

include eruptive episodes of pre-SN mass loss (Maeder and Meynet, 2000; Langer,

2012), it is difficult to compare them to observational results. With the goal of

learning more about the connection between eruptive mass loss in massive stars and

the ensuing asymmetric interacting SNe, I embarked on a journey at the Steward

Observatory using spectropolarimetry to study the environments of a specific sub-

class of SNe called Type IIn and what they might inform about the progenitors of
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these diverse events.

1.2 Supernovae

Supernovae are important in the evolution of the universe. They are one of the

primary sources of heavy elements that are generated both during stellar evolution

and during the supernova explosion itself (Arnett, 1996). Many of the elements here

on Earth were likely synthesized in or ejected by a SN a long time ago. SNe also

create neutron stars and black holes (Arnett, 1996). Additionally, the energy that

SN release into the surrounding interstellar medium (ISM) is important in new star

formation and ionization of the ISM (Efstathiou, 2000).

1.2.1 Classification and Distribution

Supernovae were first separated into two distinct categories by Minkowski (1941):

one population (Type I) without hydrogen and one (Type II) with hydrogen. Al-

though further types were initially defined by Minkowski (1941), the current clas-

sification scheme mostly follows that defined by Filippenko (1997). Beyond the

persisting Type I and II classification scheme, Type Ia SNe exhibit the presence

of strong silicon absorption lines and Type Ib exhibit the presence of helium lines

while Type Ic exhibit the lack of hydrogen and helium lines. Figure 1.2 shows a

flow chart for SN taxonomy. Type IIn SNe (SNe IIn) were initially distinguished

based on strong narrow emission lines and a strong blue continuum (Schlegel, 1990;

Filippenko, 1997). As shown in Figure 1.3, Smith et al. (2011a) found that SNe IIn

accounted for 8.8% of all core-collapse SNe. Since the IIn classification scheme is

based upon an external phenomenon rather than an explosion mechanism, any SN

could appear as a SNe IIn with sufficient CSM interaction (Smith, 2017). With the

goal of connecting currently existing massive stars like η Car to interacting SNe, I

focus in particular on SNe IIn in this work.
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Figure 1.2: A taxonomy for SN type classification. Image credit: Ashley Villar on
astrobites.org.

Figure 1.3: The relative fractions of core collapse SN types in a volume-limited
sample from the Lick Observatory Supernovae Search. This figure is taken from
Smith et al. (2011a).

astrobites.org
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1.2.2 Type IIn Supernovae

Since Type IIn SNe are classified from particular features detected early in their

spectra, they are generally similar spectroscopically at early times. However, they

show a wide diversity of spectroscopic signatures at late times and their light curves,

in particular, show great diversity. In fact, Richardson et al. (2014) and Li et al.

(2011c) both found that SNe IIn showed the greatest standard deviation in the mean

of their B-band or unfiltered absolute magnitude compared to any other SNe.

Key Spectral Signatures:

SNe IIn are primarily classified by strong narrow (100-500 km s−1) and intermediate-

width (1000-3000 km s−1) Balmer-series emission lines superimposed upon a smooth

blue continuum at early times (Schlegel, 1990; Filippenko, 1997; Smith, 2017). We

show a cartoon illustration of the various regions from which the main spectral

features of a SN IIn arise in Figure 1.4. The narrow component of Balmer-series

emission and absorption typically originates in the unshocked CSM. This CSM is

photoionized by radiation from the shock as the fast SN ejecta collide with the slow

CSM. The intermediate-width component of Balmer-series emission arises in the

CSM interaction region, where a cold dense shell is found in between the forward

shock (near the unshocked CSM) and reverse shock (near the unshocked SN ejecta).

If the lines are formed below the continuum photosphere (as is the case at early times

for some SNe IIn), then they must escape through a significant optical depth in the

dense CSM, resulting in a profile that is broadened by electron scattering (Chugai,

2001; Fransson et al., 2014). This results in a broad Lorentzian shaped emission

line profile at early epochs. Then, intermediate-width and broad components may

emerge at late times as the forward shock catches up to the electron scattering

photosphere (see Smith 2017). Although the SNe ejecta is not always seen in spectra

of SNe IIn, when it is visible, it is usually seen in broad emission or absorption of

spectral lines (Chugai and Danziger, 1994). In this case, it exhibits a Doppler

broadened line shape.
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Figure 1.4: A cartoon showing the locations from which key spectral signatures arise
for a SN IIn. This figure is taken from Smith et al. (2008).

Through a detailed study of line profile shape evolution over time, spectroscopy of

SNe IIn has revealed numerous examples of asymmetry in both the CSM interaction

region and the SN ejecta (SN 1988Z: Chugai and 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; Mauerhan and Smith 2012; SN 2005ip: Smith

et al. 2009b; Katsuda et al. 2014; SN 2006jd: Stritzinger et al. 2012; SN 2006tf:

Smith et al. 2008; SN 2009ip: Mauerhan et al. 2013a; Smith et al. 2014; Mauerhan

et al. 2014; Graham et al. 2014, 2017; Reilly et al. 2017; SN 2010jl: Smith et al.

2012; Fransson et al. 2014; PTF11iqb: Smith et al. 2015; SN 2012ab: Bilinski et al.

2018; SN 2013L: Andrews et al. 2017; SN 2014ab: Bilinski et al. 2020; iPTF14hls:

Andrews and Smith 2018; SN 2017hcc: Smith and Andrews 2020;). The diverse

asymmetries in spectral line profiles seen in SNe IIn are often explained as real

geometric asymmetries, pre-existing or newly formed dust, or occultation of other

regions. These asymmetries generally point towards progenitors for SNe IIn that
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underwent episodes of significant eruptive mass loss in the many years prior to death.

Progenitors of Type IIn Supernovae:

Bilinski et al. (2015) found no evidence for progenitor outbursts within a few years

prior to explosion within their sample of SNe IIn, but their limiting magnitudes

were not very deep. In contrast, Ofek et al. (2014a) found that precursor events

are relatively common for SNe IIn, though some of these precursor events may have

been the SN explosion itself. SN 2010mc was detected in outburst 40 days before

explosion (Ofek et al., 2013). Similarly, SN 2011ht was observed to have a precursor

outburst within a year of its death (Fraser et al., 2013b).

A number of direct detections of quiescent progenitors for SNe IIn have also

been made: SN 2005gl (Gal-Yam and Leonard, 2009), SN 2009ip (Smith et al.,

2010b; Pastorello et al., 2013; Mauerhan et al., 2013a), SN 2010jl (Smith et al.,

2011b), SN 2015bh (Thöne et al., 2017) and arguably SN 1961V (Smith et al.,

2011b; Kochanek et al., 2011). These detections favor an LBV-like progenitor for

SNe IIn. Additional evidence from strong infared excessess at late times (Gerardy

et al., 2002; Fox et al., 2011) and mass-loss parameters (Smith et al., 2007; Gal-Yam

et al., 2007; Smith et al., 2008, 2010a; Kiewe et al., 2012; Taddia et al., 2013; Smith,

2014) further supports the LBV-like progenitor to SN IIn connection.

LBVs normally exhibit wind mass-loss rates of Ṁ = 10−5 − 10−4 M� yr−1 (de

Koter et al., 1996; Vink and de Koter, 2002; Smith et al., 2004; Groh et al., 2009).

This variability is not sufficient to explain the mass loss seen around LBVs, such

as in the Homunculus nebula of η Carinae. Instead, giant eruptions are suggested

to occur via explosions with a strong blast wave (Smith, 2008) or super-Eddington

winds (Owocki et al., 2004; Smith and Owocki, 2006). The source of energy for

these mechanisms is likely to be mergers. However, in the final decade before a SN,

late burning phases that proceed rapidly may produce enough energy themselves or

trigger a merger event (Pun et al., 2002).
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1.3 Measurement and Interpretation of Polarization

The first and only case where an asymmetric SN explosion observed via spec-

tropolarimetry was then resolved to interact with its nearby CSM occurred when

SN 1987A’s ejecta finally hit the three rings around it (Pun et al., 2002; Larsson

et al., 2011). In the vast majority of all other cases, SNe are too far away to

be resolved. Instead, we turn to both spectra and polarimetry in order to probe

information along our line of sight (spectra) and tangential to our line of sight (po-

larimetry). Since the evolution of the polarization in spectral lines in objects like

SN 1987A was complex over time, it was clear that multi-epoch spectropolarimetry

would be necessary to study the geometry of distant SN in adequate detail.

In order to understand the intricacies of spectropolarimetry, we must first under-

stand what polarization in light is and how diverse polarizations might be imparted

onto light in the context of SNe IIn. Light is a transverse wave. The electric and

magnetic fields oscillate perpendicular to each other and also mutually perpendicu-

lar to the direction of propagation for light. As light propagates through media, it

may interact with matter preferentially based on the orientation of its electric field

vector, also known as its polarization. Next, I discuss a few of the most important

sources of polarization for SNe IIn.

1.3.1 Sources of Polarization

Electron Scattering:

In the first theoretical attempt to understand the use of polarimetry for studying

SN geometry, Shapiro and Sutherland (1982) suggested that the primary source of

continuum polarization for SNe would be in Thomson scattering (electron scatter-

ing), especially at early times. Indeed, Thomson scattering is very important when

densities and temperatures are at levels such that hydrogen is ionized. Another

key feature of Thomson scattering is that it is wavelength independent, so when we

observe the continuum photosphere from the dense CSM interaction region near a

SNe IIn, we would expect to see a grey polarization signal.
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Resonant Line Scattering:

Resonant line scattering is important in SNe IIn because the photoionized CSM is

able to produce Balmer-series emission when hydrogen recombines. In this process,

the atom emits a photon without information on where the energy came from, so

any polarization information is lost (Jeffery, 1991b; Hoflich, 1991). If this process

occurs beneath or within the electron scattering photosphere of the SN, however,

then it might scatter on its way out and become polarized. Resonant line scattering

only occurs at the wavelengths of prominent emission lines for SNe, so it does not

have an impact on the continuum polarization.

CSM dust scattering:

Mie scattering becomes important when considering CSM dust around SNe IIn

and is very efficient at inducing polarization. This type of scattering occurs in

particular when the wavelength of the light is similar in size to a roughly spherical

dust grain. When light scatters in this manner, it becomes most strongly polarized

if it scatters in a direction perpendicular to the initial direction of propagation. If

the particle back scatters or forward scatters, it remains unpolarized. In between

these two extremes, the light will obtain a partial polarization. Since dust has been

found to scatter most efficiently at bluer wavelengths (though grain size impacts the

scattering properties significantly, see Draine 2003), we expect a polarization that

skews blue in this case.

Interstellar Polarization:

Polarization by ISM dust (Hiltner, 1949) is important in SNe because our line of sight

passes through the Milky Way and a portion of the host galaxy of the SN. Because

aspherical dust grains align their short axis parallel to the direction of the local

magnetic field (Davis and Greenstein, 1951; Lazarian, 2007) light passing through

a region of dust will experience dichroic absorption resulting in light emerging with

a polarization parallel to the magnetic field. We show this process in Figure 1.5.
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Figure 1.5: Polarization by magnetically aligned dust grains. The emergent light
is polarized along the short axis of the dust grains, which are in turn aligned with
the local magnetic field. Image credit: Polar-Areas Stellar-Imaging in Polarization
High-Accuracy Experiment.

Polarization by ISM dust typically peaks near λmax ∼ 5500Å, though it has also been

observed to peak at much shorter and longer wavelengths (Voshchinnikov, 2012).

Other Common Sources of Polarization:

Although Rayleigh scattering is an important phenomenon in our daily life as it

occurs above us constantly in the Earth’s atmosphere, it does not serve an imporant

role in SNe. The environments of SNe are hostile to the presence of molecules

that Rayleigh scattering requires. Additionally, although magnetic fields may be
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important in the neutron stars left behind after some core collapse SNe, they have

not yet been detected to play a role in the polarization of SNe. Only a few attempts

have been made to measure the circular polarization for SNe but no clear detections

have ever been reported (Wolstencroft and Kemp, 1972; McCall et al., 1984; Maund

et al., 2013).

1.3.2 Stokes Parameters

The Stokes parameters were first used in 1852 to describe the polarization state of

light. They were defined in a particular way so that they would be easily measurable.

In particular:

~S =


I

Q

U

V

 (1.1)

where I is the total intensity, Q and U are measures of the linear polarization with

the orientation of the electric field vector rotated by 45◦ relative to one another, and

V is a measure of the circular polarization. We generally work with the normalized

Stokes parameters, so we take q = Q/I and u = U/I. The formula for the polar-

ization is then p =
√
q2 + u2 and the formula for the position angle on the sky is

θ = (1/2) tan−1(u/q).

q and u on the Sky:

Convention sets a position angle of 0◦ as north on the sky. This corresponds to a

value of q > 0 with u = 0, such that the electric field is oscillating vertically. Since a

vertical oscillation for the electric field is degenerate in polarization with an electric

field rotated 180◦, position angle only serves a purpose defined between 0◦ and 180◦.

I show a correspondence between q and u with the implied orientation on the sky

in Figure 1.6. Note that a rotation of just 45◦ in the q-u plane implies a rotation of

90◦ for the polarization of light.
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Figure 1.6: A schematic showing diverse orientations of an electron scattering pho-
tosphere, the net polarization implied by the data, and the resulting q and u values
that would be measured.
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1.3.3 Instrumental Setup

As discussed above in §1.3.2, the Stokes parameters were selected to be easy to mea-

sure. In particular, in order to measure the linear polarization we must split the light

into an ordinary and extraordinary beam using a linear polarizer and then modulate

the light by 45◦ in its plane of polarization and repeat the same measurement. In

our case, we use a Wollaston prism as a linear polarizer. A half-wave plate is rotated

by 22.5◦ between measurements to change the plane of polarization for the light by

45◦. By measuring the difference between the ordinary and extraordinary beams

passing through a linear polarizer we first determine the Stokes parameter q. After

rotating the half-wave plate and repeating the measurement, we then determine u.

Because this process requires splitting the gathered light into two separate beams

and then splitting each beam onto a detector as a spectrum, spectropolarimetry is

generally photon starved and is most viable for bright nearby SNe. For this reason,

we generally use a lower resolution in favor of maintaining a good signal to noise. In

this work, I use data obtained by the SNSPOL project1 using the SPOL instrument

at the Kuiper, Bok, and MMT telescopes. For a detailed discussion of the observ-

ing setup using SPOL, please see Miller et al. (2021) or refer to Chapter 5 where I

discuss the setup for my project in more detail.

Alternate Definitions of Polarization:

Since the traditional definition of polarization is positive-definite, alternative formu-

lations more accurately represent the true polarization signal when the spectropo-

larimetric data is noisy (Leonard et al., 2001). In particular, we make use of two

alternative ways to parametrize the polarization signal:

qRSP = q cos(2θsmooth) + u sin(2θsmooth)

uRSP = −q sin(2θsmooth) + u cos(2θsmooth)
(1.2)

1http://grb.mmto.arizona.edu/~ggwilli/snspol/

http://grb.mmto.arizona.edu/~ggwilli/snspol/
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popt = p−
σ2
p

p
(1.3)

where p is in per cent, σp is the error in the polarization computed from the errors

in q and u, and θsmooth is chosen such that the majority of the polarization signal

is rotated onto qRSP (Leonard et al., 2001). The rotated Stokes parameters (RSP)

are the preferred definition when studying low signal-to-noise ratio data, though

they can fail to represent the true polarization signal across lines if θsmooth is chosen

too large and can resemble the traditional polarization if θsmooth is chosen too small

(Trammell et al., 1993). When combining polarization data across large bins, the

optimal polarization definition (Wang et al., 1997) performs particularly well. A

more detailed summary of the spectropolarimetry parameters and their advantages

is discussed in Chapter 5.

1.3.4 Interstellar Polarization

The ISP imparts polarization via magnetically aligned dust grains described in

§1.3.1. Since the Milky Way galaxy and the host galaxy of the SN both contribute

to the total ISP, this bulk ISP is vectorially combined in the q-u plane with the

intrinsic polarization of the SN to produce the final observed values for q and u.

While it is impossible to isolate each contribution to the polarization signal, the

bulk ISP signal can be either constrained or removed from the data entirely through

a few reliable means.

ISP constraint via reddening estimates:

Although a detailed discussion of how to constrain the ISP via reddening estimates

can be found in Chapter 5, one particular point is important to make here. The

upper limit that Serkowski et al. (1975) found that can be set on the ISP from

reddening along the line of sight according to:

p ≤ 9E(B − V ) (1.4)
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is indeed just an upper limit. I show an updated sample that constrains this com-

monly used relation in Figure 1.7. While this relation places a reasonable upper

limit on the ISP associated with certain reddening values, the ISP is often found

to be far below the line drawn by this relation. This implies that if the reddening

properties within the host-galaxy for a SN are found to be small, that the ISP is very

likely to be small as well. However, if the reddening properties are large, then not

much information is gained about the ISP. In this instance, the reddening properties

from all of the dust along the line of sight add together constructively. However, the

ISP contribution from these same grains is combined vectorially, so even if there is

a lot of dust along the line of sight, its ISP contribution in principle might cancel

itself out.

Depolarization of Strong Emission Features:

Changes in the polarization across line features (in both absorption and emission)

of SNe have been detected since SN 1987A (Cropper et al., 1988). The line pro-

files generally show an inverted P-Cygni profile, suggesting that the flux absorption

trough is created by occultation of polarized light and the flux emission peak is gen-

erated by dilution with unpolarized light. This depolarization effect at the location

of strong emission lines has been observed in the vast majority of SNe with strong

line features and a significant continuum polarization. Unpolarized line emission is

thought to arise within regions such that it never scatters before leaving the SN on

its trajectory towards us, implying that it only bears polarization that it acquires

on its journey through the ISM. If it can be isolated, resonant line emission should

prove to be a good estimate of the ISP. For SNe IIn, this is not always the case

as the line emitting region is sometimes underneath the electron scattering photo-

sphere, though this technique can still be used to inform estimates on the ISP. For a

much more detailed treatment how to implement line depolarization measurements

towards estimating a wavelength-dependent Serkowski law for the ISP, see Chapter

5.
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Figure 1.7: Maximum insterstellar polarization (pmax) vs. color excess (E(B − V )
for stars from Serkowski et al. (1975) (black circles), Whittet et al. (1992) (black
squares), and Cikota et al. (2018) (red circles). This figure is taken from Cikota
et al. (2018).
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Other constraints on the ISP:

Other constraints are often placed on the ISP via late-time observations of SNe, line-

of-sight observations towards the SNe of polarized stars at the edge of the Milky

Way galaxy, or by tracing the dominant axis in multi-epoch observations (see Wang

and Wheeler 2008 for a more detailed discussion of the dominant axis). In principle,

as a SN fades and its continuum optical depth drops, any remaining polarization

signal should reflect the net ISP from the host galaxy and the Milky Way galaxy, so

late-time measurements can approximate this if they are available. An important

limitation for SNe IIn with this technique is that SNe IIn often remain bright for

hundreds of days due to continuing circumstellar material (CSM) interaction that

may still be polarized. Line-of-sight polarized stars within the Milky Way also serve

to estimate the ISP within the Milky Way. However, they do not always probe the

entire length of the Milky Way and they do not probe the host galaxy of the SN

whatsoever, so this estimate on the ISP can be missing a key component. Lastly, if

multi-epoch spectropolarimetry is available, the ISP can be constrained to lie along

a dominant axis if one exists in the q-u plane (Leonard et al., 2000; Hoffman et al.,

2008). As the continuum polarization decreases, it would naturally evolve towards

the ISP, so a linear trend would suggest an ISP located at one end of the changes

seen in the polarization.

1.4 Previous Spectropolarimetric Studies of Supernovae of Various Types

Ever since SN 1987A, spectropolarimetry has been used to study more distant SNe.

Naturally, the bipolar nebula seen in SN 1987A arising from a blue supergiant likely

with a binary companion raised the question: are all SNe powered by an asymmetric

explosion within an asymmetric environment?

1.4.1 Type Ia SNe

Although Type Ia SNe typically exhibit very a low continuum polarization (<0.3%),

line polarization in SNe Ia extends up to about 1%, suggesting chemical asymmetries
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in the ejecta (Wang and Wheeler, 2008; Milne et al., 2017). Loops are often seen

in spectropolarimetry of SNe Ia. Loops occur when q and u change across a line

profile in a non-axially symmetric way, suggesting small scale structure changes in

the ejecta at various velocities and depths (Kasen et al., 2003). For a more detailed

discussion about polarization from SNe Ia (thermonuclear events), see Wang and

Wheeler (2008).

1.4.2 Core Collapse SNe

Up until very recently, one could say that all core collapse SNe (Type Ib/Ic/II) with

adequate spectropolarimetry showed significant polarization at one point. However,

recently spectropolarimetric data of SN 2017ahn (Type II: Nagao et al. 2021) and

SN 2014ab (Type IIn: Bilinski et al. 2020) showed two SNe II with low polarization

at all epochs.

Although core collapse SNe also show loops across spectral line features, these

loops may also be due to geometrical obscuration effects (Hoffman et al., 2008) in

addition to chemical inhomgeneities at various velocities. However, since loops in

the q-u plane inform details about small-scale structure, their consideration in detail

is beyond the scope of this work which focuses predominantly on bulk spectropolar-

metric trends in a large sample of SNe IIn.

Type II SNe:

SNe II-P have been relatively well studied spectropolarimetrically. At early times

they show small polarization signals that increase gradually throughout the pho-

tospheric phase (Leonard et al., 2001, 2006; Chornock et al., 2010; Dessart et al.,

2021). The polarization signal then peaks at the onset of the nebular phase (at

the same time that the light curve plateau begins to drop more rapidly) and drops

therefter as the inverse of time squared. This can be seen in the data for SN 2004dj

presented in Figure 1.8.

While their light curves place SNe II-L in a different category from SNe II-P,
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Figure 1.8: The light curve (blue) and polarization (red) of the Type II-P SN 2004dj.
Once the nebular phase begins and the core is revealed, the polarization signal
reaches its peak. This figure is taken from Leonard et al. (2006).
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there are not many spectroplarimetric observations of SNe II-L to place them in

a category of their own. Further, the few observations that do exist support a

similar model with low polarization during the photospheric phase that increases

as the recombination front plunges deeper, revealing more of the central SN ejecta

(Bose et al., 2016). SN 2013ej, which is classified as in between II-P and II-L

exhibits stronger and more persistent polarization than other SNe II, but it also has

interaction with CSM, making this increase in polarization possibly due to the CSM

rather than the underlying SN ejecta (Mauerhan et al., 2017b).

Type IIb SNe show very similar polarization profiles to those of SNe II-P, but

with slight enhancements in the polarization (Wang et al., 2001; Maund et al.,

2007b). The majority of spectropolarimetric features seen in SNe IIb can be at-

tributed to a combination of an asymmetric scattering photosphere, an asymmetric

helium core, and CSM dust (Stevance et al., 2019). As an example, SN 2001ig

shows an increase in polarization from an initially low intrinsic polarization to a

∼ 1% degree of polarization when the outer hydrogen has become optically thin

(Maund et al., 2007b).

Type Ib/Ic SNe:

Although spectropolarimetry of stripped envelope core collapse SNe is extremely

limited in sample size, it seems that SN polarization generally increases as H or He

envelope mass decreases (Reddy et al., 1999; Wang et al., 2001; Maund et al., 2007a;

Tanaka et al., 2009; Reilly et al., 2016; Stevance et al., 2017). Indeed, SN 1997X

displayed intrinsic polarization as high as 4% after accounting for a significant ISP

(Wang et al., 2001). An interesting advantage of spectropolarimetry is that it can

sometimes detect line features that may otherwise not be detected in regular spectra.

In the case of SN 1997X, helium was not detected in the flux spectrum, but was

clearly seen in the polarization spectrum (Wang et al., 2001).
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Spectropolarimetry of Type IIn Supernovae:

For the previously mentioned SNe (Type Ia, Ib, Ic, II-P, II-L, IIb), spectropolarime-

try is giving insight into the geometry of the SN ejecta and possibly the asymmetry

of the explosion itself. However, this is not the case for SNe IIn as the light is in-

stead dominated by CSM interaction. Thus, spectropolarimetry of SNe IIn is more

sensitive to the CSM environment than it is to the SN ejecta geometry.

Spectropolarimetric data has been published for several SNe IIn (SN 1997eg:

Hoffman et al. 2008; SN 1998S: Leonard et al. 2000; SN 2006tf: Smith et al. 2008;

SN 2010jl: Patat et al. 2011; SN 2009ip: Mauerhan et al. 2014; Reilly et al. 2017;

SN 2012ab: Bilinski et al. 2018; SN 2013fs: Bullivant et al. 2018; SN 2017hcc: Ku-

mar et al. 2019; SN 2014ab: Bilinski et al. 2020), which we summarize individual

features for in much greater detail within Chapter 5. All of these past spectropo-

larimetric studies were focused on a single SN IIn, typically with only a few epochs

of spectropolarimetry at best. Instead, this work attempts for the first time to look

at a large sample of SNe IIn in multi-epoch spectropolarimetry in an attempt to

understand their diverse properties.

Based on previously published results, the overall trend across the population

of SNe IIn is a significant continuum polarization of (1%–3%) even at early times

with a generally persistent position angle. Additionally, strong line depolarization is

often seen, suggesting that the dense CSM outside of the interaction region may be

photoionized and producing a significant amount of unpolarized line emission. The

broad features generally associated with the SN ejecta (doppler broadened emission

or broad absorption) are seen sometimes in flux spectra for SNe IIn, but their

effect on the polarization signal is overpowered by the strong continuum polarization

arising in the CSM interaction region. With all of this in mind, let us explore the

results I was able to obtain during my time as a graduate student at the Steward

Observatory.
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CHAPTER 2

Constraints on Type IIn Supernova Progenitor Outbursts from the Lick

Observatory Supernova Search1

We searched through roughly 12 years of archival survey data acquired by the Katz-

man Automatic Imaging Telescope (KAIT) as part of the Lick Observatory Su-

pernova Search (LOSS) in order to detect or place limits on possible progenitor

outbursts of Type IIn supernovae (SNe IIn). The KAIT database contains multiple

pre-SN images for 5 SNe IIn (plus one ambiguous case of a SN IIn/impostor) within

50 Mpc. No progenitor outbursts are found using the false discovery rate (FDR)

statistical method in any of our targets. Instead, we derive limiting magnitudes

(LMs) at the locations of the SNe. These limiting magnitudes (typically reaching

mR ≈ 19.5 mag) are compared to outbursts of SN 2009ip and η Car, plus additional

simulated outbursts. We find that the data for SN 1999el and SN 2003dv are of suf-

ficient quality to rule out events ∼ 40 days before the main peak caused by initially

faint SNe from blue supergiant (BSG) precursor stars, as in the cases of SN 2009ip

and SN 2010mc. These SNe IIn may thus have arisen from red supergiant progeni-

tors, or they may have had a more rapid onset of circumstellar matter interaction.

We also estimate the probability of detecting at least one outburst in our dataset

to be & 60% for each type of the example outbursts, so the lack of any detections

suggests that such outbursts are either typically less luminous (intrinsically or owing

to dust) than ∼ −13 mag, or not very common among SNe IIn within a few years

prior to explosion.

1This chapter has been previously published as Constraints on Type IIn supernova progenitor

outbursts from the Lick Observatory Supernova Search by Bilinski, Christopher and Smith, Nathan

and Li, Weidong and Williams, G. Grant and Zheng, WeiKang and Filippenko, Alexei V., in the

Monthly Notices of the Royal Astronomical Society Volume 450, Pages 246-265 on 2015 June.
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2.1 Introduction

Core-collapse supernovae (CCSNe) exhibit a wide diversity in their light curves and

spectral properties, and it remains an enduring challenge to connect these properties

to the evolution of their progenitors. Prior to 2009, fourteen CCSN progenitor stars

or progenitor outbursts (eight SNe II-P, three IIb, one IIn, one Ibn, and one II-pec)

had been detected in pre-explosion images (Smartt, 2009, and references therein).

Over the last few years, at least six more (IIn: 1961V, 2009ip, 2010jl; IIb: 2011dh,

2013df; IIn-P: 2011ht) have been found (Smith et al., 2010b, 2011c,b; Kochanek

et al., 2011; Foley et al., 2011; Maund et al., 2011; Van Dyk et al., 2014; Fraser et al.,

2013b). Detection of these progenitors is crucial for gaining a better understanding

of the observed SN diversity. Some theoretical models for the end stages of massive-

star evolution suggest that stars with ∼ 30–60 M� will collapse to form a black

hole without a SN explosion (Fryer, 1999; Heger et al., 2003, but see O’Connor

and Ott, 2013). The detection of what seem to be massive luminous blue variable

stars (LBVs) as the progenitors of the Type IIn SNe 1961V (Smith et al., 2011b;

Kochanek et al., 2011), 2005gl (Gal-Yam et al., 2007; Gal-Yam and Leonard, 2009),

2009ip (Smith et al., 2010b; Foley et al., 2011), and 2010jl (Smith et al., 2011b),

however, challenge this notion.

Optical spectra of SNe IIn exhibit prominent, relatively narrow hydrogen emis-

sion lines which arise from the interaction of the expanding SN debris with a recently

ejected circumstellar shell that is typically moving at . 1000 km s−1 (Schlegel, 1990;

Filippenko, 1997). Because these lines appear soon after the SN explosion, it is ex-

pected that the shell of circumstellar matter (CSM) was ejected by the star within

a few years before the SN explosion itself (Smith, 2014). Such pre-SN eruptions in

the years just before the SN suggest that instabilities arise during the late stages

of nuclear burning (Smith and Arnett, 2014; Quataert and Shiode, 2012) to power

mass-loss episodes that might result in a detectable brightening of the progenitor sys-

tem. In fact, there have already been a few direct detections of pre-SN outbursts: SN

2006jc (Ibn; Foley et al., 2007; Pastorello et al., 2007), SN 2009ip (IIn; Smith et al.,
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2010b; Pastorello et al., 2013; Mauerhan et al., 2013a), SN 2011ht (IIn-P; Fraser

et al., 2013b), and arguably SN 1961V (IIn; Smith et al., 2011b; Kochanek et al.,

2011), thus strengthening the theoretical connection between LBVs and SNe IIn.2

Even when no direct detection has been made, inferred wind and mass-loss parame-

ters (Smith et al., 2007; Gal-Yam et al., 2007; Smith et al., 2008, 2010a; Kiewe et al.,

2012; Taddia et al., 2013; Smith, 2014), strong infrared excesses at late times (Ger-

ardy et al., 2002; Fox et al., 2011), and a theoretical connection to quasi-periodic

radio modulations (Kotak and Vink, 2006) suggest that LBV-like progenitors are

likely for some SNe IIn. Ofek et al. (2014a) estimate that > 50% of SNe IIn in their

Palomar Transient Factory (PTF) data have pre-explosion outbursts brighter than

M = −14 mag, though some of these pre-peak brightening events may actually be

the SN explosion itself (this is discussed more in §2.4.4).

Recent work suggests that SNe IIn follow LBV-like eruptions, although it remains

unclear if the driving instability of the pre-SN eruptions is the same as the instability

of classical LBVs (see review by Smith, 2014). In the context of stellar evolution,

LBVs were suggested to be a transitional phase between O-type stars and Wolf-

Rayet stars that skipped a red supergiant phase. Giant eruptions, occurring when a

massive star increases its bolometric luminosity (Humphreys et al., 1999; Humphreys

and Davidson, 1994), were included in the LBV phenomenon. By spatially resolving

the circumstellar shells resulting from two such LBV outbursts within our own

Galaxy (P Cygni and η Carinae), studies have been able to measure the amount of

mass lost in observed LBV giant eruptions. Estimates of P Cygni’s circumstellar

shell from the 1600 AD outburst total only about 0.1 M� (Smith and Hartigan,

2006), whereas estimates of η Carinae’s shell from its mid-19th century outburst

total around 10–20 M� (Smith et al., 2003; Smith and Ferland, 2007; Gomez et al.,

2010). While other Galactic LBVs have been observed with CSM shells surrounding

them (Smith and Owocki, 2006), only these two events were actually observed during

2Note that we distinguish between a detection of a progenitor and a detection of variability that

indicates a pre-SN outburst. It remains possible that some SNe with only one epoch of a detected

progenitor may have in fact been detected during a relatively bright outburst phase.
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the eruptions that produced their CSM shells.

A number of recent developments have challenged the traditional view of LBVs,

including evidence of shock-powered events rather than super-Eddington winds

(Smith, 2008, 2013a), light-echo spectra that do not match expectations for winds

(Rest et al., 2012; Prieto et al., 2014), and a widening range of initial masses that ex-

perience outbursts (Prieto, 2008; Prieto et al., 2008; Thompson et al., 2009). Smith

and Tombleson (2015) show that LBVs tend to be more isolated than O-type stars

and even Wolf-Rayet stars, challenging the idea that they are in transition between

these two phases. Instead, Smith and Tombleson (2015) propose that they may be

the late evolutionary stage of mass gainers or mergers in binary systems. Finally,

as noted above, the discovery of a number of LBVs exploding as CCSNe without

first experiencing a relatively long (> 0.5 My) Wolf-Rayet phase also challenges the

traditional view of LBVs.

In this paper, we further explore the connection between LBVs and SNe IIn by

searching for additional progenitor outbursts preceding the SNe IIn. The data were

acquired starting in 1998 as part of the Lick Observatory Supernova Search (LOSS)

with the 0.76 m Katzman Automatic Imaging Telescope (KAIT; Filippenko et al.,

2001). KAIT began automatic operation and discovered its first SN in 1997 (Treffers

et al., 1997). While the program was primarily focused on the determination of SN

rates (Leaman et al., 2011; Li et al., 2011b,c) and SNe Ia for use as cosmological

probes (Ganeshalingam et al., 2010, 2011), the KAIT database includes pre-SN

images and SN photometry of many SN events that can be utilised for other purposes

(Li et al., 2011a). SN 1997bs, the first object that KAIT discovered with a SN

designation, was interpreted as not being a SN at all, and became a prototype for

the class of “SN impostors” (Van Dyk et al., 2000). A recent study by Adams and

Kochanek (2015), however, raises some additional questions about whether or not

this was a terminal explosion. The discussion of SN IIn progenitors has intensified

because of the recent discovery of erupting progenitor systems like SN 2009ip (Smith

et al., 2010b; Foley et al., 2011; Pastorello et al., 2013).

Here we aim to constrain the frequency and luminosity of such outbursts. In-
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formation about the KAIT/LOSS program and the targets selected for our study is

presented in §5.2. An analysis of our statistical approach to searching for progenitor

outbursts and then constraining the brightness of these events with limiting magni-

tudes is given in §2.3. Section 2.4 discusses the nature of the progenitors and our

fractional coverage rates. We conclude in §2.5 with implications for future searches.

2.2 Observations and Data Analysis

2.2.1 Data Acquisition, Reduction, and Processing

Unfiltered photometry of over 850 SNe has been obtained since 1998 with KAIT

(0.76 m) at Lick Observatory. Over time, the telescope has used three different

CCDs, each with a response that when combined with the optical path efficiencies

results in a sensitivity most similar to that of the R band (Li et al., 2003; Gane-

shalingam et al., 2010). For this reason, we do all of our photometric analysis and

comparison in R when possible. With a scale of 0.′′8 pixel−1 and an effective chip size

of 500× 500 pixels, KAIT’s total field of view is 6.′7× 6.′7 (Li et al., 2003). Typical

integration times for KAIT span the range of 16–40 s. During much of the time since

1998, KAIT has monitored roughly 15,000 galaxies at redshifts z < 0.05 in search

of transients. Over 1200 galaxies can be observed in a single long winter night (but

fewer than 800 in a short summer night), resulting in a cadence of roughly 3–10

days for most targets (excluding the portion of the year that the target cannot be

observed because it is in the daytime or bright twilight sky). These transient candi-

dates go through a process of being automatically compared to template images and

flagged, verified by human checkers, and then reobserved the following night before

a SN is announced (Filippenko et al., 2001; Ganeshalingam et al., 2011; Leaman

et al., 2011).

Reduction and processing of the KAIT images was performed using techniques

described by Li et al. (2011a). Bias corrections and flatfielding are automatically

performed at the telescope for each target. The primary template image used for

alignment and galaxy subtraction was obtained as part of the routine observation
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program on a photometric night with a longer exposure time than the typical images

(usually 40 s as opposed to 16–30 s). A deep template with the SN present was

generated using all images up to one year after the SN explosion that were of high

quality and still contained the SN event as verified visually after galaxy subtraction.

This deep SN template was used to provide precise astrometry of the SN for the

later analysis using artificial star injection.

We obtained astrometric solutions for our primary template image by uploading

our image to Astrometry.net (Barron et al., 2008). We then applied these astrometric

solutions to the data images after they were aligned with the template image. The

IRAF tasks phot, psf (on one of the brightest stars away from the galaxy or edge of

the image), and allstar in the DAOPHOT package provided aperture and point-

spread-function (PSF) photometry for all of our images. We calibrated the measured

magnitudes to known magnitudes for any stars also present in the USNO-B database,

which has rather large uncertainties of about 0.25 mag (Monet et al., 2003). We

performed image subtraction using the hotpants program3, after which we could

use the DAOPHOT package addstar task to inject artificial stars. The phot task

was used again to measure the photometry of the artificial stars and confirm that

these artificial stars in fact matched the known magnitudes that we inserted. We

combined our images by using the imcombine task in IRAF in average mode when

needed. The combined images were often cropped in order to obtain an intersection

of our data that excluded regions which only contained data from a number of

images less than the total in the stack.

2.2.2 Type IIn Supernova Targets

From the large sample of KAIT-observed SNe, we first selected all SNe IIn, candi-

date SNe IIn, and SNe II as classified in the IAU Central Bureau of Astronomical

Telegrams (CBAT) list of SNe. We then restricted this sample to targets within

50 Mpc because KAIT images having a limiting apparent magnitude of mR ≈ 19.5

3hotpants is available at http://www.astro.washington.edu/users/becker/v2.0/

hotpants.html.

http://www.astro.washington.edu/users/becker/v2.0/hotpants.html
http://www.astro.washington.edu/users/becker/v2.0/hotpants.html
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result in an absolute magnitude of MR ≈ −14 at this distance (neglecting redden-

ing). This is the peak luminosity of η Carinae’s 19th-century eruption to which

we compare the progenitor outburst limiting magnitudes, and it is a typical value

for SN impostors (although they exhibit a wide range; Smith et al., 2011c). The

classification of the objects in the IAU CBAT list of SNe is usually based on the

first announcement published, but these are often revised upon further study. Ac-

cordingly, we checked the literature for each of our targets to verify that they were

indeed SNe IIn. Overall, this selection process provided us with five unambiguous

SNe IIn and one ambiguous SN IIn/SN impostor (SN 2006am).

Figure 2.1 shows stacked images of each SN field with the SN location labeled.

Table 2.1 enumerates many of the important properties of each of the targets. In all

but one case (SN 1999el), use of Hubble’s law was the only method available for dis-

tance determination for our targets. We obtain these redshift-based distances from

the NASA/IPAC Extragalactic Database4, which assumes H0 = 73 km s−1 Mpc−1

(Riess et al., 2005) and takes into account influences from the Virgo cluster, the

Great Attractor, and the Shapley supercluster. Extinction along the line of sight to

each SN’s host galaxy due to the Milky Way was applied (Schlafly and Finkbeiner,

2011). Extinction produced in the host galaxies themselves is not known for any of

our targets. Since these SNe IIn show signs of prior mass loss resulting in CSM, it

is possible that the progenitors were enshrouded in dusty CSM that was destroyed

by the SN. Our limiting magnitudes do not account for this possible additional

extinction.

SN 1999el:

SN 1999el was discovered near NGC 6951 as a part of the Beijing Astronomical

Observatory Supernova Survey (BAOSS; Cao et al., 1999) and peaked at mR =

14.5 mag (MR = −18.4 mag; Di Carlo et al., 2002) on 8 November 1999 (UT dates

4The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Labora-

tory, California Institute of Technology, under contract with the National Aeronautics and Space

Administration (http://ned.ipac.caltech.edu).

http://ned.ipac.caltech.edu
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Figure 2.1: Stacked images for each of the SNe IIn showing the SN location. Each
image contains the actual SN except that of SN 2011A because no images were taken
with the SN present. For SN 2011A, the tick marks indicate where the SN would
have been had we obtained post-SN images of this region.
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Table 2.1: List of Type IIn Supernova Targets and their Properties

SN Host Galaxy UT Peak Date RA (J2000)a Dec (J2000) Dist. Peak App. Peak
(Mpc)b Mag. Abs.

(Band) Mag.
1999el NGC 6951 Nov-08-1999 20h37m17.72s +66◦06′11.5′′ 26.3c 14.5 (R) -18.4
2003dv UGC 9638 May-04-2003 14 58 04.92 +58 52 49.9 38.0 15.4 (uf/R) -17.5
2006am NGC 5630 Feb-24-2006 14 27 37.24 +41 15 35.4 44.2 17.0 (uf/R) -16.2
2008fq NGC 6907 Sep-22-2008 20 25 06.19 -24 48 27.6 47.4 15.4 (uf/R) -18.1
2010jl UGC 5189A Nov-05-2010 09 42 53.33 +09 29 41.8 48.9d 12.9 (uf) -20.6
2011A NGC 4902 Jan-2-2011 13 01 01.19 -14 31 34.8 38.2 16.9 (uf) -16.1

aPeak dates are based off of published data if a well-sampled light curve exists. In the case that
the published data are limited, we instead determine the peak date from the KAIT data.

bUnless specifically cited, distances were obtained from the NED database, which assumes
H0 = 73 km s−1 Mpc−1 and takes into account influence from the Virgo cluster, the Great
Attractor, and the Shapley supercluster. Milky Way extinction values along the line of sight to
the host galaxies were taken into account when determining absolute magnitudes (Schlafly and
Finkbeiner, 2011).

cDi Carlo et al. (2002).
dSmith et al. (2011b).

are used throughout this paper). It was determined to be a SN IIn based on BAO

spectra (Cao et al., 1999). Follow-up observations in the near-infrared also confirm

its classification as a SN IIn (D’Alessio et al., 2001; Di Carlo et al., 2002; Dudley

and Fischer, 1999). The ultraviolet/optical luminosity resulting from interaction

between the SN shock and pre-existing circumstellar dust caused a blueward shift

of the J , H, and K light curves within 5–80 days after discovery (D’Alessio et al.,

2001). Light echoes from hot CSM dust are also thought to play a role in the near-

infrared light curves observed over the course of ∼ 416 days following maximum

light (Di Carlo et al., 2002). These signs of interaction between the SN explosion

and CSM are likely the result of mass-loss episodes prior to the final explosion. The

distance to SN 1999el (26.3 Mpc) was determined by using the Type Ia SN 2000E in

NGC 6951 (Di Carlo et al., 2002). A Galactic extinction value of AR = 0.808 mag

was adopted from Schlafly and Finkbeiner (2011).
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SN 2003dv:

SN 2003dv was discovered near UGC 9638 as part of the Lick Observatory and

Tenagra Observatory Supernova Search (LOTOSS; Kotak et al., 2003) and peaked

at an unfiltered apparent magnitude of 15.4 (MR = −17.5 mag) on 4 May 20035.

Spectra taken about a week before maximum brightness suggest that it was a SN IIn

based on its narrow (350 km s−1) Hα profile, which is slightly redward of the peak of

the broad component (10, 000 km s−1) of this Balmer emission (Kotak et al., 2003).

The distance to UGC 9638 obtained from NED as described in §2.2.2 is 38.0 Mpc.

A Galactic extinction of AR = 0.030 mag was adopted from Schlafly and Finkbeiner

(2011).

SN 2006am:

SN 2006am was discovered near NGC 5630 as a part of LOSS with an unfiltered

apparent magnitude of 18.5 (MR = −14.8 mag) on 22 February 2006 (Lee and Li,

2006). This absolute magnitude indicates a rather low luminosity for a CCSN, sug-

gesting that SN 2006am may be either a SN impostor or a significantly extinguished

SN. However, SN 2006am exhibits properties of a SN IIn with a blue continuum and

Balmer emission lines containing both a narrow component (300–400 km s−1) and a

weaker broad component (2000 km s−1; Lee et al., 2006). Given its faint magnitude

along with its blue continuum and narrow spectral lines, SN 2006am may well be a

SN impostor — but it may also be a SN IIn, so we include it in our sample. The

distance to NGC 5630 obtained from NED as described in §2.2.2 is 44.2 Mpc. A

Galactic extinction of AR = 0.025 mag was adopted from Schlafly and Finkbeiner

(2011).

SN 2008fq:

SN 2008fq was discovered near NGC 6907 as a part of LOSS with an unfiltered

apparent magnitude of 15.4 (MR = −18.1 mag) on 15 September 2008 (Thrasher

5Light curve taken from http://www.rochesterastronomy.org/sn2003/sn2003dv.html.

http://www.rochesterastronomy.org/sn2003/sn2003dv.html
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et al., 2008). Spectra showed narrow and blueshifted (670 km s−1) P-Cygni-like Hα

and Hβ components superposed on a blueshifted (7500 km s−1) diffuse absorption

feature (Quinn et al., 2008). Likewise, the Na I line shows a similarly complicated

profile. Quinn et al. (2008) suggest the presence of multiple shells in the SN ejecta

arising from ejecta-CSM interaction. Although originally classified as a Type II SN,

the narrow Hα features overlaying a broader component probably indicate that this

object was a SN IIn. The distance to NGC 6907 obtained from NED as described

in §2.2.2 is 47.4 Mpc. A Galactic extinction of AR = 0.137 mag was adopted from

Schlafly and Finkbeiner (2011).

SN 2010jl:

SN 2010jl was discovered near UGC 5189A by Newton and Puckett (2010) and

peaked at an unfiltered apparent magnitude of 12.9 (M = −20.6 mag) on 5 Novem-

ber 2010 (Smith et al., 2011b). This absolute magnitude places SN 2010jl in the class

of superluminous supernovae (SLSNe) along with SN 2003ma (Rest et al., 2011),

SN 2006tf (Smith et al., 2008), and SN 2006gy (Ofek et al., 2007). SN 2010jl’s

host galaxy, UGC 5189A, is reported to be moderately metal poor with Z ≈ 0.2–

0.5 Z� (Stoll et al., 2011). Spectra taken two weeks after discovery exhibit a narrow

component of ∼ 120 km s−1 (Smith et al., 2011b).

Archival Hubble Space Telescope (HST) data reveal a luminous blue point source

at the location of SN 2010jl approximately 10 yr before its explosion (Smith et al.,

2011b). Since the SN has not yet faded, this progenitor candidate could be a massive

young star cluster, a quiescent luminous blue star, or a star undergoing an LBV-

like eruption (Smith et al., 2011b). Ofek et al. (2014b) combined visible and X-ray

data to estimate the presence of > 10 M� of CSM surrounding the progenitor of

SN 2010jl. Because of its extreme brightness and relative proximity, SN 2010jl has

been the focus of numerous further studies containing additional optical and X-ray

observations (Roy et al., 2011; Stoll et al., 2011; Patat et al., 2011; Andrews et al.,

2011; Smith et al., 2012; Chandra et al., 2012; Zhang et al., 2012; Zoglauer et al.,

2013; Fransson et al., 2014). The distance to UGC 5189A obtained from NED as
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described in §2.2.2 is 48.9 Mpc, consistent with the value adopted by Smith et al.

(2011b). A Galactic extinction of AR = 0.059 mag was adopted from Schlafly and

Finkbeiner (2011).

SN 2011A:

SN 2011A was discovered near NGC 4902 as a part of the Chilean Automatic

Supernova search (CHASE) project at an unfiltered apparent magnitude of 16.9

(M = −16.1 mag) on 2 January 2011 (Pignata et al., 2011). Spectra were inter-

preted to suggest that SN 2011A was a SN IIn similar to SN 2005cl (Pignata et al.,

2011). The distance to NGC 4902 obtained from NED as described in §2.2.2 is

38.2 Mpc. A Galactic extinction of AR = 0.109 mag was adopted from Schlafly and

Finkbeiner (2011).

2.3 Analysis

Our primary objective was to detect or place upper limits on the possible progenitor

outbursts at the locations of the SNe in our sample, within the time frame monitored

by KAIT prior to the SNe. No progenitor outbursts were detected to a statistically

significant level using the false discovery rate (FDR) statistical method (discussed in

§2.3.1)6. Therefore, we also used a number of different techniques to place limiting

magnitude constraints for these SN progenitor outbursts as described below.

2.3.1 False Discovery Rate Statistical Method

The FDR statistical method (Benjamini and Hochberg, 1995) was used to study

the possibility of a source being detected in the archival KAIT images for each of

the SN targets. It controls for the fact that with a very large dataset, Gaussian

fluctuations would result in some significant false detections if a naive hypothesis

testing method was used even when no emission is truly present (Li et al., 2011a).

6We also searched for outbursts in SN IIn impostor events such as SN 2001ac and SN 2006bv,

but found no statistically significant detections in this sample either.



50

In order to apply this method, we first compute a p-value for the flux level in each

image at the location of the SN. We then place the p-values in ascending order and

attempt to find the largest k such that Pk ≤ k
m
α, where k is the index of the p-value,

m is the total number of images considered, and α is the significance requirement.

We take the null hypothesis to be that no emission was present at the locations

of the SNe in the archival images. All images with k = i, ..., klargest are declared as

rejections of the null hypothesis, which means that they are considered detections of

a source. We chose a relatively low significance level of α = 0.05, which is roughly

the 2σ detection threshold, in order to see if there were any weak detections we

could explore further.

With these techniques, we found no statistically significant sources of emission in

any of our targets. To verify that the statistical approach was working correctly, we

also ran the FDR test on SN 2010jl images within two months after the SN explosion

and were able to obtain significant detections in each image. However, since we are

not able to directly detect any progenitor outbursts, we focus instead on setting

limiting magnitudes at the SN position for each of the targets and compare them

to the well-known light curves of SN 2009ip and η Carinae. η Carinae serves as an

example of a nonterminal eruption over extended periods of time, whereas SN 2009ip

serves as an example of a terminal event which had brief outbursts within the years

prior to explosion. Although the nature of SN 2009ip’s 2012a event was initially

debated (Prieto et al., 2013; Soker and Kashi, 2013; Pastorello et al., 2013; Mauerhan

et al., 2013a; Fraser et al., 2013a; Margutti et al., 2014), recent evidence in favor

of the 2012a event being a terminal explosion has not been disputed since (Smith,

Mauerhan, & Prieto 2014, Graham et al., 2014; Mauerhan et al., 2014). While both

η Carinae and SN 2009ip have extensive light curves that we can reference, we do not

claim that all SNe IIn have outbursts similar to those of these two events. As such,

we also compare the limiting magnitudes we set to an array of simulated outbursts

that cover a wide range of parameter space in varying magnitudes, durations of

outbursts, and number of outbursts in a given event.
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2.3.2 Limiting Magnitudes on Individual Images

Artificial Star Injection:

We take two approaches to setting limiting magnitudes for our images. Our first

approach involves the use of artificial star injection. After subtraction of a template

image not containing the SN, we implant increasingly fainter stars in steps of 0.1 mag

at the location of the SN, starting from mR ≈ 15 mag until we no longer detect a

source present at the location of the SN to the 3σ level (merr < 0.362 mag) of our

known inserted star.

While this method should be the most realistic at setting a relevant limiting

magnitude for our images, there are a few drawbacks. In the case where the SN

is in the brightest regions of its host galaxy, as is the case for SN 2008fq and SN

2010jl, subtraction errors become more significant, resulting in a lower threshold of

sensitivity and a large increase in the standard deviation of our limiting magnitudes.

This technique is also susceptible to error from cosmic rays in the signal flux aper-

ture. Cosmic rays in the signal flux aperture cause systematically fainter limiting

magnitudes to be set, though they are relatively infrequent in the data. Cosmic

rays present in the sky annulus used for noise considerations are controlled with

a standard rejection procedure. Lastly, we increase the magnitude of the artificial

stars in increments of 0.1, causing some artificial scatter in our results owing to this

discretisation. Results from this approach are shown in Figures 2–7 as red triangles

and given in Tables 2–7 as “Artificial Star LM, Individual.”

Sky Background Noise Calculations at the SN Location:

The second way in which we determine limiting magnitudes for KAIT images is by

measuring the noise level in a bias-, dark-, and template-subtracted image in an

annulus around the SN location and calculating the flux that would be required to

produce a magnitude error of 0.362. This allows us to solve for the limiting flux

required to reach this signal-to-noise ratio (S/N) given the sky parameters near

the SN, without actually using the flux at the SN location itself. We convert this
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limiting flux to a limiting magnitude and compare the result to the artificial star

injection method.

Although this method is subject to galaxy-subtraction errors in the sky annulus,

it is not susceptible to cosmic rays nor galaxy-subtraction artifacts in the signal

flux aperture because it does not use the flux in this region in determining the

limiting magnitude. Consequently, it tends to produce less scatter. Even though

this approach does not use the flux information exactly at the location of the SN,

it does use the same annulus for background noise information as the artificial star

approach. Results from this approach are given in Tables 2–7 as “Background LM,

Individual.”

2.3.3 Limiting Magnitudes on Monthly Stacked Images

Since we expect the signal from a progenitor outburst to be quite faint (i.e., MR ≈
−14 mag) , we also took the approach of averaging all of the images within the same

month in order to obtain deeper stacked images. These images were first registered

to a template image in preparation for stacking. After combination, we then ran

the same artificial star injections and noise calculations at the location of the SNe.

The stacked images often result in deeper limiting magnitudes being set, but their

temporal coverage restricts their utility in searching for outbursts on the ∼ 10 day

timescale. The primary utility of these stacked images is in providing coverage of the

faintest (MR = −13 mag) outbursts that we simulate. Results from this approach

are shown in Figures 2–7 as blue squares and given in Tables 2–7 as “Artificial Star

LM, Stacked” and “Background LM, Stacked.”

2.3.4 Results

As mentioned in §2.3.1, the FDR statistical approach resulted in no significant

progenitor outburst detections. Therefore, we focus in this section on limiting mag-

nitudes and opt not to calculate precursor rates as Ofek et al. (2014a) do because

our data only allow us to place constraints on the properties of the possible out-
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Table 2.2: Limiting Magnitudes (LM) for SN 1999ela

Year Month Day Artificial Star Artificial Star Background Background
LM, Individual LM, Stacked LM, Individual LM, Stacked

1998 10 24 19.2 19.2 19.4 19.8
1998 10 28 19.1 19.2 19.6 19.8
1998 10 31 18.8 19.2 19.7 19.8
1998 11 2 18.5 19.9 19.6 19.8
1998 11 5 18.8 19.9 18.8 19.8

aThe entirety of this table is available in Appendix A. A portion is displayed here for reference.

bursts. Plots showing the limiting magnitudes for each of the targets are included

in Figures 2–7. The absolute magnitude light curves of SN 2009ip (Smith et al.,

2010b; Pastorello et al., 2013; Mauerhan et al., 2013a) and η Carinae (Smith and

Frew, 2011) are included for comparison in these figures. The light curves shown

are shifted in the time axis so that their peak observed magnitudes occur at t = 0.

All of the limiting magnitude values for each of the targets are included in Tables

2–7.

SN 1999el:

Results for SN 1999el are shown in Figure 2.2 and Table 2.2. While SN 1999el’s

dataset is relatively limited in duration because the SN exploded less than two years

after KAIT began operation, it does contain many limits just before peak brightness

and is the closest SN IIn that we consider at 26.3 Mpc. Consequently, the majority

of the limiting magnitudes set for the SN 1999el data lie in the absolute magnitude

range from −13 to −14 mag. SN 1999el’s light curve (Di Carlo et al., 2002) matches

that of SN 2009ip (from the 2012b peak onward) very well both in magnitude and

in shape. SN 1999el was not observed as early in its rise to peak, but its post-peak

light curve shows evolution similar to that of SN 2009ip. As discussed below, we

can rule out an initially faint SN if it were similar to SN 2009ip’s 2012a event.
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Figure 2.2: Archival KAIT limiting magnitudes for SN 1999el. Red triangular data
signify limits set by data from single images, whereas blue-square data signify limits
set by monthly stacks. (If only one image is available in a given month, the stack may
consist of a single image resulting in overlap between the individual and combined
limit.) The size of the combined data squares indicates how many images went into
producing the combined image (the largest stack consists of 16 images and belongs
to the SN 2008fq dataset). SN 2009ip’s light curve is overplotted as a dash-dotted
green line. η Carinae’s light curve is overplotted as a dashed black line. The vertical
dashed black line marks the date of the peak observed magnitude. Near-peak light-
curve values for SN 1999el were obtained from Di Carlo et al. (2002). We determine
the date of the peak observed magnitude from this well-sampled light curve.
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Table 2.3: Limiting Magnitudes (LM) for SN 2003dva

Year Month Day Artificial Star Artificial Star Background Background
LM, Individual LM, Stacked LM, Individual LM, Stacked

1999 1 28 18.7 18.7 19.7 19.7
1999 2 1 18.6 19.2 18.9 19.4
1999 2 27 19.8 19.2 19.8 19.4
1999 4 10 19.7 19.9 20.0 20.2
1999 4 15 20.0 19.9 19.9 20.2

aThe entirety of this table is available in Appendix A. A portion is displayed here for reference.

SN 2003dv:

Results for SN 2003dv are shown in Figure 2.3 and Table 2.3. SN 2003dv’s dataset

includes five years of limiting magnitudes, but only a handful of good images were

acquired for this target each year. Most of the limiting magnitudes fall in the range

of −13 to −14 in absolute magnitude for SN 2003dv. SN 2003dv’s light curve reaches

a similar peak luminosity but shows a much slower decline compared to that of SN

2009ip.

SN 2006am:

Results for SN 2006am are shown in Figure 2.4 and Table 2.4. SN 2006am’s dataset

covers many years, but it contains only two images within the months prior to the

SN explosion. Because of its relatively faint (MR = −14.8 mag) discovery magnitude

according to initial rough photometry (Lee et al., 2006), SN 2006am may be very

extinguished, or perhaps a SN impostor instead of a SN IIn. No light curve exists

for SN 2006am other than our two KAIT measurements, which are the same images

used earlier to discover this event. When performing more thorough photometry on

these images, however, we find a peak magnitude of MR ≈ −16, suggesting that SN

2006am is more likely a SN IIn than a SN impostor. Most of the limiting absolute

magnitudes for SN 2006am lie in the range from −13.5 to −15.
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Figure 2.3: Same as Fig. 2.2, but for SN 2003dv. The top plot shows all of the
archival data while the bottom plot shows only data near peak magnitude. Near-
peak light-curve values for SN 2003dv were obtained from the amateur astronomy
data available on the Rochester Astronomy website of nearby SNe (http://www.
rochesterastronomy.org/sn2003/sn2003dv.html). We determine the date of the
peak observed magnitude from this well-sampled light curve.

http://www.rochesterastronomy.org/sn2003/sn2003dv.html
http://www.rochesterastronomy.org/sn2003/sn2003dv.html
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Figure 2.4: Same as Fig. 2.3, but for SN 2006am. The two near-discovery light
curve values for SN 2006am were obtained from our KAIT/LOSS survey data. We
determine the date of the peak observed magnitude from this poorly sampled light
curve.
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Table 2.4: Limiting Magnitudes (LM) for SN 2006ama

Year Month Day Artificial Star Artificial Star Background Background
LM, Individual LM, Stacked LM, Individual LM, Stacked

1999 1 10 19.5 19.2 19.3 19.6
1999 1 28 18.5 19.2 19.6 19.6
1999 2 2 18.3 19.1 19.5 20.0
1999 2 5 19.6 19.1 19.4 20.0
1999 2 27 17.2 19.1 19.5 20.0

aThe entirety of this table is available in Appendix A. A portion is displayed here for reference.

Table 2.5: Limiting Magnitudes (LM) for SN 2008fqa

Year Month Day Artificial Star Artificial Star Background Background
LM, Individual LM, Stacked LM, Individual LM, Stacked

2000 6 14 19.6 18.6 19.5 19.8
2000 6 23 17.8 18.6 19.4 19.8
2000 6 30 18.2 18.6 19.6 19.8
2000 7 8 19.0 19.6 19.5 19.7
2000 7 14 19.1 19.6 19.0 19.7

aThe entirety of this table is available in Appendix A. A portion is displayed here for reference.

SN 2008fq:

Results for SN 2008fq are shown in Figure 2.5 and Table 2.5. Unfortunately, SN

2008fq is located near the brightest part of its host galaxy (NGC 6907) and at

a relatively large distance of 47.4 Mpc. This results in lower S/N and brighter

limiting magnitudes for the SN 2008fq dataset. However, the large number of images

acquired for NGC 6907 mean that we have very good temporal extent and coverage

for this SN, enabling us to rule out precursor outbursts in the −14 to −16 absolute

magnitude range rather effectively for this SN in the years observed by KAIT. The

light curve of SN 2008fq shows a slower decline than that of SN 2009ip.

SN 2010jl:

Results for SN 2010jl are shown in Figure 2.6 and Table 2.6. SN 2010jl is located in

a bright part of its host galaxy (UGC 5189A), and it is also the farthest SN IIn we

consider (d = 48.9 Mpc). The number of good KAIT images of this object acquired
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Figure 2.5: Same as Fig. 2.3, but for SN 2008fq. Near-peak light-curve values for
SN 2008fq were obtained from our KAIT/LOSS survey data. Since only two data
points exist on the light curve available from the Rochester Astronomy website of
nearby SNe, we determine the date of the peak observed magnitude from our well-
sampled KAIT light curve.
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Table 2.6: Limiting Magnitudes (LM) for SN 2010jla

Year Month Day Artificial Star Artificial Star Background Background
LM, Individual LM, Stacked LM, Individual LM, Stacked

1998 11 15 18.0 18.1 19.4 19.8
1998 11 21 18.0 18.1 19.6 19.8
1998 12 23 17.2 17.3 19.8 20.0
1998 12 27 17.2 17.3 19.5 20.0
1999 1 8 18.0 18.6 19.6 19.9

aThe entirety of this table is available in Appendix A. A portion is displayed here for reference.

each year is small, making this dataset noisy and sparse, even though it does cover

twelve years. With most of the limiting absolute magnitudes falling in the range

of −15 to −16 mag, and none being set in the months prior to SN 2010jl’s peak

brightness, this dataset does not allow us to place strong constraints on the nature of

SN 2010jl’s progenitor. A candidate progenitor with M = −12.0 mag was, however,

detected for SN 2010jl in the F300W filter on HST/WFPC2 roughly 10 yr before

peak brightness (Smith et al., 2011b). The light curve of SN 2010jl (Zhang et al.,

2012) shows a significantly higher peak brightness than that of SN 2009ip and also

a much slower decline from peak.

SN 2011A:

Results for SN 2011A are shown in Figure 2.7 and Table 2.7. The dataset for SN

2011A covers a large temporal extent and contains enough images each year to

provide good coverage. Unfortunately, no KAIT data are available in the 1.5 yr

immediately preceding the SN explosion because of a disk failure resulting in the

loss of data between September 2009 and September 2011. Most of the limiting

absolute magnitudes for SN 2011A lie in the range −13 to −14. No light curve is

available for SN 2011A to be used in comparison to SN 2009ip’s light curve.
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Figure 2.6: Same as Fig. 2.3, but for SN 2010jl. Near-peak light-curve values for
SN 2010jl were obtained from Zhang et al. (2012). We determine the date of the
peak observed magnitude from a light curve available on the Rochester Astronomy
website of nearby SNe which extends just a few days before the published light
curve.
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Figure 2.7: Same as Fig. 2.3, but for SN 2011A. No plot for near-peak values is
presented because no survey data for SN 2011A were available for these dates. No
light curve was available for SN 2011A because of a disk failure resulting in the loss
of data.

Table 2.7: Limiting Magnitudes (LM) for SN 2011Aa

Year Month Day Artificial Star Artificial Star Background Background
LM, Individual LM, Stacked LM, Individual LM, Stacked

1998 12 27 19.1 19.1 19.0 19.0
1999 1 3 16.9 18.2 19.3 19.6
1999 1 6 18.2 18.2 19.2 19.6
1999 1 11 18.4 18.2 18.7 19.6
1999 1 28 17.7 18.2 18.1 19.6

aThe entirety of this table is available in Appendix A. A portion is displayed here for reference.
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2.4 Discussion

In general, the limiting magnitudes that we set prior to our sample of SNe IIn are not

faint enough to rule out SN 2009ip or η Carinae-like eruptions with high confidence.

Even the stacked images are usually not sufficiently deep because the KAIT survey

does not typically acquire a large number (> 10) of images of each particular galaxy

each month. Thus, a main conclusion is that the lack of detections of pre-SN

outbursts is not very surprising, even if all SNe IIn are core-collapse events with

substantial (MR ≈ −14 mag) precursor eruptions. Nevertheless, we can perform a

number of statistical tests, which we discuss below, to gain a better understanding

of what our limits imply with regard to SN IIn progenitor properties, and to guide

future observing strategies.

2.4.1 Coverage Rates for Example Outbursts

Although control times were not calculated for the KAIT data for any SN impostors,

we compute fractional coverage rates for five different known LBV-like outbursts,

which are shown in Figure 2.8. Three of these outbursts are taken from the SN

2009ip light curve (the last of which is actually likely to be the start of the SN

explosion itself; see Mauerhan et al., 2013a; Smith et al., 2014) and the other two

are taken from η Carinae’s historical light curve (Smith and Frew, 2011). The length

of the outbursts varies from 45 to 192 days and some of the outbursts, like that of the

second SN 2009ip-like burst, include many brief individual outbursts within them.

Overall, the outbursts cover a range from ∼ −11 mag during a quiescent part of

the burst to ∼ −15 mag at peak outburst, consistent with the observed distribution

of SN impostor peak luminosities (Smith et al., 2011c). Observations of SN 2009ip

were taken in either an unfiltered bandpass or the R band, while observations of η

Carinae were made primarily by eye in the visible. With the temperatures expected

for these outbursts near peak (∼ 6000–7000 K), R-band and visible photometry

should be comparable (because the bolometric correction is small), except in the

case of very high Hα emission levels.
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Figure 2.8: The top plot shows the entire light curves for SN 2009ip and η Carinae,
while the bottom is zoomed in to cover only ∼ 3000 days. The highlighted regions
show the selected outbursts used for comparison to the calculated limiting magni-
tudes of each SN IIn. SN 2009ip-like Burst #3 is actually the SN’s initial rise rather
than a precursor outburst.
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Table 2.8: Fractional Probability of Detecting Given Outbursts Using Artificial Star
Injection LMs

SN Image Type 2009ip 2009ip 2009ip η Car η Car
Burst #1 Burst #2 Burst #3 Burst #1 Burst #2

1999el Individual 0.48 0.54 0.56 0.53 0.62
- Stacked 0.20 0.17 0.46 0.34 0.40

2003dv Individual 0.32 0.18 0.48 0.31 0.47
- Stacked 0.23 0.12 0.43 0.25 0.45

2006am Individual 0.11 0.01 0.49 0.01 0.17
- Stacked 0.13 0.02 0.43 0.03 0.27

2008fq Individual 0.02 0.00 0.35 0.00 0.01
- Stacked 0.02 0.00 0.27 0.00 0.04

2010jl Individual 0.01 0.00 0.11 0.00 0.02
- Stacked 0.00 0.00 0.07 0.00 0.01

2011A Individual 0.15 0.04 0.40 0.08 0.26
- Stacked 0.14 0.06 0.36 0.16 0.26

Collectivea Individual 0.74 0.64 0.96 0.70 0.88
- Stacked 0.56 0.33 0.92 0.60 0.83

aThese are the probabilities that we would have detected at least one outburst from any of the
SN IIn targets.

The fractional coverage rates we compute are essentially the probabilities that

we would have been able to detect each particular outburst. We assume each of

the outbursts has an equal likelihood of having occurred on any day since our first

available observation for each SN. If the outburst is ever brighter than a limiting

magnitude we have set for a given day, then we claim that we would have been able

to detect that outburst. After inserting each outburst on every possible day that it

could have occurred, we divide the total number of detected outbursts by the total

number of outbursts inserted to find the fractional coverage rate. The results of this

assessment are presented in Table 2.8.

Because of the brightness of the host galaxies at the location of SN 2010jl and

SN 2008fq, the limiting magnitudes are too bright to place a strong constraint

on the potential presence of pre-SN outbursts. However, the other four SNe have

reasonable (≥ 0.10) fractional coverage rates for most of the example outbursts, with

particularly high (≥ 0.35) coverage rates for SN 2009ip-like burst #3 simulations.

Considering that we have no limiting magnitudes for a large portion of the year
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owing to right-ascension constraints, any coverage rate near 0.5 is high.

Even though we have the highest fractional coverage rates for SN 2009ip-like

burst #3, we focus more on the other outbursts in this discussion because this event

(2012a) is likely to be the SN explosion itself, which is initially faint because of

having a BSG progenitor (Mauerhan et al., 2013a; Smith et al., 2014), as was the

case for SN 1987A. Our next most prominent outburst is that of η Car-like burst #2

(1843), which shows rates above 17% for all of our objects, excluding SN 2010jl and

SN 2008fq. If all of the SNe IIn in our sample had gone through η Car-like burst #2

phases within their recent histories, then we would have an 88% chance of detecting

at least one outburst from the six targets. Even for SN 2009ip-like burst #2, the

faintest and shortest duration outburst, we find a 64% chance of having detected at

least one outburst among all of our events.

2.4.2 Possible Extinction from Circumstellar Dust

These calculations are heavily dependent on the fact that we ignore local extinction

by circumstellar dust (though SN 2009ip and η Carinae may have been surrounded

by dust as well). We consider the possibility of circumstellar dust enshrouding

our targets by adding the effects of artificial extinction to the example outbursts

and recalculating the coverage rates. We find that with just AR ≥ 0.5 mag, the

probability that we would have detected at least one outburst from any of our

targets similar to that of SN 2009ip’s burst #2 drops below 10%. Thus, it may

be that the majority of SN IIn precursors are somewhat less luminous intrinsically

than SN 2009ip or η Carinae, or that they appear fainter because of a modest

amount of dust that formed in a previous eruption. The dust formed by precursor

eruptions may be destroyed by the SN explosion. Because of this, we cannot use

measurements of reddening along the line of sight to SNe to rule out extinction

effects on the progenitor systems due to CSM dust.
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2.4.3 Coverage Rates for Simulated Outbursts

In order to further constrain the types of outbursts, we compute fractional coverage

rates (the chance that we would have detected a given outburst if it had occurred

on any random day since the start of our observations for the SN in question)

for simulated outbursts with a variety of parameters, for limiting magnitudes set

by both the artificial star and background noise techniques for all of our SN IIn

targets. The results of these tests are shown in Figures 2.9 and 2.10. We simulate

outbursts similar to those from SN 2009ip (many short outbursts) and η Carinae

(less frequent but extended outbursts) over a range of magnitudes. Specifically, in

the case of SN 2009ip-like outbursts, we simulate ten-day light curves which vary

in peak magnitude between −13 and −16, and recur between one and ten times

in a particular simulation. In the case of many repeated outbursts, the separation

between events is set to ten days. For instance, a five-event SN 2009ip-like light

curve at m = −15 mag uses five separate outburst events that are ten days long

at a constant magnitude of −15 with ten days separating each of the five outburst

events. In the case of η Carinae-like outbursts, we simulate a single light curve which

varies in magnitude between −13 and −16, and duration of the outburst between

ten and one hundred days. Note here that the SN 2008fq and SN 2010jl fractional

coverage rates are diminished when the artificial star limiting magnitudes are used

because of high host-galaxy brightness in the signal flux aperture. The remainder

of the fractional coverage rates are quite high (& 0.2) for almost all cases plotted

with M < −13.5 mag.

The KAIT cadence of 3–10 days is sufficient for the purposes of this project,

as can be seen from the varying duration of outburst plots in Figure 2.10. As

the duration of the outbursts decreases, the fractional coverage rates drop slowly

compared to the steep dropoffs seen in the other plots. This slow drop is primarily

caused by the fact that our limiting magnitudes only cover the ∼ 50% of the year

during which we have data, so that longer outbursts spend less time in our “blind

spots.”
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Figure 2.9: Fractional coverage of SN 2009ip-like (many quick) simulated outbursts
based on the limiting magnitudes for the various SNe IIn. The left column uses
the limiting magnitudes based on background noise, whereas the right column uses
the limiting magnitudes based on artificial star injection. The top row shows the
fractional coverage for varying magnitudes of a 10-day simulated outburst. The
middle row provides the fractional coverage for varying magnitudes of ten 10-day
simulated outbursts. The bottom row gives the fractional coverage for varying
numbers of 10-day outbursts at a fixed magnitude of M = −14.
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Figure 2.10: Same as Fig. 2.9, except for η Carinae-like simulated outbursts. The
middle row shows the fractional coverage for varying magnitudes of a single 100-
day simulated outburst. The bottom row gives the fractional coverage for varying
durations of a single outburst at a fixed magnitude of M = −14.
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Our main point is that the fractional coverage rates become very small for

MR > −13 mag, indicating that KAIT survey data are not sensitive enough to

place constraints on outbursts fainter than this level. Because the SN 2009ip and

η Carinae light curves spend most of their quiescent time at MR ≈ −11 mag or

MV ≈ −12 mag (respectively), such sensitivity levels are necessary to thoroughly

constrain the frequency of their outbursts.

2.4.4 Red vs. Blue Supergiant?

Although it had been speculated for some time that red supergiants (RSGs) were

the most likely progenitors of SNe II, evidence has suggested that some SNe II may

explode while in a BSG or LBV phase. The most famous of such BSG progenitors is

SN 1987A (Arnett, 1989), but more recent cases associated with SNe IIn have been

suggested as well (Smith et al., 2010b, 2011b, 2014). The key difference between a

RSG and a BSG progenitor is the larger photospheric radius for a RSG progenitor.

Because exploded stars with larger initial radii lose less thermal energy to adiabatic

expansion, their SNe can achieve a higher initial peak luminosity (Doggett and

Branch, 1985). Whereas the RSG’s light curve essentially plateaus from this peak,

a BSG’s light curve will continue to rise from its initially faint state as 56Ni decay

begins to dominate, as in the example of SN 1987A (Arnett, 1989, 1991).

Interaction with CSM can also greatly increase the luminosity from a BSG (or

any) explosion depending on the delay between the explosion time and the onset of

strong CSM interaction (see Smith et al., 2014), but in this section we are concerned

with the rise to peak brightness of the SN-ejecta photosphere. Since LBV progenitors

to SNe IIn are expected to have BSG-like radii, we can look for these signatures in

the light curve to constrain progenitor properties. SN 2009ip and SN 2010mc are

strong candidates for having relatively compact BSGs prior to explosion (compact,

at least, compared to a RSG of a similar luminosity). Because an abundance of

data exists for both the SN explosion itself and the many outbursts in the preceding

years, SN 2009ip’s light curve is used as a general template to explore our ability to

constrain the progenitors for the SNe IIn studied in this work. Given that some of our
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SNe IIn have limiting magnitudes set shortly before they reached peak brightness,

we can use these limits to constrain how quickly the light curve rose in each case.

For brevity, we refer to an initially faint BSG SN light curve as an 09ip/2012a-like

event.

SN 1999el, SN 2003dv, SN 2006am, and SN 2008fq have relevant data for this

question. Figure 2.11 shows zoomed-in light curves for these SNe near their times

of peak brightness. With data ending just 14 days before peak, SN 1999el shows

strong signs that it did not have a faint 09ip/2012a-like event prior to reaching

its peak brightness. Data for SN 2003dv are earlier relative to the peak, but do

span an effective range of 36 to 75 days prior to the peak brightness, suggesting

a possible quick rise to peak as well. One limit is set 20 days before peak for SN

2003dv, but the noise level is too high to conclusively rule out a 09ip/2012a-like

event. SN 2006am also has limits 25 and 39 days before its observed peak (because

we have so few data for the SN 2006am light curve, we do not know for certain

that we actually have near-peak observations for this event), but the 25-day limit is

from a poor-quality image and does not significantly constrain the SN brightness.

The observation 39 days prior to peak brightness does suggest that no detectable

source at M ≈ −14 mag was present at that time, but this alone does not rule out

a 09ip/2012a-like event for SN 2006am. Pre-SN data near peak for SN 2008fq span

a range of 16–135 days prior to the SN explosion, three of which seem to suggest a

light curve fainter than that of SN 2009ip as it rose to peak. However, the majority

of the limiting magnitudes are too bright to stringently constrain the rise to peak

for SN 2008fq. This is a direct consequence of its being far away at 47.4 Mpc and

being located near the brightest part of its host galaxy.

Because SN 1999el and SN 2003dv do not seem to have had a faint pre-peak SN

bump, it is unlikely that their progenitors were BSGs akin to SN 2009ip and SN

2010mc. Instead, these SNe underwent a quick rise to peak that would be expected

from a RSG progenitor, or perhaps from a BSG with immediate onset of strong

CSM interaction. For SN 2010jl and SN 2011A, we cannot place any constraints in

this manner because no data are available within 150 days prior to peak brightness,
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Figure 2.11: Same data format as in Fig. 2.3, but here we display only zoomed data
for the four SNe which have limits within 75 days of their respective peaks. We
compare the data for each SN to those of SN 2009ip and exclude η Carinae in this
comparison figure. The data are plotted relative to the observed peak magnitude in
published data for each of the SNe if the light curve is well sampled. If our KAIT
light curve provides a better constraint on the date of the peak (as in the case of
SN 2008fq), then we use it instead.
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but we do know that HST images for SN 2010jl suggest a possible BSG progenitor

(Smith et al., 2011b).

We must also consider SNe IIn-P and their progenitors here because a SN IIn-P

may appear as a SN IIn if no data are available to rule out a plateau phase. Hence, we

cannot exclude the possibility that some of our SNe IIn are in fact SNe IIn-P. This

is important because SNe IIn-P are hypothesised to arise from super asymptotic

giant branch (AGB) stars which explode as electron-capture SNe, as in the case

of SN 1994W, SN 2009kn, SN 2011ht, and the Crab nebula’s SN (Chugai et al.,

2004; Kankare et al., 2012; Mauerhan et al., 2013b; Fraser et al., 2013b; Smith,

2013b). SN 2011ht was reported to have an outburst one year prior to its terminal

explosion (Fraser et al., 2013b), suggesting that super-AGB stars may also produce

nonterminal eruptive mass-loss events just before exploding. The population of

events that appear as SNe IIn may therefore have a diversity of progenitors from

RSGs to BSGs rather than a single progenitor system (Smith et al., 2009a).

Recent work by Ofek et al. (2014a), which looked at a sample of sixteen SNe IIn in

Palomar Transient Factory (PTF) data, claims that more than 50% of SNe IIn have

at least one pre-explosion outburst brighter than 3 × 107 L� (absolute magnitude

M ≈ −14) that occurs within 4 months before the SN.7 This statistical estimate

includes two events (SN 2010mc precursor 20 days before, and the PTF 12cxj-A

precursor 10 days before) that occur just prior to the SN peak brightness, but are

very similar to the 09ip/2012a precursor that occurred just 25 days before peak

brightness. Smith et al. (2013) showed that the light curves of SN 2010mc and SN

2009ip are almost identical. These “precursors” may well be the initial stages of the

slowly rising SN explosion itself before CSM interaction peaks, as was the case for SN

2009ip (Mauerhan et al., 2013a; Smith et al., 2014). For these reasons, it seems that

7This particular statistic assumes a homogeneous population among all of the SN IIn targets

so that it can count multiple precursor events for a single target as essentially different events.

Thus, if sixteen precursor outbursts were detected for a single one of the sixteen different targets,

the statistic would claim that essentially 100% have such an outburst within the measured time

frame.
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detectable luminous eruptions (M < −14 mag) may be less common among SN IIn

progenitors just before explosion than the 50% estimate by Ofek et al. (2014a). Our

constraints on SN 2009ip-like and η Carinae-like eruptions suggest that these more

luminous eruptive events are uncommon, or that they are fainter than our example

outbursts (intrinsically or owing to possible dust extinction). In fact, we find that

our data require that . 40% of SNe IIn have pre-SN LBV-like eruptions of −13 mag

or brighter in the time frame covered by KAIT.

2.5 Conclusions

Our primary goal was to search through the KAIT archival database in order to

constrain the properties of SN IIn progenitor outbursts by determining if any SNe IIn

exhibit detectable outburst characteristics similar to those of SN 2009ip or η Carinae.

No such outbursts were statistically detected in the dataset, implying that they are

either typically less luminous than expected or are not common among SNe IIn.

Instead, we have provided limiting magnitudes for six SN IIn progenitors.

With these limiting magnitudes, we are able to place constraints on the nature

of a few of the progenitors to our SNe IIn. In particular, we find that SN 1999el

and SN 2003dv have constraining limiting magnitudes set within 40 days prior to

their peak brightness, suggesting that they are likely RSGs with steeply rising light

curves or that CSM interaction turned on much more quickly than the delayed

interaction in SN 2009ip and SN 2010mc. We also find that if the SN 2009ip and

η Carinae outbursts were typical of all SNe IIn, then we would have a good chance

(> 60%) of detecting each given type of outburst at least once in our dataset.

However, this is for an emerged luminosity corresponding to ∼ −13 mag. This

estimate ignores the possibility that these objects (as well as SN 2009ip and η

Carinae) are in fact obscured by their own CSM dust, which is likely to be created if

there have been previous such mass-loss episodes. It also depends somewhat on our

particular viewing angle for each SN if the CSM geometry is aspherical (Mauerhan

et al., 2014).
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In order to better study the nature of SNe IIn and their progenitors, it would be

beneficial to perform surveys with deeper limiting magnitudes. The KAIT cadence

of 3–10 days provides excellent temporal coverage of the outbursts we are explor-

ing, while the (up to) 12 yr baseline of archival data provides nearly unparalleled

temporal extent for such a project. However, the sensitivity of KAIT only allows

us to reach limiting magnitudes of m ≈ 19.5, which restricts us to SNe IIn within

50 Mpc. Any objects at larger distances than this are difficult to constrain because

they would likely be too faint for KAIT upper limits to be meaningful. For example,

we searched for pre-SN outbursts in SN 2006gy. Although we detected no pre-SN

outbursts, the upper limit of M ≈ −15 mag at d = 73.1 Mpc is not very constrain-

ing. Ideally, a survey geared toward detecting SN IIn progenitor outbursts should

strive to achieve a limiting magnitude of m ≈ 21.5 in order to be able to reach

sensitivities of M ≈ −12 mag out to 50 Mpc. The Large Synoptic Survey Telescope

(LSST) project aims to reach m ≈ 27 mag limits in stacked images (mag 24 in sin-

gle 15 s exposures).8 At this level of sensitivity, we could measure the progenitors

to these SNe IIn in their relatively quiescent states if they are as luminous as SN

2009ip or η Carinae out to d ≈ 500 Mpc, but variability is needed to pick them

out of the confusion-limited background. If these objects are not detected by such

a survey, then it is likely they are being obscured by circumstellar dust, in which

case an infrared survey would be interesting. Even so, deeper optical surveys would

allow us to statistically compare the number of SNe IIn that arise from objects that

undergo tremendous mass loss just prior to explosion.

Dedication

This research, based on data from the Lick Observatory Supernova Search that took

many years to acquire, was completed after the untimely and tragic death of our

close friend, colleague, and coauthor Weidong Li, who led the nightly operation of

8Expected limiting magnitude estimates come from http://www.lsst.org/lsst/science/

science-faq.

http://www.lsst.org/lsst/science/science-faq
http://www.lsst.org/lsst/science/science-faq
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KAIT (1997–2011) and conducted numerous scientific studies with it; we miss him

dearly.
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CHAPTER 3

SN2012ab: A Peculiar Type IIn Supernova with Aspherical Circumstellar

Material1

We present photometry, spectra, and spectropolarimetry of supernova (SN) 2012ab,

mostly obtained over the course of ∼ 300 days 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 magni-

tude 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 days) 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 asymmet-

ric profiles requires a density structure in the distant CSM that is highly aspherical.

Our spectropolarimetric data also suggest asphericity with a strong continuum po-

larization of ∼ 1–3% 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

1This chapter has been previously published as SN2012ab: a peculiar Type IIn supernova with

aspherical circumstellar material by Bilinski, Christopher and Smith, Nathan and Williams, G.

Grant and Smith, Paul and Zheng, WeiKang and Graham, Melissa L. and Mauerhan, Jon C.

and Andrews, Jennifer E. and Filippenko, Alexei V. and Akerlof, Carl and Chatzopoulos, E. and

Hoffman, Jennifer L. and Huk, Leah and Leonard, Douglas C. and Marion, G. H. and Milne,

Peter and Quimby, Robert M. and Silverman, Jeffrey M. and Vinkó, Jozsef and Wheeler, J. Craig

and Yuan, Fang, in the Monthly Notices of the Royal Astronomical Society Volume 475, Pages

1104-1120 on 2018 March.
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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.

3.1 Introduction

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

circumstellar 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 and 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. 2009b; 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, monitoring the time-

evolution of SNe IIn at many different epochs helps disentangle the various potential

sources of asymmetric line emission.

Observational evidence suggests that SNe IIn are aspherical and may have high

polarization signals. A ∼ 20% level of SN asphericity may result in a detectable

1% linear polarization signal (Hoflich, 1991; Leonard and Filippenko, 2005). While

a number of efforts have been made to explain core-collapse SNe in terms of ax-
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isymmetric jets (Khokhlov et al., 1999; Wheeler et al., 2002; Wang et al., 2002),

observational evidence in the form of loops in the Q/U plane suggest that even

these axisymmetric models may not be sufficient for all types of core-collapse SNe

(Hoffman et al., 2008; Wang and Wheeler, 2008; Maund et al., 2009). In contrast

to SNe IIn, SNe II-P generally have shown very low levels of polarization at early

times (Leonard and Filippenko, 2001; Leonard et al., 2002b; however, see Leonard

et al., 2016; Mauerhan et al., 2017b). 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; Mauerhan

et al., 2017b). 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

modeling of Dessart and Hillier (2011), it is also possible that even large asymme-

tries during the plateau phase will produce very little polarization, 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 understood. 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 spectropolarimetry 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 provided by total-flux spectra alone. Having multiple

epochs of spectropolarimetry allows us to further track these asphericities as the

SN evolves. Shifts in the magnitude and angle of the polarization signal over time
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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., 2007a).

SN 2012ab was discovered coincident with the nucleus of the spiral galaxy

2MASXJ12224762+0536247 (redshift z = 0.018) as a part of the Robotic Opti-

cal 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 paper) with the 0.45-m ROTSE-IIIb telescope at the McDonald Observatory

(Vinko et al., 2012). A finder chart SN 2012ab is shown in Figure 3.1. 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 owing to CSM interaction or was

found within ∼ 2 days 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) = 12h22m47s.6, 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 and Finkbeiner, 2011), and a redshift-based distance

[which assumes H0 = 73 km s−1 Mpc−1 (Riess et al., 2005) and takes into account

influences from the Virgo cluster, the Great Attractor, and the Shapley supercluster]

of 82.3± 5.8 Mpc from the NASA/IPAC Extragalactic Database2.

A spectrum of SN 2012ab acquired with the 9.2-m Hobberly Eberly Tele-

scope/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 ac-

2The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Labora-

tory, California Institute of Technology, under contract with the National Aeronautics and Space

Administration (NASA; http://ned.ipac.caltech.edu).

http://ned.ipac.caltech.edu


82

quired 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, twelve other epochs of spectroscopy, and

early-time photometry.

3.2 Observations

3.2.1 Photometry

After the discovery of SN 2012ab, ROTSE-IIIb continued to gather unfiltered data

for ∼ 100 days on an almost daily basis. The ROTSE-IIIb images were bias-

subtracted and flat-fielded by an automated pipeline. In order to remove contamina-

tion from the underlying host galaxy, we constructed a pre-SN galaxy template from

images taken in March 2008. We performed image subtraction (Yuan and Akerlof,

2008) before running our custom RPHOT photometry program (Quimby, 2006),

which was based on the DAOPHOT (Stetson, 1987) point-spread-function (PSF)

fitting photometry package. All ROTSE-IIIb unfiltered magnitudes have been con-

verted to R-band magnitudes via USNO-B1.0 photometric calibrations and included

in Table 3.1. We also display this ROTSE-IIIb light curve in Figure 3.2 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 disruption event (TDE). Image subtraction was

complicated by the large pixel scale and the SN being coincident with its host-galaxy

nucleus. The statistical uncertainties (derived from background noise) in Figure 3.2

likely underestimate the actual errors in the photometry. The photometric scat-

ter 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.

3.2.2 Spectroscopy

We obtained optical spectra with a variety of instruments over the course of a year

after the discovery of SN 2012ab. Our spectra were taken on thirteen different nights
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Table 3.1: 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 3.1: 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.

with the Low-Resolution Spectrograph on the Hobby-Eberly Telescope (Hill et al.,

1998), the Kast spectrograph (Miller and Stone, 1993) on the Shane 3-m reflector

at Lick Observatory, the Bluechannel (BC) Spectrograph on the 6.5-m Multiple

Mirror Telescope (MMT), the CCD Imaging/Spectropolarimeter (SPOL; Schmidt

et al., 1992b) on the 2.3-m Bok Telescope and the MMT, the Deep Imaging Multi-

Object Spectrograph (DEIMOS; Faber et al., 2003) on the 10-m Keck-II telescope,

and the Low Resolution Imaging Spectrometer (LRIS; Oke et al., 1995) at the 10-m

Keck-I telescope. The spectroscopic observations are detailed in Table 4.1 and the

reduced spectra are shown in Figure 4.4.

Atmospheric dispersion correctors were used with Keck-I/LRIS. At all other

instruments the data was 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.

Standard spectral reduction procedures were followed for all of the spectra (see

§5.2.2 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
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Figure 3.2: ROTSE-IIIb unfiltered absolute magnitudes (calibrated as ∼ R band)
of SN 2012ab are shown in black circles, corrected for AR = 0.24 mag (see §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., 2002a), the Type II-L SN 2003hf (green; Faran et al., 2014b), the
Type IIn SN 1998S (red; Fassia et al., 2000; Poon et al., 2011), and the expected
decline rate for a TDE (grey).
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Table 3.2: 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 4,124–10,018 600
55973 2012-02-16 16 HET/LRS 4,126–10,020 600
55980 2012-02-23 23 Lick/Kast 3,385–10,077 600
55987 2012-03-01 30 HET/LRS 4,126–10,020 600
55987 2012-03-01 30 MMT/Blue Channel 5,591–6,874 3,300
56009 2012-03-23 52 Bok/SPOL 3,835–7,417 200
56033 2012-04-16 76 MMT/SPOL 4,029–7,075 200
56034 2012-04-17 77 MMT/Blue Channel 5,600–6,884 3,300
56045 2012-04-28 88 Lick/Kast 3,369–10,560 600
56076 2012-05-29 119 MMT/Blue Channel 5,649–6,933 3,300
56094 2012-06-16 137 Keck/LRIS 3,250–9,937 1,100
56109 2012-07-01 152 MMT/Blue Channel 3,777–8,916 700
56246 2012-11-15 289 Keck/DEIMOS 4,321–9,510 6,000
57163 2015-05-21 1206 Keck/DEIMOS 4,326–9,468 6,000

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

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 days prior

to discovery of SN 2012ab for comparison (Abazajian et al., 2009).

3.2.3 Spectropolarimetry

We obtained spectropolarimetric observations of SN 2012ab using the CCD Imag-

ing/Spectropolarimeter (SPOL; Schmidt et al., 1992b) on the 90-inch Bok (2012

Mar. 23) and 6.5-m MMT telescopes (2012 Apr. 16). We used a 3.0′′ slit at the

Bok and a 1.9′′ 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 contam-
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Figure 3.3: Spectroscopic observations of SN 2012ab, dereddened (EB−V =
0.079 mag) and scaled for clarity (see Table 4.1). An SDSS spectrum taken 1448
days 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 (Abaza-
jian 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 pre-explosion SDSS spectrum of roughly 8,700 K ± 1,000 K based on blackbody
fits to the dereddened blue continuum.
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ination 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 typical 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 Wollas-

ton prism in the collimated beam separates the orthogonally polarized spectra onto

a thinned, antireflection-coated 800 × 1,200 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 normalised linear Stokes parameters, 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 et al.,

1992a) to confirm that the instrumental polarization for SPOL at the Bok and MMT

telescopes was < 0.1% 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 between the measured and the expected position

angle was < 0.2◦ for each of the polarimetric standard stars.

3.3 Results

3.3.1 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 perform 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 et al., 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
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Figure 3.4: A moderately high-resolution spectrum taken on day 30 showing the
sodium doublet absorption which we use to constrain the host-galaxy extinction
and interstellar polarization. Vertical dashed lines show the rest wavelengths of the
Na i D lines.

color. In our moderately high-resolution spectrum on day 30, the sodium doublet is

not blended together and we measure 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, respectively (see

Figure 4.6. Based on these equivalent widths, the relation provided by Poznanski

et al. (2012) suggests that we have an additional extinction along the line of sight

caused by the host galaxy of AV = 0.19 mag (assuming AV = 3.08EB−V ; Pei,

1992) or AR = 0.15 mag. Many other attempts have been made in the literature to

connect the equivalent width of the absorption in the sodium doublet to extinction

(Richmond et al., 1994; Munari and Zwitter, 1997; Turatto et al., 2003; Poznanski

et al., 2012), but our results are not significantly changed even if we choose the the

model with the highest estimated extinction of AV = 0.44 mag instead. We adopt

a total Milky Way (Schlafly and Finkbeiner, 2011) plus host-galaxy extinction of

AV = 0.24 mag (EB−V = 0.079 mag) or AR = 0.20 mag.

Figure 4.4 shows spectra dereddened by EB−V = 0.079 mag. After this correc-

tion, the day 23 spectrum exhibits a continuum temperature of∼ 12,000 K±3,000 K,

similar to that of other SNe IIn at early times.
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3.3.2 Light Curve

The unfiltered light curve (∼ R-band) for SN 2012ab obtained by ROTSE-IIIb is

displayed in Figure 3.2. The absolute magnitudes shown have been adjusted for

Milky Way and host-galaxy reddening (determined from Na i D line widths as

discussed in §4.3.1) 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 day 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 days 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., 2013a; 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 day−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.

3.3.3 SN Location

We find astrometric fits to both our ROTSE and Kuiper images (Figure 3.1) 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 of the centroid by replicating the noise level in each image and refitting

astrometry.net
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the centroid 100 times. The location of the SN is measured to be α(J2000) =

12h22m47s.63, δ(J2000) = +05◦36′24′′.83±0.23′′, and the location of the host galaxy

is measured to be α(J2000) = 12h22m47s.64, δ(J2000) = +05◦36′24′′.41±0.02′′. The

difference between these is ∆α = 0.01s±0.22s 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′′.

At a distance of 82.3 Mpc, the SN has a projected distance from the nucleus of the

host galaxy of ∼ 160 pc.

3.3.4 Spectral Morphology

We see a strong blue continuum (∼ 12,000 K ±3,000 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% 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 fourteen different spectra. Most

prominent are the resolved Hα and Hβ emission lines present from day 7 to day

1,206. 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

intensity (FWHM) 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 (Figure 3.5). Except perhaps for the day 23

spectrum, the ratio of the narrow Balmer flux to the nebular lines does not change
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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 days

prior to discovery and the late-time spectrum dominated by the host galaxy on day

1206 show these nebular lines with similar ratios (Figure 3.5). 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 ≈ 4,500 km s−1) emission components which shift from the blue side

at early epochs to the red side at later epochs. Hα shows no broad absorption fea-

tures 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 §3.4.4.

3.3.5 Spectropolarimetry

Our spectropolarimetric analysis is performed primarily using the linear Stokes pa-

rameters, 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 + U2, 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
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Figure 3.5: A comparison of various nebular line-intensity ratios with time. The
filled squares indicate the line ratios for the SDSS spectrum 1448 days 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.

debiased polarization level, Pdb =
√
|Q2 + U2 − 1

2
(σ2

Q + σ2
U)| (Wardle and Kronberg,

1974). Even the debiased polarization level is not a perfect measure (Miller et al.,

2021), 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 com-

bined level of the ISP arising from the Milky Way and from the SN host galaxy. For-

tunately 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 continuum

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;
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Patat et al., 2011). The peak of the Hα line suggests an ISP value of < 0.5%.

In §4.3.1 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 Figure 4.4 and all subsequent analysis. Addition-

ally, the Serkowski relation suggests that ISP < 9E(B − V ) for Milky Way dust

(Serkowski et al., 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%. This constraint is roughly consistent with the observed

depolarization across the narrow Hα line.

Figure 3.6 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 (5,400–5,500 Å and 6,100–

6,200 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% at 5,400–5,500 Å

and 0.8%± 0.1% at 6,100–6,200 Å. By day 76, the continuum polarization has risen

to 3.5%±0.1% at 5,400–5,500 Å and 2.3%±0.1% at 6,100–6,200 Å. There is a slight

change in the position angle (across the entire range 4,100–7,000 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.

3.4 Discussion

3.4.1 SN, AGN, or TDE?

Although we find that SN 2012ab is offset from its host galaxy by roughly 0.4′′ (see

§3.3.3), 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 §3.4.2, 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.,
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Figure 3.6: 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% based on Na i D absorption-line measurements
(see §5.2.2). 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.
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Ulrich et al., 1997). On the timescale 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 predetection upper limits imply a steep rise in the light curve. This

is followed by ∼ 50 days 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 include [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 between these two, however, contain a strong broad Hα emission component.

While some AGN show a broad line region and others 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 and Quataert, 2009) like those we see in

SN 2012ab (see §4.4). Strubbe and Quataert (2009) predict the optical signatures

of TDEs to have peak luminosities of ∼ 1043–1044 ergs−1 and characteristic decay

timescales of ∼ 10 days. Although these luminosities are comparable to that of

SN 2012ab, the theoretical decline rate in TDEs (t−5/3; Rees, 1988; Evans and

Kochanek, 1989; Phinney, 1989; shown in Figure 3.2) 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 and Rossi (2011) for TDEs just after peak
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(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 den-

sities in the emitting regions (Strubbe and 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 emis-

sion lines (Strubbe and Quataert, 2009). The spectra of SN 2012ab do show some

offset between the narrow lines and the 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 being

a highly unusual TDE. The observed positional offset from the nucleus, however,

makes a TDE or AGN hypothesis even less likely.

3.4.2 Light Curve

Having peaked at an absolute magnitude of M = −19.5 and persisted at brighter

than M < −18 mag for over 75 days, SN 2012ab was most likely a luminous Type II

SN. At peak, it is over a magnitude 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 day−1 in the I (Poznanski et al., 2009) and V (Faran et al., 2014b) bands,

while SNe II-P during the 100 day plateau decline more slowly. As we discuss in

greater detail in §3.4.7, 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 days, 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 day−1.
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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.

3.4.3 CSM Interaction Luminosity

The intermediate-width Hα component seen in our spectra suggests the presence of

CSM interaction in SN 2012ab. If the CSM interaction is powering a large com-

ponent 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 preshock wind) prior

to explosion for SN 2012ab. We calculate the wind-density parameter as

w = 2L/v3
post, (3.1)

where L is the observed luminosity and vpost is the velocity of the postshock shell

(Smith et al., 2008). In determining all of our input parameters, we will make con-

servative 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 postshock shell by looking at the intermediate-width

component of the Hα line profile which becomes prominent by day 76, but is more

distinct from the broad component by day 137. The intermediate-width component

is measured to have a half width at half-maximum intensity of 2,200 km s−1 on the

blue side and 3,300 km s−1 on the red side on day 77. In order to provide a lower

bound on w, we use vpost = 3,300 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 luminosity (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 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
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§3.4.4, the pre-SN wind seems to have reached a distance of ∼ 1,600 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–

10−3 M� yr−1. Of these, only LBVs in eruption are known to achieve mass-loss rates

in the range of SN 2012ab.

3.4.4 Asymmetric Hα

SN 2012ab exhibits strong broad and intermediate-width Hα emission at all epochs

up to and including day 289. We find the best-fit Gaussian profiles to the

intermediate-width and broad components of the day 137 spectrum simultaneously;

see Figure 3.8. The intermediate-width component is centred at 800 km s−1 with a

FWHM of 4,500 km s−1, and the broad component is centred at 2,800 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 Figure 3.7. 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
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Figure 3.7: Hα broad-line equivalent width measurements. Unfilled circles are es-
timates 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 tri-
angles 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 §3.4.4 for a detailed discussion of the evolution of the Hα line profile.

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 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 inter-

action persists even in the day 1206 spectrum when the intermediate-width compo-

nent of Hα can still be seen. As the host-galaxy light begins to dominate the total

flux, the equivalent width shown in Figure 3.7 drops.

Figure 3.8 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 section. 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, perhaps due to

occultation of the far side on days 16 and 30. Because the broad blue component is
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Figure 3.8: 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 normalised 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.
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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 estimates from our blackbody

fits (Teff = 12,000 K ± 3,000 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 −7,000 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 Figures 3.8 and 3.9). 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 cannot 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

Figure 3.9. 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 (Figure 4.4). While an

augmented blue component can be caused by dust formation blocking the redshifted

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 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 interaction region (located outside

of the reverse shock radius) of R = vt ≈ 1,600 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 component of Hα (Figure
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Figure 3.9: Hα and Hβ in the late-time spectra of SN 2012ab. See §3.4.4 for a
discussion of the broad redshifted component of Hα and Hβ that we see in the late-
time spectra.
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3.8). Initially, the intermediate-width component is blended with the broad emis-

sion. By day 119, we detect a very prominent intermediate-width component in the

Hα profile, suggesting interaction with CSM. At day 137, this intermediate-width

component extends out to −1,400 km s−1 at half maximum on the blue side and

+2,700 km s−1 on the red side. It remains strong at a similar −1,500 km s−1 at half

maximum on the blue side and +2,500 km s−1 at half maximum on the red side

until day 289, and may even be present in our latest spectrum on day 1,206. 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 (excluding the

narrow component) on the redshifted and blueshifted sides of the line separately

(choosing v = 0 at the centre of the narrow component for each spectrum). The

ratio of these red/blue fluxes is shown in Figure 3.10. The story here is consistent

with that shown in Figure 3.8; we find an initially dominant blueshifted Hα line that

is quickly surpassed in strength by the redshifted Hα component, 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 §3.4.8.

3.4.5 Sources of Polarization

As stated in §4.3.5, we measure continuum polarization as high as 3.5%±0.1% in our

MMT data. Because the interstellar polarization level is relatively small (< 0.70%),

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
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Figure 3.10: Ratio of the equivalent width of the redshifted Hα component (exclud-
ing 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.

CSM density profile to produce such large continuum polarization values. Dessart

et al. (2015) modeled SN 2010jl, another SN IIn, with an axially symmetric prolate

morphology and found that a pole-to-equator density ratio of ∼ 2.6 could effectively

produce the ∼ 1.6% continuum polarization seen in spectropolarimetry of SN 2010jl.

As shown later (Figure 3.11), 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., 2017b).

3.4.6 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
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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 of Hα greatly increases between days 52 and

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

Figure 3.6 displays the evolution of the day 52 and day 76 spectropolarimetry

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 cannot 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 axisymmetry in

the emission regions. We find that a disk-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).

3.4.7 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 days 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 characteristic narrow lines

associated with SNe IIn can sometimes fade quickly (e.g., SN 1998S; Shivvers et al.,

2015a, 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

component 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 evidence 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 absorption profile seen in Hα, suggesting that while the
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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 and 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., 2011a). It has been proposed recently that there may

be a continuum 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 days. In a similar fashion, Faran

et al. (2014a) suggested that a decline of less than 0.5 mag by 50 days after peak

is indicative of a SN II-P. Our photometry does not show a plateau phase lasting

100 days, but it also does not drop by 0.5 mag in the first 50 days, 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, 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 et al., 2017). In SN 2012ab, these

features in the underlying SN atmosphere may be masked to an even greater extent

because of stronger CSM interaction. Figure 3.11 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
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Figure 3.11: Comparison of the SN 2012ab spectra to spectra of a variety of SNe
[IIn: SN 2010jl (Williams et al., 2021); II-P: SN 1999em (Leonard et al., 2002a);
II-L: SN 2003hf (Faran et al., 2014b)] 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.

uncharacteristic 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.

3.4.8 A Physical Picture for SN 2012ab

Figure 3.12 provides a schematic overview and description of the possible physical

evolution of SN 2012ab. There are three main stages of evolution captured by our

spectra, as follows.

1. The primary feature in the early-time spectra of SN 2012ab (days 7–52, Figure

3.12a) 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
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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 traveled 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 interaction 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. Alterna-

tively, the lack of narrow P Cygni features in the spectra suggests that the

near-side CSM interaction depicted in Figure 3.12 may be enveloped by the

SN photosphere along our line of sight, as was suggested 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.

2. The primary features in the intermediate-phase spectra of SN 2012ab (days

76–88, Figure 3.12b) are a strong intermediate-width component and a mostly

symmetric broad component. Because the initially obscuring blueshifted ma-

terial has expanded and cooled, causing the photosphere to recede, we can

now see a redshifted Hα component in the spectra of SN 2012ab. This red-

shifted 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
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symmetric, but with time we see that the red side of the line has both a greater

velocity and brightness.

3. The primary features in the late-time spectra of SN 2012ab (days 119–289,

Figure 3.12c) are a strong redshifted intermediate-width component and a

very broad red wing with relatively weak emission on the blue side (see Figure

3.9). 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 asym-

metric broad red wing, while the associated 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 aug-

mented 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 §3.4.4).

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
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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

traveling +20,000 km s−1, the redshifted SN ejecta were expanding unimpeded

in a relative cavity at smaller radii.

3.4.9 Implications

The high luminosity of SN 2012ab, its intermediate-width spectral features, and the

lack of normal P Cygni features in the ejecta photosphere suggest that it is un-

dergoing CSM interaction. Both the spectral evolution and the spectropolarimetry

provide evidence that this CSM is highly aspherical. While we have little direct in-

formation 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 days prior to discovery),

the aspherical CSM provides valuable information about the mass-loss history of

SN 2012ab. In order to produce lower-density CSM closer to SN 2012ab on the side

facing 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 (Tuthill et al., 1999; Monnier et al., 1999; Ryder et al., 2004; Mil-

lour et al., 2009) or interactions in a highly eccentric binary system like η Carinae,

producing different amounts of CSM in each direction in the equatorial plane. These

possibilities are explored below.

A particularly interesting scenario resulting in nonaxisymmetric 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 interaction may be operating. If oriented

properly, the resulting spiral-like structure might allow the SN ejecta to crash into
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CSM on the near and far sides at different times, producing the lopsided broad

signature that we see in our spectra. We can estimate the period of the hypothetical

binary orbit based on the times when we see CSM interaction 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 traveling at +20,000 km s−1 took ∼ 70 days

longer to reach the CSM on the far side than the close side, we can extrapolate that

the original wind, which was traveling 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 toward 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 days; Millour et al., 2009), WR 104 (P = 220 days;

Tuthill et al., 1999), WR 98 (P = 565 days; Monnier et al., 1999), and the expected

WR star progenitor to the Type IIb SN 2001ig (P ≈ 150 days; 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 eccentric 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.,

2014b,a; Sugawara et al., 2015). One such system, WR 140, has a high eccentricity

of e = 0.881 and period of P = 2,899 days (Marchenko et al., 2003), resulting in a

very eventful periastron passage with a resolved one-sided nebula (Monnier et al.,

2002). Another system with a qualitatively 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 (Corcoran et al., 2001; Parkin et al., 2009). At the present epoch,

η Carinae forms dust episodically in its colliding stellar wind (Smith, 2010), much



113

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 has a hydrogen-rich wind, unlike the wind from a hydrogen-poor WR star.

Kiminki et al. (2016) show that η Carinae has exhibited strong nonaxisymmetric

ejection in its three periods of eruptive mass loss over the past 1,000 yr. Although η

Carinae’s 1840s 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-sided3. 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 toward an LBV.

Binary systems have been suggested to play a critical role in other work on SN IIn

progenitors (Kashi et al., 2013; Smith and Arnett, 2014; Smith, 2014; Smith et al.,

2014; Mauerhan et al., 2014) and LBV systems undergoing heavy mass loss (Smith,

2011; Smith and 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 binary with an LBV undergoing eruptive mass loss than any of the WR

binary scenarios we discussed. 75% 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 and 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 system undergoing interaction

during periastron passage at some point prior to exploding as a SN.

3Recent ALMA observations show a highly nonaxisymmetric density distribution in the equato-

rial material around η Carinae, even in the otherwise axisymmetric 19th century eruption (Smith

et al., 2018b)
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Figure 3.12: 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 §3.4.8.
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3.5 Summary

SN 2012ab bears many similarities to other SNe with CSM interaction. 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, as follows.

� A quick rise time of . 3 days 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.

� 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.

� The lack of the broad red wing of Hα at early times and its presence at

+20,000 km s−1 at late times suggests an initial occultation 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 toward 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).

� The intermediate-width line core of Hα has a larger brightness and higher

velocity on the receding side of SN 2012ab at later 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.

� The relatively high continuum polarization level at 5,400–5,500 Å of 1.7% ±
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0.1% increases to an even higher value of 3.5% ± 0.1% 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 scat-

tering off of CSM dust. This unpolarized line emission from CSM interaction

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.

� 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 nonaxisymmetric 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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CHAPTER 4

SN 2014ab: An Aspherical Type IIn Supernova with Low Polarization1

We present photometry, spectra, and spectropolarimetry of supernova (SN) 2014ab,

obtained through ∼ 200 days after peak brightness. SN 2014ab was a luminous

Type IIn SN (MV < −19.14 mag) discovered after peak brightness near the nucleus

of its host galaxy, VV 306c. Prediscovery upper limits constrain the time of explo-

sion to within 200 days prior to discovery. While SN 2014ab declined by ∼ 1 mag

over the course of our observations, the observed spectrum remained remarkably

unchanged. Spectra exhibit an asymmetric emission-line profile with a consistently

stronger blueshifted component, suggesting the presence of dust or a lack of sym-

metry between the far side and near side of the SN. The Paβ emission line shows a

profile very similar to that of Hα, implying that this stronger blueshifted component

is caused either through obscuration by large dust grains, occultation by optically

thick material, or a lack of symmetry between the far side and near side of the

interaction region. Despite these asymmetric line profiles, our spectropolarimetric

data show that SN 2014ab has little detected polarization after accounting for the

interstellar polarization. We are likely seeing emission from a photosphere that has

only small deviation from circular symmetry in the plane normal to our line of sight,

but with either large-grain dust or significant asymmetry in the density of circum-

stellar material or SN ejecta along our line of sight. We suggest that SN 2014ab and

1This chapter has been previously published as SN 2014ab: an aspherical Type IIn supernova

with low polarization by Bilinski, Christopher and Smith, Nathan and Williams, G. Grant and

Smith, Paul and Andrews, Jennifer and Clubb, Kelsey I. and Zheng, WeiKang and Filippenko,

Alexei V. and Fox, Ori D. and Hosseinzadeh, Griffin and Howell, D. Andrew and Kelly, Patrick L.

and Milne, Peter and Sand, D. J. and Hoffman, Jennifer L. and Leonard, Douglas C. and Cargill,

Samantha and Casper, Chadwick and Halevy, Goni and Kim, Haejung and Kumar, Sahana and

Pina, Kenia and Yuk, Heechan, in the Monthly Notices of the Royal Astronomical Society Volume

498, Pages 3835-3851 on 2020 November.
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SN 2010jl (as well as other SNe IIn) may be events with similar geometry viewed

from different directions.

4.1 Introduction

Type IIn supernovae (SNe IIn) are observed when fast SN ejecta crash into dense cir-

cumstellar material (CSM). Strong narrow and intermediate-width hydrogen emis-

sion lines indicate the presence of these CSM interaction regions (Schlegel, 1990;

Filippenko, 1997; Smith, 2017). Because SNe IIn are powered not only by emission

from the SN ejecta, but also from CSM interaction, unraveling the geometry of the

explosion can be complicated. In order to better understand both the shape of

the SN ejecta and the CSM, two different approaches (spectroscopy and spectropo-

larimetry) are commonly used.

Spectral line profile shapes can help clarify the geometry of the CSM or SN

ejecta. Blueshifted line profiles can arise when receding portions of the CSM or

ejecta are extinguished by dust or occulted by the SN photosphere, while any type

of line asymmetry might arise from an aspherical explosion or aspherical CSM. The

spectra of SNe IIn often show signs of asphericity in the CSM and the SN ejecta

revealed by line profiles (SN 1988Z: Chugai and 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; Mauerhan and Smith 2012; SN 2005ip: Smith et al.

2009b; 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; SN 2012ab: Bilinski

et al. 2018; SN 2013L: Andrews et al. 2017).

One can also use spectropolarimetric data to measure the polarization and posi-

tion angle of integrated light. Although only a few SNe IIn have spectropolarimetric

data published (SN 1997eg: Hoffman et al. 2008; SN 1998S: Leonard et al. 2000;

SN 2006tf: Smith et al. 2008; SN 2010jl: Patat et al. 2011; SN 2009ip: Mauerhan

et al. 2014; Reilly et al. 2017; SN 2012ab: Bilinski et al. 2018; SN 2017hcc: Kumar
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et al. 2019), every one observed so far has a high level of continuum polarization

(1–3%), seemingly indicating that strong asphericity is the standard for this class of

objects. This conclusion may be biased if spectropolarimetric data of SNe IIn with

low or undetected polarization go unpublished, of course.

In this paper, we analyse the Type IIn SN 2014ab. SN 2014ab was discovered

by the Catalina Sky Survey (CSS) on 2014 Mar. 9.43 (UT dates are used in this

paper) at an apparent V -band magnitude of 16.4 (MV = −19.0 mag) (Drake et al.,

2009; Howerton et al., 2014), located in the galaxy VV 306c (redshift z = 0.023203;

Vorontsov-Velyaminov 1959).2 The SN is located at α(J2000) = 13h48m06s.05,

δ(J2000) = +07◦23′16′′.12. We adopt a Milky Way extinction along the line of

sight of AV = 0.083 mag (EB−V = 0.027 mag; Schlafly and Finkbeiner 2011), and a

redshift-based distance [which assumes H0 = 73 km s−1 Mpc−1 (Riess et al., 2005)

and takes into account influences from the Virgo cluster, the Great Attractor, and

the Shapley supercluster] of 105.7 ± 7.4 Mpc from the NASA/IPAC Extragalac-

tic Database3. R-band images with and without the SN are shown in Figure 4.1.

An infrared (IR) spectrum acquired with the 6.5 m Magellan Baade Telescope at

Las Campanas Observatory with the FoldedPort Infrared Echellette (FIRE; 800–

2,500 nm) on 2014 Mar. 10.25 revealed features indicative of a SN IIn more than

a month past maximum brightness (Howerton et al., 2014). Additionally, a visual-

wavelength spectrum (3985–9315 Å, 18 Å resolution) was obtained by the Public

ESO Spectroscopic Survey for Transient Objects (PESSTO) with the ESO New

Technology Telescope at La Silla on 2014 Mar. 9 using the EFOSC2 and Grism 13

(Fraser et al., 2014). PESSTO reports a Type IIn classification with narrow Balmer

emission lines, shallow and broad P-Cygni absorption, broad Ca near-IR triplet

emission, and broad P-Cygni Na i D (Fraser et al., 2014). Here, we present results

2We note that the host galaxy is named VV 306c according to the SIMBAD database. Moriya

et al. 2020 stated that the host galaxy of SN 2014ab is MCG +01-35-037, but this galaxy is the

larger one located ∼ 20′′ to the northwest (see Fig. 1).
3The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Labora-

tory, California Institute of Technology, under contract with the National Aeronautics and Space

Administration (NASA; http://ned.ipac.caltech.edu).

http://ned.ipac.caltech.edu
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Figure 4.1: Left: R-band image of VV 306c, the host galaxy of SN 2014ab, taken
with the Lick Nickel 1 m telescope with the SN present (day 72). The red crosshairs
indicate the location of SN 2014ab Right: R-band image of VV 306c taken with the
Kuiper telescope after the SN had faded beyond detectability (day 893).

for SN 2014ab based on five epochs of spectropolarimetry, 31 epochs of spectroscopy,

and photometry spanning 4039 days.

As our paper was in the final stage of preparation, an independent analysis of

photometry and spectra of the same SN appeared in a preprint (Moriya et al., 2020).

We briefly comment on similarities and differences between our analysis and that of

Moriya et al. 2020 in the final section of this paper.

4.2 Observations

4.2.1 Explosion Date and Pre-SN Activity

Unfortunately, SN 2014ab was discovered after peak brightness and the explo-

sion date is poorly constrained. Prediscovery CSS imaging of the host galaxy of

SN 2014ab places rough limits on the pre-explosion activity and the explosion date.

The object was detected in CSS images 56 days prior to the discovery announcement

image. We use this CSS detection date (2014 Jan. 12.4755, MJD = 56669.4755)

as the true discovery date of SN 2014ab and adopt this as day 0 throughout our

analysis. CSS images of the region were taken spanning 3203 days before discovery

up until 836 days after discovery (Fig. 4.2), with no indication of any other transient

events (i.e., no precursor outbursts; see Bilinski et al. 2015) occurring at the location
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of the SN. The brightest observed magnitude (mV = 15.84, MV = −19.54 mag) oc-

curred in the CSS image taken 56 days prior to the discovery announcement image.

CSS images taken 212 days prior to the discovery announcement image show no

detection of the transient, and we have no photometry at the location of the SN

between days −212 and 0. It is during this time period that the explosion occurred,

most likely at least tens of days before discovery.

4.2.2 Photometry

We retrieved the V -band light curve from the CSS which spans a total of 4039 days,

shown in Figure 4.2. As this light curve is not template-subtracted, it includes

significant amounts of host-galaxy light. We estimate the median flux in the host

galaxy in the CSS images when no SN is present and subtract this host flux from the

rest of the CSS light curve to estimate the SN flux. The shape of the resulting light

curve is very similar to our 1 m Nickel telescope (at Lick Observatory) V -band light

curve, though the fact that the CSS light curve suggests a systematically brighter

SN is likely due to residual contamination from the host galaxy and the size of the

region upon which photometry was performed. We also obtained a late-time (day

893) V -band image of the host galaxy (shown in Fig. 4.1) with the Mont4K CCD

Imager on the Kuiper telescope.

B, V , R, and I images of SN 2014ab obtained with the Nickel telescope were

reduced using a custom pipeline (Ganeshalingam et al., 2010). Image-subtraction

procedures performed by the ISIS package (Alard and Lupton, 1998) were applied

in order to remove the host-galaxy light, using template images obtained on 2016

Jan. 26, after the SN had faded below our detection limit. Point-spread-function

(PSF) photometry was then obtained using DAOPHOT (Stetson, 1987) from the

IDL Astronomy User’s Library4. Several nearby stars were chosen from the SDSS

catalog for calibrating Nickel data. Their magnitudes were first transformed into the

Landolt system using the empirical prescription presented by Robert Lupton5, then

4http://idlastro.gsfc.nasa.gov/
5http://www.sdss.org/dr7/algorithms/sdssUBVRITransform.html
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Figure 4.2: The full range of CSS unfiltered (similar to V -band) photometric ob-
servations of SN 2014ab with light from its host galaxy, VV 306c, included in the
aperture. No pre-SN outburst is evident in these data. The black line connecting
the photometric observations is included to guide the eye and does not reflect any
sort of model.

transformed to the Nickel natural system. Apparent magnitudes were all measured

in the Nickel natural system, and the final results were transformed to the standard

system using local calibrators and colour terms of “Nickel2” (see Table 1 from Stahl

et al. 2019. We display the Nickel telescope light curve in Figure 4.3 alongside an

additional unfiltered (similar to V -band) light curve from the CSS.

4.2.3 Spectroscopy

We obtained optical spectra with a variety of telescopes instruments over the course

of ∼ 200 days after the detection of SN 2014ab. Our 36 spectra were taken on 34

different nights with the Kast double spectrograph (Miller and Stone, 1993) on the

Shane 3 m telescope at Lick Observatory; EFOSC2 on the 3.58 m ESO-NTT (Buz-

zoni et al., 1984); X-shooter on the 8.2 m VLT (Vernet et al., 2011); the FLOYDS

spectrograph on the 2 m Las Cumbres Observatory telescopes as part of the LCO

Supernova Key Project (Brown et al., 2013); the Bluechannel (BC) Spectrograph on

the 6.5 m Multiple Mirror Telescope (MMT); and the Spectropolarimeter (SPOL)

#Lupton2005
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Figure 4.3: Photometric observations of SN 2014ab taken by the Lick Nickel 1 m
telescope (BV RI) and the CSS (unfiltered, but similar to V -band). CSS data
that include host-galaxy light (from Fig. 4.2) are shown in grey, while host-flux-
subtracted CSS unfiltered measurements are shown in dark green. Nickel V -band
data does not extend back to the discovery date, so we have shown a projected
peak magnitude value (based on extrapolating the shape of the CSS unfiltered light
curve) with an unfilled green circle connected by a green dotted line. The expected
decline rate for a TDE with an explosion date of -212 is shown as a dotted grey line.
Dates on which we also obtained spectra and spectropolarimetry are marked by
black dashes. Dates are relative to the adopted discovery date of 2014 Jan. 12.4755.
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Figure 4.4: Visual-wavelength spectra of SN 2014ab. All spectra were corrected for
reddening using EB−V = 0.083 mag, which accounts for the total Milky Way and
estimated host-galaxy reddening (see text). All spectra have also been corrected
for host-galaxy redshift, and scaled for clarity (see Table 4.1). Additional small
wavelength corrections were applied so that the narrow component of Hα consis-
tently matches the rest-frame wavelength of Hα. Telluric features were not removed
from some of the spectra and are marked with an Earth symbol; those longward of
∼ 9000 Å are not marked. Days since discovery date indicated.

on the 1.54 m Kuiper telescope, the 2.3 m Bok telescope, and the the 6.5 m MMT.

All spectra were taken with the long slit at the parallactic angle (Filippenko, 1982).

The spectroscopic observations are detailed in Table 4.1.

Standard spectral reduction procedures were followed for all of the spectra (ex-

cept SPOL polarization data; see §5.2.2). The reduced optical spectra are shown

in Figure 4.4. While we focus our analysis on the optical spectra, the X-shooter

spectra also contain near-IR data, plotted in Figure 4.5.



126

Table 4.1: Spectroscopic Observations of SN 2014ab

Year-Month-Day Daya Telescope/Instrument Wavelength Range (Å) ∼ R (λ/∆λ)
2014-03-10 57 ESO-NTT/EFOSC2 3585-9065 350
2014-03-23 70 ESO-VLT/X-shooter 2923-24241 3500
2014-03-24 71 Lick/Kast 3421-9775 600
2014-03-29 76 Bok/SPOL 3911-7373 200
2014-03-30 77 Bok/SPOL 3909-7375 200
2014-03-31 78 Bok/SPOL 3912-7375 200
2014-04-02 80 Bok/SPOL 3910-7377 200
2014-04-08 86 LCO/FLOYDS 4888-11003 550
2014-04-09 87 LCO/FLOYDS 4892-9096 550
2014-04-11 89 LCO/FLOYDS 4886-9770 550
2014-04-20 98 LCO/FLOYDS 3960-7036 550
2014-04-20 98 MMT/SPOL 3910-9090 400
2014-04-23 101 LCO/FLOYDS 3913-9779 550
2014-04-24 102 ESO-VLT/X-shooter 2923-24241 3500
2014-04-26 104 Kuiper/SPOL 3912-7375 200
2014-04-27 105 Kuiper/SPOL 3911-7372 200
2014-04-28 106 Kuiper/SPOL 3908-7375 200
2014-04-30 108 Lick/Kast 3420-10261 600
2014-05-01 109 Kuiper/SPOL 3910-7377 200
2014-05-07 115 LCO/FLOYDS 3910-9774 550
2014-05-19 127 Magellan/IMACS 5477-7028 1600
2014-05-22 130 LCO/FLOYDS 3911-9776 550
2014-05-23 131 Bok/SPOL 3911-7379 200
2014-05-24 132 Bok/SPOL 3912-7375 200
2014-05-26 134 Bok/SPOL 3914-7379 200
2014-05-28 136 Lick/Kast 3421-9774 600
2014-06-21 160 Lick/Kast 3382-9970 600
2014-06-22 161 Kuiper/SPOL 3911-7379 200
2014-06-23 162 Kuiper/SPOL 3910-7376 200
2014-06-24 163 Kuiper/SPOL 3911-7375 200
2014-06-24 163 ESO-VLT/X-shooter 2923-24239 3500
2014-06-26 165 Kuiper/SPOL 3909-7375 200
2014-06-29 168 ESO-VLT/X-shooter 2923-24239 3500
2014-06-30 169 Lick/Kast 3373-10266 600
2014-07-19 188 ESO-VLT/X-shooter 2923-24239 3500
2018-04-14 1553 MMT/BlueChannel 5588-6863 3310

aDays since adopted discovery date (2014 Jan. 12.4755 UT).
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Figure 4.5: Near-IR spectra of SN 2014ab. All spectra were corrected for reddening
using EB−V = 0.083 mag, which accounts for the total Milky Way and estimated
host-galaxy reddening (see text). All spectra have also been corrected for host-
galaxy redshift, and scaled for clarity (see Table 4.1). Additional small wavelength
corrections were applied so that the narrow component of Hα consistently matches
the rest-frame wavelength of Hα, though Hα is not shown in this figure. Telluric
features were not removed and are marked with an Earth symbol. We also plot a
spectrum of SN 2010jl 178 days after earliest detection for comparison (Borish et al.,
2015).
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4.2.4 Spectropolarimetry

Spectropolarimetric observations of SN 2014ab were obtained using the CCD Imag-

ing/Spectropolarimeter (SPOL; Schmidt et al., 1992b) on the 2.3 m Bok, 1.54 m

Kuiper, and 6.5 m MMT telescopes. A 5′′ slit was used at the Bok and Kuiper

telescopes, while a 3′′ slit was used at the MMT. Observation and data reduction

procedures were followed as in Bilinski et al. 2018, except using a wavelength range

of 4000–7550 Å. Nine q and u sequences were acquired at the Bok telescope, 11 at

the Kuiper telescope, and 2 at the MMT. Each set of sequences was then combined

by epoch for a higher signal-to-noise ratio.

Hiltner 960 and VI Cyg 12 were used as polarimetric standards (Schmidt et al.,

1992a) to obtain the instrumental polarization angle for SPOL at the Bok and MMT

telescopes. The discrepancy between the measured and the expected position angle

was < 0.2◦ for each of the polarimetric standard stars. BD+28◦4211 was used as an

unpolarized flux standard to ensure that the instrumental polarization for SPOL was

< 0.1% for each epoch (Oke, 1990). We also use unpublished spectropolarimetry of

SN 2010jl (Williams et al., 2021) obtained by the SN Spectropolarimetry Project to

compare to our spectropolarimetry of SN 2014ab.

4.3 Results

4.3.1 Extinction and Reddening

We use the strength of Na i D absorption to evaluate the local reddening along

the line of sight to SN 2014ab within its host galaxy. The strength of the narrow

absorption lines ofNa i D λλ5890 (D2), 5896 (D1) correlates with the interstellar

dust extinction present along a particular line of sight. While this relation does

not perform 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 et al., 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
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Figure 4.6: An R = 3500 X-shooter spectrum taken on day 70 showing the sodium
doublet absorption which we use to constrain the host-galaxy extinction and inter-
stellar polarization. The spectrum has been redshift-corrected using the average
redshift of the host galaxy and then aligned to the narrow component of Hα emis-
sion. Vertical dashed lines show the rest-frame wavelengths of the Na i D lines. The
observed Na i D absorption lines are offset slightly (∼ 54 km s−1) from their rest
wavelengths because of host-galaxy rotation.

our moderately high-resolution (R = 3500) spectrum on day 70, we measure the

equivalent widths for the D1 and D2 lines (λ5896 and λ5890, respectively, in the

host-galaxy rest frame) to be 0.21± 0.03 Å and 0.31± 0.03 Å, respectively (see Fig.

4.6). Based on these equivalent widths, the relation provided by Poznanski et al.

(2012) suggests that we have additional extinction along the line of sight caused

by the host galaxy of AV ≈ 0.18 mag (assuming AV = 3.08EB−V ; Pei 1992) or

AR ≈ 0.14 mag.6. If we choose the model (described in Footnote 5) with the highest

estimated extinction we would have AV = 0.55 mag instead. We adopt a total Milky

Way (Schlafly and Finkbeiner, 2011) plus host-galaxy extinction of AV = 0.26 mag

(EB−V = 0.083 mag) or AR = 0.21 mag. Figure 4.4 shows spectra dereddened by

EB−V = 0.083 mag.

6Other attempts have been made to connect the equivalent width of the absorption in the

sodium doublet to extinction (Richmond et al., 1994; Munari and Zwitter, 1997; Turatto et al.,

2003; Poznanski et al., 2012).
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4.3.2 Light Curve

Figure 4.3 shows the light curve of SN 2014ab obtained by the Nickel telescope

and CSS. The absolute magnitudes shown have been adjusted for Milky Way and

host-galaxy reddening (determined from Na i D line strengths as discussed in §4.3.1)

and for the distance modulus of µ = 35.1 mag based on a distance to the host galaxy

of 105.7± 7.4 Mpc.

CSS photometry of the host galaxy prior to the initial discovery announcement

suggests that SN 2014ab initially brightened sometime between days −212 and 0

relative to the discovery date. We measure SN 2014ab to have the brightest observed

magnitude at MV = −19.54 mag on the first CSS detection date, so the peak lumi-

nosity may have occurred some time before then. Even our earliest spectra resemble

those of SN 2010jl (Smith et al., 2012) more than 50 days after peak, suggesting

that SN 2014ab was already well past maximum brightness when discovered. For

this reason, all dates are cited relative to the CSS first detection date, which may

be several weeks or months after the SN exploded.

Because the CSS photometry included host-galaxy light and is unfiltered rather

than true V -band data, we favour using the Nickel data for a constraint on the peak

V -band magnitude. Specifically, we have estimated the magnitude the V -band

Nickel data would have if it followed the same changes in brightness that the CSS

data experienced between days 0 and 72. This results in a projected peak V -band

magnitude of -19.14 in the Nickel data, which we use as the V -band peak estimate.

Note, however, that SN 2014ab’s peak magnitude occurs on the discovery date, with

a gap of data in the 212 days prior, suggesting that we only have estimated a lower

limit to the peak brightness of SN 2014ab.

The decline rate for SN 2014ab was ∼ 0.0034 mag day−1 in the CSS data and

∼ 0.0079 mag day−1 in the Nickel data, with the somewhat steeper decline in Nickel

data reflecting the later dates that were sampled. We compare the light-curve decline

rates to those of other SNe in §4.4.2.
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4.3.3 SN Location

We find astrometric fits to both the Nickel and Kuiper telescope images (Fig. 4.3)

using astrometry.net (Lang et al., 2010). We then measure the location of the host

galaxy from the Kuiper image and the location of the SN from the Nickel image after

template subtraction using radial profile fits to a Moffat distribution (Moffat, 1969).

We determine the uncertainty in the location 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) = 13h48m06s.05 and δ(J2000) = +07◦23′16′′.12 ± 0.01′′,

and the location of the host galaxy is measured to be α(J2000) = 13h48m06s.01 and

δ(J2000) = +07◦23′15′′.41±0.3′′. The difference between these is ∆α = 0.05s±0.25s

and ∆δ = 0.71′′±0.17′′. ∆δ is bigger than the uncertainty in the ∆δ, suggesting that

the SN is offset from the host-galaxy nucleus by roughly 0.71′′. Given the distance

to SN 2014ab of 105.7 Mpc, it has a projected distance from the nucleus of the host

galaxy of ∼ 364 pc. This indicates that SN 2014ab is not a nuclear transient like a

tidal disruption event.

4.3.4 Spectral Morphology

We detect a variety of spectral features in the 36 different spectra. Intermediate-

width Hα and Hβ emission are the most prominent spectral features present from

day 57 to day 188. Hβ shows a broad, shallow, blueshifted absorption feature

with a minimum of the absorption at v ≈ −8000 km s−1, and with the blue edge

of the absorption extending to about −17,000 km s−1 (see Fig. 4.7). We do not

see similarly strong, broad absorption in Hα. Hα and Hβ both exhibit narrow

blueshifted absorption lines (v ≈ −80 km s−1; see Fig. 4.8) in the higher resolution

spectra we obtained. The Ca ii near-IR triplet (a blend of λ8498, λ8542, and

λ8662) is strong in emission in SN 2014ab at all epochs that we observe, though

there may be a contribution from O i λ8446 excited by Lyβ fluorescence here, as

suggested in Moriya et al. 2020. We also detect a number of weaker emission features

in many of the optical spectra: these include Hδ, Hγ, and [O iii] λλ4959, 5007.

astrometry.net
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Figure 4.7: The progression of the Hβ line over the course of the ∼ 150 days
during which we obtained spectra. Medium- and high- resolution spectra are shown
fully opaque and have their dates labeled with larger text. Because the spectra
overlap heavily owing to a lack of change in the line profile, low-resolution spectra
are shown transparently and have small date labels. A broad, shallow P-Cygni
absorption feature is seen, likely arising in the SN ejecta. This absorption feature
has a minimum at v ≈ −8, 000 km s−1, and a blue edge out to v ≈ −18, 000 km s−1.

Narrow Hα emission is distinct from the intermediate-width feature in our higher

resolution spectra, but it is blended with the intermediate-width component in our

lower resolution spectra. X-shooter spectra extend into the near-IR (∼ 2.4µm,),

revealing a number of emission features. Most prominently, we detect He i λ10,830,

Paβ, Brδ, and Brγ. We also detect weaker emission features of presumably Paγ,

O i λ11,287, Br 12-4, Br 11-4, Br 10-4, and He i λ20,589.

Many of the most prominent emission features (Hα, Hβ, and Paβ) have

intermediate-width emission components that remain constant with time through-

out all of the spectra (see Fig. 4.9). These lines show asymmetric profiles with

a net blueshift. The blueshifted emission component of these prominent lines is

stronger than the redshifted component at all epochs. The intermediate-width

Hα emission reaches half maximum intensity at ∼ 2000 km s−1 on the blue side

and ∼ 1000 km s−1 on the red side. This intermediate-width component extends

out to ∼ 4500–6000 km s−1 on the blue side before reaching 10% of maximum

intensity and ∼ 4000–5000 km s−1 on the red side before reaching 10% of maxi-
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Figure 4.8: Top panel: Narrow absorption features of Hα (v ≈ −80 km s−1) are seen
in all of our higher resolution spectra. Bottom panel: The same for Hβ.
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mum intensity. The centre of the intermediate-width component of Hα is offset

by v ≈ −500 km s−1, likely due to the CSM interaction approaching us obscur-

ing the redshifted intermediate-width emission component. Overall, the spectra for

SN 2014ab are very similar to those of SN 2010jl, including the blueshifted profile.

However, the broad, blueshifted absorption seen in Hβ in SN 2014ab is stronger

than in SN 2010jl (Smith et al., 2012).

4.3.5 Spectropolarimetry

Our spectropolarimetric analysis is performed primarily using the linear Stokes pa-

rameters, 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 in

position angle space. Typically, one can combine the Stokes parameters to ob-

tain the polarization level, P =
√
Q2 + U2, and the position angle on the sky,

θ = (1/2) tan−1(U/Q). However, since the definition of the polarization makes it

a positive-definite value, it may seem artificially high in cases where we have a

low signal-to-noise ratio because fluctuations will raise the mean polarization level

significantly. To partially control for this effect, we also plot the rotated Stokes

parameters, which are an attempt to rotate any significant nonzero polarization

signal into qRSP while leaving noise in uRSP , though sharp changes in the q–u

signal will remain in uRSP depending on the value of θsmooth that is used for rota-

tion. We use the rotated Stokes paramters qRSP = q cos(2θsmooth) + u sin(2θsmooth)

and uRSP = −q sin(2θsmooth) + u cos(2θsmooth), and the optimal polarization,

Popt = P − σ2
P/P (Wang et al., 1997). The θsmooth value we use is a moving average

over 100 Å, so changes in the polarization signal that occur alongside changes in the

polarization angle within a small wavelength range will not be effectively rotated

into qRSP .

We measure the optimal polarization over two wavelength ranges that are meant

to avoid spectral lines in order to obtain the best measurement of the continuum

polarization. In particular, we measure the optimal polarization at 5100–5700 Å

and 6000–6300 Å for each of our epochs of spectropolarimetry. These values range
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Figure 4.9: Top panel: The progression of the Hα line over the course of the ∼ 150
days during which we obtained spectra. Medium- and high- resolution spectra are
shown fully opaque and have their dates labeled with larger text. Because the
spectra overlap heavily owing to a lack of change in the line profile, low-resolution
spectra are shown transparently and have small date labels. Middle panel: The
progression of the Paβ line over the course of the ∼ 70 days during which we
obtained near-IR spectra. Bottom panel: A comparison of the first Paβ line and its
Hα counterpart. See §4.4.5 for a discussion of the asymmetric Hα and Paβ emission
line profiles.
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Table 4.2: Continuum Polarization Measurements Across 5100–5700 Å

Epoch (days) Popt (%) Integrated q (%) Integrated u (%)
76-80 0.10± 0.03 0.10± 0.03 0.05± 0.03

98 0.24± 0.03 −0.20± 0.03 0.14± 0.03
104-109 0.30± 0.07 −0.23± 0.07 0.21± 0.07
131-134 0.31± 0.05 −0.21± 0.05 0.25± 0.05
161-165 0.32± 0.09 −0.099± 0.09 0.34± 0.09

Table 4.3: Continuum Polarization Measurements Across 6100–6300 Å

Epoch (days) Popt (%) Integrated q (%) Integrated u (%)
76-80 0.07± 0.04 0.08± 0.04 0.04± 0.04

98 0.21± 0.04 −0.17± 0.04 0.14± 0.04
104-109 0.43± 0.09 0.02± 0.10 0.44± 0.09
131-134 0.36± 0.08 −0.11± 0.07 0.36± 0.08
161-165 0.38± 0.12 −0.41± 0.12 0.02± 0.12

between 0.07% ± 0.04% to 0.43% ± 0.09% (shown in Tables 4.2 and 4.3), studied

in detail in Figure 4.10, and are also shown in Figures 4.11, 4.12, and 4.13. Uncer-

tainty values on q and u were determined from the root-mean-square (rms) noise in

the measured q and u spectra, which does not include systematic errors. These un-

certainties were then propagated to the uncertainty on the integrated q, integrated

u, and optimal polarization estimates. Although debiased, the optimal polariza-

tion level is still not a perfect measure, 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.

We must address the tricky issue of interstellar polarization (ISP) in order to

determine what level of polarization signal is actually coming from our target of

interest. It is difficult to measure the combined level of the ISP coming from the

Milky Way and from the host galaxy of the SN. Fortunately, however, Na i D

absorption lines in our spectra provide constraints on the total reddening along our

line of sight. This allows us to predict very low ISP values for SN 2014ab.

In §4.3.1 we found a low value for the reddening of EB−V = 0.083 mag based

on Na i D absorption plus Milky Way reddening. We adopt this total extinction
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Figure 4.10: The integrated continuum q and u values for the 5 different epochs
of spectropolarimetry. Error bars are estimated from the statistical rms noise and
do not include systematic errors, so they are likely an underestimate of the true
uncertainty. A slight change of around 0.2–0.3% in the intrinsic polarization of
SN 2014ab is confidently shown only between epoch 1 and epochs 2-5.

level when dereddening our spectra in Figure 4.4 and all subsequent analysis. Ad-

ditionally, the ISP–reddening relation from Serkowski et al. 1975 suggests that ISP

< 9EB−V % for Milky Way dust, which means that we can use the measure of EB−V

from the Na i D absorption lines and the Milky Way to place a constraint on the

level of the ISP to < 0.75%. In doing so, we have applied the relation from Serkowski

et al. 1975 to the dust in the host galaxy as well as the Milky Way, though this is

not a perfect assumption (Leonard et al., 2000; Porter et al., 2016). We are not

able to constrain the likely location of the total ISP in the q–u plane, so we do not

subtract the ISP directly from our measurements. If the full extent of the ISP were

aligned exactly opposite in the q–u plane to our strongest contiuum polarization

signal measurement for SN 2014ab (0.43% ± 0.04%), then SN 2014ab would have

a continuum polarization and line polarization of 1.18%. We use this as a conser-

vative upper limit on the continuum and line polarization for SN 2014ab. This is

lower than that for other SNe IIn with published spectropolarimetry (SN 1997eg:

Hoffman et al. 2008; SN 1998S: Leonard et al. 2000; SN 2006tf: Smith et al. 2008;

SN 2009ip: Mauerhan et al. 2014; Reilly et al. 2017; SN 2012ab: Bilinski et al. 2018)

and is discussed in more detail §4.4.6.
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Figure 4.11: Top panels: q–u Stokes parameters, qRSP–uRSP rotated Stokes pa-
rameters, and position angle θ for SN 2014ab from the 90-inch Bok telescope on
days 76–80 (data from multiple days combined). The dotted black line in the qRSP
plot indicates the smoothed optimal polarization value. The dotted black line in
the position-angle plot indicates the smoothed position angle, θsmooth. The solid
black point in the qRSP plot is the optimal polarization value measured across the
continuum region designated by the horizontal black bars. The data are grouped
into ∼ 28 Å bins. Shaded regions show a scaled version of the total-flux spectrum.
Vertical dashed lines are present at the wavelengths of Hα and Hβ. Horizontal
dashed lines are present at 0 in the qRSP and uRSP plots for clarity. We have
adopted an ISP value of < 0.75% (shown as a circle of blue asterisks) based on
Na i D absorption-line measurements (see §4.3.5). Black dotted circles in the q–u
plot indicate 1–2% polarization. Colours, bins, and error bars in the q–u plots on
the left correspond to those on the right, with wavelengths labeled on the right.
Bottom panels: The same for the MMT data from day 98.
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Figure 4.12: Top panels: The same as Fig. 4.11, but for Kuiper data from days
104–106. Bottom panels: The same for the 2.3 m Bok telescope data from days
131–134.
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Figure 4.13: The same as Fig. 4.11, but for Kuiper data from days 161–165.

Figures 4.11, 4.12, and 4.13 show the spectropolarimetric data plotted in the q–u

plane. The polarization signal is weak at every one of our 5 epochs spanning from

day 76 to day 165, although the signal becomes much noisier by our later epochs.

The q and u values are relatively evenly scattered around the origin in every epoch,

though we see a slight shift in the optimal polarization value across the continuum

between the first epoch of spectropolarimetry and the remaining four epochs. Figure

4.10 shows the q and u values integrated across two wide continuum regions (5100–

5700 Å and 6100–6400 Å). The error bars are likely an underestimate of the true

uncertainty, so we conclude that only the shift in polarization from the first epoch

to the later epochs is statistically significant and consistent across both continuum

wavelength regions.

4.4 Discussion

4.4.1 SN, AGN, or TDE

Because SN 2014ab is within 1′′ of its host-galaxy centre, we consider the possibility

that it is an active galactic nucleus (AGN) or tidal disruption event (TDE). The

light curve of SN 2014ab (see §4.3.2) shows a relatively smooth drop of ∼ 1 mag

over the course of ∼ 150 days. During this period of time, the equivalent width
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Figure 4.14: The equivalent width of Hα (black) and Paβ (orange) at all epochs.
As the light curve of SN 2014ab fades ∼ 1 mag over the course of ∼ 150 days (so
that the visual continuum fades by a factor of 2–2.5), the equivalent width of Hα
increases by a factor of ∼ 1.5.

of the Hα line increases roughly twofold (see Figure 4.14), probably caused by a

fading continuum paired with a persistent bright CSM interaction region. While

AGNs can exhibit such variations on this timescale (Ulrich et al., 1997), they do

not generally brighten and fade only once over the course of a ∼ 11 yr timescale.

Additionally, AGNs tend to have a number of forbidden emission lines which we do

not detect. These include [O I] λλ6300, 6364, [O III] λλ4959, 5007, [N I] λ5199,

and [N II] λλ6548, 6583. The He II λ4686 line is often quite strong compared to

the Balmer series in AGNs, but we do not detect it in our spectra. The late-time

spectrum of SN 2014ab taken on day 1553 shows only narrow Hα emission, whereas

the intermediate-width component is completely gone. For these reasons, we find it

unlikely that SN 2014ab is an AGN.

We also consider the possibility that SN 2014ab may be a TDE because TDEs

also produce bright asymmetric signatures and are found coincident with the central

region of their host galaxy. Unlike an AGN, a TDE is consistent with the long stable

CSS photometry for years prior to the brightening event, followed by a decrease in

brightness that does not rebrighten again. Since the explosion date of SN 2014ab

could be anywhere from day -212 to day 0, it is difficult to compare our light curve

to the theoretical decline rate in TDEs (t−5/3; Rees 1988; Evans and Kochanek

1989; Phinney 1989). However, none of the TDE light curves based on all possible
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explosion dates match that of our observed light curve and we show the best case

TDE decline curve (which assumes an explosion date of day -212) in Figure 4.3.

Our light curve shows a steepening in the decline of SN 2014ab and a duration

of over 150 days, which is uncharacteristic of TDEs. If the event we observed

was in fact a TDE, we would expect the light curve to become gradually flatter.

Spectroscopically, we would expect there to be an offset between the narrow lines

and the intermediate-width lines in the case of a TDE, which we do see (Strubbe

and Quataert, 2009). However, we do not detect any strong He II emission, which

is thought to be common in TDEs, though not always detected (Gezari et al., 2012;

Arcavi et al., 2014). Overall, the shape of the light curve, the long duration of

the event, and the lack of He II emission suggest that SN 2014ab is not a TDE.

Henceforth, we assume that SN 2014ab is a core-collapse SN with strong CSM

interaction.

4.4.2 Light Curve

SN 2014ab is a luminous example among SNe IIn. Its projected peak in the Nickel

photometry was at MV = −19.14 mag, approaching values of superluminous SNe,

and it remained bright, declining slowly over the next 211 days to a brightness of

−17.89 mag (see §4.3.2 for a summary of the photometric data).

The sustained high luminosity suggests that SN 2014ab is more akin to super-

luminous SNe IIn like SN 2010jl (Patat et al., 2011) and SN 2006tf (Smith et al.,

2008), albeit with a slightly lower peak luminosity, and quite different from faster

declining SNe IIn like SN 1998S (Fassia et al., 2000). Of course, the true peak lu-

minosity of SN 2014ab may have been higher than its observed peak because of its

relatively late discovery. Figure 4.15 shows a comparison of several SN light curves.

Although some SNe IIn (such as SN 1998S) exhibit light-curve decline rates similar

to those of SNe II-L (such as SN 2003hf), other SNe IIn (such as SN 2014ab and

SN 2010jl) exhibit slower light-curve decline rates for much longer durations. We

attribute the extended and bright plateau in SN 2014ab to strong CSM interaction.
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Figure 4.15: R-band (Nickel telescope) and V -band (CSS, host galaxy subtracted)
observations of SN 2014ab relative to the discovery date of 2014 Jan. 12.4755. For
comparison, we have included the R-band light curves of the Type II-P SN 1999em
(orange; Leonard et al., 2002a), the Type II-L SN 2003hf (green; Faran et al., 2014b),
the Type IIn SN 1998S (red; Fassia et al., 2000; Poon et al., 2011), and the Type
IIn SN 2010jl (blue; G. Williams, private communication).
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4.4.3 Lack of Spectral Evolution

Although SN 2014ab drops in brightness significantly over the course of the ∼ 150

days during which we also have spectra, the spectra show little qualitative change.

This suggests that we did not observe SN 2014ab during its early stages, as most

SNe IIn are observed to have drastically changing early-time spectra as they tran-

sition from optically thick CSM and electron scattering line profiles to later times

when emission from the cold dense shell is revealed (Smith, 2017). Instead, we are

likely observing SN 2014ab while the SN ejecta are crashing into increasingly distant

but smoothly distributed CSM, creating spectral features that are similar at each

epoch because the advancing shock speed and CSM density change slowly. Some

SNe IIn (such as SN 2010jl) have also shown spectral evolution due to dust forma-

tion as early as 30 days after explosion (Smith et al., 2012), though we do not see

this evolution in SN 2014ab.

4.4.4 CSM Interaction Luminosity

The strong intermediate-width Hα component seen in our spectra and the spectral

similarity to SN 2010jl suggest that CSM interaction dominates the emitted radia-

tion in SN 2014ab. If the CSM interaction is powering most of the luminosity, then

we can estimate a lower limit to the wind-density parameter (w = ṀCSM/vw, where

vw is the velocity of the preshock wind) prior to the explosion of SN 2014ab. We

calculate the wind-density parameter as

w = 2L/v3
SN, (4.1)

where L is the observed luminosity and vSN is the velocity of the postshock shell

(Smith et al., 2008).

This assumes instantaneous and 100% efficient conversion of shock kinetic energy

into radiation as well as spherical symmetry. In the case of less than 100% efficient

conversion or asymmetric clumping, a higher wind-density parameter would be re-

quired, resulting in a higher required mass-loss rate. The velocity of the postshock
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shell is determined from the intermediate-width component of the Hα line, which

is measured to have a half width at half-maximum intensity of ∼ 2000 km s−1. Al-

though ourR-band measurements do not extend to day 0, we assume a rough average

MR ≈ −19 mag over the course of 200 days, and conservatively adopt no bolomet-

ric correction, to roughly estimate the average luminosity (L ≈ 3.1 × 109 L�). We

obtain a conservative estimate of the wind-density parameter of ∼ 3× 1018 g cm−1.

If we assume a steady wind velocity of ∼ 80 km s−1 (estimated from the P-Cygni

absoprtion in Hα) from the progenitor, we can estimate the mass-loss rate to be at

least Ṁ ≈ M� yr−1(vw/(80 km s−1)). This mass-loss rate is higher than any nor-

mal steady wind mass loss, but is achievable by episodic super-Eddington winds

of massive stars (Smith and Owocki, 2006). The intermediate-width component of

Hα persists for over 150 days (and is likely a significant source of the luminosity

of SN 2014ab going back another 50 days), so we can estimate the duration of its

pre-SN mass-loss episode by determining how long pre-SN mass loss must have been

occurring. In order for the ∼ 2000 km s−1 shell to be continually running into CSM

which was ejected at roughly 80 km s−1 for 200 days, the pre-SN mass loss must

have begun at least T vSN/vw = 14 yr before explosion, where T is the duration of

the strong intermediate-width component of Hα. This suggests a total mass loss of

∼ 5 M� in the 14 yr prior to explosion, comparable to the CSM mass inferred for

some of the most luminous SNe IIn (Smith et al., 2007; Smith and McCray, 2007;

Ofek et al., 2014b).

The variety of progenitor candidates for SNe IIn have widely differing mass-loss

rates. Smith (2014) estimated that eruptive luminous blue variable (LBV) pro-

genitors can have mass-loss rates in the range of 0.01–10 M� yr−1, while even very

massive red supergiant or yellow hypergiant progenitors have mass-loss rates in

the range of 10−4–10−3 M� yr−1. LBVs undergoing eruption are therefore the only

known class of progenitors to SNe IIn that have mass-loss rates as high as those we

measure for SN 2014ab (Smith and Owocki, 2006; Smith, 2014). The physical cause

of this eruptive mass loss remains unknown, but several ideas have been proposed,

including wave-driven mass loss during Ne, O, or Si burning (Quataert and Shiode,
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2012), pulsational pair eruptions (Woosley, 2017) or other nuclear burning instabil-

ities (Smith and Arnett, 2014), and various types of binary interaction (Chevalier,

2012; Smith and Arnett, 2014).

4.4.5 Asymmetric Hα and Paβ

Figure 4.9 shows the Hα and Paβ emission-line profiles, scaled to the continuum

fit beyond the wings of each line. As the red wing of Paβ is blurred with telluric

features, this continuum estimate contains greater uncertainty not reflected in the

line-strength measurements shown in Figure 4.16. The blueshifted side of both

lines is clearly stronger than the redshifted side of the line at all epochs. The

early-time spectra for both emission lines are slightly wider on the blueshifted side

of the line than in the late-time spectra. The Hα emission line in the day 57

spectrum has a width on the blueshifted side at 10% of maximum intensity of ∼
6000 km s−1, whereas the day 188 spectrum has a width on the blueshifted side at

10% of maximum intensity of ∼ 4500 km s−1. Emission in the wings of the line

likely arises in the SN ejecta, with slower SN ejecta hitting the shock front as time

progresses. It is possible we are not seeing this same effect on the redshifted side of

the emission line because it is obscured by the blueshifted CSM interaction region

(see §4.4.8 and Figure 4.19 for a more detailed discussion of the line of sight).

We measure the flux of the Hα line above the continuum level on the redshifted

and blueshifted sides of the line separately (v = 0 is chosen to align with the

narrow component in high-resolution spectra and where we would expect the narrow

component in low-resolution spectra based on temporal interpolation between the

high-resolution spectra). The blue/red ratio of these fluxes is shown in Figure 4.16.

Throughout all epochs, we find that the blueshifted component of the Hα line is

roughly 1.4 times as strong as the redshifted component. This may in principle

be due to dust formation, occultation by the SN ejecta or CSM interaction region,

electron scattering, or real geometrical asymmetries. Since the SN was first observed

during the decline phase in its light curve and the spectra remain surprisingly similar

throughout all epochs even as the SN fades, we find it unlikely that the SN ejecta are
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still optically thick in the continuum at late times. If the SN ejecta were optically

thick initially, then over the course of the 150 days during which we obtain spectra,

we would have expected the redshifted component of the spectra to become relatively

stronger as the SN ejecta become less optically thick.

In order to probe whether dust formation is likely, we also perform the same

blueshifted vs. redshifted component measurement on the Paβ line, though our

estimates of the redshifted flux are prone to noise from atmospheric absorption.

The blue/red ratio of fluxes for Paβ is shown in Figure 4.16. Dust extinction by

small grains is wavelength dependent as was found in SN 2010jl (Smith et al., 2012),

but we do not see a wavelength-dependent asymmetry in the lines of Hα and Paβ

in SN 2014ab. Instead, we see a similar 1.4:1 strength in the blueshifted compo-

nent compared to the redshifted component for both Hα and Paβ. Lastly, electron

scattering has been shown to produce augmented blueshifted emission profiles that

are offset from the rest frame given high velocities (Dessart et al., 2009). How-

ever, the Hα and Paβ emission-line profiles we observe have wider blue wings than

red wings (see Figure 4.17), unlike those seen in high-velocity electron scattering

profiles. We also do not observe strong blueshifted absorption that is suggested in

the case of electron scattering. This implies that occultation by the optically thick

CSM interaction region, extinction from very large dust grains, or real geometrical

asymmetries in the SN ejecta or CSM are the cause of these asymmetric line profiles.

4.4.6 Weak Symmetry in the Face-on Viewing Plane

We estimate a low value for the ISP (< 0.75%) based on low Na i D equivalent

widths and the relation between these equivalent widths and reddening provided by

Poznanski et al. (2012). The q and u values for the first four epochs of spectropo-

larimetry fall mostly within the constraint on the ISP (see Fig. 4.11 and 4.12). The

q and u values for the last epoch of spectropolarimetry extend to about twice the

estimate of the ISP and have much larger error bars, but still average a polarization

measurement below that of the ISP constraint (see Fig. 4.13). Figure 4.10 shows a

slight change in the integrated q and u values between the first epoch and the last
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Figure 4.16: Ratio of the flux for the blueshifted side of a line compared to the
redshifted side of a line, for Hα (black) and Paβ (orange). This gives a quantitative
indication of the relative asymmetry in the line profile. Note that the statistical
errors shown for Paβ are likely an underestimate of the true error because the
continuum level on the redshifted side of the line is extremely uncertain owing to
blending with telluric absorption.
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Figure 4.17: The day 188 ESO-VLT X-shooter spectrum of Hα is shown in black.
The blueshifted wing of the line has also been mirrored across a vertical line at
0 km s−1 (blue) and at −500 km s−1 (orange). A best-fit Lorentzian is overplotted
as a dashed green line. A Gaussian, Lorentzian, and Voigt profile all fail to fit the
asymmetric wings of the Hα emission-line profile.
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four epochs of spectropolarimetry. This is also seen by the slight increase in the

optimal polarization measured in the continuum shown in Tables 4.2 and 4.3. The

change in the continuum polarization cannot be caused by the relatively constant

ISP, and therefore we conclude that there is a slight change (0.36%) in the intrinsic

polarization of SN 2014ab. This slight change sets a lower limit to the instrinsic

polarization to SN 2014ab of at least 0.36%, which when combined with our upper

limit of 1.18% discussed in §4.3.5 suggests that SN 2014ab has low continuum polar-

ization compared to other SNe IIn with published spectropolarimetry. Thus, despite

the asymmetries measured in the emission lines of SN 2014ab, spectropolarimetry

at five different epochs (spanning from day 76 to day 165) suggests that the face-on

viewing plane has much less deviation from circular symmetry compared to other

SNe IIn.

4.4.7 Comparison to SN 2010jl

SN 2014ab shows many similarities to SN 2010jl, particularly in its near-IR spectra.

Near-IR spectra of both SN 2014ab and SN 2010jl are plotted in Figure 4.5 for

comparison. The major features (He i λ10,830, Paβ, Brδ, and Brγ) are all very

similar in both objects. Of particular interest is the fact that both Paβ lines have

augmented intermediate-width blueshifted emission offset from the centre of the

narrow Paβ emission component. Unlike SN 2014ab, SN 2010jl was observed to

have a symmetric line profile for Hα at early times (days 29 and 59, Smith et al.

2012; Fransson et al. 2014), which then evolved to the blueshifted profile similar

to SN 2014ab by day 85. Of course, SN 2014ab may have also had symmetric

lines in its early evolution, since it seems to have been discovered relatively late.

At late times (day 448 onward; Fransson et al. 2014), SN 2010jl is seen to be

dominated by thermal emission from dust. When comparing the Hα emission-line

profile to that of Paβ, Smith et al. (2012) found that the blueshifted dominance

is more pronounced at shorter wavelengths, likely because of the presence of dust.

SN 2010jl has been suggested to have pre-existing dust (Andrews et al., 2011), post-

shock dust formation (Smith et al., 2012; Maeda et al., 2013; Gall et al., 2014), or
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no dust (Zhang et al., 2012; Fransson et al., 2014), but SN 2014ab does not show a

more pronounced blueshifted component at shorter wavelengths, implying that the

asymmetry we observe is not caused by small grain dust.

Spectropolarimetry of SN 2010jl indicates continuum polarization as high as

∼ 2% (Patat et al., 2011; Williams et al., 2021). Additionally, depolarization of

Hα and Hβ suggest that this continuum polarization reflects real asymmetries in

the SN 2010jl photosphere. Based on models with an axially symmetric prolate

morphology, Dessart et al. (2015) find a pole-to-equator density ratio of ∼ 2.6. On

the other hand, SN 2014ab was observed to have very low continuum polarization

at five epochs, and exhibits no sign of depolarization near Hα.

Another key difference between SN 2014ab and SN 2010jl is the prominence

of their Hβ absorption lines and Ca ii near-IR triplet emission lines, shown in

Figure 4.18. SN 2014ab shows stronger absorption in Hβ (as well as stronger broad

absorption in Hα and He i λ5876 and λ7065) and stronger emission in the Ca ii

near-IR triplet emission lines. This suggests that the light from the SN photosphere

that we are seeing from SN 2014ab passes through a larger amount of SN ejecta

than that of SN 2010jl.

4.4.8 Physical Picture for SN 2014ab

SN 2014ab is a peculiar, luminous SN IIn. It is puzzling in the sense that it does not

show strong evidence for asymmetry in its low level of polarization, but asymmetry

is evident from the line profiles in the spectra. The large number of similarities

between SN 2014ab and SN 2010jl provide motivation to consider a similar physical

scenario for the two events, but certain key differences (polarization, broad P-Cygni

absorption features) suggest that we may be looking at analogous events from dif-

ferent viewing angles.

The key features of SN 2014ab are interpreted in Figure 4.19. We suggest that

the majority of its luminosity likely arises in an equatorially concentrated or bipo-

lar CSM interaction region, which wraps around the densest equatorial CSM. The

continuum photosphere resides in this CSM interaction region and may therefore cre-
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Figure 4.18: A comparison of the spectra for SN 2014ab (day 70, VLT X-shooter)
and SN 2010jl (Feb. 9, 2014, Lick/Kast, Smith et al. 2012, corresponding to day
99) which have both been dereddened. This spectrum of SN 2014ab was dereddened
by an additional amount EB−V = 0.10 mag beyond the Milky Way and host-galaxy
reddening applied earlier. This additional amount was chosen so that the continuum
slope of SN 2014ab would match the continuum shape of SN 2010jl for comparison
of their spectral features. We chose a SN 2010jl spectrum from a later relative date
because the date of discovery for SN 2014ab was likely later relative to its peak. A
6400 K blackbody is shown in orange. The optical spectral features are remarkably
similar in SN 2014ab and SN 2010jl, though SN 2014ab clearly exhibits stronger
broad P-Cygni absorption features and a stronger Ca ii near-IR triplet.
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ate a stronger blueshifted intermediate-width emission component if the continuum

photosphere occults the redshifted side of the equatorial CSM interaction region.

This CSM interaction region is likely formed from mass lost from the progenitor of

SN 2014ab within the 10–20 yr prior to its death. The SN ejecta from the explosion

itself are likely optically thin at the time of our observations and have faded, but

their presence can be seen in the broad components of hydrogen Balmer emission

lines, Ca ii near-IR triplet emission lines, and broad Hβ absorption.

The narrow blueshifted Hα and Hβ absorption as well as the narrow Hα emission

persist throughout the evolution, so they likely arise from distant CSM along our

line of sight that has not yet been overrun. These features place the likely viewing

angle for SN 2014ab along the axis of symmetry (i.e., above the pole), as labeled

in Figure 4.19, whereas SN 2010jl is probably observed from a different viewpoint

shown in the schematic. From the viewpoint of SN 2014ab, spectropolarimetric data

could imply a roughly circularly symmetric photosphere because we are seeing a disk

or torus face-on, whereas from the viewpoint of SN 2010jl, a significant polarization

could be observed because we are seeing the same geometry edge-on. Andrews et al.

(2011) find a similar geometry with a torus inclined at 60◦–80◦ for SN 2010jl, while

Huk (2017b) finds an inclination angle of 51◦–74◦. Dessart et al. (2015) and Smith

et al. (2011b) also favour an edge-on view of SN 2010jl.

It is plausible that even if all SNe IIn are significantly asymmetric in either their

explosion or CSM interaction, a number of SNe IIn would still exhibit low contin-

uum polarization simply because of a viewing-angle effect. To date, no published

studies of SNe IIn examined with spectropolarimetric data have shown little to no

polarization (i.e., less than 1%) until this study of SN 2014ab. It is therefore im-

portant to examine a larger population of SNe IIn with spectropolarimetric data

to determine if a similar geometry but with different orientations could account for

the distinctions seen in SN 2014ab compared to other more typical SNe IIn. Al-

though we do not have early photometry to compare the rise of SN 2014ab to that

of SN 2010jl and SNe IIn light curves are complicated by many factors involoved in

CSM interaction, Suzuki et al. 2019 have suggested that differences in the viewing
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angle for SNe IIn would manifest themselves in the light curves of the SNe. Such

attempts to understand the impact of viewing angle on the observable features of

SN IIn should be continued. For instance, efforts to model the polarization of Hα

profiles of SNe IIn to better understand the importance of viewing angle (Huk,

2017a) should be continued and expanded upon.

4.5 Summary

SN 2014ab is unusual compared to most Type IIn SNe with published spec-

tropolarimetry in that it exhibits very low detectable continuum polarization

(0.07%±0.04% to 0.43%±0.09%, with an upper limit of < 1.18%, limited primarily

by the uncertainty in the interstellar polarization) in all five epochs of spectropo-

larimetry, whereas all other SNe IIn with published polarization measurements show

> 1% continuum polarization. Although this lack of polarization implies near cir-

cular symmetry in the plane of the sky, the spectra of SN 2014ab display evidence

for significant asymmetry along our line of sight based on radial veocities. Without

spectropolarimetric data, we would have simply concluded that SN 2014ab was a

typical asymmetric SN IIn without a constraint on our viewing angle. Thus, it is

crucial that spectropolarimetric data, even if it results in very low polarization mea-

surements, is obtained in order to better constrain physical parameters of SNe IIn.

Below we summarise our main results.

� SN 2014ab was already on the decline when first detected, and with the last

predetection upper limit 212 days before detection, the date of explosion for

SN 2014ab is uncertain. Its observed peak was MV = −19.14 mag at the time

of first detection, but the true peak was likely somewhat brighter. It declined

very slowly, maintaining a brightness comparable to that of superluminous

SNe for over 200 days.

� Our spectra cover roughly 150 days and we see little evolution in the spectral

features during this time. This reinforces the conjecture that SN 2014ab was
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Face-on view:

SN2014ab viewpoint:

Distant CSM:
narrow Hα emission
narrow blueshifted Hα absorption

CSM Interaction:
Blueshifted intermediate-width peak
Redshifted intermediate-width peak occulted

SN ejecta:
Broad emission
Broad Hβ absorption
Ca II emission

Side view:

Roughly circular 
symmetry in plane

SN 2010jl viewpoint?

Unshocked CSM:
Narrow Hα emission

Figure 4.19: A schematic showing how the viewing angle may significantly impact
what line features and polarization are observed in SNe IIn. The prominent Ca ii
near-IR triplet emission, broad Hβ absorption, and broad Hα probably originate in
the SN ejecta shaded in grey. The CSM interaction region outlined in black is likely
the source of the asymmetric blueshifted intermediate-width peak of the Hα line
profile, because the continuum photosphere in this zone occults the redshifted side.
The distant CSM shown in green causes the narrow blueshifted Hα and Hβ absorp-
tion. Both the distant CSM in green and brown cause the narrow Hα emission.
These features suggest that the likely viewing angle for SN 2014ab is from above
the pole or axis of symmetry (from the side as labeled above). For SN 2010jl, the
observer may be seeing a similar geometry from a vantage point near the equatorial
plane (from above in the schematic shown here). The spectropolarimetric data sug-
gest we see a roughly circularly symmetric SN from a perpendicular viewpoint.
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not first observed near its explosion date, but rather many weeks or months

after explosion.

� Narrow emission and absorption components of lines like Hα and Hβ indicate

an expansion speed of 80 km s−1 for the pre-shock CSM. This likely corresponds

to the progenitor wind speed or expansion speed of a pre-SN eruption.

� Based on the sustained luminosity of SN 2014ab, the intermediate-width com-

ponent of its Hα emission line from post-shock gas, and its CSM speed,

we estimate the mass-loss rate of the SN 2014ab progenitor to be Ṁ ≈
1 M� yr−1(vw/(80 km s−1)). From the roughly 200 day duration of the high-

luminosity phase, combined with the relative speeds of the CSM and shock, we

infer a total mass loss of at least ∼ 5 M� in the decade or so before explosion.

� We measure the continuum polarization of SN 2014ab at five different epochs

spanning days 76 to 165 to be between 0.07% ± 0.04% and 0.43% ± 0.09%.

The ISP dominates the uncertainty in the true polarization, providing an upper

limit of 1.18%. This suggests that SN 2014ab is not significantly polarized,

unlike other SNe IIn with published spectropolarimetry to date showing 1–3%

continuum polarization.

� Spectra of SN 2014ab indicate a number of interesting features. In particular,

the Hα and Paβ line profiles exhibit similar shape at all epochs, implying little

or no small dust grain formation. Additionally, strong P-Cygni absorption is

seen in Hβ extending out to −18, 000 km s−1, suggesting that we are observ-

ing the continuum photosphere through a significant portion of the rapidly

expanding SN ejecta.

� Overall, SN 2014ab shows many similarities to SN 2010jl (see Fig. 4.18).

Both SNe have asymmetric Hα emission features with an intermediate-width

component offset blueward of the narrow component. In the case of SN 2010jl,

this asymmetric line profile evolves over time and is probably caused by dust

formation (Smith et al., 2012; Gall et al., 2014), in contrast to SN 2014ab.
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� Importantly, SN 2014ab differs from SN 2010jl in a number of ways. Spec-

tropolarimetry of SN 2014ab suggests lower continuum polarization. Spectra

of SN 2014ab show broad P-Cygni absorption features probably arising in the

fast SN ejecta, and Ca ii near-IR triplet emission features stronger than those

seen in SN 2010jl.

� We suggest that SN 2014ab and SN 2010jl could have quite similar CSM

geometry but are viewed from different directions. SN 2014ab may be viewed

nearly along the axis of symmetry (i.e., from above the pole), yielding low

polarization due to its symmetry in the plane of the sky but allowing us to

directly see the fast polar SN ejecta, whereas SN 2010jl may be viewed near

edge-on, revealing larger polarization levels and partly hiding the broad P

Cygni absorption features.

As our paper was in the final stages of preparation, a preprint appeared that pre-

sented an independent analysis of similar spectroscopic data on SN 2014ab (Moriya

et al., 2020). We briefly note some similarities and differences in the two analyses

here. Those authors similarly find SN 2014ab to be a luminous and slowly declining

Type IIn SN with a blueshifted intermediate-width component in Hα comparable

to that of SN 2010jl. While Moriya et al. (2020) do not present polarization data

(as we do), they utilise mid-IR observations (whereas we do not). Based on the

mid-IR data, they suggest that SN 2014ab had pre-existing dust in the CSM, but

did not have significant formation of dust in the cool dense shell as SN 2010jl did

(Smith et al., 2012). We draw a similar conclusion about the lack of dust formation

in SN 2014ab based on spectral line profiles. However, Moriya et al. (2020) argue

that the blueshifted intermediate-width component of Hα is symmetric, adequately

fit by a Lorentzian, and can be explained by acceleration of the unshocked CSM

by SN radiation. In contrast, we find that the intermediate-width line profile is not

symmetric and cannot be fit by a Lorentzian, and requires either obscuration by

large dust grains (because the effect is not strongly wavelength dependent), occul-

tation by optically thick material, or a lack of symmetry between the far side and
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near side of the interaction region. Other than these points, our study and theirs

find similar results.
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CHAPTER 5

Multi-Epoch Spectropolarimetry for a Sample of Type IIn Supernovae: Persistent

Asymmetry in Dusty Circumstellar Material1

We present spectropolarimetry and spectra for a sample of 14 Type IIn supernovae

(SNe IIn). SNe IIn commonly show continuum polarization of 1–3% at the time

of peak optical luminosity, although a few show weaker or negligible polarization.

While some SNe IIn have even stronger polarization at early times, their polarization

tends to drop smoothly over several hundred days after peak. We find a tendency

for the intrinsic polarization to be stronger at bluer wavelengths, especially at early

times. While polarization from an electron scattering region is expected to be grey,

scattering of SN light by dusty circumstellar material (CSM) may induce such a

wavelength-dependent polarization. For most SNe IIn, changes in polarization de-

gree and wavelength dependence are not accompanied by changes in the position

angle, suggesting that any asymmetry in pre-SN mass loss was persistent. This per-

sistent geometry suggests that these SNe arise from progenitors undergoing eruptive

mass-loss that was shaped by binary interaction prior to death. These progenitors

may have bipolar CSM similar to the bipolar nebula around η Carinae, but at a

range of radii and seen from a variety of viewing angles.

5.1 Introduction

The environment into which a supernova (SN) explodes may substantially influence

what we observe. Luminous blue variables (LBVs) such as η Car – which shows

substantial axisymmetric CSM in the Homunculus Nebula (Thackeray, 1949; Gavi-

ola, 1950) – are often suggested as progenitors of SNe IIn (Gal-Yam et al., 2007;

1This work will soon be submitted for publication in the Monthly Notices of the Royal Astro-

nomical Society.
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Smartt, 2009; Smith et al., 2011a; Margutti et al., 2014). Studying the geometry

of the SN environment at the time of death will help connect progenitors types to

various SNe.

SNe IIn are thought to be the result of fast SN ejecta colliding with dense

CSM that was expelled just prior to the death of the progenitor (see Smith 2014

for a review). This slow, pre-shock CSM is seen spectroscopically as narrow (100-

500 km s−1) and intermediate-width (1000-3000 km s−1) Balmer-series emission lines

that dominate the optical spectrum, and the shock interacting with CSM generally

causes enhanced luminosity with a smooth blue continuum at early times (Schlegel,

1990; Filippenko, 1997; Smith, 2017). Although interaction dominates the majority

of the luminosity for a SN IIn, the underlying SN ejecta may also be detected as

broad emission and absorption featurs at later times.

A common tool used in studying the shape of SNe IIn is that of spectroscopy.

Spectroscopic line profiles can reveal expansion asymmetries along our line of sight.

Additionally, multiple epochs of spectroscopy can help inform how the geometry

along our line of sight evolves with time. Indeed, this powerful tool has resulted in

countless observations that imply asphericity in SNe IIn in both their interacting

CSM and the SN ejecta itself (for example, SN 1988Z: Chugai and 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; Mauerhan and Smith 2012;

SN 2005ip: Smith et al. 2009b; 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; SN 2012ab: Bilinski et al. 2018; SN 2013L: Andrews et al. 2017; SN 2014ab:

Bilinski et al. 2020; iPTF14hls: Andrews and Smith 2018; SN 2017hcc: Smith and

Andrews 2020).

A less commonly used tool, though powerful for constraining the geometry of the

continuum photosphere, is that of spectropolarimetry. Numerous studies have been

published using spectropolarimetry to study the nature of SNe II (to cite a few, see

Leonard et al. 2001, 2006; Chornock et al. 2010; Dessart et al. 2021). Generally,
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in SNe II the polarization signal is initially small, increases throughout the photo-

spheric phase, reaches a maximum at the beginning of the nebular phase, and then

drops as the inverse of time squared. SNe IIn, on the other hand, do not have so

clear a picture. Spectropolarimetric results have been published for only a handful of

SNe IIn (SN 1997eg: Hoffman et al. 2008; SN 1998S: Leonard et al. 2000; SN 2006tf:

Smith et al. 2008; SN 2010jl: Patat et al. 2011; SN 2009ip: Mauerhan et al. 2014;

Reilly et al. 2017; SN 2012ab: Bilinski et al. 2018; SN 2013fs: Bullivant et al. 2018;

SN 2017hcc: Kumar et al. 2019; SN 2014ab: Bilinski et al. 2020). The majority

of objects with published spectropolarimetric data exhibit continuum polarization

signals on the order of 1–3%. These data do not yet provide a unified picture,

however, as the timing of this polarization signal, variations in the position angle,

diverse polarization changes across line profiles, and uncertain interstellar polariza-

tion (ISP) estimates make the overall picture complicated. It is difficult in the case

of SNe IIn to disentangle the underlying SN ejecta and their geometry from that of

the bright and spatially more extended CSM interaction regions. Unlike in normal

core collapse SNe, where the polarization arises from centrosymmetric scattering in

homologously expanding ejecta, in SNe IIn, the main source of luminosity (the shock

running into CSM) is itself spatially extended and likely asymmetric. Furthermore,

at least one SN IIn (SN 2014ab) exhibits relatively low levels of continuum polar-

ization but shows signs of significant asymmetry spectroscopically, suggesting that

the viewing angle may impact the continuum polarization measurements of SNe IIn

(Bilinski et al., 2020). If this is the case, then more SNe IIn with relatively low

intrinsic continuum polarization are likely to have been detected, but perhaps the

data remain unpublished because of a bias toward publishing significantly polarized

events.

A further dilemma in the study of polarization in SNe IIn is the mismatch

between the very few models that have been created for these particular type of

objects and the observations. Dessart et al. (2015); Vlasis et al. (2016); Kurfürst

et al. (2020); Williams et al. (2021) obtain polarization signals of up to ∼ 2% when

modelling various geometries with both symmetric and asymmetric SN ejecta and
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diverse surrounding environments. These models do not account for the polarization

signals seen for recent objects such as SN 2017hcc with polarization as high as ∼
6%.

We present spectropolarimetric data obtained for 14 SNe IIn (SN 2010jl,

SN 2011cc, PTF11iqb, SN 2011ht, SN 2012ab, SN 2009ip, SN 2014ab, Master OT

J044212.20+230616.7 (M04421), ASASSN-14il, SN 2015da, SN 2015bh, PS15cwt,

SN 2017gas, and SN 2017hcc, obtained over the course of ∼ 8 yr.2. Some objects

have only 1 epoch of spectropolarimetry (SN 2011cc, SN 2011ht, PTF11iqb, M04421,

and PS15cwt), while others have multiple epochs (as many as 11 epochs in the case

of SN 2010jl). Although the population of SNe IIn has proven itself to be polari-

metrically diverse, we attempt to form a more unified picture for SNe IIn using this

large spectropolarimetric data sample.

5.2 Observations

5.2.1 Photometry

We reference photometry for objects available on the Open SN catalog (Guillochon

et al., 2017) or from the Super-LOTIS (Livermore Optical Transient Imaging System;

Williams et al. 2008) telescope to constrain the peak magnitude date for all of

the SNe IIn we study herein. Table 5.1 shows the peak dates and peak absolute

magnitudes (including the filter they were taken with) for each of our objects. We

use these peak dates as a reference point for every object throughout the paper.

In general, the SNe IIn within our sample show a wide diversity of peak absolute

magnitudes.

2Spectropolarimetric data on AT2014eu, an object initially flagged as a SNe IIn, was also

obtained, but evolution of AT2014eu was found to be similar to that of a SN II-P rather than a

SN IIn.
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Table 5.1: Peak Dates and Magnitudes

SN Name MJD Abs. Mag. Band Ref.

SN 2010jl 55487.62 -19.9 V a
SN 2011cc 55757.32 -19.0 R b
PTF11iqb 55776.46 -18.6 R c
SN 2011ht 55888.37 -17.5 V d
SN 2012ab 55984.28 -19.5 R e
SN 2009ip 56207.22 -18.5 R f
SN 2014ab 56669.48a -19.5 V g

M04421 56954.50 -20.1 R SL
ASASSN-14il 56971.70 -21.5 V SL
SN 2015da 57162.20 -20.8 R SL
SN 2015bh 57166.32 -17.9 R h
PS15cwt 57237.51a -15.8 i PS

SN 2017gas 57996.20 -21.4 R SL
SN 2017hcc 58091.10 -21.4 R SL

Sources: SL (Super-LOTIS), PS (Pan-STARRS1) a (Stoll et al., 2011), b (Ofek
et al., 2014a), c (Smith et al., 2015), d (Brown et al., 2014), e (Bilinski et al., 2018),

f (Mauerhan et al., 2013a), g (Bilinski et al., 2020), h (Goranskij et al., 2016).

aThis peak date is also either the discovery date or very close to the discovery date for the object,
implying that the estimate of the peak date is highly uncertain and was likely sometime before

this date.
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5.2.2 Spectropolarimetry

Our spectropolarimetric observations were obtained using the CCD Imag-

ing/Spectropolarimeter (SPOL; Schmidt et al., 1992b) on the 61” Kuiper, 90”

Bok, and 6.5 m MMT telescopes. We enumerate all of our observations in detail

in Table 5.2. Observations often spanned multiple nights within a single observing

run, so we combined these data into a single epoch to improve the signal-to-noise

ratio in the data.

All spectropolarimetric observations were obtained using a rotatable semi-

achromatic half-wave plate to modulate incident polarization and a Wollaston prism

in the collimated beam to separate the orthogonally polarized spectra onto a thinned

antireflection-coated pixel 800 × 1,200 SITe CCD. In order to account for detector

quantum efficiency differences and pixel-to-pixel variations, we took a series of four

separate exposures that sample a total of 16 different orientations of the waveplate.

Although only four waveplate positions are necessary to isolate the ordinary and

extraordinary beams into Stokes Q1, Q2, U1, and U2, which accounts for variations

in detector efficiency, we use a redundant set of 16 orientations to minimize instru-

mental variation associated with waveplate orientation. The data are then combined

using the prescription in Miller et al. (2021).

We used the 964 lines mm−1 grating blazed at 14.6◦ (4639 Å) on the MMT tele-

scope. In this configuration, we obtain a slit demagnification of 0.76, a dispersion of

2.62 Å per pixel, and a spectral coverage of 3140 Å. We used 600 lines mm−1 grating

blazed at 11.35◦ (5819 Å) on the Kuiper and Bok telescopes. In this configuration,

we obtain a slit demagnification of 0.81, a dispersion of 4.14 Å per pixel, and a

spectral coverage of 4970 Å. A variety of slit widths were used at each telescope,

depending on weather conditions. These exact settings can be found in Table 5.2

for each specific observation. A typical slit width (4.1′′) at the Bok and Kuiper thus

provides spectral resolution of ∼ 26Å, while a typical slit width (1.5′′) at the MMT

provides spectral resolution of ∼ 16Å. Our analysis is restricted to a wavelength

range of 4400–7000 Å to avoid spurious detections and fluctuations at the edge of
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Table 5.2: Spectropolarimetric observations taken with the 61” Kuiper, 90” Bok,

and 6.5 m MMT telescopes. Days are measured relative to the date of the peak

observed magnitude for each SN. Ap. indicates the slit width size in arcseconds for

the aperture used. Multiple slit widths are listed if multiple images were taken on

the same day using different slit widths for the different exposures. Exp. indicates

exposure times for each full Q or U sequence at every waveplate position, so the

total exposure time on the target is twice this value.

Start Time (UTC) MJD Day Ap. (′′) Exp. (s)

SN 2010jla, Epoch 1, Day 25, Kuiper

2010 Nov 10.46 55510.46 23 4.1 720

2010 Nov 11.46 55511.46 24 4.1 480

2010 Nov 12.46 55512.46 25 4.1 240

2010 Nov 14.44 55514.44 27 4.1 720

2010 Nov 15.43 55515.43 28 4.1 480

SN 2010jl, Epoch 2, Day 45, Kuiper

2010 Dec 1.45 55531.45 44 4.1 720

2010 Dec 2.44 55532.44 45 4.1 720

2010 Dec 3.44 55533.44 46 4.1 800

SN 2010jl, Epoch 3, Day 76, Bok

2011 Jan 2.40 55563.40 76 4.1 480

2011 Jan 3.39 55564.39 77 4.1 960

SN 2010jl, Epoch 4, Day 109, Bok

2011 Feb 2.35 55594.35 107 4.1 720

2011 Feb 5.32 55597.32 110 4.1 720

2011 Feb 6.33 55598.33 111 4.1 720
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Start Time (UTC) MJD Day Ap. (′′) Exp. (s)

SN 2010jl, Epoch 5, Day 137, Bok

2011 Mar 2.31 55622.31 135 4.1 720

2011 Mar 4.27 55624.27 137 4.1 720

2011 Mar 6.28 55626.28 139 4.1 720

SN 2010jl, Epoch 6, Day 168, Kuiper

2011 Apr 4.23 55655.23 168 4.1 960

SN 2010jl, Epoch 7, Day 221, Bok

2011 May 27.19 55708.19 221 4.1 720

SN 2010jl, Epoch 8, Day 239, Bok

2011 Jun 14.18 55726.18 239 4.1 720

2011 Jun 15.17 55727.17 240 4.1 720

SN 2010jl, Epoch 9, Day 465, Bok

2012 Jan 23.38 55949.38 462 3.0 960

2012 Jan 25.30 55951.30 464 3.0 960

2012 Jan 27.35 55953.35 466 3.0 960

2012 Jan 29.31 55955.31 468 3.0 960

SN 2010jl, Epoch 10, Day 488, Bok

2012 Feb 13.28 55970.28 483 3.0 960

2012 Feb 18.35 55975.35 488 3.0 960

2012 Feb 19.33 55976.33 489 3.0 960

2012 Feb 20.39 55977.39 490 3.0 960

2012 Feb 21.29 55978.29 491 3.0 960
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Start Time (UTC) MJD Day Ap. (′′) Exp. (s)

SN 2010jl, Epoch 11, Day 546, MMT

2012 Apr 16.13 56033.13 546 1.9 1440

SN 2011cc, Epoch 1, Day 63, Bok

2011 Sep 16.22 55820.22 63 3.0 720

PTF11iqb, Epoch 1, Day 176, Bok

2012 Jan 26.13 55952.13 176 4.1 800

SN 2011ht, Epoch 1, Day 64, Bok

2012 Jan 23.45 55949.45 61 3.0 960

2012 Jan 25.38 55951.38 63 3.0 960

2012 Jan 27.41 55953.41 65 3.0 960

2012 Jan 29.33 55955.33 67 3.0 960

SN 2012ab, Epoch 1, Day 25, Bok

2012 March 23.41 56009.41 25 3.0 1200

SN 2012ab, Epoch 2, Day 49, MMT

2012 Apr 16.38 56033.38 49 1.9 1440

SN 2009ip, Epoch 1, Day -14, MMT

2012 Sep 21.22 56191.22 -16 1.9 960

2012 Sep 23.23 56193.23 -14 1.1 960

2012 Sep 24.19 56194.19 -13 1.5 1920

SN 2009ip, Epoch 2, Day 7, Kuiper

2012 Oct 11.18 56211.18 4 5.1 1920

2012 Oct 14.16 56214.16 7 5.1 960

2012 Oct 16.16 56216.16 9 5.1 1920
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Start Time (UTC) MJD Day Ap. (′′) Exp. (s)

SN 2009ip, Epoch 3, Day 37, Kuiper

2012 Nov 12.13 56243.13 36 4.1 1920

2012 Nov 14.12 56245.12 38 4.1 1920

SN 2009ip, Epoch 4, Day 60, Bok

2012 Dec 05.07 56266.07 59 4.1 1600

2012 Dec 06.08 56267.08 60 4.1 1600

2012 Dec 07.09 56268.09 61 4.1 960

SN 2014ab, Epoch 1, Day 77, Bok

2014 Mar 29.37 56745.37 76 4.1 1920

2014 Mar 30.41 56746.41 77 4.1 960

2014 Mar 31.38 56747.38 78 4.1 960

2014 Apr 02.34 56749.34 80 4.1 960

SN 2014ab, Epoch 2, Day 99, MMT

2014 Apr 20.42 56767.42 98 1.5 720

2014 Apr 21.42 56768.42 99 1.5 960

SN 2014ab, Epoch 3, Day 106, Kuiper

2014 Apr 26.40 56773.40 104 5.1 960

2014 Apr 27.39 56774.39 105 4.1 960

2014 Apr 28.41 56775.41 106 5.1 960

2014 May 01.31 56778.31 109 5.1 1920

SN 2014ab, Epoch 4, Day 132, Bok

2014 May 23.33 56800.33 131 4.1 1920

2014 May 24.31 56801.31 132 4.1 960

2014 May 26.35 56803.35 134 4.1 960
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Start Time (UTC) MJD Day Ap. (′′) Exp. (s)

SN 2014ab, Epoch 5, Day 162, Kuiper

2014 June 22.24 56830.24 161 4.1 1920

2014 June 23.24 56831.24 162 4.1 1920

2014 June 24.27 56832.27 163 4.1 960

2014 June 26.25 56834.25 165 4.1 960

M04421, Epoch 1, Day 118, Kuiper

2015 Feb 19.19 57072.19 118 4.1 2880

ASASSN-14il, Epoch 1, Day -15, Kuiper

2014 Oct 25.22 56955.22 -16 4.1 1920

2014 Oct 28.22 56958.22 -13 4.1 960

ASASSN-14il, Epoch 2, Day 17, Kuiper

2014 Nov 27.17 56988.17 16 4.1 1920

2014 Nov 28.18 56989.18 17 4.1 1920

ASASSN-14il, Epoch 3, Day 73, Bok

2015 Jan 22.13 57044.13 72 5.1 960

2015 Jan 23.13 57045.13 73 5.1 960

SN 2015da, Epoch 1, Day -55, Kuiper

2015 Mar 25.37 57106.37 -56 4.1 960

2015 Mar 26.37 57107.37 -55 4.1 2880

SN 2015da, Epoch 2, Day -33, Kuiper

2015 Apr 15.33 57127.33 -35 4.1 1920

2015 Apr 18.39 57130.39 -32 4.1 960

2015 Apr 19.39 57131.39 -31 4.1 960
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Start Time (UTC) MJD Day Ap. (′′) Exp. (s)

SN 2015da, Epoch 3, Day -22, MMT

2015 Apr 27.31 57139.31 -23 1.9 2400

2015 Apr 29.36 57141.36 -21 2.8 1920

SN 2015da, Epoch 4, Day 4, Bok

2015 May 22.33 57164.33 2 4.1 960

2015 May 24.35 57166.35 4 4.1 1920

2015 May 25.34 57167.34 5 4.1 960

SN 2015bh, Epoch 1, Day -3, Bok

2015 May 19.20 57161.20 -5 4.1 960

2015 May 20.18 57162.18 -4 4.1 960

2015 May 22.23 57164.23 -2 4.1 960

2015 May 23.20 57165.20 -1 4.1 960

SN 2015bh, Epoch 2, Day 18, MMT

2015 Jun 11.15 57184.15 18 1.5 960

2015 Jun 12.15 57185.15 19 1.5 960

SN 2015bh, Epoch 3, Day 23, Kuiper

2015 Jun 14.18 57187.18 21 4.1 800

2015 Jun 15.17 57188.17 22 4.1 960

2015 Jun 16.18 57189.18 23 4.1 800

2015 Jun 18.18 57191.18 25 4.1 720

2015 Jun 19.18 57192.18 26 4.1 560

PS15cwt, Epoch 1, Day 74, Bok

2015 Oct 16.31 57311.31 74 4.1 3840
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Start Time (UTC) MJD Day Ap. (′′) Exp. (s)

SN 2017gas, Epoch 1, Day 0, MMT

2017 Aug 30.21 57995.21 -1 1.5 2400

2017 Aug 31.22 57996.22 0 1.5 2400

SN 2017gas, Epoch 2, Day 20, Kuiper

2017 Sep 19.21 58015.21 19 4.1 1920

2017 Sep 20.23 58016.23 20 4.1 1920

SN 2017gas, Epoch 3, Day 49, Kuiper

2017 Oct 17.20 58043.20 47 4.1 1920

2017 Oct 21.16 58047.16 51 4.1 1920

SN 2017gas, Epoch 4, Day 81, Kuiper

2017 Nov 19.16 58076.16 80 4.1 960

2017 Nov 20.11 58077.11 81 4.1 1920

2017 Nov 22.10 58079.10 83 4.1 960

SN 2017gas, Epoch 5, Day 113, MMT

2017 Dec 22.08 58109.08 113 2.8 1920

SN 2017hcc, Epoch 1, Day -45, Kuiper

2017 Oct 17.31 58043.31 -48 4.1 1600

2017 Oct 20.23 58046.23 -45 4.1 960

2017 Oct 21.31 58047.31 -44 5.1 1600

2017 Oct 22.26 58048.26 -43 5.1 1600
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Start Time (UTC) MJD Day Ap. (′′) Exp. (s)

SN 2017hcc, Epoch 2, Day -15, Kuiper

2017 Nov 15.23 58072.23 -19 5.1 1600

2017 Nov 16.12 58073.12 -18 5.1 1600

2017 Nov 21.13 58078.13 -13 4.1,5.1 4640

2017 Nov 22.20 58079.20 -12 4.1 1920

SN 2017hcc, Epoch 3, Day 9, Kuiper

2017 Dec 08.23 58095.23 4 7.6 960

2017 Dec 09.12 58096.12 5 5.1 1600

2017 Dec 15.19 58102.19 11 7.6 1600

2017 Dec 16.12 58103.12 12 5.1 1920

SN 2017hcc, Epoch 4, Day 17, MMT

2017 Dec 21.08 58108.08 17 2.8 960

2017 Dec 22.11 58109.11 18 6.5 960

SN 2017hcc, Epoch 5, Day 41, Kuiper

2018 Jan 12.16 58130.16 39 7.6 480

2018 Jan 13.13 58131.13 40 5.1 960

2018 Jan 14.14 58132.14 41 7.6 960

2018 Jan 15.15 58133.15 42 4.1 800

2018 Jan 16.15 58134.15 43 5.1 800

SN 2017hcc, Epoch 6, Day 48, Bok

2018 Jan 19.14 58137.14 46 5.1 800

2018 Jan 20.08 58138.08 47 4.1,7.6 1280

2018 Jan 22.12 58140.12 49 7.6 960

2018 Jan 23.14 58141.14 50 5.1 360
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Start Time (UTC) MJD Day Ap. (′′) Exp. (s)

SN 2017hcc, Epoch 7, Day 328, Bok

2018 Oct 28 04:49:24 58419.20 328 3.0 4800

a All epochs of SN 2010jl data also appear in a more detailed

capacity in a forthcoming paper by Williams et al. (2021).

our detector. Observations at the MMT were made at the parallactic angle except

in cases where this would result in significant background contamination. Obser-

vations made at the Bok and Kuiper telescopes relied on another program using

SPOL to observe active galactic nuclei, in which the rotation angle was fixed, so

observations were made without regard to the parallactic angle.

A number of polarized stars (Hiltner 960, VI Cyg 12, BD +64 106, BD +59 389,

HD 245310, and HD 155528) were used to calibrate the position angle (Schmidt

et al., 1992a). We found the discrepancy between the measured and the expected

position angle to be < 0.2◦ between multiple polarimetric standard stars. We also

observed a number of unpolarized standard stars (BD +29 4211, G191B2B, and

HD 212311) to verify that we had low instrumental polarization (typically < 0.1%)

for each set of observations (Oke, 1990). The data was then also flux calibrated

using the unpolarized standard stars.

Spectropolarimetric data reduction was performed using IRAF 3. Specifically,

each observation was bias subtracted, flat fielded, and wavelength calibrated (typ-

ically using He, Ne, and Ar lamp spectra). We used a fully-polarizing Nicol prism

placed in the beam above the slit to correct for the efficiency of the waveplate as a

function of wavelength. When binning our data, we bin the data in q and u weighted

3IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the

Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the

National Science Foundation.
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by photon count first (though flux-weighting provides nearly identical results), then

compute derivative properties, such as the polarization or position angle. Through-

out the paper we use two continuum wavelength bins–5100-5700Å and 6000-6300Å.

5.2.3 Non-Polarization Spectroscopy

In order to better constrain the ISP from interstellar Na i D absorption line equiv-

alent widths, we also obtained higher resolution spectra than SPOL provides. We

obtained moderate-resolution (R ∼ 4000) spectra using the 1200 lines mm−1 grating

in the Blue Channel (BC) spectrograph mounted on the MMT. We obtained these

spectra for SN 2011cc, SN 2011ht, PTF11iqb, SN 2009ip, M04421, ASASSN-14il,

PS15cwt, and SN 2017gas at times while the SNe were still bright. All spectra

were taken with the long slit at the parallactic angle. Standard spectral reduc-

tion procedures were followed for all of the spectra. As discussed in more detail

in §5.4.1, these spectra are used for the purpose of estimating Na i D absorption

line equivalent widths since these objects did not have previously determined values

in the literature (or had such low estimates that they chose to neglect the implied

host-galaxy reddening).

5.3 Background Information on Targets

We list basic parameters for each of the SNe IIn in our sample in Table 5.3 and

discuss them in more detail below. Additionally, we summarize key published results

for each object.

SN 2010jl:

Other aliases for SN 2010jl include PTF10aaxf (Guillochon et al., 2017). SN 2010jl

was discovered by the Puckett Observatory Supernova Search on 2010 Nov. 3.52

(UT dates are used in this paper) at an unfiltered apparent magnitude of 13.5 (New-

ton and Puckett, 2010). SN 2010jl is located near the galaxy UGC 5189A (redshift

z = 0.010697; Falco et al. 1999). We adopt a Milky Way extinction along the
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Table 5.3: Basic Parameters for our SNe IIn Sample

SN Name RA (J2000) Dec (J2000) Total AV Distance (Mpc)

SN 2010jl 09h42m53s.33 +09◦29′41′′.8 0.168 48.8
SN 2011cc 16h33m49s.44 +39◦15′48′′.7 0.246 137.5
PTF11iqb 00h34m04s.84 −09◦42′17′′.9 0.147 50.2
SN 2011ht 10h08m10s.58 +51◦50′57′′.1 0.118 20.4
SN 2012ab 12h22m47s.63 +05◦36′24′′.83 0.243 82.3
SN 2009ip 22h23m08s.26 −28◦56′52′′.4 0.100 25.8
SN 2014ab 13h48m06s.05 +07◦23′16′′.12 0.259 104.4
M04421 04h42m12s.20 +23◦06′16′′.7 1.091 71.5
ASASSN-14il 00h45m32s.55 −14◦15′34′′.6 1.466 88.5
SN 2015da 13h52m24s.11 +39◦41′28′′.6 3.046 37.0
SN 2015bh 09h09m35s.12 +33◦07′21′′.3 0.713 31.3
PS15cwt 02h33m16s.24 +19◦15′25′′.2 0.281 60.36
SN 2017gas 20h17m11s.320 +58◦12′08′′.00 2.462 54.5
SN 2017hcc 00h03m50s.58 −11◦28′28′′.78 0.141 73

A detailed summary of each of these basic parameters and the sources from which
they are derived is discussed in §5.3.

line of sight of AV = 0.075 mag (EB−V = 0.024 mag; Schlafly and Finkbeiner 2011)

and a redshift-based distance of 48.8± 3.5 Mpc from the NASA/IPAC Extragalac-

tic Database4[assuming H0 = 73 km s−1 Mpc−1 (Riess et al., 2005) and taking into

account influences from the Virgo cluster, the Great Attractor, and the Shapley

supercluster, as we do for all of our targets]. We use a host-galaxy reddening of

AV = 0.093 mag (EB−V = 0.030 mag), taken from Patat et al. (2011) as shown

in Table 5.4. The total extinction (host-galaxy and Milky Way) for SN 2010jl is

AV = 0.168.

SN 2010jl shows many similarities to the bipolar geometry of η Car–it likely

arose from a luminous blue variable (LBV) detonating as a SN into a dense bipolar

CSM (Fransson et al., 2014). Smith et al. (2011b) detect a massive (> 30M�)

progenitor to SN 2010jl in archival Hubble Space Telescope imaging, consistent with

the LBV progenitor scenario. A diversity of claims about the dust properties of

4The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Labora-

tory, California Institute of Technology, under contract with the National Aeronautics and Space

Administration (NASA; http://ned.ipac.caltech.edu).

http://ned.ipac.caltech.edu
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SN 2010jl have emerged, from claiming it to have pre-existing dust (Andrews et al.,

2011), post-shock dust formation (Smith et al., 2012; Maeda et al., 2013; Gall et al.,

2014), or no dust (Zhang et al., 2012; Fransson et al., 2014). Spectropolarimetric

data obtained by Patat et al. (2011); Quirola-Vásquez et al. (2019) show continuum

polarization at ∼ 1.7-2% with strong line depolarization, suggesting very low levels

of ISP (<0.3%), substantial asphericity, and that the line forming region is external

to the photosphere.

SN 2011cc:

Other aliases for SN 2011cc include PSN J16334944+3915487 (Guillochon et al.,

2017). SN 2011cc was discovered by the Lick Observatory Supernova Search on

2011 Mar. 17.52 at an unfiltered apparent magnitude of 17.7 (Mason et al., 2011).

SN 2011cc is located in the galaxy IC 4612 (redshift z = 0.031895; Rines et al.

2002). We adopt a Milky Way extinction along the line of sight of AV = 0.028 mag

(EB−V = 0.0090 mag; Schlafly and Finkbeiner 2011) and a redshift-based distance of

137.5±9.6 Mpc from the NASA/IPAC Extragalactic Database. We estimate a host-

galaxy reddening of AV = 0.22 mag (EB−V = 0.070 mag) from Na i D absorption

line equivalent widths (see §5.4.1 for a detailed discussion on how we estimate this)

in spectra taken on day -66 with the BC on the MMT as shown in Table 5.4. Only

brief Astronomer’s Telegrams discovering and then identifying SN 2011cc as a SN

IIn have been published so far on this target (Filippenko et al., 2011). The total

extinction (host-galaxy and Milky Way) for SN 2011cc is AV = 0.246.

PTF11iqb:

Other aliases for PTF11iqb include PSN J00340484-0942179 (Guillochon et al.,

2017). PTF11iqb was discovered by the Palomar Transient Factory on 2011 Jul.

23.41 at an unfiltered apparent magnitude of 16.8 (Parrent et al., 2011). PTF11iqb

is located in the galaxy NGC 151 (redshift z = 0.012499; van Driel et al. 2016).

We adopt a Milky Way extinction along the line of sight of AV = 0.088 mag
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(EB−V = 0.028 mag; Schlafly and Finkbeiner 2011) and a redshift-based distance

of 50.2 ± 3.5 Mpc from the NASA/IPAC Extragalactic Database. We estimate a

host-galaxy reddening of AV = 0.06 mag (EB−V = 0.019 mag) from the Na i D

absorption line equivalent widths in spectra taken on day 57 with the BC on the

MMT as shown in Table 5.4. The total extinction (host-galaxy and Milky Way) for

PTF11iqb is AV = 0.147.

PTF11iqb was spectroscopically very similar to SN 1998S (Smith et al., 2015).

Although it initially appeared as a SNe IIn, it quickly transformed into something

more like a Type II-L or Type II-P SN, but with additional evidence of interaction

again at late times (Smith et al., 2015). The progenitor for this object may have

been a cool giant with an extended envelope and the early spectra showed Wolf-

Rayet features indicative of compact CSM heated by a shock (Smith et al., 2015).

PTF11iqb showed extremely asymmetric line profiles at late times after ∼100 days,

and Smith et al. (2015) proposed that the progenitor was surrounded by an inner

disk that was overrun by the SN photosphere. The expanding photosphere engulfed

the disk and temporarily masked signs of CSM interaction, which were then revealed

again at late times as the SN photosphere receded.

SN 2011ht:

Other aliases for SN 2011ht include PSN J10081059+5150570 (Guillochon et al.,

2017). SN 2011ht was discovered by T. Boles on Sep. 29.182 at an unfiltered ap-

parent magnitude of 17.0 (Pastorello et al., 2011) in the galaxy UGC 5460 (redshift

z = 0.003646; de Vaucouleurs et al. 1991). We adopt a Milky Way extinction along

the line of sight of AV = 0.029 mag (EB−V = 0.0094 mag; Schlafly and Finkbeiner

2011) and a redshift-based distance of 20.4 ± 1.4 Mpc from the NASA/IPAC Ex-

tragalactic Database. We estimate a host-galaxy reddening of AV = 0.09 mag

(EB−V = 0.029 mag) from the Na i D1 absorption line equivalent width in spec-

tra taken on day 57 with the BC on the MMT as shown in Table 5.4. The total

extinction (host-galaxy and Milky Way) for SN 2011ht is AV = 0.118.

Some initial studies of SN 2011ht suggested that it may have been a SN impos-
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tor (Pastorello et al., 2011). However, more extensive studies (Prieto et al., 2011;

Mauerhan et al., 2013b) and UV observations (Roming et al., 2012) suggested in-

stead that SN 2011ht was indeed a core-collapse SN IIn though subliminous due to

a low 56Ni yield. SN 2011ht serves as a prototype for a subclass of objects known as

Type IIn-P that could arise from electron capture SNe or massive stars experiencing

fallback of the SN ejecta (Mauerhan et al., 2013b). SNe IIn with a low 56Ni yield

might be similar to the event that originated the Crab nebula (Smith, 2013b). A

progenitor outburst was detected at the location of SN 2011ht between 287 and 170

days prior to the discovery date, further supporting the idea that the later explosion

likely ran into previously ejected CSM (Fraser et al., 2013b).

SN 2012ab:

Other aliases for SN 2012ab include 2MASS J12224761+0536241 (Guillochon et al.,

2017). SN 2012ab was discovered by the Robotic Optical Transient Search Exper-

iment on Jan. 31.35 at an unfiltered apparent magnitude of 15.8 (Vinko et al.,

2012). SN 2012ab is located in the galaxy 2MASX J12224762+0536247 (redshift

z = 0.018; Bilicki et al. 2014). We adopt a Milky Way extinction along the line

of sight of AV = 0.057 mag (EB−V = 0.018 mag; Schlafly and Finkbeiner 2011)

and a redshift-based distance of 82.3±5.8 Mpc from the NASA/IPAC Extragalactic

Database. We use a host-galaxy reddening of AV = 0.19 mag (EB−V = 0.060 mag),

taken from Bilinski et al. (2018) as shown in Table 5.4. The total extinction (host-

galaxy and Milky Way) for SN 2012ab is AV = 0.243.

Spectroscopy of SN 2012ab suggests CSM interaction on our line of sight ap-

proaching us at early times, but with increased CSM interaction receding along our

line of sight at later times (Bilinski et al., 2018; Gangopadhyay et al., 2020). Spec-

tropolarimetry of SN 2012ab shows a rise from an initial polarization of 1.7% to

3.5% 24 days later, around the same time that the receding CSM interaction began.
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SN 2009ip:

Other aliases for SN 2009ip include PSN J22230828-2856515 and Howerton-A23

(Guillochon et al., 2017). SN 2009ip was seen by the Catalina Real-Time Transient

Survey SN Hunt project on 2012 Jul. 24, marking the start if its final rebright-

ening event (Drake et al., 2012). SN 2009ip is located in the galaxy NGC 7259

(redshift z = 0.005944; Wong et al. 2006). We adopt a Milky Way extinction along

the line of sight of AV = 0.054 mag (EB−V = 0.017 mag; Schlafly and Finkbeiner

2011) and a redshift-based distance of 25.8 ± 1.8 Mpc from the NASA/IPAC Ex-

tragalactic Database. We estimate a host-galaxy reddening of AV = 0.05 mag

(EB−V = 0.015 mag) from the Na i D2 absorption line equivalent width in spec-

tra taken on day 8 with the BC on the MMT as shown in Table 5.4. The total

extinction (host-galaxy and Milky Way) for SN 2009ip is AV = 0.100.

SN 2009ip is a unique SN in that it was studied extensively before explosion. The

initial event from 2009 was quickly categorized as an outburst from an LBV showing

variability in the prior decade (Smith et al., 2010b; Foley et al., 2011). Then, in

2012, SN 2009ip garnered much more attention when it resurfaced with two separate

brigthening events (Drake et al., 2012; Smith and Mauerhan, 2012; Brimacombe,

2012; Prieto et al., 2013). Although the terminal nature of these rebrightening

events has been contested extensively (Pastorello et al., 2013; Mauerhan et al.,

2013a), SN 2009ip has since faded to levels below that of the proposed progenitor

in 1999 (Thoene et al., 2015). Smith et al. (2013) found evidence for pre-SN dust

in early near-infrared spectroscopy of SN 2009ip. Spectropolarimetric studies of

SN 2009ip revealed a V -band polarization of ∼ 0.9% at a position angle of θ ∼ 166◦

during the 2012a event transitioning to a polarization of ∼ 1.7% at a position angle

of θ ∼ 72◦ during the 2012b event and then fading thereafter with further changes

in the position angle (Mauerhan et al., 2014). The evolution for SN 2009ip was

interpretted to have arisen from an initially prolate explosion seen in the 2012a

event colliding with an oblate CSM distribution during the 2012b event (Mauerhan

et al., 2014). Reilly et al. (2017) looked at the spectropolarimetric evolution of
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specific line features observed for SN 2009ip and found that an inclined disk-like

CSM best explained the absorption features along with evolution of the position

angle seen in SN 2009ip.

SN 2014ab:

Other aliases for SN 2014ab include PSN J13480599+0723164 and SNhunt237 (Guil-

lochon et al., 2017). SN 2014ab was discovered by the Catalina Sky Survey on

2014 Mar. 9.43 at an apparent V -band magnitude of 16.4 (MV = −19.0 mag)

(Howerton et al., 2014). SN 2014ab is located in the galaxy VV 306c (redshift

z = 0.023203; Vorontsov-Velyaminov 1959; Falco et al. 1999). We adopt a Milky

Way extinction along the line of sight of AV = 0.083 mag (EB−V = 0.027 mag;

Schlafly and Finkbeiner 2011) and a redshift-based distance of 104.4 ± 7.3 Mpc

from the NASA/IPAC Extragalactic Database. We use a host-galaxy reddening of

AV = 0.18 mag (EB−V = 0.057 mag), taken from Bilinski et al. (2018) as shown

in Table 5.4. The total extinction (host-galaxy and Milky Way) for SN 2014ab is

AV = 0.259.

SN 2014ab was found to exhibit many spectral properties similar to that of

SN 2010jl (Moriya et al., 2020; Bilinski et al., 2020). In particular, spectra of

SN 2014ab showed blueshifted intermediate-width components indicative of either

an optically thick CSM occulting the far side, obscuration by large dust grains, or

inherent asymmetry along our line of sight. Moriya et al. 2020 found evidence of

pre-existing dust within the CSM around SN 2014ab. Spectropolarimetric data pre-

sented in Bilinski et al. 2020, which are also presented in this work, reveal small levels

of instrinsic polarization for SN 2014ab, suggesting a mostly symmetric photosphere

in the plane of the sky.

M04421:

Other aliases for MASTER OT J044212.20+230616.7 include Gaia14ahl (Guillochon

et al., 2017). M04421 was discovered by the MASTER Global Robotic Net on 2014
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Sep. 20.81259 at an unfiltered apparent magnitude 15.4 (Tiurina et al., 2014). We

estimate a redshift of z = 0.01717 from the narrow component of Hα emission

detected in day -9 spectra taken with the BC on the MMT. We adopt a Milky Way

extinction along the line of sight of AV = 1.091 mag (EB−V = 0.352 mag; Schlafly

and Finkbeiner 2011). Since the estimated redshift is very different from that of

the proclaimed host galaxy, 2MASX J04421256+2306209, we instead estimate a

redshift-based distance of 71.5Mpc using our estimate of the redshift. We estimate

a host-galaxy reddening of AV < 0.10 mag (EB−V < 0.032 mag) from an upper limit

on the Na i D absorption line equivalent widths in spectra taken on day -9 with the

BC on the MMT as shown in Table 5.4. Although we do not correct the data using

this reddening estimate, we do use it to set a rough limit on the ISP inferred from

Na i D as discussed in §5.4.1. The total extinction (host-galaxy and Milky Way)

for M04421 is AV = 1.091. Only brief Astronomer’s Telegrams discovering and then

identifying M04421 as a SN IIn have been published so far on this target (Tiurina

et al., 2014; Shivvers et al., 2014).

ASASSN-14il:

ASASSN-14il was discovered by the All Sky Automated Survey for SuperNovae on

2014 Oct. 1.11 at an apparent V -band magnitude of 16.5 (Brimacombe et al.,

2014). ASASSN-14il is located in the galaxy 2MASX J00453260-1415328 (red-

shift z = 0.021989; Jones et al. 2009). We adopt a Milky Way extinction along

the line of sight of AV = 0.061 mag (EB−V = 0.020 mag; Schlafly and Finkbeiner

2011) and a redshift-based distance of 88.5 ± 6.2 Mpc from the NASA/IPAC Ex-

tragalactic Database. We estimate a host-galaxy reddening of AV = 1.40 mag

(EB−V = 0.453 mag) from the Na i D absorption line equivalent widths in spec-

tra taken on day -26 with the BC on the MMT as shown in Table 5.4. The total

extinction (host-galaxy and Milky Way) for ASASSN-14il is AV = 1.466. Only brief

Astronomer’s Telegrams discovering and then identifying ASASSN-14il as a SN IIn

have been published so far on this target (Brimacombe et al., 2014; Childress et al.,

2014), but a more in-depth study is forthcoming in Dickinson et al. (2021).
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SN 2015da:

Other aliases for SN 2015da include PSN J13522411+3941286 and iPTF-16tu (Guil-

lochon et al., 2017; Tartaglia et al., 2020). SN 2015da was discovered by the Xing-

ming Sky Survey on 2015 Jan. 9.89694 at an unfiltered apparent magnitude of 16.95.

SN 2015da is located near the galaxy NGC 5337 (redshift z = 0.007222; Falco et al.

1999). We adopt a Milky Way extinction along the line of sight of AV = 0.039 mag

(EB−V = 0.013 mag; Schlafly and Finkbeiner 2011) and a redshift-based distance

of 37.0 ± 2.6 Mpc from the NASA/IPAC Extragalactic Database. We use a host-

galaxy reddening of AV = 3.01 mag (EB−V = 0.97 mag), taken from Tartaglia et al.

(2020) as shown in Table 5.4. The total extinction (host-galaxy and Milky Way) for

SN 2015da is AV = 3.046.

Tartaglia et al. (2020) observe narrow Balmer lines indicative of SN ejecta inter-

acting with CSM continuously over the course of 4 years. Additionally, near- and

mid-infrared echoes suggest extensive preexisting dust around SN 2015da, similar

to that of SN 2010jl (Tartaglia et al., 2020).

SN 2015bh:

Other aliases for SN 2015bh include iPTF13efv, PSN J09093496+3307204,

SNhunt275, and PSN J09093506+3307221 (Guillochon et al., 2017). SN 2015bh

was discovered by the Catalina Real-Time Transient Survey on 2015 Feb. 7.39 and

imaged within a day at an apparent V -band magnitude of 19.96. SN 2015bh is

located in the galaxy NGC 2770 (redshift z = 0.006494; Springob et al. 2005).

We adopt a Milky Way extinction along the line of sight of AV = 0.062 mag

(EB−V = 0.020 mag; Schlafly and Finkbeiner 2011) and a redshift-based distance

of 31.3 ± 2.2 Mpc from the NASA/IPAC Extragalactic Database. We use a host-

galaxy reddening of AV = 0.65 mag (EB−V = 0.21 mag), taken from Thöne et al.

(2017) as shown in Table 5.4. The total extinction (host-galaxy and Milky Way) for

5http://www.cbat.eps.harvard.edu/unconf/followups/J13522411+3941286.html
6http://www.cbat.eps.harvard.edu/iau/cbet/004200/CBET004229.txt

http://www.cbat.eps.harvard.edu/unconf/followups/J13522411+3941286.html
http://www.cbat.eps.harvard.edu/iau/cbet/004200/CBET004229.txt
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SN 2015bh is AV = 0.713.

SN 2015bh shows many similarities to that of SN 2009ip. Initially, SN 2015bh

was classified as an SN impostor. Spectroscopic studies showed that SN 2015bh

began to interact with CSM not long after its first brightening event in 2015 (Ofek

et al., 2016; Goranskij et al., 2016; Elias-Rosa et al., 2016; Boian and Groh, 2018).

The initial brightening in 2015 may have been an actual faint SN core collapse event

with the second brightening being due to the onset of CSM interaction (Elias-Rosa

et al., 2016), much as is hypothesized for SN 2009ip. Pre-explosion observations

reveal an LBV undergoing outbursts over the last ∼ 20 yr prior to explosion (Ofek

et al., 2016; Elias-Rosa et al., 2016; Thöne et al., 2017).

PS15cwt:

Other aliases for PS15cwt include PSN J02331624+1915252 and

CSS150920:023316+191525 (Guillochon et al., 2017). PS15cwt was discov-

ered by Puckett et al. on 2015 Aug. 21.4002 at an unfiltered apparent magnitude of

16.27. Shivvers et al. (2015b) estimate a redshift of z = 0.0135 from early spectra.

We adopt a Milky Way extinction along the line of sight of AV = 0.281 mag

(EB−V = 0.091 mag; Schlafly and Finkbeiner 2011) and a redshift-based dis-

tance of 60.36 Mpc. We estimate a host-galaxy reddening of AV < 0.08 mag

(EB−V < 0.026 mag) from an upper limit on the Na i D absorption line equivalent

widths in spectra taken on day 73 with SPOL on the Bok telescope as shown in

Table 5.4. Although we do not correct the data using this reddening estimate, we

do use it to set a rough limit on the ISP inferred from Na i D as discussed in §5.4.1.

The total extinction (host-galaxy and Milky Way) for PS15cwt is AV = 0.281.

Only brief Astronomer’s Telegrams discovering and then identifying PS15cwt as a

SN IIn have been published so far on this target (Shivvers et al., 2015b).

7http://www.cbat.eps.harvard.edu/unconf/followups/J02331624+1915252.html

http://www.cbat.eps.harvard.edu/unconf/followups/J02331624+1915252.html
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SN 2017gas:

Other aliases for SN 2017gas include AT2017gas, ASASSN-17kr, Gaia17ccy,

PS17erw (Guillochon et al., 2017). SN 2017gas was discovered by the All Sky

Automated Survey for SuperNovae on 2017 Aug. 10.41 at an apparent V -band

magnitude of 16.0 (Brimacombe et al., 2017). SN 2017gas is located in the galaxy

2MASX J20171114+5812094 (redshift z = 0.01; Bose et al. 2017). We estimate a

redshift of z = 0.0106 from the narrow component of Hα emission detected in day

39 spectra taken with the BC on the MMT. We adopt a Milky Way extinction along

the line of sight of AV = 1.066 mag (EB−V = 0.344 mag; Schlafly and Finkbeiner

2011) and a redshift-based distance of 54.5 ± 3.8 Mpc from the NASA/IPAC Ex-

tragalactic Database. We estimate a host-galaxy reddening of AV = 1.40 mag

(EB−V = 0.450 mag) from the Na i D absorption line equivalent widths in spec-

tra taken on day 39 with the BC on the MMT as shown in Table 5.4. The total

extinction (host-galaxy and Milky Way) for SN 2017gas is AV = 2.462. Only brief

Astronomer’s Telegrams discovering and then identifying SN 2017gas as a SN IIn

have been published so far on this target (Brimacombe et al., 2017; Bose et al.,

2017).

SN 2017hcc:

Other aliases for SN 2017hcc include AT2017hcc, ATLAS17lsn, CSS171011:000351-

112828, Gaia17dcj, and PS17fra (Guillochon et al., 2017). SN 2017hcc was discov-

ered by the Asteroid Terrestrial-impact Last Alert System on 2017 Oct. 2.38 at

an orange filter apparent magnitude of 17.44 (Tonry et al., 2017). SN 2017hcc is

located in an anonymous galaxy (redshift z = 0.0173; Nayana and Chandra 2017;

Prieto et al. 2017). We adopt a Milky Way extinction along the line of sight of

AV = 0.091 mag (EB−V = 0.029 mag; Schlafly and Finkbeiner 2011) and a redshift-

based distance of 73 Mpc (Prieto et al., 2017). We use a host-galaxy reddening

of AV = 0.050 mag (EB−V = 0.016 mag), taken from Smith and Andrews (2020)

as shown in Table 5.4. The total extinction (host-galaxy and Milky Way) for
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SN 2017hcc is AV = 0.141.

SN 2017hcc is of particular interest because it shattered records for polarization

measurements of all types of SNe, not just SNe IIn. Mauerhan et al. (2017a) mea-

sured an integrated V -band continuum polarization of 4.84%. They also estimated

a low contribution from the ISP based on a high Galactic latitude, small extinc-

tion in both the Milky Way and the host galaxy, and strong line depolarization in

the core of Hα and Hβ. Kumar et al. (2019) also find low host-galaxy extinction

and measure a decline of the intrinsic polarization of SN 2017hcc of ∼ 3.5% over

∼ 2 months. Both studies suggest an origin of the continuum polarization in a

region with significant asymmetry, such as a toroidal or disk-like CSM (Mauerhan

et al., 2017a; Kumar et al., 2019). Mauerhan et al. (2017a) suggest that unpolarized

line emission arises in the photoionized pre-shock CSM, consistent with narrow line

components seen at early times in spectra reported by Smith and Andrews (2020).

Smith and Andrews (2020) also found evidence of dust formation in the post-shock

shell and within the SN ejecta for SN 2017hcc.

5.4 Results

5.4.1 Extinction and Reddening

When available, we reference past studies on individual SNe to obtain an estimate of

the host-galaxy extinction along our line of sight. Individual results are mentioned

in the sections corresponding to that object within §5.3 and are summarized in Table

5.4. We assume a total to selective absorption ratio of AV = 3.1EB−V (O’Donnell,

1994), though this may not be true everywhere within the Milky Way Galaxy, nor

in other host galaxies. These estimates often utilize the correlation found between

the narrow Na i D absorption lines λλ5890 (D2), 5896 (D1) and the interstellar dust

extinction along a particular line of sight, though the correlation requires the lines to

be not saturated and not blended in moderate-resolution spectra (Poznanski et al.,

2012). A number of studies have examined the correlation between the equivalent

width of the Na i D doublet absorption lines and interstellar extinction (Richmond
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et al., 1994; Munari and Zwitter, 1997; Turatto et al., 2003; Poznanski et al., 2012).

We use the relations provided by Poznanski et al. (2012) in all of our estimations

in §5.3. Phillips et al. (2013) found that the dust-extinction values estimated from

the Na i D doublet absorption for one-fourth of their sample of SNe Ia was stronger

than expected when compared to those derived from SN color.

For several objects, either no literature estimate of the host-galaxy extinction

existed (SN 2011cc, PTF11iqb, M04421, ASASSN-14il, PS15cwt, and SN 2017gas)

or the host-galaxy extinction was deemed from Na i D upper limits to be low enough

that it could be neglected (SN 2009ip: Mauerhan et al. 2014 and SN 2011ht: Roming

et al. 2012). In the cases that moderate-resolution spectra were available from the

BC on the MMT (SN 2011cc, SN 2011ht, PTF11iqb, SN 2009ip, M04421, ASASSN-

14il, and SN 2017gas), we measured the equivalent width of the Na i D absorption

lines in order to estimate the dust-extinction values using the relations described

above. When the strength of the absorption line was weaker than a 1σ detection

above the noise, we instead set an upper limit to the strength of the Na i D absorption

doublet. Figure 5.1 shows one of our moderate-resolution spectra used to estimate

the equivalent width of the Na i D absorption lines. No moderate-resolution spectra

were available for PS15cwt, so we attempt to estimate the host-galaxy extinction

using the relatively low resolution Bok SPOL data we had. Since no absorption

lines were clearly present in this data, we instead set an upper limit to equivalenth

width of the Na i D absorption doublet. All of these spectroscopic observations are

detailed in Table 5.4.

5.4.2 Spectropolarimetry Parameters

Our spectropolarimetric analysis is performed primarily using the linear Stokes pa-

rameters, 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 compo-

nents in position angle space. Typically, one can combine the Stokes parameters

to obtain the polarization level, p =
√
q2 + u2, and the position angle on the sky,

θ = (1/2) tan−1(u/q). However, since the definition of the polarization makes it a
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Table 5.4: Estimates of host-galaxy extinction using NaID line absorption equivalent
widths. Day is measured relative to peak.

SN Name Tel./Instr. Day AV
a Sourceb

SN 2010jl TNG/SARG -19 0.09 D2,a
SN 2011cc MMT/BC -66 0.22 D1 & D2
PTF11iqb MMT/BC 57 0.06 D1 & D2
SN 2011ht MMT/BC 57 0.09 D1
SN 2012ab HET/LRS 3 0.19 b
SN 2009ip MMT/BC 8 0.05 D2
SN 2014ab VLT/X-shooter 70 0.18 D1 & D2,c
M04421 MMT/BC -9 < 0.10 Noise Limit
ASASSN-14il MMT/BC -26 1.40 D1 & D2
SN 2015da Keck/DEIMOS 86 0.97 d
SN 2015bh GTC/OSIRIS -11 0.21 D1 & D2,e
PS15cwt Bok/SPOL 73 < 0.08 Noise Limit
SN 2017gas MMT/BC 39 1.40 D1 & D2
SN 2017hcc Mag/MIKE 40 0.05 D1 & D2,f

aIf the source of AV is from another paper that only quoted EB−V , we convert it using
AV = 3.1EB−V (O’Donnell, 1994).

bSources: a (Patat et al., 2011), b (Bilinski et al., 2018), c (Bilinski et al., 2020), d (Tartaglia
et al., 2020), e (Thöne et al., 2017), f (Smith and Andrews, 2020).
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SN 2017gasNa I D Absorption
Day 39 MMT BC

Figure 5.1: A BC spectrum (R ∼ 4000) of SN 2017gas taken on day 39 at the
MMT showing the Na i D absorption doublet that we use to constrain host-galaxy
extinction. Since the spectrum has been redshift-corrected using the average redshift
of the host galaxy and then aligned to the narrow component of Hα emission, the
observed NaID absorption lines are offset slightly (∼ 94± 24 km s−1) from their rest
wavelengths due to host-galaxy rotation.
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positive-definite value, it may seem artificially high in cases where we have a low

signal-to-noise ratio because fluctuations will raise the mean polarization level sig-

nificantly. In this section, we discuss alternatives for the traditional definition of

polarization.

Given the issue of the positively-based nature of the traditional definition of

polarization when the signal-to-noise ratio is low, we instead consider a few alter-

native formulations to describe the polarization. First, the debiased polarization

(Stockman and Angel, 1978):

pdb = ±
√
|q2 + u2 − (σ2

q + σ2
u)| (5.1)

where σq and σu are the statistical errors in the measurements of q and u, respec-

tively, and the sign of pdb is chosen to match the sign of [q2 + u2− (σ2
q + σ2

u)]. Next,

we consider the optimal polarization (Wang et al., 1997):

popt = p−
σ2
p

p
(5.2)

where σp is the statistical error on the polarization propagated from σq and σu.

Lastly, we consider the rotated stokes parameters (RSP; Trammell et al. 1993:

qRSP = q cos(2θsmooth) + u sin(2θsmooth)

uRSP = −q sin(2θsmooth) + u cos(2θsmooth)
(5.3)

where θsmooth is chosen such that the majority of the polarization signal is rotated

onto qRSP (Leonard et al., 2001). As discussed in detail in Leonard et al. (2001),

each estimation of polarization has its limitations, but the traditional definition of

polarization and the debiased definition perform worse than the optimal polariza-

tion at estimating the true polarization in a simulation of low signal-to-noise ratio

polarization spectra across emission lines. In particular, the traditional polarization

fails to detect an unpolarized line feature in the simulation, as is expected when

the signal-to-noise ratio drops low. The debiased polarization contains a double-

peaked probability distribution and results in negative polarizations spikes when
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the signal-to-noise ratio is low (Miller et al., 2021). While the optimal polarization

is formally undefined for values where ptrad < σptrad , this formulation still results in

less negative polarization spikes than the debiased polarization if this restriction on

the formal definition is neglected (as we choose to do throughout our paper) and

also matches the true polarization signal in the simulation of Leonard et al. (2001)

more accurately.

For these reasons, when determining the average polarization over a large band-

width (see Leonard et al. 2001 for a detailed discussion of the advantages of popt when

binning data over large wavelengths), we take the photon-count weighted average

of our data and then compute popt. We also make use of popt when comparing our

maximal polarization spectra in Figure 5.11 because qRSP might fail to represent

changes in polarization across lines accurately. However, when studying the evolu-

tion of spectral features in one object from epoch to epoch, we prefer to study the

RSP because they yield the most accurate representation of the true polarization

when the signal-to-noise ratio is low, as is often the case in our later epochs. In the

case that we are studying the evolution of the polarization of one object epoch by

epoch, we are also able to inspect uRSP at the same time, as seen in all of our indi-

vidual object spectropolarimetry figures in Appendix B, so the choice of inspecting

the RSP does not risk overlooking polarization signal that was rotated out of qRSP

across line changes. We show an example of one of such figures with q, u, qRSP ,

uRSP , and θ in Figure 5.2. We also show a comparison of a q-u plot with that of

a qRSP -uRSP plot in Figure 5.3 to illustrate what the process of generating the

RSP looks like.

5.4.3 Choosing the Interstellar Polarization

In order to study the polarization signal intrinsic to our targets, we first must deal

with the complicated issue of the ISP. After the light from our target leaves its

location (with some intrinsic polarization signature), it must then pass through the

interstellar medium of its host galaxy that lies along our line of sight, which can

impart changes to its polarization signal due to magnetically aligned dust grains.
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Figure 5.2: A q−u plot showing the spectropolarimetric data for SN 2017hcc on day
-45 without ISP correction. On the right we also show qRSP , uRSP , and the position
angle θ. The dotted black line in the qRSP plot indicates the smoothed optimal
polarization. The dotted black line in the position angle plot indicates the smoothed
position angle, θsmooth. The solid black points in the qRSP plot indicate the optimal
polarization values measured across the continuum regions designated by the black
horizontal bars. If an estimate of the polarization was made at the wavelength of
a narrow-component of an emission line, we show this estimate with another solid
black point at the location of the line (Hα, Hβ, or He i λ5876). Shaded regions show
a scaled flux spectrum from the same day. Vertical dashed lines are used to indicate
the wavelengths of Hα and Hβ. Horizontal dashed lines are included in the qRSP and
uRSP plots for clarity. Black dotted circles demark each integer value of polarization
in the q − u plot for clarity. Colors, bins, and error bars in the q − u plot on the
left correspond to those on the right, with the colors mapped to the wavelength axis
labeled on the right. We estimate an ISP magnitude < 0.14 (shown as a circle of
blue asterisks) based on NaID absorption-line measurements (see §5.4.1). We mark
our estimate of the actual ISP derived from depolarization of Hα narrow emission
with a black circle in the q − u plot (see §5.4.3). The data are grouped into ∼28Å
bins.
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Figure 5.3: A q-u plot showing the spectropolarimetric data for SN 2017gas on day
0. The solid black circle represents the estimate of the ISP at the wavelength of
Hα. The top left panel shows the raw q-u data after correcting only for reddening
and redshift. The top right panel shows the data rotated according to the RSP
prescription, discussed in §5.4.2. The bottom left panel shows the q-u data after
correcting for the estimate of the ISP at all wavelengths. The bottom right panel
shows the q-u data after correcting for the estimate of the ISP at all wavelengths
and then rotated according to the RSP prescription.



192

Changes to the polarization signal may also be imparted by dust grains along the

line of sight within the Milky Way. Since each change to the polarization signal acts

as a vectorial change in the q − u plane, it can be difficult to pin down separate

contributions to the ISP, but estimating the bulk ISP effect is more tractable. We

first attempt to use relations discovered by Serkowski et al. (1975) relating extinction

to an upper limit on ISP in an attempt to constrain the influence of the ISP on our

intrinsic polarization signals. Since this only sets an upper limit on the magnitude

of the ISP with no constraint on the position angle of the ISP in the q−u plane, we

further attempt to estimate the ISP from depolarization at the wavelengths of strong

Hα emission seen in some of our targets. Each of these approaches is explained in

further detail in the following sections.

ISP constraint based on reddening measurements:

Serkowski et al. (1975) suggest that an upper limit on the ISP can be set from the

reddening along the line of sight according to:

p ≤ 9E(B−V ) (5.4)

where E(B−V ) is given in magnitudes and p is the per cent polarization. Estimates

of the reddening along various lines of sight within the Milky Way are available

(Schlafly and Finkbeiner, 2011). In order to estimate the reddening along the line

of sight within the host galaxy for our targets, we use NaID relations discussed in

§5.4.1. Combining both of these estimates of the reddening, we then place an upper

limit on the ISP for each target, as shown by a blue circle of asterisks in all of our

q-u plots in Appendix B. Keep in mind that this is an upper limit, not a statement

of equality. Many of the targets in the sample within Serkowski et al. (1975) found

the ISP to be far below the relation that they use for an upper limit. Additionally,

this relation assumes dust properties in the host galaxies are similar to those of the

Milky Way, which may not be the case (Leonard et al., 2000; Porter et al., 2016).

In many cases, the ISP upper limit inferred from Na i D is not very restrictive,
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Figure 5.4: Same as Figure 5.2, but for SN 2017gas observed on day 113 after
peak with the MMT. We also overplot the Serkowski law fit to the data (see §5.4.3
for detailed discussion of the fitting process) in orange in the qRSP panel, with
λmax = 6521Å.

corresponding to ISP levels larger than the signals we detect. We reiterate that

the ISP polarization degree inferred from E(B−V ) (which is, in turn, inferred from

Na i D) is only an upper limit; the original empirical relation is derived from an

upper threshold, not a fit to a correlation. Physically, it is an upper limit because

multiple interstellar medium (ISM) clouds along the line of sight might produce

Na i D absorption and dust reddening that add together, but the magnetically

aligned dust grains in these multiple clouds might not have the same orientation,

and so their induced polarization may therefore cancel. Thus, when the Na i D

equivalent width and reddening are very low, this upper limit is useful, but when

the ISM reddening has a higher value, the upper limit is not meaningful.

ISP estimate from depolarization in strong emission lines:

For a handful of our objects (SN 2010jl, SN 2009ip, SN 2012ab, SN 2015bh,

SN 2017gas, and SN 2017hcc), strong depolarization of Hα is seen early on. Because

recombination line emission that comes from regions outside the electron scattering
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Table 5.5: Fits to the q and u values at the location of depolarized Hα emission lines
using λmax = 6521 Å (see §5.4.3 for a detailed discussion on the fitting process). The
scale factor was used to make the estimate more consistent with the ISP constraint
from reddening, as discussed in §5.4.1.

SN Name Day qmax umax Scale Factor

SN 2010jl 25 0.2246 -0.2245 0.85
SN 2012ab 76 0.2975 -0.1064 0.50
SN 2009ip 7 -0.2655 -1.3944 0.50
SN 2015bh 18 0.0612 0.6324 0.32
SN 2017gas 0 -1.0284 -1.1023 0.75
SN 2017hcc -45 -0.6264 -0.7213 0.50

photosphere reaches us without scattering, its light is unpolarized. Since the line

flux dominates that of the continuum, we expect that the overall polarization signal

will approach that of the ISP (although note that an external polarizing source such

as CSM dust can scatter line emission even if it is external to the electron scattering

photosphere). Although the narrow component of the Hα line is not resolved in our

spectropolarimetric data, we attempt to estimate the qISP and uISP values based

on the three pixels closest to the narrow Hα emission-line peak. We estimate the

continuum flux by fitting the continuum level on either side of the Hα emission line.

We then assume that the continuum at the center of the narrow Hα line has

similiar polarization to that measured in the 6000–6300Å regions (though there

is evidence for a wavelength-dependent polarization in our data, it is not strong

enough to compromise this assumption). After removing the polarization from this

continuum flux, we then assume that the remaining polarization signal is associated

with unpolarized Hα emission-line flux, and thus is a reasonable estimate of the ISP

at the wavelength of the narrow component of Hα emission. The more intrinsically

polarized that the Hα lines are, or the more polarization that external CSM dust

contributes to the overall signal, the worse this correction of the ISP becomes.

In order to estimate the ISP as a function of wavelength, we fit a Serkowski law

(Serkowski et al., 1975)
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p(λ) = pmaxe
−Kln2 λmax

λ (5.5)

where λ is the wavelength Å, pmax is the maximum polarization across all wave-

lengths, and K is the Serkowski parameter, through the qdepol and udepol that were

estimated from the narrow Hα emission line. Specifically, we minimize the errors

on a simultaneous fit to

qISP(λ) = pISP(λ)cos(2θISP)

uISP(λ) = pISP(λ)sin(2θISP)

pmax,ISP = qmax,ISPcos(2θISP) + umax,ISPsin(2θISP)

θISP =
1

2
tan−1(

umax
qmax

)

(5.6)

(where θ is the position angle) in order to obtain λmax, qmax, and umax. A similar

procedure was previously performed in (Dessart et al., 2021) where the ISP curve

was fit to a number of depolarized lines in one epoch. Cikota et al. (2018) find

that the K −λmax relation is an instrinsic property of polarization in the ISM, with

KISP = −1.13 + 0.000405λmax,ISP, so we use this relation.

In order to estimate qmax and umax for each of our objects exhibiting strong

depolarization, we first estimate a reasonable value for λmax from a late-time (day

113) measurement of SN 2017gas when the continuum is still bright but the po-

larization signal has significantly faded. We also prefer this epoch of SN 2017gas

spectropolarimetry since reddening constraints (see §5.4.3) suggest that extensive

ISP may be contributing to SN 2017gas. Additionally, since this estimate of the ISP

may be convoluted by distant CSM dust as is discussed in greater detail in §5.5.4,

we chose an epoch that did not show polarization stronger at blue wavelengths than

red ones. Although this may bias our choice of λmax towards redder wavelengths,

we continued with this route because it placed our estimate of λmax closer to those

found in past literature estimates of ISP dependence on wavelength (λmax ∼ 5500

Å: Voshchinnikov 2012, though Patat et al. 2015; Cotton et al. 2019 have found

bluer values for λmax in the ISP) and it allowed us to more confidently avoid fitting



196

distant CSM dust polarization that we find very likely in our targets.

The epoch 5 (day 113) data for SN 2017gas with the ISP fit overplotted on the

qRSP is shown in Figure 5.4. The best-fit value for λmax = 6521 Å. Using this λmax

value from our fit to the late-time SN 2017gas data along with qdepol and udepol from

the estimate of the ISP at the wavelength of the narrow component of Hα emission

for each of our objects that show strong depolarization, we estimate a wavelength-

dependent ISP for each target with significant Hα depolarization. A summary of

the qmax and umax values that resulted from our fits is shown in Table 5.5.

The above estimate of the wavelength-dependent ISP assumes that the Hα

narrow-line flux is completely depolarized. However, careful inspection of the po-

larized flux across the Hα emission lines reveals that the lines are not completely

depolarized. Figure 5.5 shows the first epoch of spectropolarimetry for SN 2017hcc

(day -45) and SN 2017gas (day 0). SN 2017hcc only shows small levels of polariza-

tion in the line flux across the broad component while SN 2017gas shows significant

line polarization across the entire line. The polarized flux would trace the continuum

flux if the line emission was completely unpolarized. However, even polarized lines

could cause the polarized flux to trace the continuum flux if the lines are polarized

at a similar magnitude as the continuum, but at a different angle (this would be

seen as a rotation in the q-u plane, but not a change in the magnitude of the po-

larization). In our case, both polarized flux signals show an increase at wavelengths

of emission lines compared to the continuum, which cannot arise from unpolarized

emission lines. Additionally, is it worth noting that the polarized flux skews stronger

at blue wavelengths compared to the flux, which we discuss in more detail in §5.4.6.

Because the line emission is likely polarized to some extent in many of our

targets (especially at early times when the optical depth is highest in the CSM

interaction region such that the line forming region is beneath the electron scattering

photosphere), our estimates of the depolarization correction only go a portion of

the way from the continuum polarization to the true ISP location in the q − u

plane.8 Given the generally Lorentzian shape in early-time Hα emission lines for

8In principle, the line emission could be polarized opposite to the continuum in the q − u
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Figure 5.5: Top panel: Flux (blue) and polarized flux (red, polarization times flux)
for SN 2017hcc taken on day -45. If line emission were completely depolarized, we
would expect to see the polarized flux follow the continuum of the flux. However,
the polarized flux increases slightly at the location of broad Hα emission, suggesting
that a portion of this line is polarized. Bottom panel: The same for SN 2017gas on
day 0, showing much more significant polarization within the Hα emission line.
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our targets and the lack of significant changes in the position angle across emission

lines, we find it most likely that the emission-line region shares a geometry with

that of the continuum photosphere (Dessart et al., 2015). Thus, our estimate of

the displacement between the continuum polarization and the ISP derived from

depolarization is likely an underestimate of the true offset.

When our constraint on the ISP from reddening suggests an ISP value further

from the continuum than that estimated from depolarized Hα emission, we adjust

the wavelength-dependent ISP estimate from depolarization to be closer to being

consistent with the reddening constraint. In cases where the reddening constraint

is less stringent on the ISP (keep in mind that this constraint just sets an upper

limit on the magnitude of the ISP, not an actual estimate of it), we instead adjust

the ISP estimate from depolarization by a factor of 0.5 to reflect the possibility

that a significant fraction of the line emission is polarized. We list the scale factors

used for our sample in Table 5.5. Larger data sets or a more in-depth study of line

polarization at early times in SNe IIn may lead to a better estimate of this scale

factor.

We then correct the q and u data for each SN that exhibits strong depolarization

using this wavelength-dependent ISP estimate. As an example, we compare the

spectropolarimetric data for SN 2017gas with the ISP signal included and removed

side-by-side in Figure 5.3. In all cases where we have adjusted our data using an

estimate of the wavelength-dependent ISP, the variation of the polarization signal

from epoch to epoch is significantly greater than the ISP estimate. This implies

that even if our estimate of the ISP was made incorrectly, our targets still exhibit

significant intrinsic polarization through the changes in their polarization signal

plane, so that when it is combined vectorially it actually causes our estimates to overestimate the

displacement between the continuum polarization and the ISP in the q-u plane. However, since

the Hα emission-line profiles at early times when strong depolarization is seen often exhibit broad

Lorentzian profiles (see §5.4.5 for more discussion on the Hα emission line profiles), we expect

that the broad emission-line flux, which appears polarized, originates in a region coincident with

the electron-scattering continuum photosphere (when electron scattering dominates, it imparts a

symmetric broadening around zero velocity with a Lorenztian shape; Chugai 2001; Smith 2017).
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from epoch to epoch.

5.4.4 Intrinsic Spectropolarimetry

Our spectropolarimetric results, after correcting the data using our estimates of the

wavelength-dependent ISP for any objects with clear depolarization in Hα emission

(as discussed in detail in §5.4.3), are enumerated in Table 5.6. Individual q−u figures

for every SN IIn in our sample are also included in Appendix B, showing the data

both before and after wavelength-dependent ISP correction if it was implemented.

The temporal evolution of the continuum polarization for our sample of SNe IIn

is shown in the top panel of Figure 5.6, where we have aligned the SNe relative to

their times of peak brightness (in R-, V -, or i-bands, see Table 5.1). This shows

the per cent polarization when binned across 5100–5700Å, which is the main bin

we use to discuss these results throughout the paper (the numbers are slightly dif-

ferent in the 6000–6300Å bin, but this does not affect our conclusions). The range

of polarization degree and the rise/decline rates are diverse. The statisical errors

(shown with smaller endcap sizes compared to ISP errors in Figure 5.6) are generally

quite small because we have combined the polarization signal over large wavelength

bins. Although we have removed an estimate of the wavelength-dependent ISP for

objects that contained strong depolarization of Hα in at least one epoch (SN 2010jl,

SN 2012ab, SN 2009ip, SN 2015bh, SN 2017gas, and SN 2017hcc), we still show an

uncertainty due to the magnitude of the ISP estimated from reddening on the first

data point (using a larger endcap size than for the statistical errors) for each target

to reflect this potential uncertainty.

The highest polarization signals observed (∼ 3 − 6%) are only seen at times

near peak brightness or before (< 50 days). SN 2017hcc shows the strongest drop

in polarization from 5.76% on day -45 to 2.82% on day -15. Between days 0 and

113, SN 2017gas drops from 2.91% to 1.65%, roughly a 0.011% per day decline.

SN 2010jl also exhibits a gradual decline from days 25 to 239 of 2.19% to 0.37%,

similar to that of SN 2017gas, and flattens out thereafter. The polarization signal

generally drops steadily over time for the majority of the targets in our sample with
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Figure 5.6: Top panel: Continuum polarization measurements across 5100–5700Å
relative to the peak date for our entire SNe IIn sample. Statistical errors bars
are faded and have a short end cap. Error bars for ISP constraints from Na i D
are labeled only on the first epoch for each target with a larger end cap than the
statistical error bars for clarity. Although the ISP affects data in every epoch, it
would shift all of the data along the same vector in the q-u plane, having little effect
on changes in the polarization signal over time. Bottom panel: Sp values relative
to peak date for our entire SNe IIn sample. Sp is the intrinsic polarization slope
parameter, which measures the wavelength dependence of the polarization signal.
An Sp of -1 specifies an average change in polarization across the continuum of the
spectrum of -1% for every 1000Å, indicating a more strongly polarized continuum
at bluer wavelengths.
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Figure 5.7: Same as in Figure 5.6 but with previously published spectropolarimetric
data included and marked by hexagonal stars. Top panel: Polarization measure-
ments across the 5100–5700Å bin. Bottom panel: Polarization measurements across
the 6000–6300Å bin.
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Table 5.6: ISP-corrected continuum polarization measurements for our sample of
SNe IIn. Day is measured relative to the observed peak shown in table 5.1 and
often includes data from many nights that have been combined into a single epoch as
detailed in Table 5.2. popt is the optimal polarization, which alleviates the positive-
definite bias of traditional polarization definitions, as discussed in §5.4.2. 5400
indicates data binned across 5100-5700Å while 6150 indicates data binned across
6000-6300Å. θ is the position angle.

Name Day popt,5400(σ) θ5400(σ) q5400(σ) u5400(σ) popt,6150(σ) θ6150(σ) q6150(σ) u6150(σ)

SN2010jl 25 2.19(0.03) 130.9(0.4) -0.31(0.03) -2.17(0.03) 2.06(0.04) 132(0.5) -0.21(0.04) -2.05(0.04)
SN2010jl 45 1.92(0.02) 130.3(0.4) -0.31(0.03) -1.89(0.02) 1.72(0.04) 131(0.6) -0.21(0.03) -1.71(0.04)
SN2010jl 76 1.68(0.02) 132(0.4) -0.18(0.02) -1.67(0.02) 1.42(0.04) 130(0.7) -0.25(0.03) -1.4(0.04)
SN2010jl 109 1.54(0.02) 132.7(0.4) -0.13(0.02) -1.54(0.02) 1.28(0.03) 132(0.7) -0.14(0.03) -1.27(0.03)
SN2010jl 137 1.37(0.02) 131.3(0.5) -0.18(0.02) -1.36(0.02) 1.17(0.03) 129(0.8) -0.24(0.03) -1.15(0.03)
SN2010jl 168 1.14(0.05) 133.9(1.3) -0.04(0.05) -1.14(0.05) 1.19(0.07) 131(1.6) -0.18(0.07) -1.18(0.07)
SN2010jl 221 0.93(0.03) 124.9(1) -0.32(0.03) -0.88(0.03) 0.95(0.05) 124(1.4) -0.36(0.05) -0.88(0.05)
SN2010jl 239 0.37(0.07) 151.8(4.7) 0.21(0.06) -0.32(0.07) 0.59(0.07) 133(4.5) -0.05(0.09) -0.6(0.07)
SN2010jl 465 0.31(0.05) 135.4(4.1) 0(0.05) -0.32(0.05) 0.32(0.07) 123(5.7) -0.13(0.07) -0.3(0.07)
SN2010jl 488 0.04(0.05) 25.2(20.1) 0.05(0.05) 0.06(0.05) 0.14(0.07) 156(11.9) 0.11(0.07) -0.13(0.07)
SN2010jl 546 0.33(0.05) 173.4(3.9) 0.32(0.05) -0.08(0.05) 0.26(0.07) 167(7.1) 0.25(0.08) -0.13(0.07)
SN2011cc 63 1.6(0.16) 125.3(3.2) -0.54(0.19) -1.53(0.16) 1.4(0.21) 124(4.2) -0.56(0.21) -1.32(0.21)
PTF11iqb 176 3.07(0.88) 0.6(7.7) 3.3(0.88) 0.07(0.89) 0.9(1.52) 177(22) 2.02(1.52) -0.2(1.56)
SN2011ht 64 0.32(0.03) 78.5(2.2) -0.3(0.03) 0.13(0.02) 0.18(0.03) 58(5.4) -0.08(0.03) 0.17(0.03)
SN2012ab 25 1.63(0.05) 126.2(0.8) -0.49(0.05) -1.56(0.05) 0.83(0.06) 129(2.7) -0.18(0.08) -0.82(0.06)
SN2012ab 49 3.11(0.02) 118.6(0.2) -1.68(0.02) -2.61(0.02) 2.46(0.04) 118(0.4) -1.41(0.04) -2.02(0.04)
SN2009ip -14 1.03(0.11) 176(4.3) 1.03(0.11) -0.14(0.16) 1.05(0.13) 171(5.3) 1.02(0.12) -0.32(0.21)
SN2009ip 7 1.66(0.02) 71.6(0.3) -1.33(0.02) 0.99(0.02) 1.67(0.03) 73(0.5) -1.4(0.03) 0.91(0.03)
SN2009ip 37 0.73(0.06) 60.5(2.2) -0.38(0.06) 0.63(0.06) 0.58(0.08) 48(4) -0.07(0.08) 0.59(0.09)
SN2009ip 60 0.16(0.08) 105.8(12.3) -0.16(0.07) -0.1(0.08) 0.87(0.09) 120(2.8) -0.44(0.09) -0.76(0.09)
SN2014ab 77 0.1(0.03) 13.1(7.2) 0.1(0.03) 0.05(0.03) 0.06(0.04) 13(13.3) 0.07(0.04) 0.04(0.04)
SN2014ab 99 0.24(0.03) 73(3.4) -0.2(0.03) 0.14(0.03) 0.21(0.04) 72(5.5) -0.18(0.04) 0.13(0.04)
SN2014ab 106 0.29(0.07) 68.1(6.3) -0.22(0.07) 0.21(0.07) 0.42(0.09) 44(6.3) 0.02(0.1) 0.44(0.09)
SN2014ab 132 0.31(0.05) 65.1(4.8) -0.21(0.05) 0.25(0.05) 0.34(0.08) 54(5.4) -0.11(0.07) 0.34(0.08)
SN2014ab 162 0.32(0.09) 45.4(7.2) 0(0.09) 0.35(0.09) 0.38(0.12) 88(8.5) -0.41(0.12) 0.02(0.12)
M04421 118 0.95(0.34) 90.5(9.9) -1.06(0.34) -0.02(0.37) 1.87(0.53) 32(7.7) 0.89(0.54) 1.8(0.53)

ASASSN-14il -15 0.01(0.03) 146.1(24.7) 0.01(0.03) -0.04(0.03) 0.07(0.05) 157(15.3) 0.06(0.04) -0.07(0.06)
ASASSN-14il 17 0.48(0.03) 161.3(2) 0.38(0.03) -0.29(0.03) 0.35(0.05) 162(3.7) 0.29(0.04) -0.21(0.05)
ASASSN-14il 73 0.26(0.03) 158.1(3.4) 0.19(0.03) -0.18(0.03) 0.28(0.04) 170(4.4) 0.27(0.04) -0.1(0.04)

SN2015da -55 3.37(0.12) 149.7(1) 1.65(0.12) -2.94(0.12) 2.57(0.13) 149(1.4) 1.25(0.12) -2.25(0.13)
SN2015da -33 2.74(0.15) 151(1.6) 1.46(0.15) -2.33(0.15) 2.78(0.16) 150(1.6) 1.41(0.15) -2.4(0.17)
SN2015da -22 2.97(0.02) 148.9(0.2) 1.39(0.02) -2.63(0.02) 2.33(0.03) 149(0.4) 1.09(0.03) -2.06(0.03)
SN2015da 4 2.86(0.08) 149(0.8) 1.34(0.08) -2.53(0.08) 2.7(0.09) 151(0.9) 1.41(0.09) -2.31(0.08)
SN2015bh -3 2.36(0.04) 100.7(0.5) -2.2(0.04) -0.87(0.04) 2.59(0.07) 100(0.7) -2.43(0.07) -0.91(0.06)
SN2015bh 18 3.07(0.03) 108(0.3) -2.48(0.03) -1.81(0.03) 2.87(0.05) 109(0.4) -2.27(0.05) -1.77(0.04)
SN2015bh 23 3.69(0.14) 109.7(1.1) -2.85(0.14) -2.35(0.14) 2.94(0.17) 108(1.6) -2.39(0.17) -1.73(0.16)
PS15cwt 74 0.94(0.18) 119.3(5.5) -0.51(0.19) -0.83(0.17) 0.99(0.25) 126(7.1) -0.33(0.26) -0.99(0.25)

SN2017gas 0 2.91(0.01) 115.5(0.1) -1.83(0.01) -2.27(0.01) 2.8(0.02) 116(0.2) -1.75(0.01) -2.19(0.02)
SN2017gas 20 2.49(0.05) 115.8(0.6) -1.55(0.05) -1.95(0.05) 2.17(0.07) 115(0.9) -1.4(0.07) -1.66(0.07)
SN2017gas 49 1.88(0.05) 113.3(0.7) -1.29(0.05) -1.37(0.05) 1.79(0.06) 113(1) -1.23(0.07) -1.3(0.06)
SN2017gas 81 1.79(0.07) 110.3(1.2) -1.36(0.07) -1.17(0.07) 1.9(0.1) 109(1.4) -1.52(0.1) -1.15(0.09)
SN2017gas 113 1.65(0.07) 104.1(1.2) -1.46(0.07) -0.78(0.07) 1.57(0.1) 107(1.7) -1.3(0.1) -0.88(0.09)
SN2017hcc -45 5.76(0.02) 93.8(0.1) -5.71(0.02) -0.77(0.02) 5.58(0.03) 94(0.1) -5.54(0.03) -0.7(0.03)
SN2017hcc -15 2.82(0.02) 98.8(0.2) -2.68(0.02) -0.85(0.01) 2.79(0.03) 99(0.3) -2.67(0.03) -0.82(0.02)
SN2017hcc 9 1.78(0.02) 102(0.3) -1.63(0.02) -0.72(0.02) 1.84(0.02) 103(0.3) -1.66(0.02) -0.8(0.02)
SN2017hcc 17 1.65(0.01) 103.9(0.2) -1.46(0.01) -0.77(0.01) 1.69(0.02) 105(0.4) -1.48(0.02) -0.82(0.02)
SN2017hcc 41 0.93(0.08) 96(2.6) -0.92(0.08) -0.2(0.09) 0.93(0.15) 114(4.5) -0.64(0.15) -0.71(0.14)
SN2017hcc 48 1.01(0.02) 103.3(0.6) -0.9(0.02) -0.45(0.02) 1.23(0.03) 103(0.8) -1.11(0.03) -0.53(0.03)
SN2017hcc 328 0.57(0.16) 172.9(6.9) 0.59(0.16) -0.15(0.15) 0.41(0.26) 131(14.6) -0.08(0.27) -0.53(0.26)
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several epochs of spectropolarimetry (SN 2010jl, SN 2009ip, SN 2015da, SN 2017hcc,

and SN 2017gas). There are, however, some cases where the continuum polarization

instead increases over a short time period (before declining at later times, when data

are available). This can be seen clearly in the early data for SN 2012ab, SN 2009ip,

ASASSN-14il, and SN 2015bh. We interpret these various changes and trends in

continuum polarization in detail in §5.5.3.

We also show the continuum polarization measured across 6000-6300 Å side by

side with that measured across 5100-5700 Å in Figure 5.7. For the most part, the

trends across both wavelength bins match each other quite well. However, increases

in the polarization that were seen in some objects (SN 2009ip, ASASSN-14il, and

SN 2015bh) are generally less pronounced in the 6000-6300 Å bin than they are in the

5100-5700 Å bin. This is a hint that the polarization has some possible wavelength

dependence that is not expected for pure electron scattering; this is discussed more

below in §5.5.4.

We also compare the evolution of the position angle θ with time when binned

across the two different bandpasses we chose in Figure 5.8. The position angle

remains roughly constant in both bands for most of our targets. However, there

are a couple pronounced exceptions to this trend in SN 2009ip and SN 2014ab.

On day -14, SN 2009ip exhibits a position angle of 176◦ in the bin centered on

5400Å, progressing to 71.6◦ on day 7, and continuing to evolve past 60.5◦ on day 37

all the way back to 105.8◦ on day 60 (this was discussed previously by Mauerhan

et al. 2014). SN 2014ab exhibits a position angle of 13.1◦ on day 77, but changes

to 73◦ by day 99 with a gradual decrease half of the way back towards the initial

value thereafter. In some cases, the significant change in the position angle can be

attributed to the polarization being very low and nearly centered on the origin by

this time, so slight changes in the polarization can result in large changes in the

polarization angle. We discuss the implications for these changes in more detail in

§5.5.3.
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Figure 5.8: Top panel: Position angle measurements across 5100–5700Å relative
to the peak date for our entire SNe IIn sample. Bottom panel: Position angle
measurements across 6000–6300Å relative to the peak date for our entire SNe IIn
sample.
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5.4.5 Hα Emission Line Evolution

We measured the Hα equivalent widths and the full velocity width at 20% maximum

(V20) for each of our targets at each epoch (we chose 20% maximum instead of half

maximum in order to better sample the broad wings of the Hα line). The results

are shown in Figure 5.9.

The Hα equivalent width generally increases over time past peak for all of our

targets, as is typical for SNe IIn (Smith et al., 2014). There are, however, a few

notable cases in which it also decreases with time leading up to the time of peak.

In particular, between the first two epochs of data for SN 2017hcc, SN 2017gas,

and SN 2009ip, we see a significant drop in the Hα equivalent width, which has

been noted previously for some SNe IIn that are discovered well before their peak

luminosity phase (e.g. SN 2009ip: Smith et al. 2014 and SN 2006gy: Smith et al.

2010a).

The evolution of V20 is similar to that of the Hα equivalent width. For most

of our objects, V20 for Hα increases with time, except for the same few outliers as

mentioned for Hα equivalent width. We discuss the implications for the general

trend of increasing Hα equivalent width and V20 along with the few exceptions

noticed in both in detail in §5.5.3.

Though it is beyond the scope of this paper, it is worth noting that the Hα

emission line sometimes has a more complex evolution through time across different

velocity components of the line profile. In particular, we note that the position angle

in some of our spectropolarimetric results changes across the Balmer-series lines

(most prominently for SN 2010jl when the continuum polarization has significantly

faded). A more in-depth study into changes across individual emission lines could

discover more about the implied geometrical differences between the line-forming

region and the electron-scattering continuum photosphere.
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Figure 5.9: Top panel: Hα equivalent width relative to the peak date for our entire
SNe IIn sample. We have cut off the late-time data that shows very little continuum
flux and thus strong Hα equivalent widths for clarity in the early-time data we
are most interested in. Bottom panel: Velocity of the full-width-at-20%-maximum
relative to the peak date for our entire SNe IIn sample.
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5.4.6 Wavelength-Dependent Polarization

Polarization arising from an electron scattering photosphere where Thomson scat-

tering dominates is expected to be wavelength independent. While the polarized

flux (shown in Figure 5.5) is of course not wavelength independent, the polarization

degree (p) should be flat for electron scattering. However, the polarization signal for

many of our objects shows a general trend of stronger polarization at bluer wave-

lengths. In order to quantify this trend, we fit a line through the continuum in

the polarization data, excluding notable emission and absorption line regions, to

estimate a slope parameter. The intrinsic polarization slope parameter, Sp, for all

of our data is shown in the bottom panel of Figure 5.6. A negative value for Sp

indicates that the polarization skews upwards at blue wavelengths, while a posi-

tive value indicates that the polarization skews upwards at red wavelengths. The

evolution of this slope parameter does not follow the same trend for each of our

targets. In some cases (SN 2009ip, SN 2014ab, SN 2017hcc) it becomes increasingly

positive as the polarization signal decreases and the object fades. In other cases

(SN 2010jl, ASASSN-14il, SN 2015da), the slope parameter becomes more nega-

tive at first and then reverses back towards null or positive values. In other cases

(SN 2017gas), the slope parameter begins strongly negative, becomes more positive

for a few epochs, and then decreases again. Lastly, in some cases the slope pa-

rameter quickly becomes more negative (SN 2015bh) or more positive (SN 2012ab)

without any late-time data to constrain how it eventually evolves from this initial

trend. We discuss the implications of this wavelength-dependent polarization on the

SN environments in §5.5.4.

To test if ISP correction had contributed significantly to this polarization slope,

we fit a line to the polarization signal for each epoch of our data without any

ISP correction as well. We show a comparison of the slope parameters before and

after ISP correction in Figure 5.10. Although ISP correction does push the slope

parameters to slightly more negative values in general (which is reasonable given

the ISP estimates peaking at λmax), even the uncorrected data have slopes that are



208

Figure 5.10: A histogram showing Sp for our sample of SNe IIn that exhibit strong
line depolarization with ISP correction (dashed region) and without (blue region).
Although Sp becomes more negative in general after ISP correction, ISP correction
does not significantly affect the claim that Sp is predominantly negative across our
sample.

skewed to the blue. We perform a two-sample Kolmogorov-Smirnov test on the two

populations which returns a p-value of 0.951, suggesting that they do indeed arise

from similar populations. Therefore, our ISP correction does not introduce a strong

bias to artificially produce an inherently blue slope.

5.5 Discussion

5.5.1 Prior Spectropolarimetry from the Literature

In this section we summarize the current state of spectropolarimetric observations

of SNe IIn, given that only several SNe IIn have such data published about them

(SN 1997eg: Hoffman et al. 2008; SN 1998S: Leonard et al. 2000; SN 2006tf: Smith

et al. 2008; SN 2010jl: Patat et al. 2011; SN 2009ip: Mauerhan et al. 2014; Reilly

et al. 2017; SN 2012ab: Bilinski et al. 2018; SN 2013fs: Bullivant et al. 2018; SN
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2014ab: Bilinski et al. 2020 SN 2017hcc: Kumar et al. 2019). Note that four of these

(SN 2009ip, SN 2010jl, SN 2012ab, and SN 2014ab) are also included in this study.

We list the published values for the continuum polarization for these SNe IIn in Table

5.7 and show their continuum polarization values alongside the ones from our sample

in Figure 5.7. Since the continuum polarization was often integrated over a variety

of bandwidths in the past literature, we chose the bandwidths that most resembled

ours for the purposes of Figure 5.7 and Table 5.7. Most SNe IIn with published

spectropolarimetric results show high continuum polarization values in the range ∼
1–3%, suggesting significantly aspherical shapes for their electron scattering regions.

Additionally, whenever spectropolarimetry on an object within our sample already

had previous data published, we found good agreement between the past data and

our results. We summarize the past results and their implications for each SNe IIn

target with previously published spectropolarimetric data individually below.

SN 1997eg:

Detailed multi-epoch spectropolarimetry of SN 1997eg was interpreted as aspherical

SN ejecta misaligned with a surrounding CSM disk (Hoffman et al., 2008). Hoffman

et al. (2008) favor a toroidal shell model as was proposed by Kasen et al. (2003)

because of the double-peaked intermediate-width Hα line profile and the observed

loops in the q-u plane for SN 1997eg. The choice of the ISP for SN 1997eg is partic-

ularly important, as the ISP chosen by Hoffman et al. (2008) suggests a continuum

polarization that increases steadily with time.

SN 1998S:

Spectropolarimetry of SN 1998S showed strong linear polarization (∼3%) indicative

of an equatorial CSM disk, similar to that seen for SN 1987A, but much denser and

closer to the SN (Leonard et al., 2000; Wang et al., 2001). The high continuum

polarization measurement in this scenario is contingent once again on an estimate

of the ISP, in which Leonard et al. (2000) favor a model with mostly unpolarized
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Table 5.7: Prior published spectropolarimetric values for
SNe IIn. Some of these polarization estimates take into
account an estimate of the ISP, which can be very uncertain,
especially when there are very few epochs of data.

Name Day P (σ) (%) θ (σ) (deg) λ range (Å) Ref.

SN 1997eg 16 0.6(0.1) 37(2) 5200-5500 a
SN 1997eg 16 0.3(0.1) 23(2) 6100-6200 a
SN 1997eg 44 1.0(0.1) 41(2) 5200-5500 a
SN 1997eg 44 0.9(0.1) 35(2) 6100-6200 a
SN 1997eg 93 1.9(0.1) 36(2) 5200-5500 a
SN 1997eg 93 1.7(0.1) 33(2) 6100-6200 a
SN 1998S -13 3 135 4300-6800 b
SN 1998S 10 1 - 4500-7500 c
SN 1998S 42 3 - 4500-7500 c
SN 2006tf 64 0.91(0.03) 135.4(0.8) 5050-5950 d
SN 2010jl 31 2.02(0.05) 132.1(1.0) 5000-5600 e
SN 2010jl 26 1.80(0.01) 135.8 4500-8000 f
SN 2010jl 75 1.41(0.01) 137.6 4500-8000 f
SN 2010jl 524 0.39(0.01) 19.3 4500-8000 f
SN 2009ip -3 1.03(0.10) - 6100-6200 g
SN 2009ip -3 0.84(0.12) 81(4) 5050-5950 g
SN 2009ip 7 1.65(0.05) - 6100-6200 g
SN 2009ip 7 1.73(0.05) 72(1) 5050-5950 g
SN 2009ip 30 0.71(0.07) - 6100-6200 g
SN 2009ip 30 0.72(0.06) 49(3) 5050-5950 g
SN 2009ip 31 0.70(0.05) - 6100-6200 g
SN 2009ip 31 0.69(0.03) 47(2) 5050-5950 g
SN 2009ip 38 0.64(0.09) 66(6) 5050-5950 g
SN 2009ip 60 0.60(0.05) - 6100-6200 g
SN 2009ip 60 0.41(0.04) 122(2) 5050-5950 g
SN 2009ip 64 0.56(0.06) 132(3) 6100-6200 g
SN 2009ip 31 0.76(0.21) 47(8) 5800-7200 ha

SN 2009ip 31 0.69(0.20) 41(8) 5800-7200 ha

SN 2009ip 38 0.37(0.30) 57(21) 5800-7200 ha

SN 2009ip 38 0.33(0.26) 63(20) 5800-7200 ha

SN 2009ip 60 0.29(0.24) 100(15) 5800-7200 h
SN 2009ip 64 0.48(0.39) 119(22) 5800-7200 h
SN 2009ip 69 0.66(0.55) 89(21) 5800-7200 h
SN 2009ip 79 0.78(1.07) 149(39) 5800-7200 h

SN 2017hcc -35 4.84(0.02) 96.5(0.1) 5070-5950 i
SN 2017hcc -25 3.22(0.13) 95(1.4) 5890-7270 j
SN 2017hcc 18 1.35(0.20) 101.4(4.7) 5890-7270 j
SN 2017hcc 22 1.36(0.10) 100.8(2.2) 5070-5950 j

List of sources: a (Hoffman et al., 2008), b (Leonard et al., 2000),
c (Wang et al., 2001), d (Smith et al., 2008), e (Patat et al., 2011),
f (Quirola-Vásquez et al., 2019), g (Mauerhan et al., 2014), h (Reilly
et al., 2017), i (Mauerhan et al., 2017a), j (Kumar et al., 2019).

aTwo different gratings were used for observations on this date. We cite both values as separate
observations here. The first observation listed was taken with the 300V resolution grating, while

the following observation was taken with the 1200R grating.
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broad lines due to negligible deviations from the continuum seen in the polarized

flux. This results in an interpretation where SN 1998S undergoes CSM interaction

early on (strong polarization in epoch 1), after which the SN ejecta engulfs the

closest CSM region (weak polarization in epoch 2), and then eventually runs into

another disk of CSM (strong polarization in epoch 3) with which interaction persists

for hundreds of days (Leonard et al., 2000).

SN 2006tf:

Although only one epoch of spectropolarimetric data exists for SN 2006tf, it shows

relatively strong continuum polarization (∼ 1%) with mild depolarization across

many emission-line features (Smith et al., 2008). Without an accurate estimate

of the ISP it is difficult to estimate the intrinsic continuum polarization, but the

relatively weak depolarization in emission lines suggests a somewhat less intrinsi-

cally polarized SN IIn than other SNe IIn studied spectropolarimetrically prior to

SN 2006tf (Smith et al., 2008).

SN 2013fs:

Although SN 2013fs is measured spectropolarimetrically, the polarization signal is

only constrained by an upper limit of < 1% at all epochs after subtracting off an

ISP assumed from the second epoch (Bullivant et al., 2018). Additionally, although

SN 2013fs initially appears as a SNe IIn much like PTF11iqb, it transitions to a SNe

II-P or II-L as the fleeting SNe IIn signatures faded after a short time (Bullivant

et al., 2018). For these reasons, we do not show these polarization constraints in

Figure 5.7.

SN 2010jl, SN 2009ip, and SN 2017hcc:

These three objects have previously been studied in the literature but they are also

a part of our sample of SNe IIn. Please see §5.3 for a detailed discussion of their

key features.
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5.5.2 Peak Polarization

Until recently, the highest polarization signals measured for SNe IIn were seen in

SN 2010jl (∼ 2%, Patat et al. 2011) and SN 1998S (∼ 3% Leonard et al. 2000,

though this continuum polarization estimate for SN 1998S is contingent on an ISP

measurement that is somewhat uncertain, implying that it may never have been

detected at an intrinsic polarization of 3%. Recently, however, SN 2017hcc was

detected with broadband polarization measurements extending to 4.84% on day -35

(Kumar et al., 2019). We measure the highest instrinsic polarization ever recorded

for a SN in SN 2017hcc on day -45 with a continuum polarization measurement of

5.76%. Additionally, our sample contains a number of other SNe IIn that exhibit

continuum polarization measurements around the ∼ 2− 3% range.

We show a comparison of the peak polarization spectrum for each of our targets

with high signal-to-noise ratio in Figure 5.11. For targets with an average optimal

polarization degree above 1% and a standard deviation in the optimal polarization

below 1.25%, we selected the spectrum with the highest intrinsic optimal polariza-

tion. If the target was not observed to have an optimal polarization above 1%, we

instead plot the spectrum closest to the date of peak magnitude that meets our

standard deviation cutoff in the continuum of < 1.25%. There is a dearth of SNe

with continuum polarization between ∼ 0% to ∼ 2%, but with the small number

of objects, it is uncertain if this is a real gap in intrinsic polarization or stochastic

sampling. If we had caught some of our more highly polarized targets at later times,

we might have measured their peak polarization spectra in this region. Thus, we

suggest that the gaps in the peak polarization plot shown in Figure 5.11 may be

due to sample size.

Of particular interest here is the peak polarization spectrum of SN 2017hcc, be-

cause it reaches almost ∼ 6% on day -45. Early models of SN polarization that

focused on SN 1987A predicted signals of up to ∼ 4% for an oblate ellipsoid with

a fattening of E = 0.2, where the fattening is the axis ratio of the elliptical den-

sity distribution of the envelope (Hoflich, 1991). Later work done on modeling SNe
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Figure 5.11: A comparison of the peak observed polarization spectra (unbinned)
for most of our SNe IIn sample. In cases where the polarization signal is low, we
instead use high signal-to-noise ratio data temporally close to the peak date (see
§5.5.2 for a detailed discussion on how we choose the spectra plotted here and why
the observed gap is likely due to sample size). Targets with spectropolarimetry that
do not meet our noise cutoff are excluded from this plot for clarity.
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specifically with interaction (Dessart et al., 2015; Vlasis et al., 2016; Kurfürst et al.,

2020) only predicted polarization signals of up to about ∼ 2%. The various models

considered included both symmetric and asymmetric SN ejecta interacting with a

CSM disk, colliding wind shells in binary stars, bipolar lobes similar to those of

the Homunculus nebula in η Car (Smith 2006), and a relic disk similar to that con-

sidered for SN 1997eg (Hoffman et al., 2008). One key limitation of these models

is perhaps that the full 3-D geometry is not modeled. In general, if the CSM in-

teraction region has a toroidal geometry, the SN ejecta will progress more rapidly

into the polar regions where the CSM is less dense, making the photosphere take

on a prolate geometry and potentially engulf the disk (see Smith et al. 2015). This

can result in a complicated flux source geometry that the models fail to accurately

depict when photons are deposited into the interaction regions at various angles in

a 3-D consideration. While the scattering region is often considered to be an asym-

metric distribution of primarily electrons that is studied in detail and reasonably

modeled in 2-D, the flux source geometry may require 3-D simulations to be more

accurately depicted. Models are generally unable to reach magnitudes of polariza-

tion as high as ∼ 6% at early times. Perhaps this is because higher optical depths

in the CSM that would be required to reach higher polarization degrees would also

result in multiple scatterings that wash out the polarization signal. Additionally, the

orthogonal geometries of the interaction region and the photosphere end up compet-

ing, producing polarizations that may significantly cancel each other in the models

(L. Dessart, private communication). Since current models are not able to predict

polarization signals as high as that observed for SN 2017hcc, we recommend that

further modeling efforts explore how to increase the polarization signal in models

particularly at early times. As discussed below in §5.5.4, however, an alternative

way to easily achieve high polarization levels is with scattering by CSM dust, which

is also consistent with the wavelength dependence that we observe.
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5.5.3 Continuum Polarization Evolution Through Time

In §5.4.4 we summarized the observed temporal evolution of the continuum polar-

ization for our sample of SNe IIn. Not only does the peak polarization signal in our

sample far surpass what is measured for other SNe IIn as discussed in §5.5.2, but

also the temporal evolution we measure has proven to be diverse. There are some

emerging trends, however, such as steadily declining continuum polarization at late

times.

Declining Polarization at Late Times:

In the most strongly polarized objects for which we also have multiple epochs of spec-

tropolarimetry at late times (SN 2010jl, SN 2017gas, SN 2017hcc), a simple drop

in optical depth due to lower densities at larger radii may help explain most of the

steady drop in polarization. From epoch 2 onwards for SN 2017gas and SN 2017hcc,

as well as from epoch 1 for SN 2010jl, we generally see a drop in continuum polar-

ization matched with an increase in the Hα equivalent width and an increase in V20.

In general, the Hα equivalent width in SNe IIn increases as the continuum optical

depth drops and the continuum luminosity fades (Smith et al., 2010a, 2014; Smith,

2017), whereas broad lines from the fast SN ejecta are typically exposed at late times

as the optical depth of the CSM interaction region drops (Smith, 2017; Smith and

Andrews, 2020). Figure 5.9 shows that V20 typically increases to 6000-10000 km s−1

after day 100, consistent with the emergence of the fast SN ejecta.

In the case of other SNe II, we often see the polarization signal increase as the

object enters the nebular phase, revealing the central mechanism of the explosion

(Leonard et al., 2001, 2006; Chornock et al., 2010; Dessart et al., 2021). However,

this is not seen in our sample of SNe IIn, likely because the CSM interaction regions

are overwhelming the central SN ejecta while they remain bright. After the CSM

interaction has faded sufficiently to reveal the central SN ejecta, the SN ejecta are

likely no longer bright enough to produce polarization comparable to that seen at

nebular times in SNe II.
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Although the drop in polarization for SN 2010jl, SN 2017gas, and SN 2017hcc can

generally be attributed to decreasing optical depths, the changes that occur between

the first two epochs of spectropolarimetry of SN 2107gas and SN 2017hcc defy this

explanation. The continuum polarization drops precipitously, matched instead with

a decrease in V20 and a decrease in the Hα equivalent width. Thus, the rapid drop in

continuum polarization seen in SN 2017gas and SN 2017hcc between their first two

epochs of data may be due to real geometrical changes in the photosphere, increased

multiple scattering within the CSM interaction region, or decreased contribution to

the luminosity from a light echo originating in CSM dust. An increase in multiple

scattering can wash out the polarization signal (Kopparla et al. 2016 though see

Hoffman et al. 2003 for a discussion on multiple scattering). As the optical depth

in the continuum likely increased during these epochs, multiple scattering may have

begun to play a bigger role. This may be more important in the case of SN 2017gas

where the line emission was more significantly polarized at early times than that

of SN 2017hcc, suggesting a line-emission region beneath the electron scattering

photosphere. Lastly, in both cases (though much more pronunced in SN 2017hcc),

Sp becomes less negative between the first two epochs. This is consistent with early

CSM dust producing a strong wavelength-dependent polarization in the first epoch,

but then being obliterated before the 2nd epoch.

Increasing Polarization at Early Times:

Sometimes the continuum polarization increases rather suddenly at early times near

peak in our sample of SNe IIn. Since SNe IIn are thought to be the result of SN ejecta

interacting with CSM regions that were produced within years or decades prior to

the death of the progenitor (Smith, 2014, 2017), it would make sense that multiple

CSM shells could exist at a variety of distances from the SN. As the SN ejecta

expand and reaches new CSM shells, this interaction could cause the polarization

signal to suddenly increase if the newly overtaken shells are asymmetric.

If the external CSM shells have different geometries than each other or the

underlying SN ejecta, this might not only result in a change in the magnitude of
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the polarization, but also the polarization angle, as is seen in the case of SN 2009ip.

Indeed, Mauerhan et al. (2014) found that the change in polarization paired with the

change in position angle is likely due to a mismatch between the initial SN ejecta

photosphere occulted by a disk during the 2012a event and the later interaction

with the disk that turns on during the 2012b event. The other SNe IIn for which we

observe a sudden increase in the polarization discussed below do not show a large

change in the position angle as in the case of SN 2009ip. Perhaps these SNe IIn

in our sample were not caught early enough to detect the orthogonal geometry of

underlying SN ejecta as was in the case of SN 2009ip. However, their increase in

polarization without a change in the position angle does suggest that any new CSM

interaction that began later was still aligned with the previous interaction geometry.

This, in turn, suggests that multiple CSM regions may exist around SNe IIn that

are aligned along the same axis.

For SN 2012ab, the sudden increase in polarization is paired with only a small

change in position angle, suggesting instead a distant CSM region that contains a

geometry aligned with that of the earlier source of polarization. Considering the

spectral evolution of the line profiles, Bilinski et al. (2018) found that SN 2012ab’s

rise in polarization is likely due to interaction beginning on the far side of the SN,

which had an axis of symmetry similar to that of the early-time interaction observed

on the near side of the SN.

In the case of SN 2015bh, the rise in polarization is paired with a slight but sig-

nificant change in the position angle, paired with a sudden onset of much stronger

depolarization seen in Balmer emission lines that can be seen between Figure B.26

and Figure B.27. This is likely due to the onset of CSM interaction with a geometric

footprint similar to that of the photosphere arising at earlier times. Additionally,

with the sudden increase of unpolarized line emission, we expect that the CSM

interaction that began by day 18 for SN 2015bh has either begun powering the pho-

toionization of a new region of more distant CSM or the earlier line-emitting region

has proceeded beyond the electron scattering photosphere, so that less of the line

emission is polarized. Figure 5.12 shows the polarized flux for SN 2015bh between
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Figure 5.12: Same as Figure 5.5 but for SN 2015bh on days -3 and 18, showing a
transition between an initially nearly fully polarized Hα emission line to one that
shows negligible line polarization.

day -3 and 18, where initially the line emission shows significant polarization, but

shows much smaller levels of line polarization by day 18. This confirms that by

day 18 SN 2015bh has a new source of depolarizing line emission, either due to a

new photoionized CSM shell or to the pre-existing line emission region now being

external to the electron scattering photosphere.

A similar case arises for ASASSN-14il where the polarization increases initially

and then remains constant, but in this case we do not observe strong line depolariza-

tion. Perhaps new CSM interaction began for ASASSN-14il between days -15 and

17, but persists at least until day 73 without any strong depolarizing line emission.
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This might imply that the line emission region is still entrenched within the electron

scattering photosphere, or that we do not have a good estimate of the ISP. It may

be that the polarization signal by day 17, which seems higher than that on day -15,

is actually that of the ISP, since we do not have a good estimate of the ISP and the

reddening constraint is not very limiting (for ASASSN-14il, ISP < 4.08). In this

case, ASASSN-14il might have been more strongly polarized initially before fading

to the ISP level of polarization by day 17, but we cannot be certain of this without

better constraints on the ISP. The change between day -15 and 17 does, however,

still indicate that ASASSN-14il does have intrinsic polarization, even if it is difficult

to tell whether it was instrinsically polarized at the earlier epoch, the later epoch,

or perhaps both.

Previously published literature on SN 1997eg and SN 1998S also suggests an

increase in the continuum polarization over time (Leonard et al., 2000; Hoffman

et al., 2008). In both cases, a diversity of scattering regions is evoked. For SN 1997eg,

a dual-axis model with CSM misaligneed from an asymmetric underlying ejecta

is suggested (Hoffman et al., 2008). For SN 1998S, the change in polarization is

described as interaction with a nearby CSM region that is then encompassed by

the SN ejecta, that eventually runs into another disk of CSM at a later date that

preserves interaction for a much longer period of time (Leonard et al., 2000). These

are both consistent with the results from our sample of SNe IIn which suggests that

the objects have diverse CSM environments around them at the time of explosion

which can result in a complicated series of increases and decreases in polarization,

though rarely coupled to huge changes in the position angle.

5.5.4 Light Echo from Dusty Distant CSM

In our measurements, the wavelength dependent slope of the polarization – Sp –

increases or decreases monotonically, or may change directions during its evolution

(see §5.4.6 for a summary of the measured evolution of the wavelength-dependent

polarization). While we detect a tendency for SNe IIn to have a blue slope in

the continuum, especially at early times, there is no clear trend in Sp that unites
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all the SNe IIn in our sample. Instead, we explore options that might allow for

a wavelength-dependent polarization that produces a stronger polarization at blue

wavelengths that can also occur at variable times.

Light echoes have been observed for a variety of SNe, occurring at variable times

(Gouiffes et al., 1988; Welch et al., 2007; Andrews et al., 2015). In the case of

SNe IIn, it is plausible that distant CSM (whose presence is already likely for SNe

IIn given their presumed progenitor history of eruptive mass-loss) causes such a

light echo, which alters the polarization properties of the light significantly (Nagao

et al., 2018). Light from this echo at the extremums tangential to our line of sight

will be preferentially scattered at bluer wavelengths. Additionally, because light is

a transverse wave, the light from this echo that scatters orthogonally towards us

will be completely polarized. Given that the polarization signal we measure is on

the order of a few percent, a light echo that does not significantly affect the overall

luminosity of the SN could still significantly affect the polarization signal because its

light is very strongly polarized. While a distant CSM shell might also absorb some

of the SN light preferentially at blue wavelengths, this would only result in a slight

overall dimming of the SN and produce no wavelength-dependent polarization shift.

Light travelling along our line of sight that is scattered or absorbed and reemitted

back onto our line of sight would be unpolarized and contribute only a small fraction

of the overall light. This overall contribution to the light from tangential CSM dust

may be why we see a strong predominance of a negative Sp in most of our objects.

Additionally, the light from the CSM dust might arrive at variable times for

the objects in our sample depending on the distance from the SN photosphere to

the CSM. This is supported by the diversity of the time evolution of Sp. If the

neutral and dusty CSM is close to the SN, we may see a light echo soon after

explosion causing a wavelength-dependent shift in the overall polarization signal at

early times, as is seen in SN 2015da and SN 2015bh. In other cases where Sp becomes

more negative at later times (such as in the case of SN 2010jl), the CSM may be more

distant and so the echo light arrives later. Although it is beyond the scope of this

paper, the time delay between the SN peak and the epoch with the most negative
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Sp may provide a reasonable measure of the distance to the distant CSM that

causes the wavelength-dependent polarization. The magnitude of the wavelength-

dependent polarization shift may also help inform the strength of the light echo and

thus the scattering properties of the distant CSM. With enough frequently-sampled

spectropolarimetry, there might be a way to separate the polarization signal from the

light echo and the CSM interaction region. In the past, light echoes have been used

as a powerful tool to explore the history of eruptive mass-loss and even separate such

eruptions into different phases (Smith et al., 2018a,c). We encourage future work

to investigate this relation in more detailed spectropolarimetric studies of specific

objects, especially when multiple epochs of spectropolarimetry are available.

One of the most interesting objects from our sample that shows heavy

wavelength-dependent polarization is SN 2015da. In the 3rd epoch of spectropo-

larimetric data for SN 2015da, Sp becomes significantly more negative at a time

that the continuum polarization is also measured to be high and no line depolariza-

tion is seen. Although the ISP constraint on SN 2015da from reddening is not very

restrictive (ISP <8.73%) because it is heavily reddened, the wavelength-dependent

polarization is projected along the same position angle as the continuum polariza-

tion, suggesting that the external CSM dust shares a geometry with the continuum

polarization region for SN 2015da. It would be unlikely that the CSM dust that

produces the wavelength-dependent polarization would be directly aligned with the

ISP, suggesting that the ISP for SN 2015da may actaully be quite small. This re-

inforces the idea that objects can indeed exist with reddening to ISP relations far

below the upper limit set in Serkowski et al. (1975).

Overall, we see a diversity of changes in Sp, which is consistent with a vari-

able number of distant CSM shells producing light echoes with variable time delays

depending upon their distance to the SN. We find this to be the most plausible

explanation for the general predominance of negative Sp values, the diverse trends

in Sp, and the numerous CSM-interaction-related conclusions that are already well-

founded for SNe IIn.
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5.5.5 Viewing Angle

Our sample of SNe IIn constitutes a diverse population with a variety of peak

polarizations, rise times, and decay times, but it still has a few unifying factors like

the steady drop in polarization at late times as Hα equivalent widths and V20 rise,

and a general preference for showing a blueward slope in the continuum polarization

level. Here, we focus on the facts that 1. SNe IIn show strong continuum polarization

at early times, 2. a nonnegligble but significant fraction show little polarization at

any time, and that 3. almost all SNe IIn have a negative Sp. The combination of

these properties suggests that a common axisymmetric geometry with a variety of

viewing angles may play an important role in the spread of measured polarization

signals for these objects, as already suggested in (Bilinski et al., 2020) when studying

SN 2014ab in more detail.

We show an updated schematic derived from the work in Bilinski et al. (2020)

in Figure 5.13, with a predominantly disk-like or toroidal geometry for the densest

CSM. We have included the consideration that the distant CSM (shown in green)

may be causing wavelength-dependent polarization through a light echo. At early

times in most SNe IIn, the CSM is optically thick and the emitting photosphere

is ahead of the forward shock (Smith, 2017), and so we do not see the SN ejecta

directly. As such, we are unable to probe the geometry of the SN ejecta with

spectropolarimetry unless we observed the SN prior to the start of CSM interaction

(as was the case for SN 2009ip; Smith et al. 2014; Mauerhan et al. 2014). Instead,

spectropolarimetry of SNe IIn probes the asymmetry of the SN environment and

helps us learn more about the SN progenitor and its final years that otherwise would

have remained hidden (though see Khazov et al. 2016 for a discussion on how flash

spectroscopy may inform mass loss from core collapse events as well).

If all SNe IIn have a similar axisymmetric geometry (such as the disk-

like/toroidal one shown in Figure 5.13), then when various SNe IIn are viewed

from a random distribution of angles relative to the polar axis, we should see a dis-

tribution of polarizations from some upper threshold (which seems to be around 3%
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Figure 5.13: An updated schematic from the previous work on SNe IIn viewing
angles in Bilinski et al. (2020). We present key observable features for SNe IIn
in this schematic if viewed from two orthogonal locations, viewing point A and
B. While we place A and B at two orthogonal extremes, the viewing angles at
which we observe targets within our sample likely lie somewhere in between these
two points. There may be many CSM shells at a diversity of distances that produce
narrow emission and absorption lines as well as potentially scatter light from the SN
photosphere as an echo back into our line of sight. Because the position angle does
not typically change significantly when the polarization signal increases for most of
our targets, we suggest that these CSM shells may be preferentialy aligned with the
equatorial CSM interaction regions. The unshocked CSM shown in a brown color
likely produces the majority of strong narrow Balmer-series emission and absorption.
The equatorial torus of CSM interaction with the interior SN ejecta (shown in black)
is likely where the continuum photosphere resides in most of our observations. The
SNe ejecta is shown in grey, though we do not actually constrain the geometry of
the SN ejecta to be spherical. The magnitude of the polarization from the distant
CSM dust echoes may be larger than the polarization from the electron scattering
geometry, even though the cartoon depicts it as having smaller polarization.
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at peak due to electron scattering) down to zero. If the CSM is really axisymmetric,

nearly pole-on views (like that of SN 2014ab) will show very low polarization at all

times, and views that are between mid-latitudes and the equatorial plane will see

the highest polarization. As long the distant dusty CSM has the same axisymmetric

geometry as the inner CSM disk, we would expect to see a strong increase in the

polarization for objects viewed from mid-latitudes at early times (explaining how

something like SN 2017hcc might have reached a polarization degree of almost 6%).

As optical depths fade going into late times, objects viewed from all locations will

see a drop in the polarization degree.

According to Figure 5.11, 7 of the 10 objects shown display significant polariza-

tion, whereas only 3 maintain low polarization at all epochs (the other 4 objects in

our sample were excluded because they did not meet the signal-to-noise ratio cutoffs

we set in this analysis). Although it would likely require sophisticated models to

predict a detailed relation between viewing angle and polarization degree, we can

attempt to estimate the fraction of SNe IIn that we would expect to see with low or

high polarization based on a simple statistical model. In our equatorial disk model,

we assume that objects viewed between 0◦ and 45◦ (0◦ being edge-on with the disk)

would be significantly polarized, while objects viewed nearer the polar axis, with

viewing angles between 45◦ to 90◦, would be only weakly polarized. In this ax-

isymmetric model, we would expect that ∼ 71% of objects would be found within

the mid-latitudes and ∼ 29% within the polar latitudes. Although our sample is

small, our observations are in line with these predictions. Nevertheless, because our

sample of SNe IIn is quite small (even though it is the largest spectropolarimetric

data set for SNe IIn yet), we do not attempt to empirically constrain the range of

viewing angles that might produce low or high polarization signals.

5.5.6 Implications for Pre-SN Mass Loss

Despite the large diversity of polarization properties in the SN IIn sample, there

are two key properties that most SNe IIn exhibit. Every object with late-time

data shows a steady drop to low levels of polarization at late times. This does
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not necessarily mean that the more distant CSM hit by the shock at late times

is more spherical. Instead, this drop may result because at late times when the

optical depth has dropped due to lower CSM densities at large radii, the electron

scattering continuum generated by the very asymmetric CSM interaction is making

a weaker contribution to the total light, even though CSM interaction continues.

This is consistent with the observation that the Hα equivalent width rises at late

times as the continuum fades away (Figure 5.9). Additionally, most SNe IIn exhibit

a wavelength-dependent polarization at some point in their evolution but only in

rare cases (SN 2009ip) do we see a change in the position angle. This implies

that the scattering by distant CSM dust that contributes the wavelength-dependent

polarization is asymmetric, but mostly aligned with the inner CSM that gives rise to

the electron scattering polarization signal. This provides an important constriaint

for pre-SN eruptive mass loss: namely, sources of progenitor mass loss must be able

to produce highly axisymmetric CSM with a persistent and stable orientation during

these eruptive episodes.

Based on the requirement of extremely high mass-loss rates needed to power

luminous SNe IIn through CSM interaction, progenitors for SNe IIn have been

suggested to be LBVs (Gal-Yam et al., 2007; Smith et al., 2007, 2008, 2010a; Fox

et al., 2011; Mauerhan et al., 2013a; Fransson et al., 2014; Smith, 2014; Andrews

et al., 2017), though extreme red supergiant progenitors have also been proposed

(Smith et al., 2009a,b). Other related clues, such as variable winds, have also pointed

to LBVs as potential SN IIn progenitors (Trundle et al., 2008). The mechanism by

which LBVs undergo their episodes of eruptive mass loss is uncertain. Explosions

resulting in a strong blast wave (Smith, 2008) or super-Eddington winds (Shaviv,

2000; Owocki et al., 2004; Smith and Owocki, 2006) have been suggested, but the

source of energy for either mechanism is still unclear. Pulsational pair instabilities

(Woosley et al., 2002, 2007) and wave-driven mass loss (Meakin and Arnett, 2007;

Quataert and Shiode, 2012; Shiode and Quataert, 2014) models might account for

this additional needed energy in SN precursors, but these models are studied in

1-D and they do not depend on nor result in axisymmetric geometries. Thus, they
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drive mass loss without necessarily creating an axisymmetric CSM with a persistent

orientation as is suggested by our observations. Instead, repeated binary interactions

(Podsiadlowski et al., 2010; Smith and Frew, 2011; Smith and Arnett, 2014; Smith

et al., 2018a) could supply the energy needed for eruptive mass loss, and they are

also consistent with axisymmetric CSM with a persistent orientation.

Bipolar shapes and binary companions appear to be common around evolved

massive stars with visible nebulae, including famous examples like η Carinae

(Damineli, 1996; Damineli et al., 1997; Smith, 2006; Smith et al., 2018b) and the

progenitor of SN 1987A (Chevalier and Dwarkadas, 1995). In particular, a bipolar

nebula with rarified CSM along the pole and dense CSM along the equator, much

like what is seen for η Carinae (Smith, 2006; Smith et al., 2018b) fits this picture

well. The multiple CSM shells at a range of distances from the SN that we predict

from our observations are reminiscent of the multiple eruptions that η Carinae has

experienced in the recent past (Smith and Morse, 2004; Kiminki et al., 2016; Smith

et al., 2018a). Smith and Andrews (2020) show how this bipolar nebula with dense

equatorial CSM can also explain the spectroscopic evolution of SN 2017hcc. Since

this bipolar nebula model is also consistent with SNe IIn that exhibit low polariza-

tion (such as SN 2014ab) if viewed along the polar axis, we suggest that this is the

most promising unified picture for the environments of SNe IIn. Obviously, some

individual objects may also deviate from this clean picture; for example, binary sys-

tems with eccentric orbits may act to disrupt the axisymmetry of the CSM (Bilinski

et al., 2018).

5.6 Summary

For the first time, we present multi-epoch spectropolarimetric data for a sample of

SNe IIn. This sample includes 14 separate SNe IIn. The continuum polarization

measurements exhibit a diversity of trends, which is expected for this class of SNe

that already exhibit tremendous heterogeneity (Li et al., 2011c; Richardson et al.,

2014). Below we summarise a few key unifying results discovered across our data
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set and from past published spectropolarimetric studies of SNe IIn:

� Estimating the exact ISP contribution for SNe IIn can be difficult. Reddening

constraints only set upper limits on the ISP without placing it at a particu-

lar location in the q-u plane, while depolarization of strong emission lines is

uncertain because the lines themselves are often polarized to some extent.

� SNe IIn can exhibit intrinsic polarization in the continuum as high as 5.76%.

This is higher than the polarization degree level measured for any other SNe

and is also beyond the expected polarization from models of SNe IIn, though

modelling the polarization signals of interacting SNe is still in its infancy.

� At late times, the gradual decline in the continuum polarization seen in many

of our targets with multi-epoch spectropolarimetric data can be explained

effectively by a drop in the optical depth of the CSM interaction region with

time. We generally see an increase in the equivalent width of Hα as the

continuum polarization fades and the Hα line profile becomes broader.

� At early times in some objects like SN 2017gas and SN 2017hcc, the continuum

polarization drops rapidly as the equivalent width of Hα decreases and the Hα

emission lines become narrower. This different behavior at early times could

be due to real geometrical changes in the photosphere, increased multiple

scattering within the CSM interaction region, or a decreased contribution to

the total luminosity from a light echo originating in tangential CSM dust

(perhaps because the dust was destroyed soon after the initial explosion).

� Many SNe IIn show sudden increases in the continuum polarization or changes

in their Sp. These can generally be attributed to CSM regions existing at a

diversity of distances from each SN IIn. Some experience strong CSM inter-

action early on, while others experience a delay before the interaction begins.

Some SNe IIn even show evidence of multiple CSM shells, which are generally

aligned with each other.
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� The majority of SNe IIn exhibit wavelength-dependent continuum polariza-

tion with a stronger polarization at blue wavelengths. This is not expected for

wavelength-independent electron scattering environments, so we are likely ob-

serving the combination of a polarization signal from the continuum electron

scattering region found within CSM interaction and additional wavelength-

dependent polarization from a light echo scattered towards us by CSM dust.

� The diversity of features seen in spectropolarimetric data for SNe IIn can

potentially be explained by a combination of diverse environments with mul-

tiple CSM regions at various distance combined with a similar axisymmetric

geometry that is viewed from a range of different viewing angles.

� Spherical mass-loss mechanisms prior to death for progenitors of SNe IIn do

not adequately match the observed CSM region properties. Instead, mass-loss

with a persistent axisymmetric geometry is needed. Binary interactions and

eruptive mass-loss focused within an equatorial disk may provide a plausible

explanation for the polarization features we observe.

5.7 Future Prospects

This is the first study of a sample of more than one SN IIn, and it has revealed a

number of interesting trends regarding the evolution of the polarization and its wave-

length dependence over time. However, there are a few outstanding open questions

that could be answered with improved temporal coverage with spectropolarimetry

at either early or late times, and with other types of observations that may help

clarify some outstanding mysteries. Specifically, there are a number of future stud-

ies that could benefit the understanding of SNe IIn explosion geometries and their

environments which we outline below.
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High-cadence early spectropolarimetry:

Additional high-cadence early-time spectropolarimetry would help examine the

source of the high polarization signal sometimes seen near peak in more detail and

might clarify why other objects do not show this. By following the early-time evo-

lution of both the polarization and the intrinsic slope parameter, one may be able

to estimate the distance to the nearest CSM and the extent of the contribution

from dusty CSM light echoes. Although we have early-time data for a few objects,

only one (SN 2009ip) exhibits a rotation in the polarization consistent with a tran-

sition from a SN ejecta photosphere to one located in a CSM interaction region

(Mauerhan et al., 2014). There may also be unusual spectropolarimetric signatures

at early times due to pre-SN outbursts or double-peaked light curves. For instance,

SN 2009ip is unique in having spectropolarimetric data during its first peak in a

double-peaked light curve. If one could observe SNe IIn with spectropolarimetry

at earlier times, one might be able to constrain the transition from explosion until

the onset of CSM interaction. If it is common for SNe IIn to experience a ∼ 90◦

rotation in their geometry between the time of explosion and first CSM interaction,

this would support the bipolar nebula with an equatorial disk picture for SNe IIn.

Improved late-time coverage with spectropolarimetry:

Several SNe within our sample lack deep late-time spectropolarimetry, but the ones

that do have such data all show a decline in polarization. Acquiring more late-time

spectropolarimetry would help confirm that the continuum polarization does fade

for all SNe IIn at late times. Additionally, late-time spectropolarimetry (especially

using larger telescopes that can still detect a significant signal from the SN as it

fades) could provide another estimate of the ISP when the intrinsic polarization of

the SN has faded. A better understanding of the extent of line polarization at earlier

times would help improve other depolarization-based estimates of the ISP.
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Higher resolution spectropolarimetry:

SNe IIn are different from other core-collapse SNe in that they have strong narrow

lines. At all times, higher resolution spectropolarimetry would be useful in detect-

ing specific differences across emission line features. This would be particularly

useful at early times when line emission shows significant polarization, so that esti-

mates of the ISP from depolarization could isolate all polarized flux (both polarized

continuum and polarized broad emission-line flux) from the unpolarized flux (the

narrow-component of the emission line). Higher resolution spectra (not necessarily

spectropolarimetry) could also help distinguish separate components of Na i D ab-

sorption lines at different velocities. These absorption lines at different velocities are

presumably due to multiple clouds along the line of sight, so being able to isolate if

the total Na i D absorption is due to one region or many distinct ones could help

separate the maximal contribution to the ISP from each distinct cloud.

Light curve comparisons and constraints:

Although light curves are available for a number of the SNe IIn within our sample,

many only have sporatic photometric information. Well-sampled light curves would

help confirm if the general drop in the continuum polarization towards late times

occurs alongside a similar drop in the continuum optical depth. Current estimates of

the time of peak for many of the SNe IIn within our sample are uncertain, especially

when the time of peak is coincident with the time of discovery. Additionally, a well-

sampled early-time light curve could help estimate the explosion date for the SN,

which would be useful in estimating the distance to the external CSM, especially if

a wavelength-dependent light echo is observed.

X-ray, radio, and infrared observations:

The spectropolarimetry we use is all observed at visual wavelengths. However, stud-

ies of X-ray- or radio-wavelength emission could help corroborate the axisymmetric

model we present. X-rays generated in the shock interaction region may escape more
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easily from aspherical environments. In particular, X-rays should escape more eas-

ily along the polar caps in the axisymmetric geometry we present. Thus, we would

expect to see greater X-ray emission at early times from objects with low contin-

uum polarization like SN 2014ab, SN 2011ht, or ASASSN-14il. Similarly, it would

be useful to know if significant emission from dust is present at thermal-infrared

wavelengths at the same times that we detect a strong wavelength dependence in

the continuum polarization which we have attributed to scattering by CSM dust.

Statistics from a larger sample:

Lastly, spectropolarimetry for a larger sample of SNe IIn could help confirm a num-

ber of the conclusions we draw. In particular, our data set is consistent with diverse

viewing angles with a similar axisymmetric geometry. With spectropolarimetry of

many more SNe IIn, we could explore if the viewing angle explanation continues to

hold and, thus, we could empirically constrain the distribution over viewing angles.

Moreover, improved radiative transfer models that consider the complex extended

CSM geometry and velocity structure for SNe IIn, along with potential contribu-

tions from dusty CSM, could also further constrain which viewing angles result in

significant observed polarization for the suggested axisymmetric geometry.

Acknowledgments

The SNSPOL project is supported by the National Science Foundation under awards

AST-1210599 to the University of Arizona, AST-1210372 to the University of Den-

ver, and AST-1210311 to San Diego State University. This work was supported by

NSF grant AST-1210599. N.S. received additional support from NSF grants AST-

1312221 and AST-1515559, and by a Scialog grant from the Research Corporation for

Science Advancement. Research by D.J.S. is supported by NSF grants AST-1821967,

1821987, 1813708, 1813466, 1908972, and by the Heising-Simons Foundation under

grant #2020-1864. D.C.L. acknowledges support from NSF grants AST-1009571

and AST-1210311, under which part of this research was carried out. This paper



232

made use of the NASA/IPAC Extragalactic Database (NED), which is operated by

the Jet Propulsion Laboratory, California Institute of Technology, under contract

with NASA. This paper made use of data from Pan-STARRS1 acquired after May

2014. Operation of the Pan-STARRS1 telescope is supported by the National Aero-

nautics and Space Administration under Grant No. NNX12AR65G and Grant No.

NNX14AM74G issued through the NEO Observation Program.

We thank the staffs at the MMT, Bok, and Kuiper telescopes for their assistance

with the observations. Observations using Steward Observatory facilities were ob-

tained as part of the large observing program AZTEC: Arizona Transient Explo-

ration and Characterization. Some observations reported here were obtained at the

MMT Observatory, a joint facility of the University of Arizona and the Smithsonian

Institution.

Data Availability

The data underlying this article will be shared on reasonable request to the corre-

sponding author.



233

APPENDIX A

Limiting Magnitudes Data

This appendix contains the extended tables which are used in Chapter 2.

Table A.1: Limiting Magnitudes (LM) for SN 1999el

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

1998 10 24 19.2 19.2 19.4 19.8

1998 10 28 19.1 19.2 19.6 19.8

1998 10 31 18.8 19.2 19.7 19.8

1998 11 2 18.5 19.9 19.6 19.8

1998 11 5 18.8 19.9 18.8 19.8

1998 11 13 18.5 19.9 19.5 19.8

1998 11 16 19.2 19.9 19.4 19.8

1999 5 11 18.6 18.9 19.7 20.3

1999 5 18 19.7 18.9 20 20.3

1999 5 25 19.7 18.9 19.8 20.3

1999 5 30 18.9 18.9 19.6 20.3

1999 6 4 19.4 19.1 19.4 20.1

1999 6 9 19.6 19.1 19.9 20.1

1999 6 15 18.2 19.1 19.5 20.1

1999 6 26 18.3 19.1 19.8 20.1

1999 6 29 19.3 19.1 19.6 20.1

1999 7 3 20.1 20.5 19.9 20.5

1999 7 7 19.3 20.5 19.7 20.5

1999 7 11 20.1 20.5 20.1 20.5

1999 7 14 19.1 20.5 19.6 20.5

1999 7 19 19.6 20.5 20 20.5

1999 7 22 19.9 20.5 20 20.5

1999 7 31 19.4 20.5 20.1 20.5

1999 8 3 18.4 19.2 20 20.5

1999 8 8 19.8 19.2 20 20.5

1999 8 11 20.3 19.2 20 20.5

1999 8 14 19.4 19.2 20 20.5

1999 8 17 20.1 19.2 20 20.5

1999 8 20 19.4 19.2 19.8 20.5
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Table A.1: Limiting Magnitudes (LM) for SN 1999el (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

1999 8 23 17.9 19.2 19.8 20.5

1999 8 26 18.6 19.2 19.5 20.5

1999 8 28 19.7 19.2 19.6 20.5

1999 8 31 20.2 19.2 20 20.5

1999 9 3 19.6 19.5 20.1 20.5

1999 9 6 19 19.5 20.1 20.5

1999 9 10 18.9 19.5 20.1 20.5

1999 9 13 19.7 19.5 19.9 20.5

1999 9 17 20 19.5 19.7 20.5

1999 9 20 18.8 19.5 19.6 20.5

1999 9 25 19.7 19.5 19.7 20.5

1999 9 26 18.3 19.5 19.6 20.5

1999 10 1 19.7 0 19.5 0

1999 10 4 20 0 19.9 0

1999 10 7 19.1 0 20 0

1999 10 10 19.9 0 19.7 0

1999 10 13 19.3 0 19.8 0

1999 10 16 19.6 0 19.7 0

1999 10 19 18.4 0 19.6 0

Table A.2: Limiting Magnitudes (LM) for SN 2003dv

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

1999 1 28 18.7 18.7 19.7 19.7

1999 2 1 18.6 19.2 18.9 19.4

1999 2 27 19.8 19.2 19.8 19.4

1999 4 10 19.7 19.9 20 20.2

1999 4 15 20 19.9 19.9 20.2

1999 4 19 18.8 19.9 20 20.2

1999 4 24 19.3 19.9 19.7 20.2

1999 5 1 19.2 20.1 19.8 20.1

1999 5 8 18.6 20.1 19.8 20.1

1999 5 12 19.7 20.1 20 20.1

1999 5 16 19.5 20.1 19.9 20.1

1999 5 20 19.6 20.1 19.9 20.1

1999 5 25 19.9 20.1 19.9 20.1

1999 6 1 19.2 19.8 19.9 20.4
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Table A.2: Limiting Magnitudes (LM) for SN 2003dv (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

1999 6 6 19.5 19.8 19.9 20.4

1999 6 10 19.9 19.8 19.8 20.4

1999 6 16 18.9 19.8 19.9 20.4

1999 7 2 19.8 20.4 19.9 20.1

1999 7 9 19.9 20.4 19.9 20.1

2000 2 2 19.9 19.9 19.7 19.7

2000 3 12 19.3 19.4 19.3 19.8

2000 3 19 18.4 19.4 19.4 19.8

2000 3 21 19.4 19.4 19.2 19.8

2000 4 1 18 19.2 19.4 20.2

2000 4 7 19.7 19.2 19.8 20.2

2000 4 24 18.8 19.2 19.9 20.2

2000 5 3 18.5 18.5 20 20

2000 6 3 19.8 19.8 20 20

2000 6 16 19.3 19.8 19.9 20

2000 6 19 19.7 19.8 19.8 20

2000 6 22 19 19.8 20 20

2000 6 25 18.1 19.8 20 20

2000 6 29 19.9 19.8 19.9 20

2000 7 3 18.8 18.7 19.7 19.9

2000 7 9 18.5 18.7 19.9 19.9

2001 3 1 18.7 18.4 20 20.2

2001 3 18 18.8 18.4 19.9 20.2

2001 3 27 17.7 18.4 19.6 20.2

2001 4 23 19.3 19.3 19.8 19.8

2001 6 17 20 19.6 20 20

2001 6 25 18.7 19.6 19.8 20

2001 7 3 19.4 19.4 19.7 19.7

2002 2 25 19.1 19.1 19.6 19.6

2002 4 21 19.4 19.4 19.9 19.9

2002 5 6 19.5 19.9 19.7 20.1

2002 5 12 20.3 19.9 20 20.1

2002 5 23 19.3 19.9 19.9 20.1

2002 6 13 20.3 20 20.1 20.3

2002 6 19 19 20 20 20.3

2002 6 24 20 20 19.8 20.3

2002 7 7 20.6 20.6 20.4 20.4

2003 2 18 19.1 19.1 19.8 19.8

2003 3 3 19.9 20 19.8 20

2003 3 11 20.1 20 20 20

2003 3 18 19.4 20 19.3 20
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Table A.2: Limiting Magnitudes (LM) for SN 2003dv (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2003 3 29 19.6 20 20 20

2003 4 14 17.6 0 19.1 0

Table A.3: Limiting Magnitudes (LM) for SN 2006am

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

1999 1 10 19.5 19.2 19.3 19.6

1999 1 28 18.5 19.2 19.6 19.6

1999 2 2 18.3 19.1 19.5 20

1999 2 5 19.6 19.1 19.4 20

1999 2 27 17.2 19.1 19.5 20

1999 3 5 19.6 17.9 19.3 19.8

1999 3 13 17.3 17.9 19.4 19.8

1999 3 18 17.6 17.9 20 19.8

1999 3 28 18.1 17.9 18.9 19.8

1999 4 2 19.2 19.3 19.3 20.3

1999 4 10 18.6 19.3 19.7 20.3

1999 4 15 19.6 19.3 19.7 20.3

1999 4 19 19.7 19.3 19.7 20.3

1999 4 23 19.9 19.3 19.7 20.3

1999 4 26 18 19.3 19.4 20.3

1999 4 30 17.2 19.3 18.8 20.3

1999 5 11 19 19.5 20 20.2

1999 5 15 19.9 19.5 19.9 20.2

1999 5 19 19.3 19.5 19.5 20.2

1999 5 23 19.1 19.5 19.4 20.2

1999 5 31 19.1 19.5 19.4 20.2

1999 6 5 19.3 19.3 19.6 19.9

1999 6 9 19.2 19.3 19.6 19.9

1999 6 15 18.8 19.3 19.5 19.9

1999 6 26 18.8 19.3 19.3 19.9

1999 7 2 18.6 19.5 19.8 20

1999 7 5 18.7 19.5 19.9 20

1999 7 9 19 19.5 19.2 20

1999 12 28 19.7 19.7 19.7 19.7

2000 2 1 18.9 20.1 19.7 19.8

2000 2 8 19.5 20.1 19.6 19.8
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Table A.3: Limiting Magnitudes (LM) for SN 2006am (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2000 3 14 18.9 18.7 19.7 20.4

2000 3 17 18.1 18.7 19.7 20.4

2000 3 20 17.8 18.7 19.2 20.4

2000 3 24 18.9 18.7 18.9 20.4

2000 3 29 18.3 18.7 19.9 20.4

2000 3 29 18.8 18.7 20.1 20.4

2000 4 2 19.6 20.1 19.8 20.5

2000 4 7 19.5 20.1 19.8 20.5

2000 4 11 19.5 20.1 19.4 20.5

2000 4 24 19.1 20.1 20.1 20.5

2000 4 29 18.9 20.1 19.8 20.5

2000 5 3 20 20 19.8 20.1

2000 5 24 18.1 20 19.2 20.1

2000 5 27 19.6 20 19.8 20.1

2000 5 29 18.4 20 19.7 20.1

2000 6 2 18 19.9 19.7 20.2

2000 6 4 18.6 19.9 19.4 20.2

2000 6 11 18.3 19.9 19.3 20.2

2000 6 13 18.4 19.9 19.6 20.2

2000 6 16 18.7 19.9 19.3 20.2

2000 6 19 19.4 19.9 19.5 20.2

2000 6 22 19.9 19.9 19.6 20.2

2000 6 25 19.6 19.9 19.4 20.2

2000 6 30 19.6 19.9 19.5 20.2

2000 7 4 19.5 18.7 19.5 20

2000 7 9 18.1 18.7 19.5 20

2001 3 7 18.5 18.5 19.8 19.8

2001 4 1 18.2 19.8 19.8 20

2001 4 6 18.8 19.8 18.8 20

2001 4 16 17.8 19.8 19 20

2001 4 23 19.4 19.8 19.4 20

2001 4 30 19.6 19.8 19.6 20

2001 5 4 17.8 18.2 18.8 20

2001 5 7 18.5 18.2 19.1 20

2001 5 11 18.4 18.2 19.5 20

2001 5 18 19.8 18.2 19.6 20

2001 5 24 19.8 18.2 19.8 20

2001 5 31 17.4 18.2 19.2 20

2001 6 6 18.7 20.2 19.2 20

2001 6 12 17.9 20.2 19.6 20

2001 6 18 18.2 20.2 19.3 20
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Table A.3: Limiting Magnitudes (LM) for SN 2006am (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2001 6 25 18.6 20.2 19.6 20

2001 7 3 19 18.7 19.3 19.9

2001 7 8 18.6 18.7 19.5 19.9

2002 2 11 19.5 18.9 19.3 19.9

2002 2 25 18.7 18.9 19.5 19.9

2002 3 11 20 17.9 19.7 19.6

2002 3 27 17.5 17.9 18.8 19.6

2002 4 4 19.5 20.2 19.6 20

2002 4 20 19.8 20.2 19.5 20

2002 5 7 19.9 19.4 19.6 19.9

2002 5 23 18.6 19.4 19.1 19.9

2002 6 12 19.4 19.6 19.6 20.3

2002 6 17 19.1 19.6 19.4 20.3

2002 6 23 18.7 19.6 19.1 20.3

2002 6 28 18.8 19.6 19.4 20.3

2002 7 3 18.1 18.1 19.5 19.5

2003 2 2 18.2 19.8 19.6 20

2003 2 23 19.3 19.8 19.2 20

2003 3 9 18.3 18.9 19.2 19.7

2003 3 29 18.7 18.9 19.3 19.7

2003 5 20 18.8 18.8 18.9 18.9

2003 6 8 18.5 19 19.4 20.4

2003 6 12 17.5 19 19.3 20.4

2003 6 16 19.1 19 19.1 20.4

2003 6 20 19.5 19 19 20.4

2003 6 25 18.2 19 20 20.4

2003 6 29 18.9 19 19.5 20.4

2003 7 5 18.3 19.6 19.6 20.3

2003 7 27 19.3 19.6 19.4 20.3

2004 2 11 17.8 17.8 19.5 19.5

2004 3 7 18.8 19.2 19.2 20.1

2004 3 15 18.4 19.2 19 20.1

2004 3 26 19.3 19.2 19.3 20.1

2004 4 4 19.5 19.4 19.6 20

2004 4 13 19.2 19.4 19 20

2004 4 26 18.3 19.4 19.5 20

2004 5 1 18.3 20.1 19.2 20.2

2004 5 5 19 20.1 19.2 20.2

2004 5 15 19.4 20.1 19.1 20.2

2004 5 22 19.1 20.1 19.5 20.2

2004 5 30 18.7 20.1 19.8 20.2
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Table A.3: Limiting Magnitudes (LM) for SN 2006am (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2004 6 8 18.5 20 19 20.3

2004 6 14 18.2 20 19.8 20.3

2004 6 18 19.5 20 19.4 20.3

2004 6 22 19.1 20 19.2 20.3

2004 6 25 19.3 20 19.6 20.3

2004 6 28 19.1 20 19.6 20.3

2004 7 1 17.8 19.3 19.3 20

2004 7 9 19.1 19.3 19 20

2005 1 22 18.5 20 19.8 19.9

2005 1 31 18.5 20 18.9 19.9

2005 2 10 19.7 19.7 19.6 19.6

2005 3 7 18.6 19.7 19.7 19.5

2005 3 16 19.6 19.7 19.5 19.5

2005 3 26 18.2 19.7 19.4 19.5

2005 4 5 18.6 19.7 18.3 19.6

2005 4 16 18.7 19.7 19.3 19.6

2005 4 21 19.2 19.7 19.4 19.6

2005 4 27 16.9 19.7 18.7 19.6

2005 5 4 18.3 18.6 18.6 19.9

2005 5 22 18.2 18.6 19.7 19.9

2005 5 28 18.3 18.6 19 19.9

2005 6 4 19.4 18.8 19.4 19.9

2005 6 12 18.7 18.8 19.4 19.9

2005 6 21 16.7 18.8 19.5 19.9

2005 6 24 18.6 18.8 18.5 19.9

2005 6 29 19.5 18.8 19 19.9

2005 7 4 19.6 18.4 19.6 20

2005 7 14 18.6 18.4 19.2 20

2005 7 16 17.2 18.4 19.4 20

2006 1 16 14.3 14.4 18.7 16.8

2006 1 30 19 14.4 16.1 16.8

Table A.4: Limiting Magnitudes (LM) for SN 2008fq

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2000 6 14 19.6 18.6 19.5 19.8

2000 6 23 17.8 18.6 19.4 19.8
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Table A.4: Limiting Magnitudes (LM) for SN 2008fq (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2000 6 30 18.2 18.6 19.6 19.8

2000 7 8 19 19.6 19.5 19.7

2000 7 14 19.1 19.6 19 19.7

2000 7 20 18.7 19.6 19 19.7

2000 7 27 19.3 19.6 19.4 19.7

2000 8 3 19.2 19.4 19.3 19.8

2000 8 10 18.7 19.4 19 19.8

2000 8 17 17.9 19.4 19.3 19.8

2000 8 22 17.8 19.4 19.2 19.8

2000 8 31 18.2 19.4 19.2 19.8

2000 9 30 18.3 18.3 19.4 19.4

2000 10 14 18.5 19.4 18.6 19.4

2000 10 22 19.2 19.4 19.2 19.4

2000 10 31 19.1 19.4 19.1 19.4

2000 11 7 15.9 16.4 18.3 18.7

2000 11 8 18 16.4 18.9 18.7

2001 5 10 17.2 16.7 18.5 18.8

2001 5 24 16.3 16.7 18.4 18.8

2001 6 5 15.4 17.5 17.8 19.5

2001 6 14 18.1 17.5 19 19.5

2001 6 20 17.8 17.5 19.3 19.5

2001 6 29 18.1 17.5 19.6 19.5

2001 7 16 18.5 19.2 19.3 19.5

2001 7 22 19 19.2 19.1 19.5

2001 8 7 18.9 19 19.1 19.6

2001 8 12 19.1 19 19.1 19.6

2001 8 19 16.9 19 18.9 19.6

2001 8 27 19.3 19 19.1 19.6

2001 9 4 17.4 19 18.4 19.6

2001 9 13 19.1 19 19.5 19.6

2001 9 23 18.2 19 19.1 19.6

2001 10 1 17.1 18.4 18.7 19.3

2001 10 16 18.5 18.4 18.9 19.3

2001 10 27 18.1 18.4 19.1 19.3

2001 11 3 18.2 18.2 19.2 19.2

2002 5 14 17.8 17.8 19.4 19.4

2002 6 10 16.9 18.2 19.1 19.6

2002 6 19 18.3 18.2 19.5 19.6

2002 6 30 18.8 18.2 19.5 19.6

2002 7 9 18.9 18.9 19.6 19.7

2002 7 17 18.7 18.9 19.7 19.7
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Table A.4: Limiting Magnitudes (LM) for SN 2008fq (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2002 7 27 17.5 18.9 19 19.7

2002 8 2 19.2 18.4 19.5 20

2002 8 11 18.3 18.4 19.2 20

2002 8 25 18.8 18.4 19.1 20

2002 8 26 18.2 18.4 19.6 20

2002 8 31 19.5 18.4 19.5 20

2002 9 23 19.1 19.1 19.2 19.2

2002 10 3 17.9 19.1 19.5 19.6

2002 10 12 18.4 19.1 19.1 19.6

2002 10 19 17.6 19.1 19 19.6

2002 11 3 16.4 16.4 18.4 18.4

2003 5 26 17 17 18.8 18.8

2003 6 27 18.5 18.5 19.6 19.6

2003 7 4 17.2 18 19.9 19.9

2003 7 11 19.7 18 19.4 19.9

2003 7 17 18.9 18 19.5 19.9

2003 7 22 16.7 18 18.7 19.9

2003 8 6 19.5 19.3 19.6 19.9

2003 8 20 19 19.3 19.4 19.9

2003 8 28 17.9 19.3 19.6 19.9

2003 9 11 17.7 18.4 19 19.8

2003 9 16 18.9 18.4 19.5 19.8

2003 9 22 19 18.4 19.5 19.8

2003 9 28 18.5 18.4 19.6 19.8

2003 10 7 19.1 17.8 19 19.8

2003 10 11 18.3 17.8 19 19.8

2003 10 17 16.8 17.8 19.5 19.8

2003 10 26 18.2 17.8 19.7 19.8

2004 5 31 17.3 17.3 19.1 19.1

2004 6 8 18.3 19.9 19.3 20

2004 6 9 19.2 19.9 19.5 20

2004 6 10 19.1 19.9 19.3 20

2004 6 13 18.3 19.9 19.4 20

2004 6 14 19.2 19.9 19.5 20

2004 6 16 17.9 19.9 19.5 20

2004 6 18 19.9 19.9 19.7 20

2004 6 19 19.3 19.9 19.5 20

2004 6 20 19.4 19.9 19.6 20

2004 6 21 18.3 19.9 19.5 20

2004 6 22 19 19.9 19.7 20

2004 6 23 17.6 19.9 19.6 20
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Table A.4: Limiting Magnitudes (LM) for SN 2008fq (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2004 6 24 16.8 19.9 18.7 20

2004 6 25 19.3 19.9 19.4 20

2004 6 27 18.5 19.9 19.4 20

2004 6 29 16.9 19.9 18.7 20

2004 7 8 17.5 20.1 19.4 19.9

2004 7 9 18.9 20.1 19.3 19.9

2004 7 11 18.1 20.1 19.4 19.9

2004 7 13 19.1 20.1 19.6 19.9

2004 7 14 18.7 20.1 19.3 19.9

2004 7 18 17.4 20.1 19.5 19.9

2004 7 20 19.6 20.1 19.4 19.9

2004 7 22 18.2 20.1 19.4 19.9

2004 7 24 18 20.1 19.3 19.9

2004 7 26 17.7 20.1 19.1 19.9

2004 7 28 17.7 20.1 19.1 19.9

2004 8 3 18.9 19.7 19 19.9

2004 8 4 18.7 19.7 19.2 19.9

2004 8 5 19.4 19.7 19.3 19.9

2004 8 8 19.2 19.7 19.6 19.9

2004 8 10 19.1 19.7 19.6 19.9

2004 8 12 18.4 19.7 19.6 19.9

2004 8 14 19.4 19.7 19.5 19.9

2004 8 16 19.7 19.7 19.5 19.9

2004 8 18 19.6 19.7 19.4 19.9

2004 8 20 19.2 19.7 19.4 19.9

2004 8 25 18 19.7 19.4 19.9

2004 9 1 19.5 20.3 19.3 20

2004 9 3 19.1 20.3 19.3 20

2004 9 4 19.6 20.3 19.7 20

2004 9 6 18.4 20.3 19.3 20

2004 9 8 17 20.3 19.4 20

2004 9 10 18.8 20.3 19.5 20

2004 9 12 17.7 20.3 19.4 20

2004 9 14 18.4 20.3 19.7 20

2004 9 16 18.3 20.3 19.5 20

2004 9 18 17.8 20.3 19.1 20

2004 9 20 18.4 20.3 19.2 20

2004 9 22 18.8 20.3 19.4 20

2004 9 26 19.3 20.3 19 20

2004 9 28 17.5 20.3 18.7 20

2004 9 29 17.4 20.3 18.9 20
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Table A.4: Limiting Magnitudes (LM) for SN 2008fq (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2004 9 30 18.2 20.3 19 20

2004 10 2 18.3 18.2 19.4 20

2004 10 4 18.4 18.2 19.4 20

2004 10 7 17.4 18.2 19.7 20

2004 10 9 17.5 18.2 18.5 20

2004 10 11 15.9 18.2 19.2 20

2004 10 13 18.8 18.2 19.4 20

2004 10 15 17.4 18.2 18.5 20

2004 10 17 17.3 18.2 19.4 20

2004 10 30 18.7 18.2 19.1 20

2004 11 23 17.8 17.8 18.9 18.9

2005 5 30 18.9 18.9 17.1 17.1

2005 6 1 18 18 19.1 19.8

2005 6 4 17.3 18 19.1 19.8

2005 6 6 17.3 18 17.9 19.8

2005 6 12 17.3 18 19.2 19.8

2005 6 19 17.2 18 18.1 19.8

2005 6 26 18.9 18 19.5 19.8

2005 6 28 18.6 18 19.9 19.8

2005 6 30 19.3 18 19.2 19.8

2005 7 2 17.3 18.4 19.5 19.7

2005 7 4 19.2 18.4 19.1 19.7

2005 7 6 19.3 18.4 19.2 19.7

2005 7 8 17.1 18.4 19.4 19.7

2005 7 10 19.4 18.4 18.9 19.7

2005 7 12 17.4 18.4 19.2 19.7

2005 7 14 18 18.4 19.4 19.7

2005 7 18 17.6 18.4 19.6 19.7

2005 7 24 18.2 18.4 19.7 19.7

2005 8 1 19.4 17.9 19.1 19.7

2005 8 10 17.7 17.9 19.3 19.7

2005 8 21 16.8 17.9 19.1 19.7

2005 8 28 19.3 17.9 19 19.7

2005 9 7 17.1 19.1 19.7 19.7

2005 9 17 18.7 19.1 19.8 19.7

2005 9 22 18.8 19.1 19 19.7

2005 9 29 18.1 19.1 19.7 19.7

2005 10 30 19.1 19.1 19.4 19.4

2005 11 6 15.9 17.9 17.8 19.2

2005 11 16 18.6 17.9 19.7 19.2

2006 5 9 17.4 17.4 19.4 19.4
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Table A.4: Limiting Magnitudes (LM) for SN 2008fq (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2006 6 24 18.4 18.4 19.4 19.4

2006 7 3 18.4 19.1 19.5 19.3

2006 7 15 18 19.1 19.3 19.3

2006 7 20 18.5 19.1 19.3 19.3

2006 7 25 17.5 19.1 19.2 19.3

2006 7 31 18.1 19.1 18.9 19.3

2006 8 15 17.8 17.3 19.1 19.6

2006 8 24 17.2 17.3 18.7 19.6

2006 9 2 18.9 19.3 19.8 19.6

2006 9 9 18 19.3 19.6 19.6

2006 9 18 18.2 19.3 19.3 19.6

2006 9 25 17.8 19.3 19.4 19.6

2006 10 21 18.9 18.8 18.9 19.3

2006 10 31 18.4 18.8 18.8 19.3

2006 11 8 18.7 18.7 19.1 19.1

2007 5 25 19.2 19.2 19.5 19.5

2007 6 19 19.5 19.5 19.4 19.4

2007 7 14 19.6 19.6 19 19

2007 8 1 19 19.1 19.5 19.6

2007 8 7 19.7 19.1 19.3 19.6

2007 8 14 18.7 19.1 15.7 19.6

2007 8 21 19.2 19.1 19.6 19.6

2007 8 29 17.8 19.1 19.5 19.6

2007 9 19 18.9 18.9 19.6 19.6

2007 10 1 18.6 19.5 18.7 19.6

2007 10 11 17.8 19.5 18.5 19.6

2007 10 22 19.2 19.5 19.3 19.6

2007 11 7 16.9 16.9 19.5 19.5

2008 5 10 18.7 18.7 18.3 18.3

2008 6 6 17.8 18.4 18 19.4

2008 6 15 18.6 18.4 19.3 19.4

2008 6 25 18.4 18.4 19.5 19.4

2008 7 3 18.7 18 19.5 19.6

2008 7 13 17.7 18 19 19.6

2008 7 21 18 18 18.5 19.6

2008 7 28 17.2 18 19.2 19.6

2008 8 4 19.1 19.3 19.9 19.6

2008 8 18 17.7 19.3 19.1 19.6

2008 8 23 19.4 19.3 19.1 19.6

2008 8 31 18.5 19.3 19.3 19.6

2008 9 6 17.1 0 19.3 0
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Table A.5: Limiting Magnitudes (LM) for SN 2010jl

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

1998 11 15 18 18.1 19.4 19.8

1998 11 21 18 18.1 19.6 19.8

1998 12 23 17.2 17.3 19.8 20

1998 12 27 17.2 17.3 19.5 20

1999 1 8 18 18.6 19.6 19.9

1999 1 12 19.4 18.6 19.6 19.9

1999 2 4 17.9 18.5 19.4 20.1

1999 2 15 18.1 18.5 19.8 20.1

1999 2 24 19.4 18.5 19.7 20.1

1999 4 5 17.6 17.9 19.7 20.2

1999 4 13 18.1 17.9 19.7 20.2

1999 4 18 18.1 17.9 19.8 20.2

1999 5 1 17.2 17.2 19.5 19.5

1999 11 6 17.6 17.7 19.6 19.9

1999 11 12 18.4 17.7 19.7 19.9

1999 12 2 17.7 17.7 19.7 20.1

1999 12 16 17.6 17.7 19.4 20.1

1999 12 21 17.9 17.7 19.4 20.1

1999 12 28 17.3 17.7 19.7 20.1

2000 1 8 17.4 17.4 20 20.2

2000 1 13 17 17.4 19.4 20.2

2000 1 29 17.5 17.4 19.9 20.2

2000 3 25 17.7 17.7 19.6 19.6

2000 4 2 17.8 17.8 19.5 19.5

2000 5 1 17.9 17.9 19.8 19.8

2000 11 26 17.8 17.8 19.6 19.6

2000 12 21 17.5 17.7 19.4 19.8

2000 12 26 17.9 17.7 19.3 19.8

2000 12 30 17.7 17.7 19.4 19.8

2001 1 3 18 17.7 19.4 20

2001 1 20 17 17.7 19.2 20

2001 1 31 18.5 17.7 20 20

2001 2 28 19.8 19.8 19.6 19.6

2001 3 12 19.2 18.3 19.3 20

2001 3 26 17.9 18.3 19.6 20

2001 3 31 18.1 18.3 19.7 20

2001 4 15 17.7 17.7 19.5 19.5

2001 12 11 18.6 18.5 20 20.2
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Table A.5: Limiting Magnitudes (LM) for SN 2010jl (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2001 12 19 18.5 18.5 19.8 20.2

2002 1 23 19.6 19.6 19.7 19.7

2002 2 2 18.2 18.2 19.4 20.2

2002 2 6 18.1 18.2 19.9 20.2

2002 2 10 18 18.2 20 20.2

2002 3 9 18.5 18.5 19.2 19.2

2002 4 4 18.2 18.3 20.2 20.1

2002 4 13 18 18.3 19.7 20.1

2002 4 29 19 18.3 19 20.1

2002 11 20 17.3 17.3 19.7 19.7

2002 12 4 17.6 17.3 20.1 20.4

2002 12 12 16.9 17.3 20.2 20.4

2003 2 22 17.7 17.9 20.3 21

2003 2 28 17.9 17.9 20.3 21

2003 3 5 17.8 17.8 20.1 20.6

2003 3 11 17.6 17.8 20.1 20.6

2003 3 21 18.1 17.8 20.1 20.6

2003 3 31 17.4 17.8 20 20.6

2003 4 10 19.3 19.3 19.4 19.4

2003 11 23 17.4 17.4 19.9 19.9

2004 2 9 17.4 17.4 19.7 19.7

2004 3 15 18 18 20.2 20.2

2004 4 24 18 18 20 20

2004 11 14 17.4 17.5 19.7 20.1

2004 11 18 17.5 17.5 19.9 20.1

2004 12 10 18.2 18.2 19.6 19.6

2005 1 13 18.3 18.4 19.7 19.9

2005 1 22 18.3 18.4 19.5 19.9

2005 2 1 17.2 17.2 20 20

2005 3 11 17.6 17.6 19.9 19.9

2005 4 15 19.3 19.7 19.6 19.7

2005 4 26 18.4 19.7 19 19.7

2005 5 2 18.8 18.8 19.2 19.2

2005 11 19 17.3 17.3 19.8 19.8

2005 12 6 17.9 17.8 20.1 20.2

2005 12 12 17.8 17.8 19.9 20.2

2006 2 4 18.3 18.3 20 20

2006 4 27 18 18 19.2 19.2

2006 11 6 18 18 19.3 19.3

2006 12 5 17.9 17.9 19.4 19.4

2007 1 10 17.5 17.8 19.8 20.2
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Table A.5: Limiting Magnitudes (LM) for SN 2010jl (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2007 1 16 17.6 17.8 19.9 20.2

2007 1 23 18 17.8 19.9 20.2

2007 4 10 19.9 19.9 19.9 19.9

2007 5 12 18.2 18.2 19.6 19.6

2007 11 26 17.8 17.8 19.3 19.3

2007 12 8 18.1 18.1 19.7 20.4

2007 12 13 17.9 18.1 20 20.4

2007 12 19 18.2 18.1 20 20.4

2007 12 31 18.6 18.1 20 20.4

2008 1 17 18 18 19.4 19.4

2008 2 8 18.8 19.2 20.1 20.3

2008 2 26 20 19.2 19.9 20.3

2008 3 3 17.9 17.9 19.7 19.7

2008 5 4 19.1 19.1 19.8 19.8

2008 10 27 17.2 17.2 19.6 19.6

2008 11 23 17.6 17.7 19.9 19.9

2008 11 29 17.5 17.7 19.3 19.9

2008 12 5 18 18.2 19.7 19.9

2008 12 10 18.1 18.2 19.7 19.9

2009 1 2 18.3 18 19.9 19.9

2009 1 8 17.7 18 19.4 19.9

2009 2 21 19.1 19.1 19.9 19.9

2009 3 18 18 17.5 19.7 19.8

2009 3 26 17.2 17.5 19.5 19.8

2009 4 21 17.9 18.5 19.3 20.9

2009 4 26 18.9 18.5 20.3 20.9

2009 10 30 17.9 17.9 19.5 19.5

2009 11 24 17.7 17.7 20.1 20.1

2009 12 20 17.6 17.5 20 20.3

2009 12 25 17.4 17.5 20.1 20.3

2010 1 15 17.9 17.9 19.7 19.7

2010 2 14 18 18 20 20

2010 3 15 17.8 17.8 19.6 19.6

2010 4 8 17.5 17.5 19.6 19.6

2010 5 3 18.3 18.3 20.1 20.1
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Table A.6: Limiting Magnitudes (LM) for SN 2011A

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

1998 12 27 19.1 19.1 19 19

1999 1 3 16.9 18.2 19.3 19.6

1999 1 6 18.2 18.2 19.2 19.6

1999 1 11 18.4 18.2 18.7 19.6

1999 1 28 17.7 18.2 18.1 19.6

1999 2 2 16.6 17.2 18.3 18.7

1999 2 24 19.2 17.2 19.1 18.7

1999 3 12 17.6 17.6 19.4 19.4

1999 4 14 19.2 20.3 19.9 20.1

1999 4 18 17.7 20.3 19.6 20.1

1999 4 23 18.9 20.3 19.3 20.1

1999 5 7 18 19.2 19.3 20.1

1999 5 12 19.4 19.2 19.7 20.1

1999 5 17 19.6 19.2 19.5 20.1

1999 5 22 17.9 19.2 19.5 20.1

1999 5 31 18.9 19.2 19 20.1

1999 6 16 16.9 16.9 19.3 19.3

2000 1 3 19 18.7 19.9 19.7

2000 1 9 18.2 18.7 18.1 19.7

2000 2 8 16 16 17.8 17.8

2000 3 18 18.4 18.4 18.7 18.7

2000 4 6 19.3 19.4 19.6 19.9

2000 4 11 17.7 19.4 18 19.9

2000 4 22 18.9 19.4 19.4 19.9

2000 4 27 18.9 19.4 19.5 19.9

2000 5 9 18.2 19.8 19.7 19.9

2000 5 12 18.6 19.8 18.8 19.9

2000 5 19 18.3 19.8 18.6 19.9

2000 5 23 18 19.8 19.3 19.9

2000 5 26 18.7 19.8 19.4 19.9

2000 5 29 19.4 19.8 19.5 19.9

2000 6 2 19.3 19 19.3 21

2000 6 5 19 19 18.9 21

2000 6 5 20 19 20.3 21

2000 6 6 18.7 19 20.2 21

2000 6 19 19.2 19 19.4 21

2000 6 23 19.3 19 19.2 21

2001 1 6 19 19 19.5 19.5

2001 2 8 17 17 18.5 18.5

2001 3 7 18.3 19.3 19.1 19.7
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Table A.6: Limiting Magnitudes (LM) for SN 2011A (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2001 3 17 17.2 19.3 18.2 19.7

2001 3 18 18.2 19.3 19.3 19.7

2001 3 30 18.8 19.3 19.2 19.7

2001 4 5 18.1 18.8 17.8 18.6

2001 4 18 18.8 18.8 18.7 18.6

2001 5 9 18.8 18 19 19.4

2001 5 25 17.5 18 19.3 19.4

2001 6 5 17.6 18.7 17.4 18.5

2001 6 13 18.2 18.7 19 18.5

2002 1 15 19.4 20 19.5 19.9

2002 1 23 19.7 20 19.6 19.9

2002 3 4 18 18 19.5 19.5

2002 4 3 18.8 18.8 19.7 19.7

2002 5 25 18.9 18.9 18.8 18.8

2002 6 3 19.6 19.9 19.7 20.1

2002 6 12 18.7 19.9 19.9 20.1

2003 2 10 18.7 19.3 19.9 19.9

2003 2 18 19.1 19.3 19.4 19.9

2003 3 5 19.6 20.1 20 20.4

2003 3 12 19.3 20.1 20.3 20.4

2003 3 27 19.5 20.1 19.4 20.4

2003 4 10 19.6 19.6 19.9 19.9

2003 5 11 19.6 20.2 19.5 20.3

2003 5 20 19.1 20.2 19.9 20.3

2003 5 28 20.1 20.2 19.9 20.3

2003 6 17 19.4 19.4 19.7 19.7

2004 1 19 19.7 19.7 20.2 20.2

2004 2 7 19.1 19.1 19.1 19.1

2004 3 17 20.3 20 20.1 19.7

2004 3 30 18.4 20 18 19.7

2004 4 8 18.6 19.3 19.3 19.7

2004 4 25 19.6 19.3 19.6 19.7

2004 5 6 18 18.9 18.5 19.2

2004 5 17 17.9 18.9 18 19.2

2004 5 25 19.1 18.9 19.7 19.2

2004 6 10 18.8 20.1 19.2 20

2004 6 19 19.9 20.1 20 20

2004 6 23 19.6 20.1 19.5 20

2005 1 14 19.4 19.6 19.8 20.6

2005 1 15 19.2 19.6 20.1 20.6
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Table A.6: Limiting Magnitudes (LM) for SN 2011A (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2005 2 2 19.1 20 19.4 19.9

2005 2 10 19.2 20 20.1 19.9

2005 3 10 19.7 19.7 19.8 19.8

2005 4 6 19.5 19.7 19.4 19.8

2005 4 16 19.4 19.7 19.7 19.8

2005 4 30 18.7 19.7 18.7 19.8

2005 5 24 18.3 19.1 18.9 19.4

2005 5 29 19.3 19.1 19.7 19.4

2005 6 15 19.1 19.2 19.3 19.6

2005 6 20 18.2 19.2 18.6 19.6

2005 6 24 19.9 19.2 19.7 19.6

2005 7 2 18.1 18.1 18.8 18.8

2006 1 6 18.9 18.9 19 19

2006 2 10 19 19.2 19.1 19.6

2006 2 23 19.3 19.2 19.8 19.6

2006 4 20 19.3 19.3 19.4 19.4

2006 5 5 19.4 19.6 19.6 19.5

2006 5 14 19.1 19.6 19 19.5

2006 5 23 18 19.6 18 19.5

2006 6 3 19.3 20 19.7 20.4

2006 6 15 18.5 20 19.3 20.4

2006 6 23 19.6 20 19.6 20.4

2006 6 25 19.8 20 19.7 20.4

2006 7 8 18.8 18.8 19 19

2007 1 9 16.8 17.6 18.3 18.8

2007 1 23 19.3 17.6 19.6 18.8

2007 3 24 18.6 18.6 19.7 19.7

2007 4 21 19.3 19.3 19.6 19.6

2007 5 7 18.8 18.8 19.5 19.4

2007 5 15 17.8 18.8 18.7 19.4

2007 6 11 18.9 19.4 19.3 20

2007 6 19 19.2 19.4 19.6 20

2007 6 27 19.1 19.4 19.3 20

2007 7 3 18.6 18.6 18.9 18.9

2008 2 11 18.8 18.8 19.3 19.3

2008 3 2 18.6 18.8 19.4 19.8

2008 3 9 18.5 18.8 19.4 19.8

2008 4 11 19.4 19.8 19.6 19.9

2008 4 26 19.7 19.8 19.6 19.9

2008 5 5 19.1 18.2 19.3 19
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Table A.6: Limiting Magnitudes (LM) for SN 2011A (continued)

Year Month Day Artificial Star Artificial Star Background Background

LM, Individual LM, Stacked LM, Individual LM, Stacked

2008 5 24 16.3 18.2 17.5 19

2008 6 6 19.1 19 19.4 19.6

2008 6 16 17.9 19 19.3 19.6

2008 6 27 17.8 19 18.9 19.6

2009 1 29 19.2 19.2 19.8 19.8
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APPENDIX B

q-u Plots for the Entire Sample of SNe IIn

In this appendix we show all 49 epochs of spectropolarimetric data within our sample

as q-u plots. If an estimate of the ISP was made from line depolarization for the

target, we also show the spectropolarimetric data after ISP correction. Please refer

to Figure 5.2 for a description of the various properties of the q-u plots.



253

-1.5 -1 -0.5 0 0.5 1 1.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

-0.5

0

0.5

1

1.5

2

2.5

3

-1.75

-1.25

-0.75

-0.25

0.25

0.75

1.25

1.75

4500 5000 5500 6000 6500 7000

120

130

140

150

-1.5 -1 -0.5 0 0.5 1 1.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

-0.5

0

0.5

1

1.5

2

2.5

3

-1.75

-1.25

-0.75

-0.25

0.25

0.75

1.25

1.75

4500 5000 5500 6000 6500 7000

120

130

140

150

Figure B.1: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Kuiper Day 25 Bottom panel: SN 2010jl Kuiper Day 25, ISP-corrected
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Figure B.2: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Kuiper Day 45 Bottom panel: SN 2010jl Kuiper Day 45, ISP-corrected
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Figure B.3: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Bok Day 76 Bottom panel: SN 2010jl Bok Day 76, ISP-corrected
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Figure B.4: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Bok Day 109 Bottom panel: SN 2010jl Bok Day 109, ISP-corrected
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Figure B.5: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Bok Day 137 Bottom panel: SN 2010jl Bok Day 137, ISP-corrected
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Figure B.6: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Kuiper Day 168 Bottom panel: SN 2010jl Kuiper Day 168, ISP-corrected
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Figure B.7: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Bok Day 221 Bottom panel: SN 2010jl Bok Day 221, ISP-corrected
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Figure B.8: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Bok Day 239 Bottom panel: SN 2010jl Bok Day 239, ISP-corrected
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Figure B.9: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Bok Day 465 Bottom panel: SN 2010jl Bok Day 465, ISP-corrected
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Figure B.10: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
Bok Day 488 Bottom panel: SN 2010jl Bok Day 488, ISP-corrected
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Figure B.11: q-u plots as described at the start of Appendix B. Top panel: SN 2010jl
MMT Day 546 Bottom panel: SN 2010jl MMT Day 546, ISP-corrected
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Figure B.12: q-u plots as described at the start of Appendix B. Top panel: SN 2011cc
Bok Day 63 Bottom panel: PTF11iqb Bok Day 176



265

-1 -0.5 0 0.5

-0.5

0

0.5

1

-0.75

-0.25

0.25

0.75

1.25

-1

-0.5

0

0.5

1

4500 5000 5500 6000 6500 7000

20

75

130

-2.5 -2 -1.5 -1 -0.5 0 0.5 1

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0

0.5

1

1.5

2

2.5

3

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

4500 5000 5500 6000 6500 7000

90

115

140

Figure B.13: q-u plots as described at the start of Appendix B. Top panel: SN 2011ht
Bok Day 64 Bottom panel: SN 2012ab Bok Day 25
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Figure B.14: q-u plots as described at the start of Appendix B. Top panel: SN 2012ab
Bok Day 25, ISP-corrected Bottom panel: SN 2012ab Bok Day 49
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Figure B.15: q-u plots as described at the start of Appendix B. Top panel: SN 2012ab
MMT Day 49, ISP-corrected Bottom panel: SN 2009ip MMT Day -14
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Figure B.16: q-u plots as described at the start of Appendix B. Top panel: SN 2009ip
MMT Day -14, ISP-corrected Bottom panel: SN 2009ip Kuiper Day 7
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Figure B.17: q-u plots as described at the start of Appendix B. Top panel: SN 2009ip
Kuiper Day 7, ISP-corrected Bottom panel: SN 2009ip Kuiper Day 37
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Figure B.18: q-u plots as described at the start of Appendix B. Top panel: SN 2009ip
Kuiper Day 37, ISP-corrected Bottom panel: SN 2009ip Bok Day 60
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Figure B.19: q-u plots as described at the start of Appendix B. Top panel: SN 2009ip
Bok Day 60, ISP-corrected Bottom panel: SN 2014ab Bok Day 77
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Figure B.20: q-u plots as described at the start of Appendix B. Top panel: SN 2014ab
MMT Day 99 Bottom panel: SN 2014ab Kuiper Day 106
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Figure B.21: q-u plots as described at the start of Appendix B. Top panel: SN 2014ab
Bok Day 132 Bottom panel: SN 2014ab Kuiper Day 162
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Figure B.22: q-u plots as described at the start of Appendix B. Top panel: M04421
Kuiper Day 118 Bottom panel: ASASSN-14il Kuiper Day -15
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Figure B.23: q-u plots as described at the start of Appendix B. Top panel: ASASSN-
14il Kuiper Day 17 Bottom panel: ASASSN-14il Bok Day 73
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Figure B.24: q-u plots as described at the start of Appendix B. Top panel: SN 2015da
Kuiper Day -55 Bottom panel: SN 2015da Kuiper Day -33
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Figure B.25: q-u plots as described at the start of Appendix B. Top panel: SN 2015da
MMT Day -22 Bottom panel: SN 2015da Bok Day 4
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Figure B.26: q-u plots as described at the start of Appendix B. Top panel: SN 2015bh
Bok Day -3 Bottom panel: SN 2015bh Bok Day -3, ISP-corrected
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Figure B.27: q-u plots as described at the start of Appendix B. Top panel: SN 2015bh
MMT Day 18 Bottom panel: SN 2015bh MMT Day 18, ISP-corrected
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Figure B.28: q-u plots as described at the start of Appendix B. Top panel: SN 2015bh
Kuiper Day 23 Bottom panel: SN 2015bh Kuiper Day 23, ISP-corrected
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Figure B.29: q-u plots as described at the start of Appendix B. Top panel: PS15cwt
Bok Day 74 Bottom panel: SN 2017gas MMT Day 0
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Figure B.30: q-u plots as described at the start of Appendix B. Top panel:
SN 2017gas MMT Day 0, ISP-corrected Bottom panel: SN 2017gas Kuiper Day
20
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Figure B.31: q-u plots as described at the start of Appendix B. Top panel:
SN 2017gas Kuiper Day 20, ISP-corrected Bottom panel: SN 2017gas Kuiper Day
49
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Figure B.32: q-u plots as described at the start of Appendix B. Top panel:
SN 2017gas Kuiper Day 49, ISP-corrected Bottom panel: SN 2017gas Kuiper Day
81
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Figure B.33: q-u plots as described at the start of Appendix B. Top panel:
SN 2017gas Kuiper Day 81, ISP-corrected Bottom panel: SN 2017gas MMT Day
113
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Figure B.34: q-u plots as described at the start of Appendix B. Top panel:
SN 2017gas MMT Day 113, ISP-corrected Bottom panel: SN 2017hcc Kuiper Day
-45



287

-6 -5 -4 -3 -2 -1 0

-3

-2

-1

0

1

2

3

0

1

2

3

4

5

6

-3

-2

-1

0

1

2

3

4500 5000 5500 6000 6500 7000

90

95

100

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5

-2

-1.5

-1

-0.5

0

0.5

1

0

0.5

1

1.5

2

2.5

3

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

4500 5000 5500 6000 6500 7000

90

95

100

105

110

Figure B.35: q-u plots as described at the start of Appendix B. Top panel:
SN 2017hcc Kuiper Day -45, ISP-corrected Bottom panel: SN 2017hcc Kuiper Day
-15
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Figure B.36: q-u plots as described at the start of Appendix B. Top panel:
SN 2017hcc Kuiper Day -15, ISP-corrected Bottom panel: SN 2017hcc Kuiper Day
9
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Figure B.37: q-u plots as described at the start of Appendix B. Top panel:
SN 2017hcc Kuiper Day 9, ISP-corrected Bottom panel: SN 2017hcc MMT Day
17
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Figure B.38: q-u plots as described at the start of Appendix B. Top panel:
SN 2017hcc MMT Day 17, ISP-corrected Bottom panel: SN 2017hcc Kuiper Day 41
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Figure B.39: q-u plots as described at the start of Appendix B. Top panel:
SN 2017hcc Kuiper Day 41, ISP-corrected Bottom panel: SN 2017hcc Bok Day
48
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Figure B.40: q-u plots as described at the start of Appendix B. Top panel:
SN 2017hcc Bok Day 48, ISP-corrected Bottom panel: SN 2017hcc Bok Day 328
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Figure B.41: q-u plots as described at the start of Appendix B. SN 2017hcc Bok
Day 328, ISP-corrected



294

REFERENCES

Abazajian, K. N., J. K. Adelman-McCarthy, M. A. Agüeros, S. S. Allam, C. Al-
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Wang, L., J. C. Wheeler, and P. Höflich (1997). Polarimetry of the Type IA Super-
nova SN 1996X. ApJ, 476(1), pp. L27–L30. doi:10.1086/310495.
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