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Summary

Over the past 30 years, spectropolarimetry has proven to be a great tool to probe the 3D
geometry of core collapse supernovae (CCSNe). The number of high-quality multi-epoch
spectropolarimetric data sets for CCSNe remains quite low, however, due to the challenging
nature of such observations. In this work we present and analyse the data of two Type IIb
SNe (SN 2008aq — two epochs, SN 2011hs — seven epochs) and one Type Ic-bl (SN 2014ad
— seven epochs). The latter is the most complete spectropolarimetric data set for a Type
Ic-bl to date.

SN 2011hs was found to have a geometry consistent with an off-axis energy source
within an ellipsoidal envelope, and features similar to SN 2011dh. In SN 2014ad we showed
the presence of intermediate mass elements in outer parts of the ejecta as well as significant
axi-symmetry, consistent with the presence of a jet. We also provided a re-analysis of
the Type IIb SN 1993J, including a novel estimate of its interstellar polarisation. Diverse
asymmetries were found in all SNe, both in the global geometry of the photosphere and in
the distribution of the line forming regions. They are discussed in the context of previous
studies.

In order to simulate the geometry of the ejecta and the resulting observations, we re-
created a pre-existing toy model, improving on previous work by devising a way to explore
parameter space methodically. We found that such toy models are prone to degeneracies,
and warn that they should be used with great caution, if at all.

Spectropolarimetry can also be used to probe asymmetries caused by fast rotation in
the potential progenitors of stripped envelope CCSNe. Although numerous Wolf-Rayet
stars of type WN and WC have been observed with spectropolarimetry, no single WO stars
have been studied to date. In our data of two Galactic WO stars, we found no line effect
and could not sufficiently constrain the rotational velocity to exclude a collapsar scenario.
Therefore, the absence of a line effect may not necessarily equate to a low rotational velocity.

xiil



Chapter 1

Introduction



Introduction 2

1.1 Overview

Core collapse supernovae (CCSNe) are the swansong of massive stars (Mzans =8 Mg),
whose cores collapse once they have exhausted all their fuel and can no longer compete
against gravity. Most of the energy of CCSNe (of order 10° erg) is released in the form of
neutrinos; ~ 1 percent of the total energy serves to accelerate the ejecta (kinetic energy),
and only ~ 0.01 percent is converted into electro-magnetic radiation (Smartt, 2009). Still,
they can be as bright as a billion suns and sometimes even outshine their host galaxy.

The explosive deaths of massive stars enrich the interstellar medium with the intermedi-
ate and heavy elements that were created in the progenitors or the supernovae themselves.
Some of these elements (e.g. oxygen) are crucial to form planets and give rise to life as
we know it. The shock and energy released in the explosion causes positive and negative
feedback with the nearby interstellar medium, playing a crucial role in star formation and
in shaping galaxies (e.g. Hensler 2011; Scannapieco et al. 2008).

A variety of theoretical models (e.g. neutrino heating, jet-driven ; Janka 2012; Woosley
1993) have been developed, but understanding the explosion mechanism of SN is still work
in progress. It has been known for nearly two decades that CCSNe are not spherically
symmetric explosions, as evidenced by the high velocity kick of certain pulsars (e.g. Lyne
& Lorimer 1994; Cordes & Chernoff 1998; Chatterjee et al. 2005), the asphericity of young
SN remnants (Manchester, 1987), or the production of gamma ray bursts (GRBs) in cer-
tain broad-lined type Ic supernovae (Ic-bl SNe: e.g. Patat et al. 2001; Chornock et al.
2010). Additionally, analytical models and simulations have shown that effects necessary
for successful explosions such as magnetic fields, rotation and various instabilities, yield
non-spherical explosions (e.g. Blondin et al. 2003; Kotake et al. 2004; Burrows et al. 2006;
Takiwaki et al. 2016). Hence, characterising the geometry of supernovae is crucial to testing
and constraining explosion models.

In 1982, Shapiro & Sutherland were the first to propose polarimetry as a way to probe
the geometry of the unresolved SNe envelopes, and, nearly 25 years later, spectropolarimet-
ric data seemed to demonstrate that virtually all CCSNe were aspherical (Wang & Wheeler,
2008). The work is ongoing to better understand the 3D geometry of SN ejecta through
spectropolarimetry and this thesis focuses on stripped envelope SNe and their potential
progenitors.

This chapter offers an introduction to the classification of SNe and their progenitors
with an emphasis on stripped envelope CCSNe. Additionally we provide some background
on polarimetry, and how it allows us to probe the 3D geometry of SNe and asymmetry in

Wolf-Rayet (WR) star winds.



Introduction 3

1.2 Supernova classification, explosion mechanisms and

progenitors

1.2.1 Classification

The classification of SNe is an observational taxonomy that has been refined and extended
over time as objects with different spectral and light-curve characteristics were observed.
Initially, SNe were divided into type I and type II according to whether their spectra was
hydrogen poor or hydrogen rich (mainly Balmer lines), respectively (Minkowski, 1941).

Type I SNe are sub-divided into the Ia, Ib and Ic categories. The spectra of type Ila
SNe are characterised by strong Siir A6355 and Ca 11 H&K AA3934, 3968. Type Ib SNe, on
the other hand, do not show strong silicon features, but exhibit significant helium (A5876,
A6678, A\7065) lines. Lastly, type Ic SNe show no helium, and silicon absorption features
are much less prominent than in type Ia SNe (Filippenko, 1997). Additionally, some type Ic
SNe exhibit very broad and blended spectral features, owing to very high ejecta speeds (e.g.
SN 1997X, see Munari et al. 1998; SN 1997ef, see Iwamoto et al. 2000; or SN 2002ap, see
Mazzali et al. 2002), and are labelled broad-lined type Ic (Ic-bl). Figure 1.1 gives examples
of SN spectra by sub-types.

Some of these Ic-bl SNe have also been associated with long Gamma-Ray Bursts (GRBs)
and X-Ray Flashes. SN 1998bw (Patat et al., 2001) was the first convincing candidate for
the association of a SN to a subluminous long GRB (GRB980425). Since then, many other
examples have been studied with various GRB energies — e.g. SN 2003dh / GRB030329,
a cosmologically normal GRB(Stanek et al., 2003); SN 2006aj / XRF060218, (Sollerman
et al., 2006); SN 2010bh / GRB100316D, (Chornock et al., 2010).

Hydrogen rich (type II) SNe are further divided into the type II-P, II-L, IIb and IIn.
The type II-P and II-L are defined according to whether their lightcurve shows a plateau or
decay linearly (in magnitudes), respectively (Filippenko, 1997). In type IIb SNe, hydrogen
features are present at early days, but diminish over time as helium lines gain in strength
and the spectrum appears as a type Ib at late times Filippenko (1988). Finally, the spectra
of type IIn SNe exhibit narrow (few hundred kms™!) hydrogen emission lines, caused by
interaction of the supernova shock with circumstellar medium (CSM — Schlegel 1990). A

summary of the SN classification is given in Figure 1.2.
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Figure 1.2: Schematic representation of the supernova classification.

1.2.2 Thermonuclear supernovae

White dwarfs are the stripped, degenerate remnants of low and intermediate mass stars
(Zero Age Main Sequence mass (Mzays) < 8 Mg). If they gain sufficient mass to reach
the Chandrasekhar mass, M., = 1.44 Mg, the density and temperature in their interior
reaches the point of carbon ignition which eventually leads to a thermonuclear explosion
(and supernova). Sub-Chandrasekhar mass white dwarfs can also undergo an explosion
under the double-detonation scenario, whereby the helium layer surrounding the white
dwarf reaches the point of ignition. This detonation then triggers a second detonation in
the interior of the star, causing the supernova (Woosley & Weaver, 1994). Thermonuclear
SNe mainly produce iron-group elements, and are associated with type Ia SNe.

Two main channels are preferred to explain how the progenitors of type Ia SNe gain
sufficient mass to yield an explosion: the single and double degenerate channels. In the
single degenerate channel, mass is transferred to the white dwarf from a less evolved com-
panion (Han & Podsiadlowski, 2004), either through Roche-lobe overflow or stellar winds.
The double-degenerate channel involves the merging of two white dwarfs whose combined

masses exceeds My, resulting in an explosion (Webbink, 1984).
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1.2.3 Core collapse supernovae
Popular explosion mechanisms

Most stars are supported against gravity by the outward pressure resulting from nuclear
fusion. In massive stars (Mzans 10 M) fusion can continue until the core is composed
of iron. At this point, since the fusion of elements more massive than iron is not an
exothermic process, the core is no longer supported against gravity. As a result, the core
collapses to a neutron star or black hole, and a supernova explosion ensues from the release
of gravitational potential. Note that not all core collapse events result in an explosion; if
the energy released is not sufficient to unbind the envelope of the star, it will collapse back
onto the compact object. This is called a failed supernova, and is beyond the scope of this
work. The details of how energy is imparted to the outer envelope in order to result in a
successful explosion are not fully understood. It was initially thought that the bounce of
the forming neutron star launched a shock wave through the in-falling outer layers causing
the explosion; however, this shock is insufficient to unbind the stellar material. One of the
most popular ways to revive the shock is through tapping of the energy released in the form
of neutrinos as the neutron star forms (neutrino heating; for a review see Janka 2012).

Furthermore, an alternative model involving jets has been proposed in order to explain
the existence of GRB-SNe: the collapsar model. In this scenario, the core of the massive
star collapses to a black hole and accretion onto the black hole taps the rotational energy of
the star via magnetic coupling, resulting in collimated jets which power the explosion and
yield the GRB (e.g. Woosley 1993; Woosley & MacFadyen 1999; Callingham et al. 2018).
Consequently this model requires the progenitor star to retain a high level of angular
momentum for jet production (j > 3 x 10'%ergs/cm® — Woosley 1993). Recent studies have
shown that for central engines of short enough lifetime, the jets may fail to break out of the
envelope of the progenitor, but would impart sufficient energy to drive a rapid expansion,
hence yielding SNe Ic-bl without GRB counterparts (Bromberg et al. 2011, Lazzati et al.
2012).

Progenitors

Amongst CCSNe, type II-P are the most prevalent, representing about 57 percent of the
population by volume (see Figure 1.3 — Shivvers et al. 2017). Their (single star) progenitors
are red supergiants which would have started their lives with masses between 8 and ~30
Mg (Smartt, 2009). Direct evidence as been found through the analysis of pre-images
revealing red supergiant stars at the location of the SN (e.g. Van Dyk et al. 2003, 2012),
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Figure 1.3: Relative numbers of core collapse SNe as calculated from table 3 of Shivvers
et al. (2017) and fig. 9 of Li et al. (2011).

and in some cases the late images taken after the SN event showed that the suspected
progenitor had disappeared, like in the case of Type II-P SN 2003gd (Maund & Smartt,
2009). The presence of hydrogen in type IIn SNe points to progenitors of a similar mass
range, although some type IIn SNe are known to have progenitors of higher mass (e.g. SN
2005¢gl; Gal-Yam & Leonard 2009). Type II-L. SNe may also have slightly higher ZAMS
progenitors masses than most type II-P, around 20Mg, although more data is required
(Branch & Wheeler, 2017).

The type IIb, Ib, and Ic(-bl) SNe are collectively called stripped envelope SNe, owing
to the nature of their progenitor stars which have been stripped of their outer H-rich
envelopes to varying degrees. Together they represent ~30 percent of CCSNe. Type IIb
SNe progenitors have lost most of their hydrogen envelope, retaining less than 0.5 Mg of
hydrogen (Smith et al., 2011), whereas type Ib SN progenitors have almost entirely lost



Introduction 8

their hydrogen envelope. Furthermore, the stars yielding type Ic SNe must have shed both
their hydrogen and their helium layers.

In a single star model, the best candidates for the progenitors of stripped-envelope
SNe are WR stars. The WR class is named after Wolf and Rayet who identified stars
characterised by broad-emission lines (Wolf & Rayet, 1867), which result from their fast
(a few hundred to a few thousand kms™!), dense (~107°M, /yr) winds. To reach the WR,
phase, an O star must have been heavily stripped during the luminous blue variable (LBV)
or red super-giant (RSG) phase and in most cases have lost its hydrogen envelope. This
evolution can only be attained by the most massive stars (Mzans >20-25Mg at solar
metallicity — Crowther 2007).

There are three main sub-types of WR stars. Nitrogen sequence WR stars (WN) are
characterised by He 1-11 and N 111-v emission lines; these stars are hydrogen poor but helium
rich. They are anticipated to be the progenitors of type Ib or potentially type IIb SNe.
Carbon sequence WR stars (WC) show prominent CIII-1v emission lines, and oxygen
sequence WR stars (WO) are defined by their strong O vi A\3811 — 34 emission lines. Both
WC and WO are hydrogen and helium poor, and WO stars in particular are thought to be
very close to core helium exhaustion (e.g. Langer 2012, although see Tramper et al. 2013);
they are also much rarer than WN and WC stars. The degree of stripping of WC/WO
stars make them candidates for the progenitors of type Ic SNe.As of yet, there has been no
confirmed detection of a WR star progenitor in pre-images of type Ib/c SNe; this could be
due to the fact that WR stars are expected to become more compact as their temperature
rises at the end of their lives. This results in progenitors with final masses greater than
about 9 Mg having fainter visual magnitudes (M, = —1.5 to —2.5) than most observed
WR stars (M, < —4; Yoon et al. 2012).

In the case of Ic-bl SNe driven by jets in a scenario akin to that of a collapsar, the
progenitor must retain sufficient angular momentum. This may be made easier if the
progenitor has low metallicity (the winds are line driven, the lower metallicity implies less
mass loss and therefore less angular momentum loss — Vink et al. 2001). This is supported
observationally as Ic-bl SNe are found preferentially in low-metallicity environments, with
GRB-SNe being found at lower metallicities than Ic-bl SNe without GRB counterpart (e.g.
Modjaz et al. 2008; Levesque et al. 2010; Graham & Fruchter 2015).

The single star progenitor scenario, however, is difficult to reconcile with observations
and stellar evolution. At solar and sub-solar metallicity the mass loss rate of single WR
stars could result in final stellar masses producing SN Ib/c with light-curves too broad
and ejecta masses too high to fit observations (Yoon, 2015). Additionally the WC/WN
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ratio is between 0.1 and 1.2 (at SMC and Milky Way metallicity, respectively — Crowther
2007), whereas the Ic/Ib ratio is ~2 (Smartt, 2009). Crowther (2013) also found two
Ib/c progenitors that lacked nebular emission, a host cluster or a nearby giant H1I region,
implying a lower mass progenitor. Furthermore, the presence of a binary companion to the
progenitor of the type IIb SN 1993J was confirmed by Maund et al. (2004).

The binary route has received a lot of attention in recent years, since binary interactions
can strip donor stars effectively, and we know that most massive stars are in close binaries
(Sana et al., 2012). Mass transfer in a close binary via Roche Lobe overflow could strip the
primary sufficiently to produce a type Ib (Mg, > 0.14M; Hachinger et al. 2012) or a type
ITb. Additionally, the progenitors that follow this evolutionary path could have ZAMS as
low as 12.5Mg (Yoon, 2015). It can be difficult to strip the primary star sufficiently to
yield a type Ic SNe, but if the progenitor is the secondary star undergoing mass transfer to
a compact companion, the mass loss rate could be high enough to strip the helium layers
efficiently before the SN explosion (Yoon, 2015). An example of a binary route yielding type
Ib/c SNe is given in Figure 1.4). Eldridge et al. (2008) pointed out that a combination
of both single and binary systems shows better agreement with the rate of explosion of
CCSNe. In the past decade, increasing evidence has shown that the binary route is not
only important, but dominates the evolution towards stripped-envelope SNe: Smith et al.
(2011) showed that stripped-envelope SN rates could not be solely explained by single star
evolution, and more recently Prentice et al. (2019) found that the average ejecta mass of
stripped-envelope SN was 2.8£1.5M,, which suggests that a majority of these SN arose

from lower mass progenitors with Mz 4,6<25Mg,.
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1.3 Polarisation

The main focus of this thesis is the use of spectropolarimetry to gain insight into the
geometry of CCSNe and WR star winds. It is therefore important to lay out the basics of
polarimetry, and this section details the formalism that is used in this work, as well as the
physical origin of polarisation in SNe and WR stars. Additionally, the interpretation of
spectropolarimetric data is briefly introduced, along with a short summary of the relevant

literature.

1.3.1 Formalism

Polarisation is a general property of transverse waves which characterises the orientation
of oscillations. In the case of electro-magnetic radiation, it describes the orientation of
the electric vector. There are two main types of polarisation: linear and circular. In the
case of linear polarisation, the electric vector oscillates in one direction, and in the case of
circular polarisation the direction of the electric vector rotates in the plane orthogonal to
the direction of propagation (see Figure 1.5).
In a homogeneous isotropic medium, the electric field vector E must verify

v E—;Ezo, (1.1)

where ¢ is the dielectric permittivity, u is the magnetic permeability and c is the speed of

light in a vacuum. The planewave solutions to Eq.1.1 are of the form
Ej = Aj e_i(Wt_dj), (12)

where j corresponds to the Cartesian components of the electric vector (x, y, or z), A; is the
complex amplitude of each component and 9, is the phase factor. The complex amplitude
has the form A; = aje“;’?, where a; is the real amplitude, k is the wave vector and 7 is a
given point in space. Therefore, if the light propagates in the +z—direction the components

of the electric vector £ are
E,=A, e @0 g — A @0 B = (1.3)

Detectors, however, are sensitive to the electromagnetic energy of visible light rather
than its electric field. The polarisation tensor (also called coherency matrix), which char-

acterises the energetic and vectorial properties of light is therefore considered. For light
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Figure 1.5: Sketch of the oscillations of the electric field (blue arrows) in the cases of linear
(left) and circular (right) polarisation. The waves are travelling in the +x direction. The
dark orange trace shows the projection of the 3D electric field trace (light orange) onto the
2D y-z plane.

propagating in the +z—direction, it takes the form

E,E* E,E* a? Ay, e’
CE( : Z>:< e ) (1.4)
E,E, E,E, (30y€ a,
where 0 = 0, — 0, is the constant phase difference between the x and y components of
the electric vector. Cy; and Cig are complex quantities though, and are therefore not

measurable. It is however possible to measure real linear combinations of the coherency

matrix components: The Stokes parameters

= /{(Coo + Cll) = /ﬁ(ai + az),
K,(COO — Cn) = H(CZQ 2),

x_ay

(1.5)

I
Q
U = k(Cy + Cyo) = 2kaya, cosd,
1%

ik(C1o — Co1) = 2Kaza,sind,

where k is a dimensional constant that gives intensity units to the Stokes parameters,
and cancels out when considering normalised Stokes parameters (see Section 2.3.2). Note
that the equations presented here describe the idealised case of mono-chromatic waves.
In practice light is quasi-monochromatic, but the concepts described here translate to the

quasi-monochromatic case. Specifics on how the Stokes parameters are retrieved through
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Figure 1.6: Schematic representation of the Stokes parameters, following the convention
that the +Q direction is defined by the North-South orientation.

observations are given in Section 2.3.

In the case of linear polarisation (most relevant in this thesis), 6 will be zero and conse-
quently V' will be zero too. Therefore the Stokes parameters of interest when describing the
direction of linear polarisation are () and U, and [ is the intensity. By their nature, ) and
U are quasi vectors, meaning that their 0° and 180° are identical. Furthermore, by con-
vention we define +(@) as pointing in the North-South direction. To facilitate visualisation,
a sketch of the Stokes parameters is provided in Figure 1.6.

In practice, the normalised Stokes parameters are used. They are defined as ¢ = Q/I
and v = U/I. Lastly, when quantifying linear polarisation the degree of polarisation and

polarisation angles are often used. They can be calculated from the Stokes parameters and

p=V¢+u (1.6)
1
0 = 3 arctan <1—L>, (1.7)

q

are defined as:

and their errors can be expressed as:

Ap = \/laBaP + (bl (1.8)

=[G+ GO (o) 4
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Figure 1.7: Sketch of a photon being scattered through Thomson (electron) scattering. The
plane of scattering is defined as the plane containing the inbound and outbound radiation.
The electric vector of the outgoing photon is perpendicular to the plane of scattering.

1.3.2 Polarisation in supernovae

To be able to understand and interpret the observable spectropolarimetric properties of
core collapse supernovae, it is crucial to understand how polarisation arises in SN ejecta.
The opacity of the photosphere is dominated by electron (or Thomson) scattering, which
is a wavelength independent linearly polarising process. The direction of the resulting
polarisation is orthogonal to the plane of scattering, which is defined as containing the
trajectory of the incident and emitted photon (see Figure 1.7 — Chandrasekhar 1960).

Consequently, the plane of scattering will be orthogonal to the photosphere, and there-
fore the electric vector of the outgoing radiation will be tangential to the photosphere at
the point of scattering. As mentioned in the previous section, the orientation of linear
polarisation is characterised by the Stokes parameters () and U, and since supernovae are
unresolved at early days the observed polarisation will be a sum of all the polarisation
components.

Additionally, it is very important to note that after a few hours to a few days after
explosion (which will be the case for all the observations discussed in this thesis), the
ejecta of SNe can be assumed to be in homologous expansion (r = v X t).

Therefore, the 3D geometry of the envelope does not change over time, and variations
in p, q, u are the result of the photosphere receding in a hydro-dynamically inert structure.
Furthermore, the combined effect of homologous expansion and Doppler shift across P
Cygni profiles means that different wavelengths across a line feature will probe different

velocity slices, which are flat projections on the sky. Each velocity slice therefore samples a
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Figure 1.8: Sketch illustrating the concept of velocity slices (represented by the vertical
blue lines).

range of optical depths, as is illustrated in Figure 1.8. Consequently, a velocity slice at high
(low) radial velocity will sample lower (greater) optical depths on average. Additionally,
the degree of polarisation is dependent on optical depth, as exemplified by the Monte Carlo
simulations of Hoflich (1991). Note that in the rest of this Thesis, depth an velocity will
be used interchangeably, although it is not a one to one relation. In this picture, the
integrated polarisation of a spherical unresolved ejecta is 0, whereas aspherical geometries
result in incomplete cancellation of the Stokes parameters and a net polarisation signal.
Polarisation probes deviations from sphericity in both the structure of the photosphere
and the direction and focus of the radiation reaching the photosphere. This leads to three

classical base cases:

(i) Aspherical electron distributions, such as ellipsoidal photosphere, resulting in contin-
uum polarisation (van de Hulst, 1957; Hoflich, 1991).

(ii) Partial obscuration of the underlying Thomson-scattering photosphere leading to line
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polarisation (e.g. Kasen et al. 2003).
(iii) Asymmetric energy input, e.g. heating by off-centre radioactive decay (Hoflich, 1995).

We illustrate these cases as well as the spherical configuration in Figure 1.9. Continuum
polarisation will arise from case (i) and (iii), but not from case (ii), as it is dependent on
the distribution of the line forming region of a specific element, and will therefore only

affect the polarisation in the wavelengths associated with that element.
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Figure 1.9: Schematic representation of the Stokes parameters arising from scattering out of a spherical and aspherical
configuration of the photosphere. The convention described in Section 1.3.1 and Figure 1.6 is adopted. We note that for
case (i) and (iii), the U and —U Stokes parameters are not shown for clarity and to emphasise the difference between the @
and —@ components. The purple circle represents a region of absorption whereas the green circle denotes the presence of an
additional source of energy, for example a nickel plume.
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These 3 base cases offer a framework within which to interpret the polarisation. Nat-
urally we could imagine several or all these configurations arising simultaneously (e.g. an

oblate photosphere with an off-centre energy source).

g¢-u plots and Loops

One useful way to show spectropolarimetric data is on a ¢-u diagram. For an axi-symmetric
ejecta geometry, the observed polarisation data will fall along a line (or dominant axis) on
the ¢g-u plane (see top panel of Figure 1.10). That is because the polarisation angle (P.A.)
will be constant across all wavelengths, but since the degree of polarisation is a function of
optical depth, which is itself wavelength dependent, the data will span a range of p values
across the observed spectral range. When axial symmetry is broken, however, departures
from the dominant axis will be observed (see bottom panel of Figure 1.10).

The effects of axi-symmetry breaking geometries can result in (relatively) smooth changes
in P.A. across the wavelength ranges associated with absorption line regions. This can be
understood as being the result of different wavelengths probing different velocity slices of
the ejecta geometry due to the Doppler shift. Let’s first consider our case (ii) described
earlier and imagine a scenario in which the distribution of a line forming region varies
with depth. Even in the case of a spherical photosphere, the ejecta as a whole is not axi-
symmetric (see left panel Figure 1.11), and the polarisation will change as we move through
each velocity slice (i.e.wavelength), resulting in a loop on the ¢ — u plane.

But small scale asymmetries related to specific line forming regions are not the only
way in which loops can form. A mixture of the cases described in the previous section can
be sufficient to provide a departure from axi-symmetry. For example an off-centre energy
source in an oblate photosphere — case (i) + case (iii) — can result in a change in P.A with
wavelength (as is illustrated by Figure 1.12), which will manifest as a loop on the ¢ — u

plot.

Brief summary of CCSN spectropolarimetry

One of the first spectropolarimetric studies of a CCSN unquestionably showing intrinsic
signal, was that of Type II-pec SN 1987A, which exploded in the Large Magellanic Cloud
on 1987 February 24.23 (Kunkel et al., 1987). One of the remarkable features of the
spectropolarimetry of SN 1987A as reported by Jeffery (1991) was the jump in polarisation
to 1.1£0.08 percent ~3 months after explosion, in stark contrast with the low polarisation
observed at early times (~0.32+0.3 percent on February 27). This sudden increase in

polarisation is interpreted as a manifestation of the photosphere receding through the outer
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Figure 1.10: Top left: Sky projection of a smooth axi-symmetric ellipsoidal ejecta. The
blobs of different colours represent different wavelengths (velocity slices). Top right:
Resulting () — U plot; the dominant axis is indicated by the red line and the coloured blobs
represent the wavelength dependent polarisation. Bottom left: Sky projection of axi-
symmetric photosphere obscured by clumps of material with high optical depth, resulting
in a break of axi-symmetry. The resulting data shows scatter on the () — U plane around
a dominant axis. Reference: This figure is taken from Wang & Wheeler (2008) — their
figure 1.
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Figure 1.11: Toy Model of a loop on the ¢ — u plot arising from asymmetrically distributed
clumps obscuring a spherical photosphere (case (i) — idealised scenario). The different
colours represent different wavelengths. Left: Picture of the toy ejecta. Right: Resulting
data on the ¢ — u plot.

hydrogen envelope, revealing an inner more aspherical core.

A similar evolution was seen a decade and a half later in the type II-P SN 2004dj, which
showed no polarisation in the middle and at the end of the plateau phase but exhibited
a jump to p~0.6 percent as the light-curve came off the plateau around 91 days post-
explosion. Again, this was interpreted as an inner aspherical core being revealed as the
photosphere receded past the hydrogen envelope (Leonard et al., 2006).

Polarisation changes when the photosphere transitions from the hydrogen envelope to
deeper layers can also be seen in Type IIb SNe. This was observed for the first time in
SN 1993J whose degree of polarisation rose from ~0.3 percent a few days after discovery
to ~1 percent at +20 days (Tran et al., 1997). In the case of SN 2001ig, the continuum
polarisation increased from ~0.2 percent 13 days after explosion to ~0.5 percent by 31 days,
when helium lines started dominating the spectrum. This is also accompanied by a rotation
of the P.A. between those epochs, and Maund et al. (2007) interpreted the polarisation of
SN 2001ig as being the result of an outer envelope decoupled from the inner ejecta.

The tendency for Type IIb observations to resemble that of Type II is, however, not
universal, and they show interesting diversity. SN 2008ax, for example, exhibited very
high line polarisation (up to ~3.4 percent in Ha)) about 2 weeks before maximum. In the
case of the Type IIb SN 2011dh, the continuum polarisation remained about constant (p
= 0.4740.02 percent) when the photosphere entered the helium layer, although a major
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Figure 1.12: Illustration of the same ejecta probed at two different wavelengths (redder
wavelength on the left side and bluer wavelength on the right side). Note that not all the
Stokes vectors are shown to preserve clarity: We only show the ) and —() components of
the oblate photosphere, and the U and —U components of the additional light from the off-
centre energy source. Note that the U and —U components of the oblate photosphere cancel
completely, but the () and —() components from the off-centre energy source contribution
do not. However, this simplified picture already provides some intuition as to why the
P.A. changes with wavelength, since it illustrates the variation in the mixing of the Stokes
parameters from the oblate photosphere and off-centre energy source.
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rotation of the polarisation vector occurred from 6 = 23.5+1.5°at 9 days after explosion to
0 = 2.2 + 1.4°at +14 days. Subsequently the degree of polarisation dropped drastically (p
= 0.18+0.04 percent) by day 30 when helium dominated the spectrum (Mauerhan et al.,
2015). Additionally, the correlation between the P.A. of hydrogen and helium with that of
the continuum suggested a common geometry. The authors made several suggestions as to
what phenomenon could explain these observations, with their preferred alternative being
the presence of fast-rising plumes of *Ni causing clumpy excitation in the outer layers of
the ejecta. This would fall under our case (iii) described above.

Spectropolarimetric observations of Type Ib/c SNe show diversity in the degree of po-
larisation observed, with the case of SN 1997X (Wang et al., 2001) exhibiting p at least 4
percent, whilst other examples such as SN 2005bf or SN 2008D showed much lower con-
tinuum levels: SN 2005bf revealed p~0.8 percent at —6 days with respect to the second
B-band maximum and p~0.5 percent 14 days later (Tanaka et al., 2009), while SN 2008D
showed even lower continuum polarisation with p < 0.4 percent both at V-band maximum
and 15 days later (Maund et al., 2009).

Additionally, careful study of the spectropolarimetric signatures in the region of strong
spectral lines (in particular calcium H&K and infrared triplet, He I features, hydrogen
features and oxygen features when present) allow a picture of the ejecta to be constructed
to better understand the mechanism that resulted in the observations. This allowed Maund
et al. (2007b) and Tanaka et al. (2009) to deduce the potential presence of jets in SN 2005bf,
while Maund et al. (2009) presented two possible scenarios to explain the data of SN 2008D:
a jet-like flow stalled inside the the CO core or a jet that broke out of the envelope. Their
analysis favoured the former picture, and a similar interpretation was proposed by Wang
et al. (2003) to explain the spectropolarimetric behaviour of the Ic-bl SN 2002ap, which
also exhibited high velocity and symmetry breaking calcium features.

This section is not meant to be an exhaustive summary of the spectropolarimetric
observations of CCSNe. It simply illustrates the power of spectropolarimetry, and the fact
that each spectropolarimetric data set brings us closer to understanding the diversity and
similarities in CCSN ejecta geometries, and can help constrain their explosion models.

Due to the challenging nature of the observations, the number of high-quality multi-
epoch spectropolarimetric data sets of CCSNe remains quite low. In Table 1.1 we give a
summary of such data sets available in the literature at the time this project began. We
exclude the Type Ic SN 1997X, since only the measured continuum polarisation is presented
in Wang et al. (2001). Additionally, spectropolarimetric data were obtained at two epochs
for Type Ib/c (XRF) SN 2006aj, the second epoch only provided a detection limit of ~2
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Table 1.1: Core Collapse SNe with available multi-epoch spectropolarimetric data sets.

Name Type Number of epochs Reference

1987A II-pec 9 Cropper et al. (1988)

1993J] IIb 9 Trammell et al. (1993); Tran et al. (1997)
1998bw Ic-bl (GRB) 2 Patat et al. (2001)

1998em I1-pP 5 Leonard et al. (2001)

2001ig b 3 Maund et al. (2007)

2002ap Ic-bl 4 Kawabata et al. (2002); Wang et al. (2003)
2004dj [1-P 9 Leonard et al. (2006)

2008D Ib/c (XRF) 2 Maund et al. (2009)

2008ax IIb 3 Chornock et al. (2011)

2011dh IIb 7 Mauerhan et al. (2015)

2009ip IIn 6 Reilly et al. (2017)

iPTF13bvn b 6 Reilly et al. (2016)

percent, which is not a strong constraint (Maund et al., 2007a; Mazzali et al., 2007).

1.3.3 Polarisation in Wolf-Rayet Stars

Spectropolarimetry can also be used to investigate the progenitors of stripped envelope SNe.
Indeed, the hot (highly ionised) wind of Wolf-Rayet stars has a high electron scattering
opacity, resulting in polarisation. In the case of a spherical wind and unresolved star,
just like in the case of a spherical SN photosphere (see previous Section), the polarisation
components are created isotropically and will therefore cancel out completely, yielding no
net polarisation.

If the wind is aspherical due to disk like structures (e.g. St.-Louis et al. 1987) or
wind compressed zones (e.g. Ignace et al. 1996), continuum polarisation will result from
incomplete cancellation of the Stokes parameters. Additionally, the flux of strong emission
lines (emitted further out in the wind and therefore undergoing less electron scattering) will
be less polarised than the continuum flux, therefore diluting the polarisation and causing
a line-effect (e.g. Schulte-Ladbeck et al. 1992; Harries et al. 1998; Vink & Harries 2017).
This can be seen as peaks or troughs in the polarisation (uncorrected for ISP, see Section
1.3.4) at the wavelengths associated with strong emission lines. An example of the line
effect is presented in Figure 1.13.

Over the past two decades, continued studies of Galactic and Magellanic Cloud WR
stars (see Harries et al. 1998 for a summary of Galactic WR star spectropolarimetry and
Vink & Harries 2017 for a summary of Small and Large Magellanic Cloud WR, star spec-

tropolarimetry) has revealed that a significant number of WR stars exhibit a line effect
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Figure 1.13: Polarisation of the WN WR 134 showing the line effect in He1r A 54124,
6560A, as presented in Figure le of Harries et al. (1998)

(~20 percent of 39 stars observed in the Milky Way and ~10 percent in the Magellanic
Clouds — with 39 and 12 WR stars observed for the Large and Small Magellanic Clouds,
respectively). This has mostly been attributed to the effects of fast rotation on the 3D
geometry of the WR winds, and a possible link with long gamma-ray bursts (which require
progenitors with fast rotating cores — see Section 1.2.3) has been suggested (e.g. Gréfener
et al. 2012).

1.3.4 Interstellar Polarisation

Dichroic absorption of incoming radiation by dust grains aligned along the magnetic field of
the galaxy causes interstellar polarisation (ISP) which must be removed in order to study
the polarisation vector intrinsic to the object of interest.

Serkowski (1973) derived an empirical relationship between the ISP and wavelength by

observing Galactic stars in the optical range. The resulting Serkowski law is of the form:

P(A) = Pmax €Xp [ — Kln? (%)} percent, (1.10)

where p()) is the polarisation at a given wavelength A (in microns), pyay is the maximum
polarisation, A.x is the wavelength at maximum polarisation in microns, and K is a con-
stant. Serkowski et al. (1975) determined a value of K=1.15; further studies by Whittet
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et al. (1992) found a wavelength dependent value, where K = 0.01 + 1.66\,,,x. For best
results when applying a Serkowski-law, it is worth performing a 3-parameter fit with K
as a free parameter along with ppax and Ay (Martin et al., 1999), particularly when
performing Serkowski law fits to extra-galactic targets whose host galaxies may have dust
properties different from the Milky Way (e.g. Patat et al. 2015).

Furthermore, Serkowski et al. (1975) found that Aya.. was correlated with the ratio
of total to selective extinction R (=Ay/FEg_yv) through the relation R~5.5 X Apax(pm).
Consequently for a standard value of R~3.1 (Cardelli et al., 1989), Ayax ~5600A.

Additionally, an empirical relation between the upper limit on the degree of interstellar

polarisation and the reddening is given in Serkowski et al. (1975):
pisp < 9 X Ep_y percent. (1.11)

Similarly to Eq. 1.10, this relationship was obtained from observing Galactic targets, and

may not apply to other galaxies whose dust properties may differ significantly.

1.4 This thesis

This thesis focuses on the spectropolarimetry of stripped envelope SNe, particularly type
ITb and Ic-bl SNe. These two types are of particular interests, as type IIb SNe are a tran-
sitional type between the type II and type Ib SNe, whereas Ic-bl are sometimes (but not
always) associated with GRBs (see Section 1.2.1). Ultimately, a better observational un-
derstanding of their ejecta geometry would help us constrain theoretical explosion models.
Unfortunately, due to the time consuming nature of spectropolarimetry observations, high
quality data sets is scarce. This work adds to a growing library of spectropolarimetric
studies of SNe by presenting one of the most extensive data set for a type IIb SNe as well
as the best (to date) spectropolarimetric data set for a Ic-bl SN. Another aim is to explore
and further develop pre-existing spectropolarimetric data analysis techniques. For exam-
ple, a new ISP removal technique is introduced, and a method was devised to examine the
degeneracies and applications of pre-exisiting toy models.

In the next Chapter, a description will be given of the hardware used for observation and
the data reduction techniques. In Chapter 3, an updated analysis of the data of the type
IIb SN 2008aq is provided (the original data reduction and results can be found in Stevance
et al. 2016). The data analysis and interpretation for the type ITb SN 2011hs are presented
in Chapter 4 as they were in Stevance et al. (2019). In Chapter 5, we present a toy model
very similar to that of Maund et al. (2010); Reilly et al. (2016) and discuss the results we
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obtain for SN 2011hs, the limitations of this approach as well as the need to fully explore
parameter space when employing such models. A new analysis of the spectropolarimetric
data of SN 1993J and comparison to previous studies is given in Chapter 6. Then in
Chapter 7, we present our results for the data of SN 2014ad, which is the best (to date)
spectropolarimetric data set obtained for a type Ic-bl SN. This Chapter is an update on
our results published in Stevance et al. (2017). Finally, in Chapter 8 we veer away from
SNe and look at two Galactic WO stars, WR93b and WR102. WR stars of this type are
potential progenitors of Ic-bl SNe if they can conserve enough angular momentum (see
Section 1.2.3). We use spectropolarimetry to search for rapid rotation in our targets and
place limits on their rotational velocities to compare to explosion models. This work was

published in Stevance et al. (2018). Concluding remarks are presented in Chapter 9.
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2.1 Hardware

2.1.1 The VLT

All of our spectroscopic and spectropolarimetric observations were taken at the Very Large
Telescope (VLT). It is situated at the Cerro Paranal observatory of the European Southern
Observatory (ESO), at a latitude of 24.6° South. The VLT is composed of four units
(UTs), each containing alt-azimuth Ritchey-Chretien telescopes with 8.2 m primary mirrors

of diameter. All observations were taken in service mode.

2.1.2 FORS

The FOcal Reduced and low dispersion Spectrograph (FORS; Appenzeller et al. 1998) is
installed on UT1 of the VLT. Two versions were built: FORS1 and FORS2. FORS1 was
dismounted to make room for Xshooter on UT2 in April 2009 and only FORS2 remains
on UT1, mounted at Cassegrain. The instrument works in the range 3300—11000A. The
current default detectors are two 2048 x4096 MIT CCDs which are optimised in the red,
providing low levels of fringing; for a summary of the specifications of the FORS1 E2V and
FORS2 MIT detectors, see Table 2.1. The spectropolarimetric mode of FORS (PMOS)
allows for measurements of linear and circular polarisation through the use of a half or
quarter wave retarder plate and a Wollaston prism. The instrument allows the degree of
polarisation to be determined with a relative error of < 3 x 10~* and the position angle to

~ 0.2°.

Table 2.1: Specifications of the detectors used.

Instrument Detector ~ Size  Pixel scale Comments Targets
FORS1 E2V 2k x4k 0.25” /pixel bad fringing > SN2008aq,
650 nm WR93b, WR102
FORS2 MIT 2kx4k 0.25” /pixel SN2011hs,
SN2014ad

The retarder plates can rotate to adjust the orientation of the optical axis. We used
4 half-wave retarder plate angles for linear polarisation (0°, 22.5°, 45°and 67.5°) and 2
quarter-wave retarder plate angles (-45°and 45°) for circular polarisation. The choice of
angles is motivated in Section 2.3.2 and 2.3.3. The Wollaston prism splits the light into two
rays with polarisation directions parallel and orthogonal to the optical axis of the retarder

plate: the ordinary ray and the extra-ordinary ray, respectively.
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Unlike normal spectroscopic observations where the slit is oriented along the paralactic
angle, our spectropolarimetric observations required the slit be kept at a fixed orientation

( 0°— pointing North) to avoid inducing rotation in the polarisation angle.

2.1.3 Xshooter

Xshooter is a medium resolution spectrograph mounted on Unit 2 at the Cassegrain Focus.
It has 3 arms with optics optimised for their respective wavelength range: UVB (3000-
5595A), VIS (5595-10240A) and NIR (10240-24800A). The pixel scales for the three arms
are 0.164” /pixel, 0.154” /pixel and 0.245” /pixel, respectively. We only needed observations
from the blue and visible arms, which were reduced by Dr. Marvin Rose. Late time
Xshooter observation of SN 2014ad are presented in Chapter 7 and were used to calculate
the metallicity at the location of SN 2014ad.

2.2 Spectroscopic data reduction

2.2.1 Bias subtraction

During the analogue to digital conversion an offset is added to pixel values in order to
prevent negative digital counts, and it is necessary to correct for this instrumental bias
when performing data reduction. In order to do so, bias frames (zero-second exposure) are
taken. They are averaged into a Master Bias, which is then subtracted from all images.
Multiple bias frames are combined in order to avoid introducing statistical noise in the

science images.

2.2.2 Flat-fielding

The pixel response across a CCD is not homogeneous. This is mainly due to variations in
quantum efficiencies between individual pixels. In order to correct for this, flat-fields are
taken with the same optical train as the science images. In our case this means that the
retarder plate, Wollaston prism and order sorting filter (when used) should be included.
Several flats were averaged together and normalised to create a master flat from which we
extracted traces in the regions of the CCD where we knew our spectra were located. The
master flat needs to be normalised because the traces extracted from it will be divided
from the science images to correct for sensitivity variations; if the master flat had a high
number of counts, the procedure would reduce the number of counts in our science frames,

which is to be avoided.
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Figure 2.1: Screenshot of a spacial cut of a 2D spectrum in IRAF (solid white line). The
dashed blue lines show the aperture that would be chosen for this profile (~7 pixels either
side of the centre in this case), the green lines show where the sky signal is sampled, the
magenta crosses show points that were manually removed from the sky samples as they
belonged to a spurious feature. The resulting background fit is showed as the dashed
white line. The big red cross is the IRAF pointer and was positioned so the vertical line
corresponded to the centre of the spacial profile.

2.2.3 Aperture extraction and background removal

After performing bias subtraction and flat removal, the spectra were extracted. IRAF!
can be used to place apertures around the spectra to fit their spatial profiles, as well as
fit the background by sampling the signal in nearby regions. This last step was crucial to
isolate the supernova light from that of the sky and the host galaxy. The counts within
the apertures traced were then summed and the background removed to obtain the flux
spectra. The size of the apertures was chosen to include the wings of the spatial profile but
not extend so far as to unnecessarily increase the noise levels. An example of aperture and

background window is shown in Figure 2.1.

'TRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Associ-
ation of Universities for Research in Astronomy (AURA) under a cooperative agreement with the National
Science Foundation.
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2.2.4 Wavelength Calibration

Arc-lamp frames were obtained with optical trains matching those of the science images in
order to wavelength calibrate. The emission lines from the HeHgArCd lamps were identified
and a low order polynomial was used to fit a dispersion function to the pixel and wavelength
coordinates. The corresponding transformation to wavelength space was then applied to
the science images. For our typical set up using a slit width of 1”7 and the 300V grism we

achieved a spectral resolution of ~12A — as determined using arc lamp calibration frames.

2.2.5 Flux Calibration

Flux calibration is not necessary in order to retrieve the Stokes parameters as the procedure
involves flux differences (see Sections 2.3.2 and 2.3.3). It is however important to obtain
accurate flux spectra and it was therefore performed on the unpolarised total flux spectra.
The spectrophotometric standards were observed with the polarimetric optics in place,
and the extracted spectra were compared to standard data files in order to estimate the
sensitivity function and apply to right transformation from counts to flux units. When the
standard data files were not found in the IRAF database they were created from the data
files found on the ESO website or from white dwarf models fit in the VO Sed Analyser.

2.3 Spectropolarimetric data reduction

In order to extract the Stokes parameters the light has to be processed through a retarder
plate with an adjustable direction of the optical axis (¢), and a Wollaston prism which splits
the light into the ordinary and the extra-ordinary ray (denoted with the subscripts o and
e, respectively). The flux spectra of the ordinary (f,) and extra-ordinary ray (f.) can be
extracted in the same way as we would a standard spectrum. The following section provides
a derivation of the formulae used to extract the Stokes parameters from combinations of

the polarised flux spectra.

2.3.1 Mueller Matrices

Mueller calculus is used to describe the transformation of Stokes vectors for unpolarised or
partially polarised light (del Toro Iniesta, 2003). This method uses 4 x 4 matrices called
Mueller matrices; each polarising optical component has an associated Mueller matrix. The
changes in the polarisation of the beam as it travels through the optical train are described

by combining the Mueller matrices of the individual components. Generally speaking, if
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there are n elements in an optical train in the order 1, 2, .., n-1, n, then the Mueller matrix
of the system is :
M == Mn Mn—l M2 M1 (21)

So if the original Stokes parameters are S = (I, Q, U, V)T, the Mueller matrix of a retarder
plate with optical axis ¢ and retardance ¢ is R(¢,d), and the Wollaston prism Mueller
matrix is W, and Wy, for the ordinary and the extra-ordinary ray respectively, then the

Stokes parameters of the light reaching the detector are Sj, ., such that:

S,o = Woo R(6,8) S (2.2)

Additionally, as given by del Toro Iniesta (2003), the general Mueller matrix of the linear

retarder plate is:

1 0 0 0
R(6.5) = 0 2+ s3c080 C983(1 —cosd) —sgsin(d) (2.3)
’ 0 cos2(1 —cosd) s34+ cicosd  cosin(9)
0 g sin(0) —cy sin(0) cos(0)

Where ¢y = cos2¢ and sy = sin2¢. And the Mueller matrices of the Wollaston prism for

the ordinary and extra-ordinary rays are:

1100
1{1 100
W, = - (2.4)
21000 0
0000
1 10 0
1{-1 1 00
W, =- 2.5
210 0 00 (25)
0 0 00

In the following sections we make use of this knowledge to derive the combinations of

polarised fluxes required to retrieve the Stokes parameters.

2.3.2 Linear polarisation

When measuring linear polarisation we only consider Stokes I, Q and U and a half-wave

retarder plate with retardance § = 7 is used. Consequently, the Mueller matrix of the
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retarder plate (Equation 2.3) becomes:

1 0 0
R(¢p,0 =7) =10 cosd¢ sin4d¢ (2.6)
0 sind¢p —cos4dgp

Hence, for a beam with initial Stokes parameters S = (I, Q, U)? and final Stokes parameters
S’ = (I',Q',U")T, the ordinary ray has Stokes vectors:

L\ [t roy /1 o 0 I
So=[@ =51 1 0]|0 cosdp sindo | |Q (2.7)
U! 0 0O 0 sind¢ —cosdo U
Yielding:
1
Il = 5 [I + Qcosdo + Usin4qb} (2.8)

Similarly, for the extra-ordinary ray we find:

1
I = 5[[—@0054¢—Usin4¢} (2.9)
Where I! and I, are the ordinary and extra-ordinary fluxes measured on the detector f,
and f., respectively.

Now, the normalised flux difference at a given half-wave plate optical axis angle ¢; can
be defined as in Patat & Romaniello (2006):

F, = Joi = Jea (2.10)

fo,i + fe,i
Then:

I+ Qcosdg; +Usindg; — [ + Qcosdp; + Usindg; Q) cosdg; + Usinde;

F = . : =
I 4+ Qcosdgp; + Usindo; + I — Q) cos 4¢p; — U sindg; I

(2.11)
And if we use the normalised Stokes parameters as defined in Section 1.3.1, we obtain:
F; = qcos4¢; + usin4g; (2.12)

From Equation 2.12, it is easily seen that for ¢; = {0°,22.5°,45° 67.5°}, F; = {q,u, —q, —u}.

And consequently we can combine Fy with F5, and F; with F3 to cancel out the instrumental
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signature and obtain the normalised Stokes parameters:

1 1
= —Fy — =F 2.13
q 20 22 ( )
1 1
= —F, — —Fj3. 2.14
Ut (2.14)

Once ¢ and u are known, the degree of polarisation p and the polarisation angle # can be
calculated using Equations 1.6 and 1.7.

The use of 4 retarder plate angles may seem redundant as only observing with ¢; =
{0°,22.5°} would provide F; = {q,u}. This redundancy is called beam-switching. The
second set of angle ¢; = {45°,67.5°} effectively switches the ordinary and extra-ordinary
rays on the detector. Then combining Fy with F, and F} with F3 allows us to cancel
spurious effects like the polarisation induced by post-analyser optics (e.g. filters, grisms,
camera lenses). Additionally, the removal of flats taken with the polarimetry optics in place
can induce significant polarisation, and these effects are also accounted for when using the
beam-switching method (Patat & Romaniello, 2006).

Furthermore, the measured ¢ and u also need to be corrected for wave plate chromatism,
which is the variation in the polarisation zero-angle with wavelength. In our case this is done
by interpolating the zero-angles provided on the ESO web site? to our set of wavelengths,

subtracting the zero-angles from our initial #, and then re-calculating ¢ and u:

Jcorr = P COS (2 X (0 - ezero angle)) y Ucorr = pSin (2 X (9 - Qzero angle)) (215)

The degree of polarisation and the polarisation angle can then be calculated again using
the new values of the normalised Stokes parameters using Equation 1.6 and 1.7, and their

errors can be derived using Equation 1.8 and 1.9.

Debiasing the degree of polarisation

Lastly, since the degree of polarisation p is found by adding ¢ and u in quadrature, low
values of p and high levels of noise will results in a bias towards values greater than the
true degree of polarisation. One way to correct for this effect is using the method described
in Wang et al. (1997) where

%
Pcorr = P — ; X h(p - Up) (216)

http:/ /www.eso.org/sci/facilities /paranal /instruments /fors /inst /pola.html
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Where o, is the uncertainty in p, and h(p — 0,) is the Heaviside function, defined as

1 ifp—0,>0.
h(p —0,) = g
0 ifp—-o0,<0.

2.3.3 Circular polarisation

In the case of Circular polarisation, a quarter wave plate with retardance § = /2 is used

instead of a half-wave plate, and therefore Equation 2.3 becomes

0 0 0

R(¢,0 = 7/2) = G an = (2.17)

CoSy 52 0y

o O o =

S9 —C2 0

Considering a beam with initial Stokes parameters S = (I,Q,U, V)T and final Stokes

parameters S’ = (I, Q’,U’,V")T, the ordinary ray will have polarisation characterised by

I 1 100 10 0 0 I
s — Q' 1 1 100 0 2 80 —89 Q | (2.18)
Ul 2{0000 0 c989 S5 U
74 0000 0 sy —c2 O Vv
yielding:
1
I = 3 [I + Q cos® 2¢ + U cos 2¢sin 2¢ — V sin 2¢] (2.19)
Similarly, for the extra-ordinary ray:
1
I = 3 [[ — Qcos®2¢ — U cos 2¢sin 2¢ + V sin 2¢] (2.20)

So for ¢; = {45°, -45°}, the normalised fluxes (calculated as in Equation 2.10) are:
Fy=vand F} = —v (2.21)
Where v is the normalised V Stokes parameters. We therefore obtain:

v = %[FO — R (2.22)
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2.3.4 Instrumental signature correction

As previously mentioned, instrumental effects are accounted for and cancelled out by beam-
switching. For a given observation though, the measured normalised flux difference will be
the sum of the ideal normalised flux difference and the instrumental signature correction,
as defined by Maund (2008):

F"=F, +e¢ (2.23)

The instrumental signature corrections for Stokes ¢ and w are then defined as:
1 m m 1 m m

It was also found by Maund (2008) that ey — ey =~ 0 and that the difference in instru-
mental signatures Ae = €g — €y is dependent on the level of signal-to-noise ratio.

This can be used as quality control after data reduction to identify data points that do
not represent true signal. We note that deviations in Aecan arise if p > 20 percent, but

that never occurred in our data sets.

2.3.5 FUSS

In practice, the polarised spectra were reduced and extracted using IRAF. They were then
combined according to the procedure described in Sections 2.3.2 and 2.3.3 using my Python
package FUSS (i.e. my package For Use with Supernova Spectropolarimetry — note that
despite the name one can use it on the data of objects other than supernovae). The errors
on p and # in FUSS are propagated according to Equations 1.8 and 1.9. The code is
available on GitHub? under an open source license.

One of the features of FUSS is the ability to easily create g—u plots and to automatically
fit the dominant axis.

Usually fits of linear models are performed through a least-squares minimisation, but
this technique assumes no error in the independent variable. In the case of data represented
on the ¢ — u plane however, both ¢ and u are subject to uncertainties which need to be
accounted for. We therefore choose an Orthogonal Distance Regression (ODR) method,
implemented using the Scipy ODR package®*, and performed the regression on a model of

the form:

3https://github.com/HeloiseS/FUSS
4https://docs.scipy.org/doc/scipy /reference /odr.html#r12d0b3321264-1
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The underlying assumption is that the true distribution of the data is defined by Eq.
2.25, which corresponds to the expected behaviour of spectropolarimetric resulting from
a perfectly smooth ellipsoidal ejecta (see the top panel of Figure 1.10). In practice a
number of inhomogeneities are present in supernova ejecta, and this fit is only considered
an approximation of the global behaviour of the photosphere and of the ejecta as a whole.
Additionally it should be noted that strong polarisation features caused by deviation from
axial symmetry can skew the ODR fit, and caution is advised when interpreting fits of the

dominant axis.
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The Type IIb SN 2008aq
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3.1 Introduction

Type IIb SNe, despite representing only a small fraction of CCSNe (~ 11 percent), are an
essential transitional class whose members evolve from type II into type Ib/c SNe. Their
progenitors are stripped of nearly all of their hydrogen envelope, retaining less than 0.5
Mg (Smith et al., 2011). As such, type IIb SNe are sensitive probes of mass loss processes,
particularly binary interactions (e.g. Maund et al. 2004, Fox et al. 2014). Some type IIb
SNe exhibit early polarisation levels similar to that of type IIP/L SNe — e.g. SN 2001ig
(Maund et al., 2007) — but more typical cases such as SN 1993J, SN 1996¢b, SN 2008ax, or
SN 2011dh show continuum polarisation around p ~ 0.5 percent to p ~ 1 percent (Trammell
et al., 1993; Wang et al., 2001; Chornock et al., 2011; Silverman et al., 2009; Mauerhan
et al., 2015).

An analysis of the spectropolarimetric data of SN 2008aq was published in Stevance
et al. (2016), using data that had been pre-reduced. Unfortunately, a number of issues
were identified in the original reduction after publication. This chapter presents a new
reduction for this data, as well as an updated analysis based on this reduction. Further
details on the discrepancies with the original reductions that motivated a re-analysis are
given in Appendix A. The details of the observation and of the new data reduction are
given in Section 3.2, followed by the presentation of our spectroscopic data in Section 3.3.
The analysis of the spectropolarimetric data is then given in Section 3.4, and our results

are discussed and summarised in Section 3.5.
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ll

Figure 3.1: Location of SN 2008aq in MCG-02-33-20. This is a Digitized Sky Survey image,
retrieved via Aladin.

3.2 Observations and Data Reduction

SN 2008aq was discovered by Chu et al. (2008), on February 27.44 2008, in the galaxy MCG-
02-33-20 (see Figure 3.1), which has a recessional velocity ! of 2407 kms™', and the SN was
subsequently classified by Modjaz et al. (2014) as a type IIb. Based on a visual comparison
of the lightcurve of SN 2008aq published by Bianco et al. (2014) to that of similar type IIb
SNe (SN 1993J and SN 2008ax), we estimate that SN 2008aq was discovered approximately
8 days before V-band maximum. The date of the explosion was taken to be 20 days prior
to V-band maximum, as done by Kumar et al. (2013), following the study of type IIb and
type Ib/c SNe lightcurves by Richardson et al. (2006). Consequently, we conclude that SN
2008aq exploded on February 16 2008.

Spectropolarimetric observations of SN 2008aq were acquired with FORS1 (see Section
2.1.2) at two epochs: 4.3 and 15.2 March 2008, a few days before and about a week after
V-band maximum, respectively. A summary of our observations is given in Table 3.1 (ESO
ID program 080.D-0107; PI: D. Baade). Based on our estimate of the explosion date, the
observations correspond to ~16 and 27 days post explosion. Both sets of observations used
the 300V grism, providing a spectral resolution of 12.5A at 6000A (as determined from
arc lamp calibration frames). These observations did not use an order separation filter,

such that the observations covered a wavelength of 3400-9300A at the expense, however,

Found on https://ned.ipac.caltech.edu
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Table 3.1: VLT FORS1 Observations of SN 2008aq. The epochs are given with respect to
the explosion date.

Object Date Exposure  Epoch Airmass
(uT) 5 (d)  (Avg)

SN 2008aq 2008 Mar 04.3 4 x 900 +16 1.119

EG274 2008 Mar 04.4 10 +16 1.047

SN 2008aq 2008 Mar 15.2 2 x4 x 900 +27 1.073
GD108 2008 Mar 15.2 60 +27 1.067

of possible second order contamination at redder wavelengths?.

The data were reduced following the description of Chapter 2. The Stokes parameters
were calculated following the routines of Patat & Romaniello (2006), with the data rebinned
to 15A to improve levels of signal-to-noise.

Flux spectra of SN 2008aq were calibrated against observations of flux standard stars

acquired with the polarimetry optics in place.

3.3 Optical Spectroscopy

The flux spectra of SN 2008aq on 4 and 15 March 2008 are plotted in Figure 3.2, along
with the flux spectra of SN 1993J, SN 2008ax and SN 2011dh (all type IIb SNe; obtained
from WISeREP?) at similar epochs, for comparison.

At 16 days post explosion, the spectrum of SN 2008aq is dominated by broad P Cygni
profiles of Ca II H&K and Ha; their absorption minima correspond to velocities of —13,700
kms™! and —12,000 kms™!, respectively. The Ha emission appears to be flat topped,
due to a weak blue-shifted He1 A6678 absorption feature, which is common to the other
type IIb SNe. This feature evolves into a notch’ at 6530 A by the second epoch. The
velocity at the absorption minimum of Ha was found to be —11,700 kms™! at +27 days.
An absorption feature due to He1 A5876 was observed with a velocity of —7,800 kms™! and
—7,350 kms~! in the first and second epochs, respectively. The strength of this feature
increases by the second epoch, and a He1 A7065 feature emerges, with a velocity of —7,000
kms~!. Additionally, two narrow absorption lines can be seen superposed onto the emission

component of He1 A5876, due to Na1D originating in the Milky Way and at the recessional

2Dr. Jason Spyromilio kindly checked the effect of the contamination of higher orders. It was found
that in standard stars observed with and without order sorting filters, the second order effects at 7000A
(the cut-on wavelength of the grism efficiency) and long-wards are well below the noise level in our data.
3http://wiserep.weizmann.ac.il/



SN 2008aq 42

70
Ca Il HK
He | He |
601 Ha
Call
08aq +16d
50 A
08ax +15d
| 11dh +17d
\
D 40
w0
by
o
+ J\J
~
L
-8 93] +19d
©
R 30+
08aq +27d
08ax +27d
20 1
11dh +25d

4000 5000 6000 7000 8000 9000 10000
A(A)

Figure 3.2: Flux spectra of SN 2008aq (shown in red) at 16 and 27 days post-explosion.
Also shown are spectra of SN 1993J, SN 2008ax, and SN 2011dh (in black). All of the
spectra are corrected for the recessional velocity of their respective host galaxies.
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velocity of the host galaxy. The absorption observed around 8200 A is attributed to the Ca
IT Infra-Red (IR) triplet, with a velocity of —12,000 kms™! at 16 days post-explosion. The
Ca II IR triplet P Cygni profile is peculiar in that it exhibits a relatively deep absorption
paired with a weak emission component. Branch et al. (2002) noted that this behaviour
is characteristic of a "detached” line forming region at velocities significantly greater than
that of the photosphere. By the second epoch, 10 days later, the velocity of the Ca II
IR triplet has decreased dramatically to a value of —9,000 kms™! and the P Cygni profile
shows a prominent emission component. In the second epoch, the velocity of the Ca II IR
triplet and Ca H & K features has decreased more noticeably than that of other elements.

The most remarkable difference between SN 2008aq and the comparison SNe (see Figure
3.2) is the relative weakness of the HeIfeatures. In the first epoch (+16 days) the He1 A5876
line is much shallower in SN 2008aq than in SN 2008ax, SN 1993J or SN 2011dh. Also
the presence of a He1 A6678 feature can be inferred from the flat-topped profile of the Ha
emission component, whereas in SN 2008ax, SN 2011dh and SN 1993J, this feature is clearly
visible in the form of a "notch.” In the second epoch (27 days post-explosion), the He1lines
of SN 2008aq have significantly increased in strength, but are still much weaker than in
the spectra of the other type IIb SNe, and Ha remains the dominant feature. Additionally,
the Ca II IR triplet feature at the second epoch is much shallower in the spectrum of SN
2008aq than in the spectra of 1993J, 2011dh and 2008ax, whereas at the first epoch the
strength of that feature is similar for SN 2008aq, SN 2008ax and SN 2011dh.

3.4 Spectropolarimetry

The polarisation and flux spectra for SN 2008aq are shown in Figure 3.3. Even before ISP
correction, the polarisation of SN 2008aq exhibits strong line features, particularly at +27

days.

3.4.1 Interstellar Polarisation

As described in Section 1.3.4 under the assumption of a Serkowski et al. type ISP the
maximum degree of polarisation can be constrained by Equation 1.11, where in the case
of an extra Galactic source the colour excess E(B — V') used in the formula is the sum of
the colour excesses of the Milky and of the Host galaxy. An empirical relationship relating
the equivalent width of the sodium lines and the reddening was derived by Poznanski et al.
(2012). From the Na1D of the Milky Way component, we estimate that the reddening

associated with dust in our Galaxy is F(B — V)yw = 0.045 mag, which is in agreement
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Figure 3.3: Scaled Flux spectra (brown) and polarisation spectra (blue) of SN 2008aq at
16 days and 27 days post-explosion. The polarisation spectra were not corrected for inter-
stellar polarisation. The regions highlighted in green were used to estimate the continuum
polarisation in Sections 3.4.2 and 3.4.2.
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with the estimates of foreground reddening of F(B — V)yw = 0.04 mag by Schlafly &
Finkbeiner (2011)*. The reddening associated with the host galaxy was estimated from
the corresponding Na1D line, yielding E(B — V) = 0.027 mag. Consequently, the total
reddening, is E(B — V)ota1 = 0.072 mag, which is similar to the value found and used by
Stritzinger et al. (2009). The upper limit on the ISP associated with our data is therefore
0.65 percent.

To further characterise the ISP we make the assumption that the emission component
of Ha is intrinsically unpolarised at early times (Tran et al., 1997). It then follows that the
average polarisation over that feature must be representative of the ISP. Because the profile
of He1 A\6678 is less apparent in the spectrum of SN 2008aq at +16 days, we favour the
Ha emission component of the first epoch for our ISP estimate. The values of the Stokes
parameters in the range 6700-6900 A we find qisp = 0.29 (£ 0.07) percent and usp = 0.13
(£ 0.07) percent, corresponding to pisp = 0.32 (& 0.07) percent. This is well within the
upper limit derived from the Serkowski relation.

Using these estimates to correct for the ISP, we find a polarisation for SN 2008aq showed
in Figure 3.4. Before proceeding to the analysis, a number of caveats must be discussed.

Firstly, the profile of the degree of polarisation of SN 2008aq after ISP correction is
somewhat peculiar, particularly in the blue. Indeed, we expect line blanketing in the blue
and near-UV to lead to a strong dilution of the intrinsic polarisation, and so after ISP
removal we would expect p to decrease in this region of the spectrum, rather than increase
(as is clear when comparing the top panel of Figures 3.3 and 3.4).

Additionally, the assumption of complete depolarisation of strong emission lines is not
necessarily accurate (Tanaka et al., 2009). In particular, as mentioned in Section 3.3, the
flattened profile of the Ha emission component at +16 days indicates the presence of an
unresolved He1 \6678 absorption feature. Since absorption features are typically associated
associated with excess polarisation, this is an indication that our assumption of complete
depolarisation in the emission region of Ha may not be valid.

Unfortunately the lack of observation at earlier phases (where the Ha emission compo-
nent may be less contaminated by He1 A6678) means that it is not possible at this time to
check the veracity of our ISP estimate any further.

Consequently our derived ISP values should be considered with great caution and the

following analysis is performed both on the corrected and uncorrected data sets.

4https://ned.ipac.caltech.edu/
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Figure 3.4: Scaled Flux spectra (brown) and polarisation spectra (blue) of SN 2008aq at
16 days and 27 days post-explosion. The polarisation spectra were corrected for interstel-
lar polarisation. The regions highlighted in green were used to estimate the continuum
polarisation in Sections 3.4.2 and 3.4.2.
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3.4.2 Line and Continuum polarisation
+16 days

At the first epoch, the uncorrected polarisation data are dominated by a large feature
starting at 5330A with an initial polarisation of p~0.5 percent, rising to a 1.2440.15 percent
peak at 6168A, and decreasing back down to the ~0.1 percent level at 6430A. This feature
can be interpreted as a blend of Ha and He 1 A5876 with the main peak being correlated to
the Ha absorption component, as has been seen previously in type IIb SNe (e.g. Mauerhan
et al. (2015)).

In the ISP corrected data this broad feature is not seen, and the polarisation is roughly
constant at ~0.5 percent. A narrow peak is seen at 5587A with p = 0.96 £ 0.15 percent,
which could be associated with a high velocity (—14,500km s™') component of Hel A5876
although it is unclear why the polarisation would settle back down to 0.5 percent and remain
constant across the main absorption and emission components of the P Cygni profile. The
Ho peak is found in the same location as in the ISP uncorrected data (6178A), and with
a polarisation p = 1.01 + 0.15 which is within uncertainties of the uncorrected value.

Another feature visible at +16 days after explosion, albeit more subtle, is the polarisa-
tion peak at 3772A associated with the absorption minimum of the large Ca H&K feature.
The peak reaches a polarisation of p = 0.79 & 0.37 percent in the uncorrected data and
p =0.99 £ 0.38 in the ISP corrected data.

In the red, the high levels of noise beyond ~7900 A caused by fringing make the in-
terpretation of the polarisation associated with the absorption feature of the Ca IR triplet
difficult. In particular it should be noted that the isolated peaks at 7630, 8005, 8350, and
8410 A are outliers and not representative of a true signal (see Section A.2). There may be
a hint of polarisation excess correlated with the absorption component of the Ca IR triplet,
but values of peak polarisation cannot be accurately derived.

The continuum polarisation of SN 2008aq was evaluated by producing the average of
the polarisation measured in a wavelength range identified as devoid of strong lines. We
chose the spectral region extending from 7650 to 7900A (highlighted in green in Figures
3.3 and 3.4), avoiding strong telluric lines and the onset of the Ca II IR region. In this
first epoch, the continuum polarisation is estimated at p = 0.22 4+ 0.12 percent in the ISP
corrected data and p = 0.34 0.14 percent for the uncorrected data. Within uncertainties,
these two values are the same, and correspond to an axis ratio of ~0.90 (Ho6flich 1991 —
their figure 4).
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+27 days

The evolution of the polarisation by 27 days after explosion is drastic, and shows features
that are less blended and have stronger amplitudes, both in the ISP corrected and ISP
uncorrected data. The He1r A5876 and Ha are now separate. The helium peak is found
at 5722 A and p = 2.21 £ 0.11 percent (p = 2.26 £ 0.13 percent) for the ISP uncorrected
(corrected) data. Hydrogen on the other hand shows a relatively flat peak between 6040
and 6210A; averaging the polarisation in this wavelength range we find p = 1.62 + 0.10
percent and p = 1.66+0.11 percent in the ISP uncorrected and corrected data, respectively.

Additionally, a clear He1 A\7065 feature is now found at 6882A with a peak polarisation
of p = 1.60 £ 0.12 percent (p = 1.71 4 0.14 percent) in the ISP uncorrected (corrected)
data.

As opposed to the first epoch, the calcium infrared triplet now clearly dominates over
the noise, and has become the strongest polarisation feature. The infrared calcium peak is
found at 8251A with p = 3.3+ 0.3 percent in both the ISP corrected and uncorrected data
sets. The Ca H&K feature on the other hand, has not significantly strengthened, with a
peak now reaching p = 0.97 £ 0.45 percent (p = 1.31 £ 0.45 percent) at 3787A in the ISP
uncorrected (corrected) data set.

Lastly, the continuum polarisation is calculated in the same way as for epoch 1, and is
found to be p = 1.36 £ 0.10 percent / p = 1.33 & 0.140 percent for the ISP corrected and
uncorrected data, respectively. This increase in polarisation indicates a significant decrease
in axis ratio, which is now ~0.77 (Hoflich 1991 — their figure 4).

3.4.3 ¢q—u plots

Firstly we present in Figure 3.5 the ¢g—u plots for the spectropolarimetric data of SN 2008aq
across the full wavelength range. The dominant axis is fitted using an ODR method as
described in Section 2.3.5.

At +16 days the data shows a subtle elongation. This is expected for low global asym-
metry (Wang & Wheeler, 2008) and is therefore consistent with the low axis ratio deter-
mined in Section 3.4.2. The angle of the dominant axis (calculated anti-clockwise from the
u = 0 line) is 61 + 2°in the uncorrected data and 63 + 2°in the ISP corrected data. At
+27 days, the elongation is more pronounced and the angle of the dominant axis is found
to be 113 £ 1°(112 £ 1°) for the ISP uncorrected (corrected) data. A global rotation of
52°(49°) is therefore observed between the ISP uncorrected (corrected) data at +16 days
and +27 days, which corresponds to a polarisation angle (P.A) rotation of 26°(24.5°), from
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Figure 3.5: Spectropolarimetric data of SN 2008aq presented on ¢ — u plots. The top
panels show the data at +16 days post-explosion while the data at 427 days are shown
on the bottom panels. The left hand side panels show the ISP uncorrected data while the
right hand side panels show the ISP corrected data. The colour bar represents wavelength,
and the dashed line shows the dominant axis of the data as determined with Orthogonal
Distance Regression.
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~30.5°(31°) at +16 days to 56.5°(56°) at +27 days.

The spectropolarimetric data of SN 2008aq in the region of Ca H&K A3948, He1 A5876,
Ha, Het A7065 and Ca1r A8567 are shown in Figure 3.6 and 3.7 for the ISP uncorrected
and corrected case, respectively.

At the first epoch we find that only the Ca H&K and the Ha polarisation show significant
departure from the rest of the data. Their orientation off-axis with respect to the dominant
axis indicates the presence of small scale asymmetries that can be caused by clumping. At
+27 days post-explosion all of the plotted lines show features on the ¢ — u plot. The Ca
H&K and He1 A7065 features are both very narrow and therefore quite subtle, but their
peak polarisation correspond to significant departures from the dominant axis, suggesting
asymmetrically distributed line forming regions.

The Her A5876 loop at +27 days is very well defined and is the consequence of a
change in the sky projected location of the line forming region with velocity (i.e. depth). A
similar interpretation is consistent with the Ha polarisation feature, although the chirality
is reversed compared to the helium feature (clockwise in Hel and anti-clockwise in Ha).
Additionally the loop is more extended suggesting greater geometry changes with depth.

Finally the Ca11 IR feature shows an extended and complex polarisation feature that
roughly follows the dominant axis. The complexity of the loop may reflect the complexity
of the geometry of the line forming region in 3D, although this interpretation should be

considered with caution given the size of the error bars.
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3.5 Discussion & Conclusion

Optical spectra and spectropolarimetric data of SN 2008aq were presented at 2 epochs: 16
days and 27 days post-explosion. The intrinsic polarisation calculated for SN 2008aq at
+16 days (peont= 0.22 £ 0.12 percent ) is much lower than found in other type IIb SNe at
earlier and similar epochs: e.g. SN 2008ax at +9 days (peont= 0.64 £ 0.02 percent) and SN
2011dh at +14 days (peont ~ 0.5 percent — (Chornock et al., 2011; Mauerhan et al., 2015)).

By the second epoch, the continuum polarisation of SN 2008aq had reached a value of
Peont=1.33 (£ 0.33) percent, which is similar to the continuum polarisation calculated for
SN 1993J at +29 days (peont ~ 1 percent) and that of SN 2001ig at 31 days (~1 percent —
Tran et al. 1997; Maund et al. 2007).

A characteristic of type IIb SNe is the increase in strength of their He features with time,
as they transition to type Ib SNe. This behaviour is observed in SN 2008aq (see Section
3.3), however, comparison with other type IIb SNe at similar epochs reveals that the He
features in the spectra of SN 2008aq are significantly weaker (see Figure 3.2). Additionally,
we find that the pseudo equivalent width of the He 1 A5876 absorption component at both
epochs was roughly 4 to 5 times smaller in SN 2008aq than in other type IIb SNe (Liu
et al., 2016). The scarcity of helium indicates that the receding photosphere of SN 2008aq
reached the helium layer at a later date than in SN2008ax, SN 2011dh, SN 1993J, and
other previously studied type IIb SNe; this may suggest that the progenitor of SN 2008aq
was less stripped than other type IIb SNe.

Similarly to SN 2001lig (Maund et al., 2007), SN 2008aq showed a drastic dominant
axis rotation between +16 and +27 days (see Figure 3.5) suggesting a change in the axis
of symmetry deeper into the envelope. Additionally, as we have seen in Section 3.4.3,
departures from axial symmetry are seen at both epochs, as indicated by the presence of
loops in the ¢ — u plots of CaH&K and Ha at +16 days, and in the ¢ — u plots of calcium,
Ha, Het A5876 and He1 A7065 at +27 days after explosion. Therefore, both the overall
geometry and smaller scale geometry of the envelope of SN 2008aq vary with depth.

As mentioned in Section 3.4.1, our determination of the ISP is dependent on the assump-
tion that the Ha P Cygni profile at early times is completely depolarised (e.g. Trammell
et al. 1993, Tran et al. 1997). Given the suspected contamination of the Ho emission by He1
A6678, this assumption is to be taken with great caution. On the whole, the interpretation
of the data is mostly unchanged whether we consider the ISP removed or uncorrected data
as the continuum polarisation values and the ¢ — u plot features are all consistent. The
only major change between the ISP corrected and uncorrected data is the profile of the

polarisation spectrum at +16 days (see the top panels of Figure 3.3 and 3.4). The shape
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of the ISP corrected data being a lot more difficult to interpret, it either suggests the need
for a novel interpretation, or simply be a reflection of the inaccurate ISP removal. Given
the current context, the latter explanation seems more likely. Additionally, since this work
studies the variations of the polarisation across the lines, the absolute value of the derived
polarisation is of interest but not critical to our conclusions.

In the next chapter we will focus on another type IIb SN: SN 2011hs.



Chapter 4

The 3D shape of Type I1Ib SN 2011hs
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4.1 Introduction

Type IIb SNe are better represented than other types in the spectropolarimetric literature,
and the previous chapter on SN 2008aq added a new object to our sample. However, the
number of high-quality multi-epoch data sets remains limited (5 SNe, including SN 2008aq
— see Table 1.1). Increasing our sample is ultimately necessary to compare the statistical
distribution of the observed polarisation to available models (e.g. Hoflich 1991; Kasen
et al. 2003; Dessart et al. 2011; Tanaka et al. 2017). In this chapter we analyse the data
for another type IIb SN: SN 2011hs. We present 7 epochs of spectropolarimetry, from —3
days to +40 days with respect to V-band maximum. This, along with SN 2011dh, is one
of the best data sets ever obtained for a type IIb SN, in terms of time coverage, cadence
and signal-to-noise. In Section 4.2 we give the details of the observations. In Section 4.3 a
thorough analysis of the interstellar polarisation is provided, and we present the intrinsic
polarisation of SN 2011hs in Section 4.4. The results are discussed and compared to the
literature in Section 4.5, and we summarise the results in Section 4.6.

This work has been published in the Monthly Notices of the Royal Astronomical Society
(Stevance et al., 2019).

4.2 Observations and data reduction

SN 2011hs was discovered by Stuart Parker on 12.476 November 2011 and classified by
Milisavljevic et al. (2011). It is located at R.A. = 22857m11% and § = -43°23'04” in the
galaxy IC 5267 (face-on sA0) with redshift z = 0.005711, corresponding to a recessional
velocity of 1714 km s *(Koribalski et al., 2004). A series of spectropolarimetric obser-
vations of SN 2011hs were taken at the VLT with FORS2 (ESO ID program 088.D0761;
PI: J. Maund). Linear spectropolarimetry was obtained for 4 half-wave retarder angles
(0°, 22.5°, 45°, 67.5°) at seven epochs between 19 November 2011 and 01 January 2012.
A summary of observations is given in Table 4.1. All observations were performed with
the 300V grism, providing a spectral resolution of 12 A. The GG435 order sorting filter
was used to avoid contamination of our data by higher spectral orders. Our data are thus
limited to the wavelength range 4450A — 9330A. The data were reduced as described in
Chapter 2. The data acquired on 19 November, 24 November and 02 December 2011 were
binned to 15 A, the data captured on 10 December 2011 were binned to 30A and the data
obtained for subsequent dates were binned to 45 A to increase the signal-to-noise ratio.
The spectra were flux calibrated using the standard stars reported in Table 4.1 in order

to remove the instrumental response. It should be noted, however, that due to unknown
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Table 4.1: VLT Observations of SN 2011hs. The epochs are given relative to the estimated

V-band maximum.
%Flux Standard.

Object Date Exp. Time Epoch  Airmass
(UT) (s) (days)

SN 2011hs 2011 Nov. 19 8 x 850 -3 1.05 —1.23
EGGR 141* 2011 Nov. 19 2x60 — 1.26
SN 2011hs 2011 Nov. 24 8 x 900 +2 1.1 -1.36
EGGR 150 2011 Nov. 24 2 x 191 — 1.31
SN 2011hs 2011 Dec. 02 8 x 900 +10 1.16 — 1.56
LTT1788* 2011 Dec. 02 2 x 60 — 1.04
SN 2011hs 2011 Dec. 10 8 x 900 +18 1.3—-2.0
LTT1788* 2011 Dec. 10 2 x 60 — 1.8
SN 2011hs 2011 Dec. 16 4 x 855 +24 1.4—2.3
LTT1788* 2011 Dec. 16 2 x 120 — 1.14
SN 2011hs 2011 Dec. 23 4 x 1100 +31 1.4 —1.77
LTT1788* 2011 Dec. 23 2 x 60 — 1.034
SN 2011hs 2012 Jan. 01 4 x 1100 +40 1.6 —2.1
LTT1788* 2011 Dec. 16 2 x 120 — 1.14
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Epoch Ferr
—3 days —9,860 km s
+2 days —8,760 km s~*
+10 days —6,320 km s
+18 days  —5,570 km s~
+24 days  —5,390 km s~
+31 days —4,810 km s~
+40 days —4,470 km s~

Table 4.2: Line velocities at the absorption minimum for Fe1r A5169 at all epochs, which
is used as a proxy for photospheric velocity.

wavelength dependent slit losses, absolute flux calibration was not possible.

4.2.1 Observed flux and spectropolarimetry
Flux spectrum and photospheric velocity

In Figure 4.1, we present the observed spectropolarimetry and flux spectrum at seven new
epochs for SN 2011hs.

As noted by Bufano et al. (2014), early epochs of spectroscopy are dominated by Hao
(—3 days), but as the supernova evolves through maximum the feature decreases in strength
and a blue shoulder appears (42 days). We also see that from a week after maximum, the
spectrum is dominated by He1 features. An exhaustive spectroscopic analysis is beyond the
scope of this chapter, and more details on the spectroscopy of SN 2011hs and comparison
to other SNe can be found in Bufano et al. (2014). Nonetheless, for the needs of this work
we estimate the photospheric velocities at the time of observations (see Section 4.4). The
velocities of the Fell lines in the blue part of the spectrum can be used as a proxy to probe
photospheric velocity (e.g. Bufano et al. 2014), so we perform fits of Fe1r A5169 at all
epochs in order to find the absorption minima. The resulting velocities are given in Table
4.2, and are consistent with the estimates of Bufano et al. (2014) from fits of the same line,
see their figure 9. Note that errors are not provided because the formal uncertainties on
these values resulting from the Gaussian fits would be misleadingly small. The main source
of error here would be from the blending of multiple lines, which is not taken into account.

Consequently, the values provided in Table 4.2 should be used with caution.
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Figure 4.1: Flux spectrum (black) and degree of polarisation (not corrected for ISP -
orange) of SN 2011hs ranging from —3 days to +40 days. The grey shaded areas represent
the regions affected by telluric lines. The data at —3, +2 and 410 days were binned to
15A, the data at +18 days were binned to 30A and the following epochs were binned to
45A. Note that the strong peaks of polarisation near 4600A and 5700A at +31 and +40
days are not considered to be real (see Section 4.2.1).
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Observed polarisation

As seen in Figure 4.1, we detect significant polarisation in the direction of SN 2011hs,
showing an underlying slope with a higher degree of polarisation at the blue end of the
spectrum (~3 percent) than at the red end (~1 percent). This behaviour is not expected
for the continuum polarisation of SNe since Thomson scattering is wavelength independent.
Additionally, some excess polarisation is associated with the absorption component of Ca11
from 10 days after V-band maximum, and polarisation troughs are seen corresponding to
Ha at the first 3 epochs, as well as with He A5876 at +10 and +18 days. The presence of
troughs is inconsistent with the expected correlation of polarisation peaks with absorption
components (e.g. Wang & Wheeler 2008). These discrepancies seem to indicate that in-
terstellar polarisation contributes very significantly to the continuum polarisation observed
(see Section 4.3 for a more complete discussion).

Lastly, it should be noted that the strong peaks near 4600A and 5700A at +31 and
+40 days are coincident with significant variations from zero in our instrumental signature
correction Ae (see Maund 2008), reducing our confidence in our data at these wavelengths.

We therefore do not consider these peaks to be real.

4.3 Interstellar polarisation

4.3.1 Galactic ISP

In order to estimate the contribution of the Galactic ISP we searched for Milky Way field
stars in the vicinity of SN 2011hs. If we assume that they are intrinsically unpolarized,
any polarisation measured for these stars is due to Galactic ISP. In the Heiles (2000)
catalogue, we found two stars within 2 degrees of SN 2011hs: HD218227 and HD215544
with polarisation p = 0.012 and p = 0.116 percent, respectively. Using the parallaxes found
in the Gaia data release DR2 (Luri et al., 2018) we calculate distances of 36.1£0.7 pc and
50110 pc for HD218227 and HD215544, respectively. HD218227 being such a nearby
object explains its low polarisation degree compared to HD215544, and the latter better
samples the Galactic dust column and the ISP in the direction of SN 2011hs.

It is possible to put an upper limit on the Galactic ISP following Eq. 1.11. The Galactic
reddening in the direction of SN 2011hs is E(B-V)= 0.011 £ 0.002 (Schlafly & Finkbeiner,
2011), yielding pisp < 0.099+0.018 percent. The polarisation of HD215544 is at the upper
end of this limit (within uncertainties). This is much lower than the observed polarisation
and the Galactic ISP is therefore a small contribution to the total observed ISP.
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4.3.2 ISP determination from late time data

In order to estimate the ISP from our observations, some assumptions must be made.
Any such estimate is inevitably model dependent. In the context of electron scattering
by the SN ejecta, at late times the polarisation intrinsic to the SN will tend towards zero
since the electron density decreases as the ejecta expand, and the observed polarisation
therefore tends to the ISP. By assuming complete depolarisation at our last epoch (+40
days) and fitting a straight line to the normalised Stokes parameters ¢ and u, the wavelength
dependent gigp and wuigp can then be found (see Figure 4.2). Best results were obtained
when using the original data at +40 days (not rebinned to 45A), where spurious points
were removed according to their corresponding Ae. Data points whose Ae showed a 30 or
greater deviation from zero were not included in our fits.

The resulting ISP-wavelength relationships are:

qisp (percent) = 2.63(£0.19) x 107 x A — 2.68(+£0.14), (4.1)

ursp (percent) = 3.61(£0.17) x 107* x A — 3.94(%£0.12), (4.2)
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where X is in A, the gradients have units of A~! and the intercepts are unit-less. The
reduced chi-squared (x2) values on the ¢ and u fits were 1.39 and 0.93, respectively. The
fits are therefore satisfactory and the derived wavelength dependent relationships for ¢ and
u were used to retrieve the intrinsic polarisation of SN 2011hs presented and analysed in
Section 4.4.

4.3.3 Host galaxy of SN 2011hs and Serkowski law

From the upper limits on the Galactic ISP derived in Section 4.3.1 we can conclude that
most of the ISP in the data of SN 2011hs originated from IC 5267. Under the assumption
that the size and composition of interstellar dust grains are similar in the host galaxy of
SN 2011hs as to those in the Milky Way, the Serkowski limit pisp < 9 x E(B — V) can
be applied to derive a value for the maximum pigp. In order to do so, a value for the
reddening of IC 5267 must be calculated. To this end, we measured and averaged the
equivalent widths of the Na1 D line in the data of epochs 1 to 3 (at later epochs the blend
of sodium with Hel made our equivalent width measurements unreliable). We then used
the relationship between equivalent width and reddening described by Poznanski et al.
(2012), and calculated E(B — V)po = 0.11 (£0.02). According to Eq. 1.11, this yields
prsp < 1.09 (£0.18). At 5000 A, however, we find pigp = 2.50(=£0.15) percent, as calculated
from ¢qisp and uisp derived in Section 4.3.2. Therefore, the assumption that the dust of IC
5267 or in the vicinity of SN 2011hs is similar to that of the Milky Way may not be correct.
It is however worth noting that the Na1 D lines are caused by discrete gas clouds and do not
probe the more diffuse ISM, therefore only providing a lower limit on the dust extinction.
Consequently, the Poznanski et al. (2012) estimate may not be completely adequate.

Another approach is to fit our data at +40 days with the Serkowski law (see Eq. 1.10).
We attempted to find new values of the parameters pmax and Apax by minimising the x?
to better fit our data. Two forms of the constant K were considered: the original value
derived by Serkowski et al. (1975) K¢ = 1.15, and the Aynax dependent form of Whittet
et al. (1992) Ky = 0.01 + 1.66\ax-

The normalised Stokes parameters ¢ and u can be expressed as functions of the wave-

length dependent degree of polarisation p(A) and the polarisation angle 6 as
q = p(\) cos(20) and u = p(\) sin(20), (4.3)

where p()\) is defined by Eq. 1.10 and here § = 120° (as from Eqgs. 4.1 and 4.2 the

polarisation angle 6 is found to be 120°+2° across our wavelength range). Note that we
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Figure 4.3: Left Panel: The red dashed lines represent the Serkowski law fits (K = 1.15
) to the normalised Stokes parameters q and u at +40 days, and the corresponding fit to
p. Right Panel: Reduced y? in parameter space. The 1o and 30 contours are plotted
as thick black lines, the dashed lines indicate the values of ppnax and An., for which X12, is
minimised. The colorscale shows the evolution of y? in parameter space.

did not attempt to remove the Galactic component, since it is < 0.1 percent and therefore
contributes very little to the total ISP.

The fits to ¢, u and p performed using Kg, as well as values of x? in parameter space
are shown in Figure 4.3. The values of the reduced chi-squared (16.4 at best) indicate a
relatively poor fit, and the size of the 1 and 30 contours in Figure 4.3 reflect the uncertainty
on the best parameter values. Nevertheless, it is possible using the 3o contours to put limits
On Prax aNd Amax. We find that 2090A < Apax < 4245A and 2.24 percent < puax < 7.55
percent, with 99.7 percent confidence.

We also fitted a Serkowski law with Ky, (Whittet et al., 1992), as shown in Figure 4.4,
along with the plot of x2 in parameter space. Once again, the reduced chi-squared shows
that the fit is relatively poor and the 1o contour covers a large portion of parameter space.
We can however put limits on the values of puax and Amax from the 3¢ contour: 690A

< Amax < 4700A and 1.88 percent < pmax < 3.66 percent with 99.7 per cent confidence.

4.3.4 Applicability of Serkowski’s law

The x? values across parameter space showed very large 1—o contours, encompassing many
Pmax — Amax pairs. This is mostly due to the fact that the \,.. peak is not in the range
covered by our observations, hence making it difficult to better constrain the fit. The limits

placed on the values of A\, extended well beyond the optical range into the far UV. This
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Figure 4.4: Left Panel: The red dashed lines represent Serkowski law fits (K = 0.01 +
1.66A\pax) to the normalised Stokes parameters q and u at +40 days, and the corresponding
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X2 is minimised. The colorscale shows the evolution of x? in parameter space.

is a concern as Serkowski’s law was empirically defined from optical data (Serkowski et al.,
1975), and it has been found that the law is not necessarily applicable in the UV (e.g.
Anderson et al. 1996; Martin et al. 1999; Patat et al. 2015). Furthermore Martin et al.
(1999) explain that the Serkowski equation (see Eq. 1.10) is not flexible enough to provide
adequate fits all the way from UV to IR for a given K, and that, often, performing a three
parameter fit to find ppax, Amax and K gives better results. Patat et al. (2015) applied this
method, and for the case of SN 2006X found K = 1.47 + 0.05, which is very different from
Kw and Kg which we used for our fits. Therefore, fitting data which peak in the UV with
optical Serkowski laws as is done here may not be adequate.

The very different shapes of the y? contours in parameter space for the two values of K
used in this work (see Figures 4.3 and 4.4) shows the importance of the choice of K. Given
the nature of our data, in particular the fact that \,.. is visibly outside of the range we
cover, a three parameter fit cannot help constrain our estimate of the parameters.

On the whole, the observed polarisation curves are very different from what is expected
from Galactic type ISP. Furthermore, it is anticipated that the ISP P.A. should be parallel
to the local spiral arm of the host galaxy at the location of the SN, due to the alignment
of the dust with the magnetic field of the host. However, the ISP angle of ~120° is found
not to be parallel to the local spiral arm (see Figure 4.5). This could suggest that the dust
in IC 5267 or in the local neighbourhood of SN 2011hs may be different from that in the
Milky Way.
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Figure 4.5: Orientation of the ISP polarisation angle at the location of SN 2011hs (marked
by the star) in IC 5267. The image of the host galaxy is a B, V, R, I composite from the
Carnegie-Irvine Galaxy Survey (CGS — Ho et al. 2011).

An alternative explanation to the observed ISP profile and P.A. is the presence of
circumstellar dust. Polarisation curves increasing towards short wavelengths and with
Amax < 4000 A have been see in type Ia SNe (e.g. 1986G, SN 2006X, SN 2014J — Patat
et al. 2015). Hoang (2017) modelled the observed polarisation curves and extinction and
found this behaviour to be the result of an enhancement in small silicate grains in the
dust. They suggest this could be due to cloud-cloud collisions resulting from SN radiation
pressure. Alternatively Hoang et al. (2018) show that large silicate grains can be destroyed
by large radiation fields such as those around massive stars and SNe. Additionally, Cikota
et al. (2017), remarked that the polarisation curves of type la SNe are similar to those
of proto-planetary nebulae, whose polarisation curves are produced by scattering in the
circumstellar medium. Consequently, the peculiar ISP found in the observations of SN

2011hs may hint at the presence of circumstellar dust around SN 2011hs.

4.4 Intrinsic polarisation

The degree of polarisation of SN 2011hs after ISP correction (see Section 4.3) is shown

alongside the flux spectra in Figure 4.6.
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Figure 4.6: Degree of polarisation (corrected for ISP) of SN 2011hs ranging from —3 days
to +40 days (purple). The flux spectrum is shown in black, the light grey shaded areas
highlight the regions of telluric lines, and the green horizontal lines show the wavelength
ranges used to calculate the continuum polarisation. The data at —3, +2 and +10 days
were binned to 15A, the data at +18 days was binned to 30A and the following epochs
were binned to 45A. Note that the strong peaks of polarisation near 4600A and 5700A at
+31 and +40 days are not considered to be real (see Section 4.2.1).
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Table 4.3: Summary of the polarisation and polarisation angle (P.A.) of the continuum
and strong lines of SN 2011hs by epoch.

Epoch p in percent (wavelength range) P.A.

Continuum
—3 days  0.55 4+ 0.12 (6955-7115 / 7225-7530 / 7655-7840)  170°+7°
+2 days 0.75 £ 0.11 (6960-7140 / 7250-7425 / 7700 -7850)  158°4+4°
+10 days  0.48 4+ 0.09 (7055-7130 / 7350-7415 / 7790-7930)  141°+7°

+18 days 0.29 4+ 0.18 (7310-7535 / 7800-7925) 120°49°
He 1A5876

—3 days 0.59 4+ 0.05 (5590-5670) 173°48°

+2 days 0.89 4+ 0.03 (5660-5715) 155°+4°
+10 days 0.57+ 0.05 (5685-5771) 141°410°
+18 days 1.08 £+ 0.36 (5712) 54°43°

Hao
—3 days 0.75 4+ 0.08 (6070-6200) 5°+6°

+2 days 0.89 £ 0.10 (6085-6160) / 0.87 + 0.08 (6225-6295) 167°+1°/ 168°+3.4°
+10 days 0.62 £+ 0.02 (6150-6200) / 0.59 + 0.01 (6285-6305) 155°4+3°/ 163°£1°

Ca1l

—3 days 1.174 0.20 (8030-8180) 177°+£4°

+2 days 1.25+ 0.15 (8055-8250) 166°+£4°
+10 days 1.20+ 0.25 (8275-8375) 134°+£7°
+18 days 1.354+ 0.30 (8205-8415) 134°413°
+24 days 1.304 0.26 (8100-8400) 75°+23°
+31 days 1.794 0.22 (8100-8300) 41°+18°
+40 days 1.64+ 0.16 (8100-8300) 107°£19°
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We derived the degree of polarisation and P.A. for the prominent polarisation features
and the continuum where possible. Each value is associated with a particular wavelength
or wavelength range. In the former case, we simply recorded the polarisation at the corre-
sponding wavelength bin, whereas when a range is provided we averaged the values within
that range and used the standard deviation as the error. In order to estimate the contin-
uum polarisation, we average the polarisation values in spectral regions devoid of strong
lines and telluric lines. We could only find suitable regions of the spectra in epochs 1 to
4, and the wavelength ranges considered are indicated by the green lines in Figure 4.6.
The precise ranges used, and the continuum polarisation and P.A. derived can be found in
Table 4.3.

The continuum polarisation is found to be constant within errors at epochs 1 and 2,
with p = 0.55 4 0.12 percent and p = 0.75 £ 0.11 percent, respectively. At those dates the
P.A. of the continuum is also constant within error (170°+ 7°and 158°+ 4°at —2 and +3
days, respectively). The degree of polarisation then decreases to p = 0.48 4 0.09 percent
by +10 days and p = 0.29 £ 0.18 percent by +18 days, and a significant rotation of the
P.A. is also observed (141°+ 7°and 120°+ 9°at +10 and +18 days, respectively).

Prominent polarisation features of He Ab876 are seen in Figure 4.6 from —3 days to +18
days with degree of polarisation as high as p = 1.08 +0.36 percent at the latter epoch. The
P.A. of helium follows that of the continuum at the first 3 epochs (see Table 4.3), but a
sudden ~90°rotation is seen from +10 days to +18 days (from 141°to 54°, respectively).

The Ha polarisation at —3 days and +2 days exhibits a very broad feature extending
from ~5700A to ~6300A. The broad hydrogen profile rises to p = 0.75 + 0.08 percent
in the first epoch (see Figure 4.6 and Table 4.3). By +2 days two distinct peaks can be
seen centred around 6125A and 6260A, which share the same degree of polarisation within
errors (p = 0.89 £ 0.10 percent and p = 0.87 £ 0.08 percent, respectively). These two
peaks become better defined at +10 days, as the underlying broad profile fades, although
their amplitude is seen to decrease by ~0.3 percent with respect to epoch 2. In subsequent
epochs, no significant hydrogen feature is detected above the noise. Over time Ha exhibits
a decrease in P.A., as seen in helium and the continuum.

Calcium shows by far the most prominent polarisation features at all epochs, and is the
only element to continue exhibiting polarisation above noise levels up to our last epoch at
+40 days (see Figure 4.6 and Table 4.3). The amplitude of the feature remains roughly
constant from —3 days to +24 days, between 1 and 1.5 percent, although the P.A. is seen
to slowly decrease over time. In the last two epochs, however, the polarisation degree is

well above the 1.5 percent level, and a change in the evolution of the P.A. is also seen, as
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between 431 days and +40 days it increases by ~60°.

4.4.1 Polar Plots

To help visualise the behaviour of the P.A. in velocity space, we create polar plots, which
are diagrams showing the relative positions of the P.A. associated with strong polarisation
features. They were first proposed by Maund et al. (2009), and use the radial velocity
position and the angle on the plane of the sky as coordinates. In Figure 4.7 we show the
polar plots at all epochs for helium, hydrogen and calcium. Note that the data were binned
for better visualisation; the centres of the bins are the average P.A. calculated within the
range. The angular extent of the bin on the polar plot represents the error, so that a larger
angular extent shows greater uncertainty on the P.A. for a particular line, not a greater
physical extent.

The locations of the continuum shown on Figure 4.7 for epochs 1 through 4 correspond
to the polarisation angles calculated for the continuum values given in Table 4.3. Unfor-
tunately the continuum polarisation could not be formally calculated at the last 3 epochs,
since we could not isolate spectral regions devoid of strong lines. We attempted to estimate
the polarisation angle of the continuum by identifying its possible locus in ¢ — u space (see
Section 4.4.2 and Figure 4.8) by using a 2-o clipping method to eliminate outliers and the
contribution of strong lines. This method was successfully used for the data at +24 and
+31 days, yielding angles of 99°4+39°and 98°+25°, respectively. This is consistent with
an absence of rotation from +18 days to +24 and +31 days. At the last epoch, the av-
erage values of ¢ and u and their standard deviations are consistent with null continuum
polarisation.

The change in P.A. of the continuum described in the previous section is visualised as a
progressive clockwise rotation that takes place at epochs 2 to 4. Additionally, the P.A. of
helium, hydrogen and calcium clearly follow the clockwise rotation of the continuum over
time, apart from He A5876 at +18 days. In Section 4.4 we highlighted the 90°rotation of
this feature from +10 days to +18 days. This behaviour is clearly seen in Figure 4.7, as
at +18 days the He A5876 bins now fall into the upper quadrant, when the helium data
were located in the bottom quadrant at +2 and 410 days. It is also very distinct from the

behaviour of the other line features and the continuum.
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Figure 4.7: Polar plots of SN 2011hs from —3 days to +40 days with respect to V-band
maximum light. The polarisation angles of Hel, Ha and Ca1l are shown as a function
of radial velocity. The velocity of Fe1tA5169 (proxy for photospheric velocity) is shown
in black. The hatched areas represent the overlap between elements. The continuum
polarisation angle is shown in grey. It should be noted that the apparent symmetry seen at
—3 days is a consequence of the nature of the Stokes parameters being quasi-vectors. The
upper and lower arcs are joined at the 0°—180°boundary, as shown by the faded addition
of the rotated diagram of the —3 days plot.
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4.4.2 g — u plane

In Figures 4.8 and 4.9 we show the ISP corrected polarisation data of SN 2011hs plotted
on the Stokes ¢ — u plane. This is a very useful tool to try to understand the geometries
of the ejecta (Wang et al., 2001). Bi-axial geometries will result in a linear structure of
the polarisation data on the ¢ — u plane. More complex geometries (such as the addition
of a third axis of symmetry) will cause departures from such an alignment, sometimes in
the form of a smooth rotation of the P.A. across the wavelength range of spectral lines,
i.e. loops (Wang & Wheeler, 2008). Potential physical causes for these geometries and
interpretations of the ¢ — u plots will be discussed in Section 4.5.1.

The spectropolarimetric data of SN 2011hs at —3 days, +2 and +10 days show elongated
ellipses on the ¢ — u plane, and the data were fitted with a dominant axis by performing
ODR (see Section 2.3.5) on the whole data range. The lines of best fit at —3, 42 and +
10 days were found to have inclinations on the ¢ — u plane of 8.3 4+ 1.4°, 172.3 4+ 1.4°and
169.6 £ 2.2°, respectively. Therefore a clockwise rotation is observed in the orientation of
the dominant axis as well as in the continuum P.A. (see Figure 4.7 and Table 4.3).

The data at epochs 4 to 7 (+18 to +40 days) have a lower signal-to-noise ratio and
show no significant alignment along a dominant axis. The data at +18, +24 and +31 days
present no significant elongation, but their slight offset from the origin of the ¢ — u plane
is due to a residual level of intrinsic polarisation. At +40 days no elongation is seen and
the data are centred around the origin. which is expected since it was used to quantify the
ISP.

In order to look for departures from bi-axial geometry it is worth isolating the spectral
regions corresponding to strong lines and seek loops. In Figure 4.9, we show the ¢ —u plots
of Ca1l, Ho and He A5876. The calcium data at the first two epochs follow a clear linear
configuration. A striking evolution is then seen between +2 days and +10 days, with the
appearance of a loop; loops are seen at all subsequent epochs. This evolution indicates
that at early days the calcium polarisation probes a bi-axial geometry and a third axis
comes into play at epoch 3, resulting in the loops seen at and after +10 days. Hydrogen,
on the other hand, shows the clearest loop at —3 days, where the Ha line is strongest. This
indicates a break of the bi-axial geometry by hydrogen that is not shared by the calcium.
Lastly, as the helium lines suddenly strengthen in the flux spectrum by +2 days, a loop
also becomes visible in the wavelengths associated with He A5876. This loop becomes more
prominent by +10 days.

The observables presented are discussed and compared to those of other IIb SNe in the

following section.
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Figure 4.9: Stokes ¢—wu plots of the ISP corrected data of He A5876 and Ha and Ca11. The
colour scales represent velocity in kms™! and vary between species for better visualisation.
The grey points show the rest of the data across the whole wavelength range covered by
our observations.
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4.5 Discussion

4.5.1 Potential interpretations for the polarisation

In Section 1.3.2 we summarised three classical base cases for the possible physical causes
of the observed polarisation. We repeat these below since we will use them extensively in
this section to try to understand the data of SN 2011hs. Note that visual aids are provided
in Figure 1.9.

(i) Aspherical electron distributions, such as an ellipsoidal photosphere, resulting in con-
tinuum polarisation (van de Hulst, 1957; Hoflich, 1991).

(ii) Partial obscuration of the underlying Thomson-scattering photosphere leading to line

polarisation (e.g. Kasen et al. 2003).

(iii) Asymmetric energy input, e.g. heating by off-centre radioactive decay (Chugai, 1992;
Héflich, 1995).

These three base cases provide a framework within which to understand changes in the
continuum P.A. over time, as well as loops on the ¢g-u plane at specific epochs.

Changes in the continuum P.A. over time arise if the geometry of the ejecta is more
complex than a simple bi-axial configuration. In the case of an ellipsoidal photosphere,
for example, the overall evolution of the density gradient over time causes a change from
a prolate to an oblate configuration, as the photosphere traverses layers with less steep
density structures or a recombination front (Hoflich et al., 1999). This can be seen as a
mixture of two case (i) scenarios (oblate + prolate), and this departure from the simple bi-
axial geometry will result in a rotation in continuum P.A. across epochs. Another possible
configuration causing such a rotation is a mixture of case (i) and case (iii), whereby the
photosphere has a bi-axial geometry but an off-axis energy source also comes into play,
resulting in a tri-axial geometry.

Rotation of the P.A. across spectral lines (loops) at a particular epoch can also be
understood as being the result of a tri-axial component. In the mixture of case (i) and (iii)
described above (an off-axis energy source in a bi-axial photosphere) the change of P.A.
across wavelength arises as a result of the frequency dependence of the thermalisation depth
(below which information about the geometry is lost due to multiple scattering — Hoflich
1995). Alternatively, loops will also form if the distribution of the line forming region
blocking the photosphere is not aligned with the symmetry axis created by an underlying
bi-axial photosphere — case (i) + case (ii) — or by an off-centre energy source — case (ii) +

case (iii).
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In Section 4.4 the continuum polarisation was seen to be significant and constant within
errors at the first two epochs (p = 0.55 £ 0.12 and p = 0.75 + 0.11 percent at —3 and +2
days, respectively), but then decreased down to ~0.3 percent by +18 days (see Table 4.3).
Simultaneously, the ¢ — u plots showed significant elongation in the first 2 epochs, which
then becomes less prominent by 410 days, finally leading to an absence of clear dominant
axis by +18 days (see Figure 4.8). This suggests that the ejecta initially showed significant
bi-axial geometry and overall appeared more spherical at later dates. In the context of
an oblate ellipsoid, the early time ejecta differed from sphericity by ~10 percent (Hoflich,
1991).

Now focusing on P.A., we saw in Table 4.3 and Figure 4.7 that the continuum P.A.
showed a gradual clockwise rotation (until +18 days, after which no precise estimate could
be made). The average P.A. of the polarisation features associated with helium, hydrogen
and calcium followed the behaviour of the continuum at the first 4 epochs (apart from
He1 A5876 at 418 days, which we discuss below). Additionally, a clockwise rotation of the
dominant axis is also seen in the ¢—wu planes between epochs 1 and 3. The homogeneous be-
haviour of the continuum and line polarisation suggests that they are in some way coupled.
In a scenario where line polarisation is solely due to partial blocking of the photosphere
by a non-isotropic distribution of the line forming regions — our case (ii) described above
— it would be very unlikely to see the P.A. of multiple lines follow that of the continuum.
Therefore this could suggest that a major contributor to the observed line polarisation is
the global geometry.

In order to see a rotation in polarisation angle over time, a tri-axial geometry is required.
A possible configuration could be an off-axis energy source within initially ellipsoidal ejecta.
In the framework presented above, this would be a mixture of a case (iii) and a case (i). As
the photosphere recedes through the ejecta, the off-axis energy source would be revealed and
add a third axis to the original bi-axial geometry, causing a change in P.A. over time. Our
estimates of the photospheric velocities (see Table 4.2) showed that at the first two epochs
the photosphere was found at —9,860 kms~! and —8,760 kms™!, respectively. At epoch
3, when the rotation of the P.A. becomes significant, the photosphere had considerably
receded down to —6,320 kms™!, which could have started to reveal a deeper off-centre
energy source.

As previously mentioned, the emergence of an off-axis energy source at +10 days, break-
ing the initial bi-axial symmetry of the ejecta, would result in the loops on the ¢ — u plane.
Indeed, we saw that the calcium feature formed clear lines on the ¢ — u plots at —3 and +2

days, and then exhibited a clear loop at +10 days (see Figure 4.9). This, however, was not
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seen in hydrogen or helium, which showed loops at earlier dates. As described in Section
4.4.2, Ha has the clearest loop at —3 days, where hydrogen dominates the spectrum. The
clarity of this loop diminished over the next 2 epochs, whereas the He1 A5876 loop (non-
existent at —3 days), became more distinct as helium started dominating the spectrum.
This seems to suggest that in addition to the global geometry effects dominating the P.A.
behaviour of the line polarisation features, there could be line specific effects. Therefore,
some anisotropies in the distribution of the line forming regions of hydrogen and helium —
case (ii) — may also be present.

We want to emphasise that the possible solutions detailed in this section are non-
unique. Additionally, they do not explain all of the observational characteristics described
in Section 4.4. The drastic rotation of the P.A. of He1 A5876 at +18 days, which differs
from the rotation of the continuum and other elements, remains unexplained. The cause
for the increase in polarisation and rotation of the P.A. by ~60° in the calcium data at
later times is also unclear. Careful modelling is required, but is beyond the scope of this

study.

4.5.2 Comparison to previous studies

As previously mentioned, type IIb SNe are relatively well represented in the spectropo-
larimetry literature and a variety of spectropolarimetric evolutions have been observed for
different objects. SN 2001ig only showed 0.2 percent continuum polarisation at early times,
which then rose to ~1 percent after maximum light (Maund et al., 2007). Other cases,
exhibited strong continuum polarisation early on, with Chornock et al. (2011) recording
0.64 percent continuum polarisation in SN 2008ax 9 days after explosion, or 12 days before
V-band maximum. In Chapter 3 we also found some continuum polarisation (~0.2 — 0.3
percent) in SN 2008aq 16 days after explosion, or 4 days before V-band maximum. Sub-
sequently, the continuum polarisation of SN 2008aq rose above 1.3 percent a week after
maximum, therefore following a similar pattern to SN 2001ig.

The increase in polarisation as the photosphere probes the deeper ejecta is not universal.
Indeed SN 2011dh (Mauerhan et al., 2015) showed significant continuum polarisation (0.45
percent) at 9 and 14 days after explosion (i.e. 11 and 6 days before V-band maximum)
and decreased to p <0.2 percent by 30 days after explosion (i.e. a week after V-band
maximum). A similar behaviour is observed in SN 2011hs, where significant polarisation
p = 0.554+0.12 and p = 0.75 £ 0.11 percent was seen at —3 and +2 days with respect
to V-band maximum, and then decreased by ~0.25 percent by +10 days, down to ~0.3
percent at +18 days.
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Figure 4.10: Ha and He1 A5876 polarisation features in phases where hydrogen dominates
(top panel) and after helium has strengthened (bottom panel). We show SN 2011hs, SN
2008ax (Chornock et al., 2011), SN 2011dh (Mauerhan et al., 2015) and SN 2008aq (Chapter
3). The polarisation data are shown as step plots and the flux spectra are plotted for
comparison as smooth curves. Note that the phases are quoted with respect to V-band
maximum instead of explosion date.
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Another common feature of the SN 2011hs and SN 2011dh data is the coupling between
the P.A. of the Ha and He1 polarisation and that of the continuum. Mauerhan et al. (2015)
suggested this was best explained by clumpy excitation by plumes of nickel rising from the
core. This could also be the case in SN 2011hs, and would fit in with the scenario of an
off-axis energy source described in Section 4.5.1, where *Ni plumes rising from the core
could break the global bi-axial geometry of the outer ejecta.

The presence of an asymmetric nickel distribution have numerous explanations. In the
case of the jet powered bipolar explosion of SN 1987A, asymmetric nickel distribution was
suggested to cause polarisation (Chugai, 1992). Alternatively, 3D simulations by Wong-
wathanarat et al. (2013) showed asymmetric distributions of nickel in neutron star kick
scenarios, where the iron group elements are ejected in the direction opposite that of the
kick imparted on the remnant. These simulations, however, used progenitors of mass 15-20
Mg at explosion, which is not consistent with the mass limits derived by Bufano et al.
(2014) for SN 2011hs (Mzanms= 12-15Mg). This relatively low mass for the progenitor
of SN 2011hs could imply the presence of a binary companion. Indeed, SN progenitors
with Mzan5< 20 Mg require binary interaction to lose enough mass to result in stripped
envelope SNe (Dessart et al., 2011). It was proposed by Hoflich (1995) for the case of
SN 1993J that an off-centre energy source could be the result of binary interaction, where
the asymmetry results from the inner region of the ejecta still being accelerated by the
gravitational potential of the binary whereas the faster outer regions are driven far from
the orbit of the system very early. Furthermore, the binary scenario could also explain the
early asphericity through binary interaction, similarly to the case of SN 2001ig (Maund
et al., 2007). Note, however, that this is a non-unique solution to our data.

Certainly one of the most commonly shared characteristics of type IIb SNe is the pres-
ence of line polarisation associated with He1 A5876 and Ha. In Figure 4.10 we place SN
2011hs in the context of other SNe at similar spectral stages (where hydrogen dominates
and where helium starts becoming prominent). We would like to emphasise that the spec-
tropolarimetric behaviour of type IIb SNe is non-uniform. Some SNe (SN 2008ax, SN
2011dh) show a strong blend of the helium and hydrogen polarisation features before he-
lium features start strengthening as the photosphere recedes through the ejecta. At later
dates, once helium lines become stronger, the Ha feature separates from the He1 A5876
and two distinct peaks are visible. In other cases, e.g. SN 2008ax and SN 2011hs, two
distinct peaks of Ha and He1 A5876 can be seen even before helium spectral features start
deepening. It is interesting that SN 2011hs and SN 2011dh behave differently in this re-

spect, despite the other commonalities in their spectropolarimetric characteristics. These
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disparities should be reproduced by future models of the spectropolarimetry of type IIb
SNe.

The presence of loops associated with the polarisation of strong lines has also been
observed repeatedly in type IIb SNe. One of the most extreme cases was Ha in SN 2008ax
(Chornock et al. 2011 see their figures 13 and 14). In SN 2011hs, we saw loops of Ha and
He1 A5876 at early times. Hydrogen exhibited the most prominent loop at —3 days when
hydrogen was strongest in the spectrum, whereas the helium loop only arose at +2 days
and grew at +10 days as the helium lines strengthened. In SN 2011dh the best defined
hydrogen loops are also found before helium starts showing prominent features in the flux
spectrum (see figure 4 of Mauerhan et al. 2015). Contrary to SN 2011hs, however, SN
2011dh shows significant loops in Hel A5876 even at the earliest times. Another major
difference between these two objects is in their calcium loops. As we saw in Section 4.4.2,
the calcium data in SN 2011hs has a linear structure on the ¢ — u plane around maximum
light, and only starts exhibiting a loop 10 days after V-band maximum. In contrast, SN
2011dh shows its strongest calcium loop at the earliest epoch (9 days after explosion or 11
days before V-band maximum).

These differences in the loop behaviour of type IIb SNe, and the precise origin of the
loops of Ha and He 1A5876 in SN 2011hs at the first two epochs, are difficult to understand
without modelling. Toy models have been used in the past (e.g. Maund et al. 2010, Reilly
et al. 2016), to try to reproduce line polarisation and constrain the ejecta geometry. In
an attempt to understand the early hydrogen and helium loops (and potentially extend
this to other SNe), we created a model based on the same assumptions, but used a more
methodical approach to explore parameter space (see Chapter 5). The result of this work,
however, was to demonstrate the great number of degeneracies that arise in such models,
even when considering a small number of free parameters, as well as the fact that it can
result in good fits to the data even in cases were the original assumptions are invalid. This
highlights the fact that simplified models must be considered very carefully as they may
yield misleading results.

Fully hydrodynamic simulations with radiative transfer that can simultaneously repro-
duce the flux spectrum and the corresponding polarisation features will be necessary to
better understand the varied geometry of type IIb and other core-collapse SNe. Addition-
ally, higher cadence observations, especially around and soon after maximum light, could

help better understand the variations of the ejecta geometry with depth.
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4.6 Conclusions

We presented seven epochs of spectropolarimetry for the type IIb SN 2011hs from —3 days
to +40 days with respect to V-band maximum. The observed polarimetry data showed
very high levels of polarisation increasing towards blue wavelengths (up to ~3 percent).
We quantified the ISP and identified that most of the observed polarisation was caused by
the interstellar component. Fits of the Serkowski law (Serkowski et al., 1975) allowed us
to constrain Amay to wavelengths < 4245A or <4700A, depending on the value of K used,
either from Serkowski et al. (1975) or Whittet et al. (1992), respectively. Such levels of ISP
have never been observed in a type IIb SN before. Similar behaviours of the interstellar
component, with low values of A\, have been seen in some type la SNe (Patat et al., 2015).
This may suggest enhanced levels of small silicate grains, either resulting from cloud-cloud
collisions caused by SN radiation pressure, or due to the destruction of large grains by the
radiation field (Hoang, 2017; Hoang et al., 2018). Consequently, the behaviour and level
of the ISP in the spectropolarimetric data of SN 2011hs seem to indicate the presence of
dust in the vicinity of the SN, which could reflect the mass loss history of the progenitor.

The intrinsic polarisation of SN 2011hs was retrieved after removal of the ISP com-
ponent. Significant continuum polarisation was observed at the first two epochs, with
p = 0.55 £ 0.12 percent and p = 0.75 + 0.11 percent, respectively, corresponding to ~10
percent departure from spherical geometry, in the context of an oblate spheroid (Hoflich,
1991). The continuum polarisation then decreased by ~0.25 percent by +10 days and
declined further by +18 days. A strong correlation was found between the behaviour of
the P.A. of hydrogen, helium, calcium and that of the continuum, indicating they share
a common geometry. The progressive rotation of the continuum P.A. after epoch 2 can
be interpreted as the presence of an off-centre energy source being revealed. This is sup-
ported by the calcium data on the ¢ — u plane, where a dichotomy exists between the first
two epochs at which the data form a line (indicating bi-axial geometry), and the following
epochs at which loops are observed (evidence for a departure from bi-axial geometry).

On the other hand, Ha shows the clearest loop at the first epoch when hydrogen is
strongest in the spectrum. It then diminished as HeIA5876 starts to show a loop by +3
days, which strengthens by +10 days, where helium is starting to dominate the spectrum.
These characteristics show that the lines of hydrogen and helium probe tri-axial geometries
at early times when calcium does not, and therefore line specific geometries must also be
a contributor to their polarisation. A possibility would be the presence of anisotropies in
the distribution of their line forming regions.

Compared to previously studied type IIb SNe, SN 2011hs is most similar to SN 2011dh
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(Mauerhan et al., 2015), where a decrease in continuum polarisation over time and a cor-
relation between the P.A. of hydrogen, helium and the continuum was observed. They also
favoured an off-centre source of energy to explain their observations, namely in the form of
plumes of nickel. This could also be consistent with SN 2011hs, but is not unique and is
probably an insufficient solution to our observations.

Lastly, there are a number of features whose origins remain unknown. At +18 days
the P.A. of He1\5876 undergoes a drastic rotation that is not coupled with that of the
continuum or other elements. Additionally, the calcium data at later dates see an increase
in polarisation and a rotation in P.A. by +60°.

On the whole, SN 2011hs brings to the sample of type IIb SN spectropolarimetry data a
number of features that have been previously seen as well as new disparities that need to be
explained. It is clear from examples such as SN 1993J, SN 2001ig, SN 2008aq, SN 2008ax,
SN 2011dh and SN 2011hs that there is great variety in the observed spectropolarimetric
properties of type ITb SNe (Tran et al., 1997; Hoflich, 1995; Maund et al., 2007; Stevance
et al., 2016; Chornock et al., 2011; Mauerhan et al., 2015). More observations, especially
with a higher cadence around and after maximum, and detailed hydrostatic models with
radiative transfer of the current and future spectropolarimetric data, are required for us to
better understand the similarities and the diversity in the geometries of type IIb SNe.

As mentioned earlier, we will dedicate the next Chapter to reproducing a toy model
previously used in the literature, and provide a more methodical approach to determining
solutions and exploring parameter space. We will use SN 2011hs as a test case for this toy

model.



Chapter 5

A toy model to simulate supernova

polarisation

82
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5.1 Introduction

One of the possible ways in which line polarisation and loops can form in SNe is through
non-isotropic distributions of line forming regions — see case (ii) in Section 1.3.2. In an
attempt to better understand the ejecta geometry of the studied supernovae, we created
a Monte Carlo toy model that could in principle be used to reproduce observations and
therefore help us pin down possible ejecta geometries. Similar models have been created
in the past (e.g. Wang et al. 2007; Maund et al. 2010; Reilly et al. 2016), and this model
is most similar to that of Reilly et al. (2016), with minor differences in the physics and a
major step towards the systematic exploration and determination of the best parameters.

Firstly, the model itself and the assumptions made are described in Section 5.2, the way
we quantify goodness of fit is laid out in Section 5.3, then the sampling method used to
determine the best parameters is detailed in Section 5.4. The implementation and testing
are discussed in Section 5.5, the model is trialed using our SN 2011hs data in Section 5.6

and finally limitations are discussed in Section 5.7.

5.2 The model

The first step in the creation of the model is to simulate the radiation coming from the
photosphere (surface of last scattering) of the supernova. The photosphere is defined in two
dimensions by an ellipse with semi-major axis a and semi-minor axis b. Photon packets are
generated by randomly assigning them a position within the ellipse (hence ”Monte Carlo”).

The projected radius in 2D at a given z,y position! is then:

r =22+ 93, (5.1)

and the radius of the ellipsoidal photosphere at a given x coordinate is:

2 _ 2
R:¢ﬂ+Wxa T (5.2)

a?

Following Maund et al. (2010), it is then possible to map a linear spherical limb dark-

ening model to calculate the intensity I(r) (ranging from 0 to 1) of a packet of photons

'In Cartesian coordinates with the origin placed at the centre of the photosphere.
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Figure 5.1: Intensity given to individual photon packets in a photosphere modelled with
105 photons, an axis ratio £ = 0.86 and PTPL = 30%.

emitted at a distance r from the origin:

%:1—“(1—@), (5.3)

where k = 0.5 (Maund et al., 2010), and (0) is the intensity at the centre, which is set to
1. This intensity profile is illustrated in Figure 5.1.

Additionally, each photon packet is assigned a polarisation (ranging from 0°to 180°)
that is either randomly selected from a uniform distribution or set to be tangential to
the photosphere at the position of the packet. The probability for a photon packet to
be tangentially polarised (Pr) will increase from 0 at the centre of the photosphere to a

maximum value at the limb, according to the following quadratic probability function:

2
Pr = PTPL x (}%) (5.4)

where PTPL is the Probability of Tangential Polarisation at the Limb, which is fine tuned
for a given axis ratio F = a/b to produce a net degree of polarisation (before absorption)
that is consistent with the results of Hoflich (1991), see Section 5.5.2. A map of the
probability for a packet of photon to be polarised tangentially to the photosphere as a
function of radius is given in the top panel of Figure 5.2, for an arbitrary PTPL ~30% and
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axis ratio £ = 0.86. Additionally, we show in Figure 5.2 the polarisation of the photon
packets within a circular photosphere for a PTPL of 10 percent and 90 percent. This clearly
demonstrates that in practice the packets from the centre of the photosphere are indeed
randomly polarised and that a high PTPL imparts strong order to the polarisation of the
photons at the limb.

Line forming regions were assumed to have very large optical depth 7 > 1 such that all
the photons behind these regions would be absorbed. Previous models by Reilly et al. (2016)
include a number of geometries for the absorbing regions: circles, ellipses, triangular lobes,
edge-on disk-like CSM. However, the solutions for these models were found through manual
trial and error and therefore did not fully explore parameter space. This is understandable
as the inclusion of complex shapes increases the number of dimensions of parameter space
(compared to e.g. a circle). For example, a singular circular absorbing region is defined by
3 parameters in 2 dimensions: the coordinates for the centre (z, y) and a radius (r.ps). An
ellipse on the other hand is defined by a centre (z, y), a semi-major axis a, a semi-minor
axis b and an orientation 6, bringing the dimensionality of parameter space to 5.

One of the goals of this investigation, however, is to perform a systematic parameter
search to identify potential degeneracies. Consequently, a good starting point to this ex-
ploration is to focus on the most simple configuration: a single, circular absorption region.

In summary, each model is defined by 5 parameters, 2 of which are set by the obser-
vations and the literature (£ and PTPL), and the other 3 are free parameters that define

the absorption region Xpee = (Z, ¥, Tabs)-
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Figure 5.2: Top: Probability of individual photon packets to be given a polarisation tan-
gential to the photosphere. Modelled with 10° photons, an axis ratio £ = 0.86 and PTPL
= 30%; Bottom: Polarisation angles of 10,000 photon packets in circular photospheres
with PTPL 10 percent (left) and 90 percent (right).
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5.3 Quantifying the goodness of a model

After creating a model, it is important to quantify how well it reproduces the observed
data. There are 3 quantities that are taken into account when comparing a model to
observations: the net Stokes parameters ¢ and u that result from the model, and the ratio
of the flux after and before absorption (Fine/Feont)-

The net Stokes parameters of a model are calculated by averaging the Stokes parameters
of all the photon packets, weighted by intensity. As for Fline/Feont, it is trivial to compute
in the model by dividing the flux after absorption by the flux before absorption, but it can
be difficult to accurately estimate it from the data. As a true continuum cannot be derived
for the spectroscopic data, it is approximated as a straight line traced between 2 points on
either side of the P Cygni profile of interest. This process is done manually and visually;
an illustration of continuum determination is given in Figure 5.3.

Once the Stokes parameters and flux ratio of the model (¢model, Umodel a0d (Fline/ Feont )model)
and of the observed data (gops, Uobs and (Fline/ Front)obs) have been calculated, the goodness
of the model can be quantified. This is done by simply computing the residuals between
the observed quantities and the modelled quantities. The models were considered “good”
when the results fell within 1o of the observed data? .

Because the parameters in Xg. are correlated, providing error bars on individual pa-
rameters would not be very informative and potentially misleading. To help visualise the
results, the models found within 1o of the observations are plotted with a colour map used
to indicate the better solutions (the lighter the colour the less deviation from observed
values). This is particularly effective at illustrating the level of degeneracy for a specific

observation/model, as can be seen in Figure 5.4

2 Although see exceptions in Section 5.6
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Figure 5.3: Illustration of how the continuum flux of the spectral region being modelled is
estimated. The data shown are those of the Ha line for SN 2011hs at +3 days, see Chapter
4.

Highly degenerate Well constrained

Figure 5.4: Example of highly degenerate and well constrained solutions to the model. The
photosphere is represented by the orange ellipse, the 1o solutions are illustrated by the
coloured circles (blue or green), and the intensity of the colour represents the goodness
of fit, with lighter hues indicating better solutions. The best solution for each model is
highlighted by a black contour. From left to right the models correspond to the data for
Ha at 6048A for SN 20011hs at —3 days, Ca II at 8240A for SN 2011hs at +10 days and
Ha at 6152A for SN 2011hs at —3 days (see Chapter 5.6 for more details).
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5.4 Exploring parameter space

As a first approach, the models were run with one (and only one) circular line forming
region, which is defined by the location of its centre and its radius. This is the geometry that
is defined by the smallest number of free parameters, which is why we chose it to start our
exploration of parameters space. There are only three free parameters Xgee = (2, Y, Taps) —
see Section 5.2.

In order to find the best solutions for Xgpe., parameter space needs to be explored
effectively. Firstly, it is possible to restrict the parameters that need to be investigated by
making use of the fact that Stokes parameters are quasi vectors (i.e. the 0°and 180°direction
are the same). This means that for each Xgee, there is an equivalent set of parameters xj.,
(rotated by 180°) that returns the exact same solutions. As a result, all possible values of
y and half of the possible values of  were sampled.

We then perform a grid search and create look-up tables to summarise the output
(Gmodel, Umodel aNd (Fline/ Feont )model) for each Xge.. These tables are specific to a particular
axis ratio, but can otherwise be used no matter which element or velocity slice is being
investigated. This avoids duplicating simulations.

In practice it was computationally time consuming to create look-up tables that explore
parameter space finely enough to consistently provide 1o solutions. To address this prob-
lem, look-up tables were created for the whole of parameter space with a moderately fine
grid. Region (or regions) of parameter space that yielded good solutions for a particular
set of target values (qobs, Uobs aNd (Fline/ Feont)obs) Were then identified, and a finer grid was

produced for this particular region.

5.5 Implementation

None of the previous codes used for the toy models of Reilly et al. (2016) or Maund et al.
(2007b) were available, and I therefore had to re-create the model described in Section 5.2,
in addition to developing the parameter search code. This was done entirely in Python.
The photosphere is implemented as an object that contains information about each
individual photon packets, mainly: the Cartesian coordinates of the photon, the Stokes
parameters ¢ and u of each photon, and their intensity. Before adding absorption regions
and trying to model some data, simple tests were performed to ensure that the integrated

polarisation of the generated photosphere was consistent with expectations.
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5.5.1 Testing

One of the first steps in testing this model was to ensure that the integrated polarisation
of a circular photosphere was null. In order to check this I created a large number of
photospheres (1000), with axis ratio of 1, 10° photon packets each, and a PTPL of 20
percent. Their respective ¢ and u were calculated and used to infer the probability density
function (PDF) of the Stokes parameters. The resulting PDF for ¢ and u is plotted on the
top panel of Figure 5.5. On average we find the Stokes parameters to be ¢ = 0.007 £ 0.22
and v = 0.002 £ 0.23, where the uncertainties here are the standard deviations of the
individual Stokes parameters recorded for the 1000 photospheres.

Although these results show that when modelling a circular photosphere null polarisa-
tion is indeed retrieved, the level of uncertainty is too high for most practical uses, since the
polarisation levels are usually a few tenth of a percent. Increasing the number of iterations
does not affect these uncertainties, as they are related to the number of photon packets
being created for each photosphere. We can check this by creating 100 photospheres with
10 photon packets. The resulting PDF of the Stokes parameters is shown in the middle
panel of Figure 5.5.

In this case the average Stokes parameters are ¢ = 0.005 & 0.070 percent and u =
—0.004 £ 0.069 percent.The errors are reduced by a factor of 3.14 for ¢ and 3.33 for wu.
This is consistent with the expectation from Poisson statistics that the noise level should
decrease by a factor of v/N given an increase of the number of photon packets by a factor
of N.

After showing that the circular photosphere case was be well-behaved, it was important
to test the polarisation resulting from the introduction of asymmetry. In order to do this, I
chose to simulate a very extreme configuration with an axis ratio of 99. In the case of this
very elongated photosphere, most of the photon packets are near the limb, and therefore
the polarisation should tend to the chosen PTPL. Additionally, the polarisation excess will
be found to be tangential to the symmetry axis, such that if the photosphere is elongated
in the 0°direction, we should expect the polarisation to be found in the —q direction (and
null in u).

For these tests 1000 photospheres with 10° photon packets and an elongation in the
0°direction were simulated. As before, a PTPL of 20 percent was used.

The average Stokes parameters are found to be ¢ = —19.22 £0.24 and u = 0.009 £ 0.20
percent and their PDF is shown in the bottom panel of Figure 5.5. As expected, the
polarisation tends to the PTPL (20 percent) in the —¢ direction, and Stokes u is consistent

with zero polarisation.
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(middle panel); 1000 photospheres with 99 percent asymmetry and 10° photon packets
(bottom panel).



Toy model 92

= PTPL 30%
— Hoflich 1991
PTPL 16.5%

0.4 0.5 0.6 0.7 0.8 0.9
E
Figure 5.6: Comparison of the relation between polarisation and axis ratio £ for our model
using a PTPL of 16.5 percent (orange) 30 percent (blue) and that of Hoflich (1991). The
black line was reproduced from their Figure 4. Note that the minor peaks and troughs in
our polarisation are caused by noise.

Consequently, we are confident that the model imparts polarisation as expected.

5.5.2 Fine tuning the PTPL

As mentioned in Section 5.2 the PTPL is fine tuned to a given axis ratio such that the
resulting polarisation before considering absorption regions is consistent with the results of
Hoflich (1991), see their figure 4. This step is necessary for consistency, as we derive the
axis ratios from the cross-matching of our observations to the results of Hoflich (1991).

The relation between E and p in this model and in that of Hoflich (1991) differ (see
Figure 5.6), since here we consider no physics and simply impart polarisation according to
a power-law (see Eq. 5.4). As a result, a single value of PTPL is not sufficient to reproduce
the expected photospheric polarisation for all axis ratios and fine tuning to specific values
of E is necessary.

In practice this was done by simulating 100 photospheres with 10° photon packets for
a range of PTPL of with increments of 0.5 percent. For each PTPL the average degree
of polarisation p and associated errors were calculated and compared to the continuum

polarisation measured from the data.
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5.5.3 Implementing absorption regions and parameter space ex-

ploration

After fine tuning the PTPL to ensure that an appropriate level of continuum polarisation
is being generated, absorption regions can be added to model line polarisation. The ab-
sorption region, since it is assumed to have very high optical depth such that all underlying
photon packets are removed from the simulation, can be implemented with a simple mask.
As previously mentioned, one of our main objectives is to systematically explore param-
eter space to find all good solutions and understand potential degeneracies. Our grid search
approach for 3 free parameters required thousands of simulated systems (photosphere +
absorption region), but due to the nature of Monte Carlo methods, photospheres simulated
with the same parameters may yield slightly different results. Additionally, re-generating
a million photon packets and their associated polarisation is computationally intensive.
Therefore, we favoured an approach where the photosphere were not re-created for every
simulation. Instead, a single instance of the photosphere object was created and its state
was saved to a file (“Pickled”). A range of absorption regions with parameters Xge, could
then be modelled by calling in the object, masking the appropriate areas, and calculating

the integrated polarisation.

5.6 Application to SN 2011hs

We applied the toy model to SN 2011hs for the polarisation features of He1 A5876, Ha and
Calr at —3, and +2 days, where the assumption of a bi-axial ellipsoid for the geometry of
the photosphere seems robust (see Section 4.4). We also applied our models to epoch 3 (410
days), where this assumption is not expected to be valid, for reasons that are discussed in
the next section. For these epochs the asymmetry was ~10 percent, and the fine tuned
PTPL for an axis ratio of 0.87 was found to be 30 percent.

The number of photon packets used in each simulation was determined by the precision
required given the uncertainty on the observations that were being modelled. From Section
5.5 we know that for 10° photons the errors on ¢ and u are ~0.07 percent. Better precision
can be achieved with more photons (e.g. Reilly et al. 2016 used 107 photons), but the
run time scales linearly with photon number. Additionally, due to Poisson statistics, an
increase in run-time by a factor of 10 would only result in an increase in SNR by a factor of
~4/10. Given the errors on the observational data investigated, models with 10% photons
optimised for shorter run times whilst providing sufficient precision.

The toy model solves for one wavelength bin at a time, but in an attempt to visualise
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the 3D structure of the line forming regions we selected 2 to 3 wavelength bins per line to
model. This is an alternative between modelling only one bin per line feature (resulting in
no depth information), and running models for all bins, which is unnecessarily laborious
as successive bins will have very similar solutions given the size of the errors on our data.
Additionally, if a polarisation feature showed two components, we made sure to select bins
sampling them both. Within those guidelines, the choice of bins is arbitrary, and other
combinations of bins could have been chosen to obtain similar results. A summary of the
target values for the bins chosen is given in Table 5.1.

In Figure 5.7, we show the models that could reproduce the observed polarisation data.
In most cases the solutions within 1 ¢ are shown, although some results are presented to 1.2,
1.5 and even 2 ¢ (as indicated by the numbers on the visual representation of the models
shown in Figure 5.7). These cases arose when parameters could not be found down to the
1-0 level, and were the result of solutions being confined to very small regions of parameter
space. Finer grids were explored, but due to time constrains we did not always reach the
1-0 level, and halted simulations when sufficient precision was obtained. As can be seen
in Figure 5.7, these cases yielded the most consistent solutions, with best constrained free
parameters. This suggests that no solution exist within 1-o. In these particular cases we
find good agreement with the observed parameters, and the fitting issues arise in the line
to continuum flux ratio. This is most likely due to the inaccuracy of the continuum flux
estimate and the small formal errors on (Fiine/Feont)obs-

This type of visualisation, if accurate, can be complementary with Polar Plots (see
Section 4.4), as they provide a view of the distribution of line forming regions as projected
on the sky whilst polar plots show the P.A. of polarisation line features with depth.

We want to emphasise here that a model contains only one circular absorption region,
and the multiplicity observed in some cases in Figure 5.7 is just a result of the uncertainty

on the possible location of the absorption region and shows the degeneracy of the solutions.



Table 5.1: Measured values to be reproduced by the models shown in Figure 5.7.

He I 5876

Ha

Call

5660A
0.51 +0.17
-0.24 +0.16
0.886 +0.020

5675A
0.64 +0.18
-0.62 £0.16
0.72 40.02

5720A
0.12 +£0.20
-0.71 £0.19
0.441 +0.013

—3 days

6048A 6152A
0.62 +£0.18 0.91 +0.19
-0.21 £0.16 0.21 £0.17
0.948 £0.022  0.690 +0.018

+2 days

6137A 6271A
0.96 +0.18 0.95 +0.20
-0.42 £0.16 -0.20 £0.18
0.523 £0.017  0.556 +0.018

+10 days

6167A 6301A
0.55 +0.19 0.53 £0.21
-0.41 £0.17  -0.38 £0.19
0.7340.02 0.450 £0.014

8136A
1.53 £0.24
0.27 +0.22
0.604 +0.046

8165A
1.25 +0.23
-0.56 £+0.21
0.443 +0.015

8315A
0.45 +£0.29
-1.40 £0.28
0.324 +0.011

1opous fio],

g6
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Figure 5.7: Best solutions of our toy model for He1A5876, Ha and Ca1iA8567 at —3, +2
and +10 days. The target values and bins chosen are summarises in Table 5.1. The colour
pallet represents the goodness of fit, where the lighter colours indicate the most likely
solutions. The grey ellipse shows the photosphere, onto which solutions yielding good
fits to the observed polarisation are superposed. The black circles indicate the absorption
regions giving the best fit. In most cases the solutions within 1 o are shown, although some
results are presented to 1.2, 1.5 and even 2 o, as indicated by the numbers on the visual
representation of the modelled ejecta. The coloured lines link the modelled bins to their
visual representation. The flux spectrum (blue), and the degree of polarisation is shown
(purple) are shown for comparison with the models.
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5.7 Degeneracies and Limitations

As can be seen in Figure 5.7, a number of cases show very high levels of degeneracy (e.g.
calcium at +10 days, helium and hydrogen at —3 days). This is a concern because our
choice of only simulating one circular absorbing region resulted in a low number of free
parameters (three), which is the simplest test case. Using more complex geometries as
done in Reilly et al. (2016), or multiple absorbing regions, would result in a greater number
of free parameters and a greater number of degeneracies. Consequently, the veracity of
similar toy models of polarisation with more complex geometries is a cause for concern,
and such results should be taken with great caution if parameter space has not been fully
explored. It should also be noted that the method employed here to explore parameter space
is not scalable to high numbers of parameters. The run-time of the current implementation,
and the need for human input to constrain parameter space before fine solutions can be
achieved, does not lend itself to a wider application.

Additionally, it is important to note that good fits were also found at +10 days, whereas
in Chapter 4 we saw a departure from axial symmetry in the photosphere at that epoch,
therefore invalidating some of the assumptions in our model. This highlights the importance
of considering the effect of the continuum on the polarisation observed in the lines before
attempting to interpret it in the context of our case (ii), since good fits may result from
the application of such models despite potential issues with the original assumptions.

On the whole, if the degeneracies of these models and the effects of the continuum
polarisation are not fully understood, the results of such simulations could lend themselves
to the over-interpretation, or an erroneous interpretation, of the origin of the polarisation
associated with strong spectral lines. More complex physical models are beyond the scope
of this study, but are needed for a more accurate interpretation of the spectropolarimetric
data of SN 2011hs and other SNe.



Chapter 6

A new analysis of SN 1993J
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6.1 Introduction

SN 1993J was one of the first examples of the transitional Type IIb SNe, whose spectra re-
semble those of type II SNe at early days and later transition to helium dominated spectra
like those of type Ib SNe (Swartz et al., 1993; Filippenko et al., 1993). In addition to its
peculiar spectral behaviour (at the time), SN 1993J also exhibited a double-peaked light
curve. This phenomenon was explained as being the result of a late-type supergiant progen-
itor which had lost most of its hydrogen envelope through binary interaction (Podsiadlowski
et al., 1993; Nomoto et al., 1993). A massive binary companion was later discovered by
Maund et al. (2004).

In addition to the photometric and spectroscopic studies of SN 1993J, spectropolarime-
try analysis was also performed to detect asymmetries in this SN. Observational spectropo-
larimetric analyses of SN 1993J were published by Trammell et al. (1993) and Tran et al.
(1997). However, there has been debate over the level of interstellar polarisation (ISP)
present in the data. Both studies used the assumption that the emission component of the
Ha line was completely depolarised. But this has since been shown not to be necessarily
true (e.g. Tanaka et al. 2009).

Additionally, the method used in Trammell et al. (1993) assumed that the ISP in NGC
3031 could be approximated by a Serkowski law with p..., equal to the degree of polarisation
derived for the Ha emission component and Aj.x = 5500A. This means that a Galactic
type ISP (with a Serkowski function and a Galactic value of Ay.y) was used, and this is
not necessarily a good assumption, as seen in Chapter 4.

The method used by Tran et al. (1997) was not dependent on a valid Serkowski ISP,
but required an estimate of the continuum, which the authors remarked is difficult to do
and is a large cause of uncertainty. We found continuum estimates to also be problematic
in Chapters 4 and 5.

Overall, previous ISP estimates have relied on assumptions that we now know can be
erroneous. A new investigation of the ISP of SN 1993J is therefore required, and is the aim
of this work. Using data obtained from private correspondence with H. Tran (see Section
6.2), we produced our own estimate of the ISP of SN 1993J, using a similar method to
that developed for SN 2011hs (see Chapter 4), and compared our results to expectations
and literature values (Section 6.3). The new ISP was then removed and a new intrinsic
polarisation for SN 1993J is presented and analysed in Section 6.4. We compare our results
to the literature and discuss in Section 6.5 how they affect previous conclusions. A summary

of our findings is given in Section 6.6.
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Table 6.1: Data obtained from private correspondence with H. Tran. Previously published
in Tran et al. (1997), although the coverage for some data sets differs from the original

publication.

*Resolution

t Bin size

Date Phase Telescope Coverage (A) Pixel Size (A)

April 20 426 days 3.0m Lick 3900 - 5335 + 5865-7260 1.78*
April 26 430 days 4.0m KPNO 4000 - 7250 gf
April 30 434 days 3.0m Lick 4600 - 7394 2.36*
May 11 445 days 3.0m Lick 4600 - 7410 2.36*
May 14 448 days 2.3m Steward 4100 - 7440 4t

6.2 Observations and data reduction

We obtained from H. Tran (through J. R. Maund) the reduced spectropolarimetric and
spectroscopic data of SN 1993J at 5 epochs (summarised in Table 6.1). These data were
first presented in Tran et al. (1997), and we refer the reader to their section 2 for the details
of the observations and data reduction. It should be noted, however, that for this work the
degree of polarisation p (percent) and its error were re-calculated (when possible) from the

errors on g and u, and p was debiased using a step function as done by Wang et al. (1997).

6.3 A new ISP

Removing the interstellar component of the polarisation is crucial to understanding the
intrinsic signal from the SN. In order to derive the interstellar polarisation, assumptions
must be made. As previously mentioned, we now know that the Ha emission component is
not necessarily completely depolarised. Instead we make the assumption that at our latest
epoch (14 May 1993 / 48 days after explosion), the polarisation observed is dominated
by the ISP rather than intrinsic SN polarisation. This is true if the electron density has
decreased sufficiently such that very little light is being polarised in the ejecta by electron
scattering. Similarly to Chapter 4, we want to fit the late time data with a straight line
to estimate a wavelength dependent ISP. As in Chapter 4, we use a sigma clipping method
since the data on 14 May 1993 have a low SNR. Additionally, the data below 4500A at
this epoch show a notable increase in noise (see Figure 6.1). Since the spectral features
of interest are located above 4500A, and given that 2 of our data sets have no data below
4600A (see Table 6.1), we choose to fit only the data with wavelength > 4500A.

A full discussion of the caveats of this method is given in Section 6.5.1, as well as a com-
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parison to historical derivations of the ISP for SN 1993J and alternative ISP determination
schemes.
The fits to the ¢ and u data are showed in Figure 6.2. We find the following ISP-

wavelength relationships:
gisp (percent) = 1.96(40.14) x 10™* x X\ — 0.72(£0.08) (6.1)

wisp (percent) = —0.99(+0.13) x 107* x A + 1.11(%0.08) (6.2)

where X is in A, the gradients have units of A~! and the intercepts are unit-less.

A comparison of the intrinsic polarisation of SN 1993J on April 30 as obtained in this
work and as estimated by Tran et al. (1997) is given in Figure 6.3. On the whole, our ISP
correction lowers the overall p levels of SN 1993J. In particular, the near zero degree of
polarisation associated with the blue parts of the spectrum (where line blanketing occurs)
and in the spectral regions associated with strong emission lines is consistent with the
expectation that these spectral regions should show little polarisation.

It is also in line with the remark of Chornock et al. (2011): when comparing their
data of SN 2008ax to other IIb SNe (including SN 1993J), they observed that the level of
polarisation on April 30 near 6600A in the Ha peak (~0.7 percent) reported by Tran et al.
(1997) was high. They suggested that a different ISP estimate for SN 1993J could lower
the polarisation levels of SN 1993J in this spectral region, and this is seen to happen with
our ISP estimate (see Figure 6.3).

Overall, we are confident that our ISP removal method is an improvement on previous

methods and we use our estimates to correct the data we have for SN 1993J.
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Figure 6.1: Degree of polarization p and Stokes ¢ and u of SN 1993J on 14 May 1993 uncor-
rected for ISP. We highlight the spectral region below <4500A which were not considered
when fitting the ISP. Note that significant increase in noise in the Stokes parameters data
results in an upward slope in p.
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Figure 6.2: o-clipped Stokes parameters ¢ and u at +48 days (dark blue) w.r.t explosion;
the discarded points are shown in orange. The fits to the o-clipped data are shown in
magenta.
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Figure 6.3: Comparison of the intrinsic degree of polarisation for SN 1993J on April 30
as obtained by Tran et al. (orange) and in this work (red). The polarisation before ISP
removal is also shown in grey, as well as the scaled flux spectrum in black.

6.4 Intrinsic Polarisation

6.4.1 Degree of polarisation

In Figure 6.4 the ISP corrected degree of polarisation of SN 1993J is presented alongside
the flux spectrum from +9 days to +48 days (with respect to explosion date). At our first
epoch the data are completely dominated by noise, but the data at +30 and +34 days show

very clear line polarisation features.

+30 days

At +30 days, helium and hydrogen polarisation features are strong and complex, showing
multiple peaks. The wavelength, degree of polarisation p and P.A. of the strongest features
are summarised in Table 6.2.

The strongest peak at that epoch is that of Hj; it is very broad, spanning ~100A
and reaching a polarisation of level of 1.8 percent. Ha also exhibits a very broad feature,
extending from ~5960 to 6415 A. The absorption minimum of the P Cygni profile of Ha is

correlated with a strong peak reaching a maximum polarisation of p = 1.20 4 0.13 percent
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Figure 6.4: ISP corrected degree of polarisation of SN 1993J (black) and scaled flux
spectrum (red). The errors on the polarisation are shown in blue, although note that we do
not have errorbar for the last epoch. The grey shaded areas show the telluric line regions.
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Table 6.2: Summary of the main polarisation peaks in the data of SN 1993J. The bin size
can be found in Table 6.1.

Element Wavelength / Velocity P P.A
(A/km s™) (percent) (°)
April 26: +30 days
Hp 4720 / —8,800km s~ 1.840.3 18+6
HV Her \5876 5632 / —12,500km s~ 0.93£0.11 43.0£0.3
He1 A5876 5728 / —7,550km s~ 1.024+0.08 46.3+0.2
HV Ha 5912 / —30,000km s ! 0.60£0.12  23+5
HV Ha 6040 / —24,000 km st 0.91£0.12 32+ 2
HV Ha 6072 / —22,500km s~! 0.94+0.11  37+1
HV Ha 6152 / —18,800 km s7! 0.90+£0.11 43.4£0.2
Ho 6304/ —11,800 km s 1.20£0.13  45.9£0.1
HV He1 \6678 6456,/ —10,000km s~ 0.40£0.13 1157
He1 \6678 6600/ —3,500 km s~ 0.63+0.07  88£T74
He1 A7065 6952/ —4,800 km s 0.98+0.11  47+0.2
April 30: +34 days
Hp 4695-4740 / —10,500 to —7,500km s~ 0.904+0.08  24°42
HV He1 A5876 5590-5620 / —14,600 to —13,200km s~' 0.7840.05  34°+1
He1 \5876 5715-5740 / —8,200 to —7,000km s~'  1.204£0.08  32°+£1
Ho 6332 / —10, 550 km s 1.17£0.23  36°%2
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at 6304A. Three other distinct peaks are superposed onto the broad hydrogen feature at
6040, 6072, and 6152A, all with p~0.9 percent. They are coincident with dips in the blue
shoulder of the Ha absorption line profile, and I interpret these as high velocity (HV)
components of hydrogen overlapping the main P Cygni profile and its associated inverse
P Cygni in the spectropolarimetry. Additionally, a very sharp peak can be observed at
5912A, offset in the blue compared to the main Ha features. This could be the result of
an even higher velocity component of hydrogen (~30,000km s~ ).

He1 A5876 also shows a complex multi-peaked feature at +30 days. The two main
components are found at 5632 and 5728A reaching a similar degree of polarisation, p ~1
percent (see Table 6.2 for more detail). The 5632A peak coincides with the bottom of
the absorption component of He1 A\5876, whereas the other peak is associated with a blue
shoulder in the profile of the absorption component of the P Cygni profile. As a result
we refer to this second peak as a HV component of the He1 A\5876 polarisation. Weaker
features (p~0.5 percent) are found both on the blue and red side of those peaks, suggesting
asymmetries at a wide range of depth in the ejecta.

Additionally, the spectral region associated with the Ha emission, although it is mostly
depolarised, shows two peaks that are likely associated with He1 A6678 (Table 6.2), which
is seen to start developing in the flux spectrum at this epoch. Moreover, a polarisation
peak is associated with the onset of the He1 A7065 in the flux spectrum (see Table 6.2 and
Figure 6.4).

On the whole, the polarisation at +30 days is dominated by complex hydrogen and

helium features.

+34 days

The data at +34 days suffer from more noise than those at +30 days. This is due to a
combination of effects: the supernova was fading, the telescope was smaller, as are the
bins. Nonetheless, very clear peaks similar to that observed at +30 days can be seen in
the spectropolarimetric data at this epoch. For all features, excluding Ha, the degree of
polarisation and P.A. are calculated from the weighted average of the normalised Stokes
parameters in the corresponding range indicated in Table 6.2. The errors are propagated
from the errors on the weighted mean of the Stokes parameters.

At this epoch, hydrogen still exhibits a strong Hf peak and a broad Ha feature topped
by a peak associated with the main absorption line. The Ha feature actually seems to
extend further in the blue than it did at +30 days: down to ~5910 A.

The He1 A5876 still shows two main peaks with degree of polarisation similar to that
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observed at 4+30 days (see Table 6.2): one associated with the absorption minimum in
the flux spectrum, and the other associated with a blue shoulder in the profile of the
absorption line, which is interpreted as a HV component. Once again the depolarised
region corresponding to the Ha emission line is topped by a peak of Hel 6678, ~6600A.
Additionally, the broad polarisation feature extending from 6715A to 7000A could be a
signature of He1 A7065.

All together, the polarisation data at +34 days still show very strong hydrogen and

helium features.

Late times

At +45 days and +48 days, the main He1 A\5876 and Ha peak remain visible but the noise
and errorbars are such that we will refrain from making quantitative estimates of the level
of polarisation for these lines. The decrease in signal to noise ratio is caused by the fading
of the supernova, as well as the smaller telescope aperture in the case of the 448 days data.
Overall, the polarised signal at these epochs does seem lower, which would most likely due

to the decrease in electron density in the ejecta.

6.4.2 Stokes g — u plane

The behaviour of spectropolarimetric data on the ¢ — u plots can reveal both large-scale
and small-scale asymmetries (see Wang & Wheeler 2008 for a review). When plotting the
whole data, an alignment on the ¢ — u plane ordered with wavelength (dominant axis) can
be interpreted as the of result bi-axial geometry, from an oblate photosphere or from an
off-centre energy source in a spherical envelope — see case (i) and case (iii) in Section 1.3.2.
Additionally, changes in polarisation angle across the wavelength range of specific spectral
lines (loops), is a sign of departure from axial symmetry.

In Figure 6.5 we present the ISP corrected data of SN 1993J from +24 days to +48
days. At the first epoch, we can see some alignment in the data, but due to the level of
noise at this time caution is required. At +30 days and 434 days, some alignment may also
be present. Note that the blue points deviating from the main locus of the data at +30
days belong to the Hf line, which is discussed below. At +45 days and +48 days the data
seem to form a circular cloud centred on the zero point, indicating no bi-axial geometry
and no significant continuum polarisation.

To check for the presence of a dominant axis we perform ODR fits on all of our data sets.
In the present data, ODR was not able to find suitable solutions for most epochs, apart
from the polarisation at +30 days, with the best fit found at angle of 101°4+2°. Note that
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this fit did not include the bluer data points corresponding to HS. Although the regression
did not converge at + 34 days, the dominant axis found at +30 days seems to be a good
fit to +34 days. It is possible that the size of the errors caused the fitting algorithm not
to converge, and that binning the data at 434 days could have helped identify a dominant
axis. Unfortunately we are unable to rebin the data we were provided, since we do not
have the original flux data. Binning should be applied on the flux before we apply the

transformations described in Section 2.3.2 to find the Stokes parameters.
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Figure 6.5: ISP corrected polarisation of SN 1993J on the ¢ — u plane for April 20 to May 14 from a starting wavelength of
4500A. The colorbar shows wavelength. The black line shows the dominant axis obtained when fitting the data at +30 days
and excluding the HS feature.
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In Figures 6.6, 6.7 and 6.8 we present the Ha, HS and He 1 A5876 data on g—wu plots. We
only show the +30 days and + 34 days data since no statistically significant line features
were observed at other epochs (see Figure 6.4).

The data corresponding to the main Ha peak show both at +30 and +34 days a linear
configuration on the ¢ — u plane. This is indicative that this line forming region probes
a bi-axial ejecta configuration. The putative HV features of Ha, on the other hand, show
clear rotations in P.A. at 430 and +34 days. Whether these wavelengths do correspond to
HV hydrogen or not, they probe significant deviations from bi-axial symmetry.

In Section 6.4.1, we saw that the strongest polarisation features at +30 days was that
of H3. The HB data at this epoch also shows one of the most complex loop in this
thesis, exhibiting a mixture of successive anti-clockwise and clockwise rotation. Significant
departures from a bi-axial geometry are therefore evidenced by this loop. At +34 days
the error bars are larger, as is the noise. There may be some rotation of the P.A. and
departures from bi-axial symmetry, but the case is not as clear as for that of HZ at 430
days.

The He1 A5876 line at +30 and +34 days was associated with two main polarisation
peaks, the first corresponding to the absorption flux minimum and the second interpreted
as a HV component, associated with a blue shoulder in the helium line profile (see Section
6.4.1). Both at +30 and 434 days, the main helium features show clear anti-clockwise
loops on the ¢ — u plane. The loop at +34 days is more developed than 4 days prior,
showing 180°rotation across the feature and a greater amplitude. Consequently, the main
He1 A5876 peak probes departures from bi-axial geometry. The high velocity components,
on the other hand a both epochs show very little P.A. rotation if any. Departures from
axial symmetry are therefore less prominent, if at all present, than in the deeper layers of
this line forming region.

Possible implications for these observation are discussed in Section 6.5.2.
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Figure 6.6: ISP corrected Ha polarisation of SN 1993J on April 26 (430 days) and April
30 (+34 days). The colorbar shows velocity. The inset plots show the flux spectrum in
dark grey and the polarisation in light grey except for the data points shown on the ¢ — u
plots, which are shown in with the corresponding colormap.
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Figure 6.7: ISP corrected He1r HS polarisation of SN 1993J on April 26 (+9 days) and

April 30 (4+13 days). The colorbar shows velocity. The inset plots show the flux spectrum
in dark grey and the polarisation in light grey except for the data points shown on the
q — u plots, which are shown in with the corresponding colormap.
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Figure 6.8: ISP corrected He1 A5876 polarisation of SN 1993J on April 26 (4+9 days) and
April 30 (413 days). The colorbar shows velocity. The inset plots show the flux spectrum
in dark grey and the polarisation in light grey except for the data points shown on the
q — u plots, which are shown in with the corresponding colormap.
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6.5 Discussion

6.5.1 Assumptions in ISP estimates and alternative methods

In Section 6.3 we presented a new method to estimate the ISP in the data of SN 1993J. It
differs from previous methods employed by Trammell et al. (1993) and Tran et al. (1997)
in a number of ways. Firstly, the historical analyses used the assumption that Ha emission
was completely depolarised. This idea stems from the fact that the emission component of
P Cygni profiles are the result of light being scattered into the observers line of sight by
resonant scattering, which is a depolarising process. However, the superposition of an He1
A6678 absorption component and its associated polarisation can render the assumption
of complete depolarisation in this region of the spectrum invalid. To derive their ISP,
Trammell et al. (1993) and Tran et al. (1997) used the data on April 20 (4+26 days) and
justified their assumption by saying that no helium component could be seen. However,
the flat top profile of Ha on April 20 (see Figure 6.4) suggests that some Hel A6678 is
present, putting the assumption of complete depolarisation into question.

In order to compute our ISP, we assumed that the data at our latest epoch was represen-
tative of the ISP. This is valid if the electron density in the ejecta has decreased sufficiently
such that intrinsic supernova polarisation is negligible. This assumption, however, is not
completely exact, as line polarisation features remain somewhat visible at +48 days. Con-
sequently, some latent SN continuum polarisation may have biased our ISP estimate.

Another difference between our ISP and previous estimates is the wavelength depen-
dence. In Trammell et al. (1993), a Serkowski type law was used, whereas in Tran et al.
(1997) negligible wavelength dependence was assumed. In the former case, this poses the
question of the validity of the Serkowski law (Serkowski, 1973) to account for the dust
properties in other galaxies and in the vicinity of SNe. We now know of a number of cases
where the form of the ISP in the line of sight to the SN have been shown to be significantly
different from that of the Milky Way (e.g.Patat et al. 2015, Chapter 4), and therefore this
assumption should be used with care. Using the approximation of a constant ISP can be
sufficient if the wavelength dependency is very shallow and consequently negligible given
the noise levels.

The ISP Stokes parameters we derive in Section 6.3 do not make use of the Serkowski
assumption, and are expressed as linear functions of wavelength (see Egs 6.1 and 6.2).
This also results in a wavelength dependence in the P.A. of the ISP. This can be caused
by the superposition in the line of sight of dust clouds with different particle sizes and

orientations, or by the superposition of ISP and some latent intrinsic SN polarisation, as
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mentioned above (Coyne & Gehrels, 1966).

Despite the caveats associated with our assumptions, the ISP estimates we derived
result in ISP removed data (see Figure 6.4) which show a behaviour that is consistent with
expectations. As mentioned in Section 6.3, the blue region of the spectrum between 4600
and ~5500A is mostly depolarised, apart from some peaks of line polarisation. This is
consistent with the expected depolarisation in that part of the spectrum caused by line
blanketing (Howell et al., 2001). Moreover, Ha emission is associated with polarisation
that is close to zero, apart from peaks associated with the absorption component of He1
A6678. Finally, our new ISP solves the issue of the high level of polarisation (~0.7 percent)
observed near 6600A in the Tran et al. (1997) data on April 30, which was highlighted by
Chornock et al. (2011) and which they suggested could be solved if different ISP values
were to be used.

As a result we are confident that the method described in Section 6.3 was successful
in estimating the ISP present in the SN 1993J data. Nevertheless, this method should be
applied with care and with full consideration of the caveats mentioned above, particularly
when fitting data that show residual intrinsic SN polarisation.

An alternative way to estimate the ISP is to make use of the assumption that the blue
part of the spectrum is completely depolarised due to line blanketing (Howell et al., 2001),
and simply average the Stokes parameters in this range. To test this method we applied
it to April 20, 26, 30 and May 11. A weighted average of the Stokes parameters was
performed; the errors on the weighted mean were also calculated, and propagated through
to the degree of polarisation and polarisation angle. The degree of polarisation was also
debiased. The wavelength ranges used and resulting ISP values are given in Table 6.3
alongside the literature ISP values and equivalent 5200A ISP values obtained from Egs 6.1
and 6.2, for comparison purposes. Note that the range used for the average on April 20 is
different from the other epochs because no data is available between 5300A and 5500A.

On the whole, the estimates in Stokes parameters, degree of polarisation and polari-
sation angle using this method vary from epoch to epoch. This is inconsistent with the
behaviour of the ISP, which is constant on short timescales, and shows that the results
were biased by intrinsic polarisation. It is interesting to note that the values obtained from
May 11 (+48 days) are very close to the ISP values we derived at 5200A. This can be
understood as the result of a decreasing amount of intrinsic polarisation at later dates due
to the decreasing electron density, causing the observed polarisation to be dominated by
ISP.

The main issue with this method is that, although depolarisation of the continuum
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Table 6.3: Comparison of ISP values obtained using different methods.

Date Wavelength q U P P.A.
Assuming depolarisation in the blue
April 20 4500-5300A  0.58+0.03 0.1940.03 0.6140.03 9°+£5°
April 26 4800-5500A  0.61+0.05 0.65+£0.04 0.8940.04  23°+1°
April 30 4800-5500A  0.42+0.03 0.5340.03 0.68+0.02  26°%1°
May 11 4800-5500A  0.2840.04 0.4540.04 0.534+0.04  29°+1°
sigma clipping method
May 14 5200A 0.30£0.15 0.60£0.15 0.63+0.15  32°43°

Tran et al.
April 20  6390-6890 0.60 -0.19 0.63 171°
Trammell et al.
April 20 Ha emission 0.55 -0.95 1.1+0.1  150°+£0.1°

through line blanketing is a real effect, this region of the spectrum does sometime show
significant line polarisation, as can be clearly seen in SN 1993J at +30 days, or in SN
2008aq at +27 days (see Chapter 3). Consequently, although keeping in mind the expected
effects of line blanketing makes for a good sanity check, it is difficult in practice to use it
to find reliable ISP values.

6.5.2 Interpretation of the data and comparison to previous stud-
ies

Previous studies of the spectropolarimetric properties of SN 1993J were performed by Tram-
mell et al. (1993) and Tran et al. (1997). These analyses were done at a time where intrinsic
polarisation had only been observed in one supernova — SN 1987A — and therefore mostly
focus on whether intrinsic polarisation was present in the supernova and on quantifying
the degree of continuum polarisation. In order to do this, Trammell et al. (1993) and Tran
et al. (1997) use the same method of averaging the data across a large range of wavelengths.
In the former case, they use the range 4900-6800A and find p = 1.6 percent (ISP removed)
on April 20, whereas in the latter they average their data over 4800-6800A and find p~1
percent on April 26.

Since this wavelength range encompasses both the He1 A5876 and Ha lines, this method
will capture the presence of intrinsic polarisation, however it is not suitable to isolate the
continuum polarisation from the line polarisation. In order to estimate the continuum
independently, it is necessary to identify a region of the spectrum that is devoid of strong

lines. A good spectral range for this purpose would be between the 7630A telluric lines and
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the onset of the calcium infra red triplet absorption component (e.g. Chapter 3). However,
this region of the spectrum is not accessible in these data sets (see Figure 6.4 in Section
6.4.1), and we therefore did not attempt to calculate a continuum polarisation.

Information about the geometry of the ejecta can be inferred from the ¢ — u plots pre-
sented in Section 6.4.2. The data as a whole showed marginal elongation on the ¢ — u
planes (see Figure 6.5) at the first 3 epochs, indicating some degree of axial symmetry
in the ejecta. The Ha data at +30 and +34 days between about —14,000km s 'and
—6,000km s~ 'showed linear configurations consistent with bi-axial geometries. If the fea-
tures interpret as HV Ha are indeed hydrogen features, then the P.A. variation they show
on the ¢ — u plane > —18,000km s~ 'indicate a departure from axial symmetry at higher
depths. This could either be a line specific effect or the result of the global geometry. Since
no other lines probe such high velocities, it is not possible to distinguish between these two
possibilities at the present time.

Although the main peak of Ha at +30 days behaves as expected in the case of a bi-axial
geometry, HB shows a very complex loop —and so a complex geometry that significantly
departs from axial symmetry— at similar velocities, see Figure 6.7. Therefore, the main
feature of Ha probes a different geometry from that of HS at the same depth. This means
that global geometry effects are not the only source of polarisation, and some line specific
geometries must come into play.

In the case of Hel A5876, loops are seen at a depth below —9,000km s 'at +30 and
+34 days, which contrasts with the linear configuration followed by the Ha data at similar
depths. In addition, the helium loop strengthens between 430 and +34 days, as the helium
lines in the spectrum become more prominent. Consequently, these polarisation features
seem to probe line specific geometries and departures from the global geometry.

On the whole, SN 1993J does appear to have some degree of global bi-axial geometry,
and considerable line specific departures from this axial symmetry. The bi-axial geometry
could be the result of an off-centre energy source as suggested in Hoflich (1995). Inhomo-
geneities in the distribution of hydrogen and helium could result in uneven obscuration of
the underlying photosphere, causing the observed departures from axial symmetry.

In order to better understand the geometry of the ejecta of SN 1993J, careful modelling
will be required, but this is beyond the scope of this Thesis.
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6.6 Conclusion

In this Chapter we presented a preliminary re-analysis of spectropolarimetric data of SN
1993J from +24 to +48 days with respect to explosion date obtained from private corre-
spondence with H Tran (through J. R. Maund). We estimated the ISP using a method
independent of those used by Trammell et al. (1993) and Tran et al. (1997) and found our
values to be inconsistent with the literature. Because these studies used assumptions that
we now know are not necessarily true, and since we find our ISP answering some issues
raised by Chornock et al. (2011) concerning the intrinsic polarisation of SN 1993J, we are
confident that our estimates are improvements on literature values.

In the ISP removed data at +30 and 434 days we found significant line polarisation
features of hydrogen and helium with degree of polarisation ~1 percent in Ha and Her
AB876. At +30 days, HB showed a degree of polarisation as high as 1.8 percent. Possible
HV features of Ha and He1 \5876 were also identified although spectral synthesis has not
yet been performed to confirm or disprove this.

The g — u plots of SN 1993J revealed marginal bi-axial geometry at +30 and +34 days.
Loops were seen in Ha, HB and He1 A5876 at different depths. The non-homogeneous
behaviour of the loops from line to line suggests that line-specific geometries are the cause
for departures from bi-axial geometry. More analysis and modelling are needed to fully
explore the new intrinsic polarisation of SN 1993J presented here.

In the following chapter we will move away from the Type IIb SNe, and present the
best spectropolarimetric data set obtained for a Type Ic-bl (to this day).
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7.1 Introduction

As mentioned in Section 1.2.1, broad-lined type Ic SNe (SNe Ic-bl) show extremely broad
and blended spectral features compared to “normal” type Ic SNe (e.g. SN 1997X, see
Munari et al. 1998; SN 1997ef, see Iwamoto et al. 2000; or SN 2002ap, see Mazzali et al.
2002), as a result of significantly greater ejecta velocities. A study of 17 type Ic SNe and
21 SNe Ic-bl conducted by Modjaz et al. (2016) has shown that the mean peak expansion
velocity is ~10,000 km s~ 'faster in Ic-bl than in type Ic SNe over all epochs.

SNe Ic-bl have been of particular interest over the past two decades, owing to their
relation to long Gamma-Ray Bursts (GRBs) and X-Ray Flashes (XRFs) — see Section 1.2.1.
Not all SNe Ic-bl are part of a SN/GRB pair, however, which, as stated by Soderberg et al.
(2006), cannot be explained solely through viewing angle effects. This implies that the
progenitors and/or explosion mechanisms giving rise to GRB/SNe and GRB-less SNe Ic-bl
are distinct in some way.

The main model proposed to produce GRBs is the Collapsar model, whereby the rapidly
rotation core of the massive star collapses to a black hole and forms an accretion disk which
collimates jets. It has also been suggested that type Ic-bl SNe without GRBs could also
be powered by jets that have not broken out of the envelope, potentially due to shorter
central engine lifetimes (see Section 1.2.3).

SN 2014ad is a type Ic-bl SN without a detected GRB. In this Chapter we use spec-
tropolarimetry to infer geometrical properties of its ejecta and relate them to potential
explosion mechanisms. We present the best spectropolarimetric data set obtained yet for a
SN Ic-bl, extending over 7 epochs, and ranging from —2 days to +66 days with respect to
V-band maximum. We also report 8 epochs of spectroscopy ranging from —2 days to +107
days. Note that this Chapter is an update on our publication of the SN 2014ad spectropo-
larimetric data in Stevance et al. (2017). The main difference is in the size of the error
bars, as we realised after publication that the error treatment in the IRAF utilities we used
was incorrect, and caused a significant over-estimate of the uncertainties. We are pleased
to report that the conclusions drawn in Stevance et al. (2017) are completely unaffected.

In Section 7.2 we give an account of our observations and data reduction; in Section 7.3
we present our spectroscopic and spectropolarimetric results and in Section 7.4 we discuss
interstellar polarisation and analyse the intrinsic polarisation of SN 2014ad using ¢ — u
plots and synthetic V-band polarimetry. Our results and analysis are then discussed in

Section 7.5 and conclusions are given in Section 7.6.
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7.2 Discovery and Observations

SN 2014ad was discovered by Howerton et al. (2014) on 12.4 March 2014 in public images
from the Catalina Sky Survey (CSS, Djorgovski et al. 2011) at RA = 11:57:44.44 and ¢
= -10:10:15.7. It is located in MRK 1309 (see Figure 7.1), with a recessional velocity of
1716 km s~ *(Wong et al., 2006). Spectropolarimetric observations of SN 2014ad were con-
ducted with FORS2 (see Section 2.1.2) under the program ID: 093.D-0820 (PI: J. Maund).
The order sorting filter GG435 was used, which made all wavelengths below 4450 A inac-
cessible to us. Linear spectropolarimetric data of SN 2014ad were obtained at 7 epochs
between 22 March 2014 and 29 May 2014. Circular spectropolarimetric data were also
acquired on 29 March 2014 and 11 April 2014. Additionally, spectroscopic data were taken
on July 2014; a summary of observations is given in Table 7.1.

All the observations were taken using the 300V grism, providing a spectral resolution
of 12 A (as determined from arc lamp calibration frames). The spectropolarimetric data
were reduced according to the prescriptions described in Chapter 2. In order to increase
the level of signal-to-noise the spectropolarimetric data were re-binned to 45 A, which did

not affect the resolution considering the breadth of the spectral features.

IFlux Standard



SN 201/ad

122

Table 7.1: VLT Observations of SN 2014ad. The epochs are given relative to the estimated

V-band maximum.

Object Date Exp. Time Epoch Airmass
(UT) (s) (days) (Avg.)
Linear Spectropolarimetry
SN 2014ad 2014 March 22 16 x 310 -2 1.069
CD-32d9927" 2014 March 22 2x10 - 1.394
SN 2014ad 2014 March 29 16 x 345 +5 1.057
LTT4816' 2014 March 29 95 - 1.15
SN 2014ad 2014 April 11 12 x 345 +18 1.037
LTT4816" 2014 April 11 95 - 1.117
SN 2014ad 2014 April 26 8 x 855 +33 1.072
LTT4816" 2014 April 26 95 - 1.109
SN 2014ad 2014 May 06 8 x 855 +43 1.061
LTT4816! 2014 May 06 95 - 1.41
SN 2014ad 2014 May 21 8 x 855 +58 1.080
LTT4816* 2014 May 21 95 - 1.159
SN 2014ad 2014 May 29 8 x 855 +66 1.092
LTT48161 2014 May 29 95 - 1.172
Circular Spectropolarimetry
SN 2014ad 2014 March 29 2 x 345 +5 1.057
LTT4816' 2014 March 29 95 - 1.15
SN 2014ad 2014 April 11 4x 345 +18 1.037
LTT4816" 2014 April 11 95 - 1.117
Spectroscopy
SN 2014ad 2014 July 09 3 x 1180  +107 1.38
LTT4816" 2014 July 10 2 x 40 - 1.38




Figure 7.1: ITmages of MRK 1309 with (left panel) and without (right panel) SN 2014ad. The image on the right hand side
is a SERC image from 03 August 1989 retrieved via Aladin. The image of SN 2014ad in MRK 1309 on the left-hand side
was obtained by Stan Howerton from eleven unfiltered 20 second exposures acquired on 3.1 May 2014 using a Celestron
11-inch CST and a Orion StarShoot Deep Space Monochrome Imager III. The red line superposed onto the SERC image is
the direction of the interstellar polarisation (ISP) determined for MRK 1309 (see section 7.4.1).
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7.3 Results

7.3.1 Lightcurve

V-band observations were acquired between 12 March 2014 and 28 May 2014 (for details
see Howerton 2017). A luminosity distance of 24.7 Mpc was calculated from the redshift
of MRK1309 (z=0.005723, Wong et al. 2006), and we estimated that SN 2014ad reached
maximum with an absolute V-band magnitude of —18.8 £+ 0.2 mag on 24 March 2014
(considering an extinction Ay = 0.51 based on the redenning quoted in Section 7.4.1 and a
value of R = 3.1). All epochs subsequently mentioned in this paper are quoted with respect
to this date. The absolute V-band magnitude was corrected for extinction using the Milky
Way and host galaxy reddening we calculated (see section 7.4.1). An exhaustive analysis
of the lightcurve is not the main focus of this work, and we refer the reader to Sahu et al.
(2018), who have now published exhaustive optical photometry and spectroscopy of SN
2014ad. It is worth noting that they found an absolute V-band magnitude and maximum

date that were consistent with what is presented here and in Stevance et al. (2017).

7.3.2 Flux Spectroscopy

The spectral features of SN 2014ad are very broad, particularly at early times, which is
characteristic of SNe Ic-bl (see Figure 7.3). At 5 days after V-band maximum, SN 2014ad
shows broader features than SN 2002ap at 43 days, that are nearly as broad as SN 1998bw
at +4 days. Although the spectral lines become less broad as time passes, SN 2014ad
still shows features that are much broader than that of SN 1997ef 43 days after V-band
maximum. Additionally, at +33d and +43d SN 2014ad is very similar to SN 1998bw at
+38d.

In CCSNe, the line centre velocity of the Fe 11 A5169 absorption component is commonly
used as a proxy for the photospheric velocity (e.g. Modjaz et al. 2016). The extreme
line blending occurring in the spectra of SN 2014ad, however, made using this feature
unreliable (Liu et al., 2016). Consequently, we used SYN++ (Thomas et al., 2011) to fit
the Fe1rl blend in our spectra of SN 2014ad and determine the photospheric velocity, as well
as confirm line identification. SYN++ is a radiative transfer code that assumes spherical
symmetry and no electron scattering. It allows the user to choose the ions to be added to
the synthetic spectra, and change parameters such as the photospheric velocity, the opacity,

the temperature and the velocity of each ion, in order to construct the best fit to the data.

“https://gelato.tng.iac.es/
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Figure 7.2: De-reddened lightcurve of SN 2014ad from 12 March 2014 to 28 May 2014, using
» = 0.51 mag and a distance modulus = 31.96 mag. Details of photometric acquisition
can be found in Howerton (2017).

We found a photospheric velocity as high as 30,000 + 5,000 km s 'at —2 days, decreasing
to 10,000 £ 2,000 km s 'by +66 days (see Figure 7.4). The photospheric velocities later
reported by Sahu et al. (2018) were consistent with our estimates, see their figure 10.

The extreme line blending caused by the high ejecta velocities also made line identi-
fication challenging. At all epochs, best SYN++ fits were obtained for synthetic spectra
containing Fe11, Na1, Sitr, O1 and Call. It was not possible to obtain uniformly good fits,
especially at later epochs due to the appearance of forbidden lines of Mg1], [O1] and [Ca11].
We were however able to find good fits of the Fe 11 complex at all epochs; Figure 7.5 shows
our fit to the spectrum of SN 2014ad at +5 days.

At the earlier epochs, the spectrum is dominated by a blend of iron lines in the region
4500-5500 A, and a deep absorption component with a minimum at ~7500 A corresponding
to a blend of O1 A7774 and Call infrared (IR) triplet. In the first epoch the emission
component of the Ca11+ O1 blend is flat topped, but it becomes prominent by +5 days.
At this epoch, a strong Sill \6355 emission has also emerged. Over time, line blending
diminishes as opacity decreases and we are probing the deeper, slower ejecta, however the
O1 A7774 never completely separates from the Ca II IR triplet as it does in SN 1997ef. At
later epochs, the strength of the iron blend progressively decreases, and the Ca1r1 IR triplet
emission strengthens. By 43 days after maximum, we can see the spectrum of SN 2014ad
starting to transition from the photospheric phase towards the nebular phase: The [O1]
emission at ~6300 A dominates over the Silr A6355 emission observed at previous epochs,

and the absorption of the Cair IR triplet becomes increasingly flat-bottomed as the P-
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Figure 7.3: Flux spectrum of SN 2014ad at 8 epochs (brown) corrected for recessional ve-
locity. We compare with the flux spectra of the three SNe Ic-bl which most closely matched
SN 2014ad according to Gelato?: SN 1997ef (43 days after V-band maximum), SN 1998bw
(at +4 days and +38 days), as well as SN 2002ap (3 days post V-band maximum). The grey
bands highlight telluric features. SN 1998bw is known for its connection to GRB 980425
(Woosley et al., 1999), SN 1997ef was thought to be the optical counterpart of GRB 971115,
but the significance of their correlation is much lower than for SN 1998bw/GRB 980425
(Iwamoto et al., 2000). The narrow lines in the spectra of SN 2014ad are associated with
the interstellar medium of the host galaxy:.
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Figure 7.4: Time evolution of the photospheric velocity of SN 2014ad, as measured by
fitting the spectra using SYN-++
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Figure 7.5: Spectrum of SN 2014ad at 5 days after V-band maximum (solid black) and
model obtained using SYN++ (dashed red). The model includes Fe1r, Nat, Sitr, O1 and
Call.
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Cygni profile fades and is replaced by just an emission feature. At 4107 days, SN 2014ad
has a typical nebular spectrum, with (semi-)forbidden lines of MgI] A4571, [O I] A6300 and
[CaTl] AAT291,7824.

7.3.3 Linear Spectropolarimetry

The degree of polarisation p and flux for each of our 7 epochs of linear spectropolarimetry
are shown in Figure 7.6. At —2 days, 5 peaks can be seen in the polarisation spectra at
~5672A (p = 1.10 £ 0.03 percent), 6030A (p = 1.10 + 0.02 percent — averaged between
5985A and 6075A), 6880A (p = 1.60 4 0.03 percent), 7685A (p = 1.30 & 0.05 percent), and
8130A (p = 0.83 +0.03 percent — averaged between 8093A and 8181A).

The 6880A peak shows the highest level of polarisation recorded in our data set. This
feature is likely the result of O1 A 7774 at —34,500 km s™'. As for the other features, the
5672A peak in polarisation is associated with Si1r \6355 with velocity —32,200 km s, the
7685 A feature arises from Call at —30,900 km s~', and the peak seen at 8130A could be
O1 X9264 at —36,600 km s~*. The origin of the 6030A feature, however, remains unclear.
The photospheric velocity at —2 days found using SYN++4 was 30,000 + 5,000 km sfl(see
Section 7.4), therefore the line-forming region yielding the Cair IR, Sitt and O 11 \7774
polarisation features must be close to the photosphere at the first epoch.

By 5 days post-maximum, the 5672 and 6030 A features have merged, yielding a broader
peak centred on 5780 A with polarisation p = 0.88=+0.04 percent (calculated as the average
polarisation between 5670 and 5900 A). Similarly, the 7685 A (Ca11) and 8130 A (O1)
peaks seen in the first epoch are replaced by a broader feature extending between ~7590 A
and ~8050 A, with p = 0.90 & 0.15 percent (the average between 7580 and 8130A). The
O1 A7774 peak is still present, but has moved ~50 A to the red (now at 6920 A) and
its polarisation has decreased to p = 1.05 & 0.102 percent (averaged between 6870A and
6965A). The first peak at ~5780 A is consistent with Si1r A6355 at —27,000 km s*, and
the O1 A\7774 velocity is now —32,900 km s !, therefore both elements show a decrease in
velocity of ~2,000 km s~*. The photospheric velocity at this epoch was found to be 19,000
+ 5000 km s '(see Figure 7.4), suggesting that the line-forming region is more detached
from the photosphere by the second epoch than in the first epoch.

The amplitude of the Si1r A6355 and O1 A7774 polarisation peaks decreases drastically
by 18 days after V-band maximum, with p = 0.484+0.04 percent and p = 0.60£0.05 percent
respectively. The Ca11 IR/O1 A9264 peak, however, remains constant with p = 0.92 +0.07
percent. Its degree of polarisation then decreases to ~0.6% by 433 days, and is increasingly

noisy, whereas the first 2 peaks remain about constant.
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Figure 7.6: Flux spectra (brown) and the degree of polarisation (blue) of SN 2014ad from
—2 days to 66 days after V-band maximum. The polarisation spectra were binned to 45 A
in order to increase the signal-to-noise ratio. The data presented here are not corrected
for ISP. The ranges used to determine the ISP are indicated by the shaded green region
— method (i) — and hashed orange region— method (ii). For more detail see Section 7.4.1.
For line IDs see Figure 7.3.
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Figure 7.7: Circular polarisation (blue) binned to 45 A of SN 2014ad on 2014 March 29
(+5 days) and 2014 April 11 (+18 days). The spectrum at the corresponding epochs are
under-plotted in brown.

7.3.4 Circular Spectropolarimetry

Wolstencroft & Kemp (1972) suggested that if the core of a progenitor collapses to a neutron
star it may have sufficiently large magnetic fields to induce detectable circular polarisation
from bremsstrahlung or synchrotron emission. They cautioned that the degree of circular
polarisation would be significantly influenced by the precise conditions of the explosion,
and no strong evidence supporting the presence of circular polarisation in CCSNe has been
detected so far.

We investigated the potential presence of circular polarisation in SN 2014ad. Circular
spectropolarimetry was acquired on 29 March 2014 and 11 April 2014 and is presented in
Figure 7.7. At both epochs we found that the average circular polarisation (0.025 and 0.069
at epoch 2 and 3, respectively) was lower than the standard deviation (0.104 and 0.128 at
epoch 2 and 3, respectively) over the range 4500-9300 A. We therefore conclude there is

no detectable circular polarisation in SN 2014ad.
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7.4 Analysis

7.4.1 Spectropolarimetry
Interstellar Polarisation

As we have done in in previous chapter, we must quantify the ISP in order to isolate
the polarisation that is intrinsic to the SN. An upper limit on the ISP can be estimated
if we assume a standard Serkowski-Galactic type ISP (Serkowski, 1973). The degree of
polarisation due to the ISP (pigp) is then related to the total reddening F(B — V)iota1 =
E(B —V)uw + E(B — V)hest by Eq. 1.11.

The reddening can be estimated from the Na1 D lines in the spectra following Poznanski
et al. (2012). In our spectra of SN 2014ad, only the Na1 D line arising from the Milky Way
contribution is visible. In order to put an upper limit on the reddening occurring in MRK
1309, we calculated a detection limit at 3¢ using our spectral resolution of FWHM = 12 A
for Na1 D at the recessional velocity of the host galaxy. Our estimates for the reddening
are (B —V)yw = 0.14 mag, and E(B — V)ost < 0.023 mag, yielding an upper limit for
the ISP psp < 1.56 %. By applying the Serkowski law to the host galaxy we implicitly
assumed that the size and composition of the dust in the host galaxy are the same as that
of the Milky Way, which may not be true.

The Milky Way component of the ISP can also be evaluated by finding Milky Way stars
near the line-of-sight towards SN 2014ad. If we assume that their intrinsic polarisation is
null, then the polarisation measured for these stars is purely due to the Galactic ISP.
Within 2 degrees of SN 2014ad, two stars were found in the Heiles (2000) catalogue: HD
104304 with p = 0.08 (£ 0.035) % and HD 104382 with p = 0.11 (£ 0.066) %. Using the
parallaxes found in the Gaia data release DR2 (Luri et al., 2018) we calculate distances of
12.69 + 0.02 pc and 366 4+ 10 pc for HD 104304 and HD 104382. With a Galactic latitude
of 50.5°, however, SN 2014ad is located far from the Galactic plane, and we do not expect
significant dust alignment along the line-of-sight. Consequently we concluded that a lower
limit for the Milky Way component of the ISP is ~ 0.1 %.

In order to directly quantify the ISP from the polarisation data obtained for SN 2014ad,
assumptions must be made. We use two different assumptions to calculate two indepen-
dent estimates of the ISP: complete depolarisation in line blanketed regions and complete

depolarisation at late times.

(i) Strong depolarisation is observed at short wavelengths (see Figure 7.6) due to line
blanketing by Feil and Sci1 lines (Wang et al., 2001; Howell et al., 2001), and if
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we assume complete depolarisation of the SN light, the resulting observed degree of
polarisation is pigp. We calculated the polarisation at —2 days and +5 days over
the wavelength range 4500-5000 A (the green shaded regions in Figure 7.6), yielding
qisp = 0.19 (£0.06)%, wisp = 0.12 (£0.08)% and pisp = 0.21 (£0.07)% at —2 days
and gisp = 0.04 (£0.09)%, usp = 0.04 (£0.07)% and pisp = 0.06 (+£0.08)% at +5
days. Because ISP should be constant with time, we average the two sets of Stokes
parameters and obtain ggp = 0.14 (£0.05)% and wgp = 0.075 (£0.05)%, which cor-
respond to pisp = 0.15 (£0.05)% and a polarisation angle fisp = 14°(£18°), which
is within the limits previously established. We considered the line blanketing regions
at the first two epochs only, because the higher ejecta velocities result in greater line
blending and their spectropolarimetric data have better levels of signal-to-noise as
SN 2014ad was at its brightest.

(ii) At late times, when the ejecta start transitioning to the optically-thin nebular phase
(in the case of SN 2014ad, from +43 days), electron scattering does not dominate
anymore and the intrinsic polarisation of the supernovae is expected to tend to zero.
Consequently, if we assume complete depolarisation in the SN ejecta at late times,
any level of polarisation observed must be due to ISP. We focus our analysis on
the polarisation that correlates with strong emission lines because emission lines are
often associated with depolarisation even when electron scattering is significant. With
this in mind, we pick 3 wavelength ranges (5050-5450 A and 8300-8900 A; see hashed
orange region in Figure 7.6) corresponding to the (semi-)forbidden lines of magnesium
and calcium, and we average the Stokes parameters across these ranges. Doing this
for epochs 5, 6 and 7 yielded 2 sets of ¢igp and wugp values which were averaged,
yielding gisp = 0.04 (£0.05)%, uisp = 0.12 (£0.04)%, prsp = 0.11 (£0.04)% and Oisp
= 36°(£4°). These values are consistent with the ones found using the line blanketing

assumption.

The two methods described above therefore resulted in ISP estimates that were small
and consistent with each other. We decided to adopt the Stokes parameters values calcu-
lated with the first method for our subsequent ISP corrections since they were estimated

using polarisation spectra at early days with better signal-to-noise ratio.
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Polarisation in the Stokes g-u plane

The ISP corrected data were plotted on the Stokes ¢ — u plane for each epoch as shown in
Figure 7.8, where the colour scale represents wavelength.

At 2 days before V-band maximum the data are aligned along a very clear dominant
axis with P.A. = 16.6° £2.2° (corresponding to an angle of 33°on the ¢ — u plane) as shown
by the over-plotted ODR fit (see Figure 7.8). All ODR fits were performed using the entire
wavelength range. A loop at ~7000 A can be seen following the dominant axis orientation.
From our identification in Section 7.3.3, this feature is associated with O1 \7774.

Our data at +5 days show that the P.A. of the dominant axis (P.A = 10.3° £ 2.5°)
is similar to the first epoch, and both dominant axes are consistent with the data. The
loop at ~7000 A has become less prominent, but is still distinguishable. Another loop
arises at ~7700 A corresponding to the Ca1r IR triplet, which runs almost perpendicular
to the dominant axis. This indicates a significant departure from axial symmetry in the
distribution of calcium in the form of large clumps.

By +18 days the presence of a dominant axis is less pronounced as the overall degree of
polarisation decreases, but a Pearson test performed on the data — excluding the Ca II loop
— yielded a coefficient of 0.50, supporting the presence of a linear correlation. The ODR fit
includes the Ca II IR component and seems to follow the direction of the strong calcium
loop, but it is not an accurate representation of the data as a whole. With the exception
of the Cai1r IR triplet, the data follow a direction similar to that of the dominant axis
found in the first epoch. The O1 A\7774 loop has completely disappeared, but the calcium
feature is still very strong. At later epochs, the calcium loop weakens and the data as a
whole cluster towards the origin as the overall level of polarisation decreases. The ODR
fits of epochs 4 to 7 were plotted on their respective ¢ — u plane for completeness, but the
Pearson correlation calculated for the data at these dates (—0.04, 0.08, —0.03 and —0.08,

respectively) revealed that the presence of a linear correlation is very unlikely.
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Rotation of the Stokes parameters

The data presented on the ¢g—u plane can be rotated in order to obtain two new components
which correspond to the Stokes parameters projected onto the dominant axis (P;) and the

axis orthogonal to the dominant axis (P,). If we consider the rotation matrix of the form:

(7.1)

R(6n,) = oS Ot —SIn B0t
Y \sin 0,0t COS Ot

then the rotated Stokes parameters are given by:

Py - N
<P0> = R(brt) <u> (7.2)

The direction of the dominant axis found using ODR at the first epoch is consistent with

where 6.t = —2 X G4om.

the data at epochs 2 and 3, and is therefore chosen to perform the rotation, corresponding
to 0,0t = 33°. The resulting rotated Stokes parameters P; and P, were then plotted against
wavelength, as shown in Figure 7.9 (the colour scale matches that used in Figure 7.8).

Overall, at each epoch the orthogonal parameter P, is within 1o of zero along most of
the spectrum, except within the wavelength ranges corresponding to loops seen in the g —u
plane (see Figure 7.8). This shows that our choice of dominant axis is appropriate and
confirms our interpretation that the ODR fit of the data at +18 days was dominated by a
prominent loop rather than the direction of the dominant axis consistent with the majority
of the data. In Figure 7.8, one can see that the data at +18 days are sightly offset with
respect to the chosen dominant axis (indicated by the grey dotted line — identical to the
dominant axis found using ODR in the first epoch) but seem parallel. This behaviour is
also seen in Figure 7.9 at +18 days, where in P, most of the data (apart from the Ca1l
loop between ~7200-8200 A) run parallel to the dominant axis (P,=0%) but are shifted up
by about 0.2%.

The significant departures from null polarisation in P, correspond to loops in the ¢ — u
plane. At —2 days, the main feature is found between ~7000 A and ~8300 A. It deviates
from the dominant axis by ~0.5% on either side, and is most likely caused by a mixture
of O1 A\7774 and Ca11 A8567. At +5 days the deviation from the dominant axis associated
with O 1+Call becomes more prominent between 7500 A and 8000 A, but still extends
from ~7000 A and up to ~8300 A. By +18 days the loop only departs on one side of the

dominant axis and now starts at ~7200 A, which may indicate that the oxygen component
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Figure 7.9: P, (blue) and P, (red), as defined by Equation 7.2, corresponding to our
7 epochs of spectropolarimetry. The spectropolarimetric data were binned to 45 A and
corrected for the ISP before being rotated. The flux spectrum (unbinned) is plotted (grey)
at each epoch. For line IDs see Figure 7.3.



SN 201/ad 137

1.50 1
| -15000
i

lood -2days . 100 +5dayd e { +l8days P —-20000
i e
[
i

i ol —25000

050+ oﬁzo 0.50 050+ o stk
] 2 S N ] &‘5;’&_‘ ~30000
05

/] R
° .- R
t&f/ wtle ‘
0.00 i 0.00 - ) 0.00 s,
- B : =
, . g
I . 1.
I, I/ I, H
~0.50 4" ~0.50 4 ~0504" |
. . s !
i
0.

u (%)

—35000

Velocity (km/s)

—40000

-0.5 0.5 15 -0.5 0.5 15 5 ‘ 15

q (%) a (%) q (%)

Figure 7.10: Stokes ¢ — u planes of SN 2014ad in the first three epochs (see also Figure
7.8); the spectropolarimetric data were binned to 45 A. The colour scheme represents
ejecta velocity. The dominant axis (dashed grey line) is the dominant axis as calculated by
ODR at the first epoch. The data marked by rectangles correspond to O1 A\7774 and the
data marked by triangles is Ca11 IR. For comparison the data over the range 4500-9300A
were plotted (grey points). For clarity error bars were only plotted for the O1 A7774 and
the Ca1 IR data. The data were corrected for ISP (see Section 7.4.1).

has reduced significantly and the feature is now dominated by the Call component. Two
weeks later, the amplitude of the loop has started to decrease and by 43 days after V-band

maximum it is not distinguishable anymore.

Loops in the ¢ — u plane

In Figure 7.10 we show the O1 A7774 and CaT1r IR loops on the ¢ — u planes at —2, +5
and 418 days, where the colour scale now represents ejecta velocity. At —2 days the O1
feature dominates and the Call IR feature forms a line oriented away from the dominant
axis. By +5 days the Ca11 IR feature strengthens and becomes a loop oriented in the same
direction as the line observed at —2 days, while the oxygen loop becomes less prominent.
At +18 days the O1 data is in the same locus as the majority of the data, and the Cair IR
loop has strengthened again. At —2, +5 and +18 days, the oxygen and calcium loops are
consistently formed anti-clockwise with increasing wavelength on the ¢ — u plane.

The fact that the calcium and oxygen loops evolve separately and in different direc-
tions indicates that they break axial symmetry in different ways. A possible explanation
is partial occultation of a bi-axial photosphere (supported by the presence of a dominant
axis) by separate line forming regions. This corresponds to a mixture of case (i) and case
(ii) described in Section 1.3.2. Furthermore, the oxygen and calcium features never coin-
cide simultaneously in their Stokes parameters and in velocity space, which could indicate
overlap of the line-forming regions. This suggests that the line-forming regions of O1 and

Ca1r are very distinct from each other both in radial velocity (= radius) and on the plane
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of the sky.

7.4.2 V-band Polarisation

Because the spectral features of SN 2014ad were so broad, we could not isolate a line-
free region of the spectrum to estimate the continuum polarisation. We therefore followed
Leonard et al. (2006) who use use V-band polarimetry as a proxy for the overall evolution of
the polarisation. The V-band polarisation of SN 2014ad was calculated from the spectropo-
larimetric data by weighting all our spectra by the transmission function of the Johnson V
filter before performing the polarimetry calculations. PYSYNPHOT® (Lim et al., 2015) was
used to calculate the weighted spectrum for each ordinary and extra-ordinary ray, which
were subsequently processed with FUSS to calculate the resulting degree of polarisation
and normalised Stokes parameters.

The resulting V-band polarisation for all 7 epochs is plotted against time and on the
q — u plane, see Figure 7.11. Were the decrease in the degree of polarisation caused solely
by dilution due to the expansion of the ejecta, one would expect the polarisation to follow
p=a Xt 2+ B3, where t is time and o and 3 are constants.

We tentatively fitted this relationship to our V-band polarisation using Monte Carlo
methods to find the best values of & and 3. For the best fit the reduced x? is 4.5, and the
constants are found to be @ = 40.3 & 0.3 and 5 = 0.15 4 0.004. The fit is plotted as a blue
line in Figure 7.11. The V-band polarisation of SN 2014ad seems to exhibit a behaviour
that is not completely inversely proportional to time squared, with significant departures
form our best fit. This suggests that the decrease in polarisation is not just a manifestation
of ejecta expansion (Leonard et al., 2006).

As seen in the right panel of Figure 7.11 the polarisation angle remains nearly constant
between the first two epochs (19.0 £ 0.6°and 29.1 £ 0.1°), then increases at epoch 3 (56.07
+ 0.05°), and subsequently stays constant. This behaviour could reflect a difference in
geometry between the outermost layers, which are probed at early times (—2 and 5 days),
and deeper layers of the ejecta, which are observed at later times (from +18 days through
to 466 days) as the photosphere recedes through the envelope. This interpretation should
however be considered with caution as the broad band-pass used here encompasses both

continuum and line polarisation.

Shttps://pysynphot.readthedocs.io/en/latest/
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Figure 7.11: Left panel: Degree of V-band polarisation against time (i.e. epoch in days
after V-band maximum). The blue line is a fit of the form p = 40.3 t72 + 0.15, yielding
a reduced x? = 4.5. The colours represent different epochs (see legend on right panel).
Right panel: V-band polarisation of SN 2014ad in the ¢ — u plane. The colours represent
different epochs (see legend).

7.5 Discussion

7.5.1 Evolution of the shape of SN 2014ad

Quantifying the level of continuum polarisation of SN 2014ad was made difficult by the
extreme line blending, but with a maximum polarisation py,., = 1.60 +0.03 % the axis ratio
of the photosphere could not be smaller than ~0.72 (Hoflich, 1991). A clear dominant axis
is visible in the ¢ — u plots at —2 and +5 days, implying that the ejecta possess a strong
axis of symmetry at early days. By +18 days, the data has receded towards the origin
of the ¢ — u plots as the polarisation of SN 2014ad has decreased (see Figure 7.6), but
a dominant axis is still present (section 4.1.2 and 4.1.3). The overall decrease in p and
the disappearance of the dominant axis seem to indicate that the deeper ejecta are more
spherically symmetric than the outer envelope, with the data at +33 days indicating a
maximum axis ratio of ~0.89. The ¢ —u plots of the last 3 epochs do not offer more insight
as the data are dominated by noise.

Significant departures from the identified dominant axis can be seen in the form of loops
in the ¢ — u plots at epoch 1 through 4, indicating that the line-forming regions are made
of large clumps that are asymmetrically distributed. At —2 days features of O1 A7774 and
Ca1r IR are observed (see Figures 7.8 and 7.9), with the O1 feature being slightly more
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prominent and pointing to a direction opposite to that of Ca11. This suggests that the two
line-forming regions are inhomogeneously mixed with the rest of the ejecta and spatially
distinct from each other. At +5 days the O1 loop has weakened —but is still present— and
the Car1r loop has strengthened. By +18 days the O1 loop has completely disappeared
and the Cai11 feature has strengthened even further. This trend could be explained by
the calcium layer being distributed deeper into the ejecta than the oxygen layer, which is
consistent with the fact that we found Call to have a lower velocity than O1 (see Section
7.3.3). By 433 days the Ca11 loop has also started weakening but is still visible, and from
+43 days the data are dominated by noise (see Figures 7.6, 7.8 and 7.9).

Over the past 20 years spectropolarimetric measurements have been obtained for a
number of Ib/c, and SNe Ic-bl with and without GRBs. The maximum level of linear
polarisation detected for SN 2014ad is not unusually high compared to previous examples
and is similar to SN 1998bw (see Table 7.2); it is also the only SN for which constraints on
the circular polarisation have been established. The spectropolarimetric data of SN 2014ad
is, to this writing, the best data set obtained for a SN of this type, both in its low level
of noise and its large time coverage. For comparison, the data of SN 1998bw (GRB/Ic-bl),
SN 2003dh (GRB/Ic-bl), SN 2006aj (XRF/Ic) and SN 2008D (Ib) were plotted along our
data at similar epochs, see Figure 7.12. Comparison of the polarisation data of SN 2014ad
to that of other SNe can be made difficult by the high levels of noise (e.g. SN 2006aj),
broad bins (e.g. SN 1998bw and SN 2003dh) or large error bars (e.g. SN 2003dh) present

in their data.



Table 7.2: Maximum degree of polarisation observed in SN 2014ad compared to other broad-lined type Ic and normal Ib/c
SNe.*Unless otherwise stated the dates are given with respect to V-band maximum.” Uncorrected for ISP.

Type Name GRB Date* Pmax(%) AL (A) Reference

Ie-bl SN 2014ad X —2 days 1.60 +0.03 6880 Section 7.3.3
Ie-bl SN 2003dh v +34 d after GRB 2 £0.5 6500-7500 Kawabata et al. (2003)
Ic-bl SN 2006aj  X(XMEF) +9.6 days 3.8 £0.5 ~4200 Maund et al. (2007a)
Ie-bl SN 1998bw 4 —9 days 1.1 6000-6200 Patat et al. (2001)
Ic SN 1997X X + 11 days 7 5000-6000 Wang et al. (2001)
Ib/c SN 2005bf X 16 days after first V-band maximum 4.5 ~3800 Maund et al. (2007b)
Ic SN 2008D X + 15 days 3 £0.5 ~8500 Maund et al. (2009)
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As seen in Figure 7.12, the polarisation of SN 1998bw before maximum follows a trend
similar to that seen in our data for SN 2014ad, showing a global increase in polarisation from
4000 A to 6000 A. On the other hand, the data sets of SN 1998bw at +8 days and SN 2014
at +5 days show little resemblance, apart from a similar level of median polarisation over
the range 4000 A to 7000 A. In particular, there is a strong discrepancy around 5000 A
where SN 1998bw shows a significant (~0.75%) level of polarisation, whereas SN 2014ad
exhibits polarisation that is close to zero. The degree of polarisation observed in the data
of SN 1998bw at these wavelengths goes against the assumption that line blanketing due
to iron lines in this region causes near complete depolarisation. In the case of SN 2014ad,
however, we are confident that this assumption was justified, since the ISP values derived
from it were consistent with ISP estimates calculated under the assumption of complete
depolarisation at late times (see Section 7.4.1).

Another comparison of interest is that of the temporal evolution of the degree of po-
larisation of SN 2014ad and the normal type Ib SN 2008D (see Maund et al. 2009 and
references therein). In Figure 7.12, we see that around V-band maximum both SNe show
similar levels of polarisation. By +15 days, the level of polarisation of SN 2008D has
remained approximately constant whereas that of SN 2014ad has significantly decreased.
This indicates that the overall geometry of the photosphere of SN 2008D remains the same
closer to the core, whereas SN 2014ad shows evidence of more spherical ejecta in its interior.

When plotted on ¢ — u planes, the spectropolarimetric data of SN 2005bf (Ib/c),
SN 2006aj (Ic-bl/XRF), SN 2008D (Ib) and SN 2002ap (Ic-bl) show more scatter and
less well defined dominant axes than seen in SN 2014ad at —2 days and +5 days (Wang
et al. 2003; Maund et al. 2007b,a, 2009). Additionally, an O1 A7774 loop is present in the
data of SN 2002ap. Its deviation from the rest of the data is very strong at —6 days and
—2 days but subsequently weakens as Cair IR features emerge. By 3 days after V-band
maximum the OT loop in SN 2002ap has nearly disappeared. This evolution is akin to
that of the O1 A7774 feature in SN 2014ad and our interpretation that the calcium layer is
deeper than the oxygen layer is consistent with Wang et al. (2003). This suggests that the
calcium seen in the data is not primordial but a product of stellar nucleosynthesis and that
the “onion” structure of the stellar interior is partially maintained. On the other hand we
also see significant disruption of this structure since the oxygen and calcium line-forming
regions were found to be spatially distinct from each other.

As a whole, the spectropolarimetric data reveal ejecta with significant axial symmetry
that remain stable for more than 2 weeks after maximum light, and a more spherical interior

uncovered by +43 days, whereas one might expect stronger axial symmetry towards the
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Figure 7.12: Polarisation data (uncorrected for ISP) of SN 1998bw (GRB/Ic-bl), SN 2003dh
(GRB/Ic-bl), SN 2006aj (XRF/Ic) and SN 2008D (Ib) compared to the data of SN 2014ad
binned to 45 Aat similar epochs. All epochs are given with respect to V-band maximum,
except SN 2003dh which is quoted with respect to the GRB detection date. The data of
SN 1998bw were binned to have errors < 0.1% (Patat et al., 2001).
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core in the case of a jet driven explosion. Compositional asymmetries are also present,
resulting from the partial disruption of the interior structure of the progenitor. Whether
these characteristics are consistent with a GRB driven explosion would require modelling,

which is beyond the scope of this paper.

7.5.2 Spectral modelling and photospheric velocity

In order to find values of the photospheric velocity and check our line identification, we
created synthetic spectra with SYN++ (see Section 7.3.2). Best results were obtained when
using Fe11, Nat1, Si1tr, O1 and CaTtr, but we also tried to fit our data using additional ions.
One of our attempts included magnesium, and although it helped suppress the ~7100 A
peak, it also weakened the Call emission making the fit to SN 2014ad less accurate. We
also tentatively added helium to the synthetic spectrum, in the hope that it may help fit the
double dip between the iron and silicon emission. This approach was unsuccessful, and we
believe that sodium is the most likely cause of that double dip, although in our fit (shown
in Figure 7.5) the Nar peak is slightly blue-shifted compared to our data. This may be
due to the limitations of a one-dimensional code, which does not account for asphericities
in the ejecta.

The photospheric velocities of SN 2014ad were obtained from model fitting and ranged
from —30,000 & 5,000 km s~ 'at —2 days to —10,000 & 2,000 km s 'at 66 days (see Figure
7.4). Modjaz et al. (2016) studied the spectral properties of 17 type Ic SN, 10 Ic-bl without
observed GRBs and 11 Ic-bl with GRBs, and reported their Fe 11 A\5169 absorption velocities
(used as proxy for the photospheric velocity), see their Figure 5. They also showed that
Ic-bl in a GRB/SN pair tend to have ejecta velocities ~ 6000 km s~ 'greater than for SNe
Ic-bl without GRB counterparts. Our values of the photospheric velocity for SN 2014ad fit
within the regime of the Ic-bl associated with GRBs. With a velocity reaching —30,000 +
5,000 km s 'at —2 days it even surpasses the average photospheric velocity of SNe Ic-bl
with GRBs at the same epoch by approximately —10,000 km s™*. Additionally, it is very
similar to the expansion velocity observed in SN 1998bw at maximum light (Iwamoto et al.,
1998). The ejecta velocities observed in SN 2014ad are therefore consistent with SNe that
have been associated with GRBs.

Irrespective of the way one measures velocities from the flux spectrum (e.g. line fitting,
absorption line minimum), the calculated values correspond to the projected velocities,
which may differ from velocities depending on viewing angle. In order to put constraints
on the estimates made with the 1D code we used to calculate the photospheric velocity,

we take as a limiting case that of a spheroid with axis ratio (0.72) given by the highest
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polarisation recorded for SN 2014ad in Section 7.3.3 (1.60 %; Hoflich 1991), and calculate
the velocity for a region of the photosphere at the pole of the oblate spheroid. The maximum
photospheric velocity obtained at —2 days was —21 750 4+ 3600 km s~', and decreased to
—13 775 4 3600 km s~ 'by 45 days, which are still within the SNe Ic-bl with GRB regime.

SYN++ assumes an infinitely narrow photosphere which does not overlap with the
line forming regions, and therefore does not account for electron scattering, as mentioned
in section 7.3.2. High levels of polarisation are however detected at early days, which
indicate the significant role played by electron scattering in the formation of the spectrum.

Consequently, our interpretation of just the flux spectrum using SYN++4 may be incomplete.

7.5.3 Metallicity

Modjaz et al. (2008), Levesque et al. (2010) and Graham & Fruchter (2015) — among others
— have compared the metallicity of the host galaxies of Ic-bl with and without GRBs. It
has been shown that SNe Ic-bl with GRBs tend to arise in galaxies with lower metallicity
than Ic-bl without GRBs, but that the two populations somewhat overlap.

We compared the oxygen abundance of the host galaxy of SN 2014ad to a sample of 32
SNe and GRBs listed in Table 7.3. They include three dark GRBs and 6 bursts for which
the presence of a SN in the afterglow could not be ruled out. We used the O3 N2 diagnostic
described by Pettini & Pagel (2004) as:

12 + log(O/H) = 8.73 — 0.32 X O3N2, (7.3)

where O3N2 = log [([O 1] A 5007 / HB) / ([N1] A 6583 / Ha )]. We derived the required
line fluxes from public spectroscopic X-shooter observations of SN 2014ad obtained on 22
May 2015 7, or 424 days after V-band maximum, in which no SN features are visible. The
exposure time was 900 seconds for the blue arm (2970 A to 5528 A) and 960 seconds
for the visible arm (5306 A to 10140 A). The data were reduced using the X-shooter
pipeline by Dr. Marvin Rose, and the combined spectrum can be seen in Figure 7.13. The
derived line fluxes are reported in Table 7.3. We calculated the metallicity of the host of
SN 2014ad using our own routine and recomputed oxygen abundances of the comparison
objects from values of the line fluxes reported in previous works for the Hg3 , [O111] A 5007,
Ho and [N11] A 6584 lines (see Modjaz et al. 2008; Graham & Fruchter 2015; and references
therein).

The line fluxes, calculated metallicities and absolute B-band magnitudes for the host

"Under programme 095.D-0608(A). PI: J.Sollerman
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Figure 7.13: X-shooter spectrum of the host environment of SN 2014ad obtained on 22
May 2015, 424 days after V-band maximum. The features identified correspond to the lines
used for metallicity calculations.

galaxies of our comparison objects and SN 2014ad are given in Table 7.3. It is crucial to
compare metallicities computed with the same diagnostic as different metallicity indicators
yield slightly different values. We therefore re-computed the oxygen abundance for all but
two (SN 2002bl and SN 2007qw) of our comparison SNe as we could not find values for the
line fluxes of HF, [O111] A5007, Hav and [N 11] A6584. We used our own routines and line
fluxes taken from the literature. Unfortunately a lot of the flux values reported did not
have errors. We assumed uncertainties of the order 10% of the nominal value of the flux,
which is consistent with Modjaz et al. (2008). It should be noted, however, that the main
source of error when calculating the O3N2 metallicity are the systematic errors (0.14 dex)
of this particular diagnostic (Pettini & Pagel, 2004).

The oxygen abundance of the host environment of SN 2014ad was found to be 12 +
log(O/H) = 8.24 +0.14 (~a third Solar and intermediate between the LMC and SMC),
which is comparable to both populations of Ic-bl with and without GRBs (see Table 7.3
and Figure 7.14).

7.5.4 Late time [O1] line profile

The shape of the [O1] line varies significantly from one SN to another, ranging from single
peaks to symmetric double peaks and asymmetric double peaks (Maeda et al., 2008; Mil-
isavljevic et al., 2010). In the case of SN 2014ad, the [O1] emission at +107 days mostly
resembles a flat-topped (from —1000 km s~ 'to 41000 km s~ ') single peak profile, as seen
in SN 1997dq (see Figure 7.15; Mazzali et al. 2004). Additionally, a secondary peak is
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Ic-bl and GRB Hosts HS [OIII] A5007 Ha [NII] A\6584 12 + log(O/H) Mp Spectrum
SN1997ef* 478 + 51 223 + 30 1730 £+ 170 581 + 62 8.68+ 0.14 -20.27 Flux!
SN2003jd* 229 + 24 342 + 36 752 + 76 98 + 11 8.39 4 0.14 -20.3' Flux!
SN2005kz* 656 + 12 115 + 17 1660 + 170 1300 + 130 8.94 + 0.14 -20.91 Flux!
SN2005nb* 376 + 45 455 + 52 1510 % 150 299 + 33 8.45+ 0.14 -21.31 Flux!
SN2005kr 8.20 + 0.83 24.3 + 2.4 28.4 + 2.8 2.41 + 0.26 8.24 + 0.14 -17.4% Flux!
SN2005ks 69.9 + 7.3 51.2 + 5.5 272 + 27 92.3 + 9.3 8.62 + 0.14 -19.21 Flux!
SN2006nx 6.9+ 1.1 20.9 + 2.2 33.1 £ 3.4 2.73 £ 0.51 8.23 7515 -18.91 Flux!
SN2006qk 43.7 £ 5.0 15.3 £ 2.6 230 + 23 86.2 + 8.8 8.74 7515 -17.91 Flux!
SN20071 28.7 + 2.9 57.2 & 7.1 119 + 13 20.0 + 3.2 8.39 7515 -16.91 Flux!
SN2002ap 1.285 0.212 6.007 1.812 8.81 4 0.14 -20.6" Hbeta?
SN2007ce 108.4 594.8 285.1 7.813 7.99 + 0.14 -17.69° Hbeta®
SN2008iu 117.1 745.2 255.1 43.25 8.23 £ 0.14 -16.59° Hbeta?
SN2009bb 37.36 17.56 155.3 51.59 8.68 =+ 0.14 -19.98° Flux®
SN2010ah 104.0 186.9 359.3 33.88 8.32 4 0.14 -17.223 Hbeta*
SN2010ay 271.6 905.0 837.2 67.20 8.21 + 0.14 -18.30° Flux®
SN2014ad 9.35 + 0.33  28.53 + 0.38  33.25 + 0.14 3.09 + 0.11 8.24 +0.14 -19.22 Flux
GRB980425,/1998bw 219.69 851.4 713.7 68.7 8.22 + 0.14 -18.09' Hbetal
GRB991208/ ... 3.493 5.848 17.04 0.852 8.24 4 0.14 -18.68" Flux”
GRB010921/... 9.518 29.65 40.11 1.858 8.15 + 0.14 -19.87' Flux”-8
GRBO11121/... 17.13 16.64 65.61 2.0 8.25 4 0.14 -19.75% Flux®
GRB020819B/Dark 3.0 £ 0.9 9.7 £0.7 14.5 + 1.2 2.7£1.7 8.34 T5-2¢ -19.61 Flux!0
GRB020903/unnamed 44.0 335.0 168.0 7.2 8.01 + 0.14 -19.341 Flux!!
GRB030329/2003dh 1 3.40 2.74 0.1 8.10 4 0.14 -16.521 Hbeta” 12
GRB031203/2003lw 1 6.36 2.82 0.15 8.07 + 0.14 -18.521 Hbeta!?
GRB050824/... 2.529 15.45 7.6 0.2797 8.02 4+ 0.14 -19.021 Flux!3
GRB050826/ ... 28.65 36.22 85.22 14.41 8.45 + 0.14 -20.28' Flux”
GRB051022/Dark 25.29 59.57 104.99 15.97 8.35 4 0.14 -21.23% EQW3
GRB060218,/2006a] 68.83 229.9 170.5 5.122 8.08 + 0.14 -15.921 Flux!'*
GRB060505/Dark 4.553 5.500 22.85 5.185 8.50 4+ 0.14 -19.383:15 Flux'®
GRBO70612A/... 36.60 41.01 152.0 1.520 8.07 + 0.14 -20.86 Flux”
GRB120422A /SN2012bz* 0.5 + 0.4 1.9 + 0.2 2.4 + 0.1 0.6 + 0.2 8351032 - 19.416 Flux!'6
SN2002b1* 8.65 + 0.317 -20.317

SN2007qw* 8.19 4+ 0.0117 -19.417

Table 7.3: Line fluxes, O3N2 metallicity (Pettini & Pagel, 2004) and B-band absolute
magnitude of the host environments of type Ic-bl SNe and GRBs. The SNe associated with
the GRBs are given when known, "Dark” indicates the absence of an optical counterpart,
and an ellipse ”...” is shown when a SN cannot be ruled out because the searches conducted
were not deep enough. The emission line measurements correspond to the values for the
centre of the host galaxy, unless the object is marked with an asterisk (*), in which case
they coincide with the host environment of the object within the host galaxy. The line
fluxes and equivalent widths are all in units of 1077 erg s™' ecm™2. When the values
found of the literature did not have associated errors, we assumed an uncertainty ~10%.
The last column indicates whether the values for a given object correspond to the flux
values, the equivalent width, or the flux value normalised with respect to Hf (Note that
the HS column of an Hf normalised flux might not be 1 or 100 if the galactic extinction
correction was applied to normalised values in the literature). The metallicity of SN 2002bl
and SN 2007qw are taken directly from (17). References: (1) Modjaz et al. (2008);
(2) Ferguson et al. (1998); (3) Graham & Fruchter (2013); (4) Sanders et al. (2012); (5)
Levesque et al. (2010); (6) SDSS-mpg; (7) Levesque et al. (2010); (8) Price et al. (2002); (9)
Garnavich et al. (2003); (10) Perley et al. (2017); (11) Hammer et al. (2006); (12) Sollerman
et al. (2005); (13) McGlynn et al. (2007); (14) Levesque et al. (2010); (15) Thone et al.
(2008); (16) Schulze et al. (2014); (17) Modjaz et al. (2011).
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noticeable at —3200 km s~

The flat top is characteristic of a spherical shell type structure (e.g. Ignace & Hendry
2000; Ignace & Brimeyer 2006; Maeda et al. 2008), however the presence of a blue-shifted
feature also indicates contribution from asymmetrically distributed oxygen (Milisavljevic
et al., 2010). Given the low velocity and mostly spherical characteristic of this oxygen
line-forming region, it must be separate from the line-forming region responsible for the
high velocity asymmetric O1 A\7774 seen at early days.

Additionally we used the [O1] line profile as a template to fit the Mg1] A4571 and the
[Ca11] AA7291,7824 lines also present in the spectrum at +107 days (see Figure 7.3). We
found that the FWHM of the feature centred on the Mg1] A4571 line is ~13,000 km/s, a
factor of 2 broader than the feature we identify as [O1]. Either this is due to blending of
lines or a significantly different distribution within the ejecta of the supernova. In other
supernovae (e.g. Spyromilio 1994) these features have had very similar profiles. The red
side of the calcium forbidden line is well fitted by the [O1] profile, however the blue side is

broader, also suggesting blending with other spectral features.

7.5.5 Schematic of SN 2014ad

From our interpretation of the spectropolarimetric and spectroscopic data of SN 2014ad we
produced a qualitative picture of the structure of the ejecta (see Figure 7.16). The dominant
axis present in the Stokes parameters at early days suggests a significant departure from
spherical symmetry, but with axial symmetry in the geometry of the outer ejecta. This
could translate as an ellipsoidal envelope, the minimum axis ratio of which (0.72) can
be constrained by the maximum degree of polarisation we recorded at the first epoch
(1.60%). Departures from axial symmetry were observed in the behaviour of oxygen and
calcium suggesting that these line-forming regions are made of large clumps whose angular
distribution changes with radius. Additionally, the behaviour of the oxygen and calcium
features in the ¢ — u planes reveals that the line-forming regions for the two species must
be distinct, and their temporal evolution indicates that the oxygen clumps have higher
velocities and dissipate before those of calcium. The decrease in the overall degree of
polarisation over time and the disappearance of polarisation features at later epochs suggest
that the asymmetries of the outer envelope are not replicated deeper in the ejecta. It is
important to note that since the Stokes parameters ¢ and u are quasi-vectors (i.e. the P.A.
ranges from 0°to 180°) the sketch exhibits an artificial degree of symmetry that may not
be representative of the actual structure of the ejecta.

Jet induced models have shown that the distribution of oxygen and calcium tends to
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Figure 7.16: Toy model of the ejecta of SN 2014ad. The dashed black line represents the
dominant axis. Note that the range of the P.A. (0°to 180°) results in an artificial degree of
symietry.

be limited to an equatorial torus (Khokhlov et al., 1999), however in SN 2014ad the line-
forming regions are distinct, which is inconsistent with these models. Additionally the Fe
blends in the early spectra SN 2014ad correspond to near zero levels of polarisation; Maund
et al. (2007b) associated the lack of iron polarisation with the absence of jets, as they argued
that one would expect to see such signatures if core material was brought up by a jet. Note
that this was a qualitative argument and not a theoretical constraint. Furthermore, Maund
et al. (2007b) used helium as a tracer for the asymmetric nickel distributions that excite
it (as helium is excited non-thermally in supernvoa ejecta), which could be caused by a
stalled jet in the envelope; unfortunately the lack of helium in SN 2014ad denies us any
information about the nickel. The decreasing level of polarisation over time is also difficult
to reconcile with the “choked” jet model proposed for SN 2005bf and SN 2008D (Maund
et al. 2007b, 2009). Those conclusions, however, were drawn on limited observations of

those SNe and serve to highlight the importance of multi-epoch spectropolarimetry.
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7.6 Conclusion

We report 7 epochs of spectropolarimetry for the Ic-bl SN 2014ad ranging from —2 days
to +66 days, as well as 8 epochs of spectroscopy from —2 days to +107 days. This is to
our knowledge the best spectropolarimetric data set available for a Ic-bl SN. A maximum
degree of polarisation of 1.60 +0.03 % was detected at —2 days, and the level of ISP was
found to be 0.15 £0.06%. A clear dominant axis in the g —u plots corresponding to the first
3 epochs was found with a P.A. ~20°, indicating significant axial symmetry. The decrease
in the overall level of polarisation over time and the disappearance of the dominant axis at
+33 days suggests that the inner ejecta are more spherical than the outer layers.

Polarisation features associated with O1 and Ca 11 show departures from the dominant
axis in the form of loops suggesting line-forming regions in the form of large clumps that are
asymmetrically distributed. Since the oxygen and calcium loops are oriented in different
directions the two line-forming regions must be distinct from each other, but both are mov-
ing very rapidly. Additionally, due to the separate temporal evolution of their polarisation
signatures (oxygen appears and disappears earlier than calcium) and different velocities
(oxygen is faster than calcium) we conclude that the calcium layer is deeper into the ejecta
than this oxygen layer. This means that the calcium we observe is not primordial but a
product of stellar nucleosynthesis and that the “onion” structure of the progenitor is at
least partially preserved.

At +107 days the [O1] line profile suggests the presence of a deeper oxygen line-forming
region in a near spherical shell, unlike the oxygen observed at earlier dates. This is consis-
tent with the decreasing levels of polarisation detected deeper in the ejecta.

Using X-shooter data at +424 days we calculated the metallicity of the host galaxy of
SN 2014ad and found it was rather low and consistent with the population of Ic-bl with
GRB counterparts. It should be noted that it is also close to the metallicity of the host
galaxy of two other Ic-bl without GRBs with similar B-band magnitude: SN 2006nx and
SN 2007qw. Because of the overlap in the two populations, the low metallicity of the host
environment of SN 2014ad is inconclusive.

It is not clear from the spectropolarimetric data of SN 2014ad whether the explosion
was driven by jets: the axial symmetry at early epochs is consistent with such scenario,
but the more spherical inner ejecta is more difficult to reconcile with the presence of a
jet. The high velocity oxygen and calcium line-forming regions follow directions that are
similar to that of the dominant axis, which would correlate with the direction of jets,
should they be present. Hydrodynamical simulations of asymmetrical explosions produced

by Maeda et al. (2002) to model SN 1998bw showed low-velocity oxygen being ejected in
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the equatorial plane, which is inconsistent with our picture of SN 2014ad. On the other
hand, fully jet-driven explosion models by Couch et al. (2011) revealed intermediate mass
elements being entrained by the outflow and as a result roughly following the direction of
the jets, which is consistent with the behaviour of the high velocity calcium and oxygen
in SN 2014ad. The potential outflow may not have fully broken out of the envelope and
produced a GRB, but could have been sufficiently powerful to accelerate the ejecta as fast
as 30,000 £ 5,000 km s~ 'and create the strong alignment observed in the ¢ —u planes until
18 days after V-band maximum. This scenario is consistent with the conclusions of Lazzati
et al. (2012), who showed that for an engine of short enough life time the jets may dissipate
through the envelope before reaching the surface, resulting in a relativistic SN explosion
but no GRB. It is, however, difficult to reconcile the case of “choked” jets with nearly
spherical ejecta, as observed in SN 2014ad. If SN 2014ad did have a GRB counterpart, it
may have been collimated away from our line of sight, and without radio observations we
cannot exclude or support this scenario with complete certainty.

In the following Chapter we will move away from SN spectropolarimetry and look at

potential progenitors of type Ic-bl.
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8.1 Introduction

Oxygen sequence WR stars, or WO stars, are a subset of helium deficient WR stars which
are expected to explode as Type Ic SNe (see Section 1.2.3). Additionally, they are very
close to core helium exhaustion (e.g Langer 2012), and are therefore the final evolutionary
phase before core collapse, with a timescale of only a few thousand years (Tramper et al.,
2015).

Some of these stars are expected to result in Ic-bl SNe, and potentially produce GRBs
via the collapsar model (see Section 1.2.1). One of the conditions for the successful creation
of a collapsar is sufficient angular momentum (j > 3 x 10'® ¢cm?/s — MacFadyen & Woosley
1999), and therefore searching for rapid rotation on WO stars could provide information
on their fate.

As described in Section 1.3.3, the presence of a line effect in WR stars can be used
to probe an asymmetric wind geometry. Evidence for such an effect has previously been
reported in Galactic, Small Magellanic Cloud (SMC) and Large Magellanic Cloud (LMC)
WN and WC stars, with amplitudes ranging from ~0.3 to ~1 percent, and with an inci-
dence of ~20 percent in the Milky Way and ~10 percent in the LMC (Harries et al., 1998;
Vink, 2007; Vink & Harries, 2017). The study of Vink & Harries (2017) included spec-
tropolarimetric observations for a binary WO star in the SMC but detected no line effect
in this object. Because WO stars are believed to be only a few thousand years away from
core collapse (Tramper et al., 2015), it is crucial to determine their rotational properties in
order to constrain explosion models of Type Ic-bl and GRB-SNe.

This chapter investigates WR93b (WO3, Drew et al. 2004) and WR102 (WO2, Tramper
et al. 2015), whose time to explosion are estimated to be ~9000 and 1500 years, respectively
(Tramper et al., 2015). They were selected on the basis that they are single Galactic WO
stars accessible from the Very Large Telescope (VLT) in Chile. This work was published
in Stevance et al. (2018).

8.2 Observations and Data Reduction

Spectropolarimetric observations of WR93b and WR102 (see Table 8.1) were conducted
under the ESO programme ID 079.D-0094(A) (P.I: P. Crowther). The data were collected
on 2007 May 02 with the VLT of the European Southern Observatory (ESO) using the Focal
Reducer and low-dispersion Spectrograph (FORS1) in the dual-beam spectropolarimeter
“PMOS” mode (Appenzeller et al., 1998). The 300V grism was used in combination with
a 17 slit, providing a spectral range 2748-9336A, and a resolution of 12A (as measured
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from the CuAr arc lamp calibration). No order sorting filter was used. Additionally,
the observations were taken under median seeing conditions of FWHM = 0.7”. Linear
spectropolarimetric data of the targets were obtained at 4 half-wave retarder plate angles:
0°, 22.5°, 45°and 67°. The data were reduced in the standard manner using IRAF and
FUSS following the description of Chapter 2. To improve the signal to noise ratio the
data were binned to 15A which, given the breadth of the emission lines (FWHM ~200 A),
would not prevent us from resolving any potential line effect. Intensity spectra of WR93b
and WR102 were retrieved by adding the flux spectra of each ordinary and extra-ordinary
ray. Since no spectrophotometric standard was observed, however, the flux spectra could
not be calibrated and Stokes I (in counts) are used throughout this chapter. Note that that
Stokes I for both targets is presented unbinned. Calibrated, de-reddened Xshooter spectra
of WR93b and WR102 ranging from 3000 to 25000A can be found in Tramper et al. (2015).

Table 8.1: VLT FORS1 Observations of WR93b and WR102.

Object Date Exp. Time Airmass
(UT) (s) (mean)
WRI3b 2007 May 02 48 x 150 1.12
WR102 2007 May 02 48 x 70 1.06
BD -12°5133 2007 May 02 8 x 12 1.14
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8.3 Polarisation of WR93b and WR102

8.3.1 Observational properties

The reduced spectropolarimetric data of WR93b and WR102 are presented in Figure 8.1.
Before commenting on the characteristics of the polarisation of the targets, it is worth
discussing specific spectral regions with noisy or spurious features: in WR93b, the degree
of polarisation (p) and polarisation angle (#) show greater levels of noise in the blue parts
of the spectrum, particularly below 4400A: in the data of WR102, a broad peak in the
degree of polarisation (~1 percent deviation) and polarisation angle (~8°deviation) is seen
between 7100 and 7600A. The latter feature cannot be a line effect as it is located in
a region of the spectrum that is devoid of strong lines, and although its origin remains
unknown, the investigations detailed in Section 8.3.2 clearly highlight its spurious nature.
Given these considerations, the analysis presented in the rest of this chapter was performed
without the spectral region below 4400A in WR93b, and the range 7100-7600A in WR102.

Excluding these wavelength ranges, the polarisation measured for the data of WR93b
and WR102 slowly rises up to an amplitude of ~4.5 percent and ~10 percent (respectively)
between 5000 and 6000A, and then decreases redward of the peak. Their polarisation angles
have distinct behaviours: WR93b exhibits a constant polarisation angle of § = 28.2 £ 0.5°,
whereas the polarisation angle of WR102 shows a downward trend which can be fit with a
line of the form # = —1.08 x 1073\ + 18.4 degrees. A non zero Af/AN can be explained
either by the superposition of intrinsic and interstellar polarisation (Coyne, 1974) or by
the presence in the line of sight of dust clouds with different particle sizes and alignments
(Coyne & Gehrels, 1966). The merit of these interpretations is discussed in Section 8.3.5.

8.3.2 T7300A feature in WR102

In Section 8.3.1 a prominent feature in WR102 spanning the wavelength range 7100-7600A
was highlighted. This peak was labelled as spurious and disregarded in the analysis. Here,
the steps taken in investigating the nature of this feature are detailed.

The first step was to explore whether the spike in polarisation is intrinsic to the data.
The fact that the feature is not associated with any strong line (as would be expected for
a line effect present in the WR star) is however inconsistent with this idea. Additionally,
plotting the polarisation calculated for each of the 12 sets of observations at 4 half-wave
retarder plate angles (see Figure 8.2), reveals that the shape and orientation (peak or
trough) is highly variable from set to set, and no one set is consistent with another. The

difference in instrumental polarisation corrections (A€, see Section 2.3.4) can be used to
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Figure 8.2: Superposed plots of the degree of polarisation (p), polarisation angle () and
instrumental signature correction difference (Ae€) as calculated for each of the 12 sets of 4
half-wave retarder plate angles of WR102.
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formally investigate the presence of spurious data in this region of the spectrum. As
previously mentioned, this property is expected to be 0 for polarisation signals < 20 percent,
and deviations indicate that the polarisation does not reflect a real signal. In Figure 8.2 it
is clearly visible that Ae is consistent with 0 across the spectrum but deviates significantly
in the wavelength range that coincides with the discrepancy.

As the possibility that this feature was intrinsic to WR102 was ruled out, further investi-
gation was required to understand its nature. The presence of a potential detector artefact
was explored by visually examining the 2D images, but none were found. Additionally,
the data reduction of the polarisation standard BD -12°5133 (observed immediately after
WR102) showed no inconsistencies from the expected signal, and none of the WR93b data
sets (observed before WR102) exhibited features such as that seen in WR102.

Finally, the calculation of the Stokes parameters from the ordinary and extra-ordinary

fluxes was performed as follows.

(i) Calculating g and u for each set of 4 half-wave retarder plate angles and computing

the average.!

(ii) Averaging the normalised flux differences for each half-wave retarder plate angle and

calculating ¢ and u.

(iii) Averaging the ordinary and extraordinary rays for each half-wave retarder plate angle

to then calculate the normalised flux differences and Stokes parameters.

As expected, all these methods yielded consistent results including a visible discrepant
feature around 7100 — 7600 A.

Ultimately, the origin of this feature was not unveiled, as it did not seem to be either
intrinsic to WR102 nor to be an issue with FORS1. However, since the rest of the data were

unaffected the analysis was carried out disregarding the affected region of the spectrum.

8.3.3 Interstellar Polarisation and limits on the line effect

The dust present in our Milky Way has a tendency to align along the magnetic field of the
Galaxy which causes the light that passes through these dusty regions to become polarised
(see Section 1.3.4). Both WR93b and WR102 are close to the Galactic plane and are
obscured by a large amount of dust, as is evidenced by the high reddening values reported
by Tramper et al. (2015): E(B — V) = 1.26 and E(B — V) = 1.94 mags for WR93b and
WR102, respectively. This results in high levels of ISP.

'Method normally used by FUSS
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In order to retrieve the signal intrinsic to the targets it would be ideal to quantify this
ISP and remove it. To tackle this problem, one approach is to look at nearby standard
stars that are intrinsically unpolarized, as any polarisation detected for these objects can
then be attributed to ISP. Unfortunately, the closest standard polarisation stars in the
Heiles (2000) catalogue were located over a degree away from our targets, making them
inadequate probes of the interstellar medium between us and WR93b and WR102.

In this context a precise estimate on the ISP in the direction of the targets is not possible,
however for the task at hand an absolute measure is not actually necessary. Indeed, as we
are looking for the presence of a line effect, such as that observed in Harries et al. (1998),
all that is needed is to investigate whether the polarisation associated with emission lines
shows any deviation from the observed continuum, which could be a blend of ISP and
intrinsic continuum polarisation. We can fit this underlying signal and remove it, to then
investigate whether the residual data are consistent with noise or if a line effect can be
detected.

To this end we can use our knowledge of the shape of the ISP in the Milky Way, which
is described by Serkowski’s law (Serkowski 1973 — see Eq. 1.10). We performed fits of the
degree of polarisation of WR93b and WR102 with punax, Amax and K as free parameters
using a non-linear least-squares optimiser (SciPy - Jones et al. 2017). The best fitting
parameters are summarised in Table 8.2 and the corresponding fits are shown in Figure
8.1. Should there be any intrinsic continuum polarisation, the shape of p(\) will remain
unchanged since polarisation arising from Thomson scattering (such as can be the case in
WR winds) has no wavelength dependence (see Section 1.3.2). Consequently a blend of
ISP and intrinsic continuum polarisation will still be described by Eq. 1.10, although the
values of ppax would differ from the ISP-only case. These fits can be subtracted to the
polarisation data observed for WR93b and WR102 to yield the residuals seen in Figure 8.1.
No evidence of a line effect is visible in either WR93b or WR102.

Table 8.2: Best fitting parameters of the Serkowski law fits to WR93b and WR102

Object Dmax Amax K
(percent) (A) —

WR93b 10.31 £ 0.01 5577 £ 18 1.25 £ 0.02

WR102 4.50 £ 0.01 5795 £ 15 1.30 £ 0.03

In order to place limits on the maximum amplitude a line effect could have while still
being undetected, we measure the standard deviation of the residual polarisation in the

wavelength ranges corresponding to strong line regions, see Table 8.3.



Table 8.3: 1o limits on the polarisation that could remain undetected in the signal associated with the strong emission lines
of WR93b and WR102. The intensity at peak relative to continuum I, as well as the derived upper limit on the intrinsic

continuum polarisation (see Section 8.3.4) are also given.

Line Wavelength Range 1o (percent) I, Py (percent)

WR93b

C1v A\5808 (5705 — 5920) 0.066 6.20 <0.077

Crv \7724 (7640 — 7840) 0.118 2.13 <0.173
WR102

C1v M659 + C1v \686 + He1r \4686 (4600 — 4775) 0.05 2.74 <0.068

O vI A5290 (5225 — 5360) 0.03 1.13 <0.057

O v A5590 (5510 — 5690) 0.035 0.79 <0.079

C1v A5808 (5705 — 5930) 0.05 1.15 <0.093

He1r A6560 + C1v A6560 (6380 — 6670) 0.06 0.69 <0.147

Crv \7724 (7640 — 7870) 0.11 1.95 <0.166
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8.3.4 Upper limit on the continuum polarisation

The line effect being searched for is caused by a dilution of intrinsic continuum polarisation
P.ont by the unpolarized line flux. Under the assumption that the flux of the emission lines
is completely unpolarized, the continuum polarisation is related to the amplitude of the
line effect (AP) and the peak intensity relative to the continuum (I,) by the relationship

given in Harries et al. (1998):
Iy +1

I

As already stated in Section 8.3.3, there is no indication of a line effect in the polarisation
data of WR93b and WR102, however it is possible to make use of the limits placed on
the amplitude of a potentially undetected line effect (see Table 8.3) and Eq. 8.1 to put

Pccmt = AP

(8.1)

constrains on the continuum polarisation in our targets. The measurements of I, for the
strong emission lines of WR93b and WR102 are given in Table 8.3. An upper limit on
the continuum that could remain undetected for each of these lines can then be estimated
by substituting into Eq. 8.1 the measured I, and the standard deviation value (in the
corresponding wavelength range) in place of AP. The resulting values of Py are given in
Table 8.3, and represent the maximum level of polarisation that could be left unseen for
each individual line. These upper limits on P, vary greatly from line to line, which is not
unexpected as the proxy for AP is the standard deviation measured for a residual signal
that is dominated by noise.

In order to select a final upper limit from the values calculated it should be noted
that, as previously mentioned, the continuum polarisation is not expected to be wavelength
dependent. This means that any amount of polarisation that goes undetected in one strong
line will also be present in every other line and potentially be detectable. As a results, the
effective 1o limits on the values of P..,; for WR93b and WR102 will be the lowest values
obtained from Eq. 8.1 and reported in Table 8.3, regardless of which line they were derived
for. Consequently, the upper limits on the continuum polarisation P of WR93b and
WR102 are 0.077 percent and 0.057 percent, respectively.

8.3.5 ISP and Serkowski fits

It is now clear that the continuum polarisation of WR102 and WR93b, should there be any,
is low ( < 0.077 and < 0.057 percent, respectively). This implies that the polarisation signal
detected is overwhelmingly dominated by ISP, and the fitting parameters (summarised in
Table 8.2) are representative of the ISP. Also, it is now reasonable to conclude that the

wavelength dependency of the polarisation angle of WR102 mentioned in Section 8.3.1 is
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likely caused by two dust clouds overlapping in our line of sight with different particle sizes
and grain orientation, rather than a superposition of ISP and continuum polarisation.

In the case of both WR93b and WR102, \,.x is found to be very close to the median
value of 0.545 um observed by Serkowski et al. (1975) in the Milky Way. Regarding K,
however, quantitatively comparing the present estimates to the value assumed by Serkowski
et al. is delicate since they provide no errors, and it is not clear which other values were
tested and ruled out. On the whole our values of K are close to the estimate of Serkowski
et al., and they are not statistically inconsistent with each other. Performing a three
parameter fit of the Serkowski law rather than assume K = 1.15 is an approach that
has been employed by multiple studies (e.g. Martin et al. 1999; Patat et al. 2015) and is
motivated by the fact that the best value of K can be highly variable from target to target,
even within the Milky Way (e.g. Martin et al. 1992).

Lastly, the Serkowski et al. study also reported the relation R ~5.5 X Apax (pm), which
can be used to estimate the total to selective extinction from our estimates of A ,«. Values
of R = 3.1 and R = 3.2 are found for WR93b and WR102, respectively. These values are
consistent with the estimates of Tramper et al. (2015) and standard interstellar medium

values.

8.4 Discussion

8.4.1 Rate of line effect in WR stars

In Section 8.3.3 upper limits on the amplitude of the line effect that could go undetected in
the polarisation data of WR93b and WR102 were derived (see Table 8.3). All of these limits
have an amplitude significantly smaller than the amplitudes of the line effect observed in
previous studies (<0.3 percent, e.g. see Harries et al. 1998; Vink 2007), consequently it
is safe to conclude that there is no line effect in either WR93b or WR102. Including the
studies of Harries et al. (1998), Vink (2007) and Vink & Harries (2017), a sample of 82
WR stars have been observed with spectropolarimetry: 54 WN stars, 25 WC, stars and 3
WO stars. This sample includes Galactic, LMC and SMC WR stars. Of these, 11 stars
showed a line effect: 9 WN stars, 2 WC star and no WO stars. The incidence of the line
effect on WR star populations in the Milky Way, SMC and LMC is summarised in Table
8.4; the errors quoted on the percentages are the 68 percentile of the binomial confidence
interval. Across all types, 13.4+2.6 percent of WR stars exhibit a line effect, however when
separated into sub-types we see that 16.6+£3.4 percent of WNs showed a line effect, whereas
only 84+3.7 percent of WCs and none of the WO stars did. It is important to note, however,
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that these values were obtained from data sets that are not uniform in quality, and should

therefore be considered with caution.

Table 8.4: Incidence of WR stars found to have a line effect as a percentage of number
of WR star observed. The error are 68 percentile binomial confidence intervals. For each
category N indicates the total number of stars in the sample. References: 1: Coyne et al.
(1988), 2:Whitney (1989), 3:Schulte-Ladbeck (1994), 4:Harries et al. (1998), 5: This work,
6: Vink (2007), 7: Vink & Harries (2017)

Location All types WN WC WO References
(%) N (%) N (%) N (%) N

Milky Way 19.4+4.8% 31 23.846.3% 21 12.548.0% 8 0+—% 2 12,345

LMC 10.3+3.3% 39 13.6+£5.0% 22 5.9+3.9% 17 - 0 6,7

SMC 83+54% 12 9.0+5.9% 11 - 0 0+—% 1 7

Total 13.4+2.6% 82 16.6+£3.4% 54  8£3.7% 25 0+—% 3

On the whole, it seems clear that younger WR stars (i.e. nitrogen sequence) shows a
higher rate of line effect, although the apparent statistical significance is subject to the
caveat mentioned above. This is in agreement with the study of Vink et al. (2011), who
pointed out the strong correlation between line-effect WR stars and the presence of ejecta
nebulae. The latter are the aftermath of a recent strong mass-loss episode undergone by
the stars during a red super giant or LBV phase, and are therefore associated with WR
sub-types in which hydrogen is present (i.e. late WN stars). This is consistent with the
idea that heavy mass loss also causes angular momentum loss, meaning that rapid rotation

can be dissipated as a WR star further evolves.

8.4.2 Rotational velocities of WR93b and WR102

Stellar rotation, if rapid enough, can have dramatic effects on surrounding winds, resulting
in flow trajectories that decrease the polar wind densities and increase wind densities at
the equator: this is known as the Wind Compressed Disk model (Bjorkman & Cassinelli,
1993; Owocki et al., 1994).

At smaller rotation speeds, mild departures from a spherical flow are expected to cause
Wind Compression Zones (WCZ — Ignace et al. 1996). This model can be used to investigate
the dependence of polarisation on stellar rotation speed, and therefore deduce rotational
velocity limits from the polarisation limits calculated.

The analytical derivation and development of this model was done by Professor Richard
Ignace, and are therefore omitted here. More details can be found in our publication
Stevance et al. (2018).
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Figure 8.3: Relation between polarisation and rotational velocity for WR93b (blue), and
WR102 (red). The dashed lines represents 1 ¢ limits. The polarisation limits derived
in Section 8.3.4 are marked by the open circles while the polarisation limits scaled by
< sini >? are represented by the star markers.
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The WCZ models provide a prediction of the net linear polarisation as a function of
Wrot = Vrot/Voo. Terminal wind speeds of 5000 km s~! are reported for both WR93b and
WRI102 (Tramper et al., 2015), and were used to obtain the solid lines shown on Figure 8.3.
Note that the curve is for a model that assumes the axisymmetric wind is viewed edge-on.
This configuration maximises the observed polarisation and therefore minimises the limit
placed on the rotation velocity. Although it is unlikely for either WR93b or WR102 to
be edge-on systems, it is also unlikely that either (or that both) would be observed near
pole-on. Therefore, in addition to considering the calculated polarisation limits (which
represent the edge on case), the polarisation limits found in Section 8.3.4 were scaled for
< sin?i >= 0.75 to represent the expected value of a star with random inclination. The
intersection of the polarisation limits and the upper limits on the curves of WR93b and
WR102 are indicated by the markers on Figure 8.3. The corresponding rotational velocities
are summarised in Table 8.5.

Table 8.5: Summary of the upper limits on the rotational velocities of WR93b and WR102

obtained for a 90°inclination and a random inclination, as well as the resulting limit on
Urot/Verit and specific angular momentum j = v, R

WR  Scaled p Urot Urot/UCrit lOg(])
(%) (kms™h) (%)  (cm?*/s)
1 = 90°
93b  <0.077 <324 <19 <18.0
102 <0.057 <234 <10 <17.6
< sing >
93b  <0.190 <457 <26 <18.1
102 <0.141 <327 <14 <17.7

It should be noted that the wind compression effect as considered here does not include
the role of additional rotational effects such as gravity darkening or oblateness. For the
case of fast rotating B stars, Cranmer & Owocki (1995) found that the inclusion of these
non-radial force components would weaken the wind compression effect, which would lead
to rotational velocity underestimates of 5-10 percent. Unfortunately no similar study exists
for the specific case of WR stars and such investigation is beyond the scope of this chapter,
however considering the B star case our upper limits on rotational velocities may be even
higher if other rotational effects could be taken into account.

Lastly, it is worth pointing out that our upper limits on the rotational velocity of WR102
are much lower than the rotational velocity of ~1000 km s~ inferred by Sander et al. (2012)
from studying the shape of the emission lines in the spectrum. The model used by Sander

et al. (2012) used a number of assumptions and physical stellar parameters that are not
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Table 8.6: Summary of the physical parameters of WR93b and WR102 and their calculated
critical velocities.

WR M, log(L,) R, Verit d
Mg Lo Re kms™? kpc

93b 7.17F 4.96+022 039700 1734TE 23+0.3

102 7.0°18 4.9540.17 0.23759% 22861528 2.6 +£0.2

consistent with the present study, which could explain the difference in values. Most notably
they assumed spherical symmetry and used physical parameters significantly different from
those adopted here. Additionally, assuming a rotational velocity of 1000 km s 'for WR102
would result in v /e = 44730 percent (see Section 8.4.3) which is much greater than
observed in Galactic WR stars that did show a line effect (Harries et al., 1998). These
factors suggest that v,y = 1000 km s 'may be an overestimate for WR102, warranting a

re-evaluation of the Sander et al. approach using parameters based on Gaia DR2 distance.

8.4.3  Upot/Verit and specific angular momentum j

In order to fairly compare the rotation of the targets to other WR stars it is useful to

consider the ratio vyet/verit- The values of v, can be calculated using

M.,
Verit = \/GR X (1 - Fe>7 (82)

where M, is the stellar mass, R, is the stellar radius, and I'. is the Eddington factor
(Langer, 1998). Both the Eddington factor and the stellar mass are functions of the stellar
luminosity (Schaerer & Maeder, 1992; Vink et al., 2015), thus v can be calculated from
the stellar luminosity (L) and the stellar radius R,. We find I', = 0.12 and 0.11 for WR93b
and WR102, respectively.

The recent DR2 data release of Gaia parallaxes (Luri et al., 2018) allowed new distances
to WR93b and WR102 to be calculated: 2.3 £0.3 kpc and 2.6 £0.2 kpc, respectively
(Rate et al. in prep). These estimates can be used to calculate updated values of stellar
parameters from the Tramper et al. values (see their table 4) which are summarised in
Table 8.6. The corresponding values of vy are found to be: wvey = 17 343‘112 km s tand
Verit = 2286:558 km s~ 'for WR93b and WR102, respectively. The resulting limits on the
values of vyt /v for a 90°and a random inclination are also summarised in Table 8.5.

Additionally, based on the calculated upper limits of v, for WR93b and WR102,

upper limits for their specific angular momentum (j) can be calculated and compared to
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the threshold of the collapsar scenario (j > 3 x 10'® ¢cm?/s — MacFadyen & Woosley 1999)
as well as other Galactic WR stars (Gréfener et al., 2012). The values of j calculated for
both targets for an inclination of 90°and a random inclination are summarised in Table 8.5.

It is found that both limits on v, /veiy and j are very similar to the values calculated
for Galactic WR stars showing a line effect (Harries et al., 1998; Grifener et al., 2012).
Note that the rotational velocities inferred for the WR stars in Harries et al. (1998) and
Gréfener et al. (2012) were calculated using spectroscopic and photometric variability,
which rely on fewer assumptions than the method employed here and are therefore more
robust. We can see that the limits placed on j for our WO stars exceed the threshold
for the collapsar model, and therefore cannot exclude WR93b and WR102 being LGRB
progenitors. However LGRBs are seen to prefer low metallicity environments (Graham &
Fruchter, 2013), making this scenario highly unlikely.

Finally, these results indicate that the absence of a line effect is not necessarily synony-
mous of insignificant rotation. When investigating the presence of rotation of WR stars
using spectropolarimetry, caution is therefore required when interpreting non detections as

the absence of a line effect is not a direct measure of the absence of rapid rotation.

8.5 Conclusions

This chapter presented FORS1 spectropolarimetric data of WR93b and WR102, which is
the first spectropolarimetric data set obtained for Galactic WO stars. The main results of

this work are:
1) No line effect is found for either WR93b and WR102.

2) Upper limits for continuum polarisation of P, < 0.077 percent and P,y < 0.057
percent were deduced for WR93b and WR102, respectively.

3) The corresponding upper limits on the rotational velocity for an edge-on case and
a velocity law § = 1 are v,y < 324 km sland vy < 234 km s’l, for WR93b and
WR102, respectively.

4) Upper limits on ;e /verie were found: <19 percent and <10 percent for WR93b and
WR102, respectively.

5) Lastly we calculated upper bounds for the specific angular momentum of WR93b
and WR102: log(j)<18.0 and log(j)<17.6 (cm?/s), respectively. These values do

not exclude the collapsar model and therefore it is not possible to constrain the
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fate of WR93b and WR102, although the preference of LGRBs for low-metallicity

environment makes this outcome highly unlikely.

The upper limits on v, /v and log(j) were found to be similar to values found for
Galactic WR stars showing a prominent line effect. Consequently this shows that the

absence of a line effect is not necessarily synonymous with the absence of rapid rotation.
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In this last chapter we summarise the work presented in this thesis, offer some general

remarks on our findings and briefly address future prospects.

9.1 Summary of the new supernova spectropolarimet-

ric data sets

For over 30 years now, spectropolarimetry has been a fantastic technique to probe to the
geometry of CCSNe. Spectropolarimetric observations, however, are challenging. Conse-
quently the number of multi-epoch spectropolarimetric data sets for CCSNe remains low:
only a dozen in the past three decades (see Table 1.1). The work presented in this thesis
includes multi-epoch data for three new SNe, therefore increasing this sample by 20 per-
cent. The type IIb SN 2008aq was observed at two epochs (416 days and +27 days after
explosion), while we obtained 7 epochs of spectropolarimetry for both the type IIb SN
2011hs (from —3 days to +40 days with respect to V band maximum) and the type Ic-bl
SN 2014ad (from —2 days to +66 days with respect to V band maximum). Furthermore,
the latter is to the best of our knowledge the most exhaustive data set obtained for a SN

of this type up to this point.

9.1.1 Type IIb SN 2008aq and SN 2011hs

In Chapter 3, we found that SN 2008aq exhibited a low degree of continuum polarisation
at the first epoch (p~0.2 percent). By the second epoch, the helium spectral features had
significantly strengthened, and the continuum polarisation had risen to (p~1.3 percent).
Additionally, the ¢ — u plots of SN 2008aq showed very little elongation at the first epoch,
but a clear dominant axis by +27 days after explosion. These results show a departure
from sphericity that increased significantly as the photosphere receded to the deeper part
of the ejecta into the helium layers. This is similar to the behaviour observed in SN 2001ig
(Maund et al., 2007).

On the ¢ — u plane, the spectropolarimetric line features of Ha and He 1A5876 develop
clear loops at +27 days. This demonstrates a departure from axial symmetry. Additionally,
while the loop of helium evolves clockwise on the g—u plot, the hydrogen loop shows an anti-
clockwise rotation. Consequently, the geometrical effects causing these loops are distinct
and reveal line-specific asymmetries. These could be caused by partial obscuration of an
ellipsoidal photosphere by clumpy line forming regions.

The case of SN 2011hs (see Chapter 4) was substantially different from that of SN
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2008aq. Significant continuum polarisation was detected at the first two epochs (p =
0.55+0.12 percent and p = 0.7540.11 percent at —3 and +2 days, respectively). As opposed
to SN 2008aq, whose polarisation increased to > 1 percent as helium lines strengthened, the
continuum polarisation of SN 2011hs decreased by ~0.25 percent +10 days after V-band
maximum, and further declined by +18 days. This is reminiscent of SN 2011dh, whose
continuum polarisation was ~0.45 percent at 11 and 6 days before V-band maximum, but
then decreased down to p < 0.2 percent by 48 days.

The continuum polarisation of SN 2011hs also showed a progressive rotation from epoch
2 to 4 (after which the continuum P.A. could not be evaluated precisely). This was inter-
preted as the presence of a third axis coming into play causing a break from bi-axial
geometry. The rotation of the continuum P.A. was followed by that of helium, hydro-
gen and calcium line features, indicating that global geometry significantly impacted the
line polarisation. One possible interpretation is the presence of an off-axis energy source
present deep within the ejecta at early days, below an ellipsoidal photosphere (which is
bi-axial). As the photosphere recedes, the off-axis energy source would become exposed
over time, causing the continuum and line polarisation to rotate. A correlation between
helium, hydrogen and continuum P.A. was also observed for SN 2011dh, and the preferred
interpretation of Mauerhan et al. (2015) was that of nickel plumes coming from the centre
of the ejecta. Asymmetric nickel distributions could also be the off-axis energy source we
refer to in the case of SN 2011hs.

Furthermore, the distinct evolution of the hydrogen, helium and calcium loops over
time in SN 2011hs indicates that line specific geometries are also a contributor to the line
polarisation, in addition to the effects of the global geometry. Anisotropic distributions of
the line forming regions causing partial occultation of the photosphere could therefore also
be present in SN 2011hs.

On the whole, these two data sets (i.e. SN 2008aq and SN 2011hs) exhibit very different
behaviours and reveal drastically different geometries. This brings further evidence that
the spectropolarimetry of type IIb SNe, and their geometry, can vary significantly on a

case by case basis.

9.1.2 Type Ic-bl SN 2014ad

In Chapter 7 we presented the spectropolarimetric data for the type Ic-bl SN 2014ad.
The spectropolarimetric line features were extremely broadened by the very high ejecta
velocities (~30,000km s 'at —2 days), making line identification difficult. We were also

not able to isolate a region of the spectrum devoid of strong lines to measure the continuum



Conclusions 173

polarisation.

Overall, the degree of polarisation is seen to go down over time, and the clear dominant
axis visible on the ¢ — u plots at the first epoch becomes significantly less prominent epoch
after epoch. Therefore, we can still conclude that the outer ejecta has significant global
elongation and becomes more spherical towards the centre. Additionally, the [O1] line at
107 days after V-band maximum shows a flat topped profile, centred on the rest wavelength
of the line, which is characteristic of the presence of a spherical oxygen shell in the deep
ejecta.

The evolution of the polarisation associated with oxygen and calcium on the ¢ — u plots
between —2 days and +18 days shows that they arise from very distinct geometries. This
suggests that the line forming regions are clumpy and anisotropically distributed at different
depths. Oxygen is seen to evolve earlier than calcium, when the photosphere probes parts
of the ejecta further out. Furthermore, the calculated oxygen velocities are higher than that
of calcium. We concluded that the ‘onion’ layer of the progenitor is partially conserved in
SN 2014ad, and that the calcium likely originated from nucleosynthesis.

Our spectropolarimetric analysis did not allow us to conclude whether SN 2014ad did or
did not have jets, although the distributions of the oxygen and calcium layers was consistent

with jet-driven explosion models of Couch et al. (2011).

9.2 The challenge of determining the ISP

Quantifying the ISP is a crucial step to retrieving the intrinsic polarisation of the object of
interest, and was very important to the analysis of the above studies. Over the past three
decades, and in this thesis, a number of methods have been used, most of them involving
the assumption that some part of the spectrum is completely depolarised.

Using the polarisation associated with the Ha emission component as a proxy for ISP is
a technique that was used in the case of SN 1993J by Trammell et al. (1993) and Tran et al.
(1997), and that we employed in Chapter 3 for SN 2008aq. Unfortunately, the assumption
of complete depolarisation in the Ha emission has previous been shown to not necessarily be
accurate (Tanaka et al., 2009). In the case of SN 2008aq, the ISP corrected data exhibited
very unexpected behaviours that were most likely the result of an inaccurate ISP estimate.
For this particular SN, the ISP was very low, and therefore it was possible to work with
ISP uncorrected data.

This is not always the case, however. In SN 2011hs, the SN polarisation features

were only revealed once the ISP had been removed. In such cases, being able to reliably
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determine the interstellar component is not only important, it is essential to being able to
perform a subsequent analysis. A number of methods were attempted to estimate the ISP
in the data of SN 2011hs. We tried to decompose the polarisation of strong emission lines to
separate the continuum polarisation from the line polarisation. Under the assumption that
intrinsic line polarisation is zero, the values found for its component would actually reveal
the ISP. Even if this assumption was completely valid, the method requires an estimate of
the continuum flux across a line, and this is extremely difficult to do accurately. In the
end, we were not able to obtain results from this technique.

Another approach is to consider the strong emission lines at late time. The decrease
in intrinsic continuum flux and polarisation at these dates rendered the assumption that
line polarisation equated to ISP more robust. This was successfully used in SN 2014ad
by averaging the stokes parameters in the strong emission line regions. In SN 2011hs, we
fitted a line through the data points associated with the strong emission lines to obtain
an ISP estimate. This was also satisfactory, although the errors on the fit were quite large
and propagated to the ISP corrected data.

The final method used to remove the ISP of SN 2011hs was to fit with a straight line the
spectropolarimetric data at the last epoch across the whole spectrum, using sigma clipping
to remove outliers. This is independent of any assumption on the emission lines, but only
works if the fitted data is taken at an epoch were the intrinsic SN polarisation is negligible
compared to that induced by the ISM.

One last approach mentioned in this thesis was the use of the spectral region affected
by line blanketing (blue parts of the spectrum ~5000A). This was used in SN 2014ad
successfully, but one major caveat to this method is that it cannot be used reliably if line
polarisation arises in this region of the spectrum (e.g. see SN 2008aq at +27 days and
Table 6.3).

On the whole, estimating the ISP is difficult. All methods rely on assumptions, and
they cannot be universally used without some degree of healthy scepticism. In some cases
were the ISP is low, like SN 2008aq or SN 2011dh, it is preferable not to attempt to remove
the ISP, since a wrong estimate can severely impact the data (see Chapter 3, Mauerhan
et al. 2015).
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9.3 To use or not to use a toy model: that is the

question

In order to further interpret the observed spectropolarimetry of SN and provide a more
detailed picture of their ejecta, models are required. Fully hydrostatic models with radiative
transfer are not yet available. Monte Carlo toy models have been used in the past by Maund
et al. (2010), and Reilly et al. (2016, 2017) as a way to provide insight on the geometries
resulting in the observed polarisation. Unfortunately, these models were used without
performing a full exploration of parameter space, and one of our main goals was to do this
methodically to understand the range of possible solutions to a given observation.

These toy models are two dimensional and work under a number of assumptions. An
ellipsoidal photosphere (surface of last scattering) is created by randomly generating photon
packets and attributing each of them a luminosity and a polarisation according to their
position. Some fine tuning is required for the polarisation of a photosphere with a given axis
ratio to reproduce the results of more exhaustive models such as those of Hoflich (1991).
The full set of formulae used can be found in Chapter 5.

Line polarisation in these models is only considered to arise from partial obscuration,
and therefore do not take into account the potential effects of global geometry on line
polarisation (see Section 1.3.2). Line forming regions are placed in front of the photosphere,
and are given a very high optical depth such that all the underlying photon packets are
removed from subsequent calculations. In our models we used one circular line forming
region, described by 3 parameters: its radius (r) and the Cartesian coordinates of its
centre (z, y). After applying our line forming region to our ellipsoidal photosphere we
averaged the Stokes parameters ¢ and u, and calculated the ratio of the flux after line
absorption to the total (i.e. continuum) flux. This could then be compared to the values
observed in the data. Note that the models of Reilly et al. (2016, 2017) included more
complex geometries. As a first approach, however, we focused on the most simple case
(a single circular absorption region), as one of our goals was to explore parameter space
methodically.

In order to do this, we used a grid-search approach and created look-up tables to
summarise the Stokes parameters and flux ratio simulated for each set of three parameters.
Observations could then be compared to these values. Because it would have been overly
time consuming to create a fine enough grid to provide 1o solutions to all our observations,
we first isolated the region of parameter space, including 30 solutions, and then ran more

models with a finer grid focused on that particular region of parameter space.
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We used our models on the helium, hydrogen and calcium data of SN 2011hs from —3
to +10 days (see Chapter 5). Although solutions were found for all the observables we at-
tempted to model, we also found a great number of degeneracies. Even more degeneracies
would occur if more parameters were considered. This is a concern for previous models
that did not fully explore parameter space whilst using more complex geometries. Addi-
tionally, we also found good solutions at +10 days, although our analysis of SN 2011hs in
Chapter 4 revealed that the global geometry was tri-axial rather than bi-axial, invalidat-
ing the assumption that the photosphere can be represented as a simple projected ellipse.
Consequently, this type of toy model can be misleading and should be used with great care,
if at all.

9.4 Spectropolarimetry of WO stars and progenitor
link

Spectropolarimetry has been used extensively to study the asymmetries of WR star winds.
The presence of a line effect (peaks or troughs associated with strong emission lines) has
been used as a proxy for rapid rotation, as a wind distorted by rapid rotation would yield
net continuum polarisation.

In Chapter 8, we studied for the first time the spectropolarimetry of two Galactic WO
stars: WR93b and WR102. WO stars in particular are candidate progenitors for type
Ic-bl SNe, and the collapsar model by which they are thought to create these SNe requires
enough angular momentum to power the central engine (MacFadyen & Woosley, 1999)

We found no line effect in either WR93b nor WR102. We used a Serkowski law fit to
the data to remove the contribution of the ISP and continuum, to help us place upper
limits on the detectability of the line effect. This in turn allowed us to derive upper limits
for the continuum polarisation of P,y < 0.077 percent and P, < 0.057 for WR93b and
WR102, respectively.

Using an analytical model by Richard Ignace (private communications), we then con-
strained the rotational velocity to v,y < 324 km sland v, < 234 km s’l7 for WR93b
and WR102, respectively. Note that this is for an edge-on case and a velocity law 5 = 1.
These values correspond to upper limits on vy /v of <19 percent and <10 percent for
WRI3b and WR102, respectively. Additionally, from the above rotational velocities we can
derive limits on the specific angular momentum of log(j)<18.0 and log(5)<17.6 (cm?/s),
for WR93b and WR102 respectively. These are not sufficient to exclude the possibility of
a collapsar event, and we could not further constrain the fate of WR93b and WR102.
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Lastly, the upper limits on v,o/verie and log(j) were found to be similar to values found
for Galactic WR stars showing a prominent line effect. Consequently this shows that the

absence of a line effect is not necessarily synonymous with the absence of rapid rotation.

9.5 Future work

In addition to the work summarised in the previous sections, we also provided a new
estimate of the ISP of SN 1993J and preliminary re-analysis of its spectropolarimetric
data (see Chapter 6). Further analysis is required and discussions are on-going with my
collaborators.

As mentioned previously, one of the main road-blocks to exhaustively interpreting SN
spectropolarimetry is the need for better modelling. 3D hydrostatic models with radiative
transfer that can reproduce both the polarisation and the flux spectra will be the key to
extracting more information from the spectropolarimetric data sets already in the literature,
and the ones to come in the future.

On the whole, the number of multi-epoch data sets available for CCSNe still remains
limited, now counting 15 objects. It would be beneficial to obtain time coverage at a higher
cadence as it would offer better depth resolution. Additionally, being able to follow up SNe
very soon after explosion will be made easier by initiatives such as the Zviky Transient
Factory and the Large Synoptic Survey Telescope. Currently, SN 2008ax is our earliest
sample, observed only 6 days after explosion.

The fact that we are now finding SNe at a greater rate than ever before, however,
will not necessarily result in a dramatic increase in the number of high-quality multi-epoch
spectropolarimetric data sets. Indeed, these observations remain very challenging, requiring
long exposure times, even on 8 meter class telescopes. Additionally, spectropolarimetric
analysis is difficult, particularly the ISP removal process. This will require a lot of human
input and is not easily automated. On the whole, although spectropolarimetry is a very
useful technique, the diversity seen in the currently available data shows that a much larger
sample will be required to find global trends within and across SN sub-types. This will be
challenging, and will require an observing and analysis strategy that is scalable to the new

era of Big Data Astronomy.
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Appendix A

Investigating the original reduction of
SN 2008aq

Unlike the data presented in Chapter 3, originally published data in Stevance et al. (2016)
were not reduced by myself using FUSS. Instead, the analysis was performed on polarisa-
tion that had been pre-reduced.

Ulteriorly, the raw data of SN 2008aq were reduced using FUSS, revealing a number
of discrepancies which brought me to investigate the original data further (details below).
The issues identified being minor, they do not affect the main conclusions of our paper,
however during the writing of this thesis I chose to move away from the original reduction

and to instead use my own; I motivate this choice in this appendix.

A.1 Discrepant values in 416 days data

The most visible difference between the original reduction and my own was the presence of
a peak in polarisation at +16 days associated with the Call infrared triplet in the original
data reduction that could not be reproduced. In order to investigate the nature of this
peak, one can look at the behaviour of the difference in instrumental signature correction
(A€ ), which is expected to be ~0 percent for small values of p (< 20 percent — see Section
2.3.4). Values of Aethat strongly deviate from zero indicate that the polarisation data
associated with these bins are not representative of a real signal. Consequently, comparing
the degree of polarisation from original and the new data reduction to their respective Aeis
a good way to check for discrepancies in both reductions.

Figure A.1 shows p (brown), Ae (blue) and the flux spectrum (grey) of SN 2008aq at

+16 days obtained from the original data reduction and the new one. Both data sets show
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Figure A.1: Comparison of the degree of polarisation (brown) and Ae (blue) of the original
and new data reduction of SN 2008aq. The flux spectrum is shown in grey for reference. A
non-zero Aeindicates that the polarisation data is not representative of a real signal. The
shaded region highlights the absorption feature of the calcium infrared triplet.

increased noise in the red part of the spectrum which is expected. The new reduction
exhibits a few strong outliers in p at 7630, 8005, 8350, and 8410 A, which are matched
by spikes in Ae. Apart from these points, the degree of polarisation is quite flat (albeit
noisy) across the calcium triplet feature. However, the original reduction does seem to
show a polarisation feature (brown) across the absorption feature of Ca1r. Unfortunately,
this feature is matched closely by a departure from zero in Ae (blue).

Therefore we must conclude that the calcium feature initially reported in Stevance et al.
(2016) with an amplitude of 1.5£0.6 percent is not real, or at least not as pronounced as

previously thought.
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A.2 Errors on the degree of polarisation in the origi-

nal reduction

Additionally, in the original reduction the errors on the degree of polarisation were in-
consistent with the errors on the Stokes parameters (i.e parsing Ag and Au in Equation
Equation 1.8 did not reproduce the reported Ap).

To investigate this discrepancy, I recalculated p and the associated errors from the
Stokes parameters in the original reduction (using Equation 1.8) and compared it to the
values of p and Ap reported in the original polarisation data. The errors on p as calculated
directly from the Stokes parameters are much grater (~15 times) than the original errors
on p.

To understand where such a difference could originate from, I attempted to reproduce
the reported errors on p by modifying Equation 1.8. Being told that the issue arose from a
missing factor of p in the denominator of Equation 1.8 (Maund, private correspondence), I

tested two modifications of Equation 1.8:

Ap =/ (¢Aq)* + (uAu)? (A1)

Ap = /(1) % (qBa) + (ubu. (A2)

The calculations were performed with the original values of ¢ and u, as well as their
errors Ag and Auw, as they would have been used to calculated the original values of p and
Ap. Figure A.2, shows the residuals obtained from subtracting the original values of Ap at
epoch 1 to the attempted reproductions.

It is clear that the residuals when comparing the original errors on p to the ones cal-
culated from Equation A.2 divided by 10 (blue) are null. Qualitatively, the average of
the residuals is found to be 2.19x107® percent which is consistent with python round-
ing errors. A similar result is found when performing the same procedure on the data at
the second epoch. Consequently, it must be concluded that the original errors on p were
underestimated by a factor of 10,/p
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Figure A.2: Residuals when comparing recalculated errors on p and originally reported
values of Ap. The black line shows the residuals for the recalculated Ap using Equation
1.8, the red line shows the residuals for errors calculated using Equation A.2, the brown
line shows the residuals for errors on p calculated using Equation A.1 and, lastly, the blue
line shows the residuals when comparing the originally reported errors to a reproduction
using Equation A.2 and a missing factor of 10.



Appendix B

List of Publications

This is a list of publications resulting from the work I did during my PhD or to which I
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