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Dust formation in the type IIn supernova 2014ab

Abstract

Core collapse supernovae (CCSNe) are known to form solids, so called dust grains, out
of the elements they produce. However, the exact mechanism, timescales and quanti-
ties of this dust formation remain uncertain.

Type IIn supernovae (SNe) are suggested as playing an important role in this dust pro-
duction due to the dense material surrounding the star prior to explosion, known as
the circumstellar material (CSM).

In this thesis, I present my analysis of the type IIn supernova (SN) 2014ab using VLT /X-
shooter spectra. Analysis of the spectra show three typical signatures of dust: 1) excess
emission at near infrared (NIR) wavelengths due to thermal emission of the dust grains,
2) a blue shift of the peak of prominent emission lines, together with 3) an increasing
asymmetry of the emission lines due to extinction from the dust grains.

From analysis of prominent hydrogen emission lines I quantify the dust extinction and
find that the extinction is both time and wavelength dependent, which points to on-
going dust formation in SN 2014ab. Using a two component model consisting of one
black body function and one modified black body function fit to the entire spectrum
of each epoch, I show that there is NIR excess emission in all epochs. I find a dust
temperature and mass of Tyus ~ 1400 K and Mgy ~ 2.5 - 10*M, assuming graphite
grains with a grain size of 0.1 micron. Assuming silicate grains, the dust temperature is
slightly higher with Ty, ~ 1500 K, and the dust mass is about a factor 10 larger than
when assuming graphite grains. Assuming larger grains of about 1 micron, the dust
temperature is larger and the dust mass smaller for both species.

Finally, I discuss whether my obtained results are due to pre-existing dust or ongoing
dust formation, where the dust is located and how these results compare to similar SNe.
I find that there is less extinction than observed in other type IIn SNe such as SN 201051,
and I find that for SN 2014ab, the spectral signatures are more likely due to ongoing,

newly forming dust than due to pre-existing dust.
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Chapter 1

Introduction

Interstellar dust is an important component of our galaxy and important to take into
account when we observe the Universe. It obscures most regions in visual and ultra-
violet wavelengths, and reradiates the energy in near to far infrared (IR) wavelengths,
thereby also providing a large part (~ 30%) of the luminosity of the Milky Way (MW).
Dust is also crucial for the formation of stars and further controls the temperature of
the interstellar medium (ISM) by providing cooling as well as heating through elec-
trons ejected from the grains. (Sluder and Milosavljevi¢, 2018, Sarangi, Matsuura, and
Micelotta, 2018).

However, current theories for dust formation are not sufficient to explain the amount of
dust formed in various environments. Dust discovered at very high redshifts indicate
that a fast and efficient dust production mechanism is needed. At these redshifts (z >
6) large amounts of dust (> 108 M) have been detected in sub-millimeter galaxies and
quasars. Only stars of relatively high mass (> 3 M) are sufficiently short-lived to be
potential dust sources (Gall, Hjorth, and Andersen, 2011). One of the possible sources
of dust are CCSNe due to their short lifetimes and large production of metals (Gall and
Hjorth, 2018). There is especially growing evidence for dust formation in type IIn SNe
due to their dense and hydrogen rich CSM (Gall et al., 2014, Smith and Andrews, 2020).
However, observations of nearby CCSNe reveal lower amounts of dust than those
found by theoretical models (Gall, Hjorth, and Andersen, 2011).
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1.1 Core-Collapse Supernovae

The evolution of stars, and how they end their lives, depends on their mass. Stars with
a mass of < 8M., shed most of their hydrogen envelope in the form of a planetary neb-
ula during the helium burning phase. The burned out core then settles and becomes a
white dwarf. However, more massive stars (> 8M:) do not pass through a planetary

nebula phase and instead die in CCSN explosions.

The core of these massive stars get increasingly hotter during its aging process, igniting
various stages of thermonuclear fusion. This continues until the core is converted into
iron, at which point the thermonuclear fusion can no longer provide energy. The core
then rapidly contracts and heats to around 5 - 10° K in a very short time span, within a
tenth of a second.

The very hot core emits gamma-ray photons with such large energies that they cause
photodisintegration of the iron nuclei that they collide with, breaking them down to
smaller helium nuclei. This causes the core to become so dense that its negatively
charged electrons are forced to combine with its positively charged protons, creating
electrically neutral neutrons. When the density of the core exceeds the nuclear density,
the contraction seizes and the innermost part of the core bounces back and expands.
This bounce creates a pressure wave outward towards the outer parts of the core.
During this process, the cooling of the core has caused the pressure outside of the core
to decrease extensively, thus causing the material in this region to succumb to gravity
and fall inwards. This material now encounters the outward moving pressure wave
causing it to move outwards again. This wave reaches speeds greater than the speed of
sound in the outer layers, thus becoming a shock wave.

Within a matter of a few hours, the shock wave reaches the surface of the star, by which
time the outer layers of the star have started to lift off from the core. These outer layers
have thinned sufficiently to allow a portion of the energy from the shock wave to es-

cape as light, the star has thus become a SN. (Freedman, 2014)

A SN can also form without the collapse of the core of a massive star, therefore the
above described SN is defined as a CCSN.
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1.1.1 CCSN Sub-types

SNe are classified based on their explosion mechanism and the elements present in
their spectra (Fig. [1.1). Type Il SNe are defined by the presence of hydrogen lines in the
spectra, while type I SNe are defined through their absence.

CCSNe of type I are divided into 2 subtypes; type Ib which is produced by core collapse
in a massive star that lost the hydrogen from its outer layers but still contains helium,
and type Ic which is produced by core collapse from a massive star that lost both the

hydrogen and helium from its outer layers (Freedman, 2014).

Sh
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Figure 1.1: Family tree of the SN types and subtypes (Médolo, Guimaraes,
and Rosa, 2015)

SNe of type II occur from the death of highly evolved massive stars that still contain
an abundance of hydrogen in their atmosphere at the time of the explosion. These hy-
drogen atoms get excited during the explosion and thus produce prominent hydrogen
emission lines visible in the spectra (Freedman, 2014).

These are again divided into subtypes, named after the features of their spectra. Most

prominent are:
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¢ IIP: Where the P stands for plateau. These have a distinct plateau in their spectra
(typically with a length of 50-100 days) which comes from the recombination of
hydrogen.

¢ IIL: Where the L stands for linear. These have a more linear decline with possibly

a smaller (<50 days), less distinct plateau.

¢ IIn: Where the n stands for narrow. These have very narrow emission lines (with

widths of a few 100 km s~!) coming from the unshocked CSM.

The CCSN subtypes can be roughly aligned in order of increasing progenitor mass and
mass loss. However this is not due to a one-to-one correspondence between progenitor
mass and spectral type, but more likely due to increasing mass-loss of the hydrogen
envelope (for Type II SNe) and subsequent stripping of the helium envelope (Type I
SNe) of the progenitors (Gall, Hjorth, and Andersen, 2011).

1.1.2 Type IIn SNe

SNe of type IIn are observed when the star has a shell of dense material surrounding it,
known as CSM. This shell appears due to rapid and intense mass loss of the progenitor
star before the SN explosion (Smith and Andrews, 2020).

Luminous Blue Variable (LBV) stars have been suggested as possible progenitors to
these SNe as they are some of the only observed stars with the high wind densities re-
quired for this rapid mass loss (Smith, |2016). These stars are dominated by relatively
short-lived phases of eruptive mass loss, where the star may shed large amounts of
mass in a single event lasting only a few years. While some low-luminosity IIn SNe
could be created by the dense and slow winds of other star types (like the most extreme
Red Super Giants (RSGs) and yellow hypergiants), many observed IIn SNe are consis-
tent with CSM that has been created by the eruptive mass loss of LBVs (Smith, 2017).

An important feature of type IIn SNe is the cold dense shell (CDS), which is the con-
tact discontinuity between the shocked CSM and shocked ejecta where material cools,
mixes via Rayleigh-Taylor instabilities, and piles up (Smith, 2016), see Fig.

The high density allows for efficient and rapid cooling, possibly to temperatures low
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enough to allow for dust formation. The rapid cooling and high density can trigger
early dust formation in the CDS (Gall, Hjorth, and Andersen, 2011).

Basic Picture - Type IIn or Ibn

CSM
neutral or ionized
10-500 km/s
M >0.01 Ma/yr

< By

swept-up post-shock
shell (FS/RS/CDS)
1000-3000 km/s
R =few 100AU FS
(dust formation?)
several Mg

RS

g

cold dense shell

Figure 1.2: This figure illustrates the basic picture of type IIn SNe. The 4
main components are: (1) the pre-shock CSM, (2) the shocked CSM, (3) the
shocked SN ejecta, and (4) the freely expanding SN ejecta. These zones are
divided by the forward shock, the reverse shock and the CDS (Smith, .

The most prominent emission lines typically exhibit multiple velocity components oc-
curring from these different areas of the SN; a narrow component (full width at half
maximum (FWHM) of a few hundred km s~!), an intermediate component (FWHM of
a few hundred to few thousand km sfl) and a broad component (FWHM ~ 5000-10,000
kms™ L

These components occur due to different processes, a combination of SN emission
and interaction with the CSM. The narrow velocity component is produced by the un-
shocked CSM, whereas the intermediate and broad velocity components are produced
by shocked, high-velocity SN ejecta, the intermediate being the result of the collision of

the ejecta with the CSM (Gall et al., 2014, Sarangi, Matsuura, and Micelotta, 2018).
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1.2 Dust

Dust is formed by a series of chemical reactions where atoms/molecules from the gas
phase combine into clusters that accumulate to larger and larger sizes, typically with
sizes in the range of 0.001 — 0.25um for the MW (Mathis, Rumpl, and Nordsieck, |1977).
Larger grains have been inferred from observation of SNe, for instance SN 2010jl where
sizes up to 5 ym were found (Gall et al., 2014). The formation and growth of these dust
grains thus depends on the elemental compositions of the gas phase (Gall, Hjorth, and
Andersen, 2011).

Although dust only makes up ~ 1% of the mass in the ISM, it is important to consider
as it diminishes radiation for shorter wavelengths, can serve as a tracer of physical con-
ditions and plays a vital role in creating structure in the Universe. The surfaces of dust
grains act as chemical factories and as catalysts, creating molecules, such as H (Sluder
and Milosavljevi¢, 2018, Wakelam et al., 2017).

In theory, the process of dust formation is described by two steps, the condensation of
seed clusters from the gas phase and the subsequent growth to macroscopic dust grains
of certain sizes and species.

The resulting dust species depends on the environment in which it is formed with pre-
dominantly either carbonaceous dust or silicates forming.

Carbonaceous dust consists mainly of carbon, with an appearance depending on the
types of carbon hybrid orbitals. Other dust grains that form in carbon rich environ-
ments are the silicates, categorized as either amorphous silicates or crystalline silicates

depending on their structure (Gall, Hjorth, and Andersen, 2011, Henning, 2010).

1.2.1 Supernova Dust

The discrepancy between observationally and theoretically determined dust yields has
provoked a reconsideration of SN dust formation theories, and models including dust
destruction have been developed. Some models demonstrate that dust grains can be
effectively destroyed in a reverse shock on timescales up to ~ 10* years after the SN
explosion (Bianchi and Schneider, 2007), however they are unable to explain the low
observed dust masses at earlier epochs (Gall, Hjorth, and Andersen, 2011).

Other theoretical models predict that dust masses of order 10~! — 1M, can form within
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the first 600-1000 days (Todini and Ferrara, 2001, Nozawa et al.,2003). However, on av-
erage 10~*M,, of relatively hot gas has been reported from observations of supernova
remnants (SNR) at early epochs, while large amounts of cold dust (< 50 K) have been
claimed in SNRs.

The theoretical models for SN dust formation are complicated by various complex pro-
cesses that are not well understood, such as the SN explosion mechanism and subse-
quent expansion. As such, the amount and type of dust formed depends strongly on
the assumptions made in the models (Gall, Hjorth, and Andersen, 2011).

Regardless of SN type or progenitor mass, only hot dust at low amounts, > 3-107>M,
is present at early epochs. At late epochs a large range of dust masses have been re-
ported. One hypothesis is that, with time, dust grains grow to increasingly larger sizes,
thus increasing the total amount of dust. However, another hypothesis points to the
instrumental bias of only detecting hot dust at early epochs. At these epochs no ob-
servations sensitive to cold dust have been accomplished. So we cannot rule out the
presence of cold dust at early epochs (Dwek et al., 2021).

Independent of the epoch of observations the amount of cold dust is significantly larger
than hot dust, thus possibly yielding lower reported dust masses (Gall, Hjorth, and An-
dersen, [2011).

In SNe, dust forms in the freely expanding ejecta where the temperatures are low
enough for formation. Here the ejecta is rapidly expanding, achieving decreasing densi-
ties, which poses a problem for dust formation since this requires high densities. Even
if dust forms in the ejecta, it might get destroyed when it crosses the reverse shock.
Though, as explained in section in type IIn SNe evidence suggests that dust can
rapidly form in the extremely dense, post-shock cooling layers (zones 2 and 3 in Fig.
[1.2). As this dust is formed behind the forward shock it stands a better chance of sur-
viving and moving into the ISM (Smith, 2016).

In order to discover ongoing dust formation in SNe there are three common observa-
tional signatures one can examine: 1) a faster decline in the optical light curve (LC), 2)
an increasing excess emission at IR wavelengths from thermal emission of dust grains
and 3) an increasing and wavelength dependent blue shift of the peak of prominent
emission lines, together with an increasing asymmetry of the emission lines due to ex-

tinction from the dust grains (Sarangi, Matsuura, and Micelotta, 2018).



Chapter 2

My Thesis Work

The purpose of this thesis is to quantify early dust formation in SN 2014ab. This will
add to the growing observational evidence that dust is indeed forming in CCSNe and

that it can form even at early epochs in type IIn SNe.

In the following chapters I examine five VLT /X-shooter spectra of the type IIn SN
2014ab in order to quantify the three observational signatures described in section[1.2.1}
My aim is to determine if and when dust has formed in the SN as well as quantifying
the amount formed.

I will then compare my results to those found by Gall et al., 2014 with the SN 2010jl,
Smith and Andrews, 2020 with the SN 2017hcc and the previous work done on SN
2014ab by Moriya et al., 2020. Lastly, I will discuss the implications of my results.

2.1 SN 2014ab: Discovery and Characteristics

SN 2014ab was first discovered by the Catalina Real-time Transient Survey (CRTS) in
an image taken by the Catalina Sky Survey (CSS) on March 9.43 UT (JD-2456725.93).
It was determined to be a transient with an apparent magnitude of 16.4 situated 1”5
north of its host galaxy MCG +01-35-037 at coordinates (J2000.0): RA = 13h45m05s.99
and Dec = +07deg23'16"40 (see Fig. 2.1).
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On March 10.25 UT, a NIR spectrum was obtained by CSP-II, using the Folded-port
Infrared Echellette (FIRE) spectrograph, which is attached to the Magellan Baade 6.5m
Telescope located at Las Campanas Observatory (LCO).

The spectra revealed that the transient was a type IIn SN and it was then given the
International Astronomical Union (IAU) designation of SN 2014ab. This classification
was confirmed by the Public ESO Spectroscopic Survey for Transient Objects (PESSTO)
by a visual spectrum taken with the New Technology Telescope located at the ESO La
Silla Paranal Observatory (Moriya et al.,[2020).

7°27

24

21

Declination ()J2000)

18§

13h48m24s 12s 00s 47m4aBs

Right Ascension (J2000)

Figure 2.1: Finding chart constructed using a single r-band image obtained
on 03 March 2014 with the Swope 1.0m telescope. The position of SN 2014ab
is indicated with a dotted circle and the approximate area contained within
the circle is shown in the upper right inset. Optical and NIR local sequence
stars are indicated with yellow and red circles, respectively (Moriya et al.,

2020).

In the NASA Extragalactic Database (NEDﬂ the redshift of the host galaxy MCG +01-
35-037, is given by z = 0.02352.

Ihttps://ned.ipac.caltech.edu/
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By examining a number of prominent, narrow emission lines of the spectra obtained
with the X-shooter from the ESO La Silla Paranal Observatory’s Very Large Telescope
(VLT), I determined the redshift of SN 2014ab to be z = 0.022569 + 0.000068 (see section
4.T). This value is in agreement with that of Moriya et al., 2020/ who found a value of
z = 0.02262 £ 0.00001. By assuming Hy = 70 km s~! and Qp = 0.27, this redshift
corresponds to a luminosity distance of 98.332982 Mpc.

In NED, the MW visual-band extinction in the direction of SN 2014ab is reported to
be AMW = 0.083 mag, assuming a Fitzpatrick reddening law with Ry = 3.1. The spec-
tra were dereddened for MW extinction before analysis. In the following it is assumed

that SN 2014ab suffers from minimal to no host-galaxy reddening.

2.2 Previous Work on SN 2014ab

This SN has previously been documented by Moriya et al., 2020 and I will here briefly

bring their main results and conclusions in regards to dust formation.

Moriya et al.,[2020| use the broad-band optical through mid-infrared (MIR) photometry
to construct spectral energy distributions (SEDs) for each observed epoch. These are
then fitted with black body (BB) functions in order to estimate the temperature, radius
and luminosity profiles associated with the underlying emission regions. From this,
the temperature at early epochs is determined to be ~ 8000 K. In the later epochs, from
360 d and onward, Moriya et al., 2020 find that there is an excess of MIR flux present
in the spectra, and those epochs are therefore fitted with an additional BB component.
The second component yields a temperature of ~ 2000 K, close to the dust evaporation
temperature.

From examining the LC of SN 2014ab (found by integrating the BB fits) the warm com-
ponent (2000 K) appears to dominate over the hot (8000 K) by 360 d. Moriya et al.,[2020
suggest that the warm component is related to dust reprocessing of shorter wavelength

to longer wavelength photons.

Next the spectroscopic data is examined, which will be the main focus of my thesis.

10
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Moriya et al., 2020|find the narrow line components consistent with type IIn SNe char-
acteristics, as well as the broad components of the hydrogen lines. These are then fitted
with Lorentzian functions, giving a FWHM from Ha of 3500 km s~! and a blueshift of
the peak of -500 km s~ (see Fig. . However, Moriya et al., 2020| conclude that this
blueshift is not time or wavelength dependent as one would expect for ongoing dust

formation.
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Figure 2.2: Time-evolution of the narrow and broad component Ha profiles

as found by Moriya et al.,|2020.
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Even though the IR excess points to the existence of warm dust, since the time (or
wavelength) dependence of the blueshifted peak is not observed, this cannot be due to
ongoing dust formation. Moriya et al., 2020 instead explain the blueshift as due to the
acceleration of the unshocked CSM by precursor photons.

Moriya et al., 2020 conclude that since SN 2014ab lacks observational features of ongo-
ing dust formation, it indicates that the dust associated with the IR excess is not formed
within the CDS, where the emission lines are formed during the early phase observa-
tions. Instead, it may originate from pre-existing dust located within the dense CSM
that is heated by the SN shock or shock driven radiation.

12



Chapter 3

Data

Ten epochs of two-channel MIR imaging were taken of SN 2014ab by the Wide-field
Infrared Survey Explorer (WISE) satellite, including W1-band measurements at 3.4 ym
and W2-band measurements at 4.6um. The first detection is at JD-2456671.59, 56 days
before the first optical discovery. This photometry has been previously presented by
Jiang et al., 2019|and further explored by Moriya et al.,[2020.

Broad-band optical and NIR imaging was obtained by the CSP-II with facilities located
at LCO. Twenty-two epochs of optical imaging was taken with the Henrietta Swope
1m telescope equipped with a direct optical camera containing an e2V CCD, while five
epochs of NIR images were taken with the Irénée du Pont 2.5m telescope equipped
with RetroCam.

The optical photometry extends from +56d to +485d, relative to the first WISE detec-
tion, with a gap between +140d and +360d when the SN was located behind the Sun.
The NIR photometry is more limited, ranging from +56d to +121d.

Eleven epochs of optical and NIR spectra of SN 2014ab were taken by a number of
different telescopes. The CSP-II obtained a single visual-wavelength spectrum with the
du Pont telescope equipped with the Wide Field Re-imaging CCD Camera (WFCCD),
and four epochs of NIR spectra with the Magellan Baade telescope equipped with the
FIRE spectrograph. A single NTT spectrum was reported by PESSTO and lastly five
epochs of optical/NIR spectra were obtained from the VLT equipped with X-shooter.

13
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This thesis will focus on spectra from the X-shooter.

An overview of the spectroscopic observations from X-shooter can be found in Table

B.1

Date (UT)  Modified Julian Date Epoch Telescope Instrument Range

(MDJ) (days) (A)
23 Mar 2014 56739.23 68 VLT X-shooter  3050-24790
24 Apr 2014 56771.17 100 VLT X-shooter  3050-24790
24 Jun 2014 56832.05 160 VLT X-shooter  3050-24790
29 Jun 2014 56837.98 166 VLT X-shooter  3050-24790
19 Jul 2014 56857.99 186 VLT X-shooter  3050-24790

Table 3.1: Spectroscopic observations of SN 2014ab taken with the VLT /X-
shooter. Epoch is defined as rest-frame days relative to the first WISE de-
tection at MJD 56671.09.

3.1 X-shooter Spectra

In this thesis I use the 5 epochs taken by the VLT with the X-shooter instrument (see
Table[3.1).  am using data that were observed and reduced in the following way.

The X-shooter spectra were obtained in nodding (ABBA) mode and underwent basic
reduction steps in stare’ mode for the UVB and VIS arms and 'nodding’ mode for the
NIR arm using the EsoReflex workflow. The UVB and VIS single-stare frames were
combined using custom python scripts and optically extracted, slit loss corrected, and
corrected for heliocentric velocity using a custom IDL program. The telluric correction
was performed by using Molecfit. Finally, the flux scale of each of the one-dimensional,
visual wavelength spectra were adjusted such that their synthetic colours match the

more accurate broad-band colors computed from photometry (Moriya et al., 2020).
The spectra of SN 2014ab (shown in Fig. exhibit a number of prominent emis-

sion lines, including the Balmer, Brackett and Paschen series of Hydrogen, which I will

focus on in the following analysis.

14



Dust formation in the type IIn supernova 2014ab

Flux + constant

10000 12000 14000 20000
Rest-frame wavelength [A]

Figure 3.1: Spectra of SN 2014ab - the days refer to number of days after the
first WISE detection.

All of these exhibit three velocity components: broad, intermediate and the narrow ve-
locity component characteristic for type IIn SNe, with most of them exhibiting a narrow
P Cygni profile throughout all the epochs. The intermediate velocity component results
from the CDS where the forward shock is propagating through the CSM, and is where

we would expect to see ongoing dust formation.

Fig. shows the evolution of the narrow velocity component and of the full spec-
tral line of Ha. From Fig. [3.2]we can see that the line is not perfectly symmetrical which
is most likely due to the fact that the first epoch, 68 d, is recorded after peak explosion.
Since all data of SN 2014ab are taken after peak, we cannot determine a specific date
of explosion. I will compare the spectra and results with other known type IIn SNe in
section which might help us get a better understanding of the time frame we are
looking at.

15
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Figure 3.2: Time evolution of the narrow and broad velocity components of

the Ha line profile
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Chapter 4
Analysis

In this chapter I describe my analysis of the 5 epochs of VLT /X-shooter spectra. The
analysis is divided into 3 key components: Lorentzian fits to spectral emission lines,
calculation of extinction values and a 2 component model fitted to the entire spectra.

Each of these focus on examining a specific signature of ongoing dust formation.

4.1 Preparing the Data

Prior to analysing the spectral lines, the redshift of SN 2014ab was determined using
4 prominent narrow emission lines: OIII, Ha, HB and Paf. It was calculated using the

formula:
_ /\ - /\rest

/\rest
and determined to be z = 0.022569 £ 0.000068. This was then subtracted from the entire

wavelength range, A = A,/ (1 + z), to work with the de-redshifted spectrum.

z (4.1)

The 7 emission lines I chose to focus on in the following analysis were: Bry, Pag, Pad,
Ha, HB, Hy and HJ. These were translated to velocity space with the rest-frame wave-
length of the line as zero velocity.

All of the spectral lines featured a narrow velocity component, with most of them fea-
turing a P Cygni profile. A P Cygni profile consists of a broad intense emission line and

a less intense absorption line. It appears in the spectra due to the large-scale motion of
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material in an outflowing wind from the star (Gall et al., 2014).
As this profile makes it difficult to pinpoint the peak of the intermediate velocity com-

ponent of the hydrogen lines, it was removed from each epoch of each line.

The linear background was removed from the data, by fitting a combined Lorentzian
profile and linear continuum model to the intermediate velocity component. From the

fit parameters, a model for the linear background was constructed and then removed
from the data (see Fig. [4.1).

1e—14 Ha intermediate

12 —— With background

Without background
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—a000 —2000 0 2000 2000 6000
Welocity [km/s]

Figure 4.1: Comparison of data from epoch 1, 68 d, with and without the
linear background removed.

In order to identify any evolution in the shape of the spectral lines, the flux from each
epoch was normalized. This was done by taking a value on the unaffected blue side of
the line, around -1000 km s~ !, and using this as the normalization factor (see Fig. .

The blue side refers to all negative velocities and the red side is defined as all positive

velocities.
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Figure 4.2: Evolution of the intermediate velocity component of Ha after

normalising.

4.1.1 Signal to Noise and Contamination

The different spectral emission lines have varying degrees of signal to noise ratios
(S/N). Errors from the analysis results are impacted by this variation, which becomes

especially evident on IR lines that generally have a lower S/N than optical lines (see

Table [4.1).

Signal to noise ratio
Bry Pap Pas Ha HB Hy HJ
S/N wide 35 37 37 178 123 99 84
S/Nnarrow 45 51 37 209 178 119 85

Table 4.1: S/N for the spectral lines. Wide refers to the whole intermediate
velocity component, used to calculate the extinction, and narrow refers to

the intermediate range, used to determine blueshift.

Of the optical lines, HJ has the lowest S/N. Apart from the high noise level there were

also other aspects of this line that made the analysis difficult.
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Figure 4.3: The intermediate velocity component of HJ.

As can be seen on Fig. Ho¢ has a very prominent P Cygni profile, meaning that much
of it had to be removed prior to fitting. Further, this line also suffers the highest degree
of extinction due to it having the smallest wavelength. Since it is most extinguished,
it is also the most asymmetrical line, so therefore hardest to fit with a symmetrical
Lorentzian. Finally it exhibits multiple ‘bumps’ on the red side of the line, seen on
Fig. at around 2500 and 5500 km s~!. Since all the hydrogen lines originate from
the same region we would expect all of them to have the same velocity ranges on the
components. Therefore I assume that these ‘bumps’ are due to contamination from

another line.

4.2 Line Fits

I then defined the same velocity range for each line (with the exception of Hé and Brvy,
see section4.1.1)) and fitted the intermediate velocity component with a Lorentzian pro-
file. An attempt was made first with a Gaussian profile, but as the emission lines exhibit
broad wings they were best represented by a Lorentzian.

This fit enables me to quantify the evolution of the blueshift (centroid), the FWHM from
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sigma, and to constrain the parameters for the linear background. A fit on a narrow
range of the intermediate velocity component was made to constrain these parameters

(Fig. [£.4) and then the entire intermediate part was fitted with a Lorentzian profile for
further analysis (Fig. [4.5).

g le=1s g de-15 g le-1s
— B&d — 100d — 160 d
Lorentzian fit Lorentzian fit Lorentzian fit
6.5 65
74
6.0 6.0
5.5 1 5.5 1
6 4
5.0 1 5.0 1
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35 1 35 A
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—2000 -1000 o 1000 —2000 —1000 o 1000 —2000 —1000 o 1000
g le=1s g =15 g le-1s
— 166d — 186d — B&d
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Figure 4.4: Lorentzian fits to each epoch of Ha. This fit was done on a nar-
row range of the intermediate velocity component to constrain the values
for the blueshift and FWHM.
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Figure 4.5: Lorentzian fit, here shown for the first epoch of Ha. This fit was
done on a the full range of the intermediate velocity component to to see

the evolution of the shape.

Note from Fig. 4.5/that the spectral line is slightly asymmetric already at the first epoch.

This means that a perfect fit with a symmetric profile is not possible to accomplish.

4.3 Extinction

The extinction of a spectral line is based on how much of the line has been obscured by

dust compared to the original line profile. As the first epoch of the spectroscopic data

already exhibits some extinction (see Fig. [4.5), the intrinsic line profile (which is
affected by dust) had to be constructed.

4.3.1 Intrinsic Line Profile

not

In order to construct these intrinsic line profiles I used the blue, unaffected part of the

lines. This part (from -4000 to 0 km s~!) was cut from the spectra and mirrored around

0 km s~!, the expected peak of the intrinsic profile (see Fig. .
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Figure 4.6: Intrinsic line profile of Ha.

This profile was then fitted with a Lorentzian profile in the same range as the interme-

diate line profile, as described in section As can be seen from Fig. [£.7]below, the

tirst epoch of the spectroscopic data already exhibits extinction.
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Figure 4.7: Models based on the Lorentzian fit of the intermediate velocity

component and the corresponding mirror model for the intrinsic line.
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4.3.2 Extinction Calculations

Using the Lorentzian fits for the line profile and corresponding mirror profile, the ex-

tinction was then calculated using the following equation:
Ay = —25log(I(A,t)/Iref(A)) (4.2)

where (A, t) is the integrated flux from the Lorentzian fit, and I,.s(A) is the integrated

flux from the mirror fit.

Ho was not included in the extinction calculations as most of the extinction occurs in a
broader part of the intermediate velocity component, but this part is contaminated as
described in section

4.3.3 Errors

The errors on the extinction values were calculated using Monte Carlo simulations.
The fit parameters (both for the intermediate velocity component and the mirror) were
varied within their uncertainties and new extinction values were calculated for each.
This was iterated over 5000 times until I acquired a distribution of extinction values for
each epoch of each line (see Fig. [4.8).
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Figure 4.8: Distribution of extinction values for Ha for the first epoch.

This distribution was then fitted with a Gaussian profile which yielded the mean ex-

tinction value and standard deviation of this value.
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4.3.4 Standard Extinction Laws

In order to say something about the size of the formed dust grains, the extinction curve
was fitted with a Cardelli and Fitzpatrick extinction law (Cardelli, Clayton, and Mathis,
1989, Fitzpatrick and Massa, 2005). Both extinction laws use parameterized extinction
data, and depend on only one parameter, Ry = A(V)/E(B — V). For the MW, this
parameter has an average value of Ry = 3.1. The inferred value for SN 2014ab thus
tells us if the grains formed in SN 2014ab are larger or smaller in size than the average
distribution in the MW.
However, as seen in Fig. a simple extinction law is not enough to account for the
extinction in the NIR lines. The extinction curves were therefore instead fitted with a
combined model:

Ay = Auw + Agray (4.3)

where Apw is a Cardelli or Fitzpatrick with the average values for the MW, and Ag;ay
is an offset for the gray dust. This fit yields values for the offset and the corresponding

Ry is then calculated.
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Figure 4.9: Cardelli extinction law fitted to the extinction curve of 186 d.
Without the contribution from gray dust it is impossible to fit the NIR ex-

tinction values.
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4.4 Modified Black Body

Next I examined the temporal evolution of the full spectra (see Fig. 4.10) to look for the
characteristic IR excess. In the case of SN 2014ab, only the optical to NIR part of the

spectrum is covered by the observations.

Time sequence of the supernova spectra

Flux [erg s~ tcm™=A71]

lﬂ—l 1
Ix 107 4% 10° &x 10° 104 2=10°

Wavelength [4]

Figure 4.10: Temporal evolution of the full spectra of SN 2014ab.

The full spectra were fitted with a two component model consisting of a black body
(representing the hot SN component) and a modified black body (representing the

warm dust component):

2hc? /A3 R%,
BBsn(A) = exp(hc/AkTsy) —1 'LDS? @4
2hc? /A2 Myt
BBaust (1) = exp(hc/AkTys) — 1 'K(A)LDS2 (435)
Combined model:
BBmodel()\) = BBsn + BBgyst (4'6)

Where h is Planck’s constant, c is the speed of light, k is Boltzmann’s constant, LDS

is the luminosity distance and A is the wavelength. «(A) is the dust mass absorption
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coefficient for an assumed dust species and grain size (Li and Draine, 2001, Rouleau
and Martin, [1991).

The composite model yields results for the SN temperature, Tsy, SN radius, Rsy, dust
temperature, Tqyst, and the dust mass, Mgyst. As it assumes a dust species and grain
size, the model was tested for two different species, graphite and silicates, and two
different grain sizes for each, 1 ym and 0.1 ym.

For the fitting, the strong emission lines and telluric regions were excluded. Fig.

shows an example of the fitted region, assuming graphite with a grain size of 0.1 ym.
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A
';.“:K 1012
E
=
T
w
=
&
=
=
— 118
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Figure 4.11: Composite model fitted for 186 d. Here assuming graphite 0.1

pm.
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Chapter 5

Results

In this chapter, I present the results of the analysis described in Chapter[# These results
will be further discussed and compared to similar type IIn SNe, SN 2010jl (Gall et al.,
2014) and SN 2017hcc (Smith and Andrews, |[2020), in Chapter@

5.1 Line Fits

Each spectral line was fitted with a Lorentzian profile as described in section This
was done in a small range of the intermediate velocity component to establish the
FWHM and blueshift of the peak of the spectral lines. Table |5.1| shows the temporal

evolution of the blueshift for each of these lines.

Blueshift [km s™']

Line | 68d 100 d 160 d 166 d 186 d

Bry | 1889 +£36.1 2959 +23.7 300.6 =255 319.6 £27.7 363.2+£235
Pap | 2671 £15.5 323.0+189 3949+97 4018+76 4319+8.1
Pas | 1985 +103 341.4+103 3243 +10.1 3523+11.1 331.0+104
Ha | 1868 +34 2129+41 2293+39 2461 +£38 2548+4.0
HB | 227.0+148 2751+121 2714+86 2788+104 2947+79
Hy |2435+98 2865+91 3065+81 3165=x=80 3499 £8.6
Ho | 2227 4+257 237.6+£19.1 2747 4+19.0 297.0£16.0 373.7 £16.5

Table 5.1: Blueshift of the peak from the Lorentzian fits to the intermediate

velocity component.
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From Fig. we can see that this blueshift is time dependent, increasing with epoch,
and (somewhat )wavelength dependent, with lines at larger wavelengths getting more
extinguished. This is characteristic for ongoing dust formation as explained in chapter
The wavelength dependence is most noticeable in the optical lines but overall is
difficult to distinguish from the figure alone.

We do see large errors on some of the lines, in particular Hé and the three IR lines,
but as explained in section this is due to the low S/N on these lines and possible
contamination due to other emission/absorption lines in these spectral regions.

As mentioned in the analysis, we see a blueshift already at the first epoch. Since we are
trying to fit a symmetric function on an asymmetric profile we should also expect to see
large errors, especially for the highly affected lines. However this does point towards
some dust formation already at 68 d in SN 2014ab.

Blueshift evolution
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Figure 5.1: Evolution of the blueshift measured from Lorentzian fits of each

epoch.

The FWHM of the lines also exhibit a time dependent evolution, decreasing with epoch.
For the values of FWHM see Table[A.T|and Fig. in the Appendix.

The FWHM suffers from larger errors than the blueshift due to having been found
from a small range of the intermediate fit, thus not representing the whole intermediate

velocity component. However, regardless of the large errors we do see a decrease in
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FWHM from 68 d to 186 d across all the spectral lines.
This is another sign of dust formation as we observe more and more of the lines being

extinguished by dust.

5.2 Extinction

From the constructed intrinsic line profile and the Lorentzian fits to the whole interme-
diate velocity component, the extinction for each line was calculated.
Table 5.2 shows the extinction values calculated from Eq. (4.2) with the corresponding

errors found by Monte Carlo simulation.

Extinction Ay

Line | 68d 100 d 160 d 166 d 186 d

Bry | 0.128 £0.096 0.180 £0.083 0.169 £+ 0.100 0.166 +0.133 0.176 £ 0.107
Pap | 0.159 £0.063 0.172 +0.080 0.189 £ 0.048 0.186 = 0.040 0.210 4 0.039
Pas | 0.102 £ 0.063 0.164 £0.062 0.173 £0.059 0.187 +0.070 0.173 £ 0.052
Ha | 0.191 £0.010 0.200 £0.013 0.199 £0.016 0.205 +=0.015 0.215 £ 0.015
HB | 0233 £0.013 0.242+0.013 0.246 £0.013 0.258 £0.014 0.273 £+ 0.012
Hy |0.2124+0.017 0.219 £0.017 0.226 £0.017 0.233 =0.015 0.271 = 0.015

Table 5.2: Evolution of the extinction of each spectral line.

From Fig. we can see that each spectral line gets increasingly extinguished as we
move into the later epochs, but also that the line has already suffered some extinction
in the first epoch, 68 d.

This extinction also exhibits the wavelength dependency that we expect from dust, that
the shorter wavelength lines gets more extinguished. This is, in part, due to the fact that
dust mainly absorbs light with wavelengths around the size of the dust grains. As there
is an excess of smaller grains, we see more extinction from the shorter wavelength lines.
As with the blueshift, the wavelength dependency is not very prominent, possibly due

to the large uncertainties.
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Figure 5.2: Evolution of extinction values for the different lines.

Fig. 5.2|exhibits the somewhat linear relationship between the lines as we expect from
standard extinction models. There is, however, less extinction found for Hy than ex-
pected. This could be due to the fact that we are observing at epochs too early for the
line to have fully formed.

Again the three IR lines exhibit very large errors due to their low S/N.

5.2.1 Standard Extinction Laws

Fig. shows the extinction curve fitted for the offset due to gray dust, Agray- The
titting is done for both a standard Cardelli and Fitzpatrick extinction law (Cardelli,
Clayton, and Mathis, 1989 Fitzpatrick and Massa, 2005). These fits both yield an offset
of Agray ~ 0.5, meaning that there is a 50 % contribution of gray dust to the extinction
of HP (as all values were normalized to this line). What this means is that a large
fraction (50 %) of the extinction is not wavelength dependent, which could imply that

this fraction consist of large grains.
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Figure 5.3: Extinction curve fitted with a Cardelli and Fitzpatrick extinction
law plus an offset due to gray dust, here shown for the last epoch. All

values are normalized to Hp.

From this offset, the values of Ry were calculated for both Cardelli and Fitzpatrick.
Both yielded values of Ry ~ 8 for 186 d. This also points to a dust composition with

more large grains than for the average MW dust composition.

5.3 Modified Black Body

The entire spectrum for each epoch was fit with a composite model consisting of a BB
(representing the hot SN component) and a modified BB (representing the warm dust
component).

Table 5.3|and [5.4{ show the parameters from the two component fit for 0.1um graphite
and silicate grains. For the results using larger grain sizes see Table and in the
Appendix.
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Composite model

Epoch Tsn [K] Rgn - 10" [em] Taust [K] Maust - 107* [M]
68 d 7000.59+3.49 2.2940.003 1474.844+15.76 0.6410.05
100d | 7249.544+4.13 2.04+0.003 1498.09+14.19 0.68+0.05
160d | 7054.59+4.14 1.91+0.003 1323.934+7.90 2.274+0.11
166d | 7070.91+3.78 1.714+0.002 1391.13+4.55 2.32+0.05
186d | 6970.47+4.25 1.5240.002 1382.22+3.54 2.53+0.05

Table 5.3: Evolution of fit parameters for a model assuming graphite 0.1

pm.
Composite model

Epoch Tsn [K] Rsn - 10" [cm] Tgust [K] Maust - 107* [Mo]
68d 7000.22+3.51 2.29+0.003 1499.79+£191.81 0.99+0.79
100d | 7206.63+4.24  2.07+0.003  1568.61+326.81 0.834+0.47
160d | 7071.00£4.42  1.90+0.003 1526.54+9.69 16.78+0.68
1l66d | 7104.80+4.12 1.69+£0.002 1613.4615.62 14.7340.32
186d | 7006.18+4.60  1.5040.002 1583.19+4.38 17.77+0.31

Table 5.4: Evolution of fit parameters for a model assuming silicate 0.1 ym.

As explained in section the composite model was tested with two different grain

species, graphite and silicate, and each of those with two different grain sizes, 1 and 0.1

pum. Overall I find that the smaller grain size yields a smoother fit on the modified BB

and smaller errors on the fit parameters.

Both species yield a temperature for the SN component of ~ 7000 K and a radius for
the SN of ~ 2-10%° cm.

However where they differ is on the parameters for the dust component. When assum-

ing graphite, the model yields a slightly smaller dust temperature, and smaller dust

mass by a factor of ten than when using silicates.

For a more comprehensive discussion on the implications of this see section
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(b) Composite model for the last epoch, assuming graphite 0.1 ym.

From Fig. and it is evident that there is an increasing NIR excess for the later
epochs. This is yet another signature of ongoing dust formation in SN 2014ab.

Note that due to the small amount of dust formed at moderately high temperatures,
there is only weak dust emission at the earliest epochs, which combined with the com-

plexity of the spectra lead to less precise fits and larger uncertainties on Tyt and Mgyst-
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Chapter 6

Discussion

All of the results shown above indicate that there is indeed dust present in SN 2014ab.
However there are still a lot of questions to be answered. Are these signatures from
pre-existing or from newly formed dust? Where in the SN is this dust located? What
dust species are forming and what are their sizes? How do these results compare to
those of other type IIn SNe? And finally, why are the results of this thesis pointing to
dust formation when the results of Moriya et al., 2020/ did not?

These questions will be, if not answered then discussed in the following chapter.

6.1 Ongoing Dust Formation

Moriya et al., 2020|concluded that the dust giving rise to the IR excess was pre-existing,
and that there is no ongoing dust formation in SN 2014ab. However, while pre-existing
dust in the CSM can result in an IR echo when illuminated by the SN, it cannot produce
the blueshifted asymmetry. If we had pre-existing dust, both sides of the spectral lines
would be affected by extinction and not only the red side. From my findings I see
that the blue side is more or less stable (so we might have some pre-existing dust), but
that the red side gets increasingly extinguished with epoch. This characteristic point

towards the formation of new dust (Smith and Andrews, [2020).
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Now lets take a look at where this new dust is located. Is it in the pre-shock CSM, the
SN ejecta or the post-shock CDS? The answer to this can be found by looking at the
extinction from the different components of the spectral lines.

From section we see that there is a clear evolution of blueshift coming from the
intermediate velocity component of the spectral lines. However, from visual inspection
of the emission lines, it appears that we also see a blueshift and extinction from the
broad component, although this is smaller. This points to the fact that dust is mainly
forming in the CDS but with a small amount forming in the ejecta itself (Smith and
Andrews, [2020).

6.2 Dust Mass and Grain Sizes

Now that we have established that the dust is formed in the SN, we need to address the

question of the type and size of this dust.

As mentioned in section the composite model favored grain sizes of 0.1 ym over
those of 1 um. However, as mentioned in[5.2 the inferred Ry indicates a bigger fraction
of large grains than for the average MW grain distribution. A more precise value for the
sizes would require a more complex composite model that depends on a distribution
of grain sizes.

Regarding the dust species, two different ones (graphite and silicate) were tested with
the composite model. However, there is no difference in the goodness of the fit from
either species. What does differ with the species is the amount of dust formed. I mea-
sure about 10 times more dust when using silicates than when using graphite. This is
due to the absorption coefficient, which also differs by a factor of 10 between the two
species. Silicates are more transparent than graphites and thus require a larger amount
to produce the dust emission I observe in the spectra.

In reality it is likely that the dust is composed of a combination of the two species (and
possibly even other species) and it is not under the scope of this thesis to accurately de-
termine which species is the best as we miss any decisive characteristics that could tell
different species apart. The current available data set it insufficient and longer wave-

length data would be required. For instance, observing the prominent silicon signature
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around 10-12 ym could tell if silicate dust is present in SN 2014ab. However what I
can say is that the amount of dust formed with graphite seems to be in better agree-
ment with the amounts found in other studies of type IIn SNe, see Fig. (Gall et
al., 2014,Bevan et al., 2020). Theories for dust formation also suggests a preference for

carbon grains in hydrogen rich environments (Sarangi, Matsuura, and Micelotta, 2018).
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Figure 6.1: Comparison of dust mass estimates with other type IIn SNe.
The pink pentagons are Myyst values for SN 2014 186 d assuming graphite
and silicate 0.1 ym. Note that the age is an estimate as the exact age of this

epoch is unknown. However, the value for graphite is in better agreement
with the trend than that of silicate. Figure taken from Gall and Hjorth, 2018

6.3 Comparison

Now I want to examine how my results compare to other type IIn SNe.

This comparison has two goals: first of all to see how my extinction values compare
with the ones found in SN 2010jl (Gall et al., 2014) and SN 2017hcc (Smith and An-
drews, 2020), and secondly to compare the spectra with that of SN 2010jl in order to say
something about the explosion date of SN 2014ab.
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6.3.1 Spectra

The explosion date of SN 2014ab is not known and as such it is difficult to be able to say
how ’early” or late’ the dust is forming. Therefore I compare the optical spectrum of
the first epoch, 68 d, with that of SN 2010jl (see Fig. [6.2). This was also done by Moriya
et al., 2020 who determined that the spectrum matched that of 104 d for SN 2010j1.

5
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Figure 6.2: Comparison of the first epoch of SN 2014ab with two epochs
of SN 2010jl. The date for SN 2014ab refers to days since the first WISE
observation, whereas the dates for SN 2010jl refers to days past peak (Gall

et al., 2014).

The spectrum of SN 2014ab has a strong Calcium line (around 8500 A), which is not
present in that of SN 2010jl until much later epochs. As calcium is formed in the layers
within the ejecta, this is most likely due to the fact that the photosphere of SN 2014ab
has been receding faster than for SN 2010jl, which likely had a more massive CSM (Gall
et al.,[2014). If the 104 d 2010jl spectrum matches the 68 d 2014ab spectrum, it means
that the peak time of SN 2014ab was 32 days before discovery, with the explosion date
most likely around 40 days before this point. This would depend on whether SN 2014ab
has a slowly declining or fast declining LC (Nyholm et al.,[2020).
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In addition to comparing the full spectra, I also examined individual spectral emission

lines. An example of this can be seen in Fig. with Hua.

1 —— SN2014AB 68 d
SN2010JL 104 d
—— SN2010JL 196 d

=
=]

=
L]

Flux (Mormalized)
[==]

6400 B450 6500 £550 6600 6650 6700
Wavelength [A]

Figure 6.3: Comparison of Ha for the first epoch of SN 2014ab and two
epochs of SN 2010jl. The date for SN 2014ab refers to days since the first

WISE observation, whereas the dates for SN 2010jl refers to days past peak
(Gall et al.,2014)).

The blueshift for SN 2014ab at 68 d is not as large as that for SN 2010jl at 196 d, but
more comparable to the blueshift of SN 2010jl at 104 d. However, the peak is more
pronounced for SN 2010ab than for SN 2010jl at 104 d. The shape of this line is very
dependent on the CSM, the CDS, how much dust forms, how much hydrogen is present

etc. Thus, determining the epoch through comparison of the hydrogen line profiles may

not be possible.

6.3.2 Extinction

Now I compare the extinction found from the spectral lines with that of SN 2010jl (Gall
et al.,[2014) and SN 2017hcc (Smith and Andrews, [2020), seen in Fig. [6.4and
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Figure 6.4: Comparison of the extinction values of SN 2014ab, SN 2010jl
and SN 2017hcc. The date for SN 2014ab refers to days since the first WISE
observation, the dates for SN 2010jl refers to days past peak (Gall et al.,
and the date for SN 2017hcc refers to days past explosion (Smith and

Andrews, .

—a— SMN2010jl 66 d

& SMN2010j1 104 d
10 { —e— SN2017hcc 351 d
—a— SMN2014AB 186 d

0.8 1

AalAana

06 4

04 4

0.50 075 100 125 150 175 200 235
Bry Pap Pab LA [um™'] Ha HE Hy

Figure 6.5: Comparison of the slope of the extinction curve of SN 2014ab,
SN 2010jl and SN 2017hcc. Here all extinction values have been normalized
to those of Hp.
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From Fig. we can see that the values I found in the last epoch, 186 d, matches the
values found in SN 2010jl at the early epoch 66 d. They are however slightly larger than
those found in SN 2017hcc. This is especially evident for Paf, however this is noted in
Smith and Andrews, 2020: ‘'most of the extinction in Paf occurs at the higher velocities’.
Fig. |6.5[shows the extinction values normalized to HB. Here we see that the slope of the
extinction curve is better represented by SN 2010jl 104 d and that the slope of 2017hcc
(between Ha and Hp) matches that found from SN 2014ab.

All three SNe have similar slopes to their extinction curves. Both SN 2010jl and SN
2017hcc had inferred Ry values larger than the average MW dust composition (with
both having values of Ry ~ 6), which is in agreement with those found for SN 2014ab.

6.4 Previous Work on SN 2014ab

In the following I will discuss the cause of the differing results between this thesis and
those found by Moriya et al., 2020. Secondly I will discuss why their conclusions are in

disagreement with my findings.

Moriya et al., 2020|examined Ha and found that the centroid of the broad emission line
had been blueshifted by 500 km s~?, twice as large as that found by my inspection of
the intermediate velocity component, which yielded a blueshift of around 250 km s~
Moriya et al., [2020| concluded that this blueshift is not time or wavelength dependent,
however my results (see section [6.1)) show that this blueshift is indeed time dependent,
with all examined lines yielding increasing blueshifts for later epochs.

As Moriya et al.,|2020|concluded that there were no signs of dust from inspection of this
blueshift they never examined the extinction of the lines and thus have no extinction
values that I can compare. It should be mentioned as well that whereas I have focused
on the intermediate velocity component of the lines, which is where we expect to see
ongoing dust formation, Moriya et al., 2020 focused on the broad component, which

might explain their different results.

Moriya et al., 2020/ examined the SEDs of SN 2014ab, using different photometric bands,
by fitting these with a BB (see Fig. . However, only a single BB was used up to 140
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days. For the last few epochs an extra BB was included, but not a modified BB as I have
used in section[6.3} This means that even though a NIR excess was observed by Moriya
et al., 2020, no dust mass was inferred from these fits.
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Figure 6.6: SEDs of SN 2014ab constructed by Moriya et al., [2020. From
+56 d to +140 d the SEDs are fitted with a single BB, from +360 d to +485
the SEDs exhibit an excess of flux and are fitted with a two-component BB

function.
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So due to the fact that no evolution of the spectral lines was observed, Moriya et al.,
2020|concluded that this IR excess wasn’t the result of newly formed dust.

The overall blueshift of the broad emission lines is instead explained by the acceleration
of the unshocked CSM by precursor photons. Further it is suggested that the blueshift
possibly is affected by the radiation transfer effect in addition to this acceleration.

The observed IR excess, which points to the presence of dust in SN 2014ab, is concluded
to not being the result of dust formed in the CDS, but instead due to pre-existing dust
in the dense CSM heated by the SN shock or radiation. Moriya et al., 2020 further con-
cludes that the component found to be associated with dust, appearing at 360 d in Fig.
is not present at early epochs. My analysis however shows that the dust component
of the composite model is present already at 68 d, see Fig. and

As discussed in section this IR excess cannot be due to pre-existing dust as we
then wouldn’t see the blueshifted asymmetry observed in the line profiles. However
what about the theory that it is a result of the acceleration of the unshocked CSM? If that
was the case, then the blueshift would not persist to later epochs when the SN seizes
to expand. This might still be happening at ~ 200 d which is the latest epoch observed
here, but that would not explain the wavelength dependence of the measured extinc-
tion. However more analysis of later epochs might be necessary to completely rule out

this option.
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Chapter 7

Conclusion

Current theories for dust formation are in disagreement with the amount of dust ob-
served in various environments. One of the suggested sources of dust are CCSNe due
to their short lifetimes and large production of metals. In this thesis I have examined the
early dust formation in SN 2014ab and added to the growing observational evidence
that dust is forming at early epochs in type IIn CCSNe.

I presented my analysis of VLT /X-shooter spectra spanning 5 epochs. From analy-
sis of prominent emission lines I quantify the extinction from dust and find that it is
both time and wavelength dependent, which points to ongoing dust formation. From
a composite model of the full spectra I show that the IR excess emission is present in
all epochs, and find values for the dust temperature, Ty,st ~ 1500 K, and dust mass,
Mgust ~ 2.5-10*M, assuming graphite grains with a grain size of 0.1 micron. Assum-
ing silicate grains, the dust temperature is slightly higher, Ty, ~ 1500 K, and the dust
mass is about a factor 10 larger than when assuming graphite grains.

I conclude that these signatures are due to ongoing dust formation as pre-existing dust
would not be able to yield the wavelength dependency of the blueshift. The grain
species and size is estimated by the two component fit and by fitting the extinction
curve with standard extinction laws. The composite model favored grain sizes of 0.1
pum over those of 1 yum, however, the inferred Ry from fitting the extinction curve indi-
cates a bigger fraction of large grains than for the average MW grain distribution.
Finally, the results are compared to those of SN 2010j1 (Gall et al.,[2014) and SN 2017hcc
(Smith and Andrews, 2020), yielding similar results, though dust is forming at later
epochs in SN 2014ab.
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Chapter 8

Outlook

In this last chapter I discuss some possibilities for further research on SN 2014ab.

In this thesis I have focused only on the X-shooter spectra of SN 2014ab. However,
as explained in chapter 3| a wide variety of data was taken over a larger time span. It
would be interesting to examine e.g. the WISE data, to get better constraints on the
NIR part of the composite model, or to examine the photometric data at later epochs to
see how the SN evolves later on. If the blueshift persists to epochs later than the ones
examined here, it would confirm that the blueshift stems from dust formation and not
radiative acceleration, as this would disappear at later epochs.

In my thesis, this blueshift has been found by focusing purely on the intermediate ve-
locity component of the spectral lines. However, this means that I have assumed what
the range of this intermediate component is. Instead one could fit the whole spectral
line with a composite model with one part for each component (narrow, intermediate
and broad). This would give us a better estimate of the continuum level and a better

understanding of the line profile.

It would be interesting as well to compare the spectra of SN 2014ab with more type
IIn SNe with known explosion dates, so that we could be able to determine the actual
age of each epoch. That would also enable us to give a more accurate picture of how
early the dust is forming. This could also be helped by examining the LC of SN 2014ab
and comparing it to the work done by Nyholm et al., 2020, By examining how slowly
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or fast the LC is declining, we can determine the time it took to rise to peak value and

thereby how many days passed from explosion till peak date.

For simplicity, the composite model for the whole spectra (section took into ac-
count single grain sizes for one specific dust species. However, in reality the formed
dust would likely be a composition of multiple species and distribution of sizes. One
could implement a distribution of dust sizes in the model to get a more accurate image
of the sizes of dust grains formed. This was for instance done by Gall et al., 2014 for SN
201041

Finally, one could also fit the extinction curve with a model describing a distribution of
dust types. However, with the amount of data available, that might be outside of what
is reasonable. Instead, one could use a dust model such as DAMOCLES (Bevan and
Barlow, 2016) to fit single emission lines with dust models. This is for instance done for
SN 2010jl (Bevan et al., 2020).
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Appendix A

Supplementary results

FWHM [km s~!]

Line | 68d 100 d 160 d 166 d 186 d

Bry | 1825.6£185.3 1614.9+99.5 1626.6+108.1 1794.8+121.6 1538.0+87.8
Pap | 2734.3+201.4 2829.7£275.5 2937.54+141.9 3008.6+113.5 2960.8£111.5
Pas | 2973.8£201.4 3556.8+275.5 2850.7+141.9 2650.6+113.5 2732.4+111.5
Ha | 1607.8+£12.2 1717.8+153 1684.5+14.5 1674.3+14.2 1607.4+14.4
HB | 2043.5+£73.8 1934.0£61.2  1765.4435.3 1771.7+42.8 1711.7£32.2
Hy | 1682.4+£459  1588.1+£38.8  1455.3+31.7 1488.1£31.0 1411.9+31.0
Ho | 1958.9+£140.3 1712.9+£88.2  1789.3+88.7  1450.4+62.4  1606.4+£66.3

Table A.1: FWHM of each spectral line, found from the Lorentzian fits to

the intermediate component.
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Composite model

Epoch Tsn [K] Rg - 10% [em] Tgust [K] Mgust - 107 [M]
68 d 7000.00+3.39 2.2940.003 1591.294+67.09 1.00£0.59
100d | 7179.074+3.89 2.09+0.003 1565.81+79.44 0.98+0.24
160d | 7063.38+4.32 1.90+0.003 1639.274+11.82 4.66+0.20
166d | 7091.0644.01 1.7040.002 1746.861+6.96 4.00+0.09
186d | 6991.384+4.49 1.5040.002 1717.994+5.40 4.7340.09

Table A.2: Evolution of fit parameters for the composite model, assuming

silicate 1 ym.

Composite model

Epoch |  Ten[Kl  Ren- 10" [em] Taust [K] Maust - 10~* [M]
68d | 7001.30+3.29  2.294+0.002  1488.98+46.77 0.99+0.13
100d | 7196.60+3.77  2.08+0.002  1500.00+914.28 1.00+£0.23
160d | 7074.08+4.48  1.90+0.003  1776.35+12.99 1.38+0.06
166d | 7110.73+4.18  1.68+0.002  1893.90+7.68 1.21+0.03
186d | 7012.73+4.67  1.49+0.002  1849.86+5.95 1.47+0.03

Table A.3: Evolution of fit parameters for the composite model, assuming

graphite 1 ym.
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Figure A.2: Composite model for the last epoch, assuming graphite 1 ym.
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Figure A.4: Composite model for the last epoch, assuming silicate 0.1 ym.

53



	Introduction
	Core-Collapse Supernovae
	CCSN Sub-types
	Type IIn SNe

	Dust
	Supernova Dust


	My Thesis Work
	SN 2014ab: Discovery and Characteristics
	Previous Work on SN 2014ab

	Data
	X-shooter Spectra

	Analysis
	Preparing the Data
	Signal to Noise and Contamination

	Line Fits
	Extinction
	Intrinsic Line Profile
	Extinction Calculations
	Errors
	Standard Extinction Laws

	Modified Black Body

	Results
	Line Fits
	Extinction
	Standard Extinction Laws

	Modified Black Body

	Discussion
	Ongoing Dust Formation
	Dust Mass and Grain Sizes
	Comparison
	Spectra
	Extinction

	Previous Work on SN 2014ab

	Conclusion
	Outlook
	Bibliography
	Supplementary results

