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Abstract
Studying long-term dust formation by CCSNe is an important step toward understanding
the large dust masses found in early galaxies. The amazing new discovery of approximately
a solar mass of cold dust in the ejecta of SN 1987A has caused a complete re-evaluation of
dust formation in core collapse supernovae (CCSNe). CCSNe form only a small amount of
dust after three years, but SN 1987A has a dust mass that is several orders of magnitude
larger after 25 years. A recent study of SN 2010jl by Gall et al. (2014) made the fascinating
suggestion that dust is continuously forming in the ejecta of CCSNe. We would then expect
that the older the SN, the more dust it should have. However, there is a wide time gap
between the CCSNe that have been studied recently and SN 1987A. A new radiative transfer
code, damocles, developed by our collaborators uses dust absorption and scattering to
estimate the dust masses in CCSNe by modeling the emission line profiles. To survey the
population for evidence of long-term dust formation, I gathered data on over 30 CCSNe
using optical and infrared (IR) telescopes. Optical telescopes give me the spectra I need
for modeling with damocles. I also use an older, well-established radiative transfer code,
mocassin, to get dust masses for SNe by fitting their optical-IR spectral energy distributions
(SEDs). As optical light passes through a dusty medium, some of the light is absorbed by
the dust and reprocessed to longer wavelengths in the IR. I extracted spectra and performed
photometry on the images to get the data I would fit with mocassin and damocles. I
applied both models to one of the most special and complicated SNe in our sample, SN
2010jl. I also applied mocassin to two simpler SNe, SN 2007oc and SN2017eaw. I was able
to get dust mass histories for all 3 SNe. My collaborators and I will continue to model these
and the other SNe in this survey over the course of many years, leading to many publications.
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1. Introduction
A core-collapse supernova (CCSN) occurs when a massive star collapses on itself and rebounds in one of the most awesome and energetic displays in the universe. We start our
story with a star, which has become a puffy supergiant, and is unable to sustain fusion in its
core. The radiation pressure it has been producing to hold itself up against gravity vanishes
as the dense core collapses into a ball of neutrons in less than a second. The puffy layers of
the star, which did not initially collapse with the core, begin falling towards it at relativistic
speeds. At the same time, the core-collapse has released an outward moving shock. The
shock meets the in-falling material and rips through it causing an enormous burst of fusion
and sending all the material and energy outwards in what we think of as the supernova (SN)
event. This hot, outward flying material is the ejecta, and as it expands and cools, molecules
will form and dust grains will condense. This cooling process typically takes 1 to 2 years
(Pozzo et al., 2004; Sugerman et al., 2006).
In order for a star to be balanced and maintain its radius, the radiation pressure must
equal the self-gravity. If there is an excess of radiation pressure, then the star’s material will
have a slight net push outward. This is often the case, and this slight push outward gently
blows material off the surface of the star and into space. We call this a stellar wind. Larger
stars have a greater excess of radiation pressure, and they have more powerful winds. These
winds blow a bubble of gas around the star which expands into the interstellar medium
(ISM). The interstellar medium is the gas and dust between stars. If the edge of the bubble
encounters a particularly dense ISM it will slow and gather at this intersection, forming a
shell. In some SNe we see evidence for a large shell of circumstellar material (CSM) which
contains gas and dust. In this case, the ejecta from a SN slams into the CSM generating a
forward and reverse shock. In between these two shocks is a growing region called the cool
dense shell (CDS), see Figure 1.1 for a diagram of an interacting SN. It is in this cooler region
around the SN where new grains of dust can condense and grow. So, in addition to the preexisting dust in the CSM around the SN, we also have new dust forming. If there is no dense
CSM around the SN for the ejecta to collide with, then the ejecta will continue expanding
into space, cooling as it goes. Dust also condenses from the cooling ejecta. The CDS causes
the ejecta to cool more quickly, but cooling ejecta is the only necessary component of dust
production by SNe.
The earliest evidence we see for a plethora of dust (108 M ) in a galaxy’s ISM is in a
galaxy that is only ∼700 million years old Bertoldi et al. (2003). How did so much dust come
to be in so little time? There are other ways for new dust to be formed, and in the local
universe we think SNe do not provide a significant mode of dust formation. This is because
a SN in the local universe can destroy existing dust in addition to making new dust. In the
early universe, there was not as much dust for them to destroy and so they netted an increase
in dust mass. In the local universe, most dust forms in the winds of low-mass stars, which are
rich with C, O, and some Si. However, a time span of 0.7 Gyr is too short, by at least a factor
2, to efficiently produce dust grains in the winds of low-mass stars (Nozawa et al., 2003). If
the dust were the product of stellar processes, the initial production might have occurred
primarily through dust condensation in SN ejecta. It could also have happened in the winds
of high-mass (greater than 40 M ) stars, which are thought to have dominated the early
phases of star formation (Bromm & Loeb, 2003). An additional way of forming dust comes
1

Figure 1.1: A diagram of the zoomed-in interaction region in an interacting supernova. Most
of the CSM lies outside the diagram. Behind the forward shock is the post-shock region, the
reverse shock, and the unshocked ejecta. In the post-shock region there is post-shock CSM
and shocked ejecta. At the radius where the interaction began, there is an expanding CDS.
This diagram is not to scale.
from the outflows of Active Galactic Nuclei (AGN) (Elvis et al., 2002). The problem with
this idea is that it, again, requires pre-existing heavy elements in the interstellar medium.
So stars are involved regardless. This idea works only up to 107 M of dust. In conclusion,
it seems that SNe are a likely source of interstellar dust in galaxies at high redshift.
1.1 Dust
As dust condenses in the SN ejecta, it can be detected by: (1) a sudden decrease in continuum
brightness in the visible due to increased dust extinction, (2) the development of an infrared
(IR) excess in the SN light curve arising from dust grains absorbing high-energy photons
and re-emitting them in the infrared, and (3) the development of asymmetric, blue-shifted
emission-line profiles, caused by dust forming in the ejecta, and preferentially extinguishing
redshifted emission. Our SEEDS (The Search for Evolution and Emission from Dust in
SNe) collaboration has been carefully revisiting the observational case for dust formation
2

by CCSNe using the Spitzer and Hubble Space Telescopes, and the Gemini telescopes, in
order to quantify the role of CCSNe as dust contributors in the early Universe (Barlow et
al., 2005; Sugerman et al., 2006; Welch et al., 2007; Wesson et al., 2010; Andrews et al.,
2010, 2011a,b; Fabbri et al., 2011; Sugerman et al., 2012; Gallagher et al., 2012). Signatures
of condensing dust have been observed approximately 1-2 yr after the initial explosion in
some SNe, although a small number of SNe seem to be forming dust at much earlier times
(50 - 300 days)(Fox et al., 2011). In our studies, we have found small amounts (10−2 - 10−4
M ) of new dust forming in the ejecta of these young SNe. However, the recent discovery
of approximately a solar mass of cold dust in the ejecta of SN 1987A has caused a complete
re-evaluation of dust formation in CCSNe (Matsuura et al., 2011, 2014). Theoretical models
predict that 0.1 - 1 M of dust would be needed per CCSN to explain the dust seen in highreshift galaxies, but many studies by our group and others found that only a small amount
of new dust was forming in the SN ejecta.
My thesis is the beginning of a project to survey CCSNe of various ages, looking at the
amount of dust they have yielded and evidence of long-term dust formation. In order to
investigate the long-term dust formation history, I re-observed SNe that were discovered
many years ago. I gathered optical and IR observations for each SN at two or more epochs
separated by several years. In order to detect cold dust with optical observations, our
collaboration developed a code to estimate dust mass from emission-line profiles instead of
IR emission. Of course, we also wanted to test this new method against a well-established
code for modeling SN dust with optical-IR spectral energy distributions (SEDs). For a more
detailed discussion of the two codes, see Chapter 3. Our efforts could be the key to the dusty
galaxies problem, which is one of the top questions Astronomers are looking to answer.
SN dust emits similar to a blackbody. So, the intensity goes as T4 and the peak emission
goes as T−1 . Hot dust is brighter and bluer than cold dust. After the dust forms it will
begin to cool unless it is being heated by a star or gas emission. As the dust cools, it will
become much more difficult to detect. Individual SNe at high redshifts cannot be detected
and studied with today’s telescopes so we must assume that nearby SNe will serve as suitable
analogs. We can only study warm dust with IR observations but we can sample cold dust
by studying emission-line profiles. The most famous SN, because it happened so close and
so recently, is SN 1987A. We have been able to closely monitor this SN since its creation
because of its proximity. It is the most well studied SN ever.
1.2 Supernovae
1.2.1 SN 1987A
SN 1987A detonated in the Large Magellanic Cloud on February 23, 1987. It could be seen
with the naked eye in the Southern Hemisphere. A SN had not occurred in or around the
Milky Way since the 1600s, making SN 1987A the first (and only, so far) opportunity in
modern times to study a SN up close. Mid-infrared emission from the SN, began at about
day 260, and peaked on day 1316 (Wooden et al., 1993; Bouchet et al., 1991). Based on these
observations, a dust mass of ∼ 10−4 M was estimated at that time. In 2012, the Herschel
Space Observatory detected a new cold-dust component emitting at 100-350 µm (Matsuura
et al., 2011), with ALMA confirming that this cold dust was located in the ejecta (Indebetouw
et al., 2014). The Herschel-based dust mass estimate was 0.4-0.7 M . This dust mass at
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25 years after the explosion is much larger than typical dust masses that had been deduced
from Spitzer’s mid-infrared observations of other CCSNe during their first three years after
outburst. Herschel far-infrared observations of two historical SN remnants, Cassiopeia A
and the Crab Nebula found significantly larger dust masses (0.1 M ) as well (Barlow et al.,
2010; Gomez et al., 2012). These observations confirmed that a large mass of dust could
form in the ejecta but that the dust may form continuously for decades. Matsuura et al.
(2015) concluded that SN 1987A most likely formed 0.8 M dust in the ejecta, consisting of a
combination of 0.5 M of silicates and 0.3 M of amorphous carbon. For many years prior to
these discoveries, the observational evidence did not support CCSNe as good candidates for
rapid dust production in the early universe. The discovery of cold dust around SN 1987A has
caused a complete re-evaluation of CCSNe as a viable answer to the dusty galaxies problem.
Now we are gathering as much observational evidence as possible to confirm if SN 1987A is
representing the norm for CCSNe.
A recent study by Gall et al. (2014) suggested that dust is continuously forming in the
ejecta of CCSNe, so that the older the SN, the more dust it should have. This relationship is
shown in Figure 1.2. However, this figure also shows that there is a wide age gap between the
majority of CCSNe Astronomers have studied and SN 1987A. This plot was the inspiration
for my thesis project, with filling in the time gap as the goal. To begin filling this gap, I used
two radiative transfer codes (MOCCASSIN and DAMOCLES) to estimate dust formation
by three CCSNe. This is just the beginning of a much larger project to fill in this plot by
modeling over 30 SNe. The ideas presented in the Gall paper were expanded upon in Wesson
et al. (2015) and Bevan & Barlow (2016) which examined SN 1987A at various epochs, and
applies the same two codes for modeling that I used for my thesis project. They also show
that the dust mass is continuously increasing with time.
Our SEEDS collaboration has been studying and publishing on dust production by CCSNe for many years. Work has been done on many CCSNe, including 1980K, 1999bw,
2002hh, 2003gd, 2004et, 2006bc, 2007it, 2007od, 2008S, 2005cs, and 2010jl (Barlow et al.,
2005; Sugerman et al., 2006; Welch et al., 2007; Wesson et al., 2010; Andrews et al., 2010,
2011a,b; Fabbri et al., 2011; Otsuka et al., 2012; Sugerman et al., 2012; Gallagher et al., 2012).
We have modeled optical and infrared data using the MOCCASSIN radiative transfer code.
Topics covered include: evidence for light echoes, the properties of SN environments, the
effects of dust on a SN’s evolution, evidence for pre-existing dust around a SN, circumstellar
interaction, and the destruction and survival of dust around SNe. In all cases, the estimated
dust masses were in the range, 10−5 - 10−2 M . These estimates characterize the dust masses
in the first 3 years after the SN explosion. When SN 1987A was observed three years after
the explosion, it had 10−4 M of dust. So, the recent cold dust discovery from SN 1987A
really did revolutionize everything we’ve been working on.
1.2.2 SN 2010jl
The main subject of Gall et al. (2014), the most complicated SN in our sample, and the
centerpiece of my thesis is SN 2010jl. This bright, interacting SN is located 50 Mpc away
in UGC 5189A. SN 2010jl shows unmistakable signs of interaction between the ejecta and
a large amount of CSM. For my thesis, I modeled new optical and infrared photometry
and spectroscopy of SN 2010jl from 82 to 1367 days since explosion in collaboration with
our colleagues at University College of London (UCL). I was able to determine that dust is
4

Figure 1.2: Illustration of the suggestion that the large dust mass measured for SN 1987A is
the result of continuous dust formation over the last 27 years (Gall et al., 2014). Individual
points represent dust mass measurements from the literature.
forming in the ejecta and in the interaction region between the ejecta and the CSM. I was
also able to determine there is a large mass of pre-existing dust surviving the SN explosion
by hiding in the CSM clumps. I modeled the photometric and spectroscopic evolution of SN
2010jl with the radiative transfer codes mocassin and damocles. The conclusion of my
thesis is that SN 2010jl’s ejecta is interacting with a clumpy CSM and at each interaction
point between ejecta and CSM clump, is a zone that is suitable for the rapid formation of
new dust. Dust is also forming in the freely expanding ejecta moving past the clumps. I
conclude that SN 2010jl has been continuously forming dust since 400 days post-explosion,
at the earliest. Approximately 0.0225 M of dust has formed in SN 2010jl by day ∼1400.
This is discussed in Section 4.
1.2.3 SN 2017eaw
I also modeled the SEDs for SN 2017eaw using mocassin to estimate the mass of dust
associated with the SN. I used mocassin on data from 3 epochs: 116, 200, and 295 days.
I chose to model this system using a central point source and a smooth dust shell. At 116
days, a model with no dust was the best fit. At 200 and 295 days, a small amount of dust
was required to fit the SED. These results are published in Tinyanont et al. (2019).
1.2.4 SN 2007oc
I modeled dust in SN 2007oc using mocassin as well. This was done using some data I had
intended to use for my thesis which I shared with a high school student I was mentoring. As
5

part of her project, I also ran some models on the data, with the intention of incorporating
all of this into my thesis.
1.3 Goals
The goal of this thesis is to investigate continuous dust formation by CCSNe as a possible
source of the large mass of dust found in galaxies that are less than 1 billion years old.
This required taking observations of SNe at regular intervals. I used the Gemini and VLT
telescopes for gathering optical images and spectra. I also used the Spitzer Space Telescope
to gather IR images of the SNe at 3.6 and 4.5 µm. My observations were planned for every
two years, to show whether the dust formation is continuous. I surveyed over 30 SNe over
the course of this project. For three SNe, I used photometry of the optical and IR images
to create SEDs. I then fit those SEDs with mocassin. For SN 2010jl, I fit the spectral
emission lines, Hα, Hβ, and He I with damocles. These models return estimates of the
mass of dust in the SN ejecta. I created a plot of mass versus time with these SNe to fill
the time gap that is apparent in Gall et al. (2014). Determining if the dust mass in SN
1987A is the norm for CCSNe is an important step toward understanding the mechanisms
of dust formation, and will help to understand the large dust masses found in early galaxies.
This thesis is part of a long-term project to monitor temporal changes in the mass of dust
in CCSNe. The work on SN 2010jl is a very thorough test of damocles, the new radiative
transfer code that can estimate the dust masses in CCSNe ejecta by modeling the observed
emission-line profiles, thus greatly improving the way we detect dust around SNe.
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2. Observations
This thesis is part of a long-term project to survey CCSNe. I have acquired many epochs
of observations to be analyzed for evidence of continuous dust formation. This program is a
success so far, and I have been awarded telescope time for 100% of my proposals, see Table
2.1. I have obtained and reduced data from Gemini, the Spitzer Space Telescope, and the
VLT. I observed a large sample of over 30 CCSNe, 2 to 60 years old, to test the suggestion
of Gall et al. (2014) and Wesson et al. (2015) that CCSNe are continuously forming dust.
Evidence of dust formation takes the form of measurable changes over time in the IR and in
the emission-line profiles. Recent observations of SN 1987A have shown that its dust is new
and not pre-existing, now we are investigating if this is the case for other SNe.
Table 2.1: Successful Proposals
PI or Co-I
Telescope
Co-I
Gemini S
PI
Gemini N&S
PI
Spitzer
Co-I
VLT
PI
Gemini N
PI
Spitzer
PI
Gemini N
PI
Spitzer
PI
Gemini N&S
Co-I
Spitzer

PI

Gemini N

Semester/Cycle
2014A
2015A
12
P97
2016A
13
2017A
DDT
2018A
14

Hours Awarded
3
6
3
50
11
2
28
4
18
25

2018B

9

Purpose
SN 2011ja
14 type II SNe
3 type II SNe
CCSN dust masses
8 type II SNe
SN 2011ja
13 type II SNe
SN 2017eaw
9 type II SNe
Dusty SNe from the
Past Decade in
Preparation for JWST
5 X-Ray Emitting SNe

2.1Conducting the Survey of CCSNe
I was PI of successful proposals to the Gemini North and South Telescopes and Spitzer, and
I was Co-I on successful proposals to the VLT which are part of the survey. The Gemini
North and South telescopes are located in Hawai’i and Chile respectively, and can collectively
access the entire sky. I was particularly interested in using the GMOS (Gemini Multi-Object
Spectrograph) on each telescope. They provide imaging and spectroscopy over a 5.5 square
arcminute field of view. The spectra cover a wavelength range of 4400 - 7500 Å, containing
the lines I am most interested in modeling. IRAF is the Image Reduction and Analysis
Facility, a general purpose software system for the reduction and analysis of astronomical
data. I put the images through the IRAF reduction steps for Gemini data. Magnitudes for
the SNe images were obtained by aperture photometry with IRAF and are listed in Table
2.5. These magnitudes are used for the optical component of our SEDs.
I used the optical spectra to model the emission lines of Hα (6563 Å), Hβ (4861 Å), and
He I (5876 Å). I looked at the same emission lines in our VLT data using X-Shooter, a multiwavelength (3000-25000 Å) spectrograph. The VLT is run by ESO and so our collaborators
at UCL are the PIs of these proposals.
7

The Spitzer Space Telescope takes images at 3.6 and 4.5 µm with IRAC (InfraRed Array
Camera). I used both filters in combination with optical data to construct an SED. I also
applied for time with JWST as part of a global collaboration of CCSNe groups, but the
proposal was rejected.
Tables 2.2-2.4 contain the lists of each SNe included in the survey. The tables also include
the observation history and those taken during programs I was PI of are marked with an
asterisk. The more observations we have of a SN, the better candidate it is for building a
baseline of dust formation. Archival JHK data are also used to fill in the SEDs, but I did
not prioritize these bands for new observations. The data were collected and sorted so our
collaboration can work together to analyze the targets in order of priority.
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Table 2.2: Observational History
Target SN
1957D

Gemini Years
2015*, 2018*

1959D
1962M

2018*
no

1968D
1970G

2018*
2016*

1976B

2017*

1978K

2008, 2012-2013

1979C
1980K
1986E

2015*, 2017*
2016*, 2018*
2015*, 2018*

1993J

no

1995N

no

Spitzer Years
2004, 2006, 2008, 2010,
2014-2018
2003, 2005, 2014-2019
2005, 2007-2008,
2011-2012, 2014-2017,
2018*, 2019
2004-2019
2004-2006, 2008,
2010-2018
2004, 2007-2010,
2014-2018
2007-2008, 2011-2012,
2014-2019
2004-2008, 2014-2018
2004-2019
2005-2007, 2011,
2014-2016
2003-2005, 2007-2008,
2011-2012, 2014-2018
2019*
2009, 2018*

1996W
1996cr
1999em
1999gq
2001em
2001ig

2017*
2010-2011
2016*
2017*
no
2007

2010, 2014-2016
2007, 2009
2007, 2011, 2016*
2006, 2010
2004,2019*
2009-2010, 2014-2016

2002hh
2003gd

2005-2008
2005-2006, 2008

2004C
2004cc

2018*
2017*

2004dg
2004dj
2004dk
2004et
2004gt

no
2005-2007, 2016*, 2018*
no
2005-2008, 2015*, 2017*
2017*

2004-2018, 2019*
2004-2008, 2014-2017
2018*
2005
2004-2006, 2009,
2014-2018
2009, 2014-2015, 2018*
2004-2019
2009, 2018*
2004-2017, 2018*, 2019
2003, 2005-2006, 2008,
2011, 2014-2018
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VLT Years
1999, 2016*, 2017
no
2016

no
no
no
1999, 2007, 2016*
no
no
no
no

1999-2000, 2003,
2009-2011, 2013
no
2004, 2016*
1999-2000
2000
no
2001-2002, 2005, 2014,
2016*
no
2003-2004
no
no
2013-2014
no
2004-2005, 2016*
no
2001, 2005-2006, 2015

Table 2.3: Observational History Continued
Target SN
Gemini Years
2005af
no
2005cs
2007-2008, 2016*, 2018*
2005ip
no
2005kd
2006bc
2006bp
2006jc
2006jd
2006my
2006ov
2007it
2007oc
2007od
2008S
2008bk
2009hd
2009ip

2009md
2010jl
2010mc
2011ft
2011ja
2012au
2012aw
2012ca
2013L
2013cj
2013ej
2017aym
2017eaw

Spitzer Years
VLT Years
2004-2007, 2012-2018
2005, 2016*
2004-2008, 2011-2018
no
2007-2008, 2011,
2007, 2016*
2013-2015, 2018*
2018*
2011
no
2007-2008, 2015*, 2018* 2007-2008, 2011, 2016*
2006
2016*, 2018*
2007-2009, 2012-2013
no
2007-2008, 2018*
2004, 2007-2008, 2014
no
no
2009, 2011, 2013-2014,
no
2018*
2017*
2005, 2007-2008, 2014
no
2017*
2004-2005, 2007-2008,
no
2014-2018
2008-2010, 2015*, 2018* 2008-2012, 2014-2016
2007, 2015, 2016*
2008-2009, 2018*
2008-2009, 2014
2007, 2014, 2016*
2008-2009, 2016*
2008-2012, 2016*
2007
2008-2009
2004-2017, 2018*, 2019
no
no
2004, 2011-2012
2008-2009, 2011, 2016*
2014-2019
2017*
2004-2007, 2013-2018
no
2013
2009-2010, 2013-2016,
2009, 2011-2012,
2019*
2014-2015, 2016*,
2017-2018
2010, 2017*
2005-2006, 2011,
2010-2011, 2015
2014-2016
2012-2013, 2014*, 2016* 2007-2008, 2011-2015,
2010-2012
2017-2018*
no
2014-2015, 2018*
no
no
2012, 2018*
no
2012-2013, 2014-2015*, 2004-2008, 2012-2015,
2011-2012, 2016*
2018*
2016*, 2017-2018
2017*
2010
2012, 2014
2015*, 2017*
2004-2005, 2013-2017
2012, 2015
2018*, 2019
no
2013-2014, 2019*
2012-2013
no
2014-2015, 2018*
2013
no
2014-2015, 2018*
no
2015
2004-2008, 2014-2017,
2013-2014
2018*
no
2009, 2014, 2018*
no
no
2004-2016, 2017-2019*
no
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Table 2.4: Observational History Continued
Target SN
2017ejx
2017gas
2017hcc
2017jfs

Gemini Years
no
no
no
no

2018gj
2018zd
2018acj

no
no
no

Spitzer Years
VLT Years
2004-2005, 2008, 2018*
no
2018*
no
2018*
2017-2018
2004-2005, 2009, 2011
2018-2019
2014-2017, 2018*
2009, 2019*
no
2004, 2007, 2011, 2019*
no
2010-2011, 2018*
no

I provide examples of data we collected in Figures 2.1-2.18 showing the Gemini/GMOS
spectra that I have obtained, reduced, and extracted. They are optical spectra of SNe whose
names are listed in the figure captions. Intermediate or broad emission profiles need to be
present in order to fit the lines with damocles. Given that some of our SNes have not had
spectra taken in many years, some of them were no longer detectable.
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Figure 2.1: Unfluxed optical spectrum of SN 1957D taken with the GMOS instrument at
gemini in semester 2015A. While the SN is faint and the spectrum is noisy, there is at
least one intermediate width [O III] emission feature at 5007 Å, just barely apparent. Some
narrow features, including [O III] and Hα and Hβ, that characteristic of the nebular phase
of a SN remnant, extend beyond the edges of the plot.
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Figure 2.2: Unfluxed optical spectrum of SN 1970G taken with the GMOS instrument at
gemini in semester 2016A. While the spectrum is noisy, there are broad features at [O III]
λ5007 Åand [O I] λ6300 Åand Hα. Some narrow features, characteristic of the nebular phase
of a SN remnant, extend beyond the edges of the plot at Hβ, [O III] λ5007 Å, He I λ5876Å,
[O I] λ6300 Å, and Hα.
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Figure 2.3: Unfluxed optical spectrum of SN 1979C taken with the GMOS instrument at
gemini in semester 2015A. The spectrum has a good signal-to-noise ratio, there are broad
features at [O III] λ5007 Åand [O I] λ6300 Åand Hα and the Ca triplet around 7300 Å. There
are intermediate features for He I at λ6678, 7065, 7281 Å. Hα also has narrow features.
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Figure 2.4: Unfluxed optical spectrum of SN 1980K taken with the GMOS instrument at
gemini in semester 2016A. While the SN is faint and the spectrum is noisy, there are broad
features at [O I] λ6300 Åand Hα. Hβ also has narrow line emission.
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Figure 2.5: Unfluxed optical spectrum of SN 1986E taken with the GMOS instrument at
gemini in semester 2017A. While the SN is faint and the spectrum is noisy, there are broad
features at [O III] λ5007 Åand [O I] λ6300 Åand Hα. The Ca triplet around 7300 Åalso has
some broad emission that is cutoff.
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Figure 2.6: Unfluxed optical spectrum of SN 1996W taken with the GMOS instrument at
gemini in semester 2017A. While the SN is faint and the spectrum is noisy, there are intermediate features at and [O III] λ5007 Åand [O I] λ6300 Åand He I lines (λ5876, 6678, 7065, 7281
Å). Hα and Hβ have some narrow emission. There also seems to be broad emssion from the
Ca triplet around 7300 Åthat is cutoff.
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Figure 2.7: Unfluxed optical spectrum of SN 1999em taken with the GMOS instrument
at gemini in semester 2016A. While the SN is faint and the spectrum is noisy, there are
intermediate and narrow features at and [O I] λ6300 Åand Hα.

18

Figure 2.8: Unfluxed optical spectrum of SN 2004cc taken with the GMOS instrument
at gemini in semester 2017A. While the SN is faint and the spectrum is noisy, there are
intermediate and narrow features at Hα. Hβ also has narrow line emission.
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Figure 2.9: Unfluxed optical spectrum of SN 2004dj taken with the GMOS instrument at
gemini in semester 2016A. While the SN is faint and the spectrum is noisy, there are narrow
features at He II λ5412 Åand [O I] λ6300 Åand Hα and He I λ6678. He I λ6678 also has
intermediate width emission that is cut off.
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Figure 2.10: Unfluxed optical spectrum of SN 2004et taken with the GMOS instrument at
gemini in semester 2015A. While the SN is faint and the spectrum is noisy, there is broad
and narrow emission from Hα.
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Figure 2.11: Unfluxed optical spectrum of SN 2004gt taken with the GMOS instrument at
gemini in semester 2017A. While the SN is faint and the spectrum is noisy, there is narrow
emission from Hβ and [O III] λ5007 Å. There is narrow and intermediate emission from He
I λ5876 Åand Hα. There is also cut off emission from the Ca triplet around 7300 Å.
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Figure 2.12: Unfluxed optical spectrum of SN 2005cs taken with the GMOS instrument at
gemini in semester 2016A. While the SN is faint, there is narrow and intermediate emission
from [O I] λ6300 Å. There is also narrow emission from Hα.
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Figure 2.13: Unfluxed optical spectrum of SN 2006bc taken with the GMOS instrument
at gemini in semester 2015A. While the SN is faint and the spectrum is noisy, Hβ has
narrow line emission. There are intermediate and narrow features at Hα. There is also cut
off emission from the Ca triplet around 7300 Å.
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Figure 2.14: Unfluxed optical spectrum of SN 2006bp taken with the GMOS instrument at
gemini in semester 2016A. While the SN is faint and the spectrum is noisy, He I λ5876 Åhas
narrow line emission. There are intermediate and narrow features at Hα, but it is cut off.

25

Figure 2.15: Unfluxed optical spectrum of SN 2007it taken with the GMOS instrument at
gemini in semester 2015A. While the SN is faint and the spectrum is noisy, He II λ5412
Åhas narrow line emission. There are broad and narrow features at Hα. There is emission
from the Ca triplet, but it is cut off.
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Figure 2.16: Unfluxed optical spectrum of SN 2010jl taken with the GMOS instrument at
gemini in semester 2016A. The spectrum has a good signal-to-noise ratio, He I λ5876 Åand
Hα have intermediate and narrow line emission. There are also narrow features at Hβ, [O
III] λ5007 Å, and [O I] λ6300 Å.
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Figure 2.17: Unfluxed optical spectrum of SN 2011ja taken with the GMOS instrument
at gemini in semester 2015A. The spectrum is noisy, and Hα has broad and narrow line
emission. There are also narrow features at Hβ, [O III] λ5007 Å, and He I λ5876 Å. There
is emission from the Ca triplet, but it is cut off.
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Figure 2.18: Unfluxed optical spectrum of SN 2012aw taken with the GMOS instrument at
gemini in semester 2015A. The spectrum has a decent signal-to-noise ratio, [O III] λ5007 Å,
He I λ5876 Åand Hα have intermediate emission. Hα seems to also have a broad component.
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2.2The Data for SN 2010jl
New images and spectra of SN 2010jl were obtained over 5 epochs with Gemini/GMOS-S
(GS-2012A-Q-79, GS-2013A-Q-93, GS-2014A-Q-70, GN-2016A-Q-85-31). The g0 r0 i0 images
were reduced and stacked using the IRAF1 gemini package. The instrumental g0 r0 i0 magnitudes were transformed to standard Johnson-Cousins VRI using the tertiary standards
presented in Andrews et al. (2011a), and transformations presented in Welch et al. (2007).
Uncertainties were calculated by adding in quadrature the transformation uncertainty quoted
in Welch et al. (2007), photon statistics, and the zero point deviation of the standard stars
for each epoch. The derived VRI magnitudes are provided in Table 2.5.
Table 2.5: BVRI Photometry of SN 2010jl from Gemini/GMOS-S
Date

JD

Age
days
526

V
mag
2012 Mar 19 2456006
17.26
± 0.05
2012 May 17 2456065 585
17.60
± 0.06
2013 Feb 10 2456334 854
19.01
± 0.08
2013 Apr 12 2456395 915
19.33
± 0.08
2014 Apr 18 2456766 1286 21.24
± 0.06

R
mag
16.43
± 0.05
16.79
± 0.02
18.44
± 0.05
19.03
± 0.05
19.79
± 0.03

I
mag
16.83
± 0.02
17.28
± 0.03
18.74
± 0.07
19.27
± 0.07
20.93
± 0.05

For each Gemini/GMOS epoch, three spectra of 900 s were obtained in longslit mode
using the B600 grating and a slit width of 0.00 75. Central wavelengths of 5950, 5970, and
5990 Å were chosen to prevent important spectral features from falling on chip gaps. A 2x2
binning in the low gain setting was used. As with the imaging, the spectra were reduced using
the IRAF gemini package. The sky subtraction regions were determined by visual inspection
to prevent contamination from material not associated with the SN, and the spectra were
extracted using 15 rows centered on the SN. The spectra from each individual night were
averaged and have been corrected for the radial velocity of UGC 5189A (3167 km s−1 ). The
spectra and evolution of the line profiles are presented in Figures 2.20-2.22.

1

IRAF, the Image Reduction and Analysis Facility is distributed by the National Optical Astronomy
Observatory, which is operated by the Association of Universities for Research in Astronomy (AURA) under
cooperative agreement with the National Science Foundation (NSF)
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Figure 2.19: Optical spectra of SN 2010jl from VLT/XSHOOTER and Gemini/GMOS. Reduced XSHOOTER spectra were obtained from the ESO archive. The spectra are extracted,
wavelength-calibrated and flux-calibrated 1-dimensional, and in tabular format following the
established standard for ESO science data products. Notable emission lines are labeled.
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Figure 2.20: Same as Figure 2.19 but a zoom in of the Hα line shown in velocity space.
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Figure 2.21: Same as Figure 2.19 but a zoom in of the Hβ line shown in velocity space.
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Figure 2.22: Same as Figure 2.19 but a zoom in of the He I λ5876 line shown in velocity
space.
JHKS imaging obtained with NTT/SOFI (184.D-1151, PI Benetti) at La Silla was retrieved from the ESO Science Archive Facility. Reductions were done using the standard
procedure in iraf, including crosstalk and flatfield correction, background subtraction, and
the shifting and adding of individual image frames. Aperture photometry was then done
using a set of standard stars in the field obtained from the 2MASS catalog. The JHKS
photometry is presented in Table 2.6.
SN 2010jl was not detected on VLT/VISIR images obtained with the B10.7 filter (10.65
µm) on 2012 March 12 (day 519) (ESO program 288.D-5044(A)). The standard VISIR
pipeline recipes were used with ESOREX, and flux calibration was done using a standard
star observed immediately after the target at similar airmass.
Spitzer/IRAC (3.6 and 4.5 µm) images of SN 2010jl were obtained at seven epochs during
2011-2014. The pipeline basic calibrated data were taken from the Spitzer Heritage archive
(https://sha.ipac.caltech.edu/applications/Spitzer/SHA/). In order to properly extract the
flux of only SN 2010jl from our Spitzer images, we used a pre-explosion image to subtract
the background. The first two panels in Figure 2.23 show the host galaxy UGC 5189A
before and after the explosion of SN 2010jl. The third panel shows just the SN, after
the subtraction of the first image from the second image. Pre-explosion IRAC images of
UGC 5189A, available in the Spitzer archive from 2007 December 27 (Program 40301, PI
Fazio), were used to subtract the host galaxy from the SN 2010jl images to allow more
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Figure 2.23: From left to right: An image of irregular galaxy UGC5189A from 2007. The
host galaxy plus SN 2010jl in 2011. The first image has been subtracted from the second
leaving just the SN on which I can perform photometry. All images were taken by the Spitzer
Space Telescope.
accurate photometry. Aperture photometry was performed using standard IRAF routines
(digiphot/apphot/phot). Table 2.7 lists the Spitzer fluxes and their 1-σ uncertainties for all
7 epochs.
In several epochs near IR maximum light (464 d), the 3.6 and 4.5 µm bands have some
saturated pixels in images with exposure times of 100 s. By chance, there were two observations with 100 s and 30 s exposures, taken on the same day at two different epochs. These
were used to estimate a correction for the saturated epochs. We took the ratio of the flux in
the saturated and unsaturated images and used that as a correction factor for the saturated
points. These corrections increased the flux around the time of maximum 3.6/4.5 µm light.
The optical and IR light curves are shown in Figure 2.24.
The extinction from the Milky Way along the line of sight to SN 2010jl is very small,
E(B-V) = 0.027 (Schlegel et al., 1998). The flux measurements are corrected for this Galactic
foreground extinction, assuming RV = 3.1 (Cardelli et al., 1989). There is no evidence of
additional reddening from dust not associated with SN 2010jl in UGC 5189A in the continua
of the optical spectra or the equivalent widths of the Na I D lines (Patat et al., 2011).
2.2.1Photometric Evolution of SN 2010jl
Optical (BVRI) and IR (JHKS , 3.6, 4.5 µm) light curves extending out to almost 1400 d
using the new observations presented here, as well as data from the literature, are shown in
Figure 2.24 (Andrews et al., 2011a; Fransson et al., 2014). The first detection of SN 2010jl
was from pre-discovery images on 2010 October 9.6 (Stoll et al., 2011). For this thesis, we
adopt an explosion date of 2010 October 10. SN 2010jl reached its peak luminosity (MV ≈
-19.9, MI ≈ -20.5) after 1-2 weeks, and was much brighter than a normal SN IIn (MR =
-17.0 to -18.5) (Stoll et al., 2011; Kiewe et al., 2012; Zhang et al., 2012). This places it in
the class of luminous (peak MR < -20) type IIn supernovae (Smith et al., 2007, 2008, 2009;
Drake et al., 2010; Rest et al., 2011) and close to the superluminous SN luminosity, defined
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Table 2.6: JHKS Photometry of SN 2010jl from NTT/SOFI
Date

JD

2011 Jan 1

2455562

Age
days
83

2011 Jan 25

2455587

107

2011 Feb 13

2455606

126

2011 Mar 26

2455647

167

2011 Apr 12

2455664

184

2011 May 9

2455691

211

2011 Jun 25

2455738

258

2011 Oct 19

2455853

374

2011 Nov 18

2455883

404

2012 Feb 15

2455972

493

2012 Mar 13

2455999

520

2012 Apr 11

2456028

549

J
mag
13.10
± 0.05
13.25
± 0.01
13.30
± 0.04
13.46
± 0.03
13.43
± 0.06
13.40
± 0.18
13.48
± 0.07
13.59
± 0.10
13.46
± 0.04
13.74
± 0.02
13.88
± 0.06
13.91
± 0.04

H
mag
12.75
± 0.12
13.01
± 0.02
13.04
± 0.05
13.21
± 0.05
13.25
± 0.10
13.16
± 0.09
13.25
± 0.08
12.77
± 0.10
12.60
± 0.14
12.58
± 0.07
12.64
± 0.09
12.74
± 0.04

Ks
mag
12.35
± 0.08
12.46
± 0.11
12.65
± 0.12
12.75
± 0.07
12.85
± 0.10
12.88
± 0.12
12.73
± 0.11
11.67
± 0.10
11.72
± 0.13
11.78
± 0.12
11.74
± 0.10
11.85
± 0.08

as M ≤ -21 (Gal-Yam, 2012). The BVRI brightness dropped significantly during the gap in
the observations at 260-373 days, most likely due to a very late end of the plateau phase or
a decrease in CSM interaction. It is probably not due to dust formation as there is none of
the expected color dependence during the decline (Fransson et al., 2014).
An IR excess, apparent by day 91, persists through all our epochs of observations through
day 1367 (Figure 2.24). This emission at early times is likely dominated by an IR echo caused
by the flash heating of pre-existing dust in the CSM. The mid-IR jumps in brightness between
days 260 and 464 and peaks around day 620, after which the brightness at both 3.6 and 4.5
µm slowly declines. The H and KS bands also brighten substantially by day 373, peak
around day 450, and then decline more quickly than the 3.6 and 4.5 µm bands. The sudden
jump in IR flux between days 260 and 373 is a strong indicator of new dust formation. As
the dust population increases, more of the optical light is converted into more IR light. The
significant increase in IR emission from new dust without an accompanying decline in optical
light indicates that the dust is clumpy with a small covering factor.
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Table 2.7: Spitzer/IRAC Photometry of SN 2010jl from Spitzer/IRAC
Date

JD

2011 Jan 9

2455571

Age
days
91

2011 Jun 27

2455740

260

2012 Jan 17

2455944

464

2012 Jun 21

2456100

620

2013 Jan 30

2456323

843

2013 Jul 2

2456476

996

2014 Jul 8-9

2456847

1367

3.6 µm
mJy
4.70
± 0.47
3.68
± 0.37
11.75
± 0.28
12.04
± 1.20
10.62
± 1.06
8.81
± 0.88
4.67
± 0.47

4.5 µm
mJy
4.32
± 0.43
4.18
± 0.42
10.84
± 0.36
11.35
±1.14
10.69
±1.07
9.81
±0.98
6.15
± 0.62

2.2.2Spectroscopic Evolution of SN 2010jl
Type IIn SNe are identified by narrow (∼100 km s−1 ) velocity width components (NWC),
and often exhibit intermediate (1-4 × 103 km s−1 ), and broad (∼1 × 104 km s−1 ) velocity
width components as well (IWC and BWC, respectively) caused by the CSM ionized by
the SN flash, the interaction between the ejecta and CSM, and the freely expanding ejecta,
respectively (see Figures 2.19-2.22). Normally, after 100-200 days, the NWC from the flashed
CSM has faded and the remaining NWC is from the surrounding interstellar medium (ISM).
A spectrum taken on 2010 November 5 showed that SN 2010jl is a type IIn SN (Benetti
et al., 2010; Yamanaka et al., 2010). In this first spectrum, around 30 days after the explosion,
the Balmer-line profiles are apparently Lorentzian in shape with a narrow peak and broad
wings. The broad wings (∼15,000 km s−1 ) can be simply explained as emission from the
freely expanding ejecta. The NWC has a P Cygni profile. The emission has a maximum
blueshifted velocity of ∼100 km s−1 , and the absorption is around -30 km s−1 (Smith et al.,
2011). These can be explained by a scenario where the majority of the CSM is the result
of a steady wind from the red-supergiant phase, and subsequently the faster winds in the
interior region is from the luminous-blue-variable phase just years prior to the SN explosion
(Smith et al., 2011).
In the optical spectra, the Balmer series and He I λ5876 exhibit IWCs arising from
the interaction region and BWCs from the freely expanding ejecta, which are blueshifted
(Figure 2.19-2.22). These red-blue asymmetries, in combination with the increased IR flux
around the same time, are likely a result of dust obscuration. The blueshift increases through
the first 245 days after explosion, and then begins to decrease by day 526. The increasing
blueshift indicates the rate of dust formation is high enough to more than compensate for
any drop in the optical depth that would be caused by the expansion of the system. In the
time between our spectra on days 245 and 526, the brightness shows a sharp increase in the
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Figure 2.24: Optical and IR light-curve of SN 2010jl. Large dots represent data from Andrews
et al. (2011a) and new data presented in Tables 2.5-2.7 in this thesis. Small dots are from
Fransson et al. (2014). The overlays represent different phases of SN 2010jl’s evolution. In
the first phase (pink) SN2010jl’s spectra do not yet have IWCs in any lines. In the second
phase (orange) we see the IWCs arise in the Balmer and He I lines and begin to shift to the
blue, and an IR excess emerges. In the third phase (yellow) there is a sharp rise in the IR,
and the IWCs’ blueshifts continue to strengthen. The break in the optical light curve is just
a very late end to the plateau phase, and not caused by extinction, as there is no apparent
wavelength dependence in the drop across each band (Fransson et al., 2014). In the fourth
phase (green) the rate of dust formation is high enough to continue increasing the density at
small radii despite the expansion of the system. In the fifth phase (blue) we see the rate of
dust formation begins to drop. It is unclear if the rate of dust formation will increase again
after this phase. We will be modeling data around 2000 days in a future paper.
near-IR and in the Spitzer bands from days 258 to 374, indicating dust is being formed. The
following decrease in the blueshift is caused by a drop in the optical depth, which indicates
the rate of dust formation is no longer fully compensating for the rate of expansion. The
IWC is also becoming more narrow with time, indicating the source of emission for the line
has a decreasing maximum velocity. We take this as evidence that most of this emission is
coming from the interaction region, which is slowing in its expansion as the forward shock
plows into the dense CSM. Dust grains can then form behind the forward shock either in
the CDS or in the unshocked expanding ejecta (see Figure 1.1).
It is true that blueshifted profiles with extended red scattering wings can also occur
when the optical depth of the SN photosphere is large (Chugai, 2001; Smith et al., 2012;
Fransson et al., 2014). However, this effect would only be apparent for the first 200 days
after explosion, at most. For SN 2010jl, the asymmetric profiles persist for thousands of
days, thus strongly favouring a dust formation scenario (Smith et al., 2012).
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2.3The Data for SN 2017eaw
While many kinds of data were published for the first time in the paper I co-authored for SN
2017eaw, I was only involved with the supernova photometry. I used mocassin to model
the SED we made using the photometry, as discussed in the next Chapter.
SN 2017eaw was observed by myself and another co-author with Spitzer/IRAC at 3.6 µm
and 4.5 µm in 6 epochs: 126, 197, 246, 295, 315, 498, and 566 days post-explosion (PID 13053,
PI Kasliwal; PID 13239, PI Krafton)(Fazio et al., 2004). A stacked archival pre-explosion
Spitzer image was used to estimate and remove the galaxy background and nearby source
contamination. Archival images were rotated and aligned based on the sky coordinates,
and then median combined. Aperture photometry was done on the background-subtracted
images and appropriate aperture corrections were applied as given by the IRAC instrument
handbook. The Spitzer photometry for SN 2017eaw is listed in Table 2.8. Spitzer fluxes
were converted to magnitudes for plotting purposes using the zero magnitude fluxes of 280.9
and 179.7 Jy for the 3.6 and 4.5 µm channels respectively. Figure 2.25 shows the near-IR
light curves of SN 2017eaw in comparison with those of other well studied SNe II-P. The top
panel shows light curves of the J, H, KS , 3.6, and 4.5 µm bands of SN 2017eaw in comparison
to those of SNe II-P 2002hh and 2004et in the same galaxy. The bottom panel shows only
Spitzer data points compared with all SNe II-P observed with Spitzer (photometry taken
from Szalai et al. (2018)).
Table 2.8: Spitzer/IRAC Photometry of SN 2017eaw
Date

MJD

2017-09-13
2017-11-23
2018-01-11
2018-03-01
2018-03-21
2018-09-20
2018-11-27

58009.7
58080.8
58129.4
58178.2
58198.1
58381.9
58449.3

Epoch
days
126
197
246
295
315
498
566
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F[3.6]
mJy
4.441
1.493
0.715
0.418
0.336
0.095
0.074

σ[3.6]
mJy
0.003
0.002
0.001
0.001
0.002
0.001
0.001

F[4.5]
mJy
6.132
4.133
2.860
1.796
1.521
0.316
0.196

σ[4.5]
mJy
0.006
0.001
0.002
0.001
0.001
0.001
0.001

Figure 2.25: SN 2017eaw Spitzer photometry compared to all other SNe II-P photometry
as aggregated by Szalai et al. (2018). No offsets between SNe are applied here, but all 3.6
µm magnitudes are shifted by 5 mags for visualization. SNe 2004dj, 2004et, and 2011ja
are highlighted for comparison. All magnitudes here are in Vega system. The 1 mag/100 d
decline rate expected from light curves powered by radioactive decay of 56 Co is plotted in
both subplots.
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2.4The Data for SN 2007oc
Our group had several epochs of Spitzer/IRAC images of the type II SN 2007oc that we felt
would make a good project for teaching a high school student about the photometric evolution of CCSNe. Combining these old data, I assisted the high school student in executing
the steps to create a series of optical-IR SEDs, which we could then model. The steps that
I guided the student through are same as mentioned in the previous sections. SN 2007oc
shows evidence of dust emission that faded rapidly in the 3.6 and 4.5 µm bands. The fluxes
are listed in Table 2.9. The SEDs we constructed are presented in Chapter 3.
Table 2.9: Spitzer/IRAC Photometry of SN 2007oc
Date

JD

2011 Jan 9

2455571

Age
days
245

2011 Jun 27

2455740

360

2012 Jan 17

2455944

648

3.6 µm
µJy
88.9
± 0.5
13.1
± 0.2
2.5
± 0.1
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4.5 µm
µJy
202.3
± 0.8
25.6
± 0.3
8.2
± 0.1

5.8 µm
µJy
175.2
± 0.8
53.2
± 0.5

8.0 µm
µJy
269
±1
135.7
± 0.8

3. Monte Carlo Radiative Transfer Models
Typically, new dust formation inside Core-collapse supernovae (CCSNe) gives rise to three
observable signatures: (1) an IR excess due to thermal emission from hot or warm dust,
(2) a concurrent increased rate of fading of the optical flux (typically on the radioactive
decay tail), and (3) a progressive and systematic blueshift of emission-line profiles as the
receding parts of the expanding SN are increasingly blocked by new dust. In a type IIn SN,
the asymmetrical line profiles can be seen in the IWC and the BWC as the dust formation
is occurring interior to or co-located with the emitting region. An IR excess can also be
produced by pre-existing dust in the CSM, warmed by the initial SN flash or the ongoing
interaction.
The goal of my modeling is to accurately recreate my observations. In this project I
observed emission from the gas and dust associated with SNe. Some of that material is in
the ejecta, some in the CSM, and some in the interaction region between the ejecta and
CSM. A cartoon of an interacting SN is shown in Figure 1.1. I am interested in using
the absorption and scattering effects the dust has on optical light to recreate what I see for
multiple individual SNe. The absorption of optical light by dust, and subsequent reprocessing
of that light into the IR, will be apparent in the evolution of a SN’s SED. There will be two
distinct peaks in the SED. One is in the optical and represents the hot gas of the SN ejecta,
and the other is the radiation from the warm dust in the IR. The more dust there is, the
more optical light is absorbed, and the more IR radiation is produced, up until the dust
becomes optically thick. The optical spectra show broad and intermediate width emission
lines, whose width reflects the expansion velocity of the gas. The gas is moving at hundreds
to thousands of km/s. Narrow emission lines come from the slow moving CSM gas. The
broadened lines that tend to be the strongest are the balmer series, especially Hα and Hβ.
Evidence of dust can be seen in the development of asymmetric, blue-shifted emission-line
profiles, caused by the dust preferentially extinguishing redshifted emission. See Figure 3.1
for an illustration of this effect. The light from the near and far side of the SN passes through
the same amount of CSM dust. However, the situation is very different if the dust is located
in the interaction region or the expanding ejecta. Then, light emitted from the receding,
redshifted (far) side of the ejecta must pass through more dust than light emitted on the
approaching, blueshifted (near) side. This leaves the profile appearing blue-shifted as the
red wings of emission profiles are preferentially extinguished (Lucy et al., 1989).
In Monte Carlo radiative transfer codes, such as mocassin and damocles, there is an
initial number of particles that are told to move with each time step in a random direction.
In this case, photons are doing a random walk through a grid of non-moving dust particles,
see Figure 3.2 for examples of a smooth and clumpy grid. If a photon encounters a dust
grain that photon is either "absorbed" and heats the grain or is scattered off the grain
without affecting its temperature. Later, a new photons of significantly lower energy are
emitted to begin a new random walk. Alternatively, the photon is "scattered" causing a
slight wavelength shift due to a change in apparent velocity relative to the observer, but the
energy stays the same. Any interactions, whether absorption or scattering, between photons
and dust grains are governed by Mie scattering theory (Ercolano et al., 2005). The number of
interactions the photons have with dust particles is determined by the optical depth, where
the transmittance of the dusty medium (T )is related to the optical depth (τ ) by the following
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Figure 3.1: A cartoon of what causes the red-blue asymmetries in line profiles. Red shifted
light from the receding gas (relative to the observer) must traverse more dust than the blue,
near side.
formula: T = e−τ .
As dust cools, its blackbody curve shifts to longer wavelengths. If the peak in the
blackbody emission moves to the red of the Spitzer bands at 3.6 and 4.5 µm, a portion of
the dust mass may be missed when modeling with mocassin. However, damocles can
model the effects of dust grains on a profile, independent of temperature. Luminosity goes
as temperature to the fourth power, and flux decreases as the distance squared. So, distant
SNe rapidly become invisible at wavelengths past a few microns. It is essential to the study
of dust around SNe that astronomers be able to measure dust masses with only optical data.
This is what damocles has allowed us to do. By fitting optical line profiles, I need only
collect optical spectra for my models.
Using both codes to model the same target SN is extremely valuable because their results
can be intercompared to constrain each other, which is exactly what is needed to model the
very complex SN 2010jl.
3.1Models of SN 2010jl
As described below, this study introduces important new observations of IR emission from
warm dust and optical emission-line spectra affected by dust in SN 2010jl, and employs two
radiative transfer codes to estimate how much new dust has formed, when the new dust
formed, and where the different populations of dust are located.
We have attempted to disentangle the new dust from the pre-existing dust in SN 2010jl using two radiative transfer codes: MOnte CArlo SimulationS of Ionized Nebulae (mocassin)
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Figure 3.2: Figure taken from (Bevan & Barlow, 2016). 3D representations of the grid generated by DAMOCLES. A smooth distribution is shown on the left and a clumped distribution
on the right.
(Ercolano et al., 2003, 2005) and the Dust Affected Models Of Characteristic Line Emission
in Supernovae (damocles) (Bevan & Barlow, 2016; Bevan, 2018).
As shown in Figure 1.1, there are several zones of importance around SN 2010jl. At the
outermost radii there is the unshocked CSM with pre-existing dust. We can see the CSM
dust that has been warmed by the flash or emission from the interaction region, and is now
emitting in the mid-IR. This dust can be modeled with mocassin. Inside the CSM, there
is the forward shock, accompanied by a reverse shock at smaller radii, created when the
SN ejecta collides with the CSM. The forward shock supplies most of the emission in the
IWC, which we model with damocles. We believe this emission is responsible for warming
some of the CSM dust, and the mocassin models support this scenario. The space between
the forward and reverse shocks is the post-shock region, which consists of the post-shock
CSM, the shocked ejecta, and the CDS. The shocked ejecta is the portion of the ejecta which
the reverse shock has traversed, and the CDS is the cool, dense, expanding region on the
border of the post-shock CSM and the shocked ejecta. The innermost region of the SN site
is the unshocked ejecta, which has yet to encounter the reverse shock. In the case of SN
2010jl, the dust geometry is a clumpy shell or a torus, based on the optical depths (Andrews
et al., 2011a). In this paper, we investigate the clumpy case. If the CSM is clumpy, then
there will be an interaction region forming at each instance of the ejecta colliding with the
clumps. In addition, some of the ejecta will continue to expand freely without interacting.
This complicates the simple diagram shown in Figure 1.1. In terms of what we can model, if
dust forms anywhere in the SN, and is still warm, we can model it with mocassin. If dust
forms interior to or co-located with the emitting region (dominantly the forward shock), the
effects it has on the emission-line profiles are measurable with damocles.
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3.1.1DAMOCLES Models
In order to derive dust masses from observed late-time emission line profiles in type II SNe,
Bevan & Barlow (2016) have developed a Monte Carlo radiative transfer code, damocles,
which models the scattering and absorption of line photons by dust in the ejecta. Input
parameters for damocles include: the inner and outer radii of the ejecta, the velocity and
density distributions of the emitting material, grain species, and grain size distributions of
the dust. It treats the absorption and scattering of line photons and velocity shifting. This
code uses a grid method and can model a time sequence of observations of line profiles, e.g.,
Hα, Hβ, etc. Fitting the observed line profiles results in an estimate of the mass of dust
involved with the emission-line sightlines. For this thesis, damocles has been used to fit
the epochs 526, 915, and 1286 days.
The methodology for fitting the BWC and IWC components of the Hα, Hβ, and He I
5876 Å lines in SN 2010jl is as follows. We begin the modeling process by fitting the IWC
of all three lines simultaneously. The gas and dust are distributed smoothly or in clumps
in a spherical shell geometry. We use the same velocity (v) index (dependence of velocity
on radius) for both Hβ and Hα, but allow a different v index for He I on the basis that
it is heavier and probably distributed differently. The slight difference is representative of
an onion-like model where heavier elements are more centrally located in the SN ejecta and
lighter materials, traveling at higher velocities, are found at larger radii (Guo & Yang, 2017,
and references therein). We varied the v index to best fit the blue side of the IWC. We assume
a fixed density distribution proportional to r−2 and an emissivity distribution proportional
to r−4 , as is appropriate for a CSM created with a constant mass-loss rate. The results are
not particularly sensitive to varying this parameter. All of these values are listed in Table
3.1.
Table 3.1: Smooth CDS damocles models: The parameters are defined as follows: vgasmax
and vgasmin are the maximum and minimum gas velocities respectively, v index is the dependence of the velocity gradient on radius, Mdust is the total mass of the dust, Rout and Rin
are the outer and inner radii (respectively) of the gas and dust, τext is the extinction at the
wavelength, and τV is the optical depth for an individual clump in the V band.
Line
Hβ
He I
Hα
Hβ
Hα
Hβ
He I
Hα

epoch
days
1286
1286
1286
915
915
526
526
526

vgasmax
km s−1
1550
1550
1550
1800
1800
2300
2300
2300

vgasmin
km s−1
500
200
500
500
500
600
400
600

v index
1.00
0.80
1.00
0.90
0.90
0.95
0.70
0.95

Mdust
10−4 M
9.0
9.0
9.0
6.0
6.0
1.5
1.5
1.5

Rout
1016 cm
16.7
16.7
16.7
11.9
11.9
6.82
6.82
6.82

Rin
1016 cm
1.56
1.56
1.56
1.33
1.33
1.19
1.19
1.19

τext

τV

1.59
1.62
1.54
2.07
2.00
1.45
1.47
1.41

1.62
1.62
1.62
2.10
2.10
1.48
1.48
1.48

We then adjusted the grain radius to get the appropriate dust extinction wavelength
dependence. This part of the process is noteworthy as a similar value of τ is required across
all lines, indicating little wavelength dependence in this range, contrary to the suggestions
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by previous authors (Smith et al., 2012; Moriya et al., 2013; Gall et al., 2014). The grain
radius (a) that accommodates this restriction (grey extinction) is a = 0.1 µm, the grain size
that best fits the data. We find that the optical depth to which the Hα and Hβ lines are
exposed is very similar, placing strong constraints on the grain radius. This may be different
for optically thick clumps. In the case of a smooth distribution, we require grains of ∼0.1
µm. Amorphous carbon grains of this radius have a similar extinction efficiency at both Hα
and Hβ. Grains of 0.2 µm are slightly less acceptable, but can still adequately fit all profiles
simultaneously. Larger grains (0.2 - 10 µm) also have similar extinction efficiencies at these
wavelengths but they also become highly scattering which, for a smooth distribution, would
result in an extended red scattering wing that is not seen. I tested two compositions for
the dust grains: 100% amorphous Carbon (amC) and 100% Silicate grains (Hanner, 1988;
Ossenkopf et al., 1992, respectively). I did not test the parameter space that would be
opened by mixed compositions. I ruled out the silicate composition as the grains are too
scattering and don’t fit the observed profiles. This decision is reinforced by the modeling
done with mocassin, see the next section.
We then vary the dust mass to get the best fit. For our clumpy models, we started with a
volume-filling factor (f ) of 0.1 and then varied the dust mass and f . We discovered that for
f < 0.03, the clumps do not obscure enough optical emission to reproduce the asymmetries
seen in the line profiles. If f = 0.03 (or less), the clumps are completely opaque, and can
conceal large (infinite) amounts of dust. For f > 0.03, we can constrain the dust mass. Dust
masses for different filling factors are in Table 3.2. The dust masses are similar to within
∼ 20%.
Table 3.2: Clumped CDS damocles models: The f values are our filling factors, and τV is
for a single clump.
f

Mdust
10−4 M
0.1
11
0.05
13
0.05
7
0.05
2

τV
0.03
0.03
0.04
0.03

All of these steps were used to fit the IWC emission profiles. However, we were still underestimating the broad emission underlying the blue wing. At the same time our mocassin
models indicated that there was dust in the freely expanding ejecta, moving at velocities of
up to 15,000 km s−1 . We expected that adding an additional broad emission component,
representing the freely expanding ejecta, would provide a better fit to the blue wing, and
confirm what the mocassin models were showing. We did not change the dust distribution,
and we fixed f to 0.1, which we are using for our clumpy mocassin models. The broad emission extends between the same inner and outer radii as the intermediate width component.
There is interacting ejecta moving close to ∼1500 km s−1 , freely expanding ejecta moving
up to 15,000 km s−1 , and ejecta moving at all speeds between those as it interacts with the
dense clumps in the CSM and the diffuse medium between them. A velocity distribution is
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flux (arbitrary units)

assigned independent of radius and different to that of the IWC. We estimated the radius of
the forward shock assuming an initial ejecta velocity of 15,000 km s−1 , interaction starting
on day 80, giving us an initial radius of 1016 cm, and then using our range of velocities to
add to that distance. The last step was varying the dust mass and the ratio of BWC to IWC
to get consistent, simultaneous fits for both Hβ and Hα. Hα was more constraining as it
has a much higher signal-to-noise. We then used the parameters from day 526 as a starting
point for the other epochs. The fits are shown in Figures 3.3-3.21.

observed
dust-free model
dusty model

SN 2010jl Hα d1286
Mdust = 9 × 10−4 M
χ2red = 0.89
a = 0.1µm (amC)

−4000

−2000
0
2000
velocity (km s−1 )

4000

Figure 3.3: damocles smooth model with only the IWC, day 1287, Hα.
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flux (arbitrary units)
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SN 2010jl
HeI 5876Å d1286
Md = 9 × 10−4 M
χ2red = 1.55
a = 0.1µm (amC)
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0
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4000

Figure 3.4: damocles smooth models with only the IWC, day 1287, He I.
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Mdust = 9 × 10−4 M
χ2red = 1.70
a = 0.1µm (amC)
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Figure 3.5: damocles smooth models with only the IWC, day 1287, Hβ.
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χ2red = 14.94
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Figure 3.6: damocles smooth models with only the IWC, day 915, Hα.
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Figure 3.7: damocles smooth models with only the IWC, day 915, Hβ.
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a = 0.1µm (amC)

−6000 −4000 −2000
0
2000
velocity (km s−1 )

4000

6000

Figure 3.8: damocles smooth models with only the IWC, day 526, Hα.
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Md = 1.5 × 10−4 M
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a = 0.1µm (amC)

−6000 −4000 −2000
0
2000
velocity (km s−1 )

4000

6000

Figure 3.9: damocles smooth models with only the IWC, day 526, He I.
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Figure 3.10: damocles smooth models with only the IWC, day 526, Hβ.
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f = 0.03
χ2red = 0.45
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Figure 3.11: damocles clumpy model labeled with only the IWC, day 1287, Hα. The
volume filling factor denoted by f =0.03.
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f = 0.05
χ2red = 1.12
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Figure 3.12: damocles clumpy model labeled with only the IWC, day 1287, Hα. The
volume filling factor denoted by f =0.05.
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Figure 3.13: damocles clumpy model labeled with only the IWC, day 1287, Hβ. The
volume filling factor denoted by f =0.03.
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Figure 3.14: damocles clumpy model labeled with only the IWC, day 1287, Hβ. The
volume filling factor denoted by f =0.05.
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Figure 3.15: damocles clumpy models with both the IWC and the BWC, day 526, Hα.
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Figure 3.16: damocles clumpy models with both the IWC and the BWC, day 526, Hβ.
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Figure 3.17: damocles clumpy models with both the IWC and the BWC, day 915, Hα.
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Figure 3.18: damocles clumpy models with both the IWC and the BWC, day 915, Hβ.
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Figure 3.19: damocles clumpy models with both the IWC and the BWC, day 1287, Hα.
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Figure 3.20: damocles clumpy models with both the IWC and the BWC, day 1287, Hβ.
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Figure 3.21: damocles clumpy models with both the IWC and the BWC, day 1287, He I.
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We subtract the continuum before modeling the line profiles, as any slope of the continuum beneath the line affects the wings, which are important to the damocles fits. The
observed optical-IR continuum shape suggests multiple temperature components are present
and cannot be fit with a single blackbody (Smith et al., 2011). This is a known feature of
type IIn supernovae including SN 2005ip and SN 2006jc, caused in part by a forest of very
high ionization lines from the CSM interaction (Smith et al., 2009). The continuum was fit
with a spline interpolation and then subtracted from the emission profile.
The final fits to the emission line profiles are shown in Figures 3.15-3.21, and the parameters and dust masses are listed in Tables 3.1-3.4. While mocassin is able to measure all
the warm dust in the SN site, damocles can measure dust in the CDS or ejecta that is
warm or cold, as the asymmetries in the line profiles are independent of the temperature of
the dust. For most of the epochs, pre-existing dust in the CSM lies outside the interaction
region. However, by day 1367, the fastest moving ejecta has reached the outer radius of the
CSM. Inside the ejecta region may lie clumps of CSM that still shield some pre-existing dust
from the interaction. It is difficult to estimate how much dust could be hidden this way.
Table 3.3: Two component clumpy damocles Models: Presented here are the maximum
and minimum velocities for the CDS (IWC) and the velocity index. Next are the maximum
and minimum velocities for the ejecta (BWC) and the velocity index.
line
Hβ
He I
Hα
Hβ
Hα
Hβ
Hα

epoch
d
1286
1286
1286
915
915
526
526

vmax−cds
km s−1
1500
1500
1500
1800
1800
2300
2300

vmin−cds
km s−1
500
500
200
550
550
650
650

vcds index
0.6
0.6
0.1
0.3
0.3
0.1
0.1

vmax−ejecta
km s−1
15000
15000
15000
15000
15000
15000
15000

vmax−ejecta
km s−1
1600
1600
1600
1800
1800
2300
2300

vejecta index
-4.0
-4.0
-4.0
-4.0
-4.0
-4.5
-4.5

Table 3.4: Two component clumpy damocles Models continued: The last three columns
are the dust mass, and the outer and inner radii for both the IWC and BWC.
line
Hβ
He I
Hα
Hβ
Hα
Hβ
Hα

epoch
d
1286
1286
1286
915
915
526
526

Mdust
10−4 M
21
21
21
8.0
8.0
2.5
2.5

Rout
1016 cm
16.7
16.7
16.7
11.9
11.9
6.82
6.82

Rin
1016 cm
1.56
1.56
1.56
1.33
1.33
1.19
1.19

We estimate the uncertainties in the dust masses to be 10-15%. We find the best fit by
minimizing χ2 . Errors on the dust mass are estimated based on fixing all other parameters
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at those best fit values while varying the dust mass, until the fit is noticeably worse. We
define a noticeably worse fit as when the χ2 value becomes 10% higher than then value for
the best fit. The He I 5876 Å line is, in general, very noisy so we only modeled it for day
1286 (except for smooth models when we also were able to get a fit to day 526), but we did
get nice agreement. Hα and Hβ follow the same distribution, but He I follows a different
distribution that places it more central to the SN site and at slightly slower velocities. He I
at 915 days is too noisy to be useful, so it is omitted. Spectra from day 247 and earlier suffer
from problems with the continuum subtraction due to line contamination and the almost
certain presence of large electron scattering wings. It is beyond our current capabilities to
disentangle the line components at such early epochs. However, it should be noted that the
He I line at 10830 Å, seen on day 247, clearly has two distinct components, though it seems
scattering contributes significantly here as well.
3.1.2MOCASSIN Models
We used version 2.02.72 of mocassin (Ercolano et al., 2003, 2005), to investigate the nature
and mass of dust in SN 2010jl. mocassin is a 3D Monte Carlo radiative transfer model that
can use an input source with any SED. The models assume spherical symmetry and that
each grid cell is uniform (Ercolano et al., 2003). The grid is seeded with dust with a specified
grain size distribution, number density, and composition. The model parameters are varied
to achieve an output spectrum that matches the SED. The R-band is not included in the fits
to the SEDs because that filter is contaminated by strong Hα emission. The best-fit models
give us an estimate of the total warm dust mass by matching the output mocassin SED to
the observed SED of SN2010jl at a given epoch. The models only put constraints on warm
dust since there are no observations longward of 4.5 µm.
There have been non-detections of SN 2010jl at 11 µm with VLT/VISIR on day 519 (this
thesis) and SOFIA/FORCAST on day 1304 (Williams & Fox, 2015). These non-detections
provide an upper limit of 2 mJy on the brightness of the SN in the 10 µm silicate feature.
This result along with the high dust temperatures derived from fitting the near- to mid-IR,
rule out a mostly silicate dust composition (Williams & Fox, 2015). We disagree with the
conclusion that the lack of silicate features is an optical depth effect (Dwek et al., 2017).
The mocassin models imply dust temperatures of up to 1900 K which indicates that the
dust is carbon-rich (Gall et al., 2014). Also, the slope of the scattering wings in the line
profiles modeled by damocles cannot be recreated with a composition dominated by silicate
grains, as they are more scattering than carbon grains. It is possible that silicates make up a
non-zero fraction of the grain composition, but carbon grains dominate the emission. With
this in mind, for the mocassin dust models we assumed 100% amorphous carbon with
optical constants taken from Hanner (1988) and Zubko et al. (1996). We used an MRN
grain distribution of a−3.5 , with minimum and maximum size cutoffs of 0.005 and 1.0 µm
(Mathis et al., 1977), as was used in previous modeling (Meikle et al., 2007; Kotak et al.,
2009; Andrews et al., 2011a). Differences in fits between different species of carbon were
negligible for both mocassin and damocles.
mocassin is run by first defining a series of user inputs, such as: number of dimensions,
grid size, dust density, composition, and distribution. This reveals the robustness of the
code as any arbitrary geometry and viewing angle can be modeled. mocassin is able to
return temperature, mass, opacity, and composition of the dust shells. mocassin uses the
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Table 3.5: mocassin Parameters
JD

Age
Days
2455945 464
2456846 1367

Tsource
1000 K
12
15

Lsource
109 M
1.8
1.1

f

New Dust Mass
M
0.1
0.0008
1
0.0075

input source temperature and luminosity to determine the initial energy distribution of the
photons before they diffuse outward through the grid. This means that changing the total
number of photons will directly affect the total number of higher energy photons that will
be absorbed, emitted, and re-absorbed multiple times throughout an individual run.
The gas and dust around SN 2010jl is not likely to be a smooth, spherical shell (Patat
et al., 2011; Fransson et al., 2014; Aartsen et al., 2015; Katsuda et al., 2016). The shell could
be clumpy and/or have a non-spherical geometry like a torus (Andrews et al., 2011a; Smith
et al., 2012; Chandra et al., 2012; Maeda et al., 2013; Ofek et al., 2014; Jencson et al., 2016;
Chugai, 2018). This thesis considers only clumpy shell distributions; torus geometries will
be explored in a future paper as an extension of the work in Arnett & Meakin (2011). For
the geometry of the dust in SN 2010jl, we constructed shells with smooth and clumpy dust
distributions using an online grid maker1 . We assume a dust number density profile of r−2
in both the ejecta and the CSM. Each cell has the same probability of containing a clump; a
probability which is set by the filling factor. The density in a clump depends on its distance,
and the clumps are uniformly distributed. However, one interesting mocassin result was
that at day 1367, more of the dust was located in the interclump medium. We interpret this
as an increase in the unshocked ejecta’s dust population that is outpacing dust formation in
the interaction regions.
Not all of the ejecta is interacting with CSM in a clumpy scenario; some ejecta is still freely
expanding. Therefore, the ejecta’s outer radius is expanding at 15,000 km/s and has reached
the outer radius of the CSM at 1.8 x 1017 cm by day 1400. Over time the freely expanding
ejecta cools and forms dust at larger radii than the CDS. In addition to these clumpy models,
we also ran models with smooth distributions for completeness. Models assuming dust in a
clumpy distribution estimate higher masses than homogeneous distributions. The estimated
dust masses from mocassin are listed in Table 3.5. Our models show that most of the dust
emitting in the IR is located at the same range of radii as in our damocles models.
There are several mechanisms that could be heating the dust, depending on its location.
Radioactive decay would only affect the ejecta dust, and we do not account for this explicitly
in our models. Even if our models did account for it, the very high IR luminosity means that
ejecta dust heated by radioactive decay cannot be significantly contributing. To emphasize
the size of the IR excess, a comparison of the SEDs for SN 1987A on day 615 (lower plot)
and SN 2010jl on day 621 are presented in Figure 3.22. Radioactive heating depends on the
nickel mass, and for SN 1987A that is about 0.01 M (Seitenzahl et al., 2014). SN 2010jl
has a nickle mass of 3.4 M (Zhang et al., 2012). Thus the radioactive heating in SN 2010jl
should be about 340 times that in SN 1987A. In Figure 3.22, the SEDs are at the same epoch
1

https://www.nebulousresearch.org/codes/gridmaker/
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and there is about 4 orders of magnitude more dust luminosity from SN 2010jl, meaning the
additional heating from radioactivity is still negligible.
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Figure 3.22: The SEDs of SN 1987A (Wesson et al., 2015) and SN 2010jl on days 615 and
621, respectively. The flux densities from SN 1987A are scaled for the distance of SN 2010jl.
While SN 2010jl was an X-ray and optically luminous SN, it also has a very large IR excess.
The flux is too large to only be dust warmed by radioactive decay.
A more important contributor to heating the dust is the interaction between the ejecta
and the CSM. The high energy photons, emitted by the interaction, heat the surrounding
dust, new and pre-existing. The models include a simplified version of this interaction region
in mocassin by creating a shell consisting of point energy sources, with an external shell of
dust for the CSM, and an internal sphere of dust for the ejecta and/or CDS. The variables for
this source of photons are temperature, luminosity, radius, and number of photons. Because
the CSM is assumed to be clumpy, there is freely expanding ejecta at radii larger than the
radius of the forward shock, where the ejecta is slowed by the continuous CSM interaction.
In our simplification for mocassin, we used the outer radius of the ejecta as the radius of
our shell of point sources. Dust at radii smaller than the shell is new, and dust at radii larger
than the shell is pre-existing.
A third heating source is the supernova flash, seen as a thermal echo in the CSM. In
Andrews et al. (2011a), the IR excess together with the minimal line of sight extinction were
taken to imply an asymmetric CSM, with no dust along the line of sight. The models described in that paper predict the evolution of the IR flux as the flash propagates through the
CSM. We include a flash echo propagating in our mocassin models as well, see Figures 3.233.26. We can easily separate the echo contribution from the IR excess caused by new dust.
We hypothesize that the CSM dust is still being illuminated by the ejecta interaction, and
as the ejecta expands, it envelopes the CSM clumps but does not necessarily destroy them.
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Figure 3.23: The SED of SN 2010jl on day 91. The flux density at 3.6 and 4.5 µm can be
completely accounted for with just the echo. This indicates there is virtually no new dust
at this epoch.

70

Figure 3.24: The SED of SN 2010jl on day 464. Now the echo is barely contributing, and
emission from new dust dominates.
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Figure 3.25: The SED of SN 2010jl on day 996. The echo has completely faded, and is not
plotted.
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Figure 3.26: The SED of SN 2010jl on day 1367. The last epoch we modeled.
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We ran a series of models in which we put dust at a uniform density inside the forward
shock radius, dust with a r−2 density distribution outside that radius, and a random distribution of point sources at that radius, representing heating from the interaction of ejecta
with CSM. This geometry is a simplification, but it should be broadly representative. We
started the modeling on day 465 and ran models with parameters in the following ranges:
an outer radius for the ejecta of up to 6 x 1016 cm (corresponding to freely expanding ejecta
speeds of 15,000 km/s), an outer radius for the CSM of 1 - 5 x 1017 cm, a total luminosity
for the forward shock of 2 - 8 x 1042 , a temperature for the forward shock 10 - 20 kK, a
100% amorphous carbon grain composition, a grain size of 0.02-0.2 µm, a particle density
for the dust grains of 10−5 - 100 grains per cubic centimeter in both the ejecta and CSM,
and clumping with a volume filling factor of 0.1 in both the ejecta and CSM. We found
that clumping allowed for better fits than a smooth distribution of dust, in which case too
little optical emission escaped. In the smooth models, the SED was more sensitive to the
circumstellar dust than to the ejecta dust, and a model with only ejecta dust does not fit
the observed SED. We found that a 20 kK source temperature provided a better fit to the
optical photometry, and a source luminosity of 2 x 109 L was optimal. The particle density
at the inner edge of the CSM happens to be the same as the density in the ejecta. Combining
mocassin and damocles we were able to constrain the optimal single grain size to be 0.1
µm. We ran some tests on grain distributions and found the total dust mass increased when
we allowed for smaller grains, but not significantly enough to warrant a full investigation.
Therefore, the dust masses can be considered as approximate lower limits. The total dust
mass for day 465 was 0.001 M , of which about a third is in the ejecta and two thirds in the
CSM.
On day 996, ejecta dust is much more important than dust in the CSM. This is consistent
with the ejecta overrunning the CSM, as supported by their respective outer radii at this
epoch. The mass of newly formed dust has increased from day 465 to 0.005 M . We ran
models the clumpy distribution’s volume filling factor is still 0.1. To get results for day 1367,
we tried varying the dust mass while keeping a clump filling factor of 0.1 and were unable
to get a satisfactory fit. When we used a smooth distribution, we were able to get a good
fit. However, the damocles results show that a smooth distribution of dust has too high
a dust optical depth. So the filling factor has increased to some value between 0.1 and 1.
The outer radius of the ejecta still corresponds to 15,000 km/s, and the freely expanding
ejecta has now reached the outer edge of the CSM. The best fitting dust mass for day 1367
is 0.0075 M . The prior clump filling factor allowed too much optical to escape relative to
the IR. Only by increasing the filling factor towards a smooth distribution, were we able to
get a satisfactory fit. This makes sense if there is much dust forming in the ejecta, filling
the space between the CSM clumps, or the dust formed in clumps which are subsequently
disrupted by the energetic interactions.
3.2Models of SNe 2017eaw and 2007oc
I performed radiative transfer modeling of the SEDs for SN 2017eaw and SN 2007oc to
estimate the mass of dust associated with these SNe. I used mocassin to calculate the mass
of dust at 116, 200, and 295 days for SN 2017eaw and at 245, 360, and 648 for SN 2007oc.
I chose to model both systems with a central point source surrounded by a gas–free dust
shell, as they are relatively uncomplicated, young systems. The shells are “smooth”, which
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means that there are no inhomogeneities (“clumps”). The dust density profile falls by r−2
from the inner radius (Rin ) to the outer radius (Rout ). I use a common grain size distribution
for interstellar dust grains, the MRN (Mathis et al., 1977) power law distribution, a−3.5 . In
both cases, I tested two compositions for the dust grains: 100% amorphous Carbon (amC)
and 100% Silicate grains (Hanner, 1988; Ossenkopf et al., 1992, respectively). I was unable
to constrain the composition for SN 2017eaw due to a lack of data beyond 4.5 µm. For
SN 2007oc, I was able to constrain the ratio of carbon to silicate thanks to the points at
5.8 and 8.0 µm. The first two epochs for SN 2007oc had a composition of 90% carbon and
10% silicate. The third epoch required a higher ratio of silicates (20:80). I did not fit the
R, I, and 4.5 µm bands in the SN 2017eaw SEDs because they are contaminated by strong
emission from Hα, the IR Ca II triplet, and CO bands, respectively. In all cases my fits are
not unique.
As is standard procedure, I used the shape of the SED to set my input parameters. For
SN 2017eaw, I used an inner radius Rin of 1016 cm and an outer radius Rout of 1017 cm,
based on the optical and IR contributions to the SED. For SN 2007oc, the radii for the
first two epochs are on the order of Rin = 1017 cm and Rout = 1018 cm. The input optical
luminosity and temperature were based on the optical continuum, and the parameters are
listed in Tables 3.6-3.8.
Table 3.6: mocassin Parameters for SN 2017eaw Carbon Grains
Age
L
Days
116 1.3x108
200 2.3x107
295 5.6x106

T
Dust Mass
K
M
4500 1.4x10−6
5500 9.8x10−6
6000 1.4x10−5

Table 3.7: mocassin Parameters for SN 2017eaw Silicate Grains
Age
L
Days
116 1.3x108
200 2.3x107
295 6.0x106

T
Dust Mass
K
M
4500 6.9x10−5
5500 1.8x10−4
6000 2.1x10−4
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Table 3.8: mocassin Parameters for SN 2007oc
Age
L
Days
245 2.2x107
360 1.6x107
648 3.1x105

T
Dust Mass
K
M
5000 4.6x10−3
5000 3.1x10−2
5000 1.7x10−4

For SN 2017eaw, at 116 days, the input SED was my best fit, indicating virtually no dust
was detected. At 200 and 295 days, a small amount of dust (∼ 7 x 10−6 M for Carbon grains
and ∼ 1 x 10−4 M for Silicate grains) was required to fit the SED. The peak temperature
of the dust is ∼500 K. The models are presented in Figures 3.27-3.32, where the dashed line
is the input optical SED, and the solid line is the output optical-IR SED.
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Figure 3.27: The SED of SN 2017eaw on day 116 using carbon grains. Points plotted are
(from left to right): U, B, V, R, I, a spectrum across the J, H, K bands, 3.6 µm, and 4.5
µm. I only contributed Spitzer data to this paper. To read about the sources of all the other
points, see Tinyanont et al. (2019).
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Figure 3.28: The SED of SN 2017eaw on day 116 using silicate grains. Points plotted are
(from left to right): U, B, V, R, I, a spectrum across the J, H, K bands, 3.6 µm, and 4.5
µm. I only contributed Spitzer data to this paper. To read about the sources of all the other
points, see Tinyanont et al. (2019).
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Figure 3.29: The SED of SN 2017eaw on day 200 using carbon grains. Points plotted are
(from left to right): B, V, R, I, J, H, K, 3.6 µm, and 4.5 µm. I only contributed Spitzer data
to this paper. To read about the sources of all the other points, see Tinyanont et al. (2019).
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Figure 3.30: The SED of SN 2017eaw on day 200 using silicate grains. Points plotted are
(from left to right): B, V, R, I, J, H, K, 3.6 µm, and 4.5 µm. I only contributed Spitzer data
to this paper. To read about the sources of all the other points, see Tinyanont et al. (2019).
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Figure 3.31: The SED of SN 2017eaw on day 295 using carbon grains. Points plotted are
(from left to right): B, V, R, I, J, H, K, 3.6 µm, and 4.5 µm. I only contributed Spitzer data
to this paper. To read about the sources of all the other points, see Tinyanont et al. (2019).
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Figure 3.32: The SED of SN 2017eaw on day 295 using silicate grains. Points plotted are
(from left to right): B, V, R, I, J, H, K, 3.6 µm, and 4.5 µm. I only contributed Spitzer data
to this paper. To read about the sources of all the other points, see Tinyanont et al. (2019).
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For SN 2007oc, there is a stark difference between the first two epochs and the third epoch.
One interpretation is we are seeing an older population of dust and then a new population
of dust is seen at a much later time. The models are presented in Figures 3.34-3.36.

Figure 3.33: The SED of SN 2007oc on day 245 using silicate grains.
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Figure 3.34: The SED of SN 2007oc on day 360 using silicate grains.

84

Figure 3.35: The SED of SN 2007oc on day 648 using silicate grains. Note there is a change
in scale on the y-axis as this epoch is much fainter.
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4. Discussion and Conclusions
The recent unexpected discovery of ∼1 M of cold dust in the ejecta of SN 1987A has caused
a complete re-evaluation of our understanding of dust formation in core-collapse supernovae.
Our original motivation for studying dust formation in CCSNe was the discovery that some
young galaxies were dust rich. These galaxies are less than 1 Gyr old, and so a significant
fraction of the observed dust must be coming from massive stars, which evolve quickly
and return their material back to the interstellar medium through supernovae. Theoretical
models predict that 0.1-1 M of dust would be needed per CCSN, but many studies by our
group and others have found that only about 10−2 –10−4 M of dust has formed two or three
years after the SN explosion. How is it that CCSNe have formed only a small amount of
dust after three years, and SN 1987A has a dust mass that is several orders of magnitude
larger after 25 years? New studies by Gall et al. (2014) and Wesson et al. (2015) have made
the fascinating suggestion that dust is continuously forming in the ejecta of CCSNe, so that
the older the SN, the more dust it should have. However, they also show that there is a wide
age gap between recent observations of CCSNe that are just a few years old and SN 1987A.
This thesis is the beginning of a long-term plan to observe and model a large sample of
CCSNe, between 3 and 60 years after the SN explosion, to test the continuous dust formation
hypothesis. I have gathered data on over 30 CCSNe, and have modeled the dust formation
history for three of them. I performed an investigation of the dust masses of SNe 2010jl,
2017eaw, and 2007oc. This thesis is part of a long-term project with collaborators from
many institutions in the US and abroad.
4.1SN 2010jl
For this thesis, I present new visible and IR photometry and spectroscopy, obtained using
Gemini GMOS, NTT/SOFI, VLT/X-Shooter, and Spitzer/IRAC, in the first 1400 days of
SN 2010jl’s evolution. I used these data to analyze the formation and evolution of three
populations of dust: newly formed dust in the ejecta, newly formed dust in the CDS, and
pre-existing dust in the CSM.
An interesting laboratory for the study of dust formation, evolution, and destruction is
the bright type IIn SN 2010jl which was discovered on 2010 November 3.52 in the irregular
galaxy UGC 5189A at a distance of 48.9 ± 3.4 Mpc (Newton & Puckett, 2010). With a peak
absolute magnitude of ∼-20, this was one of the brightest supernovae in recent years (Stoll
et al., 2011). The first spectra showed narrow emission indicating that SN 2010jl was a type
IIn SN near maximum light (Benetti et al., 2010; Yamanaka et al., 2010). Bright, narrow
emission lines originate in the flash ionized circumstellar material (CSM) of type IIn SNe
(Filippenko, 1997). At the optical position of the SN, an X-ray point-source was detected
on 2010 November 5, which is often seen in type IIn SNe (Immler et al., 2010). SN 2010jl is
among the most luminous X-ray supernovae yet observed (Chandra et al., 2012).
The IWC, which indicates interaction between the ejecta and the CSM, appears in the
emission-line profiles of SN 2010jl with red-blue asymmetries between 66 and 80 days indicating the CSM must lie very close (at a radius of ∼1016 cm) to the progenitor (Gall et al.,
2014; Fransson et al., 2014). The increasing asymmetries indicate that the dust mass interior
to the forward shock is increasing, yielding a greater dust extinction of emission from the
receding side (Lucy et al., 1989). There are several possible explanations for why this is
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happening at such early times: the dust is forming in a cold, dense shell (CDS) between the
shocks, the clumpy CSM dust has been overrun by the ejecta, and/or clumps of dust in the
ejecta which are self-shielding (Smith et al., 2012).
An IR excess is also present at early times. Spitzer/IRAC images at 3.6 and 4.5 µm taken
on day 91 and NTT/SOFI JHKS images taken on days 83 and 107 show strong IR emission
peaking in the K band. This can be attributed to an IR echo from pre-existing CSM dust
that was flash heated by the SN explosion out to a large radius of ∼6 x 1017 cm (Andrews
et al., 2011a). Sometime during the gap in observations, between days 260 and 373, there
was a steep increase in the IR flux, indicating new dust was formed. Also during this period,
the plateau phase ended and the radioactive decay tail began, bolstered by emission from
the interaction region (Fransson et al., 2014).
Dust evolution in a type IIn SN is complex with dust possibly present in the ejecta, the
CDS, and the CSM. Figure 1.1 shows the difference between the major components of the
interaction region: the unshocked CSM, the forward shock, the post-shock CSM, the CDS,
the shocked ejecta, the reverse shock, and the unshocked ejecta. A massive amount of CSM,
∼10 M , has been reported around SN 2010jl (Ofek et al., 2014). As the ejecta slams into
the CSM, forward and reverse shocks are created. Between these two shocks is a growing
CDS, and in this rapidly cooling region, new grains of dust can condense and form at much
earlier times than dust condensing in the ejecta or post-shock CSM (Pozzo et al., 2004). If
there is no dense CSM for the ejecta to collide with, then the ejecta continues expanding
and cools. In most type II SNe, dust condenses in the cooling ejecta (Sugerman et al., 2006;
Bevan et al., 2017; Matsuura et al., 2017).
There is a distinct blue wing seen in the Balmer and He I emission lines, which I was able
to fit with our simple ejecta emission model. I argue that this wing arises from a different
physical mechanism within the SN-CSM system than the IWC, and I was able to fit the
wing with a BWC caused by the fast-moving ejecta. The lack of this wing on the red side
of the profile is from attenuation by dust. While it is possible electron scattering affects
the extended wings in the line profiles before 200 days, I expect the electron scattering
optical depth to have diminished sufficiently as to be negligible after that point. I, therefore,
strongly favour that this component of the profile originates in the fast moving ejecta and
is attenuated by dust formation within. The geometry adopted in our models is meant to
represent dust forming in the freely expanding ejecta (BWC) and in the interaction regions
that occur each time the ejecta encounters a dense clump of CSM (IWC). The radii are
the same for both components, as the clumps are scattered throughout the CSM, and the
interaction is thus continuous. The velocity of the IWC is much slower than the BWC as the
ejecta interacting with a dense clump is greatly decelerated. Chugai (2018) also derives a
mass of new dust at late times in SN 2010jl (>10−3 M ) using emission line profile fits. The
Chugai (2018) method for fitting the profiles uses a purely analytical model of the optical
properties of the system (optical depth, albedo, emissivity) to recreate the emission lines.
However, the parameters inferred by Chugai (2018), in particular the optical depths and
albedos, are highly dependent on the outer radius of the intermediate line emitting region
bounded by the assumed forward shock radius. As in Chugai (2018), I neglect the reverse
shocked region.
Figure 4.1 summarizes my results for SN 2010jl and compares them to other studies. I
interpret the different dust masses from my models as dust from different regions of the SN.
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My first epoch of dust mass estimates with mocassin show the warm pre-existing dust in
the CSM that was heated by the initial SN flash. The later epochs of mocassin models
show the total mass of warm, new dust formed by SN 2010jl. The damocles models trace
the dust in the ejecta and CDS. For a spherical geometry, placing the dust in clumps is more
physical than a smooth distribution given the optical depths. Using damocles I am able
to tightly constrain the grain size which I then also applied to the mocassin models. It
is likely that there is dust in three locations in SN 2010jl (Figure 1.1), pre-existing dust in
the CSM, and newly formed dust in the ejecta and in the CDS (Pozzo et al., 2004; Dwek
et al., 2017). By using the damocles and mocassin models in concert, I can disentangle
the newly formed dust from the pre-existing CSM dust. mocassin measures all the warm
IR emission and therefore, this mass estimate includes dust from CSM, CDS, and ejecta. On
the other hand, the damocles fits of the BWC and IWC emission measure the dust interior
to the forward shock, regardless of temperature.
4.1.1The CSM Dust
There is already an IR excess at the time of the first epoch modeled by mocassin (day 91),
virtually all of which is coming from the flashed CSM (Andrews et al., 2011a). Assuming the
total gas mass of the CSM is 10 M (Ofek et al., 2014; Sarangi et al., 2018) and assuming a
gas-to-dust ratio of 200, then there should be ∼0.05 M of dust (Draine et al., 2007). Our
mocassin estimate of the dust mass at this epoch is ∼0.015 M . Some of the pre-SN CSM
dust may have been vaporized by the initial SN flash, but the early IR emission indicates that
much of the CSM dust survived, and that makes sense if the dust is in clumps or distributed
in an asymmetric geometry which provides a high optical depth along some lines of sight.
Some CSM warm dust emission persists at late-times (t>300 d) as the pre-existing dust close
to the forward shock is warmed by emission from the interaction. But this emission is much
smaller than that of the newly-formed dust. The CSM emission is undetectable by day 996,
even though the mass of CSM dust has not changed. Around 1300-1400 days the ejecta has
reached the outer radius of the CSM, thus the ejecta dust and surviving CSM clumps are
now co-located.
4.1.2Properties of the Dust
Observations at 10.7 µm on day 519 (this thesis) and at 11.1 µm on day 1304 (Williams
& Fox, 2015) show no sign of the silicate 10 µm feature. This provides a strong constraint
on the mass of silicate dust that can be present. Taken with the high temperature of the
newly-formed dust grains, the evidence points toward primarily amorphous carbon dust.
This is consistent with the line profiles which do not exhibit an extended red scattering wing
that would be expected for strongly scattering dust like the majority of silicate grains. Very
small silicate grains would not show this extended wing, but this would result in an incorrect
wavelength dependence. The only scenario where silicate dust could be permitted would be
for optically thick clumps where the effects of scattering are minimized and the emission
feature at 10 µm is suppressed.
The similar optical depths required for the Hβ, Hα, and He I 5876 Å lines can be obtained
in two ways. Either the grain size is approximately 0.1 µm (given that we are working with
single grain size and not a distribution), reproducing the desired flat wavelength dependence
in this region on the spectrum, or alternatively the dust may be optically thick, washing out
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the wavelength dependence of the dust. The dust cannot be smoothly distributed and be
optically thick as this would create highly asymmetrical line profiles, very different to the
observations. The dust could be optically thick if it is located in clumps. I investigated a
range of filling factors. For filling factors of 0.1 and 0.05, the dust clumps are still optically
thin in the IR, and a grain size of 0.1 µm is still required to reproduce all the profiles with
a consistent dust mass. It is not until the filling factor is reduced to 0.03 that the clumps
become optically thick in the IR. For this filling factor, a reasonably good fit to all profiles
can be obtained simultaneously with a final dust mass > 1.5 x 10−3 M . However, the
slight differences in the required optical depths for the three lines mean that these optically
thick models are slightly less good fits than the wavelength dependent models. For filling
factors < 0.03, the covering factor is not sufficient to reproduce the observed line asymmetries
regardless of the amount of dust contained in the clumps. Limits to the dust mass in this case
can still be placed using the mocassin fits to the SED since the clumps are still optically thin
in the IR. I, therefore, either require a scenario whereby the dust grains are approximately
0.1 µm, which seem to provide the better fit, or the filling factor is 0.03. The latter scenario
does not satisfy the requirement that the clumps be optically thin in the IR.
The damocles models follow a single grain size fit, and for a single grain size, the
solution is 0.1 µm, as other grain sizes do not provide the correct scattering to fit the data.
This is the basic model I use for the paper. There is an entire parameter space of grain
size distributions which I did not fully explore for this paper, but may be worth exploring
more deeply in future publications. After running some tests, we determined that some
distributions of grain radii are able to simultaneously fit the profiles for SN 2010jl, but
there are limitations. Grain size distributions require clumping to suppress the scattering.
During testing we found a range of grain radius distributions that can fit the lines with
dust masses that are up to two orders of magnitude larger than our single grain radius
results. Importantly, by combining the mocassin and damocles results, I can constrain
the possible size distributions and the dust masses associated with them. While using a
single grain size versus a distribution makes little difference to the optical or IR SEDs, the
dust mass is tightly constrained. So if damocles has a distribution of grain sizes that allows
for a higher dust mass, the mocassin models can constrain those possibilities. Using this
technique, I investigated grain radii distributions at day 1287 for a fixed dust mass of 7.5 x
10−3 M . I fixed the minimum grain size at 0.001 µm and varied the maximum grain radius
and slope. I found that a dust mass consistent with the mocassin results requires a grain
radius distribution of slope -3 and a maximum grain radius of ∼0.4-1.0 µm, where the slope
can vary slightly depending on the maximum grain radius. These grain radii distributions
are consistent with mocassin models, and yielded the factor 100 increase in dust mass
mentioned earlier. By setting the minimum grain radius to 0.001 µm, I feel this is the most
extreme opposite of the 0.1 µm single grain size, as a larger minimum for the distribution
brings the average grain size closer to the single size solution. This essentially gives me a
range of all possible dust masses given a single grain size or grain size distribution.
4.1.3Dust Formation History
As shown in Figure 2.24, there is a gap in the data from 260-373 days. During the gap,
the SN became much brighter in the near- and mid-IR, and and the red-blue emission-line
asymmetries strengthened indicating dust formation in the ejecta and/or CDS (see Fig89

ures 2.20-2.22). Also, during the gap, the plateau phase of the SN ended and the radioactive
tail began, bolstered by light from the CSM interaction. The drop in the optical light curve
is the same in all filters, and is thus unrelated to the dust formation, which would have
yielded a sharper decline at shorter wavelengths. After the gap, the first JHKS observation
is on day 374 and Spitzer on day 464. There is a much bigger IR excess at HK and at 3.6
and 4.5 µm. The mocassin models required hot dust (1900 K) and a dust mass of 8 x 10−4
M .
The first dust mass estimate using damocles is 2.5 × 10−4 M on day 526. The red-blue
line asymmetries have strengthened since the previous epoch of spectra on day 247, a sign
of ongoing dust formation. This mass continuously increases with time reaching 2.1 × 10−3
M on day 1286, according to our clumpy models measuring both the IWC and BWC. The
total warm dust mass of SN 2010jl from mocassin also continuously increases, reaching 5
× 10−2 M on day 1367. A plot of the variation in dust mass over time, as estimated by the
mocassin and damocles models, is presented in Figure 4.1. Gall et al. (2014) estimated
∼10−3 M of dust at 868 days. Their estimate uses data out to just the K-band and is
not measuring cooler dust emitting in the Spitzer bands. As discussed above, mocassin is
measuring all warm IR emitting dust while damocles is measuring dust affecting the BWC
and IWC. The significantly higher final estimate for dust mass from mocassin points to
dust that is hiding from damocles in clumps that are optically-thick in the visible, but
not in the IR. The damocles dust mass in the ejecta and/or CDS continues to increase
with time reaching 2.1 × 10−3 M on day 1286. Although one might expect the rate of dust
formation to decrease with time as the system expands and densities drop, late-time and
possibly continuous dust formation has been shown to occur in other SNe, in particular, SN
1987A, which may have as much as 1 M (Wesson et al., 2015; Matsuura et al., 2015; Bevan
& Barlow, 2016; Bevan et al., 2017). One idea explored for SN 1987A, but not for SN 2010jl
is dust reformation in the post-shock region, where dust that was destroyed by the forward
shock eventually reforms behind it, given enough time (Matsuura et al., 2019).
Through the use of two complimentary radiative transfer codes, mocassin and damocles, I have been able to identify and disentangle several dust populations in SN 2010jl.
This was done by modeling the warm IR emission from dust with mocassin and modeling
the attenuation of optical emission line profiles by dust with damocles at a number of
epochs covering almost 1400 days. With early-time observations of the optical and IR SED
including Spitzer/IRAC 3.6 and 4.5 µm photometry, mocassin models found a mass of 1.5
× 10−2 M by day 91 which can be attributed to the dust in the CSM which had been
flashed by the initial SN explosion. After the gap in the observations, 260-373 days, there
is a much bigger IR excess at HK and at 3.6 and 4.5 µm than before. The total warm dust
mass of SN 2010jl, as estimated by mocassin, then continues to increase with time reaching
5 × 10−2 M on day 1367. The red-blue line asymmetries strengthen during the gap.
As shown in Figure 4.1, there is evidence for continuous dust formation in the expanding
ejecta and CDS of SN 2010jl, in addition to the mass of pre-exising dust in the CSM.
In this figure, I have plotted the results of our mocassin clumpy models and damocles
clumpy two-component models. The mocassin models give the mass of warm dust, and the
damocles models give the mass of dust in the ejecta and CDS. The difference between them
is the dust in CSM clumps that was warmed by the interaction. These clumps are optically
thick in the visible and optically thin in the IR. By 1400 days the ejecta has reached the
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outer radius of the CSM and the surviving clumps are now dispersed within the expanding
ejecta.
4.2SNe 2017eaw and 2007oc
I used mocassin to model the SEDs for SN 2017eaw to estimate the mass of dust associated
with the SN. The mass of dust was estimated at 116, 200, and 295 days. At 116 days, the
input SED was my best fit, indicating no dust was detected. At 200 and 295 days, a small
amount of dust (∼ 7 x 10−6 M for Carbon grains and ∼ 1 x 10−4 M for Silicate grains)
was required to fit the SED. Based on these models, I conclude this system is continuously
forming new dust. I have plotted the results alongside SNe 2010jl, 1987A, and 2007oc in
Figure 4.2. SN 2007oc had less straightforward results. I used mocassin to model the SEDs
for SN 2007oc to estimate the mass of dust associated with the SN. I used mocassin to
calculate the mass of dust at 245, 360, and 648 days. From 245 to 360 days, a significant
mass of dust on the order of 10−2 M is required to fit the SED. However, at 648 days, SN
2007oc is significantly fainter and the dust mass required to fit the SED is much smaller ∼
10−4 M . Even with the best fit at a much smaller dust mass, the optical depth is still a
bit too high. One possible conclusion is that the dust has cooled to outside the range of our
observations. The mocassin models are not unique and it is possible this third epoch has
another solution that has not been investigated yet. Even if it does, the parameters for the
third epoch are quite different from the first and second. For all these reasons, SN 2007oc is
a very good candidate for applying damocles, which is part of my future plans.
4.3Summary and Future Plans
My thesis has presented a considerable number of new observations of CCSNe, and the
modeling of SN 2010jl was an important and strenuous test of the new code damocles. I
have also provided the best constraints so far on the dust properties of SN 2010jl. This thesis
is part of a long-term project to study dust production by CCSNe in the hopes of solving
the early dusty galaxies problem. The source of the large masses of dust present in some
very high redshift galaxies is still unknown (Bertoldi et al., 2003). CCSNe are one possible
solution to this problem (Todini & Ferrara, 2001). In the future, to continue this study I will
be applying mocassin and damocles to all the SNe in my sample as well as continuing
to expand the observations. A popular direction for this project right now is investigating
x-ray SNe as the interaction between the ejecta and a dense CSM is very energetic and can
result in a high X-ray luminosity, as is the case with SN 2010jl. So by targeting SNe that
are X-ray bright we may find SNe that are good producers of dust like SN 2010jl.
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Figure 4.1: The dust mass (M ) evolution of SN2010jl. The results of our clumpy mocassin
and damocles modeling are shown above in yellow and orange circles respectively. The later
epochs of mocassin models trace the mass of warm dust. The damocles models trace all
the dust co-located with the ejecta. For both mocassin and damocles, the clumpy models
predicted more dust that the smooth models (not shown). In the case of damocles, the
clumps were optically thick for f ≤ 0.03. The mocassin models consistently produce dust
masses on the higher end of those in the literature while the damocles models have yield
dust in the lower end of what has been previously published. The dark green points are
the last epoch from Gall et al. (2014), based on their NIR data. The other green bars
are the upper and lower limits of the new dust mass estimates by Maeda et al. (2013) and
Williams & Fox (2015); Sarangi et al. (2018); Chugai (2018), who gave only a total dust
mass estimate without separating new dust from pre-existing dust. The stars are newly
formed dust mass estimates for SN 1987A. Two of the papers also used mocassin and
damocles to model their dust masses, Wesson et al. (2015) and Bevan & Barlow (2016),
respectively.mythicspioler I also decided to include the original dust mass estimates for SN
1987A from Wooden et al. (1993) for comparison.
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Figure 4.2: The dust mass (M ) evolution of SN2010jl. The results of our clumpy mocassin
and damocles modeling are shown above in yellow and orange circles respectively. The later
epochs of mocassin models trace the mass of warm dust. The damocles models trace all
the dust co-located with the ejecta. For both mocassin and damocles, the clumpy models
predicted more dust that the smooth models (not shown). In the case of damocles, the
clumps were optically thick for f ≤ 0.03. The mocassin models consistently produce dust
masses on the higher end of those in the literature while the damocles models have yield
dust in the lower end of what has been previously published. The green points are the results
of SN 2017eaw models with 100% Silicate grains and 100% Carbon grains. The pale blue
points are the SN 2007oc results, where the third epoch is just one solution. The essential
result of the third epoch is that it requires very different parameters than the previous two.
The stars are newly formed dust mass estimates for SN 1987A. Two of the papers also used
mocassin and damocles to model their dust masses, Wesson et al. (2015) and Bevan &
Barlow (2016), respectively.mythicspioler I also decided to include the original dust mass
estimates for SN 1987A from Wooden et al. (1993) for comparison.
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