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Some stars meet their ends in supernovae (SN) explosions. Massive stars (2 8 M)
at the end of their stellar evolution suffer a core-collapse and explode as core-collapse
supernovae (CCSNe). SNe have diverse observational properties and are divided into
classes based on them. Much can be known about the star that exploded from the
SN it produced.

Stripped-envelope supernovae (SESNe) are explosions of massive stars that lost a
part of the hydrogen envelope (Type IIb), the whole hydrogen envelope (Type Ib), or
the hydrogen envelope and the helium layer (Type Ic). Evidence has accumulated to
support a binary interaction as the stripping mechanism for the hydrogen envelope.
The mechanism responsible for the helium-layer stripping for the progenitors of Type
Ic SNe is still an open question.

In this thesis, I performed an in-depth analysis of the spectroscopic and photometric
data of the peculiar Type Ib SN 2021efd. The light curve of SN 2021efd has an
excess at late phases compared to the level that is expected from the decay of 5Ni.
I analyzed the spectra of SN 2021efd and concluded that the excess luminosity was
caused by interaction of the ejecta with hydrogen-poor circumstellar material. 1
derived the ejecta parameters and the progenitor star mass and concluded that they
do not separate SN 2021efd from the general population of SESNe. I estimated the
mass-loss rate of the progenitor star by comparing the interaction luminosity in SN
2021efd to numerical calculations. Based on the high mass-loss rate, I concluded
that the mass-loss mechanism is not consistent with line-driven wind. Instead, I
suggest that the mass loss could have happened in eruptions.

Keywords: Supernovae, supernova progenitors, core-collapse supernovae, stripped-
envelope supernovae, interacting supernovae, SN 2021efd, mass-loss mechanism, he-
lium stripping, light curve model
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1 Introduction

Supernovae are terminal explosions of stars. These events are among the brightest
in the universe and they can momentarily outshine their host galaxies. SNe greatly
impact the evolution of galaxies as they increase the metallicity of the galaxies which
in turn affects star formation. Metallicity is the abundance of elements heavier than
helium. Terminal explosions of massive stars (2 8 My) are called core-collapse
supernovae (CCSNe). Factors such as metallicity, initial mass, and possible binary
evolution determine the properties of the eventual explosion of the star. Thus from
CCSNe we can learn much about the final states of massive stars. Not all SNe
come from massive stars. When a low-mass star reaches the end of its life, it sheds
its outer layers and becomes a white dwarf star. Upon accreting mass beyond a
stable limit a runaway nuclear reaction will cause a white dwarf to explode as a

thermonuclear supernova.

1.1 Classification of supernovae

The classification scheme of SNe focuses primarily on spectral features, although
other qualities such as brightness and light curve shape are also used in order to
differentiate between several subtypes. The schematic diagram of the classification
scheme is displayed in figure 1.

The first quality that is usually looked for is the presence of hydrogen in the
spectra. SNe with hydrogen in their spectra are classified as Type II SNe and ones
without as Type I SNe. Type I SNe are further divided into subtypes of Ia, Ib, and
Ic. Types Ib and Ic are sometimes collectively called Type Ib/c. Type Ia SNe have
a stronger Si II absorption line at 6150 A than Type Ib/c SNe. Type la SNe are
thermonuclear SNe caused by explosions of white dwarfs. Type Ib SNe have helium
lines in their spectra which are not present in Type Ic SNe. The most prominent

line is the He I line at 5876 A. Type Ic SNe have weaker Si II absorption lines than



Ia and do not have helium lines.|1]

All Type II SNe subtypes can not be distinguished by spectra alone. These
spectroscopically regular Type II SNe typically have a phase when the magnitude
is either linearly decaying or remains constant for ~ 100 days. These two subtypes
are called Type IIL and Type IIP respectively. Other Type II SNe can be identified
based on their spectral features. These are Type IIn SNe, which have narrow lines
caused by the collision of the ejected material with circumstellar material (CSM)
(see chapter 1.5) and Type IIb SNe, which have hydrogen in their spectra at early
phases but later evolve to be spectroscopically similar to Type Ib SNe. [1]

There are further a few SN subtypes worth mentioning. Type Ibn SNe have
largely the same lines present as Type Ib SNe but like Type IIn SNe, they have
narrow lines in their spectra. Type Ic-BL are Type Ic SNe with very broad lines
due to high ejecta velocity. [1]

There are also so-called superluminous supernovae which are divided into SLSN I
and SLSN II depending on whether hydrogen is present. Most SLSN II are possibly
explained as brighter end of Type IIn SN population [2]. They have no clear thresh-
old magnitude but some reach magnitudes < —20 mag. Spectroscopically SLSN
I have similarities with Type Ic SNe but are more luminous and have additional

unexplained features. A threshold magnitude of < —19.8 mag has been suggested.

3]

1.2 Explosion mechanism of core-collapse supernovae

All SNe mentioned in chapter 1.1 excluding Type la are core-collapse supernovae
(CCSNe). Stars fuse atoms in their cores, which is what produces the energy stars
release. Initially, the material at the core is mostly hydrogen, which fuses into
helium. After hydrogen is exhausted, sufficiently massive stars will fuse helium into

carbon and carbon again into heavier elements. When a star with an initial mass
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Figure 1. Figure illustrating the classification scheme of SNe. Some rare subtypes
are not included. Core-collapse supernovae are on the left within the red background
and thermonuclear SNe are on the right within the blue background.

greater than ~8 My reaches the end of its stellar evolution, it has a core of iron.
Iron is the most stable element. Therefore it does not release energy when it fuses
to form heavier elements.

The iron in the core of the star can go through two kinds of reactions: electron
capture reactions and photodisintegration. In the electron capture reactions, a proton
in the nucleus of an iron atom absorbs an electron, turning the proton into a neutron
and releasing a neutrino,

p+e —n+rv,,

where p is the proton, e~is the electron, n is the neutron and v, is the neutrino.
Electron degeneracy pressure prevents the core from collapsing. Electron pressure
decreases when they are captured by the iron nuclei.

Photodisintegration means that the nucleus of an atom, in this case, the iron
nucleus absorbs a high-energy photon and splits into helium nuclei which split into

neutrons and protons,

%Fe +~ — 13 *He + 4n

“He + v — 2p + 2n,

where 7 is the high-energy photon.



Regardless of whether photodisintegration or electron capture is dominant, the
iron core is only capable of undergoing endoergic reactions. These reactions take
energy away from the electron or radiation pressure, which support the structure of
the star, thus causing the core to collapse.

Due to the increased pressure in the core, increased amounts of electron capture
reactions occur. This in turn increases the neutron density of the core. The collapse
of the core stops when matter at the center becomes so dense that the neutron
degeneracy pressure becomes dominant over gravity. This critical density is called
nuclear density. Now a proto-neutron star has formed. The outer layers will then
bounce on the surface of this proto-neutron star forming an outward-propagating
shock wave.

Most of the energy released in the core collapse (~ 99 %) is released in the form of
neutrinos created in the electron capture reactions. All but ~ 1 % of these neutrinos
escape the star but the neutrinos that interact with matter heat the material in the

shock. These effects combined are enough to propel the material to space. [4][5]

1.3 Post-explosion evolution of core-collapse supernovae

In the ejected material, the heating of the inner layers by the shock causes explosive
nucleosynthesis to take place. This energy input makes even endoergic nuclear
reactions possible, i.e., nucleosynthesis to heavier elements than iron. The proto-
neutron star at the center eventually becomes either a neutron star or a black hole.
If the amount of falling-back material is enough for the gravity of the neutron star
to overcome the neutron degeneracy pressure, the outcome will be a black hole.
Due to the explosive nucleosynthesis, the ejected material contains some ~
10~ Mg, of Nickel-56. This is a radioactive isotope with a half-life of 6 days and

decays to radioactive Cobalt-56, which has a half-life of 77 days, and decays to stable



Iron-56.

%Ni+e” = Co+ 7+ v

BCo+e” = Fe+vy+u,

The energy released by the radioactive decay acts as a source of radiation for SNe.
Radioactive decay is not necessarily the primary source of the energy radiated by
SNe. Some SNe can be powered by other mechanisms, e.g. Type IIn SNe are
thought to be powered by interaction with circumstellar material. Many powering
mechanisms have been suggested for SLSNe |3].

Right after the explosion, the SN is in a dense, hot and optically thick phase.
The material is so thick that the radiation escapes the ejecta slowly. The radiation
is reprocessed by the material in the ejecta, making the SN radiation thermal. This
means that the radiation is well described by the blackbody spectrum. The expan-
sion of the ejecta allows the radiation to escape faster, i.e., the opacity decreases
over time. Thus, even though most energy is released by the radioactive decay right
after the explosion, SNe generally take days to weeks to reach its brightest moment.

For SNe that have radioactive decay as the primary source of radiation, %°Ni
decay is the dominant source of radiation when they are at their brightest. Due to
the short half-life, the amount of *°Ni is decreasing rapidly. Therefore, the decline
rate of the light curve is fast compared to the tail phase when the *°Co decay starts
to be a significant contributor. °°Co has a greater half-life, meaning the decay
reactions happen less frequently but the amount of *Co also declines slower.

At ~ 100-200 days after the explosion SNe enters the nebular phase in which
the gas is optically thin and the radiation is not thermal anymore. The radiation at

this phase is dominated by the emission lines. [4][5]



1.4 Stripped-envelope supernovae

Type Ib/c SNe lack hydrogen in their spectra. At the end of a typical stellar evo-
lution cycle, the outermost layer of a star is hydrogen. The progenitors of Type
Ib/c SNe must have lost their hydrogen envelopes before the explosion. In the cases
of Type Ib SNe, there might remain a small hydrogen envelope, which can not be
unambiguously identified in the spectra. Type IIb progenitors are believed to be
stars that have lost a lot of hydrogen but not as much as Type Ib progenitors. Type
ITb SNe progenitors still have clear hydrogen lines in their spectra. The threshold of
hydrogen mass between Type Ib and IIb is ~ 0.03 Mg, [6][7]. Type Ic SNe progeni-
tors have additionally lost their helium layers. Collectively Type IIb, Ib, and Ic SNe
are called stripped envelope supernovae (SESNe). Figure 2 shows the composition
of the progenitor stars of SESNe. [4]

The mechanism behind the stripping is a subject still under study. SNe progen-
itors are known to undergo radiation-driven mass loss. This mass-loss mechanism
can further be boosted by the rotation of the star, which counteracts some of the
gravitational pull on the surface of the star. Case studies of multiple Type Ib SNe
have been conducted with radio observations, which have yielded estimates of pre-SN
mass-loss rates of 107° — 10™* Mg, yr—! [§].

Wolf-Rayet (WR) stars seem suitable for the immediate progenitors of SESNe
as they are just the kind of stars that have lost their hydrogen and, in some cases
even helium envelopes. WR stars are believed to have lost mass through powerful
stellar winds. Classical WR stars have ZAMS masses of 2> 35 M, [4]. However, the
rarity of WR stars does not match the rate of Type Ib/c SNe and case studies of
Type Ib/c SNe have estimated the ejecta masses to be smaller than those of WR
stars [9][10]. Evolutionary models of single stars have difficulty explaining the mass
loss as extensive as in SESNe when the ZAMS masses are < 25 Mg, [11].

Figure 2 displays a schematic clarifying the structure of SESNe progenitors. In



binary systems, there is a region around the star called the Roche lobe, in which
the material is gravitationally bound to the star. Should the star expand beyond
the Roche lobe, the material beyond it will be ejected in the so-called Roche-lobe
overflow [4]. The ejected material will be partially accreted by the companion star
and partially ejected into the circumstellar medium. The amount of material lost
in this manner depends mostly on the binary separation. The smaller the binary
separation is, the greater the ejected fraction of hydrogen will be. The stars that have
a close binary separation lose all or almost all of their hydrogen shell and become
Type Ib SNe, whereas the stars with greater binary separations lose less hydrogen
and become Type IIb SNe. The stars expand due to increased radiation pressure
during later burning phases after the star exits the main sequence. Stars in binary
systems with too great a separation will not fill their Roche-lobes and retain their
hydrogen, eventually exploding as Type II SNe. Type Ic SNe come from helium-
deficient stars. However, there is currently no generally accepted explanation for
the loss of the He layer in these stars. According to theoretical simulations, binary
systems with typical parameters do not expand enough to lose their entire helium
envelope by binary interaction. The extreme cases in which this would be possible

are not consistent with the rate of Type Ic SNe. [6] [12]

1.5 Interacting supernovae

Massive stars have CSM through line-driven wind but may have more dense CSM
via some other mechanisms. Depending on the density of the CSM the circumstellar
interaction (CSI) will be stronger or weaker. For strong CSI there are observable
features in the light curve and spectra. These are henceforth called interacting
SNe. The spectra of interacting supernovae might display narrow lines of the ele-
ments the CSM consists of. SNe interacting with dense hydrogen-rich CSM might

have narrow hydrogen lines in their spectra.
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Figure 2. Progenitor stars of SESNe and the mass-loss mechanism that is thought
to be responsible for the mass loss.

The observable features of interacting SNe are caused by the shock shell between
the ejecta and the CSM. The ejecta velocity and density in the region of the interac-
tion are orders of magnitude higher than that of the CSM. Upon collision between
the ejecta and CSM, shocks are produced. The forward shock propagates outward
in the unshocked CSM, accelerating and heating it. The reverse shock propagates
inward in the unshocked ejecta, re-heating it. Between the shocked ejecta and the
shocked CSM is the contact discontinuity. Complex hydrodynamical processes are
happening around the contact discontinuity. See figure 3 for a schematic of a sim-
plified interaction between a SN and CSM.

The unshocked CSM can be ionized by the interaction shocks. The recombination
of these ions will cause narrow lines to be visible in the spectra. The unshocked CSM
can also be ionized by the high-energy X-ray radiation originating in the interaction

region. These features will be observable in the optical and UV spectra. The ejecta



will be slowed down by the collision with the CSM. The decrease in the velocity of
the ejecta is too small to be directly measured from the spectra, however, a small
part of the kinetic energy is transformed into radiation.

Typically light curves of SESNe are dominated by energy from °°Ni decay and
later from both %°Ni and %6Co decay. The radiation caused by the shock might
become dominant over the radioactive decay if the CSI is strong enough. Even
weaker CSI is usually observed in radio frequencies. Typical mass-loss rates inferred
for SESNe with no strong interaction features are around~ 107> My yr~!. These
mass-loss rates are likely due to line-driven wind. Greater mass-loss rates are found
associated with Type IIn SNe, which have been shown to have mass-loss rates of up
to ~ 107! Mg yr~!. Some SESNe with strong CSI have been observed with various
mass-loss rates and CSM chemical compositions.|§]

Depending on how long before the SN explosion the envelope was shed the SESN
might have interaction features. If the mass was lost shortly before the explosion the
light curve of the SN might have excess light manifesting in atypical light curve shape
and potentially narrow emission lines in the spectra. However, if the envelope is lost
sufficiently long before the explosion the CSM may be located too far away from
the progenitor star for interaction to happen in the time scale of SNe. Whether the
CSM consists of hydrogen, helium, or carbon and oxygen depends on the envelope
the mass was most recently shed from. For example, Type IIn SNe interact with
hydrogen, Type Ibn SNe and Type Ien SNe typically interact with He and C/O-rich
CSM [4][13]. Typical values for mass-loss rate derived for SESNe correspond more
with radiation-driven wind mass loss (< 107° Mgyr~!) rather than higher values

that would be expected from binary stripping ( = 107> Mgyr—!) [8][12].
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Figure 3. Schematic of the interaction between ejecta and CSM. The ejecta as well
as the CSM might not in reality be spherically distributed. The CSM does not
necessarily have a clear outer edge.

1.6 SN 2021efd

In this thesis, I present the observations of SN 2021efd, which is a peculiar Type Ib
SN that has multiple peaks in its light curve. SN 2021efd was discovered on March
2. 2021 (MJD = 59275.8) with the Palomar 1.2m Oschin telescope by the Zwicky
Transient Facility (ZTF) survey [14]. The last non-detection before the discovery
was in the r band on MJD 59269.8. The host galaxy has a redshift of 0.027756 +
1.6-:107° [15], which corresponds to luminosity distance of 116.4 4+ 0.1 Mpc with flat
cosmology and Hubble parameter, Hy value of 73 km s~ *Mpc ™" with €, = 0.3 and
Q) = 0.7. SN 2021efd was classified as a Type Ib by [16].

2 Observation

I present spectra of early and nebular phases of SN 2021efd as well as light curves
observed by ZTF on ¢,r, and ¢ bands and ATLAS o and ¢ bands.
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Figure 4. Acquisition image of SN 2021efd and the host galaxy. Image taken with
the NOT telescope without filter on April 4. 2021 (MJD 59318).

2.1 Light curve

Photometric data of SN 2021efd were collected by ZTF[14] and ATLAS[17][18] sur-
veys. The photometric data used in this thesis were acquired through ZTF Forced
Photometry Service! and ATLAS Forced Photometry Service? respectively. Forced
photometry means fitting a point spread function (PSF) on specified coordinates on
an image. PSF describes how a point-like source appears when viewed through the
atmosphere and the instruments. The PSF is determined from bright field stars in
the image.

I combined the observations from individual nights into single data points. For

Thttps://ztfweb.ipac.caltech.edu /cgi-bin /requestForcedPhotometry.cgi
2Fallingstar-data.com /forcedphot /
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ZTF forced photometry, I first placed the fluxes on the same zero point and a
2w fi

Sgw; where f; is the forced

weighted average was counted with the equation F' =
difference image flux of a single measurement and w; determines how fluxes are
weighted. The variable is defined as w; :%, where o is the uncertainty of the flux
measurement. The error of the combined binned flux is >, w;] 2

I also combined the ATLAS observations of a single night. The presented mag-
nitude is the average of all the measurements and the error is: %, where o; is the

uncertainty of the magnitude and n is the amount of data points.

2.2 Spectra

Spectroscopic data were obtained on 5 different epochs. The four early-phase spec-
tra were obtained with the Nordic Optical Telescope (NOT) using the Alhambra
Faint Object Spectrograph and Camera (ALFOSC) instrument. The nebular phase
spectrum was obtained with the Very Large Telescope (VLT) using the FOcal Re-
ducer and low dispersion Spectrograph 2 (FORS2) instrument. Spectroscopic data
had been reduced with ALFOSCGUI and ESO pipeline for NOT and VLT spectra
respectively. These perform bias reduction, flat-field correction, spectral extraction,
wavelength correction, and flux calibration. The spectrum at the nebular phase
had also been corrected for telluric features, i.e., absorption lines caused by the

atmosphere.

3 Photometric properties

The multi-band light curve of SN 2021efd is displayed in figure 5. I corrected the light
curve for galactic extinction Ay = 0.052 mag according to measurements reported
in[19], which I acquired through the NASA /TPAC extragalactic database for the

g, , and ¢ bands. Specific extinction measurements are lacking for the o and ¢
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Figure 5. Light curve of SN2021lefd on 5 different bands measured by 2 different
surveys ATLAS and ZTF. Phases are relative to the assumed peak date of g-band.
The variable p is the distance modulus, 5 log,,(d/10pc).

bands. Thus, I calculated the o and ¢ band extinctions from the V band extinction
according to extinction laws 21—‘0/ =0.773 and;;l—‘cf—l.OG formulated in [20], which I
acquired via SVO Filter Profile Service [21][22].

The early rise of SN 2021efd is not well observed. From the first detection,
the light curve rises to the observed peak magnitude of My, = —16.7 mag and
M, = —17.3 mag in ~ 15 days. The light curve of SN 2021efd has a gap of ~10

days before the first peak of the supernova on all bands except the 4 band.
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3.1 Explosion date and rise time

From figure 5, it can be seen that on most of the bands, SN 2021efd was likely at its
brightest during the gap before the observed peak magnitude. The first detection
and last non-detection have 6 days between them. This together with an unknown
peak date makes determining the rise time to the first peak a non-trivial task. The
peak on the 7 band is reached later than on other bands. Because SNe are more
commonly observed on ¢ and r bands, determining the peak date from either of them
allows a better comparison with other SNe. Since the interaction seems stronger on
the redder bands, I determined the peak brightness on ¢ band.

Due to its similar light curve shape in the early phase, iPTF13bvn can be used
to estimate the peak date and the rise time of SN 2021efd. By assuming the rise
time of SN 2021efd to be the same as for iPTF13bvn, I get the rise time of ~17
days. The peak date of SN 2021efd was likely during the 10-day gap in observations
around the peak. In order to determine the peak date I transform the V-band light
curve of iPTF13bvn to ¢ band and fit it to the g band light curve of SN 2021efd.
I interpolated the observations of iPTF13bvn to match the epochs of SN 2021efd.
I transformed the color according to the relation calculated in [23]. I performed
the fitting by minimizing the y? -value between the two light curves. This means I
calculated the square of the vertical distance between the light curves of SN 2021efd
and iPTF13bvn for every observation until ~ 10 days after the peak of iPTF13bvn.

I summed these values and then divided them by their amount yielding the y? value:

1 n (M efd — M, ,bvn)2
X2 = —ynie -
n o;

where M, is the magnitude, o; is the uncertainty of SN 2021efd’s magnitude and
n is the amount of observations of SN 2021efd. I only took the uncertainty in the
magnitude of SN 2021efd into account because it is much greater than the uncer-

tainty of the magnitude of iPTF13bvn. I then iterated through different possible
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Figure 6. Light curves of iPTF13bvn and SN202lefd. The ¢ band light curve of
SN2021efd is fitted to match the color transformed V band of iPTF13bvn. The
magnitude of iPTF13bvn is shifted in this image.

peak dates with the step of 0.01 days. I determined the peak date of SN 2021efd
to be MJD 59288. From the rise time of ~ 17 days, I estimate the explosion date

to be MJD 59271. This is between the date of the last non-detection MJD 59269.8

and the date of the first detection 59275.7. The fit is presented in figure 6.

3.2 Light curve evolution

The light curve of SN 2021efd is bumpy with at least 3 peaks visible in the redder
bands. After ~ 100 days the photometric data becomes less frequent and the un-
certainties increase. At ~ 140 days SN 2021lefd went behind the sun and was not
observable for ~ 70 days. The late phases of the light curve of SN 2021efd might
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Figure 7. Light curves of SN2021efd. The observed magnitudes on different bands
are shifted to roughly align during the second peak. The vertical lines highlight the
peaks at ~ 75 days, ~ 105 days, and ~ 335 days. The last of these peaks might be
just noise. It is observed only on the o band and partially on the r band.

have more bumpy features that can not be distinguished with certainty because of
the high uncertainties. The peaks are marked in figure 7.

I compared the light curve of SN 2021efd to light curves of SESNe in figure 8.
The comparison SNe include a regular Type Ib SN iPTF13bvn [24], a regular Type
ITb SN 1993J [25], a regular Type Ic SN 2007gr [26], and a peculiar Type Ib SN
2019tsf [14]. T also compare it to a Type Ib/c light curve template and a Type Ibn
light curve template [27][28]. The peculiar SN 2019tsf exhibits multiple bumps in
its light curve interaction features in its spectra but no hydrogen lines. It is thought
to be interacting with hydrogen-poor CSM[29][30].

The rise rate of SN 2021efd before the first peak is similar to that of iPTF13bvn
and higher than that of SN 2007gr. After the first peak, the SN decays at a similar
rate to other Ib SNe light curves, meaning the first peak is likely due to **Ni-decay.
Shortly after the first peak, the light curve begins a new rise to a second peak. The

decay and subsequent new rise begin earlier on redder bands. The second peak is
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Figure 8. Comparison of the light curve of SN 2021efd with regular other SESNe
and templates of Type Ibn SNe from [28] and Type Ib/c SNe from [27].

achieved at ~ 70 days after the peak, which in the r, o, and 7 bands is followed by
a new brighter peak ~ 10 days after it.

The Type Ib SN iPTF13bvn, Type IIb SN 1993J, and Type Ic SN 2007gr have
similar rise and decline rates near the first peak. By comparing SN 2021efd to
iPTF13bvn on the r band, it can be seen that the re-brightening of SN 2021efd
begins at ~ 30 days after the first peak. The similarities of SN 2021efd with regular
Type Ib and ITb SNe end at this time. SN 2019tsf, which is interpreted to be a Type
Ib SN interacting with He-rich CSM [29][30], has a similar bumpy light curve with
excess energy that can not be explained by *Ni-decay.

I also compared SN 2021efd to the Type Ibn SN light curve template presented
in 28] and the of Type Ib/c SN template presented in [27|. The Type Ibn template

is the average R band magnitude of the Type Ibn SNe in the sample presented in
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the same article. The template for Type Ib/c SNe is the average of the SNe light
curves in the sample after they were scaled with peak magnitude. In other words,
the Ib/c light curve template describes the typical rise and decline rate of the SNe,
ignoring differences in peak magnitude. I scaled this template with the peak of SN
2021efd in figure 8.

The color evolution of SN 201efd is presented in figure 9. I compared the color
evolution to the templates presented in [31]. I corrected the color evolution of
SN 2021efd to match the V-r bands of the templates. I used the g and r bands,
which I interpolated to match epochs. I calculated the color correction according
to the transformation equation presented in [23|. The evolution of the color of
SN2021efd is similar to those of the SESNe templates, but redder across all epochs.
At ~ 100 days, the uncertainties in the photometry of SN 2021efd become large
and observations on different bands do not always coincide. The color jumps to a
much bluer value at ~ 100 days. This aligns with the gap in observations due to SN
2021efd going behind the sun and might not be a real jump. The apparent blueness
of SN 2021efd might be due to CSI. It might also be due to underestimating the
extinction. However, the extinction from the host galaxy is assumed to be small
due to the lack of sodium absorption lines in the spectra and the extinction of
the Milky Way has small uncertainties. Another possible explanation is that the

transformation law used does not work well on SNe.

3.3 Bolometric light curve

I derived the bolometric light curve and the evolution photosphere radius and tem-
perature for SN 202lefd. The bolometric light curve is the radiation across all
wavelengths plotted over time. To create a bolometric light curve, I fitted the black-
body function to the light curve data from different wavelength bands. Each flux

measurement from observations needed to be changed into the specific intensity at
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Figure 9. Color evolution of SN 2021efd. The templates in the figure are those of
Type Ib SNe and Type Ic SNe SNe presented in [31].

the filter’s effective wavelength. The effective wavelength is the average wavelength
in the filter’s range weighted by the transmission of the standard star, Vega through
the filter function. I transformed the flux measured through the filter into intensity
by dividing the flux by the effective width of the filter. The effective width of the
filter is the width of a rectangle that has the same area and maximum transmission
of the filter.

Essentially the filter is assumed to be a rectangle, the flux is divided by its width,
and the resulting intensity is assumed to be the intensity of the blackbody function
at the center of the filter.

To account for the distance of the SN, I transformed the blackbody function into
flux by dividing it by 4wd?, where d is the distance to the SN.

To create this fit, measurements with multiple bands were needed, since fitting
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Figure 10. Blackbody fit through flux measurements with 5 filters, ZTF g, r, ¢+ and
ATLAS o and c. This fit is from 25 days after the first peak.

a curve through measurements only at one or two wavelengths does not capture
the shape of the curve. I interpolated the measurements for each day between the
first and last measurements in every band. All five bands have measurements from
before the first peak up to 104 days after the peak. I performed the fitting with
the x? method. The x2- method is explained in 3.1. An example of the best fit 25
days after the peak is in figure 10. I calculated the x? values systematically with all
reasonable radius and temperature values (2000 —9000 K and 10'* —5-10" c¢m) with
steps of 50 K and 10! cm respectively. Once I had acquired the photosphere radius
and temperature until the nebular phase, I calculated the luminosity of the SN with
Stefan-Boltzmann law L = 47 R®0spT. Errors for the x? fit are typically expressed
as the confidence interval. The 1-0 region is x? & Ax?, where Ay? is determined
by the number of different bands that were used. I used the largest and smallest
values of temperature and radius that are within Ay? from x? as the error for the
plots of radius and temperature. Similarly, the error of bolometric luminosity is the
smallest and largest values plugged into the Stefan-Boltzmann law.

In figure 11, the bolometric light curve and the temperature and the radius
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Figure 11. Results of the SED fitting. Top: the bolometric light curve of SN 2021efd.
Center: Temperature of the photosphere. Bottom: Radius of the photosphere. The
errors for all three plots are the 1-o values of the y2-fitting. At the late phase > 100
days the photosphere becomes optically thin and the blackbody fit becomes less
accurate hence the great error bars at late epochs.
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evolution of the photosphere are plotted until 120 days after the peak. As can be
seen in the figure the uncertainty rises greatly after ~ 100 days. The uncertainty of
the fit increases due to increased uncertainty in the photometry at late phases. The
assumption that the SN radiation is well described by a blackbody is only accurate
at the early phase. As the ejecta expands it becomes optically thinner. Eventually,
it can not be described by the blackbody function anymore. Instead, the spectrum
is dominated by strong emission lines. After ~ 120 days the 1-o limit for the 2 fit
becomes so large that the free parameters can not be constrained by the x? fitting

method. The results of the fitting at all phases are displayed in Appendix A.

4 Spectroscopic properties
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Figure 12. Spectra of SN2021efd from five different phases.
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Spectra of SN 2021efd are displayed in figure 12. Spectra of SN 2021efd has helium
lines at 5876 A and a weak Si IT absorption line at 6150 A. No hydrogen is present at
6563 A. These features confirm the original classification of SN 2021efd as Type Ib
SN [16]. In figure 13, T compare SN 2021efd to other SNe. I chose a regular SN from
each SESNe subtype, Type Ib iPTF13bvn, IIb SN 1993J, Ic 2007gr. The epochs
of the spectra are as close to the peak date as possible. From these comparisons,
it can be seen that SN 2021efd most closely resembles the Type Ib iPTF13bvn. In
addition, I compare SN 2021efd to the interacting Type Ib SN 2019tsf. The Si II
absorption line at 6355 A is stronger in SN 2021efd and so is the He I line at 5876
A.

[}
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Figure 13. The nebular phase spectra of multiple SESNe and SN2021efd. Normal-
ization was done by dividing the flux of every wavelength by the peak flux between
4200 — 5000 .

In figure 14, T compare SN 2021efd to the nebular phase spectra of other SNe.

The comparison SNe are the same as for the early phase comparison. Compared
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to iPTF13bvn, which is very similar in the early phase, the nebular phase of SN
2021efd has a much stronger near-infrared (NIR) Ca II triplet feature in its spectra.
The nebular phase spectra of SN 2021efd seems to have narrow lines on top of the
usual broad lines. As discussed in chapter 1.5, they are common in interacting SNe.
It also has Lorentzian wings in its nebular lines, i.e., rather than a Gaussian line
shape the base of the line has a Lorentzian profile. The Lorentzian features are
likely caused by photon scattering from CSM and are typical in interacting SNe
(eg. [32][33]). The region around the iron complex at ~ 5200 A appears to have
a higher baseline flux in the spectra of SN 2021efd and the interacting SN 2019tsf
compared to the regular SESNe. This is a feature commonly observed in interacting

SNe (e.g.[34],[35])-
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Figure 14. The nebular phase spectra of multiple SESNe and SN2021efd. Normal-
ization was done by dividing the flux of every wavelength with the peak flux around
the Ca II line at ~ 7200 .
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Figure 15. Photosphere velocity evolution of SN 2021efd over 4 epochs. The tem-
plates on the background were presented in [36].

4.1 Velocity evolution

I calculate the ejecta expansion velocity from the He I 5876 A line and the Fe II

5169 A lines in the early phase spectra. The velocity is v =%c, where A, is the
T

rest wavelength, c is the speed of light, and A\ is the difference between absorption

minima and rest wavelength. I determined the wavelength of the absorption minima
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by fitting a Gaussian profile to the line with the splot tool in IRAF.

In figure 15 I compare the expansion velocity of SN 2021efd to templates of
expansion velocities. The template in the figure is the standard deviation of the
rolling mean of the sample of SESNe presented in [36]. The He I expansion velocity
of SN2021efd is on the higher end of what is typical for SESNe. The Fe II expansion

velocity is on the lower end of what is typical for SESNe.

5 Supernova properties

5.1 Ejecta mass and Kinetic energy

Despite massive amounts of energy (~ 105%ergs) being released at the moment of the
explosion, it takes a few weeks for a SN to reach its brightest moment. The explosion
deposits kinetic and thermal energy to the SN ejecta. The ejecta is radiation-
dominated gas. Diffusion time refers to the average time for a photon to find its
way past the photosphere and escape. The diffusion time is proportional to the
opacity of the ejecta. The scattering of photons from free electrons, i.e., Thomson
scattering is the main source of opacity. Another source of opacity is line absorption
by atoms; this is the source of the absorption line in the spectra. The absorbed
photons are re-emitted at other wavelengths. Diffusion time is very long early on,
which means the moment of the explosion is not yet the brightest moment of the
SN. [4] Diffusion time of a photon: [37][38|

tairs = =
BeR

In the equation above, x is the mean opacity in ultraviolet, optical, and infrared.

Here x is assumed to be 0.1 cm? g~!, which is typical for ionized gas [4]. M is ejecta

mass, (3 is an integration constant that has a value of 13.8, ¢ is the speed of light,

and R is the photosphere radius of the SN. Because the ejecta is expanding, the

radius increases over time. This means that diffusion time decreases over time.
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To judge when the luminosity of a SN reaches its peak, we have to know the

timescale of the ejecta’s expansion. The hydrodynamic timescale represents this:

R
th = —
/USC

Velocity here is scale velocity, which is the velocity of ejecta at distance R. Taking
R as the radius of the photosphere we can identify v,. as v, i.e., the velocity of the
photosphere.

Through a complex calculation, these two timescales can be combined to the

effective time of a SN [37][38]:

1
2kM \ 2

teff: \/Qtdiffth: ( )
Bevpn

Models show that this timescale is closely related to the rise time t,,,, of SNe

[39]. The mass M here refers to the mass that affects diffusion time and not the

non-ionized matter. However, this yields a good estimate of the ejecta mass. [4]

Mej = ézvphtmax (1>

The classic relation for ejecta mass and kinetic energy of the ejecta applies here
< v? >:%. However, the velocity of the photosphere can not be taken for the
velocity of the ejecta. The average velocity of the ejecta is related to the photosphere
velocity by v2, :%< v? >, assuming homologous expansion with constant density
in every part of the ejecta. Now, these equations can be plugged into the equation

above and the equation can be inverted to give the kinetic energy of the ejecta.

The expansion velocity was measured in chapter 4.1. I assume the expansion
velocity of Fe IT 5169 A line at peak to be the photosphere velocity and the rise
time to be the same as for iPTF13bvn. I calculate the kinetic energy and the mass

of ejecta. The ejecta mass of SN 2021efd is 2.18 M, and the kinetic energy of the
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ejecta is 1.2 - 10°! ergs. These values are close to those estimated for iPTF13bvn

[24].

5.2 Progenitor mass

The progenitor masses of SESNe have been shown to have a correlation with the
[O I]/[Ca II] flux ratio in nebular spectral40]. It does not prove a direct measure of
progenitor mass as the [O I]/[Ca II] ratio does not depend solely on progenitor mass
but on other parameters as well. However, it can be used as a rough estimate of the

progenitor mass. I estimated the progenitor star mass of SN 2021efd from the [O
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Figure 16. [Ca II] doublet of SN 202lefd. The blue dotted line marks the rest
wavelength of the nearby [Fe II| line at 7155 A and the red dotted lines are the rest
wavelengths of the Ca II lines. The flux on the left side of this line is assumed to
be solely due to [Fe II| and the line is assumed to be symmetrical. The total line
is then subtracted from the [Ca II] line. The red borders define the area integrated
over. The baseline is drawn between the average flux in the 20 A range around the
borderline. This is the horizontal red line at the bottom.

I]/[Ca II] ratio of the nebular spectra. I measured the fluxes [O I] 6300/ 6364 A and
[Ca 11| 7292/7324 A doublets of SN 2021efd by integrating the area under the curve
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from the approximated area of the line. For this, I placed left and right borders
where the spectrum seems to be at the continuum level. Both the [O I] and the [Ca
I1] doublets are near [N II| and |Fe II] lines respectively. In order to not overestimate
the flux intensities I subtracted these lines. See figure 16 for clarification.

The |O I]/[Ca II] ratio I measured for SN 2021efd is 1.3. This number is affected
by uncertainties from the nearby lines, in particular their possible asymmetry. I
compare modeled spectra of SESNe in [41]. These models are created for varying
initial conditions including mass. I measured the |O I]/[Ca II] ratio for these models
with the same method. I chose the models in the phases closest to the nebular
spectra of SN 2021efd. The results are plotted in figure 17. The [O I]/[Ca II| ratio
of SN 2021efd is near those of the models where the helium star mass was 7 Mg,

which corresponds to zero age main sequence (ZAMS) mass of ~ 25 M, [41][42][43].
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Figure 17. |O I]/|Ca II] ratio of models for different helium star masses measured
synthetic spectra presented in [41]. The red dots are the ratio of the models at 320
or 322 days from the explosion and the blue dots of models at 340 or 354 days. The
black dotted line is the [O I]/[Ca II] ratio measured for SN 2021efd. The [O I]/|Ca
I1] ratio of SN 2021efd corresponds to the ratio of the models with helium star mass
of ~ 7 Mg.
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6 CSM properties

6.1 Interaction model

The interaction between the SN ejecta and the CSM creates a shock shell consisting
of the forward shock and reverse shock, as discussed in Chapter 1. For the following
model, it is assumed that the physical parameters are uniform within the shock
shell, and its width is also assumed to be insignificant in comparison to its radius.

The equation of motion, (EOM) of the shock shell is [44][45]:

dUSh

Mg, (7sh, t)w

= 47T7“S2h |:pej (Uej — Ush>2 — Pcsm (Ush - UW)Z} ) (2)

where p is density and the subscripts sh, ej, and w represent shock shell, ejecta, and
wind, respectively. The wind velocity is assumed to have been constant over the

mass loss period. The ejecta velocity is ve;(r) :%. The density of the CSM at 7 is:

M

4rriug,

, (3)

pesm(T)

where M is the mass-loss rate of the progenitor star. The mass-loss rate is assumed
to have been constant.

In the EOM, the mass and acceleration are on the left side of the equation, and
the right side shows the force as a function of velocities and densities of different
components. The velocity differences of the shock shell to ejecta and CSM multiplied
by the densities on each side of it are the ram pressures toward the shock shell from
each side. In other words, the squared difference between the ejecta velocity and the
shock shell velocity causes pressure on the shock shell surface, which scales with the
density of the ejecta. In the same way, the squared difference of the CSM velocity
to the shock shell velocity causes a pressure inward that scales with CSM density.
These pressures cause a force that depends on the surface area in question. The

density profiles of the ejecta are based on numerical simulations and are assumed to
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follow a double power law distribution [45]:

(n—3)/2
1 [26-9)(n=5)Eq]
v U Vei > Ut)
( j t) = o) [3 5)(n 3)M€J]( e ( ) t) (4)
Pej (Vej, = [ o ]5 o2
1 e
4m(n—9) [ 3-8)( MCJJ] [6-5)/2 t3 U (Uej < Ut) ,

where vy is the velocity at the border of the power laws. Solving this EOM at r = rg,
yields the distance and the velocity of the shock shell as a function of time. This
equation can be analytically solved only until time ¢, when ve; = vy, i.e., the density
profile changes power laws [45]:

v(3—s)d—s)  [(3—0)(n—3)My"
M(n —4)(n = 3)(n — 8) [2(5 — 6)(n — 5) Eqy] * 72

tt:

: (5)

where F; and M,; are the kinetic energy of the ejecta and the ejecta mass respec-
tively. The values, inner density slope §, outer density slope n, and CSM density
slope s describe the density profile of the system. After t; I solved the equation nu-
merically using the Runge-Kutta method. More details on the Runge-Kutta method
and its application here are in Appendix B or in [46].

In addition to the velocity evolution of the shock shell, the luminosity evolution
of the interaction can be calculated. In the shock shell, kinetic energy is transformed
into radiation with some efficiency. This is high energy radiation some of which will
be re-processed by the dense material to blackbody radiation near the optical light.
By combining these effects we get the efficiency e, which is the efficiency of the

transformation of kinetic energy into radiation.

dEkin
dt

L=c¢ = 2T €PesmT Vo (6)

The CSM expansion velocity can not be constrained for SN 2021efd because
there are no observed lines from the unshocked CSM in the spectra. The value I
used for the CSM velocity is vy, = 100 km s™!, which is a typical velocity of winds
in luminous blue variables [47]. T used the values n = 10, 6 = 1, and s = 2. The

value s = 2 refers to the steady mass loss scenario of pre-SN mass loss. I assumed
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the value of € to be 0.1. This value can not be determined for SN2021efd with good

accuracy thus I used an order of magnitude estimation from [48] based on Type IIn

SNe.
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Figure 18. Colored lines: the calculated radiation from interaction with different
mass-loss rates. The black line is the bolometric light curve of SN 2021efd derived
in 3.3 with the SN component subtracted out.

The bolometric light curve is compared to the calculated interaction luminosity
in figure 18. The bolometric light curve has the SN component removed. This
means that from the bolometric light curve of SN 2021efd, I subtracted the average
bolometric light curve of Type Ib SNe. The bolometric light curves I chose were
of SNe with no significant peculiar features. The average was calculated from 9
bolometric light curves presented in [27]. I scaled the bolometric light curves by
dividing the flux at every phase by the peak magnitude. I scaled this average flux

to match the peak bolometric luminosity of SN 2021efd. Assuming these SN were
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primarily powered by radioactive decay, the resulting bolometric light curve should
represent the interaction powered luminosity in SN 2021efd.

From ~ 30 days after the explosion onward, the interaction luminosity is steadily
increasing. This could be due to a slow increase in mass-loss rate. Despite the
CSM density of SN 2021efd not corresponding perfectly to the steady mass loss
model, an order of magnitude for the mass-loss rate can be seen to be near ~
1072 — 1072 My, yr~! with 1073 Mg, yr~! acting as a lower limit. The CSM velocity
is directly proportional to the mass-loss rate, as can be seen from eq 3. A comparison
of the interaction powered luminosity to calculations with other CSM velocities is
displayed in Appendix C. The luminosity is directly proportional to the efficiency
e. This is the biggest uncertainty in the estimate. However, we can see from figure
18 that even a change by a factor of two € = 0.05 — 0.2, does not change the order
of magnitude estimate. This is equivalent to adding or subtracting luminosity by
log,,(2) = 0.3.

Figure 19 displays the accreted mass over time. From this figure, it can be seen
that the lower limit of the CSM mass is 1071 M. This is a lower limit since the
interaction continues to later epochs. From light curves in figure 5, we can see there

is excess flux till at least ~ 400 days.

7 Discussion

I have presented observations of SN 2021efd, which is a Type Ib SN with a peculiar
light curve. There is excess energy in the light curve compared to what is caused
by the nickel decay. Bumpy light curves have been associated with interaction
previously, e.g. in SN 2019tsf [29][30]. Lorentzian wings in the line profiles in nebular
spectra have also been connected to the scattering of photons by free electrons in
ionized CSM (eg. [32][33]). Excessive flux in the iron complex in nebular spectra is

also found in other interacting SNe (e.g.[34],|35]). With all these signs and the lack
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Figure 19. The mass of the shock shell has accumulated from the CSM at each epoch
according to the values used in the calculated interaction luminosity. Effectively this
tells us the CSM mass up to a certain range from the SN.

of hydrogen features in the early and nebular spectra, I conclude that SN 2021efd is
interacting with H-poor CSM. The absence of narrow helium lines can be explained
by the high binding energy of the helium atom. The ionization degree of helium in
the CSM can remain low and so can the excitation rate.

The helium shell stripping is a phase all progenitors of Type Ic SNe undergo.
This means the mass loss happens long before the explosion of the SN and the
lost shell has had time to travel beyond where the ejecta reaches while the SN is
luminous. The progenitor of SN 2021efd might be a star that was in the process of
shedding its He-layer when it exploded.

By assuming the CSM to be in a spherical shell and the mass loss to be steady,
I derive a mass-loss rate of ~ 1073 — 1072 Mg, yr—!. A spherical CSM distribution
is not expected from all mass-loss mechanisms. The comparison of the interaction

luminosity of SN 2021efd to the calculated interaction luminosity, suggests that
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the mass-loss rate might have decreased over time. The bumpiness of the light
curve suggests a clumpy CSM distribution. Whether the mass was initially lost in
eruptions or steadily and formed clumps later, e.g. due to changes in the velocity
of the ejected material, requires further investigation. If this mass-loss mechanism
does not change with time and is the same mechanism that is responsible for helium
layer stripping in progenitors of Type Ic SNe, then the helium envelope of a few
solar masses would be stripped in ~ 1072 — 1073 yr.

Since the CSM is H-poor it likely did not originate from the companion star.
The primary star begins helium core burning earlier and loses its hydrogen layer
earlier. The companion star accretes a fraction of this hydrogen. The progenitor of
SN 2021efd must be the primary star since the resulting SN has no hydrogen features
in its spectra. If the companion star lost its hydrogen layer after the primary star,
the primary star would gain a fraction of the lost hydrogen. The companion star
is hydrogen-rich and can not have lost its helium layer either. The likelihood that
the CSM originated from the companion star is low even if some other mass-loss
mechanism was responsible. It would require a companion star to be losing large
amounts of H-poor material right at the time of the explosion of the progenitor and
such a mass loss event can not be happening for much longer than the value derived
above. Thus we can conclude the CSM to have likely originated from the progenitor
of SN 2021efd.

Line-driven wind mass-loss rate is much lower (~ 107° M, yr™!) than the derived
mass-loss rate [8]. With small enough binary separation and high enough metallicity
binary interaction could cause mass loss even in the helium layer. Binary interaction
does not explain the bumpy structure of the light curve. The CSM must be either
clumpy or the mass-loss rate must have increased and decreased multiple times.

It remains possible that the mass was lost in eruptions possibly during the later

burning phases of the stellar core. The time scale for the mass loss of ~ 1072 — 1073
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yr is similar to the carbon-burning phase in the stellar core.

The progenitor mass of SN 2021efd is estimated with the |[O I|/[Ca II] and
compared to helium star masses in simulated SESNe. A progenitor star ZAMS mass
of ~ 25 M  is estimated. Type Ic SNe progenitors are typically expected to have
greater ZAMS masses than Type Ib SNe progenitors. Depending on metallicity,
a ZAMS mass of ~ 25 M  is compatible with progenitors of both Type Ib SNe
and Type Ic SNe [49][50]. However, a few things need to be noted from this mass
estimate. SN 2021efd is interacting with CSM, which is likely He-rich and originates
from its progenitor star. At the time of the explosion, the helium star had already
thinned and lost substantial mass (see figure 19). On the other hand, the [O I|/[Ca
I1] ratio as a progenitor star estimate has large uncertainties. In the models of [41]
the [O I]/|Ca II] ratio does not rise monotonically with helium star mass and evolves
with time. The flux measurement is also obscured by the nearby [N II] and [Fe II]
lines.

The [O I]/|Ca II] ratio itself can be compared to typical values of SESNe. It has
been found that Type ITb and Type Ib have similar [O I]/[Ca II] flux ratios but Type
Ic have typically higher values although overlapping with IIb/Ib [51]. Comparing
to typical values reported in figure 3. of [40]. SN 2021lefd sits in the overlapping
region of SESNe. The [O I]/[Ca II] ratio of SN 2021efd therefore does not separate
it clearly from typical Type Ib SNe. The effect of interaction on the [O I]/[Ca II]
ratio is unknown.

The ejecta velocity of SN 2021efd inferred from both He I and Fe II lines of the
spectra early epochs is in the range of what is typical for SESNe figure 15. Where
the He I velocity is around the higher end for a SESN, the Fe II velocity is at the
lower end. Line formation depends on many factors

The ejecta mass and kinetic energy of the ejecta can be compared to literature

values. When compared to values inferred for the sample of SESNe studied in [27]
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both values are found to be within range of both Type Ib SNe and Type Ic SNe.
If some of the parameters measured here were consistent with Type Ic SNe but not
with regular Type Ib SNe or vice versa, it would hint toward the cause of the helium
layer stripping. However, all parameters obtained in this thesis except the mass-loss

rate are within the range of Type Ib SNe.

8 Conclusion

In this thesis, I have studied the unique SN 2021efd. I suggested that SN 2021efd
might contain clues to the mass-loss mechanism of stars that have lost their He-layer.
To this end I have confirmed the original classification as Type Ib SN and that SN
2021efd is interacting with H-poor CSM.

I derived a mass-loss rate of ~ 1072 — 1072 Mg, yr~! by assuming a steady mass-

1" an efficiency € value of 0.1, and a spherical

loss rate, a wind velocity of 100 km s~
CSM distribution. This corresponds to a mass-loss period duration of ~ 1072 —1073
yr for the helium layer of a few solar masses.

I derived the parameters of the SN and progenitor star. For kinetic energy and
ejecta mass, I derived ~ 1.2 -10°! ergs and ~ 2.2 M. These parameters are within
the overlapping range of Type Ib and Ic SNe.

The progenitor star ZAMS mass is ~ 25 Mg from the [O I|/|Ca II] ratio. The
value for the |O I|/|Ca II] ratio is ~ 1.3. This value compared to values from the

literature lies in the overlapping region of Type Ib and Ic SNe, i.e., the ratio is not

particularly high.
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Appendix A: Bolometric light curve all epochs
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Figure 20. Results of the SED fitting. Top: the bolometric light curve of SN 2021efd.
Center: Temperature of the photosphere. Bottom: Radius of the photosphere. The
plots here are over all epochs with photometric data. Errors are the 1-o limits of the
fit. The errors from ~ 120 days onward reach the upper and lower values iterated
through (1500 — 200000 K and 10" — 15 - 10 ¢m), which reach unphysical values.
Effectively the 1-0 limit does not converge.
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Appendix B: Numerical Runge-Kutta method

The Runge-Kutta method is a numerical method for solving differential equations.
I explain the Runge-Kutta method and how I adapted it to solve the EOM. In the
equations below, subscripts ¢ and n stand for current and next. This is because the
code is iterated through many times. The values 7., and v, refer to the shock
shell. The values are updated for the next loop in every iteration. The time step
between iterations is ¢, = t. + At.

ki = At v,

li = At F(re,ve, te) /Mg,

ky = At (ve+11/2)

lo = At F(re+ k1/2,v. + 11/2,t. + At/2) /Mg,
ks = At (ve +12/2)

ls = At F(re+ ko/2,v. + lo/2,t. + At/2) /Mg,
ky = At (ve + 13)

ly = At F(re + ks, ve + U3, t. + At) /Mg,

U = Ve + (I3 + 2l + 2l3+ 14) /6

T =re+ (k1 + 2k + 2ks + ky) /6

F(rsn, ven, t) /Mg, is the acceleration of the shock shell. The mass of the shock shell
is Mg,. F' is the force directed at the shock shell:

F(rsha Ush, t) = 47T7’52h(/)ej(7"sh7 t) (vej - Ush)Q - pcsm<rsh>(vsh - Uw)Q)

The Runge-Kutta method works not just by adding vy, At to ry, and MiAt to

vgn in small time steps but by also approximating the change of the slope l?)etween
the time steps. The k£ and [ values describe the slope of rg, and vy, between the
iterations. As can be seen from the bottom two equations, what is eventually added
to ren and vy, is effectively the weighted average of many approximations of the
slopes multiplied by the time step.
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Appendix C: Interaction model with different CSM
velocities

The calculated interaction luminosities in figure 18 used the value of 100 km s~!.

This is an assumption. Due to the unknown nature of the mass-loss mechanism, the
velocity may differ drastically. Figure 21 displays the comparison of the interaction
luminosity of SN 2021efd to calculated interaction luminosities with different CSM
velocities and single mass-loss rate of ~ 1073 My, yr~!. The increase of the velocity
needs a higher mass-loss rate to match the observed luminosity as the density of the
CSM decreases with CSM velocity.

42.50

42.25

Y
N
o
S

I
=
Ul
o

logio(Luminosity erg/s)
B
~
wu

41.25

Vesm=1000.0 km/s
Vesm=500.0 km/s

41.00 —— Vesm=100.0 km/s
Vesm=50.0 km/s
Vesm=10.0 km/s

0 20 40 60 80 100 120 140
Time since explosion [days]

40.75

Figure 21. SN component reduced light curve of SN 2021efd compared with calcu-
lated interaction luminosities with different CSM velocities and 1072 Mg, yr—1.
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