“‘\\‘{WS\N NACIONAL AUTONOMA 5 Mg/‘-p

UNIVERSIDAD NACIONAL AUTONOMA DE

MEXICO
PROGRAMA DE POSGRADO EN ASTROFISICA

Instituto de Ciencias Nucleares, Ciudad Universitaria.

Modeling Strongly Interacting
Supernovae

Que para optar por el grado de:

Doctor en Ciencias (Astrofisica)

PRESENTA:

M. en C. Felipe Ventura Vargas
TUTOR PRINCIPAL

Dr. Fabio De Colle,

Instituto de Ciencias Nucleares

Ciudad de México, Agosto 2023



e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.



"The saddest aspect of
life right now s that
science gathers knowledge
faster than society
gathers wisdom.”

Isaac Asimov



i



Agradecimientos

aaa Uma frase



iv

aaa



v



Abstract

This thesis discusses the environment of interacting supernovae and the challenges in accu-
rately modeling them due to the limited amount of data, and to the complexity of the physical

processes involved.

We discuss the classification system of supernovae and how interaction with the environment
can modify their spectral properties, leading to a misclassification. Advanced computational
techniques such as machine learning and genetic algorithms are necessary to provide a more
precise understanding of these transients. The methodology section describes the use of
hydrodynamic codes, radiation codes, and optimization techniques to model the physical
properties of the environment of interacting supernovae in an independent and automated

manner.

Two papers are presented in subsequent chapters. In the first one, we couple a hydrody-
namic code and a genetic algorithm to investigate the transition of supernova SN 2014C from
type Ib to type II, which occurred around 100 days after the explosion. This transition is
believed to be the result of the interaction between the supernova shock wave and a massive
shell previously ejected from the progenitor star. We use numerical simulations to model the
propagation of the shock through the star and its wind, as well as the interaction of the ejecta
with the shell. We employ a genetic algorithm to determine the structure and location of the
shell, which is found to have a mass of 2.6 My and extend from 1.6 x10' c¢m to 1.87 x 1017
cm. The shell was ejected approximately 60/(v,,/100 km sfl) years before the supernova
explosion, and has a density stratification with an average behavior ~ r~3, but with large
density fluctuations.

In the second paper (currently in process) we employ a machine learning algorithm trained
on 6000 simulations to determine the angular distribution of the circumstellar material. The

study investigates the behavior of the shell surrounding the progenitor of SN 2014C and

*Where v, is the wind velocity
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explores variations in four parameters that describe the general structure of the circumstellar
medium. The simulations produce synthetic data that mimic observed emission, which is used
to train a neural network to map observed emission to the underlying parameter space. This
approach enables us to infer parameter values from observational data and gain insights into
the characteristics of interacting supernovae. In particular, it is confirmed that the radio and
X-ray observations are more consistent with the SN 2014C being highly asymmetric, with the
region emitting the X-ray about ~ 100 times denser than the region emitting in radio. The
study highlights the potential of combining simulations and machine learning to improve our
understanding of astrophysical systems and has important implications for future studies of
supernovae and other phenomena. By using a combination of observational data, simulations,
and machine learning, we can better understand the behavior of complex systems and make

more accurate predictions about their evolution and characteristics.
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Supernovae are like cosmic fireworks, exploding in a blaze of glory and lighting up the
universe with their brilliance. These awe-inspiring events give us a fascinating insight into
the stars that created them, they also play a crucial role in the distribution of chemical
elements within galaxies and are instrumental in galaxy feedback. These explosive events not
only release a significant amount of newly synthesized elements into the interstellar medium,
but they also provide the necessary energy and momentum to influence the surrounding gas
and trigger subsequent star formation. The enriched elements released by supernovae remain
within the galaxy, contributing to an increase in overall metallicity and serving as building

blocks for the formation of new stars.

By studying shockwaves and debris left behind by these massive explosions, we can learn
a lot about their progenitor stars and their evolution. So, it’s no surprise that the study of
supernovae has become an important tool for astronomers to unravel the mysteries of the

COSIMOS.

Stars are some of the most complex and dynamic objects in the universe, each one with
its own characteristics and life cycle. And when massive stars (with more than 8 M) reach
the end of their lives, they can produce a variety of core-collapse supernovae. In the next few
pages, we will briefly discuss the fascinating world of supernova classification and explore the

different types of stars that can give rise to these explosive events.

1.1 Supernovae and their progenitors

Stars are “giant balls” of plasma in hydrostatic equilibrium, engaged in a constant battle
against and gravity. Before collapse, the core of a star possesses enough temperature to main-
tain processes of nuclear fusion, wherein lighter elements combine to form heavier elements.
As a result, massive stars with 2 8 solar masses (M), which lead to supernova explosions,
are composed of layers (Figure , with the heaviest chemical elements situated in the core
and the lightest in the outermost layers at the end of their life cycle (Janka and Mueller 1996)).

As nuclear fusion occurs in the core of a star, gamma-ray photons are produced, and their
interaction with the gas heats up the environment, resulting in high temperatures and pressure
within the stellar core. At the end of a star life cycle, two different paths may occur: stars
with less than 8 M® do not reach temperatures high enough to fuse elements heavier than
Oxygen and Neon, resulting in a gradual expansion of the outer layers and the formation of a
white dwarf. These stars, however, do not cross the line of degeneracy, where the core becomes

degenerate due to quantum mechanical effects. On the other hand, stars with more than 8 M®



Hydrogen

Figure 1.1: “Onyon Layers” scheme of the stellar structure before core collapse. Stars burn

elements, leaving heavier elements in the core and lighter elements in the outer parts.

contract enough to reach temperatures that allow them to fuse all elements up to iron (Fe).
However, since iron has the highest binding energy per nucleon, fusion involving iron becomes
an endothermic reaction, consuming more energy than it adds to the system (Janka, Hanke,
et al. 2012)). The formation of iron through nuclear fusion takes a toll on the progenitor star,
causing the material to contract quickly due to the loss of energy. This contraction results
in a pressure that is no longer sufficient to maintain hydrostatic equilibrium. The increase
in pressure and temperature triggers a series of nuclear processes that release an enormous
amount of energy, approximately ~ 10%° ergs are emited as light, ~ 10°! ergs as kinetic, and
~ 103 ergs as neutrinos (Heger, Fryer, et al. , leading to the birth of a Supernova (SN).

Supernovae (SNe) are explosive phenomena that signal the end of a massive star’s life.
These events can occur in binary systems, or in massive stars at the conclusion of their
evolutionary process. SNe can take different forms depending on the circumstances in which
they occur. Core-collapse SNe (Heger, Fryer, et al. happen during the final stages of
evolution of stars with more than 8 M, and are named after the mechanism that triggers
them. In contrast, Type Ia SNe occur in binary systems where a white dwarf fuses with a

white dwarf or it accretes mass from a bigger companion until it reaches the Chandrasekhar
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limit, 1.44 M, (Chandrasekhar 1931).

As mentioned, Type Ia SNe are different from core-collapse SNe, since they are not the end
of a star life cycle; they are actually the result of a white dwarf fusing with a companion or,
as more recent studies show, a fusion between two white dwarfs, causing it to explode in a
thermonuclear reaction (da Silva . Despite the two different physical mechanisms that
create supernovae, the supernova classification system is mainly based on spectroscopy and
light curve behavior (Chevalier and Fransson ; Janka, Hanke, et al. .

BLUE MAGNITUDE

SN 1987A
N Ib E-L 2

0 S50 I00 150 200 250 300 350 400
DAYS AFTER MAXIMUM LIGHT

Figure 1.2: Comparative Light Curves of SN Ia, Ib, II-L. and II-P. From Branch and Wheeler
2017h)

1.1.1 SNe Classification System

There are two main spectroscopic types of SNe: Type I and Type II. Type I SNe do not
exhibit hydrogen lines in their spectra, while Type II SNe display prominent hydrogen lines
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(Branch and Wheeler 2017a). These two main types of SNe are further classified based on
their spectra (Type I) and their light curve slope and spectra (Type II).

To better understand how SNe are classified, refer to Figure|l.3] which presents a schematic
diagram of the SN classification system. For example, Type Ia SNe are characterized by the
absence of hydrogen lines but the presence of silicon (Si) lines, while Type II-P SNe display
a plateau in their light curves and prominent hydrogen lines in their spectra. Spectroscopy
and light curve behavior are the main tools used to classify SNe (da Silva ; Chevalier and

Fransson [2003; Janka, Hanke, et al. 2012]).

Supernovae

No Hydrogen Hydrogen

Type | Type Il
Silicon | No Silicon Plateau Linear
H-poor
late time
Type la Type Ib/c Type II-P Type II-L Narrow

Lines
CSM
Interaction Type IIb
Hydrogen
Type Ibn/lcn Rich Type lIn
Core-Collapse csm

Supernovae

Figure 1.3: There are two main types of SN, Type I (without hydrogen) and Type II (with
hydrogen). Type I SNe sub-classification is made according to the presence of spectral lines
of different elements, while Type II SNe are mainly sub-classified according to the slope of its
light curve. SN with light curves presenting a Plateau are classified as type II-P, while SNe
presenting a linear decay in their light curve are classified as Type II-L. Interacting SNe are
identified by the presence of narrow lines in their spectra, emitted when the shock wave from
the SN starts interacting with a dense CSM, creating peculiar transitional SNe that might
change their classification due to the emission or absorption of material that was not present

in the progenitor before explosion.

In a study conducted by Perley et al. 2020, based on a sample of 1206 supernovae with
magnitudes m < 18.5, it was found that 72.5% of the supernovae were of type la, 26% were

core collapse supernovae, and 1.5% belonged to other types. Among the core collapse super-



novae, 72.2% were hydrogen-rich (H-rich) while 27.8% were hydrogen-poor (H-poor). Within
the H-rich group, 75.7% were classified as type II supernovae (SN II), 6.6% as SN IIb, 14.2%
as SN IIn, and 3.5% as superluminous supernovae of type II (SLSN II). In contrast, within
the H-poor group, 19.5% were identified as type Ic-BL supernovae (SN Ic-BL), 9.2% as SN
Ibn, 12.6% as SLSN I, and the majority, 58.6%, as SN Ic/c. A scheme of the SN distribution
can be seen in figure [1.4] These findings provide valuable insights into the distribution and

categorization of supernovae in the observed sample.
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Figure 1.4: Distribution of Supernova Types in a Sample of 1206 Supernovae This figure
presents the distribution of supernova types based on a sample of 1206 supernovae with mag-
nitudes m j 18.5. The majority of supernovae in the sample were type la (72.5%), followed
by core collapse supernovae (26%) and other types (1.5%). Among the core collapse super-
novae, there was a distinction between hydrogen-rich (72.2%) and hydrogen-poor (27.8%)
supernovae. The figure provides insights into the relative occurrence of different supernova
types within the observed sample. Extracted from Perley et al.



1.1.2 Type I SNe

SNe that do not present hydrogen spectral lines are classified as type I SNe (Filippenko |1997)).
SNe Type I are sub-classified into three main sub-classes depending on the lack or presence of
silicon (Si) and helium lines: SN Ia, SN Ib, and SN Ic. The progenitor of type Ib/c SNe are
stripped-envelope stars that have lost their outermost layers due to strong mass losses, while
the progenitors of type Ia SNe are white dwarfs. In the early phase of the evolution of a SN,
when the explosion is still dense enough to be optically thick to electromagnetic radiation,
only spectral lines from the outermost layers of the star (where there are the lightest elements)

can be detected.

1.1.2.1 Type Ia

A white dwarf in a binary system can accrete material from its companion star, increasing
its mass and eventually leading to the Chandrasekhar limit - around 1.44 My - and reaching
enough mass to start thermonuclear reactions. Type Ia SNe have a very characteristic be-
havior. Since the explosion in this kind of system always occurs burning nearly all its mass,
the width and the peak of the light curve acquire a fixed relation. Thus, such types of SNe
are used as “standardizable candles”. Type Ia SNe present silicon (Si), iron (Fe), magnesium

(Mg), and calcium (Ca) lines in their spectra (Provencal et al. [1998).

1.1.2.2 Type Ib/c

SNe Ib and Ic progenitors are usually unstable stars like Wolf-Rayet, which are progenitors
that undergo episodes of mass loss before the collapse, possibly creating a dense CSM around
their progenitor. These SNe do not present hydrogen lines because the hydrogen present in
the outermost layers has already been ejected from the progenitor. Disregarding the presence
of He, the spectrum of SNe Ib and SNe Ic are very similar. The amount of He in a SN can
be small, making the classification between these two types ambiguous. The main features of
SNe Ib are the presence of He lines and no signs of Si. Still, SNe Ic usually do not present He
(Branch and Wheeler 2017a)).

1.1.3 Type II-P/L

The light curve of the SNe II-P does not fall as quickly as other types of SNe, remaining
almost constant for ~ 100 days, as can be seen in figure [[.2] The progenitor of SNe II-
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P/L are red super-giants (RSGs) with mass loss rates 107¢ < M < 107* Mg, yr*. Their
winds have a velocity v,, > 10 km s™!. These SNe do not present a highly dense CSM, CSI
(circumstellar interaction) is detected mainly in nearby galaxies (Chevalier, Fransson, and
Nymark 2006). Low-density CSM and CSI might be detected by Balmer Lines and He I
(Chugai, Chevalier, and Utrobin 2007; Faran et al. 2014). During the early phases of the
SN explosion, its ejecta is optically thick. However, as it expands and becomes less dense,
the material starts to become optically thin. SNe then enter into the nebular phase, where
photons are released since the environment starts to become optically thin and the density is
low enough so forbidden transitions are allowed. After the peak in the light curve, the emission
from all ejecta is observed. Subsequently, the light curve shows an exponential decay and the
temperature drops adiabatically, since photon energy is transferred to the outermost layers
of the SN and transformed into kinetic energy (Branch and Wheeler 2017a)).

In the special case of SNe II-P, the light curve shows a plateau. Red supergiant (RSG)
have their outermost layers filled with hydrogen. When the collapse happens, their outermost
layers are heated above the hydrogen photoionization temperature (=~ 10000 K). As the ejecta
expands and cools adiabatically, the heated hydrogen recombines. A cooling recombination
phase starts, emitting mostly of the radiation responsible for the light-curve plateau. The
duration of this plateau phase depends on the amount of hydrogen to be recombined and also
on the number of radioactive elements like °Ni, **Co, which can extend the duration of the
plateau phase. **Ni decays into **Co with a half-life of 6 days, however, its contribution is not
important until the ejecta becomes optically thin and photons leave it. Subsequently, there is
the contribution of **Co, which has a half-life of 80 days and decays into *°Fe, increasing the
intensity of the observed luminosity for a longer time, creating the plateau-tail phase (Branch
and Wheeler 2017a).

1.2 Interacting Supernovae (iSNe)

So far, we have discussed the most common types of SNe and the standard classification
system. But there are also other types of SNe that are the cause of great debate in the
academic community, the “strongly interacting” SNe or, for short, I propose iSNe. These
SNe can convert almost 50% of their kinetic energy into luminosity, emitting ~ 10%!' erg as
radiation. The origin of this type of transient is still a subject of debate. These transients are
believed to potentially arise from highly unstable progenitors such as Wolf-Rayet (WR) stars
Benetti, Cappellaro, et al. [2006; Fraser et al. |2013; Pastorello, Smartt, et al. 2007)) or binary
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systems Eldridge, Langer, and Tout 2010. In all cases the outermost layers of the stars were

stripped away, creating a dense CSM (Chugai [1997; Chugai and Danziger 1994)).

iSNe are transients that deceive the spectrum-based classification system, since SNe of many
types that interact with a dense CSM might become part of this SN subclass. Examples of
these transients are the SN 2006jc, a Wolf-Rayet star that exploded and interacted with
a dense CSM (Foley et al. [2007), the SN 2014C that in its early days of observation was
classified as type Ib and after a hundred days presented H lines in its spectra (Milisavljevic,
Margutti, et al. 2015, and the SN 2002ic, that was first classified as type la, then presented
characteristics of a type Ic that later on interacted with a dense CSM, becoming a type IIn
(Benetti, Cappellaro, et al. 20006)).

These transients are interesting because the origin of the dense CSM is still a matter of
debate. The study of iSNe might help to understand the evolution of its progenitors since
the material around stars provides information about it before the collapse, and the emission
from the interaction can be studied in order to obtain the distribution of the material in the
CSM, its composition, ionization and even to make predictions about how the layers of the

progenitor were before the progenitor loses it.

1.2.1 Observations

The expected number of SNe per century and their distribution are influenced by various
factors, such as the stellar formation rate, the age distribution of stars, the physical properties
of the host galaxy, and other astrophysical processes. On average, it is estimated that there
occur approximately 1 to 3 supernovae per century in the Milky Way, our galaxy, and around
4 % are iSNe. However, it is important to note that this estimate can vary depending on the

assumptions and models used. A idea of the proportion of each type of SN can be seen in

figure [1.4]

There are many examples of iSNe like the SN 19887 (Foley et al. 2007) and SN 2006jc
(Pastorello, Smartt, et al. 2007), SN 2005ip (Chugai and Danziger [1994)), the Superluminous
SNe IIn SN 2006gy, SN 2006tf, SN 2010jl, SN 2003ma (Branch and Wheeler 2017a)), the SN
ITn SN 1998S, PTF11igb, SN 2013cu, SN 1993J, SN 1986J, SN 2009ip, SN 2010mc, SN 2008iy,
SN 1961V (Brethauer, Margutti, Milisavljevic, Bietenholz, et al. 2022; Branch and Wheeler
2017a), Type IIn-P SN 1994W, SN 2011ht and SN 1054 (Janka, Hanke, et al. 2012). Some
type Ib/c SNe like SN 2006jc (Foley et al. 2007) and SN 2001em (Chugai and Chevalier 2006)

have shown signs of strong interaction between the shock and the material ejected just before
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the explosion.

In these transients, as the shock front interacts with a massive CSM, that might be really
close to the progenitor or far away. In the case the material is close enough, the narrow lines
will be detected always in the spectra and the is usually classified as SN IIn from early times.
However, when the material is far away the spectrum changes over time, starting to present
emission lines from lighter elements, like H, that were not on the spectra at early times,
changing their classification to type IIn or type Ibn. For instance, although it is believed that
SNe Ib progenitors are mainly highly massive unstable stars, there is evidence for type Ib
and IIb supernova progenitors in interacting binary systems (Yoon, Dessart, and Clocchiatti
2017). An interesting case was the SN 1993j (Nomoto et al. [1993)), where the broadening

! making the

of H and He II lines constrain the wind velocity to values up to 170 km s~
SNe inconsistent with believed progenitor, a RSG. Recent studies revealed that SN 1993J
originated from a K-type supergiant star with an ultraviolet excess, possibly attributed to
nearby hot stars or a hot binary companion. It is classified as a type IIb supernova, and
the progenitor was identified in pre-explosion images. The progenitor exhibited a helium-
rich envelope that may have influenced the explosion’s energy. The massive star responsible
for the core collapse had a non-variable red supergiant profile and a mass approximately 15
times that of the Sun. While the companion remains undiscovered, it is highly likely that
the supernova progenitor was part of a binary system. The progenitor image is surrounded
by faint extended emission, supporting a composite model and specifically an OB association
contamination model (Maund et al. [2004). Radio and X-ray light curves suggest an increase
in the mass-loss rate around ten thousand years before the explosion. The highly ionized
lines showed that CSM was close enough to the exploding star to be heated by the UV and
X-rays from shock breakout (Nomoto et al.|1993). The CSI in SN 1993;j continued for over a
decade (Stevance et al. 2020). This was also observed in SN 1992j, where three days after the
explosion it started to present narrow lines of Ha, He II \4686, Fe X \6374, Fe XIV A5303
(Benetti, Patat, et al. [1994)). Another example is the SN 2014C (Margutti, Kamble, et al.
2017; Milisavljevic, Margutti, et al. 2015). As shown in Figure , there was an increase
over time in the Ha flux, at 656.28 nm. Initially, four days before the maximum brightness
of the SN (t = —4 days), the flux in Ha corresponded to the host galaxy. Then, there was a
noticeable increase in the Ha flux over the different epochs (113, 282 and 373 days), as well
as an increment in the X-ray emission over time (Figure . In contrast with the expected
behavior we can see in figure [1.2] In general, the light curve is expected to exhibit a gradual
decline over time, as demonstrated in Figure [I.2] This decay in brightness can be attributed

10
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Figure 1.5: The image shows the increase of flux in the Ha line with time observed in the
SN 2014C. The time is set in days with respect to the SN peak time. The curves correspond
tot = —4 days, t = 113 days, t = 282 days and ¢t = 373 days. From Milisavljevic, Margutti,
et al. 2015/

to the radioactive decay of unstable isotopes synthesized during the explosion, as well as the
expansion of the SN ejecta. By analyzing the characteristics of the light curve, such as its
shape, duration, and decline rate, valuable insights can be gained regarding the nature of
the SN event and the physical processes involved. This provides strong evidence that the SN
ejecta interacted with a shell. The observed X-ray radiation, according to Margutti, Kamble,
et al. 2017, is compatible with a bremsstrahlung radiation model with a temperature around
T = 18 keV, which corresponds to a temperature of 2 x 108 K. Radio, on the other hand,
is well fit by non-thermal synchrotron radiation resulting from the interaction between the

supernova shock front and the dense CSM.

Another anomalous transient, source of great debate, has been the SN 2001em. The SN was
discovered on September 20 of 2001, in the galaxy UGC 11794 (z = 0.1935) at a distance of
83 Mpc (Papenkova et al. 2001). It was first classified as a SN Ib/c (Filippenko and Chornock
2001)) and its emission is well fit by a dense CSM created by a Wolf-Rayet star (Chugai and
Chevalier 2006). Follow up observations in radio by VLA between October 17 of 2003 and
January 1 of 2004 showed that the flux in radio increased (Stockdale, Kaster, et al. [2005)) and
X-rays observations at later times (April 4 of 2004) made by Chandra X-Ray Observatory in

1

the range 0.5 - 8 keV showed an increase of luminosity ~ 10*! ergs s=! which is consistent
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Figure 1.6: X-ray light curve integrated between 0.3 keV and 100 keV. The image shows the
evolution of the X-ray light curve as a function of time for the SN 2014C. Unlike expected, the
brightness of the SN increases over time. From Brethauer, Margutti, Milisavljevic, Bietenholz,
et al. 2022l

with a column density of Ny = 1.6 x 10?! cm™2 (Pooley and Lewin 2004). Its spectrum in
the range of 5 x 10° to 1.5 x 10'° Hz is from non-thermal emission, with a flux proportional
to frequency F, ~ v~%37 (Stockdale, Van Dyk, et al. [2004).

1.2.1.1 Types of Interacting Supernovae

The main two categories of SN that arise from iSNe event are the SNe IIn, which shows bright
and narrow Balmer H lines, and the SN Ibn, wich present He narrow lines. The SNe type IIn
might provide a possible explanation for the Superluminous SNe (SLSNe) (Dessart, Audit,
and Hillier 2015) and the SN Ibn were first identified only in more recent years in the SN
2006 jc (Foley et al. |2007). Both SNe types present narrow lines since the material in the
CSM moves slower than the ejecta of a normal SN (Branch and Wheeler 2017a)). Smith |[2017a;
presents a sub-classification according to all kind of interacting SNe ever observed. In order
to keep the study of iSNe simple and didactic, I have gathered the subclassifications made by

Smith |2017a)in three groups by their common characteristics:

e Group 1: The Standard IIn
Most standard type of interacting SNe. The overall emission is smooth and blue-shifted

due to the motion of the shock wave in a dense CSM.
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— Enduring IIn: Extended CSM, presents narrow lines of Ha emission and has no
PCygni absorption features in their spectra (Chandra 2018). The shock wave can
cross ~ 20 Mg over the years of interaction. Examples are the SN 19887 and SN
2005ip (Aretxaga et al. [1999; Chugai and Danziger 1994)).

— Superluminous IIn with extended shell: As bright as SLSNe, with a bolo-

metric luminosity exceeding 10% erg s=1.

These SNe presents narrow Ha since
their beginning. They would be ordinary iSNe if it were not for their extreme
brightness. Examples of these transients include the SN 2006tf, SN 2010jf and SN

2003ma (Fransson et al. 2014} Smith 2017a)).

— Superluminous IIn with compact shell: Present narrow lines and a slow rise
peak (= 70 days), fading very quickly in an interval of ~ 150 days after peak. The
only example of this transient is the SN 2006 gy (Smith, Li, Foley, et al. 2007).

e Group 2: The Chameleon SNe
As chameleons, they modify their spectra over time. This group might deceive the

current system of classification in absence of follow-up observations.

— Type IIn, late II-P: These transients are standard SN IIn. Their only difference
is that the interaction luminosity fades enough so the emission of the decay of %°Ni
into **Co can be seen. Examples of these transients are the SN 1994W and the SN
2011ht (Mauerhan, Smith, Silverman, et al. 2013} Smith [2017a)).

— Transitional IIn: Show narrow lines only at the beginning of the event and
the signs of interaction might be missed if the transients are observed too late.
Usually, the transition of classification is from a type IIn to an II-L, with no signs
of interaction. Some examples of this SNe are the SN 1998S, PFT11 igb, SN 2013
cu (Leonard et al. 2000; Shivvers et al. 2015; Smith 2017a).

— Normal SN with late-time interaction: A normal SN that after a few days
starts to present narrow lines. The interaction usually appears when the SN emis-
sion starts to fade. Examples are SN 1993J and SN 1986J (Matheson et al. 2000
Milisavljevic and Fesen 2013)).

— Delayed, slow rise, multi-peaked: This group of SNe has an emission peak
during the SN nebular phase, as usual, but, a few days after that, it starts to rise
again, forming another peak due to CSM interaction. Sometimes even changing its

classification with the presence of narrow Ha lines in its spectra, where there was
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no H observed before. A famous case is the SN 2014C (Margutti, Kamble, et al.
2017; Margutti, Alexander, et al. 2018} Milisavljevic and Fesen 2013; Vargas et al.
2022). Other examples are the SN 2009 ip, SN 2010 mc, SN 2008 iy and SN 1961V
(Mauerhan, Smith, Filippenko, et al. 2013; Smith 2014)).

e Group 3: FExotic SNe

— SN IIn impostors: Not really a SN. Sub-luminous events that might be caused
by eruptions of unstable stars or other unknown events. They present narrow
lines due to interaction with a dense CSM caused by dense and steady wind or
previous eruptions. One example of this kind of transient is the SN 2008S (Smith,
Li, Silverman, et al. [2011)).

— Type Ia/IIn or Ia-CSM: Better seen when the CSM interaction does not over-
come the SN Ia spectrum signature (Benetti, Cappellaro, et al. 2006), as it hap-
pened with PTF11kx. Some other examples of this transient are SN 2002 ic and
SN 2005 gj (Silverman et al. [2013));

— Type Ibn: Instead of having Ha narrow emission, present He A5876 line. One
example is the SN 2006jc (Smith 2017a)).

— Type Icn: By the time Smith [2017al published his system of classification, this
kind of transient was only theoretical. But recent observations have discussed
candidates for Typer Icn SNe (Perley, Schulze, et al. [2021; Gal-Yam, Yaron, et al.
2021; Pellegrino et al. 2022). A SN that interacts with a dense CSM and present

no signs of H or He, but narrow lines of Ca.

1.2.1.2 1iSNe Emission

iSNe need a very efficient mechanism to convert kinetic energy into radiation (Pozzo et al.
2004; Arnett and Meakin [2011)), as the region of interaction with the CSM emits much more
light than one would expect from a normal SN. A SN usually has around 10%! ergs of kinetic
energy with an efficiency of 1% in converting this kinetic energy into luminosity (producing
~ 10% ergs), where most of the emission comes from freely expanding ejecta or from material

heated by radioactive decay.
Most SNe IIn spectrum do not present strong radio emission (van Dyk et al. 1996). The

*Either because this kind of transient does not present radio emission or because the instruments used in

are not sensitivie for radio.
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interaction with CSM usually leads to an increase in the X-ray emission due to thermal
bremsstrahlung and inverse Compton. The analysis of the interaction provides a constraint
on M and the CSM density. Although there are indications that M is not only responsible for
a high-density CSM, in some cases the CSM could be formed by a disk from the protostellar

phase (Metzger [2010), allowing the progenitor to have a lower constraint in its M.

1.2.2 Theoretical Models

1.2.2.1 Interaction between the SN shock front and their massive shell

There are three primary regions that contribute to the high luminosity of interacting super-
novae (iSNe) besides the usual emission: the CSM pre-shock (1) region, which may already
be photoionized by X-ray radiation from the hot post-shocked plasma; the forward shock (2)
of the SN, which reaches the material and transfers energy to it; and the ejecta material (3)

decelerated by the reverse shock.

Since iSNe come from progenitors with a history of high mass loss, studying their interaction
with the CSM can help constrain the mass-loss history and properties of the surrounding
environment. Figure[l.7]illustrates the four main regions responsible for the emission observed
in iSNe:

The four regions are:

e Zone 4: Freely expanding supernova ejecta that emits in the optical spectrum, showing

broad emission and absorption lines;

e Zone 3: Decelerated supernova ejecta that encounters the reverse shock (emits in X-ray

and radio);
e Zone 2: CSM that has been hit by the forward shock (emits X-ray and radio);

e Zone 1: Unshocked CSM outside the forward shock (the medium may be photoionized,

and absorption lines may appear).

In a Type IIn supernova, the narrow component of the hydrogen lines is produced by
ionized circumstellar gas, while the broad components and flux increase in various wavelengths
are produced by the shocked ejecta. The interaction process can be either radiative, where

photons are scattered and absorbed by the dense environment, or hydrodynamical, where
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Basic Picture - Type IIn or Ibn

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

fast ejecta

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

several Mg,

cold dense shell

Figure 1.7: The components responsible for the emission observed in interacting supernovae
(iSNe): Zone 1) Absorption by unshocked material. Zone 2) Emission from the interaction
between CSM and FS. Zone 3) Material from the ejecta decelerated by the reverse shock
(RS). Zone 4) Standard emission from a supernova, consisting of freely expanding material,
cooling adiabatically. Adapted from Branch and Wheeler 2017al.

the ejecta collides with the dense region, emitting X-rays due to thermal bremsstrahlung and

inverse Compton.

1.2.2.2 Origin of the massive shell

The dense CSM around iSNe progenitors can originate from giant eruptive LBVs (Hoffman
et al. 2008), which have high mass-loss rates ranging from ~ 1073 to ~ 1072 Mg, yr~* (Moriya
and Maeda . Observations before the explosion of SN 2005gl showed an LBV-like star
as the progenitor (Gal-Yam and Leonard . There is also evidence that the CSM might
be formed due to binary interaction with compact objects (Chevalier . Examples of
high-density, clumpy CSM caused by LBV eruptions include SN 1993J (Dwarkadas and

SN 2014C (Vargas et al. 2022).
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1.3 Thesis Objectives

The aim of this thesis is to characterize supernovae that interact with massive shells by

employing cutting edge methods.
In my first paper, I analyzed the density profile and metallicity of the SN 2014C. In future

works, I plan to further improve the accuracy of these measurements, determine the shell
speed in the CSM, and gain insight into the origins of these massive shells. By studying
the coupling between X-ray and synchrotron emission, it may also be possible to determine
microphysical parameters related to the particle acceleration mechanism. And also, apply
machine learning techniques to determine the initial conditions of the systems in a fast and

automated way, avoiding the bias of a human researcher.

The progenitors of the dense CSM responsible for these interacting supernovae may be
giant eruptive LBVs with high mass-loss rates ranging from ~ 1073 to ~ 1072 Mg yr—!
(Moriya and Maeda [2014)), or binary systems involving compact objects (Chevalier [2012]).
Evidence of these progenitors has been found in observations of SN 2005gl, which displayed
an LBV-like star before the explosion (Gal-Yam and Leonard 2009), as well as SN 1993J
and SN 2014C, which both exhibited high-density, clumpy CSM possibly resulting from LBV
eruptions (Dwarkadas [2011; Vargas et al. 2022).

By studying interacting supernovae and their massive shells in detail, we can gain a better
understanding of the late-stage evolution of massive stars and the mechanisms that govern
their explosive deaths. This knowledge can have implications for a variety of astrophysi-
cal phenomena, from the enrichment of the interstellar medium with heavy elements to the

formation of compact objects like neutron stars and black holes.
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Modeling SNe with strong interaction is a challenging task and requires state-of-the-art

techniques. With the evolution of computers, in the last decades, a revolutionary branch of

scientific research has developed: the application of optimization algorithms to data analysis

to find solutions to problems that would otherwise be very difficult to study. In this section,

I will describe the tools employed in this thesis to study strongly interacting SNe.

2.1 Hydrodynamic simulations

Hydrodynamic simulations are made with the code Mezcal (De Colle, Granot, et al. 2012).

The Mezcal code is an adaptive mesh refinement, parallelized, Eulerian code, capable of solv-

ing the equations of hydrodynamics, relativistic hydrodynamics, and magnetohydrodynamics.

The code employs cartesian, cylindrical, and spherical coordinate systems. In the following,

we will assume spherical symmetry and employ a one-dimensional (1D), spherical symmetric

grid.

The special relativistic hydrodynamic equations are based on the conservation of three

physical quantities: mass, moment, and energy (De Colle, Granot, et al. 2012).

e Mass conservation

e Momentum conservation

e Energy conservation

oD

%Y V. (D) =0. 9.1

5 + V- (D7) =0 (2.1)
05 L
5tV <Sv +pI) — 0. (2.2)
g—z V- (154 pi) = 0, (2.3)

where U = gc is the velocity of the fluid, I is the identity matrix, ¢ the speed of light. The

conserved variables D, S and 7, are measured in the laboratory system of reference and are

related to the primitive variables p, & and p by:

D =, (2.4)
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S = DhI'%, (2.5)

7= DhI'é® — p — D2, (2.6)
being h the specific enthalpy, and I' the Lorentz factor,
1
= —— (2.7)

V1-=p%
In a general form, the conservation equations can be written as

%—[i +V-FU) =0, (2.8)

where the vector U represents the conserved quantities (mass, momentum, and energy), and

the vector F represents the flux of these quantities.

To solve the conservation equations in a computational mesh, we discretize the time into
small steps, At", and the space into small cells, Ax;. The average values of the conserved
quantities in a cell 7 at t", are represented by U*. The values at the boundaries are indicated
as Ujp1/2 or Uj_1/2. The same notation applies to the flux, where the values of the fluxes at
the cell boundaries are written as Fji /2 and F;_;/5. The averaged quantities over a cell in a
given time step are obtained by integrating over the cell volume, i.e,

o [Tt/ Ti12 OF (u)

% u(zx,t)dx —I—/ — —dr =0 (2.9)

Ti—1/2 Ti—1/2 8.’13‘

Numerically, the time evolution in one dimension is given by
" . At
urtt =up - Az, (Fit12 — Fipay2) s (2.10)
where the cell size is Az; = Az — Az;_1/5. The method used to solve the system of
equations is the Harten-Lax-van Leer (HLL) method (Schneider et al. |1993)). The time

integration is done using the second-order Runge-Kutta method.

2.2 Radiation Transfer

The amount of energy that passes through an area in a given time is directly proportional to
the change in the area and the change in time F = FdAdt. The quantity that equals this

proportion is known as the flux, F',

B (2.11)

E dAdt’
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being defined as the energy carried by all rays crossing a certain area per unit of time.

It makes no sense to define the amount of energy carried by just one ray since a macroscopic
approximation requires a statistical treatment. To be able to treat the problem of radiation
transfer in a differential way, we must then define a new quantity, I,. I, is the specific
intensity, which is the total energy crossing a perpendicular surface dA in a time dt, with a

frequency dr and moving along the solid angle df2;

dE = I,dAdtdQdv. (2.12)

For a small variation loss of the specific intensity, we can write the differential form of the
absorption equation as (Rybicki and Lightman [1986)

dl

7= —nodx. (2.13)

Where n is the number density, o is cross section, and x is the position. If n and ¢ do not
depend on z,
I(x) = Lye ™7, (2.14)

where [ = [y in x = 0. When rays interact with matter, energy can be emitted or absorbed.
We can define an emission coefficient (j,) as the intensity emitted, and an absorption coeffi-
cient («,,) as the proportion of intensity that is absorbed in a given path. Then we can write

the intensity change in a path (s),

dl,
ds

being ds the path that a ray travels and depends on the coordinate system used. For

ju - au[ua (215)

instance, in a cylindrical two-dimensional coordinate system we can write ds as

d  [(or\ 0 [90\ O
ds (8s> ar <as> o0 (2.16)
or
d or\ 0 00\ 0 0 sinf O
5= (5ot () g oot - (2.17)

In order to simplify the equation, we define ;= cosfl. We get

' 1 2
005(92 _simbo 0 + VIZim o (2.18)

0
or r 00 ”ar r 00’
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then our equation becomes

_ 42
lug LV ] I, =j, — o, (2.19)

or r 00

We can define the source function S, as the ratio between the emission and the absorption

coefficient

.
AN

Sy

(2.20)

Q
<

Considering the optical depth 7 defined as

T, = /al,ds, (2.21)

or differentially
dr, = ay,ds (2.22)

we can rewrite equation [2.15] in terms of the source function, S,, and 7,

dl,
“v_s, 1, (2.23)
dr,
This equation has a formal solution
I(m,) =1(0),e ™ + / S, (1))e” ™! (2.24)
Ov

This solution depends on the physical properties of the medium. Numerically, the differen-

tial equation [2.23| can be rewritten as,

Lin+1 =2+ (L,[n] _dv ) e, (2.25)

v

where the specific intensity in the cell n+41 can be computed from the intensity and the values
of j,, a, and 7,, where 7, is the optical depth along the path between the center of cell n
and the center of cell n+ 1. From a numerical distribution of density, n(r), and temperature

T'(r), we can then evolve the intensity I(v) for a range of frequencies in the direction of n.

The code created is composed of two main subroutines. The first subroutine calculates
the emission in a cell. The second subroutine uses the spherical symmetry of the system
to transform the one-dimensional results of the Mezcal code into a two-dimensional region,
applying the first subroutine in each of cell of this new mesh and projecting it along the line
of sight.
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The RT code was developed in Fortran 90 Vargas et al. 2022, The RT code is coupled with
the output data from the Mezcal code and uses the radiation transfer equations in each cell
of the mesh of the output. It considers photoionization, recombination, collisional ionization,

cooling and Ha emission.

2.2.1 Free-free emission for thermal electrons

The functions that define the emission and absorption coefficients depend on the physical
processes responsible for producing the radiation. For bremsstrahlung (in CGS units) we
have (Rybicki and Lightman |1986)

6.8 _V
Jo = X 10738 22n,n, T~ /%e 77 G, (2.26)
T
22 elly —hv
a, = 3.7 x 108722 (] _ o3, (2.27)

v
where Z is the atomic number, n. and n; are the electron and ion densities, v is the frequency,
G is the quantum correction known as the Gaunt factor (G ~ 1 in classical regimes), 7" is the

temperature, k is the Boltzmann constant and h is the Planck constant.

In order to compute the specific flux one must integrate the intensity over the transverse

area

1
F, = D3 /I,,COSQdQ. (2.28)

The total flux is given by integration over all frequencies

F= / Fdv. (2.29)
0

To test the developed code, an example from the book by Ghisellini et al. (2013) was
reproduced. It involved calculating the intensity as a function of frequency for Bremsstrahlung
emission in a spherical region while varying the density in each position of r correspondent to
the observations. The density varied from 10'° particles cm™ to 10'*® particles cm~3. Each
curve in Figure represents a different density. The temperature was kept constant at 107
K for all cases.

As observed in Figure 2.1} the results obtained from the code closely match those pre-
sented in the literature, indicating that the code reproduces known outcomes. Both results
demonstrate that as the density increases, the behavior of intensity as a function of fre-

quency approaches that of a blackbody. This outcome is expected because as the density
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Figure 2.1: Comparison of intensity versus frequency in logarithmic scale. On the left, an

image extracted from ghisellini2013radiative. On the right, the Python code’s output.

of a medium increases, the collisional rate among particles also increases. Consequently, in
a denser medium, particles exchange energy more rapidly and reach the most probable en-
ergy distribution associated with thermodynamic equilibrium. In the case of a highly dense
medium, this behavior resembles that of a blackbody since, in complete thermal equilibrium,

all emission is thermal and solely dependent on temperature.

It is worth noting that the figures shown in the left panel of Figure [2.1] were extracted from
Ghisellini et al. (2013), while the right panel presents the results obtained using the Python

code.
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2.2.2 Photoionization and Recombination

We also consider photoionization and recombination of atoms in the plasma. Since the pro-
genitors of iSNe are produced by unstable progenitors, the medium might already be pho-
toionized, reducing the bound-free absorption cross-section of X-ray emitted in the post-shock

region. Additionally, the recombination of material might increase the observed luminosity.

In order to consider these effects we add to the RT code analytical equations for photoion-
ization extracted from Verner, Ferland, et al. n.d.|and analytical equations for recombination
from Verner and Ferland n.d. Both works present a complete set of analytic fits to non-
relativistic photoionization and recombination cross sections for ground states of atoms and

ions of elements (H, He, Li, Be, B, C, N, O, F, Ne, Na, Mg, Al, Si, S, Ar, Ca, Fe).

The photoionization cross-section is given as (Verner, Ferland, et al. n.d.):

o(E) = ooF(y), (2.30)
where
Fly) =[x = 1)* +y2]y"" (0 + Vy/ya) " (2.31)
and s
T = Eo’ (2.32)

y=\/12+ 92 (2.33)

In these equations, E is free parameter, known as photon energy in eV, oo, Ey, Yw, Ya, P,
Yo, y1 are fit parameters tabled for each element (Verner, Ferland, et al. n.d.). Figure
shows a comparison between the fit and experimental data, the difference between the model
and experimental data is due to Auger effect, which was implemented in our code. Those
cross-sections have been corrected by Auger effect (McLaughlin 2001)).

In the same way, as it was made for photoionization, in Verner and Ferland n.d.| a fit is

made for the recombination cross-section. The equation used is

or(r) = a [V (14 vITR) " (e vIE) T e

where a, b, Ty, and T; are the fitting parameters tabled in the paper for each element.

Defining the mean intensity .J, as the integral of specific intensity over the solid angle
1

v — IVdQ7 2.
Jo =1 (2.35)
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log Cross Section, Mb

log Energy, eV

Figure 2.2: Comparison between the experimental photoionization cross-section for Ar I (solid
line) and fitted model (dashed line). From Verner, Ferland, et al. n.d. The difference between
the model and experimental data is due to Auger effect, which was implemented on the code

used in this work.

the photoionization coefficient ® can be calculated as

¢ = dr / v g, (2.36)
o h

v

In order to compute the ionization state of each ion n; we consider the equilibrium between

radiative recombination, collisional ionization, and photoionization

8ni
ot

N

= Z nei—1Ci—1 + 11 Py + nenip 1 Ripr — neniCy — 1@ — nen Ry (2.37)
i—1

where

o n.n;_ 104

is the formation rate of the ion ¢ by collision of the ion ¢ — 1 with free electrons

o n;_1P; 4

is the formation rate of the ion ¢ by photoionization giving the ion 7 — 1
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® nenir1 Ry

if the formation rate of the ion ¢ by recombination of the ion ¢ + 1 with electrons

e n.n;C;

is the loss rate of the ion ¢ by collision, forming the ion 7 + 1

[ nZCDz

is the loss rate of ¢ by photoionization, forming the ion ¢ + 1

o n.n; R

is the loss rate of ¢ by recombination with free electrons, forming the ion 7 — 1

where C;, ®; and R; are respectively the collisional, photoionization and recombination coef-

ficients, and n. and n; are the electron and ion numerical densities. In Figure [2.3| we can see

< T T T T

-12 -10

log Recombination rate coefficient, cm®s™!
-14

-18

! 1 I . 1

0 2 4 8 8 10

log Temperature, K

Figure 2.3: Recombination rate coefficient for O VII as a function of temperature. The solid

line shows the fitting equation and the circles are the experimental data. From Verner and
Ferland n.d.

an example of the recombination coefficient, R = R(Z, e;,T), as a function of temperature.

In order to understand the recurrence formulas used in the code developed, we make an
example of an atom with a few possible ionization states. As an example, we consider lithium
(Li), with an atomic number equal to 3. Li has 4 possible states of ionization: the ground
state, Lil, and the ions, Lill, Lilll, and LiIV. The ionization network is the following:
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e Lil can be formed by recombination of Lill and can be ionized by collision and pho-

toionization, i.e.,

d
% == nen[[R[[ — nenIC'] — nen[CI)I (238)
e Lill can be formed by ionization of Lil and recombination of Lilll and can be destroyed

by ionization into Lilll and recombination into Lil

d?’L[[

T neniCrny +nr®r +nenprRir — nenrCrr — npp®ry (2.39)

e Lilll can be formed by ionization of Lill and recombination of LilV and can be de-

stroyed by ionization into LilV and recombination into Lill

dn
d;H = nenpCrngr + np @+ nenpy Ry — nenprCrir — nunn @i (2.40)
e LiIV can be formed by ionization of Lilll and can be destroyed by recombination into
Lilll
dn IV
dt = nenirCrir + nr®rrr — nenpy Ry (2.41)

Considering that the total Li density is conserved,

dn d
— = —ny+ni+ngr+ny) =0, 2.42
gt dt( 1+ N 1 +nry) (2.42)
and assuming equilibrium between recombination and ionization, we can find a recurrence
formula based on the sum of all fractions for the first state of ionization by applying equations

2.38] 2.39] 2.40] and [2.41] in equation [2.42] We can write the first state of ionization as

: (2.43)

nr =

@[ =

where

neRyr nelRrrr

B= (1 + M) <1 4 $ut 1l (...)> (2.44)

After computing the numerical density of the element in the ground state using equation
2.43| we can calculate the numerical density distribution of states. Ions densities are calculated

through recurrence formulas
¢pi + neCpy)

2.45
neR[z‘H} ( )

Mit1) = 1)
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Then, the electron density is given as

Ne = Z Z Zjn[i+1]7[j]. (246)
J

i

Where j and i are index used to represent the different elements and its states of ionization.
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Figure 2.4: Normalized density of states of ionization of Helium, He, as a function of the

temperature, from ground state Helium, He I, to Helium two times ionized, He III.

Figures and [2.6] show examples of the ionization fractions of Helium, Lithium and
Carbon (assuming that the photoionization is negligible). As the gas temperature rises there
are changes in the state of ionization of the atoms and when a fraction o the ionization energy

of each state is reached, the new state of ionization becomes dominant.
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Figure 2.5: Normalized density of states of ionization of Lithium, Li, as a function of the

temperature, from ground state Lithium, Li I, to Lithium three times ionized, Li IV.
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Figure 2.6: Normalized density of states of ionization of Carbon, C, as function of the tem-

perature, from ground state Carbon, C I, to carbon six times ionized, C VII.
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2.2.3 Cooling

We consider the cooling of a photoionized and collisional plasma. At high temperatures, or
in a fully ionized gas, the cooling process is dominated by collisionally excited lines of ionized
elements and free-free emission. At intermediate temperatures, or in a medium not completely

ionized, cooling is due to bound-free and collisionally excited lines of neutral elements.

The computation takes into account the specific cooling for the 30 lightest elements and it
is based on Lykins et al. 2013} which is the most recent work on cooling for the code CLOUDY
(Ferland et al. |2017). The Tables with all data can be seen in Lykins et al. 2013.

In Figure we can see that the work is in agreement with other cooling fit models.
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Figure 2.7: Comparison between different cooling models for solar metallicity as function of

temperature (Lykins et al. 2013).

Using the data from Lykins et al. 2013 we created a code that computes the cooling as a
function of the metallicity of the gas, Z. We plot in figure the specific cooling for different

values of Z (solar metallicity corresponds to Z = 0.01).

In Figures 2.9 [2.10] and [2.11] we show the specific cooling as a function of temperature
for three different elements: Carbon (C), Oxygen (O) and Iron (Fe) and for three different
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Figure 2.8: Here we present the result of our code. The figure shows the specific cooling for
different metallicities using the data from Lykins et al. 2013, The dashed line represents solar

metallicity.

metallicities: solar metallicity, Z = Z, = 0.01, half solar metallicity, Z /2 and two times solar
metallicity, 27Z,. As metallicity decreases it is possible to observe a proportional decrease in

the specific cooling for all three elements.

2.2.4 Ha emission

In order to compute the Ha emission we consider the contribution from collisional excitation
(Giovanardi and Palla [1989)) and radiative recombination (Aller 1984). The Ha emission is

obtained as a function of neutral and total densities and the local temperature of the gas.

The emission used is the same used by De Colle and Raga [2006
HO& = ne(Erec + ECO11> (247)

where n, is the electron density, and

4.161 x 10_2571[{[]

Eree =
0.0424/T. 0.983 7
10 /T % T

(2.48)
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Figure 2.9: Our computed specific cooling of Carbon, C, as a function of temperature for

three different metallicities. Solar metallicity, Z = 0.01, half solar metallicity, Z/2, and the
double of solar metallicity, 27Z.

considering T, = T x 10~*, where T is the gas temperature, and E

8.628 x 10~6¢~140336/T
2T1/2 )

Eeon = 0.4 X nyg, x 3.028 x 107'% x 0.0858 x (2.49)

being ny; the density of ionized hydrogen and €) defined as

Q=0.1934 + T [-4.698 x 107" + T (8.352 x 10~ ' — 5.576 x 10'°T")] . (2.50)
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Figure 2.10: Specific cooling of Oxygen, O, as a function of temperature for three different
metallicities. Solar metallicity, Z = 0.01, half solar metallicity, Z/2, and the double of solar
metallicity, 27Z.
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Figure 2.11: Specific cooling of Iron, Fe, as a function of temperature for three different
metallicities. Solar metallicity, Z = 0.01, half solar metallicity, Z/2, and the double of solar
metallicity, 27Z.
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2.3 Genetic Algorithm

As part of this thesis, we created an algorithm to model the complex structure of CSM in
interacting SNe. As mentioned before, interacting SNe might have a dense and complex
CSM. We applied this algorithm in the SN 2014C in order to fit the 11 observed epochs
of emission, creating 11 regions with different densities. The algorithm created couples a
Genetic Algorithm with the hydrodynamic code Mezcal and a radiation transfer code as

post-processing, iteratively modifying the density in this 11 different regions.

Genetic Algorithms (GA) are based on the theory of natural selection. GA are commonly
used optimization methods employed also in astrophysics to solve problems with many degrees
of freedom, in which finding the optimal solution would be very hard otherwise. We employ
GA but the results obtained are independent of the particular optimization method chosen.
Nevertheless, this is the first time, as far as we know, that optimization methods are coupled

directly to hydrodynamical simulations.

f
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Figure 2.12: Flowchart showing the Genetic Algorithm employed to determine the density
stratification of the massive shell interacting with the SN 2014C.

Figure[2.12{shows schematically the GA we implement. A population formed by 10 elements
(the “chromosomes” in the GA terminology) is chosen at the beginning of the iterative process.
Each element of the population is defined by setting 11 values of the density at different radii
inside the shell (the “genes”). At each step, we create 90 new elements of the population. Half
of them are defined by randomly choosing two elements of the original population and applying
to them cross-over and mutation, while the other half is initialized by directly copying the

density values from one random element of the population and modifying it only by mutation.

In the cross-over process, the two “parents” are mixed by choosing randomly a certain
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number of densities from each element (e.g., the first and second densities from the first
element, the third density from the second element, and so on). This process is inspired
by the genetic mixing present in biological evolution. In the mutation process, we modify
randomly one density in each element. We do so by setting a Gaussian distribution around
the original value of the density pg, with a width given, in 90% of the cases, by po/2, and in
10% of the cases by 10pg, so that in a few cases the system explores density values far away

from the initial one (to avoid being trapped by a local minimum).

The shell densities are then mapped as initial conditions into the HD code. Then, after
the simulation is completed, the RT code is computed by post-processing taking as input the
results of the HD calculation. A fitness function (a reduced x? test) is applied to compare
the synthetic spectra produced by the model and observational data. The fittest 10 elements
(out of the new 90 and the old 10 elements of the population) are saved and used as the initial
condition for a new loop. This process is repeated for ~ 100 iterations so then a total number
of ~ 10* simulations is done. Each simulation takes ~ 10 minutes in a 1D system so that the

entire process can be completed in less than a day.

In practice, the simulations are done by using the “Message Passing Interface” library.
At each iteration, the master node initialized and synchronized the simulations, selected the
best elements, and managed the cross-over/mutation processes, while the other nodes run
(in parallel) each of the 90 hydrodynamics simulations, compute the X-ray spectra and the

fitness function.
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Chapter 3

Survival of the Fittest: Numerical
Modeling of SN 2014C

This chapter presents a study of the SN 2014C, published as (Vargas et al. [2022)): “Survival
of the Fittest: Numerical Modeling of SN 2014C”, by Felipe Vargas, Fabio De Colle, Daniel
Brethauer, Raffaella Margutti, and Cristian G. Bernal, The Astrophysical Journal, 930, 150
(2022)

3.1 Abstract

Initially classified as a supernova type Ib, ~ 100 days after the explosion SN 2014C made a
transition to a SN type II, presenting a gradual increase in the Ha emission. This has been
interpreted as evidence of interaction between the supernova shock wave and a massive shell
previously ejected from the progenitor star. In this paper, we present numerical simulations
of the propagation of the SN shock through the progenitor star and its wind, as well as the
interaction of the SN ejecta with the massive shell. To determine with high precision the
structure and location of the shell, we couple a genetic algorithm to a hydrodynamic and a
bremsstrahlung radiation transfer code. We iteratively modify the density stratification and
location of the shell by minimizing the variance between X-ray observations and synthetic
predictions computed from the numerical model, allowing the shell structure to be completely
arbitrary. By assuming spherical symmetry, we found that our best-fit model has a shell
mass of 2.6 My, extends from 1.6 x10'® cm to 1.87 x 107 cm, implying that it was ejected

~ 60/(v,/100 km s71) yrs before the SN explosion, and has a density stratification with an
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average behavior ~ 773 but presenting density fluctuations larger than one order of magnitude.
Finally, we predict that, if the density stratification follows the same power-law behaviour,
the SN will break out from the shell by mid 2022, i.e. 8.5 years after explosion.

Supernovae - Stellar mass loss - Circumstellar shells - Astronomy data modeling - Stellar-

interstellar interactions

3.2 Introduction

While mass loss is one of the key mechanisms regulating the evolution of massive stars, a
complete understanding of it is still missing, specially during the final phases before the
supernova (SN) explosion (Smith 2014). The mass loss history < 100 — 1000 yrs before core-
collapse supernova explosions can be inferred from the radio and X-ray emission resulting from
the propagation of the SN shock through the circumstellar material (for a review see, e.g.,
Chevalier, Fransson, and Nymark [2017). While the bulk of the SN ejecta emits in optical, the
shock heated gas resulting from the interaction with the environment might be observed in
X-ray and radio due to bremsstrahlung and synchrotron radiation from relativistic electrons

accelerated at the shock front.

The forward shock of type Ib/c SNe, originated from pre-supernova stars with high mass
loss before collapse, interacts with the wind of the progenitor star, which has typical mass
loss rates of My, ~ 1074 — 1076 M., yr~'. The wind is often not smooth, as proven by radio
emission, showing small flux fluctuations of ~ a few over timescales of tens-hundreds of days
after the explosion (Bietenholz and Bartel 2005, Soderberg et al.|2006; Schinzel et al. 2009b;
Wellons, Soderberg, and Chevalier 2012; Salas et al. |2013; Bietenholz, De Colle, et al. 2014}
Corsi et al. 2014; Palliyaguru et al. |2021)).

In a few cases, type Ib/c SNe show signs of much stronger interaction between the ejecta
and shells of material ejected before the explosion. For instance, SN 2006jc exploded inside a
dense He rich environment (Foley et al. [2007), likely produced by an outburst ejected ~ two
years before the SN event. As well SN 2001em, initially classified as type Ib SN, presented
prominent Ha emission lines at 2.5 yrs. Associated with strong radio and X-ray emission,
this was interpreted as evidence of the interaction between the SN ejecta and a massive (~ 3
M) hydrogen-rich shell located at ~ 7 x 10'® cm from the progenitor iron core (Chugai
and Chevalier 2006; Chandra et al. 2022). Several other SNe show similar signs of early
interaction with massive shells (Anupama et al. [2005; Moriya and Maeda [2014; Chen et al.
2018} Pooley, Wheeler, et al. 2019} Dwarkadas, Dewey, and Bauer 2010; Ben-Ami et al. [2014;
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Mauerhan, Filippenko, et al. 2018; Suzuki et al. 2021.) Nevertheless, while in all these cases
the intermediate phases of the transition between type Ib and type IIn SN were not observed,
this transition has been observed in detail in the SN 2014C.

Discovered by the Lick Observatory Supernova Search (LOSS) (Kim et al. [2014) in the
NGC 7331 galaxy at a distance of 14.7 Mpc and initially classified as a type Ib SN, SN 2014C
made a transition to a type IIn SN about ~ 100 days after the explosion, showing strong Ho
emission (Milisavljevic, Margutti, et al. [2015)). The modelling of the optical/UV light curve
shows that SN 2014C has a kinetic energy of 1.75 £ 0.25 x10% erg, with an ejecta mass of
1.7 £ 0.2 Mg and a Nickel mass of 0.15 £ 0.02 My (Margutti, Kamble, et al. 2017).

SN 2014C has also been extensively observed with X-rays Telescope (XRT, Burrows et al.
2005) on board the Neil Gehrels Swift Observatory (XRT) (Gehrels et al. 2004) and the
Chandra X-ray Observatory (CX0) in the 0.3-10 keV energy band, and by the Nuclear Spec-
troscopic Telescope Array (NuSTAR) from 3 keV to 79 keV (Margutti, Kamble, et al. |2017;
Brethauer, Margutti, Milisavljevic, and Bietenholz 2020; Brethauer, Margutti, Milisavljevic,
Bietenholz, et al. 2022). Most of the detected X-ray emission is concentrated in the 1-40 keV

energy band, while emission below ~ 1 keV is strongly absorbed.

The observed X-ray emission increased at 250 days, although the lack of temporal coverage
between 100 and 250 days implies that likely the onset of the X-ray increase was at a smaller
time. Integrated over the spectral range 0.3-100 keV, it raised from 5 x 103 erg s=! to 5 x 10%°
erg s~ 1. Then, it peaked ~ 850—1000 days and maintained a nearly constant flux until ~ 2000
days after the explosion (Brethauer, Margutti, Milisavljevic, and Bietenholz [2020).

Radio observations showed a similar behaviour. Light curves of the SN at 15.7 GHz taken
with the Areminute Microkelvin Imager (AMI) between 16 and 567 days showed that the flux
increased rapidly at ~ 100-150 days (Anderson et al. 2017). A similar increase (by more than
one order of magnitude) was observed by the Very Large array (VLA) Margutti, Kamble,
et al. 2017, Furthermore, observations done by using the Very Long Baseline Interferometry
(VLBI) found that the shock expansion has already strongly decelerated 384 days after the
explosion (Bietenholz, Kamble, et al. 2018} Bietenholz, Bartel, et al. 2021)).

The evolution of radio, optical and X-ray emission have been interpreted by considering
the interaction of the SN ejecta with a low density steady wind with M, = 5 x 107° Mg
yr~! (assuming a wind velocity v, = 1000 km s~! - see Anderson et al. [2017; Margutti,
Kamble, et al. 2017), and a higher density, extended circumstellar medium (CSM). Although
most previous studies agree on the position of the denser shell (e.g. Rgpen ~ 5 — 6 X 1016

cm from the progenitor iron core, Anderson et al. 2017; Margutti, Kamble, et al. 2017;
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Milisavljevic, Margutti, et al. 2015; Tinyanont et al. [2019; Sun, Maund, and Crowther 2020)),
different models have been proposed with respect to the shell thickness, mass and structure.
Consistently with the fact that the interaction lasts several years, (Bietenholz, Bartel, et al.
2021; Bietenholz, Kamble, et al. 2018 Margutti, Kamble, et al. [2017; Milisavljevic, Margutti,
et al. [2015)) interpreted the data as evidence of the interaction between the SN shock and a
thick and massive shell with a size ARgen ~ Repen and a mass Mgen ~ 3.00 Mg. On the
other hand, Harris and Nugent 2020 considers a progenitor with a lower mass-loss rate, which
formed a “wall’ at R, ~ 10'® cm and resulted in a thin shell with size AR, < 0.25R,,
corresponding to a lower mass, M,, = 0.04 — 0.31 My. A similar structure, with a thin

high-density shell and an extended outer medium is also inferred by (Tinyanont et al. 2019).
In order to explain the presence of a dense CSM around the progenitor of SN 2014C, two

possible scenarios have been suggested. In the first scenario, it is assumed that the progenitor
of SN2014C was a star with a steady mass-loss rate, resulting in a stratified, low density
environment with a density p oc M2 (Anderson et al. [2017; Bietenholz, Bartel, et al. 2021}
Bietenholz, Kamble, et al. [2018; Harris and Nugent 2020; Margutti, Kamble, et al. 2017)). In
this scenario, the mass-loss rate had an abrupt increase ~ tens-hundreds of years before the
explosion (with M, ~ 1073 — 1072 Mg, yr~! assuming an wind velocity v, ~ 100 km s!)
creating a spherically symmetric expanding high density CSM (with a density ~ 10% cm™2).
Sun, Maund, and Crowther [2020 depicted a different scenario, in which the dense CSM results

from an 11 M, star stripped of its outer envelope by binary interaction.

In synthesis, in addition to the progenitor star, the structure, extension and mass of the
environment leading to the X-ray emission has been extensively debated. Clarifying the
structure of the dense CSM leading to the X-ray emission, i.e. its density profile and total

mass, is the main aim of this paper.

Radio and X-ray emission from the SN shock are typically described by considering a self-
similar behaviour for the dynamics (Chevalier 1982b; Chevalier and Liang [1989; Chevalier
1998). In the case of a supernova interacting with a massive shell, we can not assume a
self-similar behaviour for the flow as the interaction with the shell leads to the formation of
a strong reverse shock. Then, although an analytical description gives a qualitative picture
of the problem, a detailed understanding of the dynamics can be achieved only employing

numerical simulations.

Typically, running a large number of models covering a predefined number of parameters
provides sufficient detail of the dynamics. When running computational intensive hydrody-

namical simulations, however, this approach necessarily limits the parameter space explored.
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To handle this limitation, in this paper we use an optimization method (a genetic algorithm)
to iteratively determine a relatively large number of parameters by running a limited number
of numerical simulations. Although there have been a wide range of applications of genetic
algorithms in astrophysics (Charbonneau |1995), it is the first time that this method has been
applied by coupling hydrodynamic simulations with radiative transfer, in order to obtain an

optimized solution for the CSM density profiles.

Specifically, we run a set of numerical simulations coupled to a Genetic Algorithm (GA).
The GA iteratively adapts the values of the shell density by minimizing the difference between
the synthetic X-ray emission (computed by post-processing the results of the hydrodynam-
ical simulations) and observations of this SN presented in (Margutti, Kamble, et al. 2017;
Brethauer, Margutti, Milisavljevic, and Bietenholz 2020; Brethauer, Margutti, Milisavljevic,
Bietenholz, et al. 2022). In this approach, the physical space is divided in several parts (ac-
cording to the epochs of observations) and each part has a density p(r;) (beingi =1, ..., N)

that is considered a parameter of the model.

The paper is organized as follows: in Section 2 we describe the hydrodynamics code and
the initial conditions of the simulations, the bremsstrahlung radiation transfer code and the
genetic algorithm employed to solve the optimization problem and to find the density strat-
ification of the shell. In Section 3 we present the results of our numerical calculations. In
Section 4 we discuss the limits of the simulations presented, and the implications of our

findings. Finally, in Section 5 we draw our conclusions.

3.3 Methods

3.3.1 Numerical codes and initial conditions

We study the interaction of a SN shock with a massive shell by running a set of one-dimensional
(1D), spherically symmetric simulations with the Adaptive Mesh Refinement (AMR) code
Mezcal (De Colle, Granot, et al. 2012)). The code solves the special relativistic hydrodynamics
equations, and has been extensively used to run numerical simulations of astrophysical flows
(Gonzalez-Casanova et al.|2014; De Colle, Raga, et al. 2014; De Colle, Kumar, and Aguilera-
Dena 2018a; De Colle, Kumar, and Aguilera-Dena [2018b)).

We follow the propagation of the SN shock front as it moves through a computational grid
covering ~ nine orders of magnitude in space, from ~ 2 x 10® cm (the outer edge of the iron

core) to ~ 2 x 101" ecm. We do so by running two sets of simulations. First, we follow the
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Figure 3.1: Progenitor pre-explosion density profile (blue line) and ejecta density profile
(orange line, at 50 s) in mass coordinates. As the computational box extends from 2.2 x 10®

cm, the figure does not include the mass of the iron core (corresponding to about 1.8 M)

propagation of the SN shock front as it moves through the progenitor star, e.g., from ~ 108
cm to 10! ecm. Then, after remapping the results of the small scale simulation into a much
larger computational box, we follow its propagation through the wind of the progenitor star

and its interaction with the massive shell located at > 10'6 cm.

We set the density profile of the progenitor star by using the E25 pre-supernova model
from Heger, Langer, and Woosley 2000, This corresponds to a star which has lost its outer

envelope. The resulting star has a mass of 5.45 M, and a radius of ~ 3 x 10 cm.

The computational grid extends radially from 2.2 x 10® cm to 6.6 x 10! cm. We employ
20 cells at the coarsest level of refinement, with 22 levels of refinement, corresponding to a
resolution of 1.6 x 10* cm. We set reflecting boundary conditions at the inner boundary and
outflow boundary conditions at the outer boundary of the computational box. The SN energy
(Esn = 10°! erg) is imposed by setting the pressure of the two inner cells of the computational
box as p = Egn(I'aqa — 1)/V, being I'4q the adiabatic index and V' the volume of the two cells.
We employ a variable adabiatic index I',q, bridging between the relativistic I',g = 4/3 and
the newtonian I',qg = 5/3 cases (see Section 2.4 of De Colle, Granot, et al. |[2012).

Figure [3.1] shows the initial density stratification of the star and of the ejecta at 50 s. The
SN energy has been chosen to match the one derived by Margutti, Kamble, et al. 2017, while
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the ejecta mass is larger (3.5 Mg in our simulations vs. 1.7 £ 0.2 inferred by Margutti,
Kamble, et al. [2017)). Anyway, we notice that: 1) the mass inferred depends strongly on
the (uncertain) opacity coefficient x (Maund 2018)); and 2) as we set a reflective boundary
condition at the inner boundary, our simulations do not include fallback which could decrease

the ejecta mass.

Outside the stellar surface, we take p = M,,/(47rv,,), being M,, = 5 x 1076 My, yr~! and
vy = 10% cm s7! the mass loss rate and velocity of the wind launched by the star before the
collapse. As the velocity of the SN shock front is about two orders of magnitude larger than

''vs. ~ 10% cm s7 1), we assume that the wind medium is

the stellar wind (i.e., ~ 10! cm s~
static. The propagation of the SN shock front is followed as it breaks out of the progenitor

star and arrives to 4.5 x 10" e¢m in 50 seconds.

In the large scale simulations, the computational box goes from 10'° cm to 5 x 10'7 cm. For
r < 4.5 x 10! cm we set the density, pressure and velocity by using the values determined
from the small scale simulation. We save outputs each ~ 20 simulated days, and at the times
corresponding to the available observational epochs. For larger radii, we take the density
stratification as p = M,,/(47r?v,), with M, = 5 x 107% and v,, = 10® cm s~' as in the
small scale simulation. We employ 150 cells, with 20 levels of refinement in the AMR grid,
corresponding to a resolution of 2.5 x 10° cm. By running different simulations in which we
change the number of levels of refinement between 14 and 22 levels, we verify that 20 levels

of refinement are enough to achieve convergence.

3.3.2 Bremsstrahlung Emission Code

To compare models with observations, we compute the X-ray bremsstrahlung emission coming
from the shocked plasma by post-processing the results of the hydrodynamical simulations.
We assume that the shocked material is completely ionized so that it does not contribute
to the bound-free opacity and that the unshocked shell is neutral. Extending the radio
synchrotron emission to X-rays by assuming F, o« v~®~1/2 oc =1 with p ~ 3, Margutti,
Kamble, et al. 2017 showed that the contribution of synchrotron emission to the X-ray flux is
negligible (~ 2 orders of magnitude smaller than the observed values), suggesting a thermal

origin for the X-rays.

*This assumption is justified by the large post-shock temperature and the presence of strong photo-ionizing

X-ray and UV emission.
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The specific flux is given by
F, = /IV cos 0dS2 , (3.1)

where dQ) = 2 sin0df/D?, being D = 14.7 Mpc the luminosity distance from the SN 2014C
Freedman et al. 2001, and I, is the specific intensity.

The observed X-rays radiation is due to thermal bremsstrahlung emission caused by the
interaction between the SN shock and a massive shell (Margutti, Kamble, et al. [2017). To

determine the specific intensity, we solve the radiation transfer equation

dl,

o =5,—1,, (3.2)
where S, = j,/a, is the source function, 7, = faydl is the optical depth, and j, and «,
are the emissivity and the absorption coefficient respectively. The radiation transfer equation
is solved by a standard approach (Bodenheimer et al. |2006]). Shortly, we created a two-
dimensional grid in cylindrical coordinates. We mapped the results of our 1d simulations on
this grid, and integrate along 200 rays. We compute the intensity in the plane of the sky,

which integration leads to the flux (see equation [3.1)).

In addition to the bremsstrahlung (free-free) self-absorption, we also consider bound-free

absorption, which at early times dominates absorption for frequencies < 10! Hz, so that
Qy = Oy + Ay bf ju = jll,ﬂ . (33)

To compute the bound-free absorption, we use tabulated cross-sections for solar metallicity
(Morrison and McCammon 1983). For the bremsstrahlung coefficients we take (Rybicki and
Lightman (1986))

Jy, = 3—8 X 10’3822neniT’1/2e’%G (3.4)
T

Z2n.m,
a, = 3.7 x 108T*1/2#

(1 - e’%) G, (3.5)

v

where Z, n. and n; are the atomic number, electron and ion densities respectively, and G is the
Gaunt Factor (~ 1 for the range of parameters considered here). All other variables have their
usual meaning and everything is in cgs units. The electron/ion densities and the temperature
are directly determined from the numerical simulations by assuming that the ejecta is an ideal
gas with solar metallicity. We also assume that electrons and ions have the same temperature.
Cooling is not included in the numerical simulations as the bremsstrahlung cooling timescale
is tg = 60(T/10° K)(n./10%m™?) yrs, so it is much larger than the timescales studied here.
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3.3.3 Computing the shell parameters from a grid of models

As a first attempt to reproduce the observed X-ray emission, we have first considered a
massive, uniform cold shell located at the radius R, with mass M, and thickness AR,. To
determine the best values for these three parameters, we run a grid of 1815 models by using
11 values of M, (in the range 1.5 M to 2.5 M), 15 values of AR, (ranging from 7.5 x 10
up to 2.5 x 10" ¢m), and 11 values of R, (from 1.8 x 10 to 7.8 x 10'® ¢m). To compare the
results of the numerical simulations with observations, we have then employed the ray-tracing
code described in Section 3.3.2]

Unfortunately, none of the models provided a reasonable fit of the data. In particular, shells
with larger density (i.e., larger mass and smaller thickness) reproduce well the early observa-
tional epochs, while shells with smaller densities (i.e. smaller mass and thicker) reproduced
well the late observational epochs. This indicates that the shell density is not constant, and

has a decreasing density from smaller to larger radii.

We notice that, as the origin of the massive shell is not understood, it could in principle
have an arbitrary shape. In this case, to find the density at several radii is a task that is
not possible to achieve with a grid of numerical models. For instance, a grid of ten values
for the density at 10 different radii implies running 10'° simulations. Thus, to determine the
density stratification of the shell, we decided to solve the “full” optimization problem. This
is done by coupling the Mezcal code with other two codes: a radiation transfer code which
computes the bremsstrahlung radiation (see Section, and a genetic algorithm (described
in Section that automatically and randomly changes the density profile inside the shell
by minimizing the variance between the synthetic observations computed from the numerical

model and the X-ray observations, allowing the density profile to be completely arbitrary.

3.3.4 Genetic Algorithm

Genetic algorithms, GA hereafter. Rajpaul 2012 are based on the theory of natural selection.
GA are commonly used optimization methodsﬁ]7 employed also in astrophysics to solve prob-
lems with many degrees of freedom, in which finding the optimal solution would be very hard
otherwise (Canto, Curiel, and Martinez-Gomez [2009; De Geyter et al. [2013; Morisset 2016)).

Nevertheless, this is the first time, as far as we know, that optimization methods are coupled

tWe have employed GA in this paper but the results obtained are independent on the particular opti-

mization method chosen.
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Figure 3.2: Flowchart showing the genetic algorithm employed to determine the density
stratification of the massive shell interacting with the SN 2014C. First, we initialize a a set
of shell density profiles. We modify the initial densities by mutations and cross-over (see
the text for details). We run hydrodynamical simulations following the interaction of the SN
ejecta with the shell and we compute synthetic X-ray spectra which are compared with the
observations. We select the “best” simulations using a “fitness function” (the x? test). The

process is repeated until convergence.

directly to hydrodynamical simulations.

We run a single small scale simulation following the propagation of the shock wave in the
interior of the star. Then, we use the SN ejecta structure given by this simulation to initialize
large scale numerical simulations. The GA (see Figure for a schematic description of the
algorithm) is then used to find the best density stratification of the shell by running several

simulations of the interaction of the SN ejecta with the massive shell.

The initial conditions of the large scale simulations are described in Section 2.1. The
shell structure is initialized in the numerical simulations by a power-law interpolation of the
densities p(r;) (with ¢ = 1,...,11) defined at 11 radial position r;. Nine of the radii r; are
determined directly from the numerical simulations and are given by the location of the shock
at the nine available observational epochs. Additionally, we define two densities, one at a
smaller (r;) and one at a larger radius (r1;). While the value of r = ry/2 is fixed, ry; is

allowed to vary to get the necessary absorption.

Thus, the 11 values of density (and the corresponding 11 radial positions) represent the
parameters of the optimization process. We do not impose any constrain on the value of
the densities. At the beginning of the iterative process, 10 constant density shell structures

3

are defined, with equally spaced values (defined in log space) between n = 10* cm ™ and
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n = 10® cm ™ and located at a radius r; = 2 x 10'® — 4 x 10'® cm. This choice of the initial
parameters is completely arbitrary. Indeed, as usual in optimization methods, the final results

are independent on the initial choice of the parameters.

Then, we create 90 new shell structures. Half of the densities p(r;) are defined by randomly
choosing two shell structures from the initial set and applying to them cross-over and muta-
tion (see below), while the other half is initialized by directly copying the density values from
one random shell structure and modifying it only by mutation. In GA, the fraction of the
parameters which should change due to mutation and cross-over depends on the particular
problem studied. Empirically, we found that, for the optimization problem discussed in this
paper, setting equal probability for the cross-over and mutation processes was producing rea-
sonably fast results. Anyway, we did not attempt to find the fraction of mutations/cross-over
which reduces the number of iterations to a minimum. Optimizing it, and replacing the GA
with more efficient optimization methods could reduce substantially the final computational

time.

In the cross-over process, two values of density taken from a previous iterative step are
mixed by choosing randomly values of densities from each shell structure (e.g., the first and
second densities from the first density profile, the third density from the second profile and
so on). This process is inspired by the genetic mixing present in biological evolution. In the
mutation process we modify randomly one density in each profile. We do so by setting a
Gaussian distribution around the original value of the density po, with a width given, in 90%
of the cases, by p;/2, and in 10% of the cases by 10py, so that in a few cases the system explores

density values far away from the initial one (to avoid being trapped by a local minimum).

The shell densities are then mapped as initial conditions into the Mezcal code in each step.
Then, after each simulation is completed, the bremsstrahlung X-ray emission is computed by
post-processing the results. A fitness function (a reduced y? test) is applied to compare the
synthetic spectra produced by the model and the observational data at 9 epochs: 308, 396,
477, 606, 857, 1029, 1257, 1574 and 1971 days after explosion. The fittest 10 simulations (out
of the new 90 and the old 10 set of simulations) are then used as initial condition for a new
step.

This process converged in ~ 150 iterations, for a total number of ~ 10% simulations, then
reducing the number of simulation by a factor of 10° with respect to a grid of simulations
covering a similar number of parameters. Each simulation took ~ 10 minutes so that the

entire process could be completed in less than a day.

The simulations were done on a cluster of CPUs, by using the “Message Passing Interface”
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Figure 3.3: Normalized y? for the best and worst model among the fittest 10 simulations,
shown as function of the iteration number. After ~ 150 iterations the system converges to

the optimal solution, corresponding to a normalized x? ~ 3.03 .

library. At each iteration, the master node initialized and synchronised the simulations,
selected the best simulations/shell structures and managed the cross-over /mutation processes,
while the other nodes run (in parallel) each of the 90 hydrodynamics simulation, compute the

X-ray spectra and the fitness function (a x? test).

Figure shows the evolution of the fitness function (the normalized x?) for the best and
worst simulation (among the 10 fittest simulations) during each iteration step. The solution
reaches a minimum of x? =~ 3.03. The evolution of the density profile of the massive shell
as function of radius and iteration is shown in Figure At the beginning of the iteration
process, the solution fluctuates substantially between different iterations, to then converge to
a final density profile (shown in blue in the figure). The density profile and the value of x>

are discussed in more detail below.
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Figure 3.4: Evolution of the number density profiles (in units of cm™3) of the outer shell
during the iteration process (black lines, with increasing opacity from lower to larger iteration

numbers). The final density profile is shown in blue.

3.4 Results

3.4.1 SN shock propagation through the progenitor wind

The propagation of the shock wave through the star has been extensively studied both for the
non-relativistic (Sakurai|1960; Matzner and McKee|1999) and mildly relativistic regime (Tan,
Matzner, and McKee |2001; Nakar and Sari 2010; Smith 2017b). As the shock approaches the

surface of the progenitor star and it moves in the stellar envelope, in which the density drops
steeper than p o< 773, the shock velocity increases to mildly relativistic speeds.

As a result, once the SN shock breaks out in ~ 25 s, most of the mass (and energy) of
the SN moves at velocities ~ 10* km s™!, while a small fraction of the mass (corresponding
to a kinetic energy ~ 10%7 ergs) expands with larger velocities (up to vy, ~ 0.5 ¢ in our
simulations). Self-similar solutions describing the propagation of the SN shock through a
politropic envelope (with pen, o< (R/r — 1)¥) predict an ejecta density stratification p oc r="
after the break-out, with n = 7 — 11, depending on the structure of the progenitor star. We

get a nearly constant density profile in the inner ejecta (containing most of the mass, see
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figure [3.5)), while the outer ejecta has a steep density profile, i.e. p ~ r~103,

Then, we run a set of simulations by using as input the outcome of the small scale simula-
tions, i.e., density, pressure and velocity profiles. As described in section [3.3.4] we compute
the shell density profile that minimizes the variance between the bremsstrahlung emission
computed from the numerical model and the observations. In the following, we discuss the
evolution of the SN shock front while it propagates into the progenitor wind and interacts

with the shell density profile obtained after the GA algorithm has converged.

Figure [3.5] shows the evolution of the ejecta before interacting with the outer shell. The
expansion of the SN ejecta through the progenitor wind leads to the formation of a double
shock structure, formed by the forward shock (FS), which accelerates and heats the WR wind,
and the reverse shock (RS), which decelerates and heats the SN ejecta. Following Chevalier
1982bl, the evolution of the forward and reverse shocks is self-similar, with R ~ t™, where
m = (n —3)/(n — 2). By taking n = 10.3, we get m ~ 0.88, which is consistent with the
evolution of the shock wave obtained in our simulation.

In our simulations, the SN shock acceleration stops only when the shock arrives to the very
edge of the progenitor star. This leads to an overestimation of the true shock velocity, as
the shock acceleration should stop once the stellar envelope becomes optically thin to the
radiation coming from the post-shock region. A detailed calculation of the shock acceleration
and break-out is an open problem, which requires a radiation hydrodynamics code. Once the
SN ejecta interacts with the shell (see below), the shock velocity quickly drops. Then, the
late evolution of the system will be independent on the particular shock velocity obtained,
while it will depend on the energy stratification of the SN ejecta, i.e. on the properties of the
explosion (energy, ejected mass, fallback and so on) and of the progenitor star. A detailed

study of it could potentially constrain the progenitor star, and is left for a future study.

3.4.2 SN shock interaction with the massive shell

At ~ 50 days after the explosion, the shock begins interacting with the massive shell. Radio
and optical observations showed that the interaction started ~ 100 days after the explosion
(Milisavljevic, Margutti, et al. 2015; Anderson et al. 2017). Then, our simulations overesti-
mate the average shock velocity by a factor of ~ 2 with respect, e.g., to radio observation by
(Bietenholz, Kamble, et al. 2018)) or to the shock velocity inferred by (Milisavljevic, Margutti,
et al. 2015) from absorption lines at 10 days. A lower shock velocity can be due, as mentioned

above, to the loss of thermal energy during the shock breakout or, alternatively, to a less steep
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Figure 3.5:  Upper panel: number density in mass coordinates at 50 s. Middle panel: time
evolution of the SN shock as it moves through the wind of the progenitor star. The outer
ejecta has a self-similar density profile p oc r=193. Bottom panel: structure of the dense CSM
located between 1.6 x 10'® cm and 2 x 10'” cm. The plot also shows r=2 and =2 density
profiles as a reference. The dense CSM is roughly comprised of three consecutive shells, the
first goes from 2 x 10' up to 5 x 10'® c¢m, the second from 5 x 10'® up to 10" ¢m, and the

third from 10'7 up to 1.6 x 10'7 cm, with an average shell density declining like r~3.
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density profile in the outer layers of the progenitor stars.

The interaction of the ejecta with the shell is shown in Figures [3.6] and [3.7 The shell
presents large density fluctuations (see the upper panel of Figure . Then, the shock
propagation leads to the formation of strong reverse shocks which interaction produces the
complex shock structure observed in Figure 3.7 Once interacting with the shell, the shock
Velocityﬁ quickly drops to ~ 7500 km s™!, then maintain an approximately constant velocity
(see Figure . Small fluctuations in the shock velocity are present at ~ 10® days (see the
bottom panel of Figure 3), with increases (drops) in velocity by ~ 3000 km s~! corresponding
to drops (increases) in the density. The velocities inferred in our model differ from those
estimated by VLBI obervations (Bietenholz, Kamble, et al. 2018)) by ~ 50% (slightly larger
than 1o - see the middle panel of Figure .

The bottom panel of Figure [3.7 shows the evolution of the F'S and RS in mass coordinates.
Before interacting with the dense CSM, the low-mass post-shock structure remains thin, with
the F'S and RS very close to each other. While the ejecta interact with the dense CSM, more
and more mass is accumulated in the post-shock region, separating the two shocks when seen
in mass coordinates. By the end of the simulation (~ 2000 days after the explosion), most of

the CSM mass and about ~ a half of the ejecta mass have been shocked.

The velocity plot (third panel from the top in Figure illustrates the evolution of the
different components, i.e. the unshocked CSM (the stationary medium at large radii), the
unshocked ejecta (the region with increasing velocities at small radii) and the shocked CSM

and ejecta (the region with fluctuating velocities between the unshocked ejecta and CSM).

Initially, the reverse shock is stronger than the forward shock. Thus, the shocked ejecta
is hotter than the shocked wind, i.e. the progenitor wind accelerated and heated by the SN
shock front, (Figure , blue and green lines in the middle panel). As the ejecta crosses the
reverse shock and approaches the reverse shock velocity, the RS temperature drops becoming
smaller than the FS temperature. Thus, the bremsstrahlung specific emission (larger at
smaller temperatures) is initially dominated by the shocked wind, and later mostly originated
into the shocked ejecta. We also notice that the unshocked ejecta mainly cools by adiabatic

expansion.

A fit to the density profile (see Figure 3.5 bottom panel) gives p oc r=309£0-96 " consistently
with the constant shock velocity seen in Figure (as E ~ Mv? ~ R3pv? implies that the

A velocity of ~ half of this value is inferred from the Ha line (Milisavljevic, Margutti, et al. 2015)). This
is consistent with the hydrogen lines being produced in the post shock clumpy medium or by recombination

of the upstream medium.
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Figure 3.6: Top panel: position of the SN shock front as function of time. The break seen at
~ 50 days corresponds to the beginning of the interaction with the shell. The thin vertical
lines corresponds to the epochs observed in X-rays. The radii inferred by VLBI observations
(Bietenholz, Kamble, et al.2018) at 8.4 GHz and 22 GHz are also included in the plot. Middle
panel: shock velocity as a function of time. During the self-similar phase, the shock velocity
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(Bietenholz, Kamble, et al. 2018) are also included in the plot. Bottom panel: evolution of

the forward and reverse shock (in mass coordinates).
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velocity is constant as long as p oc R73 and the shock is adiabatic), although the density profile
is clearly more complex than what predicted by a power-law fit, as it presents fluctuations
larger than ~ 1 order of magnitude, apparently being formed by the joining of three different
shells which are centered respectively at 4 x 10, 7.5 x 10'6 and 13.75 x 10'® cm. The shell
mass is 2.6 M. This value is consistent with the 3.0 M £ 0.6 Mg (VLB model) determined
by Brethauer, Margutti, Milisavljevic, Bietenholz, et al. [2022| which also assumes spherical
symmetry and within the range of typical shell masses observed in type IIn SNe (0.1-10 Mg,
see, e.g., Smith 2017b; Branch and Wheeler [2017b)).

One of the parameter of the GA was the 11th density specified in the shell structure (corre-
sponding to the dashed region of Figure . This was the average density of shell material
not yet reached by the SN shock front. This density allows us to determine the amount of
neutral hydrogen still to be crossed by the ejecta (inferred from the bound-free absorption).
We get M = 0.38 M, solar masses for this component at t = 1971 days, which is represented
by a constant density dashed line in the top panel of Figure We notice that the exact
structure of this region can not be determined. Nevertheless, it will extend to r ~ 2.3 x 1017

3. in which case (moving at a constant speed

cm if the shell density continues dropping as r~
as discussed above) the SN shock will break out of it ~ 8.5 years after the explosion. Late
X-ray and radio observations will help to constrain the outer structure of the shell. We also
notice that (Milisavljevic, Margutti, et al. 2015) constrained the density of the unshocked
CSM to be < 107 em~2, which is consistent with the results shown here, and the temperature

of ~2—8x10* K.

3.4.3 Radiation

Figure[3.9shows the X-ray spectra at 308, 396, 477, 606, 857, 1029, 1257, 1571, 1971 days and
the radiation emitted as a result from the models obtained by employing the GA (Section
. Dashed lines are computed by assuming solar metallicity in the neutral shell, the
continuous lines consider half of the cross section of the material used in the solar metallicity
model. We include in the Figure also the X-ray emission computed by considering a simple
r~3 density profile obtained by using as parameters of the GA the normalization factor (i.e.,
the parameter A in the equation p = Ar—3) and the position and width of the shell. The
fit is clearly poor in this case, implying that the "bumpy " " structure inferred from the GA
algorithm is not due to an overfitting of the X-ray data. We also notice that the presence of

small scale fluctuations in the X-ray observations is not generated in our simple 1D model,
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profile model, where the formation of the bumps was not allowed, showing that the bumps

are necessary to fit observational data.

and can be due to the presence of a clumpy medium which would require a multi-dimensional
study, or to the presence of unresolved lines (this explain the normalized x? larger than 1
obtained in our optimizing procedure).

The best fit, in this case, predicts a larger absorption by a factor < 5 at 2 x 107 Hz than
observed. Solid lines, which fits better the observational data, are computed by reducing the
cross-section by a factor of two and, then, running a new set of simulations using the GA.
We notice that the shell density structure obtained from this calculation is nearly identical
to the first one, showing the robustness of the result. The implications of this result will be
discussed in the next Section.

Finally, Figure 3.8 shows the X-ray flux integrated over the range of frequencies used in the
GA,ie. 0.1—12.5 keV, excluding the region between 5.3 keV and 7.8 keV where the emission
from Fe lines dominates the X-ray flux. The “bump” models are in general agreement with
the observations and also it is possible to see that observations can not be explained by simple

r~3 density profile.
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3.5 Discussion

The optimization method employed in this work allows us to determine the detailed structure
of the shell. As described in the previous section, the shell has a mass of 2.6 My, (2.2 Mg, of
shocked and 0.4 M, of still unshocked gas), a density stratification which at first order can
be approximated as p oc 773 and extends from 2 x 101 cm to 2 x 107 cm. While uncommon
in type Ib SNe, SN IIn show evidence of strong interaction, with shell masses of 0.1 — 10
Mg Smith 2017b; Branch and Wheeler 2017h. Also, many type IIn SNe show an X-ray

2 implying a steeper density stratification

emission inconsistent with a density profile p oc r~
Dwarkadas and Gruszko 2012 While sharing many characteristics with SN IIn, in the case
of the SN 2014C the shell is located at a much larger distance, implying that it was ejected

~ 60/(v,/100 km s71) yrs before the SN explosion.

Several papers have inferred the properties of the massive CSM from the observations.
Based on the models of Chevalier and Liang (1989, Margutti, Kamble, et al. 2017 modelled
the behaviour of the X-ray light curve by considering three components: a low-density wind,
a high-density shell, and an outer wind with an unkown density profile. Margutti, Kamble,
et al. |2017] modelled the high density shell as a ~ 1-1.5 M, constant density medium (which
is excluded by our numerical simulations). Tinyanont et al.|[2019|and Harris and Nugent 2020
presented ea similar, three components models. These works focused on the high density shell
and outlying material. Tinyanont et al. concluded that ~ 1 M, of material has been shocked
by the SN 2014c ejecta by 400 days. Harris and Nugent 2020 presented numerical simulations
of a SN ejecta interacting with a wall located at ry ~ 2 x 10'® em, and with a CSM wind at
larger radii. They deduce a small mass for the wall (~ 0.04 — 0.31 Mg), while the CSM wind
density is assumed to be a factor 4-7 smaller than the density of the wall at ry. The CSM

! (assuming v, = 10% cm s71).

wind, then, corresponds to a mass loss M, ~ 1072 Mg yr—

Our results (which, we stress, have been obtained by a “blind” fit, i.e. without assumptions
on the final shell structure) clarify the structure of the massive CSM. In particular, our results
imply that the wall and the CSM wind considered by Harris and Nugent 2020 are both part
of the same extended structure (see Figure [3.7)), with the densest shell material located at
~ 2 x 10'%, and the outer shell density dropping quickly with radius. Thus, we conclude that

the same event is responsible for the ejection of the full massive shell.

The parameters determined for the SN 2014C are remarkably similar to those inferred for
the SN 2001em. The X-ray, radio and Ha emission from SN 2001em have been interpreted as
evidence of interaction with a 3 Mg hydrogen-rich shell (Chugai and Chevalier 2006). VLBI
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observations showed that the shell is located at 7 x 10'® ¢cm, and expanding with a velocity
of 5800 + 10* km s~! Bietenholz and Bartel 2007, which is consistent with the 7500 km s~*

inferred here.

The X-ray emission is strongly absorbed at low frequencies. To compute it, we have used
a tabulated cross-section which assumes solar metallicity and assuming that the upstream
medium is neutral. We have also shown that employing a smaller cross-section leads to
a better fit at low frequencies. This has interesting implications on the properties of the

upstream shell material.

There are two physical main mechanisms which can modify the absorption cross-section.
In the first one the metallicity can be lower than solar (which, by the way, would also lead to
a lower X-ray flux). We notice that a lower metallicity is in contradiction with observations
of the Fe line. The prominent Fe emission line at 6.7-6.9 keV is consistent with a metallicity
larger by a factor of ~ 5 with respect to solar metallicity. This can be reconciled with our
results by assuming that the medium is clumpy, with high density (and lower temperature)
regions responsible for most of the Fe emission (Margutti, Kamble, et al.|[2017). In the second
the upstream medium can be partially ionized due to the strong ionizing X-ray flux coming
from the post-shock region, as the optical depth is o nyoo,, being nyo the density of neutral
hydrogen and o, the bound-free cross-section. This is indeed very likely considering that
the X-ray emission and/or UV radiation coming from the shocked shell and SN ejecta can
partially ionize the unshocked material. In this case, we expect the mass of the shell to be
larger than the value obtained in this paper, although by a small factor as the bremsstrahlung
emission is oc n2. A detailed calculation of the ionization of the shell, left for a future work,
will help to clarify which among these two effects is dominant, and will potentially help to

determine the ionization degree and metallicity of the dense CSM.

Different origins for the shell have been considered. The possibility of the shell being due
to a massive wind ejection is unlikely (De Jager, Nieuwenhuijzen, and van der Hucht [1988;
Leitherer 2010; Kuriyama and Shigeyama [2020)), as it would correspond to an extremely large
mass loss rate of ~ 1072 Mg yr' (v,/100 km s™'). Other possibilities include a sudden
outburst some time before collapse, which would remove the most external layer of the star
where almost all hydrogen is found (Smith and Arnett |2014)), or binary system interactions
in which the envelope of the most massive star has been stripped away (Sun, Maund, and
Crowther 2020). A better understanding of the origin of this ejections can be achieved only
by detailed theoretical models coupled to a larger sample of observed interacting supernovae.

Anyway, that future models exploring the origin of this massive shell will need to account for
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the density profile, size and mass obtained in this work.

The dense CSM presents density fluctuations. It is roughly formed by three consecutive
shells, the first one from (2 —5) x 10 cm, the second from (5 — 10) x 10® c¢m, and the third
from (10 — 16) x 10'6 cm, with average shell density declining like 3.

The density fluctuations have a characteristic length scale of ~ 4 x 10'® cm. A similar
length scale has been observed in the radio emission from SN 1979C (Weiler et al. 1991)) and
has been interpreted as evidence of a binary system in which the orbital motion modulates
the wind density Yalinewich and Zwart 2019| which interacts with the stellar outburst. If this
is also the case of SN 2014C, it would imply that the binary system is very detached (as the
binary period is > 4 x 10'®/v,, ~ 10 yrs (v,,/10%)71). The companion star would then be
not responsible for the loss of the envelope of the primary star. An alternative explanation is
that the density fluctuations seen in the GA fit are the direct result of a modulation in the

outburst from the progenitor star.

Finally, we notice that the simulations presented here assume that the shell is spherically
symmetric. This is consistent with VLBI observations (Bietenholz, Kamble, et al. 2018)). On
the other hand, the velocities estimated by the GA are smaller than those inferred from VLBI
observations (and, puzzling, larger than those inferred by the Ha emission line, corresponding
to ~ a few thousand km s™'). The density profile shown in Figure show large scale (i.e.,
much larger than the size of our computational cells) density fluctuations which, in spherical
symmetry, correspond to fluctuations among contiguous shells of material. Actually, it is likely
that the medium is clumpy, with the clumps necessarily breaking the spherical symmetry. In
this case, the interaction with the SN ejecta will amplify the inhomogeneities (Guo et al.
2012; Veldzquez et al. [2017)), leading to a multi-phase medium with denser/colder regions in
pressure equilibrium with more tenuous/hotter regions, which could explain the strong Fe
emission line observed at ~ 6.5 keV (Margutti, Kamble, et al. 2017)).

A more realistic scenario, with density stratification in the shell not only in the radial, but
also along the polar direction, could also explain the apparent discrepancies in the velocities
inferred by the different emission processes, with faster material, moving along lower density
regions of the shell, emitting in radio, and denser regions, moving at lower speeds, emitting
in X-rays and radio. Such a complex (but possibly more realistic) scenario requires multi-

dimensional simulations and is left for a future study.

Also if the shell is initially nearly perfectly homogeneous, the contact discontinuity which
separates the shocked SN ejecta from the shocked shell is prone to Rayleigh-Taylor (RT)

instabilities, so that we can expect the formation of plasma filaments and inhomogeneities

62



in the post-shock region which can not be captured by our numerical simulations (but see
(Harris and Nugent [2020)) for an approximated treatment of RT instabilities in one dimensional
simulations). As the bremsstrahlung emission is o< Z?n?, inhomogeneities in the shell and
mixing with the higher metallicity ejecta lead to a larger emissivity, implying that the mass

of the shell should be taken as an upper limit.

3.6 Conclusions

In this paper, we presented hydrodynamical simulations of the strongly interacting SN 2014C.
First, we follow the propagation of a SN shock through the progenitor star. Then, by using as
input the outcome of the small scale simulation (i.e., density, pressure and velocity profiles),
we run a large set of simulations. As described in section [3.3.4] we initialize the shell with a

uniform density ngnen = 107 cm=3.

We followed the propagation of the SN shock as it interacts with the wind launched by
the progenitor Wolf-Rayet star and with the massive shell. We computed the bremsstrahlung
emission using the algorithm described in Section and compare the results with obser-
vations. At each step, we run a large number of simulations changing the shell density profile.
As a result, we determine the shell structure. In particular, we get a mass of 2.6 My for
the shell and a density profile roughly dropping as p oc 72 although presenting large density
fluctuations. We also found that the shell is very extended, with a size 2 10'7 cm. If the shell
stratification continues with the same average slope, the SN shock will break out of it nearly

8 yrs after the explosion, i.e. during 2022.

Although this paper represents one of the most detailed model of the interaction between
the SN ejecta and the surrounding massive CSM, several ingredients are still missing from
our model. In particular: we have explored only one pre-supernova structure; we have mod-
elled only the X-ray emission, while radio emission (specially images obtained by VLBI, see
e.g. Bietenholz, Bartel, et al. 2021) contain detailed information about the evolution of the
shock and its interaction with the medium; we have not included a detailed treatment of the
photoionization of the upwind medium, which can affect the bound-free absorption. Finally,
and most importantly, we assumed that the shell structure is spherically symmetric.

Radio and X-ray emission allows us to understand the mass loss history of core-collapse
SNe progenitor on time-scales which are impossible to study by direct observations. As we
have shown in this paper, optimization methods can be used, coupled with hydrodynamical

simulations, to model the density stratification of the environment once data at several epochs
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are available, as in the case of SN 2014C. The X-ray emission tracks the forward and reverse
shock emission, depending on the density of the environment and the ejecta velocity. The
Ha emission tracks the shocked shell and the unshocked medium fotoionized by the X-ray
and UV radiation. All together, a detailed fit of the different components can help us to
get a better understanding of this system. Then, coupled with detailed modeling of the radio
emission, this analysis can allow us to determine the microphysical parameters as a function of
time (which are usually degenerate with the density of the environment and ejecta velocity),
giving us direct information on the particle acceleration process. In this paper, we describe
this technique by analyzing the X-ray bremsstrahlung emission. The extension to radio and

optical emission will be considered in a future study.
Acknowledgements

We thank the anonymous referee for the helpful comments, and constructive remarks on
this manuscript. We thank Luc Binette, Cesar Fernandez Ramirez, Leonardo Ferreira and
Claudio Toledo Roy for useful discussions. FV and FDC acknowledge support from the
UNAM-PAPIIT grant AG100820. We acknowledge the computing time granted by DGTIC
UNAM (project LANCAD-UNAM-DGTIC-281). R.M. acknowledges support by the National
Science Foundation under Award No. AST-1909796 and AST-1944985. Support for this
work was provided by the National Aeronautics and Space Administration through Chandra
Award Number GO9-20060A issued by the Chandra X-ray Center, which is operated by the
Smithsonian Astrophysical Observatory for and on behalf of the National Aeronautics Space
Administration under contract NAS8-03060.

Software

Matplotlib (Hunter [2007), NumPy (Contributors [2021)), Mezcal (De Colle, Granot, et al.
2012).

64



Chapter 4

Machine learning the way through

interacting supernovae

This chapter presents preliminary results of our study on the application of machine learning
models to simulate the SN 2014C.

4.1 Abstract

We present a study of the early evolution of interacting supernovae, focusing on the behavior
of the spherical shell surrounding the progenitor of SN 2014C. In Brethauer, Margutti, Mil-
isavljevic, Bietenholz, et al. 2022]it was suggested that the density of the medium surrounding
the SN 2014C could vary with angle, based on the observations of the radio emission and the
position of the shock wave. To better understand the behavior of the shell surrounding the
progenitor of SN 2014C, a series of simulations varying the characteristics of the shell are
conducted. We produce synthetic observations in radio and X-rays, which are used to train
machine learning models that can take observational data and directly provide the initial
conditions that model the system. We train a neural network to map observed emission to
the underlying parameter space, enabling us to infer parameter values from observational
data. We find that variations in four key parameters significantly affect the early evolution of
supernovae, and that our machine learning approach provides valuable insights into the char-
acteristics of interacting supernovae. We show that the CSM is stratified along the angular
direction. The X-ray emission is consistent with ~ 50% of the solid angle occupied by a dense

shell, with a maximum density of 2 x 10° cm ™2 located at 2 x 10'% cm, with a total mass of
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3.8 Mg, while the radio emission is consistent with a region with a density about 100 times
lower (2 x 10* cm™3) peaking approximately at the same location as the X-ray emission, and
with a mass of ~ 0.1 Mg. Our study highlights the potential of combining simulations and
machine learning to improve our understanding of astrophysical systems, and has important
implications for future studies of supernovae and other phenomena. By using a combination
of observational data, simulations, and machine learning, we can better understand the be-
havior of complex systems and make more accurate predictions about their evolution and

characteristics.

Supernovae - Stellar mass loss - Circumstellar shells - Astronomy data modeling - Stellar-

interstellar interactions

4.2 Introduction

Interacting supernovae are a sub-class of core-collapse supernovae showing signatures of
strong interaction between the ejecta and the circumstellar medium (CSM). By studying
pre-supernova outbursts and iSNe UV emission, spectral lines, and X-ray and radio light
curves rebrightening (Smith 2014; Pastorello, Kochanek, et al. 2018 Margutti, Milisavljevic,
et al. 2014; Morozova, Piro, and Valenti 2018; Dessart and Hillier 2022; Filippenko 1997
Perley, Sollerman, et al.[2022; Sollerman et al.[2020}; Jin, Yoon, and Blinnikov 2021 Soraisam
et al. 2022, Chevalier and Fransson [2006; Chevalier, Fransson, and Nymark [2017; Chugai
and Chevalier 2006; Mauerhan, Filippenko, et al. 2018; Schinzel et al. 2009a); Bietenholz, De
Colle, et al. 2014; Tinyanont et al. 2019; Harris and Nugent [2020; Vargas et al. |2022)), the

mass-loss history from the progenitor massive stars and binary systems can be recovered.

Among iSNe, SN 2014C is an intriguing case that has garnered significant attention due
to its unusual behavior. Recent observational studies and modeling efforts suggest that the
presence of dense CSM in the vicinity of the SN is responsible for the observed emission
(Milisavljevic, Margutti, et al. 2015; Margutti, Kamble, et al. |2017; Tinyanont et al. 2019;
Brethauer, Margutti, Milisavljevic, Bietenholz, et al.|2022; Vargas et al.|[2022). SN 2014C un-
derwent a metamorphosis from an ordinary H-stripped core-collapse SN into a SN with clear
signs of interaction with an H-rich medium (Milisavljevic, Margutti, et al. 2015). Under-
standing the observational signatures of iSNe and the underlying physical processes is crucial
and a tool to unveil the history of mass loss in massive stars and the role it plays in their
final evolutionary stages. Theoretical studies (Vargas et al. 2022; Harris and Nugent 2020)
assumed that the CSM is spherically symmetric. On the other hand, while a SN shock wave
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of vg, ~ 14000 km s~! has been inferred from radio VLBI images (Bietenholz, Bartel, et al.
2021)), the X-ray and Ha emission are consistent with a lower velocity (i.e., 2000-6000 km s~
see Margutti, Kamble, et al. 2017; Brethauer, Margutti, Milisavljevic, Bietenholz, et al. [2022;
Vargas et al. 2022). This discrepancy led Brethauer, Margutti, Milisavljevic, Bietenholz, et al.
2022 to suggest that there is an angular asymmetry in the CSM distribution. These models
and observations highlight the need for a deeper understanding of the asphericity of iSNe and

their circumstellar environments.

Modeling interacting supernovae (iSNe hereafter) is challenging since it involves complex
physical processes that are difficult to simulate accurately, including shock breakout, shock-
cloud interaction, among others. To model the interaction between the ejecta and the circum-
stellar medium (CSM), one needs to consider the density and composition of the surrounding
medium, the strength and direction of the shock wave, and the energy and radiation emitted
by the supernova. Thus, one of the major challenges in modeling iSNe is the computational
complexity involved. Simulating these events requires advanced numerical methods and com-
putational resources, which can be expensive and time-consuming. Additionally, there is still
much that is not fully understood about the physical processes involved, which can make it
difficult to develop accurate models. Another challenge is that iSNe are relatively rare events,
and observations are limited. This means that one often has to rely on simulations and theo-
retical models to understand the underlying physics, which can be difficult to validate without

direct observations.

Although it is a difficult task, modeling iSNe has the potential to provide important insights
into the behavior of stars and the evolution of the progenitors of supernova (SN), since the
material surrounding composes a dense circumstellar medium (CSM), that usually comes
from its progenitor. Simulating the interaction of the SN shock wave with the CSM poses a
challenge as well, due to the need for a detailed understanding of the progenitor mass loss
history (Chevalier, Fransson, and Nymark 2017)).

In order to better address these challenges, state-of-the-art methods are imperative to
accurately describe the behavior observed in iSNe. Vargas et al. 2022 applied a genetic
algorithm to model the CSM from SN 2014C, even without full knowledge of its mass loss
history. Such methods have the potential to overcome the limitations of numerical simulations
and provide valuable insights into the physics of iSNe.

In this work, we present a new approach to infer the conditions that govern the aspherical
CSM distribution of the SN 2014C by training a Machine Learning model on a large dataset of

one-dimensional hydrodynamic simulations. Machine learning has become increasingly impor-

67



tant in astrophysics as the amount of observational data continues to grow at an exponential
rate. With the development of new telescopes and surveys, astronomers have access to vast
amounts of data that would be impossible to analyze manually. Machine learning algorithms
can analyze this data and extract useful information such as identifying patterns, classifying
objects, and predicting properties. In astrophysics, machine learning has been used for a wide
range of applications, including exoplanet detection (Malik, Moster, and Obermeier 2021)),
galaxy classification (Ferreira et al. [2020), SN classification (Lochner et al. 2016) and spectral
modeling (Vogl et al. 2020), and gravitational wave detection (Ni [2016)). Machine learning
has enabled astronomers to make discoveries and gain new insights into the universe that
would have been impossible with traditional methods. As the field of astrophysics continues
to advance, machine learning will undoubtedly play an even more significant role in unlocking

the mysteries of the cosmos.

Our methodology of coupling relativistic hydrodynamic codes with radiative transport codes
and machine learning is a novel approach in astrophysics that has the potential to provide
insights into the initial conditions of astrophysical systems. By using machine learning algo-
rithms to analyze radiative emission simulations, we can identify the factors that determine
the initial state of the system, which would be difficult to infer using traditional methods.
We illustrate the effectiveness of this approach by applying it to the case of SN 2014C, which
has been extensively studied in the literature. The successful application of machine learning
to this system opens up new avenues for studying other astrophysical systems and could lead

to a deeper understanding of the underlying physical processes.

4.3 Methods

In this paper, we present a novel methodology that combines the use of a hydrodynamic code
(De Colle, Granot, et al. 2012) with a machine learning algorithm created using the library
Keras in Python (Chollet 2015). Our methodology consists of two main components: the
first, described in section [4.3.1] involves simulating the interaction of the SN ejecta with the
environment (CSM) using the Mezcal hydrodynamic code. The second component, described
in section [4.3.2] involves using the outputs of the hydrodynamic simulations to train a neural
network. The neural network is then used to make predictions about the initial conditions of

the system having as input the observational properties of iSNe.

This approach has the potential to greatly improve our ability to model and understand a

wide range of iSNe, since once all simulations that generate the training data are finished, it
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could be adapted to model the initial conditions of the CSM of any iSN without having to

run new simulations.

4.3.1 Numerical codes and initial conditions

We performed about 6 thousand one-dimensional , spherical symmetric simulations using a
modified version of the hydrodynamics code Mezcal (De Colle, Granot, et al.[2012)). The evo-
lution of the system depends on the properties of the CSM and the SN. The initial conditions
of our hydrodynamical simulations are described by four parameters: a;, as, R;, and dR.
The computational box spans over several orders of magnitude in space, from R; = 1072 x R,
to Ry = 2.5 X (Ry + dR). We utilize an adaptive mesh with 10 levels of refinement and 100
cells at the coarsest level of refinement, to provide a fine-grained resolution and allocate com-
putational resources only where necessary. The computational box is divided in two regions:
1) the SN ejecta, which initial conditions are described in section ; and 2) the CSM,
described in section [£.3.1.21

4.3.1.1 Supernova shock wave and ejecta

The initial conditions for the SN ejecta are created analytically by using self-similar solutions
(e.g., Chevalier 1982a). The advantage of using an analytical solution for the SN ejecta is that
we can always initialize the shock at the position where it starts interacting with the dense
CSM, saving computational time since we do not need to simulate the propagation of the
shock before the interaction starts. The initial conditions for the SN ejecta are the following:
an explosion energy of 10°! ergs; a supernova ejecta mass of 1.4M; a shock front velocity of
0.1 ¢; a post-shock region that has been partially swept up by a dense CSM, modeled as a

uniform-density sphere with a radius of 10'® cm and a density of 1072! g cm 3.

We assume a power-law density profile for the ejecta, as described by Harris and Nugent
2020 From the inner boundary of the computational box, r,, up to a transitional radius

called Ry, (r1p < r < Ry), we have

o) = po (E) , (1)



Figure 4.1: Schematic representation of the interaction between the ejecta of a SN and the
CSM. The CSM has two main regions: the equatorial region, responsible for the X-ray emis-
sion, and the rest of the region, responsible for the radio emission. R; marks the initial
position of dense CSM, which increases in density until it reaches its maximum value at R,

after which the density starts to decrease.
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where
1 Mej (n - 3)

= — 4.3
P o Res (n—1) (4:3)
The velocity in the SN ejecta is given as,
r
= Vgh— , 4.4
o) = ta (4.4

being vg, = 0.1 ¢, and Ry, = vg,t the initial position of the SN shock. The velocity at the

critical radius R; is given as

1
Ee\ 2
v, = 6 x 10%, <]\;1> cm st (4.5)

where Fs; is the SN energy in units of 10%! ergs, M, = Me; /My, being My, the Chandrasekhar

mass, and
n—>5)\:?2
v =2 . 4.6
= (46)

The value of n depends on the specific model used and can range from ~ 8 — 10 (e.g.,

n =9 for SN type Ib, n = 10 for SN type Ia) depending on the density stratification of the
progenitor star. A schematic representation of the initial SN ejecta and CSM structures is

shown in Figure |4.1

4.3.1.2 Density of the circumstellar medium

The density of the CSM is parameterized by using four parameters. We assume that the
supernova shock front expands freely up to the position of the shell (r = R;). We initialize
the density of the shell in the numerical simulation by using power-law segments. Before the
beginning of the simulation, at radii r < Rj, the SN ejecta interacted with the wind of the
progenitor star:

p(r) = Ar—?, (4.7)
being A = M, /(4mv,,) the normalization factor, M,, the mass-loss rate and v, the wind
velocity. At distances r > R;, we include in the numerical simulation a shell, with a maximum
density at r = Ry. We assume that the shell density increases for Ry < r < Ry as

p(r) = R% (R%) ) : (4.8)

has a maximum (pyax = M, /(47v,,)/R3(Ry/Ry)*') at 1 = Ry, and drops for Ry < r < R; as
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with ay, s > 0. In these equations, the normalization factors are chosen such that the density

is continuous at R; and R,.

The masses of the CSM in the different regions are

R M,
M(< R)) = 4nRjA= ; : (4.10)
RiM, (Ry/Ry >t — 1
M(R, <r <Ry = . 4.11
(R <r 2) Uy 3+ o ( )
The mass in the external part of the shell, M, = M(Ry < r < Ry), depends on the value of
asy. We get
; 3t 3—az __
v, = aMw (B (r/Rs) L (4.12)
Vw Rl 3 — (0]
if ap # 3, and
R Mw R 34+aq
M, = zw (i) log (r/Ry) . (4.13)
if Qg = 3.

4.3.1.3 Radio and X-ray emission

To compare models with observations, we compute the X-ray bremsstrahlung emission coming
from the shocked plasma by post-processing the results of the hydrodynamical simulations

as done previously in Vargas et al. |2022. We consider the bremsstrahlung (free-free) self-

absorption
Qy = Q5 , .jl/ = jl/,ff; . (414)
For the bremsstrahlung coefficients we take e.g., Rybicki and Lightman |1986
J, = 2—8 X 10738Z2neniT*1/2e*%G (4.15)
T
22 elly v
ay, = 3.7 x 10871222 (1 . e*%) G, (4.16)
v

where Z, n. and n; are the atomic number, electron and ion densities, respectively, and G is

the Gaunt Factor (~ 1 for the range of parameters considered here).

The radio emission was calculated as well by post-processing the results of the numerical
simulations, using the equations described by Chevalier 1998. We consider a standard low-
frequency, self-absorbed flux, with a flux given as

nries B2 (L)

2¢cq1

D206 ’

5
2

Fthick — (417)
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and a high frequency, optically thin spectrum with

177’)/
drfrécsNoBH () 7
Finin = EYoF (4.18)

where B is the magnetic field, c1,cs,cg are tabulated constants, r is the shock position,
v the observed frequency, D the distance from the source, f is the filling factor, N, is a
normalization constant proportional to the density of relativistic electrons per unit energy,

and 7 is the power-law index of the population of accelerated electrons

From these equations, we get the values of the syncrotron self-absorption v, and the flux

at vg, as: ,
Vo = 261 (M) o (4.19)
F(vg) = LQ% (il) i (refN, )5/(4+7)Bf('y+1)/(2+7) ) (4.20)
sa Do \ 3 6. Vo

Given the self-absorption frequency and the flux at the self-absorption frequency, it is easy

to determine the flux at any frequency as

F) = F(ia) (—) | (121)

VS(Z

wher a =5/2 if v < vy, and a = —(y — 1) /2 if v > vg,.

4.3.2 Machine Learning

Our simulations explore variations in four parameters that affect the early evolution of the
SN, and produce synthetic data that mimic the observed emission. We use this data to train
a neural network and map the observed emission to the underlying parameter space, allowing
us to infer the values of the parameters from observational data without doing simulations.
By using machine learning to better understand the behavior of the CSM and how it changes

with angle, this study aims to provide insights into the evolution and characteristics of iSNe.

To infer the parameters that govern the initial conditions of a iSNe, we first obtained
its observed radiative emission data. We then applied our trained neural network to map
the observed emission data to the underlying parameter space, using the learned mapping
from the simulations. Finally, we obtained the inferred parameter values by solving the
inverse problem, using a non-linear optimization algorithm that minimized the difference

between the predicted and observed emission data. The neural network model is created using
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Keras and Tensorflow (Chollet 2015)) libraries to predict the parameters of these astrophysical
simulations. The neural network receives a input data the parameters x, i.e. the values of the
four parameters that are used to create the initial conditions in the hydrodynamic simulations,
a1, ag, R; and dR. By post-processing the numerical simulations, we compute the position
of the shock at 55 times, the flux at 15.5 GHz at the same times, the values of the X-ray flux
at 8 epochs, and the characteristic temperature of the X-ray flux at the same epochs. The
synthetic observations mimic the data avaiable for the SN 2014C, where the observed X-ray
emission and temperature are extracted from Margutti, Kamble, et al. [2017] and the radio
emission and shock wave position are extracted from Bietenholz, Bartel, et al. 2021. Three
different models are created (i.e., the neural network is applied independently for the three
models): in the first one, we consider the X-ray emission coming from both forward shock
(FS) and reverse shock (RS); in the second one only the X-ray emission coming from the FS
is computed. In the third one, we consider the radio emission. The X-ray models take 16
input parameters, which are then divided into two groups of eight parameters each for f(x)
and g(z), where f(z) is the X-ray emission and ¢g(z) the temperature. The radio model uses
two different sets of synthetic data f(z) and g(x), each one with 55 elements, where f(z) is
the radio emission and g(x) shock position. Although the data set is adapted to train with
the specific observations of the SN 2014C, training the machine learning model is complete in
a matter of minutes, and it can be easily adapted to model any iSNe that has observational
data.

All neural network models are trained using mean absolute error (MAE) loss function
and optimized with RMSprop function optimizer. The dropout rate is set to 0.1 to avoid
overfitting, so different parts of the neural network can learn similar operations. The hidden
layers consist of four dense layers interspersed with dropout layers. All layers, besides the
last dense layer, use the ReLU activation function and the last dense layer uses the linear
activation function. The output from the hidden layers is concatenated and passed through
another dense layer with a linear activation function. The final output layer has size of four,
corresponding to the four parameters that generate the initial conditions for the CSM. During
training, early stopping is used with a patience of five epochs to avoid overfitting. The model
is trained for a maximum of 10000 epochs, using a batch size of 256.

The total data set of six thousand simulations is divided in three different sub sets. The
first one includes 80% of the data, which are the training data set used to optimize the neural
network. The second data set has 10% of the data and is known as validation data. This set

is not used in training, but a comparison and a loss function are calculated in each epoch of
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Figure 4.2: Loss function over the epochs of training for the forward shock and reverse shock

X-ray training and validation data sets.

evolution of the neural network to confirm that it can solve data that is not used in training.
The evolution of the loss function as the neural network evolves can be seen in the Figures
, and . The third data set that has 10% of the total simulations is called test data
set and is used to confirm that there is no overfit, which would make the neural network only

able to reproduce the training and validation data.

The model predictions are then used to make inferences about the angular distribution of
the explosion. The initial simulations are done in 1D with spherical symmetry. We create a
variable f, which varies between 0 and 1 and represents the fraction of solid angle emitting
radiation. So, for example, if f = 0.2, the emission comes from 20% of the total volume of
the sphere. A variable p = 1 — f is created to represent the remainder of the solid angle.
The idea is to be able to simulate through 1D simulations two different emission regions, one

responsible for x-ray data and another for radio.

We tested our inference method on a well-studied Type Ib/c supernova, SN 2014C, using
observational data. We compared our inferred parameter values with those obtained from
traditional modeling methods, and analyzed the implications for the understanding of the
supernova progenitor and explosion mechanism. After the neural network is trained, the

values of the initial conditions are found in a matter of seconds.
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Figure 4.3: Loss function over the epochs of training for the forward shock X-ray training

and validation data sets.
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Figure 4.4: Loss function over the epochs of training for the Radio training and validation

data sets.

76



4.4 Results

Figure [4.5] shows the density of the CSM generated by the neural network algorithm, as a
function of f and p, for the three machine learning models considered. The top panel shows
the RS and FS X-ray model, the middle panel shows the FS model, and the bottom panel
shows the radio model. Each curve is generated independently of the others. The X-ray
models use the variable f to simulate the varying sizes of the emitting region, while the radio

model employs the p =1 — f variable.

In all models, an increase in the emitting region, corresponding to a larger f in the X-ray
models and larger p in the radio model, leads to an increase of the location where the density
peaks, and a drop in the density at the peak. This result is expected, as a larger emitting

region implies that less mass is needed to get a similar total flux.

In the Tables 4.1, 4.2, 4.3 we can see how the four parameters describing the CSM change
with f and p. In the tables, dR and R; are normalized with respect to R,, = 3 x 10'%cm.

Table 4.1: Best parameters as a function of f for the forward shock and reverse shock X-ray
Model.

f aq oo R, | dR
0.2 10.69 | -2.54 | 0.05 | 1.98
0.5]0.75 | -2.84 | 0.09 | 2.04
0.81]0.82]-3.14 | 0.13 | 2.09
1.0 0.86 | -3.33 | 0.16 | 2.12

Table 4.2: Best parameters as a function of f for the forward shock X-ray Model.
f oy Q2 Ry dR
0.2 ]0.69 | -2.37 | 0.03 | 1.83
0.5]0.71 | -2.41 | 0.05 | 1.92
0.8 ] 0.74 | -2.65 | 0.06 | 2.09
1.0 | 0.76 | -2.81 | 0.08 | 2.21

In order to understand how the parametes of the CSM depend on the size of the emitting
region, in Figure we show how the maximum density, ppeqr, and the initial shell position,
Ry, vary as a function of f for the x-ray models and p for the radio model. As shown by
Margutti, Kamble, et al. 2017; Brethauer, Margutti, Milisavljevic, Bietenholz, et al. [2022;
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Table 4.3: Best parameters as a function of f for the radio model.
P oy oy R, dR
0.2 | 1.45 | -2.63 | 0.47 | 2.37
0.5 1.33]-2.38|0.41 ] 2.15
0.8 11.16 | -2.01 | 0.32 | 1.81
1.0 1099 | -1.64 | 0.24 | 1.45

Vargas et al. 2022, the X-ray emission is consistent with a shell with a peak density ppeqr ~
10%cm =3 and located approximately at R; ~ 10%cm, corresponding to a total shell mass
M =~ 3Ms. Also, as discussed in Vargas et al. 2022, the shell density drop should follow
p(r) = r=3. Figure shows that, although these restrictions are not used at any moment in
the machine learning model, the results are consistent with those obtained in previous works
for the X-ray emission. With respect to the X-ray models, Figure [4.6] also shows that quite
different outcome are expected if the emission comes from the FS or if the emission comes
from the FS and RS. In the latter case, the density is larger independently on the value of
f, and the shell is located at larger radii. The density of the material emitting in radio is
also located at a larger distance (nearly ~ 10 times larger than in the F'S model), and with a

smaller density (by ~ 2 orders of magnitude).

In Figure [4.7| we show how the density is distributed with respect to mass. Regions with
lower f need more mass to compensate the loss in the emitting area. As discussed above, the

radio emission is consistent with shells with a mass much lower than the X-ray emission.

A drawback of the machine learning method used in this work is that it is able to select,
given a value of p and f, the best set of parameters. Nevertheless, it can not select, among
all best models found at different f and p, the one that reproduces better the observations.
To estimate it, we compare the synthetic observations for the models with f = 0.2,0.5,0.8
with the existing observations. By minimizing the chi-squared, we get that the best values of
f are f = 0.2 for the forward and reverse shock model, f = 0.5 for the forward X-ray model,
and f = p = 0.5 for the radio emission. In synthesis, our best model has 50% of the solid
angle occupied by a massive shell, with a mass of =~ 3.8 Mg, in which the forward shock is
responsible for the X-rays emission, and a less dense region, occupying the remaining 50% of

the solid angle, with a mass of 0.1 My, responsible for the radio emission.
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Figure 4.6: Peak density (top panels) and initial position of the shell (bottom) as function of
f. From left to right panels: Forward and reverse shock X-ray model, Forward Shock model
and Radio model.
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4.5 Discussion and conclusions

In this paper, we study the angular structure of the SN 2014C. We run a large number of
one-dimensional, spherical symmetric simulations. We changed the parameters of the CSM
and follow the propagation of the SN ejecta through it. We post-process the results of the
numerical simulation by producing synthetic observations. These are then used to train a
neural network. By feeding the neural network with real radio and X-rays observational data,

the neural network is thus able to recover the structure of the CSM.

The CSM is stratified in the angular direction. The X-ray emission is consistent with ~ 50%
of the solid angle occupied by a dense shell, with a maximum density of 2 x 10® cm~2 located
at 2 x 10 cm, with a total mass of 3.8 My, while the radio emission is consistent with a
region with a density about 100 times lower (2 x 10* cm™3) peaking approximately at the

same location as the X-ray emission, and with a mass of ~ 0.1 M.

Our results demonstrate that our machine learning approach can accurately infer the initial
conditions of the supernova from its observed emission, with a significant reduction in the
number of required simulations. This opens up new possibilities for modeling supernovae and
other astrophysical systems, by enabling efficient exploration of large parameter spaces and

reducing the computational cost of simulations.
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Although the first paper presented in this thesis represents a detailed model of the inter-
action between the SN ejecta and the surrounding massive CSM, several ingredients are still
missing from our model. In particular, we have explored only one pre SN structure; we have
modeled only the X-ray emission, while radio emission (especially images obtained by VLBI;
see, e.g., Bietenholz, Bartel, et al. 2021)) contains detailed information about the evolution of
the shock and its interaction with the medium; we have not included a detailed treatment
of the photoionization of the upwind medium, which can affect the bound-free absorption.

Finally, and most importantly, we assumed that the shell structure is spherically symmetric.

Radio and X-ray emission allows us to understand the mass-loss history of core-collapse
SN progenitors on timescales that are impossible to study by direct observations. As we
have shown in this paper, optimization methods can be used, coupled with hydrodynamical
simulations, to model the density stratification of the environment once data at several epochs
are available, as in the case of SN 2014C. The X-ray emission tracks the F'S and RS emission,
depending on the density of the environment and the ejecta velocity. The Ha emission tracks
the shocked shell and the unshocked medium photoionized by the X-ray and UV radiation.
Altogether, a detailed fit of the different components can help us to get a better understanding
of this system. Then, coupled with detailed modeling of the radio emission, this analysis
can allow us to determine the microphysical parameters as a function of time (which are
usually degenerate with the density of the environment and ejecta velocity), giving us direct
information on the particle acceleration process. In this paper, we describe this technique by
analyzing the X-ray bremsstrahlung emission. The extension to radio and optical emission

will be considered in a future study.

In the second paper we examine the angular structure of SN 2014C using one-dimensional,
spherically symmetric simulations. The parameters of the CSM were adjusted, and the SN
ejecta’s propagation through it was followed. Synthetic observations were produced to post-
process the results of the numerical simulation, and a neural network was trained using these
observations. The neural network was then fed with real observational data from radio and
X-ray sources to recover the CSM’s structure.

The CSM was found to be stratified in the angular direction, with X-ray emission consistent
with a dense shell occupying about 50% of the solid angle, with a maximum density of 2 x 10°
cm 3 located at 2 x 10'% cm, and a mass of 3.8 M. The radio emission was consistent with
a region with a density about 100 times lower (2 x 10* cm™3) peaking approximately at the

same location as the X-ray emission, with a mass of about 0.1 M.

The study shows that the machine learning approach can accurately determine the super-
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nova’s initial conditions from its observed emission, reducing the number of required simu-
lations significantly. This method opens up new possibilities for modeling supernovae and
other astrophysical systems by efficiently exploring large parameter spaces and reducing com-
putational costs. After a thorough analysis of the data and simulations, it is clear that there
is still much to be explored and understood in the field of core-collapse supernovae. The
work presented in this paper is just one step towards a more complete picture of the complex

interactions between the supernova ejecta and the surrounding medium.

Despite the limitations and simplifications made in our models, we were able to gain valuable
insights into the density structure of the environment surrounding SN 2014C. Our optimiza-
tion methods, coupled with hydrodynamical simulations, allowed us to model the density
stratification of the environment once data at several epochs were available. By analyzing
the X-ray bremsstrahlung emission, we were able to track the forward and reverse shock
emission, depending on the density of the environment and the ejecta velocity. Furthermore,
by analyzing the Ha emission, we could track the shocked shell and the unshocked medium

photoionized by the X-ray and UV radiation.

To overcome these limitations, future studies should include a more detailed modeling of the
radio and optical emission and incorporate a more accurate treatment of the photoionization of
the upwind medium. Moreover, to accurately model the non-spherical nature of the supernova

ejecta and the surrounding medium, three-dimensional simulations are needed.

The work presented, despite its limitations, represents an important step forward in our
understanding of core-collapse supernovae. The insights gained from this study will undoubt-
edly guide future theoretical work in this field. By combining hydrodynamical simulations
with optimization methods and multi-wavelength observations, we can gain a more complete

understanding of these fascinating astrophysical events.
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