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“Science does not aim at establishing immutable truths and eternal dogmas; its
aim 1s to approach the truth by successive approximations, without claiming that
at any stage final and complete accuracy has been achieved.”

—Bertrand Russell






Abstract

Supernovae (SNe) are powerful stellar explosions that highlight the end of the
life of some stars. Type la supernovae (SNe Ia) are a type of SNe originated by
thermonuclear runaway in a white dwarf. This thesis is devoted to the study of
SNe Ia and their gamma-ray emission with the goal to study how to improve
the knowledge about this phenomenon.

In the first chapter, we make an overview of SNe, focusing in SNe Ia. We
explain what we currently know about these type of SNe and which are the
hypothesis that try to explain their explosion mechanism and progenitor system.
We explain that gamma-rays from SNe Ia can work as diagnostic tools.

The second chapter describes the creation of a code that simulate the transport
of gamma photons during the expansion phase of SN Ia in a 3D Cartesian grid.
The code is based in Monte Carlo’s techniques and the theory of indivisible
energy packets. The goal of the code is to simulate the synthetic observables of
theoretical scenarios of SNe Ia.

In the third chapter, we simulate multiple scenarios of SNe la with different
composition and asymmetries to analyse their synthetic observables. The ex-
periments focus on placing *Ni on different locations of the ejecta and creating
asymmetries. The results show how a favourable line of sight allows to dis-
tinguish their signatures at early days until day ~35. The experiments with
%Ni close to the surface display emission lines at ~15 days after the explosion.
Moreover, the 0.158 MeV line allows us to determine if *Ni was in the surface
of the model. The light curves of models with °°Ni close to the surface have
a rapid rise of their flux. In particular, the test with an outer plume of *°Ni
displays a peak around the ~9th day, which agrees with the mean lifetime de-
cay of ®°Ni. The tests with “8Cr display lines from its daughter nucleus, 4V,
at day ~15. Especially, 0.983 MeV and 1.312 MeV lines. The light curves of
the models with 8Cr display a faster rise and a faster decline than the ones
without.

Finally, in the last chapter we describe a detailed analysis that studies the
sensitivity of the anticoincidence system (ACS) of the spectrometer SPI on
board of the INTEGRAL space observatory for detecting the early gamma-ray
emission of a galactic SN Ia as a function of the explosion model, distance and
pointing direction. The results suggest that the detection is possible at about
6 - 12 days after the explosion and, at the same time, we can discard missing
any hidden explosion during the lifetime of the mission.
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Introduction

Type la supernovae (SNe Ia) are the results of the thermonuclear explosion
of a C/O white dwarf (WD) that accretes mass from a companion in a close
binary system (Hoyle and Fowler, 1960). These types of supernova (SN) are
identified by the lack of H lines and for having strong Si lines in the early
spectra (Filippenko, 1997). They are of great importance in astronomy and
cosmology. They mark an ending step in the stellar evolution. Their explosion
enrich the element composition of galaxies and impact the new generation of
stars. Their optical brightness and homogeneity in their light curve makes
them ideal candidates to perform as standard candles. Their use as distance
indicators has influenced in the discovery of the acceleration of the expansion
of the universe. These past years, the number of discoveries of this type of
supernova has increased and in consequence it has been found that there are
many SN Ia subtypes. This challenges the initial view of the homogeneous
nature of SNe Ia. The existence of these many subtypes suggests that SNe Ia
may have more than one kind of progenitor scenarios and explosion mechanisms.

The light curve and spectra of these events provide information about the pro-
genitor scenario and explosion mechanism. They are powered by the decay chain
%Ni —56Co —%Fe (Colgate and McKee, 1969). The detection of gamma-ray
lines from this decay can give clues about the kinematics and morphology of the
explosion. Most observables from SNe Ia come from the optical and infrared
energy range, observations made in gamma-ray range are scarce. However, the
gamma-ray energy range provides a precise and direct interpretation of the event
due to the simplicity of its physical processes (Burrows and The, 1990; Gomez-
Gomar et al., 1998; Milne et al., 2004; Sim and Mazzali, 2008; Isern et al.,
2008). In this work we aim to explore the importance of gamma emission as di-
agnostic tool. In an effort to study these events despite the lack of observations,
theoretical simulations of the explosion aim to forecast SNe Ia observables. For
this end, we build a 3-dimensional gamma-ray radiative transfer code with the
goal to show the importance of gamma emission as diagnostic tool. The 3D
approach allows to simulate geometries with asymmetries in the models, and
we aim to study the dependence of the synthetic observables on the angle of
view. We focus on the gamma emission of early stages of the explosion, as this
has proved to carry valuable information about the explosion mechanism.

Given the importance of an early detection of gamma-ray emission of a SN Ia,
we have extended our study into finding a way to be able to detect these events
more easily. Observation of the very early gamma-ray spectra of a SN Ia has
not yet been possible due to the low luminosity expected during that period
and the large distances to that kind of supernova. If the detection of SNe Ia
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is dependant of its observations in the optical band, we may have missed the
first days of the explosion, as SNe Ia light curve peaks around day 20 after the
explosion. In this scope, a SN Ia explosion occurring in our Galaxy is an ideal
scenario to allow a significant measurement of its gamma-ray spectrum few days
after the explosion. However, it has to be detected as soon as possible in order
to quickly trigger its observation by gamma-ray spectrometers. If we rely on
optical detection in a Galactic SN, that could lead to missing the early stages
of the explosion because the optical flux could be attenuated by interstellar
extinction. But, a quick detection can be achieved in gamma-ray because they
are transparent to the Galactic plane. This is why we have made an study of
the sensitivity to detect the very early gamma-ray emission of a galactic SN
[a with the anticoincidence system (ACS) of SPI on board of the INTEGRAL
space observatory.

In terms of structure, the thesis has been organized as follows. In Chapter
1 we make an overview of supernovae, type la supernovae and the gamma
emission from them. We proceed to explain how we built a 3D gamma transfer
code in Chapter 2. In this same chapter we run some tests in order to verify
a correct operation of the code. In Chapter 3 we have applied the code to
simulate different explosion scenarios of SN Ia. We have focused in models
that have 5°Ni placed in different locations. We have also introduced “*Cr as a
radioactive material in order to explore the synthetic observables this isotope
makes. Chapter 4 shows our study of the sensitivity of ACS/SPI to detect a
galactic supernova.



Chapter 1

Type la supernovae and their
gamma-radiation

1.1 Supernovae

Supernovae (plural of supernova; abbreviated as SNe) are powerful stellar ex-
plosions whose luminosity can even outshine that of the galaxy in which they
originate. These events are the outcome of the gravitational collapse of a mas-
sive star (Zwicky, 1938) or the thermonuclear runaway in white dwarfs (Hoyle
and Fowler, 1960).

SN 1994D
» /

FIGURE 1.1: Hubble Space Telescope image of SN 1994D (bot-
tom left) in galaxy NGC 4526.

The term ‘supernova’ was coined by Baade and Zwicky in 1934 as a way to
distinguish these events from common novae (Baade and Zwicky, 1934). His-
torically, a new star appearing in the night sky was called a nova (‘new’ in Latin).
When observational techniques improved, observers realized that some of those
novae were different. These different novae were found in further nebulae, and
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they were brighter than regular ones, hence the term ‘super’ in supernovae.
Nowadays, we can make a clear distinction between them. Novae are stellar
eruptions that increase the brightness of the star temporarily, ejecting stellar
material during their eruptions. On the other hand, a supernova is a cataclysm
at the end of the life of some stars. The explosion expels multiple solar masses
at velocities close to the speed of light. The progenitor star of a supernova
event will never go back to its previous state as it will turn into a black hole, a
neutron star or leave no remains.

Supernovae are of great importance in astrophysics and cosmology. They are
the main contributors to heavy elements in the universe (Arnett and Chevalier,
1996) since the explosion expels the many elements synthesised during the star
life or the explosion. They also play a role in stellar evolution, influencing, for
example, the creation of new generations of stars. Their remnants are thought
to be the main accelerators of cosmic rays in the universe (Koyama et al., 1995).
Moreover, they are used as cosmological distance indicators.

1.1.1 Classification of supernovae

thermonuclear core collapse

I ‘LH_M_}HP

S111 N )11 T
yc5¢ HGI yes " \ﬁ}}
o\
-.
Ib/c pec||1In

[—
hypernovae

strong
gjecta—CSM
interaction

FIGURE 1.2: Supernovae classification. Source: Turatto (2003).

The taxonomy of SNe is made by their optical spectra at the maximum lumi-
nosity and, to some extent, their optical light curve. They were first classified
in two main categories, Type I and Type II, by Minkowski (1941). The clas-
sification was made by the presence of hydrogen lines in the spectra. Type I
do not display H lines in the spectra, but Type II do. When astronomers ob-
served more supernovae, these main two types required to be divided into more
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categories (see Filippenko, 1997). Type I SNe have three categories: type Ia,
Ib and Ic. Type Ia have Si in the spectra meanwhile, type Ib and Ic¢ do not.
Between Ib and Ic, the first display He lines but the second has lack them. Type
IT have four sub-categories: IIb, IIn , II-L and II-P. The early spectra of type
IIb display lines of H, still the late-time spectra are similar to type Ib/c. The
spectra of type IIn display narrow lines of H due to the interaction between the
ejecta and a dense circumstellar medium (Chugai and Danziger, 1994). Figure
1.3 shows a comparison of optical spectra of different SN types. Finally, both
type II-L and type II-P show broad H lines. However, their optical light curves
are different (see Barbon et al., 1979): type II-L shows a linear decline after the
peak brightness, while type II-P shows a plateau. Figure 1.3 shows a compar-
ison of optical spectra of different SN types, and a sample of the typical light
curves is shown in Figure 1.4.

1 1 I 1 1 | | i | ] | I I T I
(a)
10 - Call Fe II Si Il -
L con sin Fell gy Mgn Cell 4
i 10
- Fe II

g - -
-

n - -
=
5)

U L -

* 15 —
-

" | i
K=
0

°|1 - Fe 1 Hel .

- Fe II (a) SN 1987N (la), t ~ 1 week -

20 |— (b) SN 1987A (1), 7 ~ 1 week _

(c) SN 1987M (Ic), t ~ 1 week
B (d) SN 1984L (Ib), t ~ 1 week .
1 1 | | 1 1 | 1 | 1 | 1 1 1 |

4000 6000 8000 10000
Rest Wavelength (A)

FI1GURE 1.3: Spectra comparison of different SNe types. Source:
Filippenko (1997).

Nevertheless, this taxonomy of SNe does not take into account the mechanism
that triggers the explosion. Type la, for example, are the outcome of a white
dwarf that suffers thermonuclear burning, as is explained in the following sec-
tions. As for all the other types of SNe, it is believed they are triggered by
the core collapse of their progenitor star. Stars suffer gravitational compression
when they no longer generate fusion reactions at the end of their lives. This will
trigger an explosion of massive stars (Mg, > 8 Mg). Consequently, the star
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BLUE MAGNITUDE

SN 1987A

0 50 I00 150 200 250 300 350 400
DAYS AFTER MAXIMUM LIGHT

FIGURE 1.4: Light curve comparison of different SNe types.
Source: Filippenko (1997).

expels several solar masses of material and compresses the core into a neutron
star or black hole.

1.2 Type Ia Supernovae

Supernovae Ia (SNe Ia) have optical spectra that show no signs of H or He.
At early times (~1 week after maximum optical light), they display lines of
intermediate-mass elements such as Si, Ca, C, O, Mg or S. At early stages there
is a small contribution of iron-peak elements such as Fe and Co. When the
photosphere recedes, the contribution of iron-peak elements increases (see Fil-
ippenko, 1997). The lines of intermediate-mass elements appear kinematically
broadened around the peak of maximum light by velocities of ~ 10® - 10* km
s71. SNe Ia reach large optical luminosities (~ 10*® erg s71) around their max-
imum light (Maoz et al., 2014). Their optical luminosities are powered by the
decay chain 5Ni — 56Co — ®%Fe. This decay fuels the explosion by releasing
high energy gamma-ray photons that heat the debris and power the optical and
infrared light curves of the event (see Colgate and McKee, 1969).

Their peak luminosity is proportional to the mass of Ni ejected (Arnett, 1982).
Moreover, they were proposed as distance indicators due to the homogeneity
of their light curves. However, they started to present some variations in their
luminosity peak when more observations were made. Phillips (1993) drew a
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relation between their peak luminosity and light curve width. This relation
allowed to account for their luminosity variability and be used as standard
candles. Their use as standard candles played a major role in the discovery of
the acceleration of the cosmic expansion.

The progenitor stars of type Ia have never directly been observed, thought they
are believed to be the result of the thermonuclear runaway in white dwarfs
(WDs). Hoyle and Fowler (1960) showed that the thermonuclear burning in an
electron degenerate stellar core can lead to an explosion that shatters the star.
Observations suggest that SNe Ia are found in old and young galaxies. Thus,
massive stars are not fitted to be progenitors, as they are short-lived and occur
in young galaxies. This suggest low mass stars (Mg, < 8 Mg) are most likely
the progenitors of type Ia SNe. These stars will end their life as WDs, which
previously would have expelled the H and He layers in the giant phase of the
star evolution.

The rapid evolution of SNe Ia light curves is also an indicator of a compact
object as their progenitor. The thermonuclear burning of a C/O core synthesises
intermediate-mass elements and tenths of °Ni that are ejected in the explosion.
There is a good agreement between the spectra created by such progenitor model
and the spectra of observed SNe la. See the examples of SN 2011fe (Nugent
et al., 2011; Bloom et al., 2012) and SN 2014J (Churazov et al., 2014; Diehl
et al., 2014; Isern et al., 2014; Churazov et al., 2015; Isern et al., 2016).

An isolated WD is a stable environment if it does not exceed the Chandrasekhar
limit of ~ 1.36 Mg, (for a non-rotating C/O WD). The only way a thermonuclear
runaway can be triggered in a stable WD is by interacting with another star
in a binary system. Several binary scenarios have been theorized as progenitor
systems of SNe Ia (see Section 1.2.1). However, it is still under debate which
one is behind this type of explosions. Moreover, the progenitor question has
an added uncertainty. We also need to determine the onset mechanism of the
thermonuclear burning. Different mechanisms of burning impact the synthesis
of intermediate-mass elements and iron-peak elements in the first seconds of the
explosion.

The greater interest in SNe Ia these past years has given rise to many of their
detections. They have large optical luminosities at maximum light compared
to other supernova types (see Figure 1.4). There is an interest to use them
as distance indicators. Because of both reasons, they are the most discovered
supernova type. We could expect that, in consequence, the enigma of their
progenitor scenario would have been narrowed down. On the contrary, the
increment of SNe Ia has turned out in the discovery of a considerable amount of
peculiar types (Taubenberger, 2017) that differ from the ‘normal’ SNe Ia type
(Branch et al., 1993; Branch, 1998).
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1.2.1 Progenitor scenario

The progenitor of SNe Ia is believed to be a C/O white dwarf (WD) that suffers
a thermonuclear explosion. The thermonuclear runaway is due to mass accretion
from a companion in a close binary system (Hoyle and Fowler, 1960). The WD
needs to be in a binary system in which the interaction with its companion
triggers the inert state of the WD. However, the nature of its companion is still
under debate. In this section we explain the basic binary configurations that
can lead to thermonuclear runaway of the WD.

First, a remark regarding the WD itself. There can be different kind of WD
compositions: pure He WDs, C/O WDs and O/Ne WDs. Observations support
the C/O as progenitors of SN Ia. The other two kind are also a compact objects
that happen in old and young environments and provide rapid light curves.
However, He are discarded as possible progenitors. They synthesises just iron-
group elements when experience thermonuclear burning and this does not agree
with SN Ia spectra (Woosley et al., 1986). On the other hand, O/Ne is expected
to collapse to a neutron star when it increases its mass to the Chandrasekhar
limit. However, if a thermonuclear ignition occurs at a particular density under
favourable conditions (see Isern et al., 2021 for a detailed review) the WD can
experience thermonuclear runaway. Some studies suggest that this scenario
could contribute to a 3% up to a 10% of SNe Ia progenitors (Marquardt et al.,
2015).

The possible progenitor scenarios are single degenerate (Whelan and Iben, 1973;
Nomoto, 1982) or double degenerate (Iben and Tutukov, 1984; Webbink, 1984).
The paths in which these two scenarios lead to a SN Ia are shown in Figure 1.5.

A single degenerate (SD) scenario is made of a WD and a main sequence star or
red giant star. If the mass of the WD is close to the Chandrasekhar limit (~1.38
Mg) the accretion of mass from its companion can lead to a thermonuclear
runaway. As the WD is increasing in mass, the temperature and density of the
core rises. As for the WD’s nature, it is not dependent on its temperature and
the star does not expand. The rise of temperature ignites the carbon fusion and
then leads to a runaway nuclear fusion that disrupts the star. The accretion of
mass happens through Roche-lobe overflow from the non degenerate star to the
C/O WD. This path is illustrated in Figure 1.5. First, the more massive star
in the binary system loses its H envelope when it fills its Roche-lobe and mass
transfer occurs in an unstable way. This results in a common envelope that
shrinks the stars orbital separation. The more massive star will have evolved
into a C/O WD and its companion still on the main sequence. When the
companion reaches a stage in which fills its Roche-lobe, the WD will accrete
mass from the companion. The WD will reach the Chandrasekhar limit and
experience a thermonuclear runaway resulting in a SN Ia (Hillebrandt et al.,
2013; Isern et al., 2021). The accretion rate needs to be in a specific range for
the WD to become a SN Ia. Another case in the SD scenario is possible for a WD
whose mass is way below the Chandrasekhar mass, a sub-Chandrasekhar WD.
In this context, the explosion mechanism differs from the close to Chandrasekhar
limit WD. These explosion mechanism are explained in section 1.2.2.
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A double degenerate (DD) scenario has two WD in its binary system. The
path to reach the scenario is similar to the SD one but with a second common
envelope. The common envelope is created when the second star fills the Roche-
lobe and mass transfer occurs in an unstable way. This results later in two WDs
that can merge in the Hubble time due to the orbital angular momentum loss
via gravitational wave radiation. There is another possible DD scenario, but it
does not derive from a binary system. It is a two WDs collision scenario. The
collision of the two WDs ignites them and triggers the SN Ia. It is suggested
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that these collision can happen in a highly dense environment, like a globular
cluster or the center of a galaxy (see Raskin et al., 2009; Rosswog et al., 2009;
Isern et al., 2021).

1.2.2 Explosion mechanism

Many theoretical models exist that try to explain the burning front of the ther-
monuclear runaway in the C/O WD. There were initially two main approaches
to the thermonuclear burning. It could proceed as a shock-driven supersonic
detonation or as a subsonic deflagration.

The pure detonation model was proposed by Arnett (1969). It proposes an
ignition of the carbon in the center of the WD. The burning propagates super-
sonically and incinerates the entire WD. The rapid burning in the high density
environment of a WD results in the synthesis of only iron-peak elements. The
presence in the spectra of just iron-peak elements and lack of intermediate-mass
elements does not agree with the observations and this model was excluded.

The ignition mechanism of the deflagration model is a flame mediated by heat
conduction. The burning front propagates subsonically and the star has time
to expand. This decreases the burning efficiency and reduces the synthesis of
iron-peak elements. Some of these models fail to reproduce the brightness of
‘normal’ SN Ta (Ropke et al., 2006), but W7 model of Nomoto et al. (1984) has
been successful in reproducing them.

In an attempt to combine the best of the two later models of thermonuclear
burning, a delayed detonation model was proposed (Khokhlov, 1991). This
model involves an initial phase of deflagration in which the flame propagates
subsonically until it reaches a density of p ~ 10° - 107 g cm . Then the burning
flame turns into a detonation. This model has been successful in reproducing the
parameters of normal SN Ta with a Chandrasekhar mass C/O WD as progenitor
(Ropke and Niemeyer, 2007; Mazzali et al., 2007; Seitenzahl et al., 2013).

If the progenitor is a sub-Chandrasekhar WD then the latter models do not ap-
ply because the thermal runaway is not ignited by reaching the Chandrasekhar
limit. In this scenario a double detonation model is proposed (Iben and Web-
bink, 1987; Fink et al., 2007). This model presumes that the sub-Chandrasekhar
WD accretes He from its binary donor. When the right conditions are met the
He accumulated in the outer layers of the WD can detonate and this triggers a
second detonation in the inner WD (see Isern et al., 2021 for a detailed expla-
nation).

1.2.3 Subtypes

These past years many SNe la have been discovered that differ from the defini-
tion of ‘normal’ SN Ia (Branch et al., 1993) and that do not follow the relation
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of light curve vs. width (Phillips, 1993). These subtypes of SNe Ia may ac-
count for the ~30% of the total of SNe Ia observed, as suggested by Li et al.
(2011). This high percentage of peculiar SNe Ia could condition their use as
cosmological distance indicators.

We summarize in this section the properties of these peculiar SNe. These sub-
types can be divided by similarities in their spectra, brightness or light curve.
In Figure 1.6 we show a plot from Taubenberger (2017). The plot displays areas
of different SN Ia subtype families and which peculiar SNe Ia belong in them.
The figure shows their blue magnitude at maximum and the decline of the blue
light curve 15 days after maximum in comparison to the ‘normal’” SN Ia type
(displayed as a black line).

The subtype family of SNe Iax has low luminosity for its light-curve shape (Fo-
ley et al., 2013). The mixing in the ejecta and its low expansion velocity suggest
that they are triggered by deflagration, instead of delayed detonation often used
in ‘normal’ types (Magee et al., 2016). The presence of He lines in some of their
members suggests that they may be products of a double detonation scenario
(Wang et al., 2013). Other sub-luminous subtypes are the ones classified as
Ca-rich. These have low ejecta mass and high abundance of Ca in the ejecta
at late times (Perets et al., 2010). These subtypes have similar properties to
type Ib SNe. Yet, they are found in old environments. This suggests they
are triggered by thermonuclear runaway instead of core collapse. The family
of 91bg-like are fast decliners and sub-luminous (Taubenberger et al., 2008).
Their spectra resembles the ‘normal’ type but with an earlier transition from
intermediate-mass elements to Fe and Co lines. Another sub-luminous family
but slow decliners are the 02es-like. These are similar to 91bg-like but they
display higher amounts of ®*Ni. In the high luminous subtypes we find SNe
[a-CSM, 91T-like SNe and Super-Chandrasekhar. Some SNe Ia show evidence
of interaction with a dense circumstellar material (CSM) during the first year
post-explosion. These types named as SNe Ia-CSM are found in dense environ-
ments. This suggests that their progenitor system is a single degenerate scenario
with an evolved secondary star (Hamuy et al., 2003). The Super-Chandrasekhar
types have a total amount of ejecta higher than the Chandrasekhar mass limit.
This may be explained by a WDs merger, a fast rotating WD, an off-center
ignition or an explosion synthetises other radioactive nuclei than just *Ni. Fi-
nally, 91T-like SNe have high luminosities and broad light curve that can fit
the Phillips relation. However, their spectra at optical pre-maximum display
iron-peak elements. They have high amounts of °Ni (~0.8 M) that may be
produced in outer layers or placed there because of outward mixing. For a deep
review on subtypes see Taubenberger (2017).

The existence of these peculiar SNe Ia challenges the common concept of SNe
Ia being an homogeneous SNe type. It endorses the hypothesis that they are
attained by different scenarios and explosion mechanism instead of just one.
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FIGURE 1.6: SN Ia subtypes as in Taubenberger (2017). The
black line represents the Phillips relation of light curve vs. width
which ‘normal’ SNe Ia follow. SNe Ia that do not follow the
relation are listed and divided in families by type of observed
features.
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1.3 Gamma rays from SN Ia

The energy emitted by SNe Ia is predominantly originated by the radioactive
decay: %Ni — 6Co — %Fe. %Ni is the dominant product of neutron-poor
explosive burning conditions (Truran et al., 2012). The thermonuclear burning
of a C/O WD is an ideal environment for the nucleosynthesis of this isotope.
It requires a composition of Z=N elements (like 2C, 1°0 or %Si) and densities
high enough to reach a peak temperature of T > 4x10° - 5x10° K. These
conditions allow an explosive burning of carbon and oxygen which happens in a
faster timescale (fractions of a second) than the timescale needed for weak force

to convert proton to neutrons. This favours the formation of proton enriched
nuclei like 56Ni.

The *°Ni synthesised during the explosion is unstable and decays into the daugh-
ter nucleus of °Co. The decay takes place via electron-capture with a half-life
time of tx;=6.10 days. The total energy of this decay is Ex; = 1.728 MeV. *6Co
is also an unstable nucleus that decays into stable °Fe. It has a half life time
of tc,=77 days and it decays via electron-capture (80%) or S+ decay (20%).
The total energy of this decay is E¢, = 3.566 MeV. A scheme of the radioactive
decay is shown in Figure 1.7.
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FIGURE 1.7: Radioactive decay: 5Ni — 56Co — ?0Fe. %6Ni

decays to 5Co via electron-capture (EC) and %6Co decays to

%Fe via EC (80%) or B* decay (20%). Figure from Lederer et
al. (1967).

The radioactive decay of **Ni — *°Co — *0Fe is a source of gamma-ray photons
that interact with the ejecta by photoelectric absorption, Compton scattering
or pair production (a further explanation of these processes is made in Chapter
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2). On a thick SN Ia ejecta, with high opacity, the gamma-ray photons will be
thermalized to ultraviolet, optical or infrared photons. Once the ejecta is thin
enough, due to its expansion, the gamma-ray photons can escape without being
thermalized and they can be detected. Most of the studies or observations on
SNe Ia are made on the optical and infrared energy range. However, they are
subject to many uncertainties due to their heavy dependence in the characteris-
tics of the ejecta. Gamma-ray photons from SNe Ia provide a more precise and
direct interpretation due to the simplicity of the physic processes they experi-
ence (Burrows and The, 1990; Gomez-Gomar et al., 1998; Milne et al., 2004;
Sim and Mazzali, 2008; Isern et al., 2008).

The detection of gamma-ray photons from SNe Ia allows to obtain multiple
features that can be useful diagnostic tools. A wide time period observation
of a gamma-ray light curve allows us to measure the synthetised *Ni quanti-
ties. If detected at early stages, the gamma-ray light curve is sensitive to the
distribution of *°Ni in the ejecta. The detection of gamma-ray lines from this
decay gives clues about the kinematics and morphology of the explosion. This
information can be obtained by measuring their intensity, broadening and the
time they emerge. The most prominent lines from %Ni decay are 158, 480,
750, and 812 keV and from *°Co decay are 847 and 1238 keV. The detection
of %Ni lines can be complicated because the mean lifetime of the °Ni decay
is ~8.8 days. At this time the ejecta is not thin enough if the *°Ni is found
in the inner layers of ejecta. Its gamma-ray photons will not be able to escape
without being thermalized. However, if there is Ni in the outer layers the
gamma-ray photons from the decay could be detected. Their detection could
inform us about explosive burning in the outer layers of the SN. The lines from
%Co decay can be detected right after the maximum of the optical light curve
and the following months. This is because the ejecta is thin enough in that
stage of the explosion. Another way to use gamma-ray spectra for diagnostic
tools is to measure the line ratio between “*Ni and 5¢Co lines (Gomez-Gomar
et al., 1998; Sim and Mazzali, 2008). Even if there is a low sensitivity, we still
could measure the hardness ratio. The ratio could be done between a hard en-
ergy range of the spectra (a line dominated region) and a soft energy range (a
continuum dominated region). These listed diagnostic tools show the usefulness
of gamma-ray lines detection. It can provide a precise knowledge of the nucle-
osynthesis of SNe Ia and a deeper understanding of their progenitor system and
explosion mechanism.

1.3.1 Models

Some studies aim to forecast SNe la observables by creating models that sim-
ulate the explosion. The depiction of the whole explosion can be decoupled in
two phases. The first phase describes the hydrodynamics of the explosion. The
second describes the free expansion of the ejecta. It starts few seconds after
the ignition when the relative positions of the fluid elements do not change any
more (Ropke, 2005).
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The first simulations are known as hydrodynamic models. They simulate the
ignition of the thermonuclear flame for different progenitor scenarios. Their
outcome is a set of parameters that represent the geometry, kinematics and
composition before the free expansion of the ejecta. The second phase aims to
model the homologous expansion of the ejecta and the processes of the radiation
on it. These models are know as radiative transfer models. Their outcome
allows to model the synthetic observables of the explosion like the spectra or
light curve. A deeper understanding of gamma-ray transfer models can be found
in Chapter 2. The outcome parameters from hydrodynamic models are used
as input parameters to compute the radiative-transfer models. Hydrodynamic
models are complex to design because they aim to represent accurately the
different explosion models. Sometimes, instead of using an input of parameters
from these types of models, studies use a simplified version based on some
physically motivated assumption.

The modelling of SN Ia started by making one-dimensional radiative transfer
codes. These codes tried to test different configurations of explosive mechanism
(as in Section 1.2.2). A scenario that 1D models have simulated and seems to
agree with many observations is a delayed detonation in a Chandrasekhar mass
WD.

Due to the computing-demanding nature of these codes, 1D codes allowed
to simplify the problem. However, to reproduce more realistic events, three-
dimensional codes were built. These 3D codes allowed to simulate asymmetries
produced by the hydrodynamic phase of the explosion. With the introduction
of 3D codes synthetic observables were dependent of the viewing angle. These
asymmetric models could explain better the diversity of SNe Ia. The depen-
dence of the viewing angle was mostly at early times meanwhile at later times
the observables were similar to the ones from 1D models. Therefore, theoretical
models support the idea that gamma-ray detection before the optical peak can
provide a window of new information about the nature of these events.

Some of these 1D and 3D codes just focus on the radiative transfer of UVOIR
radiation by estimating the energy deposition of gamma-ray photons (Lucy,
1999b; Kerzendorf and Sim, 2014). However, some codes introduced the treat-
ment of gamma-ray transfer explicitly to reproduce the whole radiation transfer
in the ejecta (Lucy, 2005; Kasen et al., 2006; Kromer and Sim, 2009). Some
codes have focused only in reproducing the gamma-ray transfer and its observ-
ables (Ambwani and Sutherland, 1988; Gomez-Gomar et al., 1998; Sim and
Mazzali, 2008; Isern et al., 2008). For a comparison of multiple 1D gamma-ray
transfer codes see Milne et al. (2004).

1.3.2 Observations

Observations of type Ia SNe in gamma-ray are scarce compared to the detection
of them in the optical band. Past and current gamma-ray missions have had
poor sensitivity in the ~0.1-10 MeV range, or also commonly known as the ‘1
MeV gap’ (see colored area in Figure 1.8). This area is where gamma emission
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from SNe Ia peaks (their gamma nuclear lines are formed around 0.1 MeV-3.5
MeV). Therefore, it has complicated the detection of such event. SNe Ia that
have been detected with gamma-ray instruments are: SN 1991T, 1998bu , SN
2011fe and SN 2014J.
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F1GURE 1.8: Approximate point source continuum sensitivities
of different instruments. The colored yellow area shows the en-
ergy range in which past and current gamma missions have had
a poor sensitivity, know as the ‘1 MeV gap’. In black we show
past and current missions. Colored lines display proposed future
missions. Source: edited from Isern et al. (2021).

The Compton Gamma-ray observatory (CGRO) detected SN 1991T (Lichti et
al., 1994) and 1998bu (Georgii et al., 2002). CGRO was a mission launched in
1991 that ended in 2000. It covered an energy range from 30 keV to 20 GeV
(Gehrels et al., 1993). The flux from these two SNe Ia was too weak to be able
to compare them to theoretical models.

The INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) de-
tected SN 2011fe and SN 2014J (Isern et al., 2021). The mission was launched
in 2002 and it is still working. A deeper explanation about INTEGRAL is found
in Chapter 4. SN 2011fe was detected at the early days after the explosion at a
distance of 6.4 Mpc. The gamma-ray detection made by SPI and IBIS/ISGRI
(on board of INTEGRAL) only could provide limits to the expected emission
of %Ni. TIsern et al. (2013) favoured a Chandrasekhar mass WD scenario as
progenitor system and proposed a delayed detonation as explosion mechanism
responsible to synthesize ~0.55 M, of °°Ni, although the study suggested other
mechanism could be possible. SN 2014J was detected at 3.5 Mpc and INTE-
GRAL was able to observe it 16.5 days after the explosion. The distance in
which it was detected made it the closest SN Ia since SN1604 (Kepler’s SN).
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An excess Ni in the early stages of the observation was detected, which im-
plies the presence of radioactive material in the outer layers (Isern et al., 2016),
suggesting a non spherical structure.

As for future observations, a Galactic supernova would be ideal for more detailed
studies, specially if detected during the rising epoch of the light curve. An
study of the sensitivity of INTEGRAL to detect these possible events is found
in Chapter 4. Future gamma-ray missions could improve the detection of these
events and narrow down the unresolved questions about the nature of SNe
[a. In Figure 1.8 we see proposed future missions: LOX, AMEGO and e-
ASTROGAM. Another future mission that was proposed and already accepted
is the Compton Spectrometer and Imager (COSI). The new space telescope
COSI will observe the gamma-ray sky in the 200 keV - 5 MeV range (Tomsick
and COSI Collaboration, 2022). The mission is expected to be launched in 2025.
COSI will be able to monitor the entire sky within a day due to its pointing
strategy and having a large field of view. The new mission is expected to have
a better sensitivity than SPI and COMPTEL (from INTEGRAL and CGRO
respectively), see Figure 1.9.
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Chapter 2

Gamma-ray radiative transfer
model

This chapter aims to describe the 3-dimensional code built to simulate the
gamma radiation transfer of SN Ia. We present an overview of the essential
theory on which it is based in section 2.1. An explanation of how the code
operates is in section 2.2. Finally, we proceed to test the code in section 2.3.

2.1 Overview of the code

The study of electromagnetic radiation in astrophysics needs an understanding
of the creation and propagation of particles in environments that are simply un-
reachable for us the observers. To compensate for that, the study of radiative
transfer has aimed to describe the physics of electromagnetic radiation in many
astrophysical scenarios. Due to the complexity of solving analytically these radi-
ation processes, simulations of probabilistic fashion that reproduce the radiation
quanta allow to solve the challenge in a simpler manner. Monte Carlo’s method
offers an accurate approach to the radiative transfer problem. This method has
been extensively used in previous studies that simulate the radiative transfer on
different expanding astrophysical environments, such like stellar winds (Abbott
and Lucy, 1985; Sim, 2005; Vink et al., 2011), star formation (Harries, 2015;
Harries et al., 2017) or supernovae (Hoeflich et al., 1992; Gomez-Gomar et al.,
1998; Hungerford et al., 2003; Kasen et al., 2006; Sim, 2007; Kerzendorf and

Sim, 2014), some of them focusing only on gamma radiation which is our case.

We have applied Monte Carlo’s method to reproduce the propagation of gamma-
ray photons inside the expanding ejecta of SN Ia in a stochastic manner by cre-
ating a Python code. We have build a 3D system of Cartesian coordinates that
mimic the real geometry and kinematics of a supernova model in homologous
expansion. The Cartesian grid is made up of cubic cells that represent the dis-
cretization of the supernova’s domain. Each cell has physical parameters that
describe the initial composition of the ejecta and numerical parameters to ease
the computation. The gamma photons will be emitted by the radioactive decay
of nucleosynthesis products from the initial composition of the cells. The pho-
tons are not simulated one by one, instead we use the term of indivisible energy
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packets to ease the simulation. Indivisible energy packets represent a bundle of
photons instead of one itself (for further understanding see section 2.1.2). The
gamma-packets paths are traced through the domain following the probabilistic
interaction laws we have sampled using Monte Carlo’s method approach (see
2.1.1). The interactions that the gamma-packets experience can be of physical
nature or numerical nature. Physical nature interactions that gamma photons
can experiment in our code are photoelectric absorption, Compton scattering or
pair production. These interactions will change the energy and direction of the
gamma-packets or will end their propagation by being absorbed or converted to
electrons. The numerical interactions are due to the design of the experiment
and the proper calculation of the simulation, such like the stop of the propaga-
tion due to reaching the time step in which the simulation is discretized or due
to crossing the cells in the grid. The packets are followed until they escape the
domain. The escaping gamma-packets parameters are saved and used to con-
struct the spectra and light curve of the simulated model. The 3-dimensional
approach allows to build spectra from various points of view to see the change
on the line profiles that asymmetric geometries create. This gives us a realistic
outlook of the simulated models in a similar way the observation of supernovae
would be made by real instruments.

The statistical nature of the simulation, due to the use of Monte Carlo’s method,
makes the output results subject to statistical noise. This can be improved by
sampling a bigger size of gamma-packets, but it causes highly demanding com-
putational jobs. However, the method allows parallelization of the simulation,
due to the bosonic character of the simulated photons, which means that the
bundle of photons the gamma-packets represent do not interact with each other.
This allows to treat a subset of multiple gamma-packets from the same experi-
ment on different processors and speed up the computation (see section 2.3.3).

2.1.1 Monte Carlo fundamental principle

The basis of Monte Carlo method relies on the so-called Fundamental Principle.
It allows to construct the solution of a mathematical or physical process by
generating random numbers that are used to sample a function that describes
the process in a probabilistic fashion (House and Avery, 1968).

If the probability distribution function of a physical process is defined as f(x),
we desire to sample a sequence of random numbers r that yields x values dis-
tributed accordingly to f(x). That is to say we need a relation z(r) that allows
f(z(r)). We define r as a sequence of uniform values from 0 to 1 that follows a
probability distribution function g(r). Where g(r) can be defined as:

g(r):{l O<r<l1 (2.1)

0 otherwise

The probability to get a certain r value inside the interval [r, r + dr| is g(r)dr.
This should be equal to the probability of finding a certain x value inside the
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interval |z(r), z(r) + dx(r)], or also defined as f(z)dz. In order for the rela-
tion z(r) to be correct the following relation must be achieved Fz(r)] = G(r).
Where Flz(r)] and G(r) are the cumulative distribution functions of the prob-
ability functions f(x) and g(r). If z(r) is certain we can also state that the
probability of r < 7’ is the same as z < z(r’). Inspecting equation 2.46 we see
that the cumulative distribution G(r) = r. Therefore, F'(x) can be defined as:

z(r) r
Flx(r)] :/_ f(x')da' :/_ g(rdr' =r (2.2)

and so the cumulative distribution function F'(z) of the probability distribution

f(z) is uniformly distributed from 0 to 1. Therefore, solving ffg f(ada =r
and isolating x allows to find a relation z(r) where = values r that are subject
to random values from 0 to 1. For further detail on Monte Carlo method we
suggest to examine Carter and Cashwell (1975) and Cowan (1998).

2.1.2 Indivisible energy gamma-packets

In the experiments where Monte Carlo’s techniques are used to simulate radia-
tive transfer in a volume, the radiation is discretized into test particles that
mimic the propagation of real photons. Past studies used to discretize the ra-
diation in the so-called photon-packets (Avery and House, 1968; Pozdnyakov et
al., 1983; Ambwani and Sutherland, 1988). Each photon-packet was a bundle
of photons that behaved like one photon. As the photon-packet experimented
physical interactions the energy would change, as a real photon. As a conse-
quence, the weight of the photon-packet in the simulation would change too.
This created problems in the total energy conservation of the simulation. It
also complicated the tracking of each test particle because new photons were
created in some interactions. To improve this issue, L. Lucy came up with a
new approach to the discretization of the energy on Monte Carlo’s radiative
transfer simulations. He proposed to discretize the radiation in packets of the
same amount of energy in Abbott and Lucy (1985), and in later works he fur-
ther developed the concept (Lucy, 1999a; Lucy, 1999b; Lucy, 2002; Lucy, 2003).
Having packets of the same amount of energy implies that the weight of each
test particle is the same. Also this weight remains constant along all the simu-
lation, from creation to escape from the domain, due to its indivisibility. The
energy-packet approach has multiple advantages regarding the photon-packet
one. It enables an easy way to maintain energy conservation. It avoids the
need to process packets that have very low energy and burden the simulation.
It also allows to follow the created packets one by one without having to follow
multiple packets that may be created along the way.

In our code we use the energy-packet approach applied just to gamma radiation,
and therefore we call them gamma-packets. The introduction of gamma-packets
in these kind of studies was made in Lucy (2005), and so we base our work on
it. The gamma-packet energy will be defined by the total amount of initial
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energy coming from the radioactive decay chains that fuel the supernova and
the amount of test particles we desire to simulate:

Mrad
N,

p

Epacket - (23)
where M, ,q is the amount of radioactive mass in the model and N, is the number
of packets in the experiment. Each gamma-packet has an amount of photons
related to the energy the photons E,petons on the packet have:

E acke
Nphotons = E];L tk L (24)
photons

The Eppotons changes the same way the energy of a single photon would when
interacting with matter. However, the FE,,c: remains the same. In conse-
quence, the amount of photons in the packet will change. That is to say when
Ephotons decreases the Nppoons in the gamma-packet will increase. For example,
if initially we have a gamma-packet with Ep,cret—1 MeV and Epporons—0.1 MeV,
the packet have an initial amount of Nppotons=10. If the gamma-packet experi-
ences an interaction and now Eppprons=0.01 MeV, to keep Epcrer constant the
gamma-packet will have now Nppozons=100.

2.2 Outline of the code

In this section we are going to explain in detail the modus operandi of the code.
A summary of the main operations is illustrated in Figure 2.1, which shows a
flow chart of the code.

2.2.1 Building of the domain

The domain of the experiment will be enclosed in a 3D Cartesian grid. For
the creation of the grid a set of coordinates xq, xs, Y1, Y2, 21, 20 Will be set to
define the vertices of multiple cubic cells that will create a big cube in which
the domain will be enclosed (see blue grid in Figure 2.2). The volume of each
cell is set as 12, and its coordinates are saved. Generally, each model will be
based on a sphere and in some cases asymmetries will be added. To define the
domain of the model to the shape of a sphere we first define the middle point

of each cell as:
2 2 2
T1+ X9 Y1+ Y2 21+ 22
_ Dty 2.
T\/(2)+(2)+(2) (25)

Then a simple condition as:

r < Rsph (26)
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F1GURE 2.1: Flow chart showing the main operations of the
Python code simulating a 3D SN Ia explosion in homologous

expansion.

allows to keep the cells inside the radius of a sphere, R,,,. This process is
illustrated in Figure 2.2, where a sphere geometry is appreciable even for a low
number of cells. The number of cells is higher for more realistic models in order

to have more accuracy on the geometry.
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FIGURE 2.2: Example of a sphere as the domain of the simula-

tion. We show a big cube made of multiple small cubes in blue.

The cubes that follow the condition of eq. 2.6 are coloured and
define the sphere.

More complex geometries need extra conditions. For example, a cone attached

to a sphere is a geometry that will be used at Chapter 3. The cells that will
define the cone need to fill these two conditions:

Rsph <r< Rcone (27)
and
z1+22
o < cos™? 25 <p 2.8

2 2 2
+ + +
(:1712;2 ) + <y12Ryz ) + <Z12R7«’2 )

where R..,e is the radius of the cone, o and 3 are the angles in which the cone
will be enclosed. An example of this geometry is shown in Figure 2.3.

Several subdomains are defined from the main one in order to define regions in
which the SN Ta composition is discretized. The most common geometry set
up is a sphere with multiple spherical layers of different thickness. Every cell
in each layer has the same density and composition of elements, therefore all
the cells that form the subdomain will share the same parameters. A layer is
defined by the cells that their central point is found between the domain of two
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~16 16 -12 -8 -4 x
FIGURE 2.3: Assymetric domain made of a sphere with an at-
tached cone on top.

radii distances, Ry < r < Rs. A simple example for illustration of multiple
layers with the same thickness is shown on Figure 2.4.

Each cell will have stored parameters that define the physical and chemical
composition of the SN explosion at the beginning of its homologous expansion.
For the purpose of the simulation, there are also initial parameters aimed to
simplify the computation. These parameters are: position, volume, mass,
density, velocity, fraction of elements, number of radioactive decays
and decay time.

The position of each cell is given by the coordinates of the vertices normalized
with respect to the real model dimension. Given the value z1, the real physical
position is computed as:

_ Rsn
=R
where Rgy is the radius of the SN at the beginning of the simulation and R, is
the total radius in units of cubic cells. The same is applied to the other values
of coordinates xo,y1, Y2, 21, 22. Using the same reasoning, the volume of each
cell at the beginning of the simulation is computed as:

V= (%ﬁv Az — :1:1))3 (2.10)

Dz, * X1 (29)

Either the mass or density are arbitrarily selected in order to reproduce the
desired distribution. If the mass value is determined then the density will be
computed as p = M/V. If we prefer to define the density in the beginning then
the mass is computed as M = p- V.
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FIGURE 2.4: Sphere cut in half to show the definition of sub-
domains. Each color represents the cells that have the same
composition parameters.

Each element has a determined fraction defined in each cell. The fraction of

each element, X is:
M,

M cell

where M,; is the mass of the element in the cell and M,.; is the total mass of
the cell. If the total fraction of element in a cell is set to 1, it must hold:

Y Xa=1 (2.12)
el

X, = (2.11)

The elements can be non-radioactive or radioactive. X,,, req represents the
fraction of non radioactive elements and X,,; the radioactive ones. The X,.q
and the mass of each cell will determine the amount of radioactive decays that
take place on each cell. We set a fixed amount of number of decays or ‘pellets’
that will take place in the supernova, following the theory of gamma-packets
seen on section 2.1.2. A pellet represents one indivisible packet of radioactive
material before decaying into a gamma-packet. Once the number of pellets is
set for each cell we will compute the time of decay of each of them. The time
of decay will be stored to be used later on the simulation, when the gamma-
packets are created right before being propagated. The time of the decay is
sampled using MC techniques (see Lucy, 2005). The probability distribution
function of an exponential decay is:

fa(t) = %e? (2.13)

where 7 is the mean lifetime of the decay. Using the Fundamental Principle,
see section 2.1.1, the cumulative distribution function of this probability is:
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er =2 (2.14)

where z is a uniform random number from (0,1]. Isolating the decay time we

are left with the expression:
t=—7-In(z) (2.15)

The decay chain °Ni —%Co —°¢Fe is the main source of energy in the super-
nova and its pellets are the main source of gamma-packets in our code. If the
mean lifetime (or e-folding value) of the decay is related to the half-life time

(tl/g) as .
tijg =7 -1n(2) (2.16)

The sampled decay times for the chain are:

tco = ZfNZ' —111.7 - ln(zco) (2.18)
where zy; and zo, are different random numbers.

The amount of pellets is fixed at the beginning of the simulation. The selection
of 5Ni or °®Co pellets is done by sampling the ratio of their total decay energies.
A fraction of Ey;/(Eni + Ec,) will be °Ni pellets and the other **Co pellets.

The sampling of the time decay of this chain is shown on Figure 2.5 to test the
method.

14000
1 “°Ni
12000 - — *Co
10000 A

8000 A

6000

Number of decays

4000

2000 +

T T T T
0 50 100 150 200 250
Decay time (day)

FIGURE 2.5: Sampled time profiles of 1.4- 10% decays using equa-

tions 2.17 and 2.18. We show the distribution of number of de-

cays along the time of the simulation. ®°Ni in blue and *6Co in
red.

Finally, the velocity of each cell is defined by the velocity vector as v =
(vg, vy, v;), where v,, v, and v, are the velocity of each external wall of the
cell.



28 Chapter 2. Gamma-ray radiative transfer model

2.2.2 Discretization of the expansion

We can consider that SN Ia experiences an homologous expansion right
after a few seconds after the ignition (Ropke, 2005). The kinetic energy of
the ejecta in an homologous expansion becomes dominant because of its free
expansion. In this scenario the relative position of the elements in the ejecta
does not change. Its position r can be described with a very simple relation:

r=uv-t (2.19)

where v is the velocity of the fluid and ¢ the time since the beginning of the
expansion. The velocity vector of each cell comes defined by their relative
position in the domain.

In order to simulate the expansion in our code, we discretize it in .S steps. The
steps have a length of 1 day of explosion. For each step the grid will be expanded
in function of the growth that each cell will undergo. During the expansion the
parameters of each cell remain constant except for the new position of the walls
and the density. As the mass (M) of the cell remains constant but the volume
does not due to the change of dimension of the cell, the density (p) drops
proportionally to ¢73.

2.2.3 Gamma-packet creation

At the beginning of each time step (At = 1 day), we create a gamma-packet for
each of the radioactive decays happening on that day. Each cell has an amount
of radioactive pellets with an associated decay time. If the time of decay of
the pellet is between the date of the step, ts to ts,1, then a gamma-packet is
created with a random position inside that cell. This process is made for all the
cells.

Each gamma-packet is defined by the following parameters: time, energy of
the packet, energy of the photons inside the packet, position, direction
and cell number where the packet is at the current moment. This parame-
ters allow to track down the transport of the gamma-packets and the physical
processes they experience.

The time at the initialisation of the gamma-packet is defined by the decay
time. Then the time will continue increasing once the gamma-packet starts its
transport along the grid.

The initial position of the gamma-packet is chosen by sampling a number
between the x coordinates, y coordinates and z coordinates of the boundaries
of the cell, defining a random position to the gamma-packet inside the cell in
which the decay had taken place. Each gamma-packet has a direction assigned
to start its propagation. The direction consists of a vector n = (n,, n,, n.), its
components are defined as:
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n, = sin(0) - cos(p)
ny, = sin(f) - sin(p) (2.20)

n, = cos(0)

where ¢ is the azimuth angle and it is sampled from 0 to 27. 6 is the theta
angle and is sampled from 0 to w. The relation of these angles with the cartesian
coordinates is shown on Figure 2.6.

~~ Yy
v o

FIGURE 2.6: Representation of azimuth angle ¢ and theta angle
0 in relation to 3D cartesian coordinates. These angles define
the direction of a gamma-packet

The energy of the packet is defined by the number of gamma-packets (IN,)

the total energy is divided by (see section 2.1.2):

B . Etotal
gpacket —
Np

(2.21)

where FEy,q is the total amount of radioactive energy in the simulation. For a
simulation where the *°Ni decay chain is the only radioactive element, the E,qq
is calculated as:

o (ENz + EC’O) : Mrad

mp;

(2.22)

where Ey;= 1.728 MeV, E¢,— 3.566 MeV (see 1.3) and they are the total energy
emitted per decay. M, qq is the total mass of 5°Ni and *°Co in the ejecta (defined
in the initial cell parameters and remaining constant along the explosion) and
my; is the nuclear mass of *Ni. The total energy emitted by the decay is
the sum of the energy of each decay line E; multiplied by its probability to
happen: > E; - f;. This probability f; allows to sample the initial energy of
the photons (E,tons) that the gamma-packet will have. The f; for each line
in the decay chain °Ni —°Co —%°Fe is shown in the table 2.2.3 (as seen in
Ambwani and Sutherland, 1988). The initial value of Epptons is sampled from
these probabilities. The decay chain of 48Cr is also used in this work in 3.3, its
main parameters are in Appendix A.1.
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A different approach can be made for the line of 0.511 MeV. This line is created
during the decay of 6Co. It is made by the annihilation of electrons with the
positrons created in the S+ decay processes. The annihilation releases the rest
energy of the particles (two photons of 0.511 MeV). However, in some cases
a bound state with an electron and a positron can be made. This is called
positronium. The positronium is unstable and it decays into three gamma
photons (orthopositronium) with energies below 0.511 MeV. Orthopositronium
is further explored in Appendix A.2.

Gamma-ray line and probabilities list
Energy Ji Energy i
(MeV) (MeV)

0.158 1.00 1.238 0.6758
0.270 0.36 1.360 0.0428
0.480 0.36 1.443 0.0020
0.750 0.50 1.772 0.1600
0.812 0.87 1.811 0.0048
1.562 0.14 1.964 0.0072

2.015 0.0309
0.511 0.3800 2.035 0.0795
0.734 0.0021 2.213 0.0063
0.788 0.0030 2.598 0.1672
0.847 0.9998 3.010 0.0100
0.978 0.0144 3.202 0.0303
1.038 0.1408 3.254 0.0743
1.140 0.0015 3.273 0.0176
1.175 0.0224 3.452 0.0086

TABLE 2.1: Decay energies and its probabilities for 56Ni (six
first entries) and 5Co (rest of entries). Source: Ambwani and
Sutherland (1988).

2.2.4 Change of reference frame

The velocity of the ejecta in SN Ia reaches values of tenths of the speed of light.
Therefore, we need to take into account the relativistic effects in the simulation.
A Doppler shift effect will be experienced by the energy of the gamma-packets
and the photons within, in the reference frame (RF). The RF is considered to be
the Cartesian-grid domain centred at the point (0,0,0). The initial parameters
assigned to the gamma-packets are in the co-moving frame (CMF). Once a
gamma-packet is created its parameters need to be converted from the CMF
to the RF to be propagated through the grid. Every time a gamma-packet
experiences a physical event we will convert their parameters back to the CMF
to compute them. Then, the new ones will be converted again to the RF to
continue its propagation. The energy shift experienced by the gamma-packets
(Epacket) and the photons within (Eppotons), When translated from the CMF to
the RF can be defined as:
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E.t=Ems Y14+ nemyp + v/0) (2.23)

As seen in Mihalas and Mihalas (1984). On it, «y is the Lorentz factor, defined

as:
1

V=
V1+5S

and M s is the direction of propagation of the packet in the CMF. The direction
N.,s experiments an aberration in the RF:

(2.24)

cm

! (nems + (0[O + () ngmg - ©/)/(7+1])  (2.25)

Npfp = Ef
T

The opacity of the medium seen by the gamma-packet during its propagation
in the RF will also be altered:

Ecmf
E,;

To go back to CMF from RF we apply the following formulas:

Ecmf = Erf’y(l — Nemy * ’U/C) (227)
EC’VTL
ens = 4 (Rems = A/ = O emg - 0/ D]) - (229)
B,
emf — r 2.2
Xemf = = Xof (2.29)

2.2.5 Propagation of the gamma-packets

Once a gamma-packet is created and its CMF changed to RF we start its
propagation. The propagation can encounter three different events: physical
interaction, cell boundary encounter or end of time step. The propagation will
end once the gamma-packet is absorbed or escapes the domain. This process
is done each time step for the created gamma-packets and the gamma-packets
that still remain on the domain (old gamma-packets, initialized on past days,
can be still on the domain because they have not escaped or been absorbed
yet). The propagation of the gamma-packets is done one by one. The gamma-
packet will move on a straight line unless an interaction changes its direction.
Therefore, a simple way to know which interaction will happen before any other
is to compute the distance to the three possible events: distance to termination
of time step (dyme), distance to cell boundary (dpoung) and distance to next
physical interaction (d;,:) (for a visual representation see Figure 2.7). Then we
proceed with the one with shorter distance. The distance is computed at the
beginning of each propagation step for each gamma-packet.

The dyjne is easily computed by assuming the gamma-packet is moving at the
speed of light ¢. We can compute dy;,. if we know the time at the end of the
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FIGURE 2.7: Three cells from the domain are shown where the

gamma-packet is moving through. In this example scheme we

show a case where the gamma-packet nearest event is a physical
interaction.

time step, 541, and the time of the gamma-packet, ¢gpqcket, as:

dtime =cC- (tSJrl - Zfgpacket) (230)

The dpoung is not as simple to compute, given the 3D symmetry of the simulation.
Each cubic cell has 6 possible walls that the packet can cross. Two walls are the
two planes perpendicular to the z-axis, we will call them ‘top’ and ‘bottom’.
Another two walls are the two planes perpendicular to y-axis, we will call them
‘right” and ‘left’. The other two walls are the two planes perpendicular to z-axis,
we will call them ‘front’ and ‘back’. See Figure 2.8 for a scheme of these walls.
Given the direction in which the gamma-packet is travelling, we can discard 3
walls in which the gamma-packet will not cross. For the 3 selected walls, we
compute the distance to each of them (boundary,, boundary, and boundary,)
to know which one the gamma-packet will encounter first. The 3 boundaries
are chosen taking in to account the value of the propagation angles 6 an . The
6 tell us if we select the ‘top’ or ‘bottom’ wall. For 0 < 6 < 7/2 the ‘top’ wall
is chosen, for —7/2 < 6 < 0 the ‘bottom’ wall is chosen. The ¢ allow us to
chose a combination of ‘right” or ‘left” and ‘front’ or back’. In the example in
Figure 2.8, where 0 < 6 < 7/2, the top wall is chosen. Then as 7/2 < ¢ < T,
the ‘right” wall and ‘back’ wall are chosen. Once the three possible boundary
walls are selected, we compute the distance to each of them:

_ boundary, —x

dy (2.31)

costlsing
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FIGURE 2.8: One cell is shown to visualize the method to com-

pute the cell wall a gamma-packet will encounter first. In the

example figure we show a case where 0 < 6 < 7/2 and 7/2 <

¢ < m, therefore the three possible walls the gamma-packet will

encounter are coloured in green. The distance to each of this
walls is computed and the smallest is set as dpoynd-

~ boundary, —y
=

d

2.32
stnfsing (2:32)

_ boundary, — z

(2.33)

cost

where x,y, z are the position of the gamma-packet inside the cell. Then we
select the smallest one as dyound.

The distance of the packet to the next physical event, d;,;, can be calculated
from the optical depth of the medium, 7:

7':/ xds (2.34)
0

Where s is the mean free path or the distance to the next physical interaction,
d;nt, and y is the opacity of the medium. The probability that a photon travels
an amount of optical depth without interacting is e”. Monte Carlo techniques
allow to express 7 as a function of a random number z in the following way:

T =—lIlnz (2.35)
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And therefore, we find a probabilistic expression for the distance to the next
physical interaction, d;,; for the gamma-packet:

—Inz

Xtotal

The total opacity, Xtotar, is defined by the sum of the opacities of the possible
physical interactions as Xiota = Xcs + Xpu + Xpp. Where xcg is the Compton
scattering opacity and is computed as equation 2.42. ypg is the photoelectric
absorption opacity and is computed as equation 2.39. x pp is the pair production
opacity and is computed as equation 2.47.

dbound%‘, .

-

dint .".'
.

X3

X1 X2

FIGURE 2.9: Scheme of d;;; when a gamma-packet cross sev-
eral cells with different opacities (x) before having a physical
interaction.

We can not compute directly d;,; as in eq. 2.36 if the gamma-packet leaves the
cell before having a physical interaction (dpouna<din¢) in situations in which the
opacity of the first cell is different than the opacity of the new cell (x1 # x2).
In this case we compute d;,; in the following manner. We sample z to compute
—In(z) from eq. 2.36. Then we compute the distance to the boundary in the
first cell, dyound, - If dbound, - x1 > —In(z), it means the gamma-packet will suffer
a physical interaction before crossing the cell and we can compute d;,; as in
eq. 2.36. In case dpouna, - X1 < —In(z), it means the gamma-packet will cross
the boundary before suffering a physical interaction. Therefore, we need to
take into account the opacity of the next cell, xo. If we get the condition
pound; * X1 + Dvound, - X2 < —In(z), the gamma-packet will cross again the
boundary of the second cell before interacting. Now we consider the opacity of
the third cell, xs. If in the third cell we get the condition dpound, - X1 + Dbounds *
X2 + dbounds - X3 > —In(z), it means the physical interaction will take place in
the third cell before crossing its boundary. This process is illustrated in Figure
2.9.
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2.2.6 Gamma-packet physical interactions

There are three main physical interactions that a gamma photon can encounter:
photoelectric absorption, Compton scattering or pair production. These interac-
tions change the characteristics of the gamma photon. They can get thermalized
or get scattered to a new direction. The relative dominance of these interac-
tions, see Figure 2.10, depend on the material these photons are travelling into
and the energy they carry.
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FIGURE 2.10: Dominance regions for the three main gamma-
ray interaction processes. Source: The Atomic Nucleus by R. D.
Evans 1955.

In our simulation, the probability of each interaction varies with the photon
energy (Epnotons) that the gamma-packet carries and the material composition
of the cell. To chose which event of the three will happen of the three, we sample
the probability ratios of each interaction given their opacities. For example, if
we sample a random number z from 0 to 1 and the condition z < xcs/(Xtot)
is fulfilled then the gamma-packet experiences Compton scattering. If z <
xppr/(Xtot) it experiences pair production and if z < xpg/(Xi0t) it experiences
photoelectric absorption.

Photoelectric absorption

A photon experiences photoelectric absorption, or bound free absorption, when
it hits an electron bound into a shell of an atom that absorbs its energy. Then,
if the energy of the photon is big enough for the bound state to be broken, the
electron will be ejected from the material, which becomes ionized. The kinetic
energy that the electron will carry after the absorption is:

E =h/\ — E, (2.37)
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where h/\ is the energy of the incident photon and Ej is the binding energy of
the electron to the atom.

Photoelectric effect is more probable in materials with high atomic number (Z),
as they have higher density of electrons, and for gamma-ray photons with low
energies (see Figure 2.10). The photoelectric opacity is dependent on the photon
energy approximately as:

Xph == B3 (2.38)

In our code, we need to take into account the contribution of each element in
the composition of the cell. We define the photoelectric opacity of the gamma-
packet in the cell as:

E - Pcell
xph(E>=Zkel-<100kev) S e (2.39)

el

where FE is the energy of the photons in the gamma-packet at CMF. k., is the
cross section value at 100keV as seen on Veigele (1973), « is ~ 3. The exact
value of « for each element is computed by fitting the best « to the cross section
values of Veigele (1973). The density of the cell from which we are computing
the opacity is peeir, me; is the atomic mass of the element and X, is the fraction
of this element on the cell.

To determine if the gamma-packet experiences a photoelectric absorption we
will sample a random number z from 0 to 1. If the following condition is
fulfilled: z < x,n/ X1t then the packet experiences photoelectric absorption. In
this situation the propagation of the packet is terminated, and the parameters
of the packet are not longer saved, emulating the loss of the photon energy to
an electron. We acknowledge that in a simulation where the optical spectra
was simulated, the information of the packet would still be relevant. However,
in an only gamma-ray simulation, as ours, the thermalized packet is no longer
relevant.

Compton scattering

Compton scattering is an inelastic collision where a photon is scattered when
it collides with an electron. The scattering produces a deflection angle 6 to the
trajectory of the photon, see Figure 2.11. The energy of the photon decreases
as it transfers part of its energy to the electron:

1+ (1 - cos(0))

Mec?

By (2.40)

where Ej; is the energy of the photon in the CMF before the scattering and m,.c?
the energy of the electron at rest.



2.2. Outline of the code 37

FIGURE 2.11: Sketch of Compton scattering process.

The differential cross section of Compton scattering is defined by the Klein-

Nishina formula: o
d 1 E, FE
o —7“2 / (E_f + F]: — szn2(9)> (241)

o 2w
where 72 is the electron radius. The opacity of Compton scattering is:
Xes = OKNTle— (242)

where n.- is the electron density of the cell and oy is the total cross-section.
The ok is obtained by integrating equation 2.41 over the spatial angle €:

3 14z (22(1+x)
= — —In(l1+2
OKN 4O'Th 3 ( 11 20 n( + l’))+
(2.43)
1 1+ 3z
—In(l+2x) — ————
o n(l+27) (1+22)?

where o7 is the Thomson cross section, o7 = (87/3)r2, and z = E/(m,-c?).

The indivisible energy approach needs to compensate the energy that would
be given to an electron in a real physical interaction. To do so, some gamma-
packets will be converted to electron-packets which will terminate their propa-
gation after the event, the other will continue as gamma-packets with reduced
energy and a new trajectory due to the scattering angle. If we define the loss
of energy as f = E;/Ey, then from equation 2.40 we can express it as:

E
=1 (1 - 0 2.44
f =1+ 51— cos(9) (2.4
Therefore, the energy is divided in the ratio (1 - f) (as seen in Lucy, 2005)
and we can draw the condition to sample the gamma-packets that continue the
propagation with z < f and the ones that do not with z > f.

A challenging aspect of the computation of the final energy is the calculation
of the scattering angle 6. For each incident energy there are multiple possible
output angles. The area of probability varies with the incident energy. As
seen in Figure 2.12, a high incident energy will lead to lower probability of
possible scattering angle and for low incident energy the scattering angle value



38 Chapter 2. Gamma-ray radiative transfer model

spreads. To sample the values of 6 given an incident energy, we need to obtain
the cumulative distribution function cdf.(f) which is obtained integrating 2.41
over 0:

(14 2x)°

z(323 + 1122 + 8z + 2)sin(0)
(14 22)%(1 + z(1 — cosh))

cdf.(0) = y 22 [29 —

g x3sin(0) ]

2Barctan(—/1 + 2xtcm(6/2] N

(2.45)

T3 |07 20) (1 T 2(1 — cosh))?

where B = 112* + 423 — 1222 — 10x — 2 and x=F/(m,.-c?), as seen in Addmek
and Bursa (2014).

As cdf.(0) will take values from 0 to 1, we can sample a random number z and
get the value of 6 for a photon energy E;. Equation 2.45 needs to be solved
numerically and we use bisection method to draw the results. A test of this
method is seen in Figure 2.12 that shows sampled 6 results for ;= 0.01, 0.05 ,
0.2, 0.5, 1 and 3 MeV.
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FIGURE 2.12: Polar plot that shows 500 realizations scattering

angles 6 for each different incident photon energies: 0.01, 0.05,

0.2, 0.5, 1 and 3 MeV. The results have been computed by solving

numerically equation 2.45. The oy values are in units of 72 and
have been computed by using equation 2.43.

Once the scattering angle is found, the new direction angles (6, ¢) of the gamma-
packet are n; - ny = cos(f) and ¢ is randomly sampled from 0 to 27.
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Finally, once the final parameters of the gamma-packet in the CMF are com-
puted, to end the Compton scattering step, we will convert the packet param-
eters to the RF and continue its propagation.

Pair production

When a photon with high energy travels through matter it can experience pair
production. Pair production is a phenomenon in which the photon is converted
into an electron and, its antiparticle, positron. This can only be possible under
two conditions. First, the energy of the photon is larger than the rest energy
of the two particles. Second, the photon travels through matter. The first
condition, £, > 1.022 MeV, needs to be fulfilled in order to accomplish energy
conservation. If the energy of the incident photon is higher than this thresh-
old, the remaining energy will be converted into kinetic energy for the pair of
particles. The second condition aims for momentum conservation. The momen-
tum of the photon is given to the atom in whose its electric field the photon is
travelling. Pair production cannot happen into empty space or it would violate
momentum conservation.

This phenomenon is dominant at high energies (see Figure 2.10) and for domains
with high heavy (high Z) atoms. We define the pair production opacity from
the cross section defined in Ambwani and Sutherland (1988):

B {0.10063(E —1.022)22 - 102 cm? LO02 < B < LMY )

[0.0481 + 0.301(E — 1.5)]22 - 10~¥"em?  E > 1.5MeV

where Z is the atomic number of each element and E the energy of the photon in
the CMF. The factor 0.10063 is presented as 1.0063 in Ambwani and Sutherland
(1988) and later corrected in Swartz et al. (1995). From the cross section we
can define the opacity as:

Peell Xel
Xow =) 0 (m—l> (2.47)

where p.. is density of the cell in which we are computing the density, m,; is
the atomic mass of element and X,; its mass fraction in the cell.

We need to consider that for some pair production events in situ annihilation
will occur. This creates two photons with an energy of 0.511 MeV emitted
isotropically. Therefore, the gamma-packets that experience pair production
have two fates. First, elimination due to pair production. Second, continue
their propagation with a new energy on its photons (equal to 0.511 MeV) and
with a new random sampled direction. The probability of in situ annihilation is
defined as z < 2-0.511/F, if not, the gamma-packet continues its propagation.
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2.2.7 Escaping packets

When a gamma-packet crosses a boundary of a cell into another cell that does
not belong to the domain (see Figure 2.2 where there are domain cells and no
domain cells), we consider the gamma-packet has escaped the ejecta. When this
happens, we store its parameters and end its propagation. At the end of the
time step we save a file with the gamma-packets that have exited the domain
during that period. With the parameters of the gamma-packets we compute the
amount of photons each gamma-packet has. Then we build the spectra with the
number of photons in each energy bin of 1 keV. From the number of photons
() we can compute the Flux as:

T
Q-At-AFE
with units of v em=2 571 keV =1, where 2 is the solid angle, At is the length of
the time step and AFE is the energy bin of 1 keV. If we want to compute the
Flux created by the photons that exit the domain from all directions, then the
solid angle is Q = 47d?, where d is the distance to the simulated supernova.

Flux = (2.48)

2.3 Testing the code

We have explained how the code operates in Section 2.2 and the theory behind
it in Section 2.1. Now we proceed to make some tests to verify its performance.
In past sections we have already tested small particular operations of the code.
Such like the grid creation, the radioactive decay or other features (see Section
2.2). This Section aims to show the operation of the code on its totality to
prove its able to simulate the physical features of a SN Ia explosion correctly.

2.3.1 Formation of lines

The first two tests we show are to study the creation of gamma-packets but
without experiencing any physical interaction. The goal is to see the formation
and behaviour of the lines in a static sphere first and, later, in a sphere with
homologous expansion. The domain for both experiments is a sphere of con-
stant density with a radius of 10° km that is made of 1M, of pure **Ni. For
both experiments we show the spectrum for the 15th day and 70th day of the
simulation. The 15th day is chosen to show the spectrum at early days before
the optical maximum of the explosion. The 70th day is chosen to observe the
good functioning of the code for later time steps.

In the first test (T1) the domain remains static, it does not experience any
expansion of any kind. We show the spectrum for the 15th day of simulation
and the 70th day on Figure 2.13a and 2.13b, respectively. In Figure 2.13a we
can see that the most prominents lines are 0.158 MeV, 0.270 MeV, 0.480 MeV,
0.750 MeV, 0.812 MeV and 1.562 MeV. These lines are created from the decay
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FIGURE 2.13: (A) Spectrum from day 15 of T1. Represent

model without expansion of a sphere of constant density with a

radius of 10% km that is made of 1 Mg, of pure %°Ni. (B) As for
(A) but at day 70.
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FIGURE 2.14: (A) Spectrum from day 15 of T2. Represents an

homologous expansion of a sphere with initial constant density,

initial radius of 10% km that is made of 1 Mg, of pure *Ni. (B)
As for (A) but at day 70.
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of ®Ni pellets, which dominates at 15th day of the simulation. The ratios of
the lines are consistent with the probabilities shown on table 2.2.3. We also
see the rising of *Co lines. Although the mean decay lifetime of 5¢Co is 111.7
days, there are already some early decays that may happen around day 15, see
Figure 2.5. On Figure 2.13b there is a visible decrease of flux due to the lower
decay rate on later days of the explosion. In comparison to 15th day, now the
spectra is dominated by %9Co lines such as 0.847 MeV, 1.238 MeV or 2.598 MeV.
The 0.511 MeV is shown without the positronium effect. We notice a modest
contribution of residual *Ni lines that are due to the later decays, see Figure
2.5.

The second test (T2) simulates a sphere that experiences homologous expan-
sion. It has an initial radius of 10° km that is made of 1 Mg of pure *°Ni
(homogeneously distributed). The last layer is expanding at 0.1c (with ¢ as
speed of light). The goal of T2 is to see the behaviour of T1 under relativistic
conditions. For day 15 and day 70 the broadening of the lines due to Doppler
effect is visible because of the expansion of the ejecta at relativistic velocities.
At 15th day the main lines of ®*Ni are dominant and broadened, this caused
the merging of line 0.750 MeV and 0.812 MeV in a broad asymmetric pike. We
can observe larger broadening for higher energies. T2 displays lower flux than
T1 because the rate of photons is dispersed around the line value. The lower
flux is both seen at day 15 and 70. The spectra of the 70th day is, as expected,
dominated by %6Co decays. In it the merging of lines is even more noticeable,
not allowing to differentiate the higher energy lines in the spectra.

2.3.2 Comparison with 1D code

We proceed to simulate two test models (T3 and T4) that will experience in its
totality the physical features described in Section 2.2.6. Both consist of a sphere
with a total mass of 1 My, (homogeneously distributed) and initial radius of 10°
km. The most external layer expands at 0.1c. T3 is made solely of *°Ni, since is
the main radioactive element that fuels SNe Ia. T4 is made of 0.42 M, of 5°Ni,
0.29 M, of C (Z=6) and Si (Z=14). The 5°Ni is placed at the core of sphere
until a 3/4 of its total radius. The Si and C are mixed in an external layer that
goes from the 3/4 of the radius to the total. We aim to see the features in the
spectra due to different opacities. The mix of C and Si are selected to represent
typical not-burned and semi-burned elements from the explosion.

In order to verify the code, we have compared the output spectra of these two
test with a 1-dimensional code that synthesizes the gamma-ray transfer in SN
Ia described in Gomez-Gomar et al. (1998), Milne et al. (2004) and Isern et
al. (2008). This 1D code is also based on Monte Carlo techniques and it is
based in the work of Pozdnyakov et al. (1983) and Ambwani and Sutherland
(1988). The treatment of the test particles in this code is based on the photon
packet approach, instead on the indivisible energy packet approach that we have
adopted from Lucy (2005). The comparison of this 1D code with our 3D can
be done when we build symmetric models as the ones we proceed to test.
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Flux density at 1 Mpc (photons cm~2 571 kev 1)
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FIGURE 2.15: (A) Spectrum from day 20 of T3. In red we show

the spectrum made with our 3D simulation and in black the spec-

trum made with 1D simulation by Gomez-Gomar et al. (1998)

(B) Subtraction of red spectrum (Model 2) to black spectrum
(Model 1).
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For T3, where a pure ®°Ni sphere is modelled, we show the output spectrum
of the 20th and 70th day. In Figure 2.15a, in red, we show the spectra from
our 3D code for the 20th day and, in black, the spectrum from the 1D code.
In the spectrum we observe the effect of physical interactions that the gamma-
packets experience. Besides the broadening due to Doppler effect, we can see
that Compton scattering broads the lines towards the left from the center of
them. This is due to energy loss of the photons inside the gamma-packets. The
energy loss creates a continuum in the spectrum that can be easily seen for
lower energies than ~1 MeV. Photoelectric absorption effect is also identified in
the spectra below ~0.1 MeV, where the continuum from the scattered photons
suddenly drops. This is because photoelectric absorption becomes dominant
at such energy ranges. Both codes seem to perform almost identical. In order
to prove the similarity we have subtracted the 3D model to the 1D model
(Model 1 and 2 respectively as seen on Figure 2.15b). The subtraction mean
value is 1.38:107% v em™2 s7! keV !, with an standard deviation of 4.00-1075,
confirming the similarity of both models. The spectrum of the 70th day is
shown in Figure 2.16a and the substraction of both models on Figure 2.16b.
The spectrum shows that Compton scattering is no longer observable. This is
because the density of the domain has dropped, due to its expansion, and the
opacity is too low for the scattering to take place. As the 1D code considered
the formation of positronium from 0.511 MeV line, we have adapted our code
to the formation too to be able to compare them. As we can see, the formation
of positronium creates a continuum for energies lower than 0.511 MeV. Overall,
the two models are very similar. The subtraction of them have a mean value
of -1.65-107% v em™2 s7! keV ™! and a standard deviation of 1.79-107%. The
slightly differences observed on the flux of some lines are due to using different
mean lifetime values. The version of 1D code used in this test defines the mean
lifetime of 5°Ni as 8.5 days and *6Co as 113.7 days (as in Browne et al., 1986).
Our 3D sets the mean lifetime of **Ni as 8.8 days and 56Co as 111.7 days (as
in Lederer and Shirley, 1978). When these mean lifetimes are set the same
the lines do not show any flux change. We show this test to acknowledge the
differences that can be seen at late times when values from different literature
are selected.

For T4, where a sphere with *Ni core is surrounded by a C/Si layer, we show
the output spectrum of the 20th and 70th day. In Figure 2.17a, in red, we show
the spectrum from our 3D code for the 20th day and, in black, the spectrum
from the 1D code. Same for Figure 2.18a but for the 70th day. T4 has lower
flux compared to T3 because it has lower quantities of ¢ Ni. T4 displays a
continuum in the 20th day due to Compton scattering, as in T3. The external
layer of T4 has a lower opacity than T3 because C and Si have lower Z than
%Ni. Due to that the continuum below ~0.1 MeV reaches lower energies in the
spectrum. The continuum effect in T4, as for T3, disappear at the 70th day
due to very low opacity of the ejecta. Both spectra have very similar values
to the 1D code ones, see Figure 2.17a and Figure 2.18a. For the 20th day the
mean subtraction value is 7.21-10~7 with standard deviation of 3.10-1076. For
the 70th day the mean subtraction value is 6.79-10~® with standard deviation
of 8.84-1077.
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FIGURE 2.17: (A) Spectrum from day 20 of T4. In red we show

the spectrum made with our 3D simulation and in black the spec-

trum made with 1D simulation by Gomez-Gomar et al. (1998)

(B) Subtraction of red spectrum (Model 2) to black spectrum
(Model 1).
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Flux density at 1 Mpc (photons cm~2 571 kev 1)
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FIGURE 2.18: (A) Spectrum from day 70 of T4. In red we show

the spectrum made with our 3D simulation and in black the spec-

trum made with 1D simulation by Gomez-Gomar et al. (1998)

(B) Subtraction of red spectrum (Model 2) to black spectrum
(Model 1).
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2.3.3 Parallelization

The 3D code of this work have been parallelized due to high time demanding
jobs. As mentioned in Section 2.1, Monte Carlo’s techniques make the output
results subject to statistical noise. This disadvantage can be easily overcome by
sampling bigger size of gamma-packets. To do so, we divide the total energy of
the simulation in a bigger amount of gamma packets. This results in gamma-
packets with a smaller amount of packet energy. To do so, we simply create
more decaying pellets at the beginning of the simulation. The increment of test
particles turns out in simulations that take too much time to end. However, the
total amount of gamma-packets can be divided on different processors. This
is due that gamma-packets can be treated as a pool of test particles from the
same experiment. By doing so we parallelize the simulation and speed up the
computation. This is possible due to the bosonic character of the photons.
They do not interact between each other, so we do not need to update the
parameters during simulation. Therefore, the simulation can be divided in
different processors that work independently.

We have tested different kind of parallelizations during the project. In the
first one we tried, we just parallelized the part of the simulation where the
gamma-packets propagate (green loop in Figure 2.1). At the beginning of this
project, the approach of gamma-packet creation was slightly different from the
one shown on Figure 2.1. Initially, we tried to first create all the gamma-
packets from all the pellets that would decay on a given time step, once the
pool was created this allowed to divide the pool in the amount of processors
we parallelized the propagation loop with. This required a constant change to
one processors to multiple ones every time the propagation of all the gamma-
packets in a same time step was done and another time step began. This process
was first achieved using Python library joblib, which has the tool Parallel and
allows to parallelize a chosen function between a given number of processors.
This initial approach was useful for small desk jobs that did not require a lot of
processors. As the test simulations increased in complexity the computations
needed more processors and so we used a computer cluster. With the use of a
computer cluster we emulated the same parallelization using a Message Passing
Interface (MPI). These two similar approaches both used the initial parameters
defined at the beginning of the simulation and were shared to all the parallel
jobs.

We found an easier way to parallelize the whole computation that avoided the
slow down of going through one processor to multiple ones in a same test. We
simply parallelized the whole simulation and not just one part of it. This is
possible because our simulations just take into account the gamma-ray part
of the supernova explosion, we do not need to update the parameters due to
thermalization of gamma-packets. Therefore, the multiple processes don’t need
to exchange information during the whole simulation. The only parameters
updated for each time step due to the expansion of the domain are the same
for each of the processes and do not depend on the random behaviour of the
gamma-packets during their propagation. Therefore, we simulate a desired
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amount of processes were each has the same domain and initial parameters.
More importantly, they all have the same amount of initial pellets. So the total
amount of pellets used in the simulation would be the sum of the initial pellets
of each process. The total energy of each gamma-packet in each process will be
divided by the amount of processes in which we divide the experiment. That
is to say 2.3 becomes Epacket = Epacket/Nprocess- A test of the same simulation
using different amount of processors is shown in figure 2.19 to visualize the
speedup factor of this method.
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FIGURE 2.19: Speedup factor of our code normalized to 1 pro-
cessor. The test is done for 1, 6, 10, 20 and 60 processors.
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Chapter 3

Application to explosion models

The progenitor system and explosion mechanism of Type Ia supernovae still
remain a mystery. As the number of detected SN Ia has been increasing these
last years, several subtypes have been discovered. The existence of these sub-
types launches a discussion about the uniqueness of the progenitor system and
explosion mechanism of the event. Recent studies propose that these subtypes
may be explained by SN Ia possibly having more than one kind of progenitor
scenarios and explosion mechanisms (Hillebrandt and Niemeyer, 2000; Maoz et
al., 2014; Isern et al., 2021). The study of gamma-ray emission of these events
few days after the explosion could provide the necessary information to unravel
their origin. The gamma radiation coming from SN Ia comes from the decay
chain 5°Ni — %%Co — %Fe. This decay chain releases high energy gamma-ray
photons that heat the debris and power the optical and infrared light curves of
the event (see Colgate and McKee, 1969). The synthesis of *Ni is made by the
rapid C/O burning. The decay of *Ni has a mean lifetime of ~8.8 days, while
the decay of °Co has a mean lifetime of ~111 days. The lines created by these
decays can be detected when the ejecta is transparent enough for the photons
to escape the supernova domain without being thermalized. The intensity and
broadening of gamma-ray lines can give clues about the kinematics and mor-
phology of the explosion (Burrows and The, 1990; Gomez-Gomar et al., 1998;
Jean et al., 1999; Milne et al., 2004; Isern et al., 2008). *°Co lines are usually
detected after the maximum of the optical light curve and the following months.
On the other hand, ?°Ni gamma-ray lines are not so easy to detect because the
supernova ejecta may not be transparent enough by the time in which the pho-
tons are created or because the detection of the supernova is made at later days.
However, if there are radioactive elements in the outer layers, the photons from
%Ni decay may be able to escape the domain before being thermalized and, if
they are detected, give crucial information about the origin of the explosion.
The early detection of these events is studied later in this work in Chapter 4.

In this chapter we explore the synthetic observables obtained from different
morphologies of explosion and different isotopic composition. They have been
obtained using the gamma-ray transfer code explained in the previous chapter.
We study the change of luminosity and spectral lines obtained with different
placements of %Ni in the SN Ia models. To do so, we analyse the evolution of the
gamma-ray light curve and spectrum along all days of the simulation, focusing
on the early stages of the models. The simulations are 3-dimensional and some
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of them have asymmetries to resemble real explosions. The introduction of
asymmetries allows us to explore the changes of these observables when looking
from different lines of sight.

We present three experiments of simulated models that represent different ex-
plosion mechanisms. The first experiment shows two spherical toy models with
different amounts of *Ni in their core (Section 3.1). The second experiment
is also a spherical toy model but with 56Ni placed in multiple ignition points
(Section 3.2). The last experiment shows multiple models based on a spherical
delayed detonation (DDT) model but with an attached asymmetry in the outer
layers (Section 3.3). All the models are simulated at 3.5 Mpc to mimic the
distance of SN 2014J.

3.1 Variable °Ni mass toy models

In this section we present two toy models and compare them. We have build
two simple toy models, instead of using an input model from the outcome of
an hydrodynamic code. Toy models are based on some physically motivated
assumption. Although their initial composition and kinematics lack complexity,
they are useful for testing purposes. The assumptions are good enough to study
the physical changes in the synthetic observables due to different compositions.
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FIGURE 3.1: Density profile of TM1 and TM2 models in units
of g cm™3 versus the expansion velocity in units of km s~ ! along
all the layers of the model.

Both models are build as a 3D sphere made of 268,096 cubic cells with three
sub-domains each one (as it was seen in Chapter 2). The first subdomain is a
spherical core made of *Ni. The second subdomain is a layer of Si surrounding
the core. The third subdomain is an outer layer made of C and O surrounding
the Si layer. Each model has different amounts of 5°Ni to study the variability
of the synthetic observables in the gamma-ray energy range. The first model
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(named TMT1) has ~0.31 M, of 5°Ni, ~0.83 M, of Si and ~0.23 M, of C/O
(half carbon and oxygen mix). The second model (named TM2) has ~0.54 Mg
of %Ni, ~0.6 Mg, of Si and ~0.23 M, of C/O. The total mass of each model is
~1.36 Mg, to simulate that the WD reaches the Chandrasekhar limit.

The composition of TM1 and TM2 is chosen to simulate in a simple manner
the elements found in SN Ia (see Filippenko, 1997). We have the main radioac-
tive element from the explosion (*°Ni), an intermediate-mass element (Si) and
unburnt elements (C and O). The placement of *Ni in the center of the sphere
is a common practice in SN Ia simulations based in the theory that the ignition
of the explosion starts in the center of the WD (see Hillebrandt and Niemeyer,
2000). The amount of *Ni for each model is chosen taking into account that
studies suggest 0.3 to 0.9 Mg, of *Ni for a normal SN Ia (Stritzinger et al.,
2006).

The initial radius of the sphere is 1-10° km. The velocity of expansion of the
outer layer is ~4-10* km s~!. These parameters are taken from the DDT1p4
model from E.Bravo (a previous version to the one tailored to fit SN 2014.J in
the study Isern et al., 2016). The density profile of DDT1p4 has been modified
slightly to simplify the toy model test. The toy model density profile is shown

in Figure 3.1.

3.1.1 Gamma-ray light curve of TM1 and TM2

The gamma-ray light curve of TM1 and TM2 from day 5th to 70th after the
explosion is shown in Figure 3.2 (TM1 in black and TM2 in red). The light
curves have been computed by integrating the output flux of each day of sim-
ulation over the energy band from 0 MeV to 3.6 MeV. Both models display an
almost identical shape. However, TM1 has less flux than TM2. This is because
TM1 has ~0.3 Mg, of *Ni, meanwhile TM2 has ~0.5 M, of *Ni. Moreover,
the gamma-packets from TM2 may reach the surface more easily because the
core of °°Ni in this models is slightly bigger than in TMI.

The early light curves do not display any signs of the decay of ®°Ni, which has
a mean lifetime of ~8.8 days. The flux around this day for both models is
very low. Due to the placement of *°Ni in the inner core of the sphere, the
photons can not escape the domain at the first stages of the explosion. They
are thermalized due to high opacities. However, the flux increases when the
density of the models drop because of their expansion.

At later days the flux for both models becomes almost constant. This is because
the steady decay of 56Co is fuelling the models. °®Co has a mean lifetime of
~111 days. Around this date the flux of both models will decrease.
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FIGURE 3.2: Gamma-ray light curve integrated over the flux
from 0 to 3.6 MeV for model TM1 (black) and TM2 (red) from
day 5 to 70 after the explosion.

3.1.2 Gamma-ray spectral evolution of TM1 and TM2

The gamma-ray spectra at days 25 and 70 of TM1 and TM2 are shown in
Figures 3.3a and 3.3b. We do not display spectra from earlier days because the
flux for both models is too low. At day 25 the spectrum for both models is
very similar but TM1 has lower flux than TM2. As seen in the light curves,
this is because TM1 has less radioactive material than TM2. We see lines from
56Ni decay (0.480 MeV, 0.750 MeV, 0.812 MeV and 1.562 MeV), and from 56Co
decay (0.847 MeV and 1.238 MeV) but not the 0.158 MeV °°Ni decay. This
line, despite its high decay probability (see Table 2.2.3), is easily scattered and
absorbed as a consequence of its low energy. This is a hint that the origin of
%Ni photons is in the inner layers of the domain. Also, the lines of 0.750 MeV,
0.812 MeV and 0.847 MeV appear defined as narrow lines that are not blended
into each other. This suggests that the velocity of the ejecta in which these
photons were created is not high enough to mix them by Doppler effect, since
the inner layers of the explosion are those with lower expansion velocities. At
day 70 the flux has increased, as also seen in the light curves. The spectrum of
each model only displays lines from *Co decay, being the 0.847 MeV and 1.238
MeV dominant. The lines remain as narrow as those of *Ni displayed at day
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FIGURE 3.3: (A) Gamma-ray spectra of day 25 for TM1 (in

black) and TM2 (in red). (B) As (A) for day 70.
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25, in agreement with the placement of the radioactive material in the core of
the models.

3.2 Multiple ignition toy model

The beginning of the explosion in a SN Ia may not originate in the core of the
WD. It has been suggested that it may be produced by an off-center ignition
or by multiple ignition points placed at different locations of the WD (Garcia-
Senz and Woosley, 1995; Garcia-Senz and Bravo, 2005; Ropke et al., 2006; Sim,
2007). Given the adequate physical conditions, there could be an ignition of
localized spots. The spots, which are subject to fluctuations, could grow to
finally trigger the nuclear runaway of the WD.

The multidimensional code described in Chapter 2 allows to reproduce an off-
center ignition and multiple ignition spots. These multiple ignition spots orig-
inate due to turbulence, buoyancy and drag forces during the burning phase.
The experiment is reproduced using a toy model (named TM3). We aim to
explore the variances that the synthetic observables in gamma-ray energy band
experience in this scenario.

f

(a) (B)

FIGURE 3.4: Distribution of the multiple *°Ni points in the
sphere of model TM3. (A) View from front. (B) View from top.

TM3 is a sphere with an outer layer of C/O and an inner layer of Si. In this
sphere we have placed °°Ni in 5 asymmetric sub-domains, which represent the
multiple ignition points. *Ni, Si and C/O represent the main elements found in
SN Ia ejecta, as explained in Section 3.1. We display the position of the ignition
points inside the sphere in Figure 3.4a and 3.4b. The total mass of the model
is 1.36 My, with 0.52 Mg, of *Ni, 0.65 Mg, of Si and 0.19 My, of C/O. The
initial radius of the sphere is 1-10° km. The outer layer of the model expands
at a velocity of ~4-10* km s~!. Each sub-domain of *Ni has an initial density
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of ~2.8:107° g cm~3. Beside the %°Ni spots, the sphere has a similar density
profile to the one shown in Figure 3.1, but with slightly lower density on the
inner layers.

3.2.1 Escaping gamma-packets

The different points in which gamma-ray photons are created in the TM3 model
may create regions in the ejecta in which the photons escape more easily than in
others. To explore this phenomenon we show the position in which the gamma-
packets have exited the domain in spherical coordinates. Figure 3.5a shows the
density of the gamma-packets depending of the position in which they have
exited at days 20 and 70 Figure 3.5a. The gamma-packets are the output of the
simulation before they are processed to calculate the gamma-ray flux. Although
they are not yet processed, their position is a good indicator of which areas of
the model are predominately contributing to the gamma radiation at different
stages of the explosion. Further information about the concept of gamma-
packets can be found in Chapter 2. The density of gamma-packets is computed
using the function scipy.stats.gaussian kde, a Python’s library. This function
calculates a kernel density estimation of the scatter points in the plot.

Real observations do not provide such information but the modelling of the
explosion does and it is interesting to explore. This analysis gives us an idea of
how we may miss the asymmetries of a SN Ia explosion due to the limitation
that the observer has just one line of view. With the results of this study we
also optimize the analysis of the light curve and spectra. It allow us to chose
directions of line of view that resemble different scenarios of the explosion.

During the early days of explosion we can observe the appearance of areas in
which more gamma-packets escape. A very intense region is seen in the right
of the lower hemisphere. This region may be originated by the ignition point
number 4 as seen in Figures 3.4a and 3.4b because it is the closest to the surface.
There are another two of regions in which the density of gamma-packets is
higher than the overall sphere: they are an indicator of the placement of other
off-center ignition points. We think that the photons created in the ignition
spots closer to the center are absorbed before exiting the domain, otherwise
we would observe a higher and diffused emission. At later days the density of
gamma-packets is lower and more scattered because there are less decays in
that stage and the ejecta has become more transparent.

We define two lines of sight that will be used in the following sections. Direction
1 is the line of sight in which the observer is looking directly to the right lower
hemisphere seen in Figures 3.4a and 3.4b. We chose this direction because it
presents a high gamma-packet activity. We chose Direction 2 as the line of sight
in which the observer is looking at the top of the sphere. The reason we chose
Direction 2 is to compare what would happen when observing a region that
does not have an obvious presence of gamma-packet activity.
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FIGURE 3.5: (A) Scattering density map plotted over ‘aitoff’
projection of gamma-packets that escape the simulation of the
TM3 at day 20. (B) As (A) but at day 70.
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3.2.2 Light curve of TM3
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FIGURE 3.6: Gamma-ray light curve integrated over the flux

from 0 to 3.6 MeV for model TM3 in all directions (black), for

Direction 1 (blue) and Direction 2 (red) from day 5 to 70 after
the explosion.

We show the gamma-ray light curve of model TM3 in Figure 3.6 from days 5
to 70 after the explosion. The light curve for all escaping directions is shown in
black (TM3 All), for Direction 1 (TM3 Dirl) is shown in blue and for Direction
2 (TM3 Dir2) is shown in red. The choice of directions is explained in section
3.2.1. Once again, they have been computed by integrating the flux over the
energy range of 0 MeV to 3.6 MeV. The flux at Direction 1 is higher than
Direction 2. They all have a similar rising slope from day 5 to ~ 15. The lower
flux from Direction 2 creates more noise in the data and that is why it displays
some irregular bumps. Both directions show a maximum around days 10 to 20.
This phenomenon is not seen in models with central ignition TM1 and TM?2
from section 3.1. Also, TM3 displays a higher flux on early days compared to
the models TM1 and TM2. Therefore, the placement of the off-center ignition
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in TM3 allows the photons to escape more easily than the central ignition
models. The maximum observed is an indicator of off-center ignition to look
for in real observations. Moreover, it can be seen from different line of views,
even if not looking at the asymmetries directly. This allows to acknowledge the
explosion mechanism independently of the direction of observation, in case the
early detection is made.

3.2.3 Spectral evolution of TM3
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FIGURE 3.7: Gamma-ray spectra at days 15 and 70 after the
explosion for all the output directions. 15th in a black line and
70 th day in a dark blue dashed line.

We show the spectral evolution of the flux generated by photons escaping from
all directions in Figure 3.7. We show the spectrum at day 15th in a black line and
the spectrum at day 70th in a dashed blue line. At day 15th all the lines from
56Ni decay (as seen in Table 2.2.3) are displayed and broadened. The broadening
blends lines 0.78 MeV and 0.82 MeV. The broad lines and appearance of line
0.158 MeV at day 15th suggest that the origin of the photons is in places where
the ejecta is more transparent and closer to the surface. At day 70th all the
lines from *Co decay can be seen.

We proceed to make the analysis of the spectrum for different lines of sight.
Figure 3.8a shows the spectrum at day 15 for Direction 1 in blue (Dirl) and
for Direction 2 in red (Dir2). Dirl considers the observer looking at the line
of sight of the right low hemisphere of the explosion (as seen in Figures 3.5a
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FIGURE 3.8: (A) Gamma-ray spectra of day 15 for TM3 model
for Direction 1 (in blue) and Direction 2 (in red). (B) As (A) for

day 70.
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and 3.5b). Dir2 considers the observer looking at the line of sight of the top of
the sphere. We can see that more photons escape from Dirl than Dir2. Dirl
displays all ®*Ni decay lines at very early days after the explosion. Moreover,
the lines are split, which suggests that we see the photons from material moving
away from us and towards us. These two signatures are an indicator of an off-
center ignition close to the surface layers that allow photons to escape at high
velocities. On the other hand, the observer looking at Dir2 does not have this
privileged line of sight and would be unaware of the asymmetry of the explosion.

Figure 3.8b shows the spectrum at day 70 for Dirl in blue and Dir2 in red. Both
models show the lines from %¢Co decay. However, the split lines behaviour seen
in Dirl at day 15 is even more noticeable. Contrary to day 15, the split lines
at day 70 show more red-shifted than blue-shifted photons. This is because the
ejecta is more transparent and photons from other ignitions points are visible
too, hence the change of tendency. Similarly to day 15, Dir2 at day 70 does not
show any signature of multiple ignition points or off-center ignition.

3.3 DDT 3D model with plume asymmetry

We present the results of multiple models with a geometry beyond the regular
sphere used in the majority of studies. These simulations are a deeper explo-
ration of the models used in the study of gamma-ray emission of SN 2014J
near optical maximum by Isern et al. (2016). In this paper a DDT model with
a plume containing °°Ni attached to the surroundings of the spherical model
was introduced to explain the °Ni emission detected from SN 2014J. In this
section, we present the synthetic observations that this plume geometry gener-
ates in comparison to the regular spherical DDT model. By doing so, we aim
to study any possible distinct behaviour in the synthetic observables that may
improve our understanding of the explosion mechanism or progenitor system of
type Ia SNe.

The isotope “8Cr is synthesized in important amounts during explosive helium
burning. This process could provide a favourable scenario for detecting its
decaying lines if it occurs in the outer layers of a WD. This isotope has a half-
life of ~1.29 days, a time too short to expect a detection. However, *Cr decays
into ¥V, which has a half-life is ~23 days, and could be detectable around
the optical maximum of the supernova. For further details on **Cr decay see
Appendix A.1.

The main features of the models are explained in 3.3.1. The gamma-ray light
curve for each of the models is analysed in section 3.3.2 and the spectra for
different days of the explosion is shown in section 3.3.3. Then we explore in
detail the variability of the asymmetries by choosing different directions of line
of sight in section 3.3.4. In section 3.15 we study the light curves created by the
plume models at each of these directions. Finally, we study the spectra from
different directions for the plume models in section 3.3.6.
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3.3.1 Models

We present the main features of the models used in this study with names:
DDT, Plumel, Plume2 and Plume3. The DDT model is a delayed detonation
model based on the model named DDT1p4 in Isern et al. (2016). We have
adapted this model to the 3D Cartesian grid geometry of our code. We have
built a sphere of 1.35 M, that is made of 3,706,160 cubic cells. This composition
of the sphere is discretized into 65 subdomains shaped as layers. The original
model DDT1p4 has 115 layers but we have scaled them to 65 subdomains in
order to reduce the total amount of cells in the simulation, and avoiding an
unaffordable computational effort. The DDT1p4 model was initially intended
for a 1D code. It allowed 115 subdomains without an extreme computational
load due to avoiding the use of a 3D Cartesian grid, thus we needed to adapt
it. The density profile of the model is shown in Figure 3.9, where the density
of the layers is plotted with their corresponding expansion velocity. The outer
layer of DDT model moves with an expansion velocity of ~ 24,000 km s .
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FIGURE 3.9: Density profile of the DDT model in units of g cm ™3
versus the velocity of expansion in units of km s~! along all the
layers of the model.

The Plumel model is built with the same spherical geometry and composition
as the DDT model but with a plume attached to the outer layer of the sphere.
This plume has a geometry similar to a ring, as seen in red in Figure 3.10a. The
angular thickness of the plume is Af ~12 deg and is placed from 6 = 66 deg to
0 = 78 deg from the z axis of the sphere. A 2D diagram of the position of the
plume respect the sphere and the angular position # and A# is shown in Figure
3.10b. The outer layer of the sphere expands at a velocity of ~ 24,000 km s~!
(as for the DDT) and the outer parts of the plume expand at ~ 34,000 km s~
The inclusion of a plume adds 679, 220 cells to the initial 3, 706, 160 cells of the
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DDT model, increasing the computational time of the simulation. The plume
in Plumel model is solely composed of **Ni with a total mass of 0.07 M.

(a) (B)

Ficure 3.10: (a) 3D plot of the geometry of the models with

an attached plume (in red). (b) 2D middle section diagram of

(a) model showing the semiaperture angle § where the plume is
placed and the angular thickness A6 of it.

The other two models, Plume2 and Plume3, have the same features as Plumel
but with different compositions. The plume composition in Plume2 is 0.035 M,
of ®*Ni and 0.035 Mg, of “Cr. The plume of Plume3 is made solely of 0.07 M,
of ¥Cr. Such amounts of *8Cr are unlikely to be synthesized in real explosions,
but in this study we want to highlight its behaviour. All the main features of
the four models can be found in Table 3.1.

The synthetic observables for all the models have been computed assuming a
distance to the explosion model of 3.5 Mpc, the same distance as SN 2014J.

Model Plume Vimazx Mtotal Mplume 56Ni (M@) 18 CI‘
(km/s) | (Mo) | (Mg) (Mo)

DDT No ~24000 | 1.35 - 0.65 -

Plumel || Yes ~34000 | 1.42 0.07 0.65+0.07 -
Plume?2 || Yes ~34000 | 1.42 0.07 0.65+0.035 0.035

Plume3 || Yes ~34000 | 1.42 0.07 0.65+0.0 0.07

TABLE 3.1: Main features of models DDT, Plumel, Plume2 and
Plume3.

3.3.2 Gamma-band light curve

To start our discussion of the four different models we compare the gamma-ray
light curve from day 5th to day 70th after the explosion, see Figure 3.11. Each
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light curve has been computed by integrating the flux in the energy band of
0 MeV to 3.6 MeV. We have computed the flux as in equation 2.48 for all the
gamma-packets escaping in all directions of the domain. Actually, we would not
be able to observe the photons that escape from all directions of the ejecta, that
is why synthetic observations for different directions have been done in sections
3.3.4, 3.3.5 and 3.3.6. However, we first study the photons that escape from
all directions because it provides a general view of the model and allow us to
understand better the observables from different lines of sights.

In Figure 3.11 we can the light curve of the DDT model plotted in black. The
early light curve of DDT has almost no flux, around day 10 it starts to rise until
it reaches its maximum at day ~35. Although the mean time of the decay of
%Ni is ~8.8 days we do not see any signature in the spectra around this day.
This is because the DDT model has ’Ni just in the core of the domain and the
photons created at early days are absorbed before being able to escape. It is
not until later days, when the density has dropped due to the expansion, that
gamma photons can escape and induce a rise in the gamma-ray light curve.
After the 35th day we observe a slow drop of flux. In this stages the photon
emission comes from the decay of **Co. This decay has a mean lifetime of ~111.
Its released energy will power the gamma-ray emission for the rest of the SN Ia.

We can see the other models have a very different light curve profile as compared
with the DDT model. First, in red, the Plumel model has already a high flux at
day 5, that rapidly increases until day ~ 9, when it reaches its maximum, close
to mean decay time of Ni. The photons generated from °°Ni in the plume
of Plumel model can easily escape and generate the early light curve of the
model. After day 9 we see a drop of flux that stops after a few days due to two
things: photons created in the inner layers have finally reached the outer layers
before being absorbed and early decays of **Co are happening in the plume.
After day 25 the flux drops slowly and is powered by the decay of %Co as in
the DDT model. The flux at day 5 of Plume2 and Plume3 (green and blue
lines respectively) is higher than for Plumel. This is because the decay mean
time of *¥Cr is ~1.29 days, consequently a higher number of photons are being
created in these two models at day 5. Therefore, Plume3 has the highest flux
at early days because is the model with highest amount of **Cr. Plume2 shares
signatures with Plumel and Plume3, because it has a mix of *Ni and *Cr.
We can appreciate an initial well defined peak around day 9 for Plume2 model,
as in Plumel but softer. Both Plume2 and Plume3 models have its maximum
flux around day 25, which is powered by the decay of **V. Plume3 has the
fastest drop of flux of the four models. The fast decrease of flux of Plume3 is
due to being the model with higher amount of **Cr. This radioactive isotope
powers the light curve at the early stages of the explosion, allowing to have
higher flux than the other models, however once the decay chain is over the flux
drops and around day 60 the flux of Plume3 is even lower than Plume2. This
rapid decrease of flux may explain some subtypes of SN Ia introduced by Perets
et al. (2010), as suggested in Panther et al. (2021). In a real observation this
decrease due to **Cr may not be so exaggerated. This is because, as explained
in Section 3.3.1, 0.07 Mg, of Cr is a very high amount of this isotope for a SN
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FIGURE 3.11: Gamma-ray light curve integrated over the flux
from 0 to 3.6 MeV for model DDT (black), Plumel (red), Plumel
(green) and Plume2 ( blue) from days 5 to 70 after the explosion.

Ia. However, this amount is useful to highlight its behaviour for our study.

Plumel, Plume2 and Plume3 display higher flux compared to DDT. This is
because they have higher amount of radioactive material. The placement of the
radioactive material in the outer layers also explains the rapid rise of flux in
the early stages. The different light curve profiles of each model is explained
by the different isotopes composing the plume of each model. Each model has
distinctive signatures that allow to differentiate the compositions. They give us
information about the kind of progenitor system or explosion model. However,
we may miss these signatures in real observation due to not having a favourable
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line of sight. This extent is explored in Section 3.3.5. Moreover, some of these
signatures are dependent on the early detection of the explosion.

3.3.3 Spectral evolution

We compare the spectral evolution at four epochs: day 10, day 20, day 35
and day 55. These days were chosen to complement the study of the temporal
evolution of the flux seen in Figure 3.11. The spectra show the emission of
photons that escape the explosion from all directions, which allows to study
the behaviour of the models in a general manner. For further details on the
dependence on the line of sight see section 3.3.6.
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FiGURE 3.12: Gamma-ray spectra at day 10 after the explo-

sion for all the output directions. We display the models DDT

(black), Plumel (red), Plume2 (green) and Plume3 (blue). The

isotopes of the most prominent lines are written in the top of
each of them.

Figure 3.12 displays the spectra obtained from the escaping gamma-packets at
day 10. Real observations of SNe at such early stages are just possible if the
explosion is rapidly detected and this has only been recently possible (see Ni et
al., 2022). In Figure 3.12, we see in black the spectra of the DDT model, which
has a significant lower flux than the other three models. This was also observed
in their light curve in Figure 3.11. The other three models show very broad
lines. This is an indicator of photons originating at zones with high expansion
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velocities. The fact that they are present on the spectra on early days indicates
that the photons originate in the plume, as seen on Plumel, Plume2 and Plume
3 models. These photons are able to escape from the domain at early days and
therefore the spectra of these models has a higher flux compared to DDT.
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FiGure 3.13: Gammarray spectra at day 20 after the explo-

sion for all the output directions. We display the models DDT

(black), Plumel (red), Plume2 (green) and Plume3 (blue). The

isotopes of the most prominent lines are written in the top of
each of them.

The names of the isotopes that produce the more prominent lines in the spectra
are written on top of them. At day 10th %°Ni lines are dominant on Plumel.
For this model, the line of 0.158 MeV is the most prominent and narrow as
compared with the other lines. The DDT model shows a continuum at low
energies but does not show the 0.158 MeV line because the photons created in
the inner core have been absorbed. On the other hand, the 0.158 MeV line on
Plumel has a higher intensity compared to the continuum. This indicates a
presence of %Ni in the outer layers because the photons from 0.158 MeV have
not been thermalized or scattered as the ones that create the continuum. Lines
0.270 MeV and 0.480 Mev are seen broadened for models Plumel and Plume3.
We are not able to differentiate °Ni lines of 0.750 MeV, 0.812 MeV and 0.870
MeV as they are all blended in one broad line. Moreover, in Plume2, these lines
overlap a with the 0.983 MeV 48V line. A signature not seen in Plumel but
seen in Plume2 and Plume3 is the broad 1.312 MeV ¥V line.
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FIGURE 3.14: Gamma-ray spectra at day 35 after the explo-

sion for all the output directions. We display the models DDT

(black), Plumel (red), Plume2 (green) and Plume3 (blue). The

isotopes of the most prominent lines are written in the top of
each of them.

The spectra at the 20th day after the explosion is shown in Figure 3.13. The
DDT spectrum at this stage has increased its flux and displays prominent *°Ni
lines and some ®¢Co lines as the photons in the inner layers are able to escape
from the domain. Their narrow shape indicates that photons were emitted by
matter moving at low velocity, i.e. from inner zones. This inner photon emission
is also seen on the spectra of Plumel, Plume2 and Plume3, which all share the
same internal composition as the DDT model. Nonetheless, in this stage of the
spectra we still observe strong signatures of photon emission in the plume for
all three plume models, similar to the 10th day.

Figure 3.14 shows the 35th day after of explosion. We observe a reduction of the
flux in broadened lines generated by the plume for models Plumel, Plume2 and
Plume3. DDT model displays a general increase of flux and multiple °Co lines,
such as 0.847 MeV, 1.038 MeV, 1.238 MeV, 1.772 MeV, 2.035 MeV, 2.598 Mev
and 3.254 MeV, as displayed in the spectra. For models Plume2 and Plume3
the broad lines 0.983 MeV and 1.312 MeV of 8V are still recognisable in the
spectra but they are now blended with the *®Co lines of 1.038 MeV and 1.238
MeV, respectively. Plumel and Plume2 show almost no sign of the outer layer
emission of the decay chain of **Ni. Finally, in Figure 3.15, we show the 55th
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FIGURE 3.15: Gammarray spectra at day 55 after the explo-

sion for all the output directions. We display the models DDT

(black), Plumel (red), Plume2 (green) and Plume3 (blue). The

isotopes of the most prominent lines are written in the top of
each of them.

day of explosion, where the signs of broad lines of **Ni and ¥V have disappeared
and all the models resemble the DDT model.

3.3.4 Asymmetries

The previous sections have shown the synthetic observables of the processed
gamma-packets that escape the domain from all directions. This approach
gives us a general knowledge of how the chemical composition and distribution
of the model produces variabilities in the all-direction gamma-ray light curve
and spectra. We could consider that the study of these observables would
be enough for experiments with 1D models or models that do not have any
asymmetry on their geometries. However, our code was designed to be able
to simulate explosion in a 3D fashion, which allows to study the variability on
synthetic observables caused by the line of sight. Therefore, we continue to
analyse the synthetic observables taking into account the asymmetries of our
models. To do so, we first want to show the position of the gamma-packets that
escape the ejecta at days 20 and 70 to explain the choice of the directions we
use in later sections.
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tions of observation used in this work. Direction 1 looks at the
the top of the model, Direction 2 at the plume and Direction 3
at the bottom. (b) Map of the solid angle areas for Direction 1
(orange), Direction 2 (blue) and Direction 3 (green).

The position of the gamma-packets that escape the Plume3 model at day 20 is
shown in Figure 3.16a and at day 70 in Figure 3.16b. Both plots show the density
of gamma-packets in an ‘aitoff” projection with spherical coordinates. The den-
sity of gamma-packets is computed using the function scipy.stats.gaussian_kde,
a Python’s library. This function calculates a kernel density estimation of the
scatter points in the plot.

The choice of model Plume3 above model Plumel and Plume2 is redundant
for the purpose of this figure. The three models have the same geometry and
total amount of radioactive material. We do not show the gamma-packets that
escape the DDT model as it does not have any asymmetry.

Figures 3.16a and 3.16b do not show the real photon emission. The plots are
build using the gamma-packets that escape the ejecta, before they are processed
to calculate the gamma-ray flux. Although they are not yet processed, Figure
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3.16a and 3.16b are a good indicator of which areas contribute to gamma ra-
diation at different stages of the explosion. We can see in Figure 3.16a that
the plume is the main area where gamma-packets escape at the 20th day of the
explosion. For later stages of the explosion the gamma-packets that escape are
more distributed along all the domain. We can see in Figure 3.16b that the
plume is still noticeable at day 70 but has less density than at day 20. These
results are complementary to the results shown in sections 3.3.2 and 3.3.3.

The directions that we will use in the following sections to study the light
curve and spectra of the asymmetric models (Plumel, Plume2 and Plume3) are
chosen in order to display different kinds of behaviours given the possible field
of view of the observer. Given the density distribution shown on Figures 3.16a
and 3.16b we have chosen three lines of view. The first direction (Direction 1)
is set to observe the explosion from top of axis z, as if the observer would be
looking at the north pole of the sphere. The second direction (Direction 2) aims
to observe the explosion as if the observer line of view is on the bisection axis
of the plume, this is to say we observe the asymmetry of the explosion from
the front. Finally, we chose a third direction (Direction 3) that points to the
furthest point from the plume and it is opposite to the first direction. These
directions are shown in Figures 3.17b and 3.17a.

3.3.5 Gamma band light curve from different directions

Once we have chosen different directions in which we can observe the explosion,
we proceed to analyse the light curves made by the models Plumel, Plume2
and Plume3. We aim to study how the direction of observation may impact the
discovery of the asymmetries of the explosion. The light curves go from days 5
to 35 for each model. The reason we have selected these days is because we do
not expect a detection earlier than 5th day and, as seen in sections 3.3.2 and
3.3.3, not many signatures induced by the asymmetries are expected to be seen
later than the 35th day. The results displayed in Figure 3.18 show side to side
the comparison of the light curve for each direction. A thing to notice on these
results is that the amount of noise to the data is highest than for the overall
light curves displayed in Figure 3.11. This is because by reducing the area of
view we process less gamma-packets for the results, therefore the noise in the
data increases.

We observe a lower flux in Direction 1 and Direction 3 than in Direction 2. This
is due to Direction 1 and 3 being further from the plume and so less photons
escape in these directions in the first weeks (see Figure 3.16a). We can even
observe that Direction 1 has a slightly higher flux than Direction 3 for each of
the models. This is due to Direction 1 being closer to the plume than Direction
3. Direction 2 has the highest flux because is looking at the plume directly,
which is the highest area of emission of photons (see Figure 3.16a and 3.16b).

At Direction 2 we observe that there is a rapid increase of flux from the very
beginning for all three models. In a real observation this would be a hint of ra-
dioactive material placed in the outer layers, as they can escape the ejecta easily.
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FIGURE 3.18: Gamma-ray light curve for three directions of field
of view for model DDT (black), Plumel (red), Plume2 (green)
and Plume3 (blue) from days 5 to 70 after the explosion.

Comparing the three models in this direction, we can observe that Plumel has
a rapid rise until day ~9, and after that the rising is slower. On the other hand,
Plume2 and Plume3 have a rapid rise until day ~22. That is an indicator of
which are the isotopes creating the light curve. 8Cr and **V have a decay mean
lifetime of 1.296 days and 23.045 days, respectively. This explain the rise of flux
of Plume2 and Plume3 at the first days. Plumel just has 5°Ni as radioactive
material. If we are able to observe at early days the way in which the light
curve rises, then we could determine the presence of radioactive material in the
outer layers of the explosion and the kind of isotope causing the emission.

Although, the overall flux for all the models in Direction 1 and Direction 3 is
lower than for Direction 2, there are still some hints of the asymmetries and
isotope composition of the models. All the models show a rapid decrease of flux
that later slows down. This is a consequence of the high photon emission during
the very early days, a phenomenon not seen in models that just have radioactive
material in the inner layers (see DDT model in Figure 3.11). Another detail to
take into account, as it can be seen in Figure 3.18, the light curve of Plumel
displays a maximum of flux after three days, while for Plume3 we are not able to
record this maximum, and for Plume2 is debatable if we missed it or not. This
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behaviour is consequence of the decay mean lifetimes of Ni and **Cr. However,
it is rare to detect a SN before the 10th day of explosion and so the observer
looking at Direction 1 or Direction 3 would have missed the signatures generated
by photons emitted at the outer layers. A recent study (Ni et al., 2022) has
been able to observe SN 2018aoz in the B — V' band from the first day after
the explosion, as they estimate. This study has found an excess of radioactive
material in the outer layers of the ejecta, which endorse the motivation of our
work. Therefore, it is of great interest to detect the very early gamma emission
of a Type Ia supernova because it could provide a deep insight on the explosion
mechanism and nature of the progenitor system. The early detection of gamma
ray has not been yet possible as a consequence of the expected low luminosity
and the distance at which all SN Ta have occurred. As it is of great interest to
improve the early detection of these event, we have analysed the possibility of
an early detection of a galactic SN Ia in Chapter 4.

3.3.6 Spectra from different directions

The synthetic spectrum for the three plume models at different directions pro-
vides complementary information to the light curves seen in section 3.3.5. We
proceed to show the spectra of models Plumel, Plume2 and Plume3 for each
of the chosen directions. The spectra are plotted for days 15th and 35th after
the explosion. We show the spectra in the energy range of 0.6 MeV to 1.6 MeV.
This range allow us to focus on the main features of ¥V that we have seen in
section 3.3.3, where the lines 0.983 MeV and 1.312 MeV are seen as a big broad
line. This energy range also has prominent lines of *Ni, such as 0.750 MeV,
0.812 MeV and %Co, like 0.847 MeV and 1.238 MeV.

The spectra for Direction 1 (see Section 3.3.4 to know about the chosen direc-
tions) is shown for day 15 in Figure 3.19a and for day 35 in Figure 3.19b. At
day 15 the Plumel model displays the lines of 0.750 MeV, 0.812 MeV with a
clear blueshift. We can see how the 0.812 MeV °¢Co line blends with the 0.847
MeV %Co line. We also see how the 1.238 MeV °¢Co line starts to appear. For
model Plume3 at day 15, °Ni lines are very weak. The dominant lines are from
48Cr decay in its plume, which only contains this isotope. Plume2 displays a
mix of *Ni and “*Cr lines. These are shown independently in the other two
models but in Plume2 we observe all of them with a smaller flux. Once the
simulation reaches day 35 the lines of 0.847 MeV and 1.238 MeV of *°Co are
seen in all the models. Their late appearance and the fact that they are not
blueshifted, is an indicator that they come from the inner layers.

If we move our line of sight to Direction 2, the spectra for days 15 and 35 of the
three plume models are displayed in Figures 3.20a and 3.20b. All three models
display broad lines at day 15 compared to Direction 1 and Direction 3. Plumel
shows lines of 5°Ni and *Co blended in the energy range of ~0.7 MeV to ~0.9
MeV. If we move to day 35 we can see that the lines created in the core of the
explosion become dominant over the broad lines created in the plume.
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FIGURE 3.19: (A) Gamma-ray spectra of day 15 for Direction 1

as line of view. We display the energy range from 0.6 MeV to 1.5

MeV for Plumel (red), Plume2 (green) and Plume3 (blue) (B)
As (A) for day 35.
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FIGURE 3.20: (A) Gamma-ray spectra of day 15 for Direction 2

as line of view. We display the energy range from 0.6 MeV to 1.5
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Finally, looking at the spectra in the line of sight of Direction 3 (Figures 3.21a
and 3.21b) we have a similar profile as in Direction 1. However, at day 15 the
lines from Direction 1 are blueshifted and the same lines from Direction 3 are
redshifted. This is due to the relative position of Direction 1 and Direction 3 to
the plume (see Figure 3.17a). If in a real observation we were able to identify
which lines originate from %°Ni decay and **V decay we could obtain a hint
about the position of the source of the gamma emission. At day 35 we see the
display of lines created in the inner layers of the domain, which are narrower
and not shifted. Direction 3 shows a peculiar behaviour that we find important
to comment. We see how the line of 1.2 MeV from *Co decay appears at the
same energy that the redshifted line of 1.312 Mev of %V decay. This could lead
to wrong conclusions about the origin of the line. The line of 0.983 Mev of 4V
decay seems more helpful in order to detect this material in the observations
although its closeness to lines of °°Ni and *°Co decay may appear blended in
the spectra and be missed. Specially if the quantity of “8Cr is low.

3.3.7 Did SN 2014J have ¥V emission lines?
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FIGURE 3.22: From Isern et al. (2016), gamma-ray spectrum of
SN 2014J (16.5 - 35.2 days after the explosion).

We want to conclude this chapter by making a small observation and maybe
opening future lines of study. In this study we have shown the consequences of
the presence of radioactive material in the outer layers of SN Ta. As we see in
Figure 3.22, borrowed from Isern et al. (2016) , the SPI data shows emission
at usual places of the spectra in which lines of *Ni and *®Co dominate. The
best fitting model is in our study the equivalent of Plumel, which only had ®°Ni
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in the plume. However, we wonder if the data points in the range ~0.9-0.94
MeV, in which the best fitting model seems to not have emission lines, may
be a missed detection of **V lines. Plume2 and Plume3 models have displayed
gamma-ray emission on this range of energy. However, observations with better
sensitivity are needed in order to deepen into such assumption.
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Chapter 4

Sensitivity of the anticoincidence
system of SPI for detecting a
galactic supernova

The detection of the very early gamma emission of a Type Ia supernova could
provide a deep insight on the explosion mechanism and nature of the progenitor
system. However, this early detection has not been yet possible as a consequence
of the expected low luminosity and the distance at which all the events have
occurred up to now. The closer SN Ia ever detected in gamma-rays is SN2014J.
It was discovered by Fossey et al. (2014). It was found in M82 at a distance of
3.5 Mpc. SPI instrument on board of INTEGRAL collected gamma rays from
day 16.3 to 164 after the explosion. The detection of **Ni and *°Co lines of this
nearby event allowed to prove the usefulness of gamma detection to diagnose
the dynamics and composition of the ejecta (Churazov et al., 2014; Diehl et al.,
2014; Isern et al., 2014; Churazov et al., 2015; Isern et al., 2016).The analysis of
these observations not only confirmed the hypothesis that the light curve was
powered by the disintegration of the *Ni radioactive chain but also allowed to
compute in a direct way the total amount of *°Ni synthesized during the event.
Furthermore they showed, unexpectedly, that ~ 0.05 M, of **Ni was present in
the outer layers forming a non spherical structure. The non spherical structure
was indicated by the display of redshifted and high intensity lines of ®Ni in the
early spectrum.

A Galactic supernova would be ideal for more detailed studies, specially if de-
tected during the rising epoch of the light curve. The expected rate is estimated
to be 1.47}§ events per century (Adams et al., 2013) in the case of SN Ta. The
optical flux would probably be so attenuated by interstellar extinction that
would prevent triggering the observations with gamma-spectrometers at the
due time. However, it is important to realize that the Galactic plane is trans-
parent to gamma rays for which reason events severely obscured by dust can be
detected in gamma. Therefore, taking into account that INTEGRAL has been
operating during ~ 20 years the probability that such an event has occurred
during this period is not negligible.

In this chapter we analyse the possibility of using the anticoincidence system
(ACS) of the spectrometer SPI on board of the INTEGRAL (INTErnational
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Gamma-RAy Laboratory) space observatory for detecting the early gamma-ray
emission of a SN Ia as a function of the explosion model and distance as well as
of pointing direction. The anticoincidence system of SPI (ACS) is used not only
to reduce the background of SPI but also to monitor the sky for possible sources
thanks to its large field of view and its spectroscopic capabilities (Vedrenne et
al., 2003a). Jean et al. (1999) proposed the use of the SPI-ACS to search for
Galactic classical novae, Von Kienlin et al. (2001) to locate Gamma-Ray Bursts
(GRBs), and Rodriguez-Gasén et al. (2014) to study solar flares.

The chapter is organized as follows. We make a brief introduction of INTE-
GRAL in section 4.1. We explain what the ACS is in Section 4.2 , this section
also describes the ACS data used for this study. We present the supernova mod-
els used to simulate the detection by the ACS in section 4.3. The simulation
method and the results of the analyses to estimate the sensitivity of the ACS
are presented in section 4.4. In addition, to scrutinize the presence of SN Ia sig-
nature in the already recorded ACS data in Section 4.5. Finally, in section 4.6
we present the discussion of the results.

4.1 Overview of INTEGRAL

The INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) is an
European Space Agency (ESA) mission that was launched in 2002. INTE-
GRAL is a hard X-ray and soft gamma-ray observatory that covers the 3 keV
to 10 MeV energy band. The goal of the mission is to explore fundamen-
tal problems in physics and astrophysics that gamma-ray astronomy exhibits.
The observatory is able to cover a wide range of gamma-ray phenomena such
like compact objects (White Dwarfs, Neutron Stars, Black Hole Candidates,
High Energy Transients), explosive nucleosynthesis (Novae and SNe), gamma-
ray bursts, cosmic-ray interactions, the interstellar medium, among others.

This wide range of gamma-ray astronomy observation is achieved thanks to the
two main instruments on board: IBIS and SPI. They are designed to comple-
ment each other. IBIS is the INTEGRAL imager and allows for source locali-
sation (for a deeper view of IBIS see Ubertini et al., 2003). SPI is a gamma-ray
spectrometer for lines of celestial sources in the energy range of 20 keV to 8 MeV
(for a deeper view of IBIS see Vedrenne et al., 2003b). SPI is designed for high
resolution spectroscopy of gamma-ray emission lines but it has a low spatial
resolution compared to IBIS, which is dedicated to imaging of point sources
with a larger spatial resolution but lower spectral resolution. Besides these two
instruments, there are two monitor intruments that provide complementary ob-
servations in the X-ray (JJEM-X) and optical energy bands (OMC). An image
of INTEGRAL with its components is shown in Figure 4.1.
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FIGURE 4.1: Image of the INTErnational Gamma-Ray Astro-
physics Laboratory (INTEGRAL) with its main instruments
pointed out. Source: esa website.

4.2 The anticoincidence system (ACS) of SPI

The anticoincidence system (ACS) of SPI aims first to reduce the instrumental
background in the germanium detectors due to charged particles and gamma
rays coming from outside the spectrometer’s field of view. It is composed of
an active shield made with 91 scintillator blocks! in bismuth germanate (BGO)
and a plastic scintillator, optically coupled to photomultiplier tubes (see Von
Kienlin et al., 2001, for a detailed description of the SPT ACS). When a particle
releases energy in a scintillator block, a veto signal is generated and transmitted
to the on-board digital acquisition system. By this way, the active shield allows
to remove events produced in coincidence by particles that deposit energy in
the shield and in the germanium detectors. The ACS veto rate is recorded with
a sampling period of 50 ms and is sensitive to photons releasing energy 80 keV
in a scintillator block. In Figure 4.2 we show a scheme of SPI where ACS is
displayed together with its other main components.

The ACS of SPI is also used to monitor astrophysical sources. For instance,
its large detection area allows the detection of gamma-ray bursts and it is part
of the INTEGRAL burst alert system providing the gamma-ray burst location
in the sky by triangulations with other space-borne gamma-ray burst monitors
(Von Kienlin et al., 2001; Von Kienlin et al., 2003; Savchenko et al., 2017). A
giant outburst from the soft gamma-ray repeater SGR 1806-20 was discovered
in 2004 by the analysis of the ACS rate (Borkowski et al., 2004; Mereghetti
et al., 2005). Rodriguez-Gasén et al. (2014) and Gros et al. (2004) explored the
capabilities of the SPI ACS to study solar flares. Jean et al. (1999) proposed
to use SPI ACS to search for the hard X-ray and gamma-ray emission from
classical novae in our Galaxy (see also Siegert et al., 2018). For this purpose,
they computed the effective area of the SPI ACS with GEANT 3 for energies
ranging from 80 keV to 500 keV and a rough angular binning.

1Only 89 blocks are active (see Savchenko et al., 2012)
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FIGURE 4.2: Scheme of SPI (INTEGRAL gamma-ray spectrom-
eter) showing its main components. Source: Diehl et al., 2018.

For the present study, we re-calculated the response of the SPI ACS with
GEANT 4, using the same INTEGRAL mass model, for energies ranging from
80 keV to 3.5 MeV and with a binning of 10 degrees for the zenithal and az-
imuthal angles (see Fig. 4.6). The values of the effective area obtained in this
way are in agreement with the ones calculated by Rodriguez-Gasén et al. (2014)
(e.g. differences are less than 5%).

The anticoincidence system of SPI provides also the saturating event rate, de-
fined as the rate of events released in the BGO blocks with energy 150 MeV.
The ACS saturating event rate, unlike the ACS rate, is not affected by low
energy particles from the radiation belt, from solar flares or from gamma-ray
sources that emit mainly in the low energy gamma-ray range (i.e. E < 100
MeV). Consequently, that makes it a good tracer for monitoring the cosmic-ray
intensity at the spacecraft level. When the spacecraft is not affected by these
low energy events, the temporal behaviour of the ACS saturating rate is concor-
dant with the total ACS rate. Figure 4.3 shows the average ACS rates and the
average ACS saturating rates for some revolutions since the launch of INTE-
GRAL. In order to avoid the effects of radiation belts, the rates shown are the
rates averaged over the first to the third quarter of each revolution. Figure 4.3
shows that the total and saturating rates follow a linear relation, although the
linear coefficients may slightly change due to slight changes of the high energy
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particle spectrum impinging the ACS. The saturating rate can be therefore used
to trace the variation of the ACS rate without source contribution and be used
as background model to our study (see section 4.4.2).
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5 . ® :
® Saturating rate x 10 : :

I I i i
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Counting rate (count/s)
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FIGURE 4.3: Total and saturating event rates of the anticoin-
cidence system of SPI averaged for some revolutions since the

launch of INTEGRAL.

4.3 Supernova models

Two models, DDTe and W7, of SN Ia have been used for testing the possibility
of detection by ACS/SPI. The spectra as a function of time of these models
were obtained with 1D simulations as in Gomez-Gomar et al. (1998). These
models were compared with those obtained from SN 2011fe and SN 2014J by the
instruments on board of INTEGRAL (Isern et al., 2013; Isern et al., 2014). Both
are compatible with the upper limits deduced for SN 2011fe but the SN 2014J
case demands further considerations since the early spectra presented some
features that were better interpreted introducing non-spherical structures.

The DDTe is a sub-luminous SN Ia model. It describes a situation in which
the burning front starts as a deflagration that turns out into a detonation when
reaches a critical density. As a result, material is processed into Fe-group and
into intermediate-mass elements. This model ejects 0.51 My of **Ni with a
kinetic energy of 1.09 x 10°! ergs. The W7 model is a normal luminous SN
Ia model (Nomoto et al., 1984). In this model a flame ignited near the center
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FIGURE 4.4: Gamma-ray flux variation for model W7 (blue) and
DDTe (red) at a distance of 8 kpc from day 5th to 200th after
the explosion.

propagates subsonically, thus allowing the expansion of the star and leaving
some unburnt material. The W7 model, in particular, is characterized by a
small portion of unburnt C-O and a large mass of burnt intermediate-mass
elements. This model ejects 0.56 My, of °°Ni with a kinetic energy of 1.24 x
105! ergs. Figure 4.4 displays the light curve of both models for SN Ia at 8 kpc.
They have been obtained by integrating the spectrum models from 6 keV to
3684 keV for a SN Ia at 8 kpc.

Figure 4.5 displays the gamma-ray spectra of both models in a logarithmic scale
during the 9th day after the explosion. Even at such early stages the 750 keV
and 812 keV °°Ni lines decay are visible including several features from the **Co
decay.

The slow rising signal of the DDTe model as compared to that of W7 is a
convenient property for exploring if the differences in luminosity have an impact
on the detection sensitivity. In order to analyse the detection sensitivity as a
function of SN Ia distance, models were placed at distances in a range of 4 kpc
to 16 kpc. For each model the output flux is provided with an energy resolution
of 0.5 keV, in the interval 6 keV to 3684 keV. The spectra were calculated with
a frequency of one day from days 5 to 200 after the explosion, although just the
spectra derived for the first days were used and interpolated, as the main goal
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FIGURE 4.5: Gamma-ray spectra for day 9th of the models, W7
(blue) and DDTe (red) at 8 kpc. A label on top of each line is
added to indicate if they are from °Ni or %Co decay.

is to study the detection of the rising signal as soon as possible. For further
details about the models data preparation see section 4.4.

4.4 Simulations and analyses

4.4.1 Simulated count rate

The count rate (CR), counts per second, from a source located at a zenithal
and azimuthal angles # and ¢ in the SPI frame at the instant ¢ can be defined
as:

Ra(t) =Y F(Ei,t) - SepsEi, 0(t), o(t)] - AE (4.1)

where F(E;,t) (counts/cm?/s/keV) is the flux for a given energy and time,
Sert[Ei, 0(t), p(t)] is the effective area (cm? — i.e. the response matrix) of the
ACS and AE is the size of the energy bin (keV) of the spectrum. Overall it
provides the rate in counts/s, Rg,, that would be produced by a SN model.
Two SN Ia models (see section 4.3) have been simulated, the W7 model and
a delayed detonation model (DDTe), with an energy binning of 0.5 keV and a
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and 3.5 MeV for all pointing directions in the sky. The effective

area is lower for regions where z = 0° and the energies are low,
this is due to SPI being masked by IBIS.
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FIGURE 4.7: Count rate for model DDTe at 6.4 kpc before (yel-
low) and after (blue) taking into account the dead time of the

ACS.

time binning of 80 s to provide enough resolution. Furthermore, the models
have been scaled to Galactic distances: 4, 6, 8, 10, 12, 14 and 16 kpc.

The response matrix has been computed by Monte Carlo simulations (see Sec-
tion 4.2). It gives the effective area for energies in the range of 81 keV to
3.5 MeV, with an azimuthal resolution of 20° and a zenithal resolution of 10°.

An interpolation of the response matrix is used to take into account the influence
of the pointing variation during each revolution on the effective area for each
energy event reaching the satellite. INTEGRAL provides for each revolution
the right ascension (RA) and declination (Dec) of the x axis of the instrument
and the RA and Dec of the z axis. For running the tests we fix the RA and Dec
of the simulated source and we take into account the angular evolution of the
source with respect to the x and z axis of the instrument to obtain the local
coordinates and finally the effective area.

INTEGRAL provides the ACS data along the lifetime of the satellite for each
orbital revolution. The ACS rate from a chosen revolution is added as a back-
ground to the SN model to make the simulated count rate realistic. FEach
revolution has a duration between 2 to 3 days and the time of each revolution
(and the SN model) is binned in intervals of 80 s. Before adding the ACS rate
to the SN model rate, the first one needs to be converted from measured rate
to true rate by taking into account the dead time 6t of 0.6 us (Savchenko et al.,
2012):

Ry,
= 4.9
Fvax Ry -0t —1 (4:2)
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where Ry, is the true background rate and R, the measured rate extracted from
the data. The rate Rg, produced by the SN Ia, computed with equation (4.1),
is added to the true background rate to yield to the total rate Ry,. The final
simulated rate R, is obtained with:

Ry = ————— (4.3)

to take into account the dead time of the ACS.

4.4.2 Detection of the supernova signal

Once the ACS rate produced by the supernova is simulated, we aim to study
the sensitivity of the SPI ACS to detect the earliest gamma-ray signature of
our SN models within a galactic distance. Two methods have been tested.

ON/OFF method (rejected)

The first method consist of an ‘ON/OFF’. It analyses a previous window (or
interval) in the data, called the ‘off” window which represents a null hypothesis,
and the subsequent window with the same size, the ‘on’ window that represents
an hypothetical source (Li and Ma, 1983). The method is illustrated in Figure
4.8.

76600 -

76400 -

76200 4

76000 A

OFF ON

75800 4 ..

Rate (s 1)

756004 -
75400 1 .

75200 1:' .

75000 A

6.2 6.4 6.6 6.8
Time (day)

FIGURE 4.8: Illustration of the ON/OFF method.

A rising of significance is expected when the "on" window have a rapid increase
of flux compared to the previous "off" window. The significance s is computed

as: _ _
g= o Tolf (4.4)

/o2, +03ff
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FIGURE 4.9: (a) On top we show the count rate for the SN
model (in blue) and the background (in orange) for revolution
600 from day 5 to 7. In the bottom we show the significance of
each on/off window (in green). (b) Same as (a) for revolution
2150 from day 6 to 8.
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where 7,,, and 7,s¢ are the mean rate values of the on and off windows and o,,
and o,y their standard deviations.

The process is made along all the count rate data in a given revolution and it
has the goal to detect the very first rising of the flux of the supernova. Some
examples using this method are shown in Figure 4.9a and 4.9b using revolu-
tion number 0600 and number 2150, respectively, with the DDT model with
background at 6.4 kpc as supernova model. Figure 4.9a shows day 5th to 7th
of the supernova model (blue line), the measured count rate of the satellite for
the given revolution (orange line) and the significance of the count rate of the
supernova model (green line). Figure 4.9b shows the same but for day 6th to
8th for revolution number 2150. Although the measured background rate line
(in orange) is not used for the calculation of the significance shown in this fig-
ures, it is left on the plots to show where the supernova stars to rise and if our
method is able to find it. The ON/OFF method has been applied considering
the off and on window of the same size, using 50 data points of count rate data
each (the binning of the count rate data is of 80 seconds, making a window
of 50 data points equivalent to 67 minutes). We apply the off and on window
every 5 data points along all the count rate data. From those plots we can
observe that for revolutions such as number 600, where the count rate plot is
smooth, the method has a hard time to find the early rise of model. In the
other hand, in revolution 2150, this method seems to be subject to high spikes
of significances when the satellite makes a sudden change of orientation, which
produces a different amount of count rate, but it is not able to detect the rising
of the supernova model.

Finally, we have computed the significance of the background of each revolu-
tion, besides the significance of the supernova model, to make a comparison
of the values of maximum significances of each test for the model count rate
and for the background count rate. As seen in Figure 4.10 there is not an out-
standing difference of significance between the supernova model (blue dots) and
background (red dots). Therefore, we conclude this method is not valid for our
study.

Selected method

The second method estimates the detection of the rising signal of the supernova
by fitting the intensity of the supernova rate and the parameters of a back-
ground rate model to the SPI/ACS data. This method takes into account two
assumptions. The first one considers that the background rate model (rpq) is
a linear function of the ACS saturating (Rs,) event rate :

Ry — ¢
Thek = —tf (4.5)

with ¢ and f as free parameters. The saturating event rate (rate ACS saturat-
ing) is the rate of events with energy released in the BGO blocks with energies
150 MeV (see section 4.2). The second assumption is that the rate produced
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FIGURE 4.10: Mean significance, using the ON/OFF method,
of the discovery date for multiple SN models (blue) versus the
mean significance for each of the backgrounds for these models

(red).

by the rising gamma-ray flux of the supernova can be described as the following
power law:

Ten = 1 - (t/5)° (4.6)

Where I is the intensity and ¢ is the time of the model. Both are free parameters.
The power law model is justified by the shape of the gamma-ray light curves
when the emission is rising (see Fig.4.4). The slope of the power law [ is equal

to 18.9 for the W7 model and 14 for the DDTe one, see Figures 4.11a and 4.11b.
These two different values of the slope does not impact very much on the results.

With these two assumptions we obtain a total model 7,04 = Tpeac + Tsn, Where
Tbex 18 the background model (see Eq. 4.5) and 7y, is the supernova signal
model (see Eq. 4.6). The best fitting parameters (I, ¢ and f) are the ones that
minimize the chi square calculated as:

= (Rm‘ - ifmdu’c’ f)) P00~ P+ (5s) (D)

where Rgy, is the simulated ACS rate (see Eq. 4.3) and o0, the standard
deviation of the model and the ACS data. The second and third terms in the
sum are penalty functions that avoid wrong best fitting values of the parameters
f and c. Without those penalty functions, the minimization process could
converge toward local chi square minimum yielding to abnormal values of the
parameters of the background model, f and c. It sometimes occurs when the
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signal of the supernova is strong. The parameter f; in Eq. 4.7 is an estimated
mean value of the factor that scales the ACS total rate with the ACS saturated
rate (see Fig. 4.3 and section 4.2).

From these results we can estimate the detection date. To do so, we estimate
first the quality of the background model (r,) computing a residual (9):

Rsim — Tbek

5= (4.8)

Uacs
Then, this residual is smoothed to avoid a false detection due to a single short
time scale spike in the data.

We consider that the supernova signal is detected when the following conditions
are satisfied: 1) taes > tstare + 0.5 day; 2) 6 > 3. Where t, is the time of the
data, the sigma level is set to 3, and tg..¢ is the date at which the ACS data
starts to be recorded at the beginning of an orbital revolution of INTEGRAL.
The addition of half a day in the first condition aims to remove significant count
rate excess induced by high energy particles when INTEGRAL goes out of the
radiation belts, after its perigee.

This procedure is done to test the DDTe SN model and the W7 SN model over
275 revolutions. These revolutions have been taken along the lifetime of INTE-
GRAL to find the earliest time of detection. Each of them have the following
available data: ACS rate, ACS saturating rate, rate time, right ascension and
declination of the INTEGRAL X-axis, right ascension and declination of the
INTEGRAL Z-axis. The ACS rate is used as simulated background to the
models, as mentioned in section 4.4.1. The ACS saturating event rate is used
on this analysis to estimate the background ACS rate and detect the supernova
signal, as mentioned previously in this section. Each revolution has a length of
2 to 3 days that we fixed to ~2 days as we cut the initial hours of data because
most of them still contain some noise from the radiation belt phase?. A same
length of the supernova model is cut in order to compute the simulated count
rate. The initial time of the computed count rate equals to a time ranging from
day 4th to 6th of the SN Ta model, for earlier days the flux’s model is not high
enough to make a contribution to the ACS rate. This initial time, from 4th to
6th, is chosen randomly to give more realistic circumstances to the analysis.

When the count rate with a length of 2 days is analyzed two things may happen:
a supernova signal detection is found or not. If a detection is found in the count
rate then the revolution number, the time detection and its significance are
saved. In case it is not, we proceed to analyze the consecutive 2 days of the
computed count rate, which would account for the 2 following days of the SN Ta
model and using the subsequent revolution as its background. This procedure is
repeated until a detection is found or until we reach an initial time of the count
rate higher than the 10th of the SN Ia model. When this point is reached, we
start again the process with an initial count rate time ranging from 4th to 6th
but with a different revolution as background and so on. An example output of

2SPI is switched off between revolutions
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this method is shown in Figure 4.12, where the count rate is computed using
the DDTe model with revolution number 1752. The computed discovery date
is at 6.73 day with ~ 670, which is coherent if we make a visual evaluation of
the count rate data.

102000 Simulated rate :
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101500 -
101000 -
T
N
© 100500
1]
e
100000 -
99500

5.25 5.50 5.75 6.00 6.25 6.50 6.75 7.00
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FIGURE 4.12: Display of the SN model rate with revolution

number 1752 added as background in green. The background

rate, without the SN signal, is shown in black. The best fitting

model to the SN with background rate is shown in red. For this

example, the rising of the SN rate is appreciated and allows the
detection time to be at 6.73 day.

In some cases, due to high background or too many changes on pointing direc-
tion in the same revolution, the rising of the SN model goes undetected but on
the following revolution, as the SN model flux is higher with time, the flux is
too high to find a good fit. In these cases an inspection of the data makes clear
that there is a high rising signal and the satellite would recognize it as such.
We want to count these cases as late detections, therefore a condition is created
where, if the maximum of the SN Ia signal is larger than 8.5% of the mean ACS
rate, the detection time is saved even if the fit is not good enough.

The analysis of the count rate has been performed for each of the models (DDTe
and WT) for distances of 4, 6, 8, 10, 12, 14 and 16 kpc. For each distance and
model several pointing directions have been tested to reproduce different galac-
tic areas backgrounds and to check the variability of the detection on different
positions in the Galaxy. The pointing directions, in galactic coordinates of lon-
gitude (1) and latitude (b), are 1 = 0, 45, 90 and 180 deg for b = 0 deg. All the
position have a same value of latitude of b = 0 deg. The reason for this fixed
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latitude is that the location for these events in our galaxy would be in regions
of old population stars, which are in the old disk and in a spheroid centered to
the galactic center. Therefore, they would likely occur at £ 15 deg from the
galactic plane. As seen in Figure 4.6, the response of the ACS does not change
significantly with the direction of the source (except for low energies). Hence,
simplifying the latitude to b = 0 deg is good enough for our study.

4.4.3 Results

Following the methodology explained on the "Selected Method" in Section 4.4.2,
the time detection for the W7 and DDTe models placed at distances of 4, 6, 8,
10, 12, 14 and 16 kpc and at positions 1 = 0, 45, 90 and 180 deg with b = 0 deg
has been computed.

We show an example of the distribution of discovery dates for models W7 and
DDTe in Figure 4.13, top and bottom respectively. The distributions are for
distances of 4 kpc (in red) and 16 kpc (in black) to show the difference between
the closest and furthest distance. They are set to direction 1 = 0 deg and b =
0 deg. For both models we can see that the number of detections for higher
distances is lower due to the lower flux.

From the discovery date distribution, we compute their mean value for all dis-
tances and pointing directions. See Figure 4.14 for the W7 model and Fig-
ure 4.15 for the DDT model. We show the relation between the discovery date
and each distance in the top plots of Figure 4.14 and 4.15. The time of the
early signal detection for each distance is coherent with the flux oc distance™>
relation, as for further distances the detections are later due to lower flux. The
W7 model has a slightly earlier detection for each case because its flux rises
faster than compared to the DDTe one.

In the bottom plots of Figure 4.14 and 4.15 we show the relation between the
discovery date and the direction. We can see how the position of the source is
not relevant for the early detection of the model, as it does not change for each
longitude tested. These results are due to the fact that INTEGRAL observatory
has been pointing in various directions during the ~15 years of observation and
that the equivalent field of view of the ACS/SPI is very large, therefore the
position of a SN Ia in the sky does not show any effect.
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FIGURE 4.13: Top panel shows the distribution of the discovery

dates for the W7 model at | = 0 deg and b = 0 deg for distances

of 4 kpc (red) and 16 kpc (black). Bottom panel displays the
same for the DDTe model.
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4.5 Search of SN Ia signature in the SPI/ACS
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FIGURE 4.16: Example of measured and modelled ACS rates

(top) and the residuals (bottom) for the revolution 1342. The

imperfect modeling of the ACS rate at the end of the revolu-

tion, when INTEGRAL enters into radiation belts, produces a
smoothed residual excess larger than 5.

We performed a systematic search for a SN Ia signature in the ACS rate with the
data available at the date of the analysis: 1868 revolutions from revolution 26
to revolution 2063. The analyses were made for each revolution using ACS data
rebinned with a sampling period of 18 s. The detection of a SN Ia signature
is triggered when the smoothed residuals® obtained after subtraction of the
background model (see section 4.2), are larger than 50 up to the end of the
analyzed revolution. This criterion, which was chosen for its simplicity, allows
the detection of a flux rising with a long timescale as to the one expected from a
SN Ia (e.g. see Fig. 4.12). A first analysis of all data yielded to a lot of detection
due to background variations, which spans up to the end of a revolution, that
were not well modeled with the ACS saturating event rate. Those background
variations are due to low energy particles of the radiation belt or from solar
events. The signature of such particles are clearly seen in the data of the
INTEGRAL Radiation Environment Monitor (IREM), which measures the flux

3The residuals were smoothed with a hanning window of 1.5 h to reduce the number of
detection due to gamma-ray bursts and false detection due to statistical fluctuations.



1 OQChapter 4. Sensitivity of the anticoincidence system of SPI for detecting a
galactic supernova

of particles with energy > 0.5 MeV for electron and 10 MeV for proton (Hajdas
et al., 2003). The counter TC3 of the IREM reproduces well the variations of
ACS rate produced by low energy charged particles of radiation belts. In order
to reduce the number of detections due to low energy particles, we added the
rate of the TC3 counter in the background model for this specific analysis.

With such a detection method, we counted 58 revolutions with SN Ia signature.
However, all of them are detected at dates larger than ~ 2.2 days after the begin-
ning of the revolution. These excesses are explained by an imperfect modelling
of the enhancement of the rate produced by low energy particles impinging on
the scintillators of the ACS when INTEGRAL enters into the radiation belt at
the end of its orbital revolutions (e.g. see Figure 4.16).

4.6 Discussion

This study demonstrates the capability of the ACS/SPI to detect a galactic
supernova during its early stages. Two theoretical SN Ia models with different
luminosities rising times, W7 and DDTe, have been used in order to evaluate
the influence on the time of the detection. For such purpose we have developed
a method to detect the signature of the rising flux emitted by a supernova
and to derive a detection date as quickly as possible. Using simulations of the
count rate produced by the source models and the measured background ACS
rates of 275 orbital revolutions of INTEGRAL, we have found that our method
allows to discover a galactic SN as soon as 6 days up to 12 days after explosion,
depending of the distance and model.

The simulated sources have been placed at several distances (from 4 to 16 kpc),
several galactic longitudes and zero latitude. The discovery date increases with
the distance, as the flux of the modelled sources is smaller. This result follows
the distance flux relationship. On the other hand, the galactic longitude of
the source has no influence on the discovery date, which is logical taking into
account the large field of view of the ACS/SPI.

As the discovery date depends on the flux, we have found there is a slightly
different range of discovery dates for the two models. The DDTe model is a
sub-luminous SN Ia model and the W7 a normal luminous one. The lower
luminosity of the DDTe resulted in a detection range of approximately half-
day later than the W7. Using our detection method we have analyzed all the
available ACS/SPI data from the beginning of the INTEGRAL mission to now
and we have not found any signature of a galactic SN Ia, suggesting no event
has been missed.

This method is not able to provide a position of a source but it can provide an
early alert to activate other in orbit or ground-based observatories to quickly
browse the sky in search for it. In any case, the collected data would provide very
important information about the early development of the supernova outburst
no matter if the event is detectable in any other energy range. INTEGRAL
is on its last stages of life and the results obtained here suggest that future
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missions should consider the possibility of using the ACS as an all sky detector
by improving as much as possible its sensitivity. The new space telescope COSI,
which is expected to launch in 2025, will observe the gamma-ray sky in the 200
keV - 5 MeV range (Tomsick and COSI Collaboration, 2022). It will be equipped
of a compact Compton telescope made with germanium detectors and of an
anticoincidence system made with BGO scintillators as for SPI. With its large
field of view (~ 25% of the sky) and its pointing strategy, COSI will monitor the
entire sky within a day. Both the Compton telescope and the anticoincidence
system will be sensitive to the gamma-ray emission of a galactic SN Ia.
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Conclusions

Throughout this thesis we have shown the importance of gamma-ray emission
as a diagnostic tool of the explosion mechanism associated with thermonuclear
supernovae. This has been demonstrated through a 3D gamma-ray transfer
code for modelling SNe Ia based on the Monte-Carlo method technique and
following the approach by Lucy of indivisible energy packets (Lucy, 2005). The
code allows us to synthesise gamma-ray light curves and spectra of SNe Ia by
simulating the behaviour and evolution of gamma photons within the domain
of the supernova under study. Additionally, the capability to consider the 3D
geometry of the event, allows us to analyse how the mentioned observables are
dependent of the observation angle.

The proposed code has been tested to check its functionality with the objective
of reproducing, in later sections, the synthetic observables of supernova models.
It has been demonstrated that the outcome is in good agreement with current
models and observables. Moreover, the code has been also compared with the
1D code from Gomez-Gomar et al. (1998), achieving a successful result. During
this initial testing phase, the impact of using slightly different values of mean
lifetime decay of the ®°Ni chain has been observed. It has been shown that
values from different sources in the literature, mostly for **Co, produce small
changes in the outcome flux and can impact both the comparison of codes and
the conclusions extracted from the simulated observables.

It must be mentioned that the statistical nature of the simulation, due to the
use of Monte Carlo’s method, makes the output results subject to statistical
noise. This issue leads to a trade-off between noise and performance: statistical
noise can be reduced using a bigger pool of gamma-packets, but in turn leads
to hugely demanding computational jobs. This trade-off has been tackled by
parallelizing the code by considering the bosonic nature of the photons.

Moreover, a 3D code is more computationally demanding than a 1D code mainly
due to the need to simulate a bigger size of gamma-packets because the results
are aimed to be explored from different directions. Observing from a single
direction reduces the quantity of analysed test particles and therefore the res-
olution of the synthetic observables. However, the 3D code is of great use to
explore the early stages up to 70 days after the explosion. It provides a plat-
form to study the asymmetries of the models that cannot be represented in
simpler 1D approaches. Nonetheless, the late epoch spectra and light curves of
3D models do not strongly differ from those from 1D models. At this epoch of
the model the number of decays have decreased and therefore observables have
less resolution. Achieving high resolution at these late epoch would require
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increasing the amount of initial gamma-packets but would translate into an
enormous computational time for the early stages of the simulation. Therefore,
we conclude that 1D codes are good enough for models that just aim to study
gamma observables at late epochs.

In Chapter 3 we have applied the code to simulate different scenarios. We
inspected the variabilities of the synthetic observables for different amounts of
%Ni in a simple placement of this isotope in the inner core of a sphere model.
The placement of *Ni in the center of the sphere translates in a low gamma-
ray flux in the early days that increases meanwhile the ejecta becomes more
transparent and the lines of 5Co decay appear in the spectra. These results
agree with other studies and observations.

After simulating simple %°Ni cores, we simulated a scenario with multiple igni-
tion points to test the hypothesis of SNe Ia having an off-center ignition and
possibly at different spots due to turbulence, buoyancy and drag forces during
the burning phase. The outcome showed the appearance of *Ni lines at early
days (~15th day) but dependent of the observer’s line of sight. The light curve
of this model displayed a maximum peak of flux that was not observed in the
center ignition models. The light curve flux was dependent on the line of sight
but its shape was less dependent on it.

The last explosion scenario, we tested the geometry of the model used to explain
the early gamma-ray emission of SN 2014J (Isern et al., 2016). The model has a
0.07 M, plume of *Ni that surrounds the outer layer of the ejecta. It displays
lines of °Ni in the early spectra, in particular we can observe the appearance of
line 0.158 MeV. This line was not observed in the early spectra of the multiple
ignition points model, in which 56Ni was placed close to the outer layers of the
model but not on the surface. Therefore, the observation of this line can tell
us if °°Ni is on the surface of the ejecta. This could help differentiate between
explosion mechanisms. Moreover, the light curve of the model displayed a peak
around day ~9, close to the mean lifetime of the °Ni decay.

Additionally, we used the same geometry to test a plume composition of 4Cr
and a composition of a mix of *Ni and “*Cr. The goal of these configurations
has been to study the signatures that can be observed from the **Cr synthesised
in the explosive burning of the WD’s surface. The spectral lines from *3Cr are
not displayed in the spectra due to its fast mean lifetime. However, we found out
that the decay lines 0.983 MeV and 1.312 MeV from “®V can be differentiated
from the rest of spectral lines of the 5°Ni decay for some line of sights. The
light curves of the models with “*Cr have a faster rising and declining that the
models with just °Ni. Nonetheless, the amounts of **Cr synthesised in real
events is possibly lower than the values used in our models. For future lines of
work we suggest more detailed studies that simulate the composition in a more
realistic way, adjusting the *8Cr to real values.

Finally, Chapter 4 of this thesis has been devoted to an analysis of the capability
of ACS/SPI of detecting a galactic supernova and the tests have been conducted
using two different SN Ia models (W7 and DDTe) and the background ACS data
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from 275 INTEGRAL revolutions. The two models have been chosen for the
completeness of the experiment, providing different luminosity rising times.

Using simulated count rates from the models and the background data from
ACS, distances ranging from 4 to 16 kpc have been evaluated along with several
galactic longitudes. Results have shown that our proposed method is capable
of discovering a galactic SN in the range of 6 to 12 days after the explosion,
depending on the model and the distance to the source. Moreover, we show that
the discovery date increases with the distance, as the flux of the modelled sources
is smaller, following the distance flux relationship. Additionally, the galactic
longitude of the source has been shown to have no influence on the discovery
date. A logical result considering the large field of view of the ACS/SPI. Given
the difference in luminosity between DDTe and W7, the detection of the latter
would be half day faster. Using the proposed method, our study has analyzed
the available ACS/SPI data of the entire INTEGRAL mission and our results
suggest that no SN Ia event has been missed.

The obtained results demonstrate that ACS can also act as a very large field of
view detector providing early alerts for other observatories of the presence of an
SN Ia event at its early stages. A situation that would provide a very valuable
data. Therefore, we suggest that future missions could consider improving the
ACS sensitivity to fully exploit its role as an all-sky detector.
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Appendix A

Appendix

A.1 *Cr Decay

Radioactive decay chain: ¥Cr —4V —48Tj

Half-time:
BCr: 15 = 21.56 hours
48\/1 tl/g = 15.97 days

Mean life-time or e-folding:
48CI'I t1/2 = 1.296 days
BV 10 = 23.045 days

Total decay energy:
BCOr: Egr = 0.432 MeV
BV: Ey = 2.833 MeV

Gamma-ray line and probabilities list

Energy Ji Energy Ji

(MeV) (MeV)

0.112 0.96 0.511 0.9980

0.308 1.00 0.944 0.0787

0.511 0.32 0.983 0.9998
1.312 0.9820
2.240 0.0233

TABLE A.1: Decay energies and its probabilities for 3Cr (left
entries) and “V (right entries). Source: NNDC, Brookhaven
National Laboratory.
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A.2 Orthopositronium energy distribution

The energy spectrum of photons emitted in the Orthopositronium phase (cre-
ation of three photons) as seen in Ore and Powell, 1949 is :

_ 5| Eme—E) (2m€)(me—E)2‘ . me — E
16 =2 G - e ()

n (2meE— E) n (2me)(;n; —E) l”<mem—:E)

(A1)

where m, is the energy of the electron at rest (0.511 MeV).
The energy spectrum f(F) is shown in Figure A.1.
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FIiGURE A.1: Orthopositronium spectrum as seen in Ore and
Powell (1949)

From this expression we use rejection sampling to compute the energy of the
orthopositronium photons to follow the correct energy distribution, see Figure
A2,
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