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Kurzfassung

Aktuell stattfindende Nukleosynthese in der Milchstrafse wurde durch die Messung
hochauflésender Spektren der 1,8 MeV-Emission von interstellarem 26Al mithilfe
eines Gammastrahlenteleskops untersucht. Die Neuproduktion von Atomkernen
findet in Sterngruppen statt und wurde durch galaxieweite Modellierung der zu-
grunde liegenden Prozesse analysiert. Erhohte Mengen von 26Al wurde in Blasen
um diese Sterngruppen entlang der Spiralarme und in der nahegelegenen Umgebung
des Sonnensystems gefunden.

Abstract

Ongoing nucleosynthesis in the Milky Way was investigated by measuring high-
resolution spectra of the 1.8 MeV emission from interstellar 26 Al with a space gamma-
ray telescope. Enrichment with new nuclei is closely related to massive star groups
and was analysed through galaxy-wide modelling of the underlying processes. En-
hanced amounts of Al were found in bubbles along the spiral arms as well as
surrounding the Solar System.
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1 Introduction 2

1 Introduction

Scientific thought has inflicted three deep narcissistic wounds on humanity: a cos-
mological, a biological, and a psychological. This is the diagnosis made by the
psychoanalyst Sigmund Freud (1917). It corresponds to the general impression that
each scientific revolution seems to have driven mankind further out of the bright
centre of the cosmos and banished it into a dark and barren Universe. In order to
try a treatment attempt for this alienation, one can take a structuralist perspec-
tive on reality. In this way one finds, that the scientific revolutions have actually
deeply interwoven humanity with nature. The collective unconscious proposed by
Carl Gustav Jung (1954) connects the individual psyche intimately with all humans
beyond generational limits. The evolutionary process discovered by Charles Darwin
(1859) links humans with the biological diversity of all living creatures on Earth.
And finally, also on cosmic scale the Earth is embedded in a progressing cycle of
emergence and decay: The cosmic cycle of matter.

Stars form in groups from giant gas clouds in galaxies. In their interiors they fuse
light nuclei to heavier elements. The newly formed nucleosynthesis products are
ejected via massive star winds or supernova explosions (SNe) into the surroundings
where they mix with the interstellar medium (ISM). When the next generation of
stars emerges from this material, it has a different elemental composition. This con-
tinuing loop of nucleosynthesis feedback from mainly massive stars drives galactic
nuclear enrichment and thus also the chemical evolution of our Milky Way. In order
to cure or at least alleviate the pain of the cosmological wound, it is essential to
understand these overarching and transforming processes and especially our place
in them.

Nuclear fusion reactions in stars, SNe, and violent merger events are the fundamen-
tal drivers of chemical evolution. They fuel the progression from the primordial
element abundance, which consists only of hydrogen, helium, and small amounts of
lithium and beryllium, into the variety of currently 118 known elements and over
3300 different isotopes, of which about 3000 are radioactive (Firestone et al. 1999;
Audi et al. 2003). When radioactivity was discovered serendipitously by Conrad
Rontgen (1895) and Henri Becquerel (1896), it quickly became clear that this radia-
tion provides a unique window to subatomic processes. Its fundamental importance
for astrophysics dawned when Sir Arthur Eddington (1920) proposed such processes
as energy sources of stars; this was later confirmed as nuclear fusion reactions by
Mark Oliphant et al. (1934a,b). Finally, Fred Hoyle (1946a,b,c, 1954) combined all
these findings to a groundbreaking theory of nucleosynthesis in stars. According to
this, stars continuously enrich galaxies with nuclei heavier than hydrogen, many of
which are radioactive. That would mean we live in a radioactive Galaxy? Indeed,
William A. Mahoney et al. (1982, 1984) reported the first detection of a gamma-ray
line from interstellar radioactivity using the High Energy Astrophysical Observatory
3 (HEAO 3) spectrometer; it was a line emitted during the decay of 2 Al with photon
energies of 1.809 MeV. This nucleus is produced mostly in massive stars, and to a
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Figure 1.1: Full-sky map of the 1.809 MeV emission from 26 Al decay by COMPTEL (Pliischke et al. 2001; Pliischke
2001).

lesser extent in asymptotic giant branch (AGB) stars and novae (Diehl et al. 2018a,
431-454). Tt decays with a half-life time of ~ 0.7 Myr to **Mg*, which transitions
to its ground state by emission of a gamma-ray photon at 1.809 MeV. The Galactic
26 A1 full-sky emission was mapped later by the Compton Telescope (COMPTEL)
aboard the Compton Gamma Ray Observatory (CGRO), which uncovered its unique
astrophysical potential (Oberlack et al. 1996; Pliischke et al. 2001, see Fig. 1.1). On
the one hand, the lifetime of 26 Al is long enough to escape from the star where it is
produced in both stellar winds and SNe, filling the previously blown large cavities
surrounded by shells of neutral hydrogen gas of a few hundred pc. On the other
hand, the lifetime is short enough to not be completely homogenised in the Galaxy
before it decays (Kretschmer et al. 2013; Krause et al. 2015; Fujimoto et al. 2018;
Rodgers-Lee et al. 2019). This makes it an ideal tracer of the dynamics of ongoing
nucleosynthesis in the Galaxy. Thus, in combination with the measurement of other
radioisotopes, gamma-ray astrophysics has the exceptional opportunity to observe
a direct signal from the nexus between nuclear processes and large-scale dynamics
in the ISM. For example, with lifetimes from days to years, °Ni (Diehl et al. 2014,
2015), 5°Co (Tueller et al. 1990), or *Ti (Iyudin et al. 1998; Grefenstette et al. 2017)
carry the signature of explosive nucleosynthesis from the innermost core of a SN.
With lifetimes up to a few Myr 2°Al, °Fe, or ?**Pu track the dynamics of these
nucleosynthesis products on the galactic scale and how they are mixed into the ISM
to enrich the Galaxy with the variety of elements that is present today e.g. in the
Solar System (Diehl et al. 2006; Wallner et al. 2015, 2016; Wang et al. 2020).

This thesis is ultimately based on four fundamental questions of nuclear astrophysics:
Why is a plethora of elements available everywhere in the Milky Way? Where do
these elements originate? How do they distribute throughout the Galaxy? And
what is the particular chemical history of the Solar System?

In order to address these questions, the nuclear feedback from massive star groups
and their nucleosynthesis is discussed in the framework of the Galactic 2°Al emission.
In the attempt to acquire knowledge about such processes on astronomical scales,
one necessarily faces a fundamental epistemic challenge inherent to astrophysics in
general. One can not change the experimental setup or start the experiment again.
There is one Universe, one Milky Way, and one Solar System with all their chemical
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and morphological peculiarities; and it is about 13.8 billion years too late to directly
observe how all of it came into being (Planck-Collaboration et al. 2014). Thus,
astrophysics has to rely heavily on numerical simulations and model calculations in
order to test the physical understanding of the cosmic and galactic history. Such
tests can only be performed in comparison with empirical data. This is particularly
challenging if the observationally accessible targets are rare because a single instan-
tiation of a generic simulation is usually not expected to exactly match the specific
properties of a unique observed object.

This fundamental epistemic challenge is discussed with respect to measurements
and models of the Galactic 2Al emission in order to understand the properties of
star groups and their nucleosynthesis. On the one hand gamma-ray measurements
of 26Al with the spectrometer aboard the International Gamma Ray Astrophysics
Laboratory (INTEGRAL) satellite, the Spectrometer on INTEGRAL (SPI), are ex-
ploited. On the other hand a newly developed galactic population synthesis code
(PSYCO) is used to make predictions about the emission morphology and spatial
distribution of 26Al in the Milky Way for different model assumptions. This is the
first approach to forward model the Galactic 26 Al distribution using a broad variety
of simulations based on individual star groups. The theoretical and observational
fields are brought together with a newly devised approach for morphological com-
parison in order to investigate the nucleosynthesis history of the Milky Way and
the Solar System. In particular, global estimates of the star formation rate (SFR),
supernova rate (SNR), and the total mass of 2Al and ““Fe are modelled and tested.
The morphological study of gamma-ray measurements will provide insight into local
nucleosynthesis contributions as well as the Galactic chemical enrichment dynamics
in superbubbles, spiral arms, and Galactic outflows.

Overall, this work thus aims to answer the condensed research question: How does
nucleosynthesis feedback from massive star groups affect the chemical evolution of
the Milky Way and the Solar System?

This thesis is structured as follows: In Ch. 2 the physics of nucleosynthesis and
chemical evolution is outlined on three major scales; from the evolution of individ-
ual stars to the cumulative effects of stellar groups up to the large-scale chemical
evolution of the entire Galaxy. Ch. 3 presents an overview over measurements of
cosmic gamma-rays with the INTEGRAL satellite and SPI. A detailed description
is given of how self-consistent modelling of the instrumental background and esti-
mation of emission models are used to measure diffuse and point-like sources with
SPI with an emphasis on 2°Al line emission. The presentation of the observational
approach is followed by a discussion of theoretical predictions and nucleosynthesis
calculations for single stars as well as stellar groups in Ch. 4. Here, the newly de-
veloped PSYCO modelling routine is presented and described. This tool extends
population synthesis calculations of star groups to the galactic scale in order to
model the distribution and yields of nucleosynthesis ejecta in the entire Milky Way.
In Ch. 5 a comparison of the theoretical modelling approach and the gamma-ray
measurements is performed for all three stellar feedback scales: for the nearby Wolf-
Rayet star v2-Vel as individual source, the Perseus OB1 association as stellar group,
and the full-sky emission from the entire Milky Way. This is essential for the aim
to draw a coherent picture of nucleosynthesis feedback from massive star groups.
Finally, Ch. 6 summarises the results and open questions towards understanding
our place in the radioactive Galaxy.
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2 Nucleosynthesis and Massive Stars in
Our Galaxy

“Was du ererbt von deinen Vitern hast
Erwirb es um es zu besitzen.”
— Johann Wolfgang v. Goethe (1808)

2.1 Nucleosynthesis Feedback and the Cycle of Matter

Physical feedback is the mechanism by which a process loop alters itself. While the
main system stays the same procedurally with every iteration, feedback describes
an inherent sub-loop of self-driven change in process parameters. In other words,
feedback is the mechanism underlying any kind of evolution.

Such a kind of evolution must have taken place on cosmic scale. Big Bang Nucle-
osynthesis produced a primordial element abundance of basically only hydrogen and
helium. The amount of metals, i.e. nuclei heavier than He relative to H was less
than 1079 (Steigman 2007; Cyburt et al. 2016). Today, about 13.8 Gyr later, how-
ever, the material in the Solar System and its vicinity consists of 73.8% H and 1.4%
metals (Asplund et al. 2009). This means that the primordial element abundance
of the Universe must have been processed into a more metal-rich material in our
Galaxy (cf. Fig. 2.1). The main agents of the Galactic evolution are stars, especially
massive stars with initial masses of M, > 8 M. From their formation, over different
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Figure 2.1: Elemental abundances in the Universe after primordial nucleosynthesis (data from Coc 2016, blue) and
in the Solar System today (data from Palme et al. 2014, green).
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stages of stellar evolution, up to their partly violent terminal phases, they shape the
gas in their host galaxy dynamically, thermally, and chemically. The main process
comprising all these effects can be described as cosmic Cycle of Matter (see Fig. 2.2).

Star Formation

Single Star

v Star Group

Nucleosynthesis

Figure 2.2: Schematic representation of the cosmic Cycle of Matter with metallicity symbolically increasing from
blue to green. The cycle progresses basically in three fundamental steps over three major scales. (1)
Single stars emerge from the ISM on galactic scale. (2) In the interior of these stars nucleosynthesis
occurs and produces more heavy nuclei. (3) The more metal-rich material is ejected from individual
stars in stellar winds and SNe and mixes back into the ISM in superbubble structures around massive
star groups. This closes the cycle by an overall enrichment of the galactic ISM with heavier elements.

Star Formation Turbulence and gravitational instabilities mostly inside the spiral
arms lead to large-scale fragmentation of the diffuse ISM into giant molecular clouds
(GMCs). The latter have masses of ~ 10° M, and diameters of a few hundred
pc (Shu et al. 1987; McKee & Ostriker 2007). Internal turbulence leads to sub-
fragmentation of clouds into denser regions which become self-gravitating bound
cores. When the latter exceed a critical mass, they collapse under further accretion.
This leads to a net star formation efficiency of esp ~ 1/3 in an individual core. The
outward angular momentum transport of the collapsing core leads to the formation
of a rotating disk. Stars form in the mass range between 10~! and 10* Mg, with
massive stars forming predominantly form highly turbulent cores. This process will
be described in detail in Sec. 2.2.

The massive and luminous stars ionise the surrounding gas in bubble-like structures.
These cavities expand with ve,, ~ 10kms™! which is accompanied by injection
of energy and turbulence to the surrounding ISM. This cumulative process from
multiple stars disperses the host GMC due to photoevaporation and the GMC gas
returns into the diffuse phase of the ISM. In the course of this cycle only ~ 5% of the
total mass of the original GMC has been transformed into stars (McKee & Ostriker
2007). The other part of the material remains unprocessed.
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Nucleosynthesis The gas confined inside the stars is exposed to high temperature
and gravitative pressure. As a consequence, it undergoes fusion reactions to heavier
nuclei. This nucleosynthesis processes release radiative energy corresponding to the
difference in binding energy between the nuclei before and after the fusion. The ther-
mal and radiative energy counteracts the inwardly directed gravitational collapse of
the material and the star reaches a stable equilibrium state. Besides stars, nucle-
osynthesis reactions occur also in other astrophysical sites of high temperature and
density, novae, thermonuclear or core collapse supernovae (ccSNe), merger events,
or due to cosmic ray interactions.

Newly produced material up to the Fe-group resides in the stellar interior until the
star reaches the terminal phases of its evolution. If the star finally undergoes a
SN or stellar merger, the energy release during the collapse leads to production of
nuclei with mass numbers beyond the Fe-group elements in explosive nucleosynthe-
sis. Fundamental nucleosynthesis processes will be outlined in Sec. 2.2.3. Despite
their importance for the understanding of the cosmogenic history, currently none of
these sites can be considered as sufficiently understood in order to draw a complete
picture of nucleosynthesis (Diehl 2018).

Feedback If the freshly produced nuclei would stay where they were created, nu-
cleosynthesis would be a discontinuous process restricting chemical enrichment to
distinct astrophysical sites. This happens mostly in low-mass stars which end their
evolution as cooling white dwarfs. But some nucleosynthesis products are ejected
from their production sites. Stellar winds carry dredged up material from the stellar
surface into the surroundings. When the star terminates in a SN and is entirely dis-
rupted, the full variety of newly produced elements is ejected with high velocities.
The surrounding gas and previously ejected material is swept up cumulatively in
shells around groups of massive stars, which reside in huge superbubble structures
filled with hot and thin gas heated by expelled gas and strong ultraviolet (UV) ra-
diation. As these shells cool, processed stellar material is mixed in turbulent flows
with unprocessed cold gas of the host GMC. Thus, the surrounding gas is enriched
with heavier elements and dispersed or compressed by the injected kinetic energy.
As this process occurs in many places in a galaxy, the entire diffuse ISM is thereby
chemically enriched and infused with turbulent flows. These turbulences again lead
to fragmentation and self-gravitational instabilities in the ISM. This means that the
next generation of stars forms and one iteration of the galactic Cycle of Matter is
completed. The loop of stellar material starts anew with a different initial elemental
composition.
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Nucleosynthesis feedback is the mechanism underlying galactic chemical evo-
lution. The overarching process in which nucleosynthesis feedback occurs is
the cosmic Cycle of Matter.

e How do individual stars form? —— Sec. 2.2.1

e Why does nucleosynthesis occur in stars? —— Sec. 2.2.3

e What are the different aspects of stellar feedback? — Sec. 2.2.5

e What is the effect of nucleosynthesis feedback in star groups? —— Sec. 2.3

e How does single star feedback affect the entire Galaxy? —— Sec. 2.4

2.2 Single Stars

First and foremost in human history, stars are among the key objects that excited
and fostered natural philosophy and later scientific thought. A major insight for
mankind has been that stars do evolve, rather than being eternal objects in an
unchanging cosmos. This evolution shows processes much larger and longer than
what is related to biology on Earth. One of the longest direct research enterprises
of one object follows SN 1054 since its first mentioning in 1054 in Chinese scripture.
This event marked the gravitational collapse of a 8-10 M star and the research
that tried to understand its origin and aftermath (Smith 2013). Historically, such
events set the previously static cosmos in a motion of emergence and decay. Thus,
until today, we study stars as primary tracers of the content and evolution of the
Universe.

2.2.1 Formation

Molecular Clouds Star formation is a gravitationally driven and hierarchically struc-
tured process that transforms gas from the ISM into stars. One individual star
formation event is defined here as process in which mostly HI, i.e. atomic hy-
drogen gas, in a spatial range of ~ 1pc is transformed into a star in ~ 1Myr
(Kroupa et al. 2013). The original molecular gas has a mass density of the or-
der of 1072 gcem™3. This collapses into stars with densities of the order 1gem™3
(Bonnell & Larson 2007). What is usually defined as molecular clouds is where the
extinction is high enough to form molecules. This is typically the case for hydro-
gen column densities of Ny 2> 2 x 10*! cm™2 (Bohlin et al. 1978; Lombardi et al.
2014). Embedded in this gas, there are GMCs with a higher mean column density of
Ng = (1.5£0.3) x 1022 R02*0! cm~? weakly dependent on the galactocentric radius
Ry in units of pc (McKee & Ostriker 2007). They can form due to large-scale grav-
itational instabilities (e.g. McKee & Holliman 1999) or large-scale colliding galactic
flow motions (e.g. Heitsch et al. 2005). In either case, cold HI clouds merge due to
Jeans instabilities caused by differential gravity in the galactic plane (Jeans 1902)
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or, to a lesser extent, due to large-scale Parker instabilities along galactic magnetic
field lines (Parker 1966) that quench the gas until the gravitational mass of a GMC
is reached (Elmegreen 1979). The Jeans mass of a cloud is the mass of an object
that is necessary to be gravitationally bound against its thermal outward pressure.
Thus, in the simplified case of a uniform sphere of gas, the equilibrium condition for
gravitation and thermal energy is, according to the virial theorem, 2Ey;, = —Epq.
This can be expressed as (Unsold & Bascheck 2002, 379-380)

ko 3GM?

(2.1)

my "5 R’
with Boltzmann’s constant kg, gas temperature 7T, molecular weight of the gas
particles u, atomic mass constant m,, gravitational constant G, and the mass M =
(470/3)pR? of the gas with density p inside the radius R. This implies a characteristic
length scale, the Jeans radius, for the gravitational fragmentation of a molecular

cloud (Jeans 1902)
15kgT
Riycans = | ———. 2.2
J \/ AnGppmy, (22)

This is the critical radius at which thermal energy and gravity of a cloud are equi-
librated. The critical mass inside this radius is then
3
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(Vs
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MJeans = (?p) (5 Glumu) ~ 3.82 x 10 1%
with temperature in units of K and density in units of kgm=3. For cold molecular
gas clouds with densities in the range between 1072! and 10~¥kgm™3 and tem-
peratures from about 10 to 100 K the Jeans mass is of the order of 10? to 10° M.
Impinging ionizing cosmic rays provide a continuous heating source, even in dense
cloud cores, which prevents molecular gas from cooling significantly below ~ 10 K.
The critical mass estimation serves as theoretical lower mass limit for a cloud to
collapse under its own gravity.
While numerically most clouds have low masses, 80% of the molecular gas is con-
tained in clouds more massive than 10° M, (Stark & Lee 2006). The overall distri-
bution of molecular gas in the Milky Way can be traced by CO emission lines and
is depicted in Fig. 2.3.
Masses of star-forming bound clouds are typically a few times the Jeans mass (Kim
et al. 2002). Larson (1981) assigned as main physical feature of such GMCs that
they are supersonically turbulent, which is the source of star formation. Neverthe-
less, most of the gas in a GMC is unbound and is not converted into stars because
feedback from the first-born stars is counteracting the global collapse as well (Clark
et al. 2005). This mechanism will be explained in more detail in Sec. 2.2.5.
In general, star formation is a cloud internal process and inherent gravitational
Jeans instabilities are mostly induced in spiral arms and centres of galaxies. These
are the regions where consequently most star formation occurs (Elmegreen 1994;
Kim & Ostriker 2002). Stars that are formed within clouds constitute the main
source of feedback via UV radiation. As the cloud gains energy from this internal
stellar feedback, it loses mass. The dominant destruction mechanism of clouds is
therefore photoevaporation by HII regions, i.e. sites of ionised hydrogen gas (Mc-
Kee & Ostriker 2007). This can especially disrupt smaller clouds and leads overall
to a theoretically estimated lifetime of about 20 — 30 Myr for clouds with masses

N[
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Figure 2.3: All-sky map of CO J =1 — 0 (857 GHz) dust emission measured by the Planck satellite.

~ 105 M, (Matzner 2002; Krumholz et al. 2006).

The large GMCs are not homogeneous but hierarchically sub-structured in clumps
with densities of ny /&~ (3—12) x 10® cm ™ (Liszt 1993; Sanders et al. 1993). That are
those parts of the cloud which become Jeans unstable. Because of these structures
stars do not form individually but in groups of stars (Lada & Lada 2003). These
will be discussed in detail in Sec. 2.3. Clumps are again sub-structured in cores
which will finally form stars (Ward-Thompson et al. 2007). Overall, this means that
a collapsing cloud follows a hierarchical process sketched in Fig. 2.4, with clumps
forming star groups and cores being the birthplaces of individual or, in the case of
fragmentation, binary stars (McKee & Ostriker 2007; Shu et al. 1987; Kennicutt &
Evans 2012).

m Cluster

%

Star - e @@ Do .

Figure 2.4: Left: Hierarchical structure of molecular clouds. They are sub-structured into clumps, which form star
groups, and these into cores, which form stars. Right: Schematic diagram of the cluster forming potential
of a clump. Gas flows globally inwards and fragments into the overlaid funnels of star forming cores.
The inflow of gas in the potential well leads to higher accretion on star forming cores in the centre than
in the outer regions. This leads to a stellar masses formed in the cluster as depicted schematically on
the lower right (adopted from Bonnell & Larson 2007).
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When a core significantly heats up due to gravitational collapse, it is referred to as
protostar. This is defined as a hydrostatic object with M > 0.012 M not yet un-
dergoing nuclear burning processes. The time in which the protostar gravitationally
contracts until nuclear burning starts is determined by the Kelvin-Helmholtz time
scale 7kg = GM?2/RL. This is the time in which the kinetic energy in the total gas
mass of the star M, is radiated away with a given luminosity L and stellar radius
R. With L oc M3 this gives the relation gy o M ?® (Kippenhahn et al. 2012,
328). This implies that lower-mass protostars contract slower than higher-mass
stars, i.e. lower-mass stars form slower than stars with higher masses. Herbig (1962)
proposed bimodal star formation with different mechanisms to be responsible for
the formation of high- and low-mass stars. The latter are usually defined as having
masses M, < 0.8 M, whereas high-mass stars have masses M, > 8 M. This defines
intermediate-mass stars in the mass range 0.8 My < M, < 8 M. Classifications of
stars according to their masses are summarised in Tab. 2.1.

Table 2.1: Classification of stars by their mass. Nucleosynthesis characteristics are conserved from low to high masses
and only stepwise additional or changing characteristics are mentioned. For H-burning the dominant
process is indicated in superscript for either pp-chain or CNO-cycle.

Class Sub-class Mass [Mg] Nucleosynthesis characteristics
Low-mass

(Sub-dwarf) 4 x 1073-0.012(®)  collapse faster than cooling

Brown dwarf  0.012-0.075®) deuterium burning

Red dwarf 0.075-0.2(¢) core HPP-burning
Intermediate-mass

M-type 0.2-0.8(4) shell HPP-burning

K-type 0.8-1.1( core He-burning

G-type 1.1-1.5() core He-burning

F-type 1.5-3(@ core HENO_burning

A-type 3-6( He-shell burning

Late B-type  6-8(@ hot bottom burning
High-mass

Early B-type 8-16(¢) C-, Ne-, O-, and Si-burning

Late O-type  16-32(¢) C-, Ne-, O-, and Si-burning

Early O-type 32-64(¢) C-, Ne-, O-, and Si-burning

O/WR-type > 64(¢) C-, Ne-, O-, and Si-burning

Adopted from (9) Low & Lynden-Bell (1976), () Luhman (2012), () McKee & Ostriker (2007), (¥} Unssld &
Bascheck (2002, 291), and (¢) Zinnecker & Yorke (2007).

If the core mass lies significantly above the thermal Jeans mass, a protostar that
forms with an accretion disk and an infalling gas envelope. If the continuous accre-
tion from the parental cloud is not halted by proto-stellar feedback, a massive star
forms.

IMF  The mass distribution of the star formation process was empirically described
as the stellar initial mass function (IMF) by Salpeter (1955) as a single slope power-

law

sttar - —a

with an exponent o = 2.35 for stellar mass M, in units of My and a normalisation
constant k. It gives the number of stars d Ny, in the mass interval between M and
M + dM. As stars are the fundamental agents of most astrophysical processes this
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is one of the most important astrophysical distribution functions. The observational
basis for the IMF is provided by measuring the stellar census of many dense clusters,
such as e.g. R136 in the 30 Dor region of the LMC, NGC 346 in the SMC, h and
x Persei, NGC 604 in M33, NGC 1960, NGC 2194, or NGC 6611; an overview of
recent observational cases probing the IMF can be found e.g. in Elmegreen (2009),
Weidner et al. (2010), Kirk & Myers (2011), or Dib (2014). The IMF itself is not a
directly measurable quantity because no individual stellar population can be followed
for its entire dynamical history. A proof of this IMF unmeasurability theorem can
be found in Kroupa et al. (2013, 129). The main challenge arises from the fact that
only the present-day distribution is observable but many stars with lifetimes shorter
than the age of the Galaxy have disappeared from the initial distribution (Scalo
1986). Thus, in order to infer the IMF from the present-day distribution the main
assumption is temporal invariance (Elmegreen & Scalo 2006). Another challenge
is that most massive stars form in binary systems with lower mass companions. If
these companion stars are not resolved this means an observational bias that changes
the IMF significantly (Kroupa 2001; Maiz-Apellaniz 2008). Particularly at the low
mass end of the IMF objects are very faint and therefore rather difficult to measure
(Covey et al. 2005). This causes major observational biases in the low-mass realm
of the distribution. However, the shapes of the IMF inferred from observations
of field stars, star forming regions, and open clusters agree. This indicates that
the systematic errors down to masses ~ 0.02 My are reasonably taken into account
and corrected because observations of different stages in age of stellar groups yield
consistent IMF slopes (Luhman & Potter 2006). As a rule of thumb to illustrate the
IMF, there should be over 10° solar-type stars for every 100 My, star. Although the
IMF is a necessary tool in modelling and understanding star formation processes it
remains a problematic field that requires further research (Krumholz 2014).

The relation in Eq. 2.4 was later refined by Miller & Scalo (1979) with a flatter o = 1
distribution below 1 Mg. In the Solar Neighbourhood this flattening for low-mass
objects was found to occur only at even lower masses < 0.5 M, (Chabrier 2001; Reid
et al. 2002; Covey et al. 2008; Bochanski et al. 2010). Kroupa (2001) adjusted the
slope of the IMF to the standard IMF as multiple-broken power-law

a=0.3 for M, <0.08
Ekroupa( M) = kM7 with S a =13 for 0.08 < M, <0.5, (2.5)
a=23 for M, > 0.5

with a normalisation constant k; in each of the three mass regimes depending on the
local star formation rate and ensuring continuity. The IMF estimated by Chabrier
(2003) follows a very similar shape below 1 Mg in a smoother log-normal formula-
tion ,

T XD (_[logw*)flog(u)] ) if M, <1

202

@20
ijhabrier]\4;2'3 if M* > 1

fChabrier (M* ) == {

with normalisation constant kcpaprier = 1/1log(10) exp [—(log(1)?/20?)]. The log-
normal parameters are amplitude a = 0.158, mean p = 0.079, and width ¢ = 0.69.
These values have been revised by Chabrier (2005) to a = 0.086, x = 0.2, and
o = 0.55. The different IMFs are shown graphically in Fig. 2.5 for a star formation
event with a total mass of 10 M.

If the IMF is assumed to be continuous without confinement to higher masses,
statistical random sampling would predict stars to be observable up to a mass of
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Figure 2.5: Different shapes of the stellar IMF in the mass range between 0.012 and 150 M for a stellar cluster
with a total mass of 106 M. The different shapes are estimated by Salpeter (1955), Kroupa (2001),
Chabrier (2003), and Chabrier (2005). Star formation mechanisms are ascribed to different mass regimes
following Bonnell & Larson (2007).

4 x 10° Mg (Elmegreen 2000). However, there is an empirical upper mass limit of
~ 150 M, (Weidner & Kroupa 2004; Oey & Clarke 2005; Figer 2005). It is discussed
whether this is a physical limit or due to observational biases; or if it is due to sta-
tistical reasons of too few stars sampled at very high masses to be observed (e.g.
Elmegreen 1997; Massey 2003).

There is discussion whether in the early Universe there might have been no cutoff
allowing for supermassive stars (Bond et al. 1984; Bromm et al. 2001) or a general
time-dependence of the IMF (Bastian et al. 2010; Dib 2014). In particular, there
are indications that the IMF in the early Universe was skewed compared to today,
producing less low-mass stars and more massive stars (Jerabkova et al. 2018). For
low-mass stars a theoretical limit has been proposed but so far without observational
confirmation (McKee & Ostriker 2007). The lowest physical limit for star formation
is set by the condition that the contraction time has to be shorter than the cooling
time. This limit is set by the Eddington limit or slightly lower by the minimum
Jeans mass to 3-10 Jupiter masses (Low & Lynden-Bell 1976; Rees 1976; Boyd &
Whitworth 2005).

The detailed processes occurring early in star formation were reviewed e.g. by (Bon-
nell & Larson 2007), finding that the effects of feedback and magnetic fields on the
origin of the IMF are still largely unclear. Nevertheless, the shape of the IMF can be
interpreted to reflect three regimes governed by different main processes: fragmen-
tation of dense filaments and disks, early ejection from these dense environments,
or continued accretion in the cluster environment for high-mass stars. Accretion
generally denotes the rate of mass inflow onto an object. Note that it is neither the
rate of mass gain of an object nor mass gain itself.

Low-mass stars originate from gravitational fragmentation due to turbulence and
the filamentary structure inherent to molecular clouds (Bate et al. 2002). The re-
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sulting self-gravity is very sensitive to ionisation and thermal processes, which are
in turn influenced by the metallicity and density of the gas, as well as its dust grain
properties. Stars initially have the composition of the ISM they formed out of. In
contrast, planets forming from the circumstellar disc have a higher metallicity than
the ambient ISM. Very low mass protostars and very young low mass stars are actu-
ally expected to gain from accretion and become more massive because of their mass
beyond the Jeans mass. However, a large number of brown dwarfs (cf. Tab. 2.1)
is observed. In order to explain their abundance, they must have been ejected or
accelerated away from the environment where they have been born due to stellar
feedback. This process halts accretion and allows for stars remaining at very low
masses (Padoan & Nordlund 2004). Stars at the high mass side of the IMF build
up their high mass due to continued accretion of gas from the dense cluster envi-
ronment. The generally accepted explanation for this process is that the cluster
potential (cf. right side of Fig. 2.4) facilitates higher accretion rates for the stars
in the cluster centre. This is in agreement with the observed mass segregation in
young stellar clusters (Bonnell & Larson 2007). The stellar feedback in the star for-
mation process does affect both, the star itself and also its environment. It includes
jets, outflows, winds, ionisation and radiation pressure. All these processes affect
the shape of the IMF in a complex way which is difficult to model (Li & Nakamura
2005) and which will be discussed in more detail in Sec. 2.2.5.

High-Mass Star Formation The formation of massive stars happens in a time longer
than txy (Kahn 1974; Unsold & Bascheck 2002), which means that nuclear fusion
reactions occur already during the accretion phase. In addition, the radiative stellar
feedback affects already the formation phase of the star itself. As can be seen
from the schematic structure of the cluster potential in Fig. 2.4, high-mass stars
occur preferentially in the dense central part of a cluster, which affects the gas
evolution and protostars in their surroundings. High-mass star formation takes
place in cold gas clumps with temperatures between 10 and 30 K which have a
low level of turbulence with smooth velocity dispersion and gradients in the range
between 5 and 10kms™ pc™! (Bihr et al. 2015). The characteristic density of the
material is of the order of 1072 Mg, (Larson 1969; Bate 2000). During the infall of
the material the size scale decreases from ~ 0.1 pc by about 6 orders of magnitude.
This process carries significant momentum to the star and forms a rotating disk
around it (Zinnecker & Yorke 2007). Due to radiative feedback, the birth cloud
is usually disrupted. Because of the quick infall of gas and the early onset of H
burning, the ionising radiation decreases accretion but does usually not reduce it
to zero (Krumholz et al. 2005). Simulations suggest that radiative feedback can
set an upper limit to accretion. This sets the maximum stellar mass achievable
via accretion to about 40 Mg (Yorke & Sonnhalter 2002; Edgar & Clarke 2004).
Nevertheless, observational evidence suggests that stars exist up to a mass of the
order of 150 My (Massey & Hunter 1998; Weidner & Kroupa 2004; Figer 2005).
The circumvention of the proposed limit is likely due to a combination of Rayleigh-
Taylor instabilities in the inflowing gas or stellar collisions and merger (Bonnell &
Bate 2005; Krumbholz et al. 2005; Bonnell & Larson 2007). A theoretical upper mass
limit for stars is determined by the condition that if the star has a very high mass,
it can generate energy at such a high rate, that the inside-out radiative pressure
dominates and overcomes the counteracting gravitational pressure Py.,. In that
case the star disperses. The radiative pressure inside a star can be determined as
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(Kippenhahn et al. 2012)

dPraa(r)  kp(r)L(r)
dr  4nr2c (27)

with opacity &, luminosity L(r), and the gas density p(r). Hydrostatic equilibrium,
which will be discussed in more detail in Eq. 2.11 in the following Sec. 2.2.2, is

broken if
dPyrav(r)  dPraa(r) GM (r) KL(r)
dr + dr pr) r2 (1 N 47rc2GM(7’)) (2.8)
— (r) G]‘f?(?") (1-Ty) < 0.

This means that the outwardly acting radiative pressure exceeds the counteracting
gravitational pressure. Consequently, the star disperses. The following Sec. 2.2.2 will
underpin the understanding of this process with a detailed outline of the underlying
stellar structure. The condition in Eq. 2.8 is fulfilled if I'y > 1. For stellar mass M,,
this implies the critical Eddington luminosity

B dreGM,
n K

Ly (2.9)
at which Eq. 2.8 is right equal to zero. In hot and massive stars, electron scattering
dominates the opacity. In this case the Eddington luminosity can be approximated

as
L M,
—“E —3.824 % 10 2.10
x 10° (2.10)

Le ®
given a hydrogen fraction of 0.7. This means that massive main-sequence stars with
M, 2z 200 M, are not stable and disperse due their high radiative pressure. Thus,
it can be taken as approximation of the upper mass limit of stars. This constitutes
an important boundary condition for the normalisation of the IMF.

2.2.2 Stellar Structure

Basics and Fundamental Equations Stars are spheres of gas with mass M, and radius
R, in hydrostatic equilibrium. At each volume element at radius r from the cen-
tre, gravity acts inwards corresponding to the mass M (r) inside radius r. This is
equilibrated by the outwards acting gas pressure P = Py, + P,aq, which is the sum
of thermal and radiative pressure. The gravitational pressure can be formalised as
(e.g. Heger et al. 2000; Hurley et al. 2000; Unsold & Bascheck 2002, 280-289)

dP(r) GM(r)
SN il VA 2.11
0 = o5 (2.11)
where mass conservation y
dy) = dnr?p(r) (2.12)

holds. In a first order approximation the gas inside a regular star can be assumed
to be an ideal gas dominated by thermal pressure only. Therefore, its equation of

state is T
Py = p——. (2.13)

KMy




2 Nucleosynthesis and Massive Stars in Our Galaxy 16

Stars release energy in their interior due to nuclear reactions and gravitational col-
lapse. In order to stay in equilibrium, internally at radius  with rate €(r) generated
energy has to escape from the star. Therefore, it has to be transported from the
central regions to the surface, which implies an outwards flow of energy

dL(r)
dr

through a differential shell between r and r + dr. The energy transport inside the
star happens radiatively as well as convectively. The internal stellar temperature
distribution is determined by (2.13). With the equation for radiative transport and
spherical integration over the internal radiation field, the radiative component of
energy transport

= dmr®p(r)e(r) (2.14)

dT(r) 3kp L(r)

dr  4acT3 47r?

can be obtained. It is dependent on metallicity, which in turn affects opacity k as

well as density p. In addition to radiative transport, there occur large convective

flows of hot plasma inside a star, which transport energy outwards by large scale

motions of material between regions. This causes a much more complex temperature

gradient in convection zones. A convection zone is a region where the convective

energy transport outweighs the radiative energy transport. The relation between

temperature and pressure of an ideal gas is given by T' Pl_%, with the adiabatic
constant . This determines the temperature gradient

dT'(r) 1\ T dP(r)
o = (1 - 5) P (2.16)

(2.15)

This is based on simplified assumptions, invoking only the radial dimension, and can
only serve as a rough description of otherwise highly complex convection zones. The
mechanism of convection mixes fresh material into different stellar burning regions
and thereby influences nucleosynthesis, as will be described in more detail later in
Sec. 2.2.4. There are other external factors that influence the stellar structure signif-
icantly, such as rotation (Maeder & Meynet 2000) or binary interactions. Overall,
if we combine Eq. 2.11 for hydrostatic equilibrium with the relation of mass and
central temperature T, o« uM/R, we obtain the fundamental relation (Lugaro &
Chieffi 2018)

L, oc p*M? (2.17)

between luminosity L. and stellar mass M, along the main sequence. Since tempera-
ture and pressure determine nuclear fusion processes going on in the star, their radial
gradient leads to a shell like structure of burning processes as depicted schemati-
cally in Fig. 2.6. This is also supported by the gravitational sedimentation of heavier
elements at smaller stellar radii.

Mixing In the above mentioned picture stellar structure appears to be rather static.
If that were the case, freshly synthesised nuclei would reside in the centres of stars
and there would be no trace of nucleosynthesis other than from after the disruption
of massive stars in SNe. But already during their earlier evolution enrichment in
heavy elements and isotopes is observed on stellar surfaces. This is because other
than the simplified picture of the aforementioned hierarchical shell structure and
equilibria suggest, the matter inside a star is not stationary. Instead, mixing of
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Figure 2.6: Scheme of the burning shell structure of a 25 M star. Concentric shells arrange so that heavier nuclides
are processed closer to the stellar centre. This is a simplified picture where shells are not to scale and
mixing between shells has been neglected.

different layers on large scales can occur. In order to have large scale motions inside
a star the Schwarzschild criterion must be overcome, i.e. the radiative temperature
gradient exceeds the adiabatic gradient. In this case, stochastic motion of matter
is amplified, and leads to growing large scale motions (Lugaro & Chieffi 2018, 107).
Thus, in order for large scale convection to occur, a steep temperature gradient
must be present. This is the case either close to nuclear burning sites where energy
is produced and highly concentrated in small areas, or in regions with high opacity;,
i.e. environments with a short mean free path for photons. In either case, convection
becomes an effective way of energy transport because convective turbulences have a
large mean free path compared to that of photons. Along with the mixing of mate-
rial with different thermal states occurs mixing of material with different chemical
compositions. This mechanism transports nucleosynthesis products away from their
production sites.

Internal effects due to stellar rotation also influence the mixing processes. On the
one hand, additional advection and turbulent diffusion occurs to transport angular
momentum (e.g. Endal & Sofia 1978; Heger et al. 2000). On the other hand, these
motions are oriented preferably horizontally, i.e. inside a shell at a certain radius. If
this effect becomes very large, it inhibits radial advection. While angular momen-
tum is still transported outwards, the radial transport of chemical enriched material
is largely reduced to diffusion (Chaboyer & Zahn 1992). Thus, the characteris-
tic mixing time for chemical elements inside a rotating star is (Maeder & Meynet
2000)

R2
Dmix ’
with the coefficient D ,;, being the sum of the turbulent and non-turbulent diffusion
coefficients. Since rotation can reduce D, chemical mixing can also be slower in
rotating stars. This explains the reduced effects on surface metallicity observed in
some rotating intermediate-mass stars (e.g. Pinsonneault et al. 1991; Chaboyer et al.
1995; Heger et al. 2000).

In the massive star regime, anomalies related to rotation can occur. These anomalies
override the before mentioned mechanism of attenuating chemical diffusion and in-
stead foster extensive deep mixing. This process is particularly difficult to constrain
observationally because in massive stars the surface abundances are also strongly

(2.18)

2(:mix ~
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affected by mass loss from the outer layers. Since energy generation in massive stars
happens largely in convective cores, convection is able to penetrate the entire star.
This can disperse the shell structure completely and lead to fully mixed evolution
in ~ 15% of the most massive stars. In general, mixing is comparable or reduced in
lower-mass stars compared to high-mass stars (Maeder 1987). With a special focus
on massive stars, this can be roughly summarised as follows: The more massive a
star and the faster it is rotating, the more mixing is occurring (Pinsonneault 1997)

2.2.3 Nucleosynthesis

The theory of stellar nucleosynthesis describes the formation of elements from less
massive nuclei in stars. Since its pioneering foundation by Fred Hoyle (1946b,c), it is
subject to extensive studies in order to explain the history of the isotopic abundances
we observe today. This history starts basically with hydrogen as the fundamental
building block for two reasons. First, Big Bang Nucleosynthesis (cf. Fig. 2.1) pro-
duced a primordial abundance of hydrogen as the most abundant element and only
a fraction of ~ 1079 less heavier elements (Steigman 2007; Cyburt et al. 2016). Sec-
ond, the proton is the simplest stable nuclide, since neutrons decay with a mean
lifetime of ~ 880s (Beringer et al. 2012; Tanabashi et al. 2018). This stellar nucle-
osynthesis was studied extensively in a seminal paper by Burbidge et al. (1957).

Energy release () due to nuclear fusion reactions 0 — 1 is based on the fundamental
energy-mass equivalence principle Q = mc? (Einstein 1905a) and the difference in
mass between parent nuclei and daughter nucleus. For the foremost in stars occur-
ring fusion of four 'H atoms to one ‘He atom this is (e.g. Iliadis 2015, 353-354)

Q= (mg— Agmu)c2 — (my — Almu)02

2.19
= dmagc® — mag.c® = 26.731 MeV, ( )

where A; is the mass number and m; the atomic mass of the reactants, which are
distinguished by the index i. This energy difference is due to the fact that nuclei
in the “He are more tightly bound than protons in 'H atoms. Thus, Q represents a
release of binding energy in the form of gamma-rays or kinetic energy of the prod-
ucts.

On the one hand, the efficiency of nuclear reactions depends on the abundance of
the reactants. On the other hand, it depends on their cross section o(E) and their
relative velocities v. The distribution of particle velocities in stellar plasma corre-
sponds to their thermal motions and can be described by the Maxwell-Boltzmann
distribution in energy space (e.g. Wolf 1965)

4F

P(E)dE = T

e E/ksTqR (2.20)

for £ = mv?/2, temperature T', and the reduced mass m = % of projectile

and target nuclei. The Maxwellian-averaged reaction rate is then obtained by the
product of cross section and velocity integrated over the energy

Nplov) = | —A— SNR /Ea e BT gp (2.21)
mm(ksT)?3 ' '
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Figure 2.7: Left: Gamow window for the p + p reaction at 7' = 30 MK as composed of the Gamow factor e~2™" and
the Maxwell-Boltzmann factor e=E/k¥8T . Right: Gamow peaks for different reactions from hydrogen
burning at T = 20 MK; p + p from the pp chain, 12C + p from the CNO cycle, and 2C +% He from the
NeNaMgAl cycle. Note that at this temperature the 12C +* He reaction for helium burning has a 20-45
orders of magnitude lower maximum probability compared to the other shown cases.

The multiplication with the Avogadro number N, is typically done to translate the
quantity into physically useful units of cm®mol~!s~!. For fusion reactions, high
velocities are required because the positively charged nuclei build a large Coulomb
barrier that has to be overcome. The transmission probability to tunnel through

the barrier can be approximated as

2
T(E) =~ exp (—%1 / %Z02162) = e 2, (2.22)

with charge numbers Z, and Z; of projectile and target and the charge of an elec-
tron e. The factor e=2™ is called the Gamow factor and includes the Sommerfeld
parameter n oc £~1/2. Thus, the cross section can be rescaled as the astrophysical

S-factor e

in order to re-parametrise the £~! dependence. Compared to the cross section,
the S-factor is only weakly dependent on energy and it can be approximated as a
constant S(EF) = Sy (Angulo et al. 1999). The nonresonant nuclear reaction rate is
then calculated as

%S /OO —2mn —E/ksT 1 (2.24)
mm(ksT)?° J, © e ’ '
which is called the Gamow window. For the p 4+ p — d reaction at a typical
temperature of 30 MK in an intermediate-mass star it is shown in the left panel of
Fig. 2.7. The maximum of the probability distribution is referred to as Gamow peak
which is obtained by taking the derivative of the integrand

d E m m 3/ 1
B B S = g 72 mE = 2.25
dE[ " k:BTLEO RN 2T T T (2.25)

which gives

ZoZ:e2kp T\ >* 1/3
Ey = (%) (%) . (2.26)
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Figure 2.8: Left: Gamow peak positions. Right: Gamow peak widths. The green shaded region shows the area
within which all proton capture reactions in the NeNaMgAl cycle fall.

Note that Ej is usually much smaller than the height of the Coulomb barrier. Thus,
tunnelling is a necessary to fuse charged nuclei. Gamow peaks for different reac-
tions at T = 30 MK are shown in the right panel of Fig. 2.7. For more advanced
burning stages involving nuclei of higher charge number, it shifts towards higher
energies and the Gamow window decreases in amplitude. For example, in such an
environment, the 2C +* He reaction has more than 20 orders of magnitude lower
probability in the Gamow peak than *’Ne + p from the NeNaMgAl burning cycle.
This shows that central He-burning does not occur in intermediate-mass stars with
such a temperature, while H-burning does occur. Using a Gaussian approximation,
the width of the Gamow peak can be estimated as

/1
Wo = 44/ 3 BokT o T/, (2.27)

With higher temperatures the Gamow peak shifts towards higher particle energies
and the width of the window increases. This behaviour is shown in Fig. 2.8 for the
comparison of a p + p reaction with the proton capture reactions in the NeNaMgAl
cycle. For stellar masses 0.075 M, < M, < 1.7Mg, the central temperature is (1-
2) x 10" K and hydrostatic H-burning progresses mainly via the proton-proton (pp)
chain. The temperature dependence of this reaction channel is shown in Fig. 2.9 in
comparison with the competing CNO cycle. Different reactions and reaction cycles
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Figure 2.9: Equilibrium energy generation rate in ppI chain and CNOT cycle normalised to density and hydrogen
abundance of the stellar material. The purple and green shaded regions indicate temperature regimes
in which the ppI chain or the CNOT cycle dominate the stellar energy generation rate respectively.
Reproduced following Iliadis (2015, 377).
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Table 2.2: Hydrogen burning reactions. The production channel of the observationally important short-lived ra-
dioisotope 26Al is highlighted in green, while its destruction channels are marked in blue.

pp I chain pp II chain pp III chain
p(p.eTv)’H p(p,eTv)’H p(p.eTv)’H
“H(p,y)*He “H(p,y)*He “H(p,7)*He

3He(3He,2p)*He >*He(*He,y)"Be  3He(*He,y) Be
"Be(e™,v)7Li "Be(p,)®B
"Li(p,"He)*He  ®B(B8%v)®Be

8Be(*He)*He

CNOI CNOII CNOIII CNO1IV
2C(py) PN 2XpPo - PNy 70 P0m)TF
13N(I8+ )130 150(5+ )15N lﬁo(p ,Y)17F 17F( )170
130(p,7)14N laN(p ’)/)160 17F( )170 170(p 7)181:‘
14N(p,7)150 160( 7,}/)171:,‘ 170( 7,}/)18]:1‘ 18F( )180
15O(B+U)15N 17F(,6+ )170 18F( )180 180(p 7)19F
15N(p,04)120 170(p,0{)14N 180(p a)15N 19F(p a)lGO
NeNa (NeNa)MgAl

“Ne(p,7)?'Na  *Na(p,7)**Mg
2INa(49)2'Ne  2'Mg(p.y) Al

(

21Ne(p,7)?2Na 25 A1(5+ 1) Mg

22Na(ﬂ+u)22Ne

22Ne(p,’y)23Na 26A1(<3+I/)261\[g

23Na(p,a)20Ne 2(3A1(pﬂ>27si
*6Mg(p,7)>" Al
278i(B+ )27 Al
°TAl(p,y)*8si

27Al(p,r)*Mg

Adopted from Iliadis (2015, 354) and Lugaro & Chieffi (2018).

commonly referred to as hydrogen burning are summarised in Tab. 2.2.

Because *He(p,31v) He has a very low cross section, hydrogen burning via the pp
chain requires a sufficient build-up of 3He abundance. Below M ~ 1.5Mg the pp-
chain is dominant, above the CNO-cycle (Iliadis 2015, 15). At central temperatures
of ~ 20 MK the pp chain and the CNO cycle are equally effective in terms of energy
production. Above that temperature the CNO cycle dominates the stellar energy
production in hydrogen burning while the pp chain is predominant below. The CNO
cycle is a catalytic cycle progressing through carbon, nitrogen, and oxygen via sub-
sequent proton captures and B*-decays. The net process of the pp chain and the
CNO cycle is always 4H — *He + 2e* 4 2v. For temperatures above 25 MK the
CNO cycle reaches a quasi-equilibrium state at which the abundance of the involved
nuclei settles at steady states. The reaction N(p, )0 is the slowest in the cycle
and therefore determines its total energy generation rate. For temperatures above
50 MK another reaction cycle adds, the NeNaMgAl cycle. In the latter 26Al is pro-
duced, a short-lived radioisotope which is, along with ®Fe, of great importance for
the study of nucleosynthesis feedback in the Milky Way and which is of major con-
cern for this thesis. This isotopes will be discussed in more detail in the following
paragraphs.

As temperature and pressure rise the energy becomes increasingly sufficient to over-
come the Coulomb barriers between heavier elements and to process them by fusion
reactions. A summary of such advanced burning reactions is given in Tab. 2.3. Af-
ter hydrogen, the stable element with the next higher charge number is helium. It
will be consumed by He-burning. In massive star environments this is subsequently
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Table 2.3: Advanced hydrostatic burning reactions.

He-burning C-burning Ne-burning O-burning Si-burning
THe(aa,y)2C 2C(2Cp)=Na  PNe(v,a)0 60(160,p)>1P 283i(,p) 27 Al
120(a,7) 160 120(12C,0)2Ne  20Ne(a,y)%Mg  60(160,2p)%Si 288i(y,0) 24 Mg
160(a,)2°Ne 120120 n)BMg  21Mg(a,y)2Si 1°0(160,a)?8Si 28Si(r,y)32S
QONe(a,’y)Q‘lMg 120(()(,’)/)160 160(1607204)24Mg BQS(a,,y)SﬁAr
(
(

160 160,(1)3013 36Ar(a7,y)400a
160 160,11)318 400&(&,’}/)44Ti
Ti(,y)*8Cr
48Cr(a,y)52Fe
2Fe(ar,y) 0Ni

Adopted from Iliadis (2015, 390, 400, 408, 413, 420-432) and Siegert (2017) following Karakas & Lattanzio (2014),
Lugaro & Chieffi (2018) and Thielemann et al. (2018).

followed by C-, Ne-, and O-burning. The last hydrostatic burning phase in a star
is Si-burning, which is a special case because it proceeds mostly via photodisinte-
gration and alpha-capture. The astrophysical implications of these burning stages
will be discussed in Sec.2.2.4. Hydrostatic burning is fundamentally based on an
increase in binding energy from parent to daughter nuclei. In Fig. 2.10 the binding
energy per nucleon is given for mass numbers A = 1 to A = 270, i.e. 'H to 2™Ds.
The binding energy per nucleon reaches a maximum value of 8.79MeV for *Fe.
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Figure 2.10: Nuclear binding energies per nucleon (grey) for mass isotopes with numbers A = 1 to A = 270, which
corresponds to the elements 1H to 270Ds respectively. Some prominent nuclei are denoted in colours
representing their hierarchy in binding energy. Radioactive 26 Al and %9Fe are shown as crosses due to
their particular relevance in the context of this thesis. Data from Audi et al. (2003)

This means that nuclear fusion by hydrostatic burning can not reach significantly
beyond isotopes around this iron peak, as such reactions would consume energy and
not release it. Thus, hydrostatic burning ceases after Si-burning and populating
elements up to the iron peak. Nucleosynthesis exceeding this point requires high
energy input from astrophysical events.

Explosive Nucleosynthesis Nuclear fusion processes occur also under explosive con-
ditions (Hoyle & Fowler 1960; Woosley et al. 1973). In such environments, high
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temperatures, densities, and particle fluxes are available on a short timescale. In
a stellar explosion, high fluxes of protons, neutrons, electrons, and neutrinos sweep
through the previously processed stellar material. Thus, especially 2C, 160, ?°Ne,
24Mg, and 28Si are the feedstock for explosive nucleosynthesis (Thielemann et al.
2018).

The large flux of neutrons induces the r-process, which is characterised by rapid
neutron-capture reactions. This is in contrast to the s-process, i.e. slow neutron-
capture reaction process, which proceeds more slowly and is governed by the -
decay timescale of neutron-rich nuclei. The r-process, on the other hand, populates
neutron-rich isotopes of the heavy elements quicker than their §-decay timescale.
This leads to formation of isotopes that are far from stability and very neutron-rich
up to the neutron drip line. When isotopes reach this limit, they subsequently S-
decay back to stability and form the elemental zoo beyond °°Fe.

The first layer hit by an outward moving SN shock consists mainly of 28Si. It is
subsequently heated to temperatures of ~ 5 x 10° K. In combination with a high
neutron flux, this destroys the silicon and produces elements around the iron peak,
favourably °Ni. At lower densities also other species are produced in this process,
such as 4*Ti, which is a prominent gamma-ray emitter and also important as tracer
of massive star physics. As the shock propagates further outwards, it reaches the
next layer, mainly composed of 60, and induces explosive oxygen burning at tem-
peratures of 3.5-4 x 10° K and densities around 10° gcm™2. Here, %0 is destroyed,
producing elements around the iron peak in the silicon region. The final stage is
explosive neon-carbon burning. At a reduced temperature of about 2.5 x 10°K
and density around 3.2 x 10° gem ™3, it produces mainly 0 and 28Si (Tliadis 2015,
445-451).

26A1  The short-lived radioisotope 20Al is an ideal tracer of ongoing nucleosynthesis
in the Milky Way and of great importance for the understanding of the Galaxy’s
history. The nuclear characteristics of 26 Al are summarised extensively e.g. in Iliadis
et al. (2011) and Diehl et al. (2018a). This paragraph deals with its nuclear prop-
erties, however the astrophysical implications associated with 26Al form the main
thread throughout the entire thesis.

As shown in Tab. 2.2, 2 Al is produced by the proton capture reaction 2Mg(p, )26 Al.
This reaction occurs in the NeNaMgAl-cycle and is part of hydrogen burning. The
initial isotope is 2°Mg that is mostly present already since the formation of the star.
This makes 26 Al production sensitive to the initial metallicity. Nevertheless, there
are also destruction channels consuming 26 Al. The most prominent are via neutron
capture through 2°Al(n, p)*Mg and ?°Al(n, «)*Na. Destruction via proton capture
26 Al(p, 7)?"Si is of less importance because the high Coulomb barrier of 26 Al reduces
this channel (Parikh et al. 2014). A summary of reaction and destruction channels of
26 Al is shown in Fig. 2.11. ?°Al is radioactive and unstable against 3*-decay to the
first excited state of 26Mg with spin parity J™ = 2 and a lifetime of 1.04 x 10° yr.
This decay is followed by a de-excitation of Mg to its ground state (07) in only
109 ms by emission of a gamma-ray photon with an energy of 1809 keV. The energy
levels of 26Al and ?Mg are shown in Fig. 2.12. This emission is of outstanding
importance for measurements of nucleosynthesis ejecta in ISM which is the topic of
this thesis (cf. Sec. 3.4.3). The transition from the 2°Al ground state (57) to the
26Mg ground state (0T) is forbidden. In hot environments, this can be circumvented
via the population of the excited levels at 228keV (07), 417keV (37), or 1058 keV
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Figure 2.11: Nuclear production and destruction channels of 26 Al (purple). Production occurs mainly due to proton

capture on 2°Mg, and destruction proceeds mostly via neutron capture. Stable isotopes are marked in
dark grey. Adopted from Diehl et al. (2018a) following Prantzos & Diehl (1996)
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Figure 2.12: Nuclear energy level scheme of 26 Al. Transitions associated with observationally relevant gamma-ray
emission are marked in green. Adopted from Iliadis et al. (2011) following Endt (1990)

(17) followed by a subsequent decay.

According to its lifetime against St-decay, 20Al establishes an equilibrium abun-
dance in this reaction network. This is strongly temperature dependent and its
abundance is comparable to that of Mg isotopes. This is shown for an intermediate-
mass asymptotic giant branch (AGB) star in Fig. 2.13.

The abundance ratio Yze;/Yera; is between 0.03 and 0.8 for central stellar temper-
atures of 60 and 100 MK respectively. If 26Al is excited to 228 keV it forms a meta-
stable isomeric state, denoted *°Al™, that decays with a half-life of T}/, = 6.34s to
the Mg ground state. At temperatures 7' > 0.1 x 10° K this destruction channel
becomes important and at T > 0.45 x 10° K the ground and isomeric states are in
thermal equilibrium. This temperature sensitivity results in an additional impor-
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Figure 2.13: Temperature dependence of element abundances in the NeNaMgAl cycle in an intermediate-mass AGB
star. Special emphasis is put on the abundance of 26Al as yellow shaded region. Since temperature
decreases towards larger stellar radii, the x-axis can also be read as radial information with hotter
regions being closer to the stellar centre. Data from Lugaro & Chieffi (2018).

tance of astrophysical processes.

On the one hand, rapid convective transport away from hot regions avoids destruc-
tion via the thermally excited meta-stable state and allocates more Mg as 26 Al-fuel
to H-burning regions. On the other hand, further heating during advanced burning
stages or the enhanced neutron flux in SN shocks increase the decay. But there is
also an explosive burning component in the production of 2Al. A SN shock wave
releases protons along with a huge neutrino flux. While the protons undergo capture
reactions on the abundant Mg this can be processed further to 2¢Al via neutrino
interaction due to their high flux. This occurs in novae and ccSNe. While the
precise properties of such neutrino induced nucleosynthesis reactions are still de-
bated, it was estimated that this process may enhance 2°Al production by 20-30%
(Sieverding et al. 2017; Diehl et al. 2018a). Another explosive burning component of
26 Al occurs via ?*Mg(n,v)*Mg(p, 7)?°Al during explosive Ne/C-burning. The time
evolution of elemental abundances during this stage are shown in Fig. 2.14. Overall,
this produces an 2°Al stellar mass fraction of 3 x 10~ on average.

60Fe  Another radioisotope that traces massive star nucleosynthesis feedback is °Fe
with a half-life time of 2.6 Myr (Rugel et al. 2009). With a slightly longer lifetime
than 26Al, it is of similar importance for studying the chemical evolution of the
ISM. As opposed to 26Al, ®Fe is only produced by the s-process in the neutron-
capture chain *®Fe(n,v)%Fe(n,v)%Fe on already existing Fe isotopes. This means
that 26Al and ®°Fe both originate from massive stars but from slightly different
mechanisms. This makes especially the ratio ®Fe/?SAl an important measure for
these underlying nucleosynthesis processes (Timmes et al. 1995; Limongi & Chieffi
2006). Since °°Fe has a half-life of only 44.5d, ®Fe production by the s-process
during convective core He-burning is prevented by the faster 3-decay of *Fe. During
shell C-burning, neutron densities reach values on the order of 10! cm™3. This
is sufficient for the (n,v) rate to dominate over the *Fe -decay and result in
efficient ®“Fe production (Tur et al. 2010; Uberseder et al. 2014; Diehl et al. 2018a;
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Figure 2.14: Elemental abundance evolution during explosive nucleosynthesis. Special emphasis is put on the abun-
dance of 26Al as yellow shaded region. Data from Tliadis (2015, 448).

Thielemann et al. 2018). Destruction of ®Fe also proceeds via neutron capture,
namely the reaction “Fe(n,)%'Fe (Uberseder et al. 2009; Heftrich et al. 2015).
The production and destruction channels of ®Fe are summarised in Fig. 2.15. The
decay chain of ®Fe which proceeds by two S~ -decays via “Fe — %Co — %Ni
can be followed in the level scheme in Fig. 2.16. In a first step, ““Fe decays to the
first excited state (27) of its daughter nucleus %°Co. This de-excites to the ground
state (5") primarily via internal conversion. In less than 2% of the transitions
this proceeds by emission of a gamma-ray photon with 58.6 keV. Because of this
low yield of photons, this transition is below the sensitivity of current gamma-ray
instruments. A second S~-decay transforms °Co into °Ni. The latter emerges at
an excited level at 2505keV (47). The subsequent de-excitation follows a two step
cascade through an energy level at 1332.5keV (27 ) and via the immediate emission
of two gamma-ray photons at 1173.2keV and 1332.5keV (Diehl et al. 2018a). These
can be detected as their flux is about 50 times larger than that of the 58 keV line.
Thus, the cumulative flux of these nuclear emission lines is a very important tracer
of massive star nucleosynthesis in the Galaxy.
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Figure 2.15: Nuclear production and destruction channels of 60Fe (purple). Both mainly occurs via neutron capture
reactions. Stable isotopes are marked in dark grey. Adopted from Heftrich et al. (2015)
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Figure 2.16: Level scheme of 9Fe. Transitions associated with observationally relevant gamma-ray emission are
marked in green. Adopted from Rugel et al. (2009).

2.2.4 Stellar Evolution

Herzsprung-Russell Diagram To visualise stellar evolution, the luminosity L of a star is
typically shown in a relation to its effective surface temperature T.g in a Hertzsprung-
Russell diagram (HRD). A schematic example is shown in Fig. 2.17. Stars do not
scatter randomly in such a diagram but show clear correlations that represent spe-
cific stellar properties and evolutionary stages. Most stars are found to inhabit the
diagonal main sequence relation. Stars in this region fuse hydrogen to helium in
core H-burning and follow the the stable mass-luminosity relation L, oc M3. In the
HRD, this corresponds to L, ~ T%. Because this is the dominant process for most
of a star’s lifetime, in astronomical observations, stars accumulate in the main se-
quence in observations of star groups and globular clusters. After a star has formed
on the main sequence with a certain zero-age main sequence (ZAMS) mass it evolves
structurally, energetically, and chemically along an evolutionary track characteristic
for its initial mass, metallicity, and rotation. As a general rule of thumb, the more
massive a star the greater its core temperature, the higher its luminosity, and the
faster its evolution. With higher mass, the pressure in the central regions increases
and the hydrogen fuel is burnt more quickly. The timescales of different stellar burn-
ing processes are summarised in Tab. 2.4.

When the hydrogen fuel in the centre is exhausted and a star is more massive than
0.8 M, H-burning continues in in a shell around the core. Because nuclear fusion
energy, which counteracts gravitational pressure, is reduced, the star contracts. Sub-
sequently, the star leaves the main sequence and the contraction leads to an increase
of central temperature and pressure (Sackmann et al. 1993). If the star is massive
enough, core He-burning to carbon and oxygen ignites. As the gas in the core is usu-
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Figure 2.17: Schematic example of an HRD with evolutionary tracks for five stars with different initial mass Myzans
at ZAMS. Regimes of main sequence and AGB stars are highlighted as grey regions. Stellar evolutionary
tracks tend to evolve from the main sequence towards the upper right, i.e. towards higher luminosity
and lower surface temperature. Note that surface temperature decreases from left to right.

Table 2.4: Time scales of nuclear burning processes in stars with solar metallicity and different initial masses Mzanms-

1Mgp 13Mg 15Mg 20 Mg 25 Mg 75 Mg
H 1.1Gyr 13.5Myr 11.1Myr &8.13Myr 6.70Myr 3.16 Myr
He 110Myr 2.67Myr 1.97Myr 1.17Myr 840kyr 450 kyr

C - 2.82kyr  2.03kyr 980 yr 520 yr 1.01kyr
Ne - 120d 270d 220 yr 320d 210d
(0] - 4.77yr 2.58 yr 1.25yr 150d 320d
Si - 17.8d 18.3d 11.5d 16.8h 1.09d

Adopted from (Woosley et al. 2002).

ally degenerate, the additional nuclear energy release increases the temperature but
does not affect the pressure. The continuously increasing pressure and temperature
lead to a thermonuclear runaway of He-burning in the core until the energy release
is enough to lift the electron degeneracy in the gas and enable expansion. When
helium in the core is exhausted, He-burning moves into a shell and the star ascends
the AGB. In this phase, thermal pulses in the He-burning shell can cause significant
mass loss via stellar winds. In that case, stars move horizontally to the left on the
HRD and the hotter inner layers are revealed and leave ionised planetary nebulae
of ejected hydrogen gas in the ISM. This phase will be explained in further detail
in a separate following paragraph, because it leaves an important observable signa-
ture of nucleosynthesis. Finally, stars above 8 M undergo more advanced burning
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stages and the evolutionary tracks on the HRD become increasingly complex. The
evolution of such massive stars will be discussed in more detail below.

Low- and Intermediate-Mass Stars In this thesis, low-mass stars are defined as hav-
ing masses in the range between the deuterium burning limit of ~ 0.012 M, and
0.2Mg(cf. Tab. 2.1). As represented by the IMF, these are the most abundant
stellar objects in the Galaxy. However, stellar mass categories are not uniformly
defined in literature. Some authors define the lower mass limit of low-mass stars
at the hydrogen burning limit of ~ 0.075 M, (Luhman 2012). Others define it as
4 x 1073 M, above which an object becomes opaque to the radiation it emits due
to energy release in self-gravitational collapse (Low & Lynden-Bell 1976; Whitworth
et al. 2007). Deuterium burning has negligible effects on stellar structure (Chabrier
et al. 2000, 2007). Nevertheless, it is adopted here as determinant for the lower mass
limit of stars, because it fulfils a basic condition for being a star, namely undergoing
nuclear fusion reactions at all.

Brown dwarfs are stars at the low-mass extreme of stars between the He- and H-
burning limits (Burrows et al. 1997; Luhman 2012). Above ~ 0.06 Mg, at tempera-
tures of ~ 3000 K Li-burning occurs in these objects via the process “Li+p — 2*He
in addition to He-burning (Chabrier et al. 1996). Since burning processes occur
dominantly in the centre of stars, this is the region where also chemical enrichment
is concentrated. Because of the large temperature sensitivity of the CNO cycle, the
concentration of hydrogen burning in the stellar centre is strongly correlated with
the overall stellar mass. This changes when the core becomes convective and mixing
to regions further out from the centre occurs. This is generally the case for most
intermediate-mass stars with masses 2 2 My, and makes those stars evolve similarly
on the main sequence. The time a star spends on the main sequence decreases with
increasing mass as Tg(M) o M~2%. This accounts for about 95-97% of its entire
evolution (Kippenhahn et al. 2012). Overall, the time a star undergoes nuclear
fusion is much longer than the Kelvin-Helmholtz timescale. Thus, an equilibrium
state during this phase is plausible. If the hydrogen fuel in the centre is depleted,
the star has a helium core surrounded by a hydrogen envelope.

For a star with M, = 2 M, the helium core has about 0.18 M and a temperature of
around 22 MK. Right on top of the isothermal helium core and at the bottom of the
envelope, the temperature and pressure are such that hydrogen fusion is still going
on in that shell region.

If the star’s mass is above 6 M), the core does not reach a isothermal state before
the ignition of helium burning. The ongoing production of helium leads to growth
of the core and finally an expansion of the envelope. For a 5Mg star the radius
increases during this phase by a factor of about 15. This is the red giant phase of
the star, in which envelope and core develop in opposite directions. In this phase,
the star moves to lower temperatures in the HRD and then up the red giant branch
(RGB) close to the Hayashi line. This almost vertical line in the HRD between
3-5 x 103K marks the border beyond which a fully convective star can not be in
equilibrium. When the contracting core reaches a temperature of ~ 10°K and a
density of the order of 10* gcm™ helium fusion in the core ignites (Woosley et al.
2002). The internal structure evolution of a 5 M, star, which proceeds through a
He-burning phase in the centre, is shown in Fig.2.18.

At about the same time, while the star enters the RGB, the hydrogen envelope cools
due to the expansion. This causes the star to ascend the RGB and at the same time
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Figure 2.18: Schematic evolution of the structure of a 5 M star. The early evolution is similar to a Solar-type star.
During H-burning (green and yellow hatched region) in a shell, He-burning (blue and green hatched
region) in the centre evolves. This also moves finally into a shell around a core mainly consisting of

12C and 60 (blue). Convective regimes (swirling structured regions) that transport nucleosynthesis
products radially develop after ~ 80 Myr, i.e. first dredge-up, and during the end of the evolution.
Adopted from Kippenhahn et al. (2012, 369).

makes the convection zone grow deeper. When the convection zone reaches down to
the hydrogen burning shell, in a first dredge-up, processed material is mixed up to
the surface. As the star reaches the top of the RGB, its core is highly degenerate
with a density of the order of 10°gcm™3. In this case, helium burning ignites in
a violent nuclear instability. The high energy generation rate in this helium flash
drives a second convective layer which merges with the outer envelope. This causes
a dip in luminosity until non-degenerate helium burning brightens the star again.
Its HRD track ascends in the AGB which asymptotically approaches the first RGB
(Acero et al. 2009). This happens after about 80 Myr in Fig. 2.18. Thus, the el-
emental abundances on the surface change and fresh nucleosynthesis products are
lifted out of the stellar core for the first time. In the context of this thesis, this
constitutes an important process because thereby Al reaches the stellar surface.
This will be discussed in more detail in the following paragraph.

In a conceptual picture, helium burns to carbon, oxygen, and neon, which accumu-
lates in the core. Its particular isotopic ratio is strongly dependent on temperature.
When the helium fuel in the core is exhausted, helium burning continues also in a
shell. The core is continuously fed with ashes from this burning shell and contracts.
All advanced burning stages follow in principle this sequence in core evolution, which
is shown in Fig. 2.19: undergoing nuclear burning, exhaustion of nuclear fuel, and
self-gravitational core contraction, which heats the core up to the stage where the
next burning phase starts. In massive stars, advanced burning stages occur simul-
taneously in multiple layers.

AGB Stars As schematically illustrated in Fig. 2.19, the previously described shift
from core to shell burning repeats for helium burning. During this phase, the stars
with masses of 3-5M comprise two burning shells, i.e. a helium burning shell
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Figure 2.19: Schematic cycle of stellar core evolution which is repeatedly iterated evolving through different nuclear
burning stages. It proceeds via four main steps: (1) nuclear fuel is burnt in the stellar core. (2) The
fuel is exhausted in the centre and the burning stage is shifted into a shell. (3) The core continues to
accumulate burning ashes and contracts due to the mass gain. (4) The core contraction leads to central
heating until the next burning stage ignites in the centre. Adopted from Kippenhahn et al. (2012, 439).

around the core as well as hot bottom burning at the innermost boundary of the
convective hydrogen envelope. The shell helium burning occurs at temperatures be-
tween (4.5-10) x 10" K (Shingles et al. 2015). The star follows a track in the HRD
that asymptotically approaches the first RGB. This is characteristic for the AGB
phase. It is accompanied by an expansion of the envelope with convection growing
larger in the star until it comprises up to ~ 80% of the entire stellar mass. This
establishes a convective connection through both burning shells all the way down
to the helium core and up to the stellar surface. In this second dredge-up period
4He, 2C, "N, and all the isotopes of the advanced burning stage, including also in
particular 2°Al, appear at the surface.

The hydrogen burning shell continuously produces more and more helium. In the
regions in which hydrogen is exhausted, nitrogen is the second-most abundant ele-
ment, since it accumulates in the bottle-neck reaction of the CNO cycle. The helium
burning shell leaves behind a core, consisting mostly of carbon and oxygen, with neon
being the third most abundant element. If the mass of the CO core is below 1.1 M,
electron degeneracy sustains against gravity and no further contraction occurs. This
is the case for stars with initial mass M, < 8 M. Thus, the characteristic struc-
ture of an AGB star consists of three dynamic layers as depicted in Fig. 2.20: An
electron degenerate CO core surrounded by a helium rich inter-shell layer within a
mostly convective hydrogen-rich mantle. Here, it is important to note that hydrogen
and helium burning are occurring at different times during the evolution. Instead,
freshly produced helium piles up in the inter-shell region due to hot-bottom hydro-
gen burning. This accretion dominates the rather steep temperature and density
profile of the helium rich layer. Due to the huge temperature dependence of the
triple-av reaction, helium burning ignites in a thermal runaway. The large energy
injection of ~ 10*® erg in a short time during each pulse induces convection, pene-
trating the entire inter-shell region and establishes a convective connection between
the two burning shells. As this occurs repeatedly, the star undergoes a series of
convective periods and freshly synthesised material is mixed onto the surface. Be-
cause the core in more massive stars is not electron-degenerate, smooth core helium
burning occurs. This makes AGB stars an observationally special case and par-
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Figure 2.20: Schematic evolution of the internal burning structure of AGB stars. Shown is the course of three
subsequent thermal pulses during the time Tagp on the AGB; these are indicated by the occurrence
of a He convective shell shown in blue/green swirling regions, which have been widened by a factor of
100 in time in order to increase the readability of the figure. It reaches from the hydrogen burning
shell (green/yellow hatched) down to the He burning shell (blue/green hatched). If the star is not
thermally pulsing, these shells are separated by an inter-shell region (green). This is framed outwards
by a convective hydrogen shell (yellow/green swirling) and inwards by a carbon oxygen core (blue).
Adopted from Lugaro & Chieffi (2018).

ticularly interesting from a nucleosynthesis perspective, especially with regard to
26 A] measurements, because of their enhanced and deep mixing. The convective
period flattens the temperature gradient in the inter-shell and therefore transfers
to a quiescent helium shell burning phase. On the other hand, the thermal pulse
forces the outer hydrogen layer to expand. This leads to cooling and termination of
hydrogen-burning. Thus, the temperature gradient steepens again and the helium-
burning shell runs out of power. After the subsequent contraction of the hydrogen
layer, hydrogen burning re-ignites and the thermal pulse cycle is completed. The
structural behaviour during three such pulses is schematically shown in Fig. 2.20
(Lugaro & Chieffi 2018).

During each convective pulse the metallicity of the outer regions increases signifi-
cantly. As discussed already in Sec. 2.2.2, this increases the opacity and thereby
the outward radiation pressure. The latter increases until the mass-loss reaches up
to 107* Mg yr~! and is high enough to entirely strip off the hydrogen rich envelope
(Hofner & Olofsson 2018). This leaves the bare core as terminal state of an AGB
star which has thus evolved into a CO white dwarf. From a nucleosynthesis perspec-
tive, the latter are still important because they potentially yield further processed
material in nova explosions. Because of the high mass-loss and the enhanced mixing,
the AGB phase itself is of particular interest for the investigation of nucleosynthesis
as it is expected to carry a direct signal of these processes.

High-Mass Stars Massive stars exhibit high surface temperatures and therefore high
luminosities. Referring to the respective spectral classes they are also defined as
O and B stars. In terms of structural evolution, stars that initiate C-burning are
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termed massive, which constitutes another type of definition. These stars generally
have a mass of M, = 8, which is sufficient to produce a ccSN (Zinnecker & Yorke
2007; Smartt 2009).

Massive stars are major sources of heavy elements and UV radiation in the Uni-
verse. They evolve into Wolf-Rayet (WR) stars, neutron stars, or black holes and
their main modes of feedback occur via expanding H II regions, winds, massive out-
flows, and supernova explosions. They are the main agents driving mixing, heating,
and turbulence in the ISM and thus predominantly shape the structure and evolu-
tion of their host galaxy.

Due to their high mass, most of these stars do not enter a phase of electron de-
generacy in the core after hydrogen and helium burning. Thus, the core evolution
cycle in Fig. 2.19 continues and they enter further nuclear burning phases after
hydrogen- and helium-burning. As they progress through carbon-, neon-, oxygen-,
and silicon-burning, massive stars develop the entire hierarchy of the shell structure
in Fig. 2.6. This simplified picture is intended as a support for a clearer comprehen-
sion. Actually, mixing and shell merging processes destroy such a clear structure.
Additionally, the high mass generates extreme conditions inside the star in terms of
temperature and density. In Fig. 2.21 the change in core parameters throughout the
whole sequence of nuclear burning stages is shown for different initial stellar masses.
This accelerates the nuclear burning processes and leads to short lifetimes of the
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Figure 2.21: Core evolution of massive stars. The onset of different core burning stages are marked as dashed lines.
Adopted from Hirschi et al. (2004) and Woosley et al. (2002).

order of 1073 times the age of the Universe (cf. Tab. 2.4). Consequently, if a massive
star is observed, it must have formed recently on astronomical time scales (Larson
2003). The fast evolution and the comparatively low number of observational cases
makes it difficult to study them at greater distances. This bias can be overcome by
gamma-ray observations, e.g. of the 2Al decay radiation, which basically have no
distance limitation in the Galaxy. An important side note is that the energy loss
due to neutrino emission exceeds the radiative losses during the advanced burning
stages. This implies that the core decouples from the evolution of the stellar enve-
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lope (Janka 2012), which is of importance for the discussion of terminal phases later
in this section.

The main reactions in advanced burning stages beyond hydrogen burning have been
summarised in Tab. 2.3. Helium-burning mainly accumulates 2C and 1°0O. Subse-
quently, for stellar masses above 8 M, carbon-burning ignites at 7' = (6-8) x 108K
via the reaction 2C + 2C because of the lower Coulomb barrier compared to 0.
The ashes of this stage are predominantly '°O, ?°Ne, and **Mg. Since '°O has
double magic number Z = N = 8, ?°Ne is consumed first after carbon-burning at
T = (1.2-1.5) x 10° K. At this point, photodisintegration starts as an important
process. When the central temperature reaches 7' = 1.9 x 10° K, oxygen-burning
occurs via 10 + 100 through a variety of channels. The final nuclear burning stage,
which is silicon-burning, sets in at about 3.3 x 10° K and produces mainly °?°°Fe,
%6Ni, 1852Cr, and 48 Ti (Maeder 2009, 719-725). As described in Sec. 2.2.3, 25Al is
expected to emerge from massive stars through both winds and SNe. These mech-
anisms will be discussed in more detail in Sec. 2.2.5. In this thesis, the gamma-ray
emission of 26Al from massive stars is thus used as observational tracer to study the
connection of these nucleosynthesis processes occurring in massive stars with the
large-scale enrichment of the ISM.

WR Stars The particularly high temperature and luminosity of O-type stars can
lead to strong radiatively driven winds (Cassinelli 1979; Abbott 1982). The under-
lying mechanism is that the radiation generated in the interior scatters with the gas
inside a star. Thereby, momentum is transferred from the radiation field to the stel-
lar matter. Especially in regions close to the surface, this mechanism can accelerate
the gas beyond the escape velocities of about 600-800 kms~! which is thus ejected
as stellar wind. The latter often give rise to planetary nebulae around the respective
sources (Conti 1978). Massive stars exhibiting enhanced winds are classified as WR
stars due to the original documentation of their spectroscopic peculiarities by Wolf
& Rayet (1867). The physical explanation of the respective properties due to contin-
uous mass loss was suggested later by Beals (1929). The initial wind velocities can
reach up to 4x 103 km s~ (Chiosi & Maeder 1986; Howarth & Prinja 1989; Puls et al.
2008) and decelerate in the surroundings to terminal velocities of ~ 100kms™! (Dale
2015). This leads to a mass loss rate for WR stars exceeding M, > 1076 Mg yr~'.
The most massive stars > 60 Mg, experience a mass-loss during their red supergiant
phase that entirely removes the envelope and continue their evolution as bare he-
lium cores after the main sequence. The stellar structure evolution of a 60 My star
including mass-loss is shown in Fig. 2.22. The mass-loss depends on the chemical
composition of the star and increases for metallicity (Z/Z) = 1073, Due to an
enhancement in intermediate mass elements such as carbon or nitrogen, WR stars
typically have a ten times higher mass-loss rate than more quiet O-stars of compa-
rable luminosity, typically in the range 1 x 1075 < M, < 4 x 1075 Mg yr~! but can
reach even up to 1072 Mg yr~! (Abbott 1982; Vink & de Koter 2005; Dale 2015). OB
stars often show fast rotation with an average of 190kms™ (Huang & Gies 2006).
An isolated treatment of O-stars gives a slightly lower average of ~ 100 kms™! (Gle-
bocki & Gnacinski 2005, cf. Sec. 4.2.3). This leads to additional rotational mixing
and an enhanced mass-loss rate. The increased convection transports nucleosynthe-
sis products from the central regions to the surface. Thus, 2°Al, along with other
freshly produced elements, is ejected with the strong stellar winds.
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Figure 2.22: Schematic evolution of the structure of a 60 Mg star. Wind compositions at different stages are denoted
in vertical arrows. These become more and more enriched in heavy elements as the evolution progresses.
Surface and central abundances are indexed with s and c¢ respectively. The internal evolution proceeds
much faster but in the beginning similar to Fig. 2.18. Due to significant mass loss, later stages of the
stellar evolution go on as bare He-core which produces the zoo of advanced burning products in its core
(purple). Adopted from Maeder (2009, 692).

Terminal Phases There are two main scenarios for explosive end stages of stars: a
thermonuclear runaway disrupting the star, or a self-gravitative implosion of the
star. The former characterises type Ia SNe which occur in accreting white dwarfs,
and the latter describes core collapse supernovae (ccSNe) of type II or type Ib/c
(Hoyle & Fowler 1960; Janka 2012; Burrows et al. 2018) which is characteristic for
stars with mass M, > 8 M. Depending on the initial mass of a star, such events
leave white dwarfs, neutron stars or black holes as remnants, if the star is not entirely
disrupted. This is summarised graphically in Fig. 2.23. Considering nucleosynthesis
feedback from massive stars, ccSNe constitute a highly relevant event type in the
context of this thesis because they are expected to yield large amounts of 26Al and
6O0Fe.

Stars with mass M, ~ 9Mg reach electron degeneracy in a Ne-O-Mg core before
Ne-burning. In that case, an increase of the electron Fermi energy facilitates elec-
tron capture reactions. This leads to a decrease in pressure and collapse in an
electron-capture SN. In more massive stars, further burning stages reach up to *Fe
(cf. Fig. 2.10). An Fe core develops, which heats up to temperatures 7' ~ 1019 K. At
these temperatures, a substantial amount of photons is absorbed in photodisinte-
gration reactions and the elemental abundances are governed by nuclear statistical
equilibrium. Thus, the overall radiative pressure decreases. At this point, the core
becomes dynamically unstable and starts to collapse (Kippenhahn et al. 2012, 461—
462). The onset of contraction increases the density and induces electron capture
reactions, which in turn boosts the collapse. This accelerating inward motion halts
when the density reaches p ~ 10* gecm™3. This marks the transition of the core to
homogeneous nuclear matter in which the short-range nuclear forces dominate the
adiabatic index. Overshooting of the infalling core is believed to abruptly reverses
the collapse. The back bouncing core collides in a supersonic outward motion with
the still infalling layers above. In this clash, shock fronts establish that ultimately
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Figure 2.23: Remnant masses for given initial stellar masses (purple). Coloured regions above the remnant mass
denote the additional material that is present during terminal phases. This consists of mostly H
(yellow), He (green), or CO (blue), and is lost due to AGB mass-loss or the SN blast wave as assigned
in the upper part. For the more massive stars a large amount of the initial mass is absent at the onset
of core collapse due to previously occurring WR winds. Adopted from Maeder (2009, 740) following
Heger et al. (2003).

disrupt the star in an iron-core SN.

For the most massive stars with M, 2 100 Mg a third scenario of pair-instability
SNe is plausible. In this mass range, a substantial amount of high-energy photons
forms ete™ pairs at T ~ 10°K already after C-burning as a consequence of the
high energy tail of the Maxwell-Boltzmann distribution. This reduces the thermal
energy significantly, which leads to gravitational core instability and triggers a core
collapse.

A canonical assumption is that stars with M, > 8 M, experience a ccSN at the end
of their evolution and thereby inject an energy in the range between 10°°-10%! erg
along with a plethora of elements into the surroundings (Arnett et al. 1989; Smartt
2009; Janka et al. 2012; Wanajo et al. 2018). In recent years, it is considered that
not all of these stars actually stable and instead fully collapse into black holes. This
has strong implications for the energetic as well as chemical feedback from massive
stars. Some models suggest that the immediate collapse to black holes happens for
all initial masses M > 25 Mg, (Limongi & Chieffi 2018), or alternatively for stars in
the mass range 100 M, < M, < 140 Mg, (Janka 2012). Three-dimensional hydrody-
namic SN simulations indicate that the explodability of massive stars shows a more
complex profile with rather irregular islands and gaps, especially for initial stellar
masses M, > 20 Mg (e.g. Ugliano et al. 2012; Sukhbold et al. 2016; Wanajo et al.
2018; Burrows et al. 2020; Ertl et al. 2020). This is still a matter of debate and,
especially because of the low frequency of such events in the Milky Way, difficult to
address observationally. A possible approach to solving this problem by modelling
the cumulative nucleosynthesis signature of ccSNe will be discussed in Ch. 4.
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Binarity Many stars form in multiple star systems, most of which are binary systems,
rather than in isolation as single stars. The interaction with one or more companion
stars is expected to affect the stellar evolution. Very low-mass stars < 0.1 Mg have
a binary fraction of only 0.1-0.3%. These systems are infrequently occurring but of
very similar kind. A fraction of 93% of them have separations smaller than 20 AU
and in 77% of the cases near-equal mass ratios ¢ = My/M; > 0.8 (Burgasser et al.
2007). The mass ratio in a binary system is defined as ¢ = My/M;, where M; is
the mass of the primary, i.e. the more massive star, and M, the lower mass of its
companion. For massive stars, the binary fraction is much higher and most of them
are found in binaries (Duchéne & Kraus 2013). For O-stars, i.e. stars with masses
above ~ 16 Mg, the binary fraction is even more than 70%, which preferentially
happen to have close separations (Sana et al. 2012). This can lead to mass exchange
when stellar material overflows the critical gravitational equipotential around the
donor and enters the gravitational catchment area of its companion. The size of this
Roche-lobe can be approximated by (Eggleton 1983)

0.49¢3
0.6¢5 + In(1 + ¢3)

RRoche—lobe = (228)

Binary models suggest that in a Roche-lobe overflow, only ~ 10% of the material is
actually transferred between the companions. However, a proportion of ~ 90% of
the mass ejected by one of the stars leaves the system (Petrovic et al. 2005). This
means that a Roche-lobe overflow may especially influence the formation of WR
stars and enhanced mass-loss may be the dominant feedback effect seen from binary
interaction (Vanbeveren et al. 2007). But the overall importance of this effect for
massive star evolution is still rather unclear (cf. Maeder 2009, 713). A recent study of
WR stars and binaries in the Small Magellanic Cloud (SMC) and Large Magellanic
Cloud (LMC) indicates that the effect of increased metallicity might dominate the
formation of WR stars compared to binary interactions (Shenar et al. 2020). Also
the effect of enhanced winds on SN progenitors due to binary interaction is still
subject to recent research and debates (Brinkman et al. 2019; Ertl et al. 2020). In
Ch. 4, an estimation of these effects using population synthesis calculations will be
given.

2.2.5 Stellar Feedback

In Sec. 2.2.1, the formation of stars from cooling and collapsing GMCs was presented.
Once stars have formed inside these clouds, the processes of cooling and collapse can
be compensated or turned around due to the effects of especially young, massive,
and luminous stars on their surroundings. This damps star formation to an overall
efficiency of the order of esp ~ 10%. From the moment of formation on, throughout
their evolution, until their final explosions, these stars determine the energetics and
chemistry of the ISM. This mechanism is summarised in the term massive star feed-
back. There are three main physical phenomena that drive this process: radiation,
stellar winds, and SNe. In the absence of these feedback mechanisms, nothing pre-
vents gas from self-gravitational collapse and all the gas from a cloud would collapse
into stars, i.e. star formation efficiency would be one. In that case, there would be no
ISM in the Galaxy left. In the following these feedback components are summarised
(cf. e.g. Krumholz et al. 2014; Dale 2015).
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Radiation Inside a GMC, molecules are destroyed due to the irradiation from em-
bedded stars. Radiative heating is caused primarily by far-UV photons through
photo-effect on dust. An additional form of radiative feedback comes from the di-
rect force of radiation. Far-UV radiation can diffuse dust into the gas phase and
directly push gas as well as dust. In opaque regions, the infrared (IR) part of the
radiation field can be absorbed and reprocessed on dust particles and therefore con-
tributes to the thermal energy budget of a region. The gas component itself is also
heated by photoionisation, giving rise to large HII regions. As soon as a star of
sufficient mass forms, it emits ionising photons with a total rate

Q(H’) = /EOO QL;fE) dE, (2.29)

with luminosity L(FE) for a given photon energy E above the photoionisation thresh-
old Ey. For a typical O-star this is of the order of ~ 10*s~!. For B-stars, this
decreases to ~ 10%s7!. This decrease by four orders of magnitude shows that
the photoionisation process is entirely dominated by the contribution of the most
massive O-type stars (Osterbrock & Ferland 2006). On the one hand, the ionising
photons impinge with intensity I(E) on neutral hydrogen atoms with density n(H°)
and ionisation cross section ojop (HO, E). On the other hand, free electrons and pro-
tons with respective densities n. and n, recombine according to the recombination
cross section arec(HO, T'), which is also dependent on the gas temperature 7. Since
the intensity decreases with increasing distance from the radiation source, there is a
certain radius at which ionisation is balanced with recombination. This equilibrium
can be approximated for the case of a mono-atomic hydrogen cloud as

*2I(FE
n(H°) / ( )aion(HO,E) dE = n,n, ae.(H, T), (2.30)
B, IE
with the left side describing the number of ionisations and the right side giving
the number of recombinations. This radius corresponds to an ionisation front and
defines the boundary of a Stromgren sphere. Accordingly, the fully ionised and
heated interior has a volume of
4 H'
il R} = L2)7 (2.31)
3 npyec(H, T')
with the Stromgren radius Rs and a homogenous total hydrogen density ny =
n(H") 4 n,. It is surrounded by a rather thin transition zone with thickness

1
d~ g,
gnHOfrec(H )

where ¢ denotes the fraction of neutral H° outside the HII region. Overall, the
photoionisation rate scales with Q(HO) and the size of the cloud. A schematic picture
of an idealised HII region is shown in Fig. 2.24 for the case of a fully embedded and
a blister region. Since the gas inside the sphere is ionised and heated, the interior
of the sphere is overpressured compared to the neutral gas in the surrounding. This
means in particular that the Stromgren radius sets the density rather than the other
way around. Overall, this leads to an overall expansion of the HII region that is
proportional to the number of ionising photons per unit time (Kim et al. 2016).
In terms of luminosity there are generally more non-ionising than ionising photons.

(2.32)
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Figure 2.24: Schematic picture of HII regions. The fully ionised interior of the HII region with Strémgren radius
Rg is shown in yellow. It is separated by a transition zone (green) of thickness d from the neutral
surroundings (blue). Upper: Radiation source fully surrounded by neutral neutral hydrogen with an
embedded HII region. Lower: Radiation source in the outer region of a cloud causing a blister HII
region.

Thus, it is also important to take the effect of non-ionising photons into account.
These lower energetic photons can rearrange the material within the Stromgren
sphere with a gradient from radiation pressure dominated in the central region to
gas pressure dominated in the outer part. If the HII region expands enough, it
can completely disrupt the cloud in which the star formation event took place on
timescales of 1-10 Myr. The dispersal time is shorter and of the order of only a few
Myr. The basic correlation here is, that the higher the surface density of the cloud,
the higher star formation efficiency is needed to disrupt the cloud (Murray et al.
2010; Fall et al. 2010). The first order approximation of a spherical cloud with an
isotropically expanding HII region is of course rarely found in reality. Actually most
of the time stars form in outer regions of a cloud and form blister HII regions with
the radiation being incident only on a part of the cloud that is exposed to the outside
(Krumholz & Matzner 2009). Gas that is photo-evaporated from that surface can
escape in flows comparable to the sound speed which is of the order of 10kms™!;
this effect is sometimes also called champaign-flow (cf. lower panel in Fig. 2.24).
On the other side, there is a back reaction pushing the neutral gas, which increases
the pressure in that cloud region comparable to what occurs in the case of a full
Stromgren sphere. Since the gas around ionising sources is not homogenous and the
sources are not always fully embedded, on average about 40% of the photons escape
and do not contribute to the radiation pressure (Kim et al. 2019). Nevertheless, as
will be discussed in Sec. 2.3, the radiative effects are of major importance for the
overall feedback on large scales.
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Stellar Winds A second source of stellar feedback is the mass loss due to stellar
winds that was briefly mentioned in the discussion of AGB, WR, and massive stars
in Sec. 2.2.4. For the first time, Norman & Silk (1980) suggested stellar outflows as
important source of energy injection in GMCs and proposed that these outflows blow
large cavities and thereby govern the dynamics and structure of clouds. Lower-mass
stars contribute mainly by magnetocentrifugally driven winds and jets to this form
of feedback. Because the terminal velocities of these winds is only 10-100kms™,
they are overall of less importance. Nevertheless, massive stars contribute also with
strong line-driven winds and circumstellar disk winds which have a much larger

effect. Stellar winds can be approximated as steady flowing fluid (Cassinelli 1979)
M = 47p vr? = const., (2.33)

with momentum conservation

dv ldp GM
v—“+——p+7+gmd:0, (2.34)

with the radial velocity v of the outflowing material of density p. The pressure of

the gas is p and the acceleration due to radiation pressure g,.q. The latter can be
split into its line and continuum components

KkL(r
g = 20 > o (2.35)
l

4dmc?r?
whith the continuum mean opacity x and the acceleration g; that caused by spectral

line [. Applied to Eq. 2.34, this obtains

dv 1dp GM
—+——+ 1-Tg)+ = 2.
Y pdp 2 ( E) ;91 0, (2.36)

with the Eddington parameter I'g as defined in Eq. 2.8. This reproduces I'g < 1
with the critical Eddington luminosity Lg (cf. Eq. 2.9) as condition for net inward
acceleration inside the star and I'g > 1 for outward wind acceleration. The latter
implies deposition of radiative and mechanical energy, as well as momentum in the
ISM.

The terminal wind velocities of OB stars are of the order of 103 km s~! with a mass-
loss rate in the range 107° Mg yr=! to 107 Mg, yr~!. The steady outflow leads to the
emergence of wind bubbles around AGB or massive stars. This is shown schemati-
cally in Fig. 2.25. After the wind is accelerated in a turbulent shock phase, it forms
a stable outflow, that pushes the surrounding gas outwards. As it runs into the cold
ISM, it is decelerated to velocities of ~ 100kms~!. In the most extreme case with
all mechanical energy being retained in the bubble, it expands adiabatically with
R(t) = (L/p)5tz. This is based on very simplified assumptions and is sensitive to
the detailed thermodynamics and especially the cooling efficiency of the gas in the
bubble interior (Dale 2015). But it is important to note that the dependence on
stellar luminosity L and the ISM density p is rather weak. A more holistic picture
with combined feedback effects will be given in the context of larger-scale superbub-
bles in Sec. 2.3.

Fig. 2.26 shows the wind yields for different remnant types from particular initial
stellar mass regimes as a variation of Fig. 2.23, now focussing explicitly on stellar
wind ejection. While the integrated kinetic energy that is injected into the sur-
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Figure 2.25: Schematic feedback from AGB stars. Flow properties in different regimes are denoted in white and
chemical characteristics are annotated in black. Adopted from Hofner & Olofsson (2018).
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Figure 2.26: Stellar wind yields for different stellar remnants and initial mass regimes. The ejected mass with varying
composition is shown above the remnant mass (purple) and wind types are assigned to different regimes.
Reproduced following Maeder (1992).

roundings by stellar winds is comparable to that by SNe, observations suggest that
a substantial amount of the wind energy is lost from the surrounding bubble. A pos-
sible scenario is that turbulent small-scale mixing between the hot bubble interior
and the cold surrounding gas or bulk leakage of hot gas in HII region Champaign-
flows remove a substantial amount of the kinetic energy injected by massive star
winds. Such mechanisms could limit the importance of stellar winds as contributors
to feedback on the cold ISM significantly (Rosen et al. 2014).
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Supernova Explosions At the end of their evolution, massive stars explode in ccSNe
and thereby energy on order of ~ 105! erg during a few seconds (cf. Sec. 2.2.4). This
launches a blast wave with with a velocity of the order of 3000-5000 km s~! that first
sweeps through the stellar envelope itself, then the surroundings, which may consist
of a wind-blown cavity, and then runs into the surrounding molecular gas (Janka
2012; Dale 2015). In the simplified picture of expansion in a homogenous medium,
the SN blast wave can be described as going through three phases: In the first phase,
the surrounding ISM pressure is negligible and has no effect on the expansion. This
means the radius of the shock scales as

Riree(t) = veit, (2.37)

according to the velocity of the ejecta vej. As the ejecta are freely streaming spher-
ically outwards, ISM gas is accumulated in a shock front. The accumulation of
material leads to the build-up of a reverse shock. When the shocked material about
equals the ejected material in mass, the reverse shock starts to slow down the expan-
sion. This marks the end of the free-expansion phase. With the inward propagation
of the reverse shock, this starts the second phase, i.e. the Sedov-Taylor phase of a
pressure-driven explosion. Here, the radius of the shock evolves with (Dale 2015)

Fex\ 7
RSedov-Taylor(t) X (%) t%, (238)
0

with the total energy of the SN Fgy and the un-shocked homogenous ISM density
po- In the final snowplough phase, matter is continuously swept up in the expanding
shell. (Klessen & Glover 2016)

H i 1
Rsnowplough(t) X <_) t4, (239)
P1
with the total momentum of the expanding shell ;1 and the increased density in
the swept-up shell p;. The evolution through these three phases is shown schemat-
ically in the left panel of Fig. 2.27. The picture becomes more complicated when
turbulences are taken into account. When the blast wave runs into the denser
ISM, Rayleigh-Taylor instabilities establish. Additionally, inhomogeneities and pre-
existing bubbles in the ISM interact with the blast wave to form discontinuities,
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Figure 2.27: Left: Schematic stages of the expansion of a ccSN. It starts expanding freely (Eq. 2.37, yellow), ex-
periences deceleration in the Sedov-Taylor phase (Eq. 2.38, green), and finally reaches the snowplough
phase (Eq. 2.39, blue), which is dominated by the pressure of the ambient material. Right: Schematic
of the characteristic luminosity course in a ccSN time sequence. Adopted following Adams et al. (2013).
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vortices, or protrusions (Jun et al. 1996; Blondin et al. 2001). The time sequence
of a ccSN blast is depicted schematically in the right panel of Fig. 2.27. It is shown
that the largest part of energy is released in a neutrino burst, that lasts only on
the order of ~ 10s. Magneto-hydrodynamic (MHD) simulations indicate that large
fractions of this energy escapes the cloud due to the low cross section for neutrino
interaction and therefore do not affect the dynamics of a molecular cloud. Neverthe-
less, SNe are the dominant energy sources in the diffuse ISM (Mac Low & Klessen
2004). Multiple SNe are cumulatively able to inject approximately 10%3 gcms™ of
momentum per event into the surroundings (Geen et al. 2016; Kim et al. 2017).
This makes SNe particularly important for feedback processes on the larger scale.
A single SN can not contribute significantly to the collapse of a molecular cloud be-
cause of the high density difference between the diffuse ISM and the molecular cloud
gas. In that case, the energy is mostly reflected from the cloud which is dominated
by the turbulences inherited from its GMC formation (Elmegreen 1999; Heitsch &
Burkert 2002). The cumulative effect from multiple sources will be discussed in the
following Sec. 2.3.

Nucleosynthesis Feedback Besides its thermal and kinetic aspects, stellar evolution is
also accompanied by a chemical change of the surrounding ISM. This is referred to as
nucleosynthesis feedback. As long as the freshly produced nuclei reside at their pro-
duction sites inside stars, there is no such feedback. It requires stellar winds or SNe
to transport the nucleosynthesis products into the surroundings. This means nucle-
osynthesis feedback has two main aspects: dynamics and yields of nucleosynthesis
products. While the former essentially resembles the dynamic ejection properties
of the respective source, the latter refers to the amount of an isotope that emerges
from a source.

Except for neutrino measurements from the Sun, the nuclear processes inside stars
are observationally not directly accessible and our understanding of them there-
fore empirically barely testable. Thus, calculations of nucleosynthesis yields are an
important tool of theoretical astrophysics as it addresses an immediate as well as
potentially observable effect of these processes. In that respect, the yields of ra-
dioisotopes such as the previously mentioned 26Al, Fe, or *Ti are of particular
interest because they are directly observable by their gamma-ray line emission. Ob-
servations of stable isotopes are necessarily biased according to certain thermal or
ionisation conditions, and therefore do not trace the distribution of nucleosynthesis
products directly but instead general physical conditions of the surroundings. From
such observations information about nucleosynthesis feedback can only be inferred
according to certain assumptions about density, temperature, ionisation, or veloc-
ity. Nevertheless, nuclear line emission from radioisotopes is less biased by such
environmental conditions and offers a uniquely direct window to the dynamics of
chemical enrichment of the ISM. As reviewed by Diehl et al. (2018a), model cal-
culations of nucleosynthesis yields including radioisotopes have been and still are
subject to intense studies. 2°Al yields were initially investigated by e.g. Woosley
& Weaver (1995), (Timmes et al. 1995), Thielemann et al. (1996), Palacios et al.
(2005), or Limongi & Chieffi (2006). Newer stellar yield models take especially the
influence of rotation and metallicity into account (Meynet et al. 2006; Ekstrom et al.
2012; Chieffi & Limongi 2013; Pignatari et al. 2016; Limongi & Chieffi 2018). Most
of these models are concerned with the emission from massive stars in the range
10-120 M. Also yields from novae (Jose & Hernanz 1998; Gehrz et al. 1998) and



2 Nucleosynthesis and Massive Stars in Our Galaxy 44

10—2,
1074 R
‘:l sy
ZO 10-6 '.:’{..
_— ‘e 9
3 e
= Ad
< 10°8 >
< o~
8

S 4

1070 &
e
®

10—12 i

10—6,

(?5Al x IMF) Yield [arbitrary units]

10-10. .' S | | | . .
20 40 60 80 100 120
Mzams [Mol
Chieffi & Limongi (2013) total —eo— Limongi & Chieffi (2018) total
-=o-. Ekstrom et al. (2012) wind -»®-: Limongi & Chieffi (2018) wind
—o— Nomoto et al. (2013) total —o— Meynet et al. (1997) total

—eo— Limongi & Chieffi (2006) total —e— \Woosley & Heger (2007) total
-»@-: Limongi & Chieffi (2006) wind -+0-: Woosley & Heger (2007) wind

Figure 2.28: 26 Al single star yields per initial stellar zero-age main sequence (ZAMS) mass from non-rotating stellar
models with Solar metallicity by Meynet et al. (1997), Limongi & Chieffi (2006), Woosley & Heger
(2007), Ekstrom et al. (2012), Chieffi & Limongi (2013), and Limongi & Chiefli (2018). Upper: Total
26 Al yields of combined wind and SN contribution (solid lines) and isolated contribution due to stellar
winds only (dotted lines). Lower: Effective 26Al yields weighted by the IMF (Eq. 2.5). This gives
effective contribution of different stellar mass regimes by taking their formation frequency into account.
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lower-mass AGB stars have been provided (Bazan et al. 1993; Meynet et al. 1997;
Mowlavi & Meynet 2000; Karakas & Lattanzio 2014). A summary of total Al and
0Fe yields from different theoretical model calculations of non-rotating stars with
Solar metallicity are given in Fig. 2.28 and Fig. 2.29, respectively.

A massive star ejects on average on the order of 107* M of 26Al as well as “Fe.
An AGB star of about 4 M, is expected to eject less, i.e. ~ 5 x 1075 Mg, of 26Alas
estimated by Bazan et al. (1993). The results for different stellar models show a
spread of about one order of magnitude in yields. The amount ejected by SNe seems
to outweigh the wind component over the whole mass range. Models by Limongi &
Chieffi (2018) constitute a special case because they assume an immediate collapse
into a black hole for stellar masses Myzams > 25 M. This reduces nucleosynthesis
feedback in this mass range to only a wind component. In general, individual stars
with very high mass Mzams > 60 Mg, eject more 26Al than less massive stars. Nev-
ertheless, for the overall contribution to nucleosynthesis feedback, their difference
in formation frequency has to be taken into account. The lower panel in Fig. 2.28
shows the effective 2°Al yields weighted with the standard IMF which reflects this
dependence on the formation frequency of stars in a certain mass range. This shows
an overall larger contribution of 26Al in the ISM due to stars with Mzams < 30 M.
®Fe is produced mainly in shell C/Ne-burning. This only occurs at late evolution-
ary stages and far from the surface deep inside of massive stars. In that phase,
stellar evolution proceeds on timescales of a few kyr at most. Convective transport
is neither quick enough nor does it reach deep enough in order to dredge up a signif-
icant amount of Fe before the star explodes. Thus, ®Fe is only released when the
entire star is disrupted in a SN. This is shown by the negligible wind contributions
in Fig. 2.29. The disagreement among models for ®°Fe yields spans about two orders
of magnitude. The above mentioned explodability included in Limongi & Chieffi
(2018) yields shows a much larger effect for ®Fe since it is only expelled during
an explosion. This makes the contribution of stars with mass Mzanys > 25 Mg to
%Fe in the ISM negligible in this model. Additionally, this underlines the particular
sensitivity of %Fe production to metallicity assumptions.

Overall, the main contributors to 26Al are winds from AGB, massive, and WR stars
as well as SN ejecta. This marks an important difference to °°Fe, which is only
ejected in SNe. Thus, 26Al and ®Fe are expected to emerge from slightly different
ejection mechanisms. In a sufficiently small region, where the ISM does not reach
equilibrium between injection and decay of these isotopes, the °Fe/?°Al ratio is
therefore not expected to be constant. Instead, a variation on the order of the time
delay between the different ejection mechanisms should occur.

For simplicity, the following explanations are mainly restricted to the models by
Limongi & Chieffi (2006) (LC06) and Limongi & Chieffi (2018) (LC18) because
they are shown to reflect two rather extreme cases at the upper and lower bound-
aries of the spread between models (cf. Fig. 2.28 and Fig. 2.29).

LC06 use the Frascati Raphson Newton Evolutionary Code (FRANEC), a one-
dimensional stellar evolution code with nuclear burning coupled to convective mix-
ing. In order to describe the chemical evolution of matter, the nuclear generation
rate is computed with cross sections for a full nuclear network from neutrons to
%Mo (Limongi & Chieffi 2003). The wind mass-loss was calculated via Monte Carlo
(MC) ray tracing, i.e. by following the momentum transfer of a large number of pho-
tons that are released from below the surface to the outflowing material (Vink et al.
2000; Nugis & Lamers 2000). After central fuel exhaustion, the explosion is started
by instantaneously injecting an initial velocity vy at a mass cut of ~ 1My inside
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the iron core of the pre-SN model. The boundary condition for the choice of this
mass cut is to finally obtain 0.1 My 5°Ni. Since 26Al and %°Fe are produced further
out in the mantle, the mass cut choice is expected to have no huge effect on their
yields. It is important to note that vy is chosen in a way that all the mass above
the iron core is actually ejected. The subsequent shock propagation is calculated
by an hydrodynamic explosion simulation code. In order to follow the explosive
nucleosynthesis in this phase, the nuclear network is coupled to the hydrodynamic
equations. This way, the nucleosynthesis feedback is modelled for non-rotating sin-
gle stars with metallicity Z = 0.02 in the mass range 11-120 M.

LC18 includes a grid of pre-SN models with different metallicities and rotation veloc-
ities. The metallicites range from Solar [Fe/H] = 0, i.e. Z = 1.345 x 1072 (Asplund
et al. 2009), to [Fe/H| = —3, i.e. Z = 3.236 x 10~°. Here, [X/Y] denotes the abun-
dance ratio defined as [X/Z] = log(X/Y) — log(X/Y)s. Included steps of initial
rotation velocities are 0, 150, and 300 kms~!. This induces instabilities affecting
two convection coefficients for meridional circulation and shear instability. In order
to include the multi-dimensional effects of stellar rotation into the one-dimensional
evolution code, the rotation-induced mixing efficiency is normalised by adjusting the
enhanced surface nitrogen abundance in a 20 M, star at core hydrogen depletion to
the value observed in the LMC (Heger et al. 2000; Maeder & Meynet 2000). The
stellar evolution up to the SN stage is calculated with an updated version of the
FRANEC code, coupled to a reaction network that is extended to 2“*Bi (Chieffi &
Limongi 2013). The main improvements in stellar evolution calculations compared
to LCO6 concern a more detailed treatment of momentum transport in the stellar en-
velope, triggered mass-loss effects near the Eddington limit, and angular momentum
loss during wind phases. Additionally, the nuclear cross-sections and weak interac-
tion rates are updated following the STARLIB database (Sallaska et al. 2013). The
impact of rotation on pre-SN stellar evolution scales inversely with the initial mass
of the star. That means, for a given rotational velocity the rotation-induced effects
decrease as the initial stellar mass increases (Maeder & Meynet 2000). The main
effect of rotation at the end of the pre-SN stage in LC18 are enhanced He and CO
core masses. The finally produced elemental yields mainly cause an overproduc-
tion of weak s-components but it is overall not strongly affected by rotation. The
mass cut condition for SN ejection is adjusted to the mixing and fallback scheme by
Umeda & Nomoto (2002). In order to obtain explosive nucleosynthesis yields this
is combined with the assumption that stars initially more massive than 25 M, fully
collapse into black holes. The latter assumptions is subsequently denoted as the
explodability model following LC18.

This explodability assumption strongly affects the SN yields of 2Al and ®Fe. A
comparison of SN yields in LC18 and LCO06 is shown in Fig. 2.30. Other explod-
ability models investigated in this thesis are summarised in Tab. 2.5. Their effect
on SN nucleosynthesis yields from LCO06 is shown in the lower panels of Fig. 2.30.

Table 2.5: Explodability models and the respective acronyms used in this thesis. M, denotes the initial stellar mass
in units of Mg.

Source Acronym  Exploding stellar models

Smartt (2009) S09 M, >8

Janka (2012) J12 8 < M, <100 and 140 < M, < 260
Sukhbold et al. (2016) S+16 Irregular islands and valleys of explodability

Limongi & Chieffi (2018)  LCI8 8 < M, <25
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Figure 2.30: SN yields of 26Al and %9Fe from stellar evolution models by Limongi & Chieffi (2006) (LC06) and
Limongi & Chieffi (2018) (LC18). The panels give the yields additionally for different explodability
models following LC18, Smartt (2009) (S09), Janka (2012) (J12), and Sukhbold et al. (2016) (S+16).
Grey shaded regions indicate initial stellar masses for which no ccSNe occur in a given explodability
study.

It should be mentioned in this context that the explodability model by Sukhbold
et al. (2016) is a special case as its irregular islands of explodability are based on
one-dimensional hydrodynamic explosion simulations of a set of pre-SN models. If
not mentioned otherwise, LCO6 is combined with explodability S09. The global ef-
fects of the different explodability assumptions will be discussed further in Sec. 2.3
and Ch. 4.

The overall difference in time evolution of nucleosynthesis feedback between LCO06
and the updated LC18 is shown in Fig. 2.31.

Here, wind and SN contributions are combined for non-rotating single star models
with Solar metallicity. If there is a stellar wind component, 26Al is emerging from
the source prior to ®“Fe. This means that the former completely dominates in the
pre-SN phase. If there is any °Fe in the SN ejecta, it will at some point come to
dominate the %Fe/?°Al ratio after the explosion due to its longer half-life time of
2.6 Myr (Rugel et al. 2009). For LC06 and LC18 this occurs between 5-18 Myr and
16-30 Myr after the formation, depending on the initial mass of the source (cf. lower
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Figure 2.31: Time profiles for 26 Al ejecta (upper), 8°Fe ejecta (middle), and their ratio (lower) as obtained from
stellar models by Limongi & Chieffi (2006) (LCO06) in solid and stellar models by Limongi & Chieffi
(2018) (LC18) in dotted lines. Colours denote different initial stellar masses.

panel in Fig. 2.31). This indicates a strong model sensitivity of the %°Fe/?*¢Al and
makes this ratio an important touchstone for testing different stellar evolution mod-
els.

The two main parameters that are introduced in LC18 compared to LC06 are a grid
of metallicities [Fe/H| and rotational velocities v,o;. The effect of these parameters
on 26Al and ®Fe yields in LC18 are depicted in Fig. 2.32, in which the left side
shows variations with v,,; and the right side gives the effect of variations in [Fe/H].
Since the amount of 26 Al produced through 2Mg(p,v)?®Al largely depends on the
amount of 20Mg that is present when the star forms, its final abundance is sensitive
to metallicity. The same is valid for %°Fe production due to its dependence on the
initially available amount of mainly 5®Fe. Thus, the overall effect seen in the right
side of Fig. 2.32 is a reduction in 2°Al and ®Fe yields with decreasing metallicity.
This goes along with a decrease in opacity due to a lower electron scattering cross-
section. According to Eq. 2.35 this decreases the radiative wind acceleration and
therefore reduces the stellar wind contribution for lower-metallicity stars.

Higher rotation velocity shows three main effects: enhanced yields, increased life-
time, and earlier and stronger wind contributions (cf. left panel in Fig. 2.32). As
discussed in Sec. 2.2.2, stellar rotation increases mixing and expedites convection.
This means that freshly produced 2°Al is transported more quickly from hot regions,
such as in hot bottom burning or shell C-burning, into cooler regions which avoids
its decay via the thermally populated isomeric state 2Al™. Rotation also mixes
neutron-rich material and leads to an enlargement of convective regions in which
C/Ne-burning produces ®Fe and therefore also enhances the yield of this isotope.
The increased lifetime of rotating models is due to enlarged stellar cores as a conse-



2 Nucleosynthesis and Massive Stars in Our Galaxy 50

10—3,
10_47 ::I.;' '-.
= 1 3N
— I =3
Iy
10-7
i .
L] -
0+ Shea
0 5 10 15 20 25
10—3,
10-4- 1074
<1073 10-5-
o& 1076- 10-6-
©o
1077- 10-7-
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time [Myr] Time [Myr]
— Vot =0kms1 13 Mg —— [Fe/H] = 0.0 13 Mg
-== Vpot = 150 km s~1 20 Mg --- [Fe/H] =-0.5 20 Mg
...... Vror = 300 km s~1 —— 30 Mg =« [Fe/H] = -1.0 —— 30 Mo
—— 60 Mg — 60 Mo
— 120 Mg — 120 Mg

Figure 2.32: Rotation (left) and metallicity (right) effects on 26Al (upper) and %9Fe (lower) ejection time profiles
in LC18. In the left panels only models with Solar metallicity are shown. In the right panels evolution
models of non rotating stars are compared. Colours denote different initial stellar masses.

quence of rotation. With a constant core mass, this slows down the nuclear burning
processes. The dependence on the mass-loss rate on rotational velocity v, follows
the relation (Langer 1998; Heger & Langer 1998)

) ) v —0.43
M (vr01) = M (1— “’t) : (2.40)

Verit

where Mg is the mass-loss rate at v,y = Okms™! and the critical velocity v =
V(GM)/R. From this it can be seen that higher v, also results in a higher mass-
loss rate M. Thus, the wind component is enhanced in faster spinning models due
to increased centrifugal forces. A more extensive grid of nucleosynthesis feedback
profiles for different metallicities and rotational velocities can be found in Fig. A.1
for 26Al and in Fig. A.2 for ®Fein the appendix.

In the models considered so far, only isolated single stars were discussed. In Sec. 2.2.4,
it has already been mentioned that another property, that may enhance the stellar
wind, is a potential interaction with a companion. This is currently a highly debated
uncertainty factor with respect to nucleosynthesis contributions (Isern et al. 2018).
Thus, the 26Al ejection from binary systems was addressed only recently in binary
model calculations by Brinkman et al. (2019) (B+19) using Modules for Experi-
ments in Stellar Astrophysics (MESA). With this one-dimensional stellar evolution
code, the authors compute the effect of binary mass transfer on 26Al wind yields in
non-rotating models in the mass range 10 Mo < Myzams < 80 Mg, with Solar metal-
licity Z = 0.014. In addition to initial mass, metallicity, and rotation, also the mass
ratio ¢q as well as the orbital period p are important parameters for stellar evolution
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Figure 2.33: 26 Al wind yields with the green regions indicating enhanced wind yields due to binary interactions by
Brinkman et al. (2019). Dotted lines denote single star models. The vertical green lines span between
models with identical initial mass but different orbital periods ranging from a few days up to ~ 100 days.
Generally, models with shorter periods, i.e. closer separation, show more mass-loss and lie at the upper
boundary of the green region. The binary models include non-rotating stars with mass ratio ¢ = 0.9
and a mass-loss efficiency of 8 = 1.

in binary systems. In order to limit the parameter space to a calculable size, the au-
thors have fixed ¢ to a value of 0.9 in all their models. The nuclear network contains
all relevant reaction rates in the context of Al production as well as destruction
based on Angulo et al. (1999). According to Kepler’s third law, the orbital period
p of the stars is proportional to their separation, which determines the strength of
gravitational interaction. This in turn affects convection and mixing inside the star
as well as the mass exchange between the companions. This is taken into account
in MESA following the mass-loss scheme by Schootemeijer & Langer (2018). The
yield calculations were done for a set of orbital periods between a few days and up
to ~ 100 days in a semi-numerical approach by entirely stripping the star of its en-
velope in the case of Roche-lobe overflow (cf. Eq. 2.28). The fraction of overflowing
material that is accreted by the companion is described by the mass-loss efficiency
$. In order to constrain an upper limit for the effect on 26Al feedback 3 = 1 had
been chosen by the authors, i.e. fully non-conservative mass transfer with all the
mass overflowing the Roche-lobe being ejected from the system. The corresponding
26 Al wind yields are shown in Fig. 2.33 in comparison to single star wind yield cal-
culations. It can be seen that especially in stars with masses Mzams < 20 Mg show
enhanced wind contribution in 26Al compared to single star models by up to a factor
of ~ 100. For more massive stars the binary interaction seems to have basically no
effect on the wind yields. The green region in Fig. 2.33 gives an upper limit of this
effect on nucleosynthesis feedback because observations indicate that actual mass-
transfer efficiencies are below one, i.e. some mass fraction ~ 0.2 is accreted by the
companion and therefore stays in the system (Pols et al. 1991; de Mink et al. 2007;
Schootemeijer & Langer 2018). Also the mass removed from the primary will be
usually lower than in the semi-numerical approach of an entirely stripped envelope.
A discussion of the global effects of binary interactions on nucleosynthesis feedback
on the level of massive star groups will be given in Sec. 4.2.2 on the basis of the
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yield calculations by Brinkman et al. (2019).

Massive stars are the main agents driving galactic chemical enrichment. Their
thermal and kinetic feedback is mainly due to UV radiation, stellar winds, and
SNe. Their nucleosynthesis feedback can be traced by radioactive isotopes,
such as 2°Al and %°Fe. The former is produced in massive stars in hydrostatic
core H-burning, convective shell C-burning, and explosive Ne/C-burning and
it is ejected via stellar winds and SNe. The latter is produced in massive stars
in convective shell C/Ne-burning and ejected only in SN outflows.

e How does massive star nucleosynthesis affect larger scales?
— Ch. 4

e How can stellar model yields be tested observationally?
— Sec. 4.1

e What is the global effect of binary interaction to nucleosynthesis feed-
back?
— Sec. 4.2.2

e Can individual sources of nucleosynthesis be observed directly?
— Sec. 5.2

2.3 Massive Star Groups

It was discovered quite early on in modern astrophysics that massive stars in the
Milky Way are not randomly distributed but accumulated in larger aggregations
of stars (Kapteyn 1914). Due to their hierarchical formation process from GMCs
outlined in Sec. 2.2.1, stars emerge in groups embedded in molecular clouds (McKee
& Williams 1997; Lada & Lada 2003; Portegies Zwart et al. 2010). Such assemblies
of physically related stars make coherent units of cumulative feedback in the Galaxy
and therefore constitute the conceptual nexus between single star feedback and
galactic evolution. In this thesis, stellar groups are of particular interest because
they frame the highly complex process of nucleosynthesis feedback.

2.3.1 Clusters and Associations

The general condition for individual stars to constitute a stellar group is to be phys-
ically related. This can be specified by the conceptual subdivision into clusters and
associations. Classifications of clusters, associations, and respective subgroups are
manifold in literature, however not fully canonical. The definitions adopted in this
thesis are summarised in Tab. 2.6 and mostly follow Lada & Lada (2003).

In the context of stellar feedback, star groups containing young and massive stars
are of particular relevance. The following explanations will focus mainly on embed-
ded clusters, young massive clusters, and OB associations.
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Table 2.6: Classifications of different types of star groups. (Kholopov 1959; van den Bergh 1966; Lada & Lada 2003;
Boker et al. 2004; Portegies Zwart et al. 2010; Gratton et al. 2019)

Class Sub-class Physical Characteristics
Cluster Stable against tidal disruption, p, > 1.0 Mg /pc3
Embedded Partially or fully embedded in GMCs, youngest groups
Exposed Little or no ISM gas within the boundaries
Bound Negative total kinetic and potential energy
Unbound Positive total kinetic and potential energy
Open Bound, exposed, mass < 10% My, in Galactic disk
Young Massive Age < 100 Myr, mass > 10* Mg,
Nuclear Age < 300 Myr, mass 10°-10° M, in Galactic centre
Globular Age > 10 Gyr, mass > 103 Mg, size 3-5 pc, in Galactic halo
Association Unstable against tidal disruption, p, < 1.0 Mg /pc—3
OB Age < 50 Myr, high density of O- and B-type stars
T Age < 10 Myr, high density of T Tauri stars
R Associated with reflection nebula

Star groups preferentially form in gas that is shocked when entering a spiral arm
(Roberts 1969). This means that their distribution is linked to larger-scale dy-
namics and is key to understanding the Galactic structure. This is an important
aspect, that will be carried on especially in Sec. 2.4.4 and Sec. 4.3. During their
earliest evolutionary phase, all stellar groups emerge as embedded clusters. In this
stage, the stellar aggregation is still fully or at least partially embedded in the cloud
where the star formation event occurs. These objects form with a rate of about 2—
4 Myr~—! kpc=2, which implies a SFR inside each cluster of ~ 3x10% M, Myr~! kpc—2.
Observationally, it is difficult to constrain the radii of stellar clusters. In general,
massive star clusters are approximately spherically symmetric and a typical measure
of their extent is the virial radius (Lada & Lada 2003; Krumholz et al. 2019)

GM?>
Ry = —2, 2.41
where M, is the entire cluster mass with the total potential energy U = — M (v?)

according to the virial theorem. This radius encloses about 80% of the total lumi-
nosity (Plummer 1911) and will be adopted as measure of the spatial extent of star
groups throughout this thesis.

Embedded clusters form with an initial radial extent between 0.5-5pc (Pfalzner
2009). Since these are the youngest groups of stars, they are expected to encompass
a relatively high number of young and also massive stars. Overall, ~ 96% of all
O-type stars form inside a cluster (Portegies Zwart et al. 2010). Thus, massive star
feedback is strongly coupled to star group environments. In each star group, usually
around five star formation episodes happen over ~ 20 Myr (Blaauw 1964; McKee &
Williams 1997). This reflects the substructure inherited from the birth cloud and an
intrinsically fractal structure of star groups emerges. However, their dynamical evo-
lution tends to a smoother and concentric sub-structure (Daffern-Powell & Parker
2020). The main physical parameters that determine the further evolution of a stel-
lar group as cluster or association are the velocity dispersion, the gas fraction, and
the timescale on which stellar feedback removes interstellar gas from the group (Ver-
schueren & David 1989; Brown et al. 1999). If the total kinetic and potential energy
is negative, the aggregation is bound by its own gravity. If the kinetic energy is larger
than the potential energy, the cluster is unbound and evolves into a loose stellar asso-
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ciation. About 90% of all star clusters dissolve within ~ 10 Myr after their formation
due to gas removal during the formation process (Whitmore et al. 2007; Fall et al.
2005). Overall, associations have stellar densities of p, < 1.0 Mg pc™3, which is too
low to gravitationally cohere its members against galactic tidal forces (Bok 1934).
Clusters on the other hand can sustain their structure against such forces due to
a higher density p, > 1.0 My pc=3. Although associations and unbound clusters
disperse over time, 70% — 80% of all O stars reside still in the stellar groups which
they were born in (Gies 1987; Neugent & Massey 2011). This means, the dispersal
time is longer than the lifetime of massive stars and massive star feedback is closely
linked to the host group. The more intense this feedback is, the faster the remaining
interstellar gas content will be evaporated and removed from the group, making it an
exposed or open cluster. For the Galactic census of open clusters, current estimates
include a total number of about 23,000-37,000 with an average age of ~ 250 Myr
(Piskunov et al. 2006). After the removal of interstellar gas, it takes on the order of
~ 100 Myr for mass loss and large scale tidal shocks to disperse the cluster. Only
~ 10% of groups can sustain their aggregation as open clusters (Krumholz et al.
2019). The cumulative effect of stellar feedback mechanisms described in Sec. 2.2.5
induces gas removal from the cluster as well as its dissipation. This drives the evo-
lution of the remaining 90% to loose associations. The mechanism that is mainly
causing the dispersal of the group varies with its total mass. In the smallest clusters
with masses M, < 100 Mg, protostellar outflows mainly drive the overall relevant
feedback since more massive stars with stronger feedback mechanisms are mostly
absent. In more massive clusters with My < 10* M, photoionisation dominates
stellar feedback effects. This happens because the thermal pressure of photoionised
gas exceeds the radiative pressure and it sets in instantaneously, unlike stellar winds
or SNe. The more massive a stellar group gets, the more important the latter mech-
anisms become. Only the most massive clusters with My ~ 10° Mg have a deep
enough gravitational potential to persist beyond the cumulative effect of multiple
SNe (Krumholz et al. 2019). Once stars have escaped the sphere of influence of their
original group they are classified as field stars.

OB associations The term OB association was coined by Ambartsumian (1949) and
later refined by Blaauw (1964) as a gravitationally unbound group of stars with
an enhanced density of O-type stars (cf. Tab. 2.1). This distinguishes OB associ-
ations from T and R associations. The former have a high density of young and
less massive T Tauri stars and the latter give rise to prominent reflection nebulae
(Kholopov 1959; van den Bergh 1966). Because of their large number of massive
stars, OB associations constitute a particularly relevant class of star groups with
respect to stellar feedback. Since OB associations are also quite young with an age
of about 50 Myr, they are generally located near molecular clouds, which makes
them especially intriguing laboratories of ongoing chemical enrichment processes in
the Galaxy (Brown et al. 1999). In about 90% of the observed cases, their spatial
extent ranges from 5-100 pc, with the remaining 10% extending up to 500 pc (Blaha
& Humphreys 1989; Brown et al. 1999). Their median stellar mass is 9 x 103 Mg,
(Melnik & Dambis 2017a). It is important to note that despite the nomenclature fo-
cussing on their O- and B-type members, OB associations contain the entire range
of masses, formed according to the IMF. Especially the distribution of the large
number of lower mass stars in OB associations shows that they are also hierarchi-
cally structured in subgroups. These substructures have a typical age spread on the
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order of ~ 10 Myr (Briceno et al. 2007). This is lower than the average age spread of
clusters, which indicates that the feedback driving the development of a cluster into
an unbound association generally also tends to suppress star formation. The vast
majority of massive stars are found in OB associations (Miller & Scalo 1978; Briceno
et al. 2007). This is the case because the strong massive star feedback is causing
quick gas removal from embedded clusters as well as their dispersal. Therefore, also
the internal velocity dispersion is ~ 3kms™ or 3pc Myr™! (de Zeeuw et al. 1999),
which is rather high compared to bound clusters. Nevertheless, this means that even
the longest-lived massive stars with M, ~ 8 My, travel during their main-sequence
lifetime of ~ 35 Myr a maximum of about 100 pc from their site of origin. This is
not far enough to escape the birth association. Thus, ccSNe occur within a 100 pc
radius inside associations (Higdon & Lingenfelter 2013). The expansion velocity of
OB associations is typically vey, ~ 6kms™*(Melnik & Dambis 2017a). This means
that a kinematic age can be assigned according to their size, which will be used in
Sec. 4.2 for spatial modelling of star groups.

2.3.2 Embedded Cluster Mass Function

In Sec. 2.2.1 star formation was described as hierarchically proceeding collapse of
GMCs with clumps being the progenitors of clusters (McKee & Ostriker 2007).
Thus, star groups generally originate as embedded clusters. For these, an embed-
ded cluster mass function (ECMF) can be formulated to describe the probability
distribution function for their formation in a particular mass regime (Lada & Lada
2003; Kroupa & Boily 2002; Kroupa & Weidner 2003; Weidner & Kroupa 2005);
this is similar to the initial core mass function (CMF) for pre-stellar cores or the
IMF for individual stars. For similar reasons as already discussed with respect to
the IMF (cf. Sec. 2.2.1), this can only be inferred from an observational necessarily
under-determined basis. In this respect, the argument by Kroupa & Weidner (2003)
for the determination of the ECMF is adopted in the following.

Looking a galaxy as a whole, the entire stellar content reflects all star formation
processes that took place separately in the individual clusters formed in one consis-
tent epoch. This can be formulated as the integrated galactic initial mass function
(IGIMF) of single stars. The star-formation process in each cluster in turn follows
the IMF. This means, these are related via (Kroupa & Weidner 2003)

MEgc, max
flg(M*) = / S(M* < M*,max) gEC(MEC) dMEC7 (242)

J\4EC7 min

where £ is IMF for single stars with mass M,, {gc is the ECMF for clusters with
mass Mg, and ¢ is the IGIMF.

Now the argumentation branches off according to two conceptual premises. One
ansatz is that star formation is an inherently stochastic process sampling the IMF
and therefore entirely probabilistic (Approach A, according to Kroupa et al. 2013,
124). A second ansatz is that star formation is in fact a self-regulatory process
which produces overall deterministically a mass distribution following the IMF as
outcome (Approach B, according Kroupa et al. 2013, 124-125). Following Approach
A, the IGIMF and the IMF would be identical, because stochastic processes do not
influence each other and temporal or spatial groupings or other boundary condi-
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tions have no effect on the global result; Following Approach B, the IGIMF can be
different from the IMF, because varying boundary conditions in individual clusters
favour the IMF in restricted mass ranges.

The stellar feedback described in Sec. 2.2.5 and its larger scale effect on star forma-
tion mentioned in Sec. 2.3.1 indicate that star formation is a self-regulatory process
rather than purely stochastic. In star groups, gas dispersion, gas removal as well as
star-formation efficiency seems to vary particularly with the total mass. Further-
more, it seems plausible that a large number of small star forming regions produces
in total fewer massive stars than a single massive cluster with the same total mass in
one large star formation event. This becomes clear when star formation events with
a small total mass of e.g. up to ~ 100 M, are assumed. No higher stellar mass could
form. Overall, this thought experiment also underlines the importance of the correct
subdivision of star formation events. In addition to such a logical lower limit, there
are also strong indications for an observational upper mass limit of ~ 150 M, for a
single star (Weidner & Kroupa 2004; Figer 2005; Oey & Clarke 2005; Koen 2006;
Maiz-Apellaniz et al. 2007). The mass of the most massive star M, .y formed in
an individual region appears to vary with the total cluster mass Mgc. The relation
can be approximated by

1
X

log( M, max) = 2.56 log(Mgc) {3.821A + [log(MEc)]A} —0.38, (2.43)

with A = 9.17 (Pflamm-Altenburg et al. 2007; Kroupa et al. 2013). Eq. 2.43 is shown
graphically in the left panel in Fig. 2.34. This relation again emphasises a linkage
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Figure 2.34: Left: Mass of the most massive star formed within a cluster with total mass of 5Mg < Mgc < 107 Mg
according to Eq. 2.43. The dashed grey line indicates the overall physical mass limit for single stars of
150 Mg (following Pflamm-Altenburg et al. 2007). Right: Probability distributions for the formation
of single stars determined as initial mass function (IMF) or integrated galactic initial mass function
(IGIMF), and for star groups, i.e. embedded cluster mass function (ECMF). The x-axis refers to the
initial mass of the respective object class and the functions are given in Eq. 2.5, Eq. 2.42, and Eq. 2.44
respectively. All functions are normalised to one. The power-law exponents above 1 Mg are apvrp =
2.35, ajgimr = 2.77, and agcMmF = 2.

between the cluster mass and a self-regulated star formation process. This is also
in line with the finding in Sec. 2.2.5 that the most massive star dominates the in-
stantaneous radiative feedback. It implies that if a star forms above a certain mass
limit the radiative feedback disperses the birth cloud an therefore suppresses higher
mass star formation. Finally, it was found observationally that the IGIMF in fact
shows a different slope than the IMF and varies with SFR and metallicity (Kroupa
& Weidner 2003; Weidner & Kroupa 2005; Plamm-Altenburg & Kroupa 2008; Wei-
dner et al. 2013; Yan et al. 2017; Jerabkova et al. 2018). All the above-mentioned
indications therefore support Approach B of a self-regulatory star formation pro-
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cess. Thus, the remaining argumentation in this thesis follows this ansatz. This will
be of particular importance for the application of the optimal sampling approach
in Sec. 4.2.1 in order to calculate the global ejecta of 2°Al and %°Fe from stellar
associations.

Because during their initial phase star groups are embedded in a dense cloud en-
vironment, the ECMF is observationally possibly even more biased than the IMF.
Thus, it is generally inferred from the galaxy-wide IGIMF (cf. Eq. 2.42). The IGIMF
in the Milky Way is found to follow the standard IMF in the low-mass regime with a
steeper decrease with ajgnyr = 2.77 above 1 Mg (Kroupa & Weidner 2003; Weidner
& Kroupa 2005). Both, the IMF and IGIMF, are determined on the basis of obser-
vations. The ECMF derived according to Eq. 2.42 follows approximately a power
law (Krumholz et al. 2019)

dNgc
dMgc

with agcyr = 2 in the Milky Way (Lada & Lada 2003; Kroupa et al. 2013; Krumholz
et al. 2019). This exponent is found to change with metallicity and SFR and varies
in extragalactic observations in the range 1.6 < agcovr < 2.5 (Schulz et al. 2015, and
references therein). A synopsis of the three mass functions is shown in the right panel
in Fig. 2.34. The ECMF covers a wide mass range from the smallest coherent and
isolated star formation events with mass Mgc min = 5 Mg, up to the most massive
plausible clusters with Mgc max = 10" M, (Pflamm-Altenburg et al. 2013; Schulz
et al. 2015; Yan et al. 2017). A larger number of lower-mass clusters systematically
under-produces massive stars according to the M, .. relation (Eq. 2.43). In other
words, because massive star groups are rarer, the integrated census of massive stars
in the Milky Way is also smaller than predicted by a fully stochastic star formation
process following the IMF globally. This convolution results in the steeper slope of
the ECMF.

It is important to stress that the ECMF is more then only a distribution function of
star groups, which go through their entire evolution exclusively as bound embedded
clusters. The nomenclature refers to the fact that basically all star groups form in
an embedded cluster stage, regardless of their later evolution. This means that the
ECMF generally describes the mass distribution of correlated star formation events,
which take place spatially within a few pc and temporally on the order of a few
Myr (Kroupa et al. 2013, 126, 226). It therefore encompasses the formation of star
groups in general, which explicitly also encompasses those which evolve e.g. as open
clusters or OB associations.

¢pc(Mgpe) = o My BEoMF, (2.44)

2.3.3 Superbubbles

In star groups, the radiative, kinetic, and thermal feedback mechanisms from the
individual members cumulatively shapes the ISM on a galactic scale. In Sec. 2.2.5,
the main contributions were ascribed to stellar winds, UV radiation, and SNe, all
of which tend to affect the surroundings isotropically and give rise to spherical
structures such as HII regions or wind-blown cavities (cf. Fig. 2.24 and Fig. 2.25
respectively). Since stellar groups are spatially centred, their cumulative feedback
has plausibly an isotropic effect, producing bubble-like structures of similar type on
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Figure 2.35: Left: Optical to near-IR image of the N 70 superbubble in the LMC (Copyright: European Southern
Observatory (ESO); https://www.eso.org/public/images/es09948d/, retrieved March 16, 2020). Right:
Schematic structure of a superbubble. Adopted as described by Kavanagh (2020) following Weaver
et al. (1977).

larger scales. An example is shown in the left panel in Fig. 2.35. Such superbubbles
have typically sizes of a few 100 pc and evolve through three phases. This was
described in a pioneering paper by Weaver et al. (1977). In the first phase, it is
expanding in an adiabatic flow because it is growing so quickly that radiative cooling
is too slow to effectively cool the system. Surrounding gas is swept up by this flow
which causes a thin shell of interstellar gas to emerge in the second phase. In the
third phase, the outer regions of the superbubble are finally significantly slowed down
due to radiative losses. A sketch of the emerging superbubble structure is shown
in the right panel of Fig. 2.35. Temporally, the evolution goes from a radiation
dominated stage via stellar wind dominance to a predominantly SN-driven feedback
stage. The radiation pressure is considered to be a main mechanism causing the
disruption of massive molecular clouds (Scoville et al. 2001; Fall et al. 2010). Even
if SNe are taken into account, radiation pressure may dominate the momentum input
in dense clusters especially at the early stages during or short after the majority of
star formation occurs (Murray et al. 2010). Since a lot of the ionising radiation is
escaping a large part of the galactic ISM beyond molecular clouds gets ionised. The
non-ionising photons that are escaping are important for heating the rest of the ISM
(Kim et al. 2019). When SN blast waves propagate radially from about the centre
through superbubbles, the interior gas is heated to a ~ 10107 K. The surrounding
shell mostly consists of ~ 100K cool HI or Hy and the interior is phiotoionised
during the first ~ 10 Myr. Under idealised assumptions the outer radius of the
superbubble (Weaver et al. 1977; Kavanagh 2020),

R,(t) = K%) Lp—ﬂ : £, (2.45)

expands spherically with time as a function of the mechanical luminosity Lw and
the density of the surrounding ISM. With an average density of py = 1cm™3, corre-
sponds to a velocity of typically ~ 10 km s~ (McKee & Ostriker 2007).

A distinct observational signatures of superbubbles are NI far-IR lines (Higdon &
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Lingenfelter 2013). These lines are emitted from the shells around ionised super-
bubbles. Since the bubble interior mostly consists of ionised hydrogen, it can be
observed via the H, Balmer line at 656 nm. In Fig. 2.36, an all-sky map of these
HII regions in the Milky Way is shown. The clumpy bubble structure is clearly
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Figure 2.36: H, all-sky map at 656 nm. The clumpy and bubble-like structure along the Galactic plane shows ionised
HII gas around star forming regions.

visible along the Galactic plane. Prominent regions are e.g. the Cygnus OB associ-
ations around ([, b) = (80°,1°), the Scorpius-Centaurus star forming region around
(1,b) = (351,19)°, or Barnard’s loop in the Orion Molecular Cloud Complex around
(I,b) = (208°,—13°). This all-sky map traces the spatial and temporal clustering
of star formation regions, OB stars, and subsequent SNe (Higdon & Lingenfelter
2005). Such regions are preferentially formed along the spiral arms, which increase
the density of the ISM and cause turbulences when sweeping through the Galactic
plane. Melnik & Dambis (2017a) found that the average velocity of OB associations
deviates from the overall Galactic motion by 7.2-7.5kms~!. In general, high-mass
star forming regions have the tendency to preferentially move towards the Galactic
centre. This effect contributes with ~ 5kms™! and skews the overall rotation curve
of the Milky Way accordingly (Reid et al. 2019). This is because massive star for-
mation occurs in gas that is shocked when it enters the spiral arm at a rather low
pitch angle (Roberts 1969).

As a superbubble expands, it accumulates a large amount of neutral HI gas in a
large shell surrounding the hot and mostly ionised interior. This gives rise to large
HT shells that can be traced by the 21 cm hyperfine structure line emitted due to
a spin-flip in neutral hydrogen (e.g. Dickey & Lockman 1990; Hartmann & Burton
1997). A superbubble is defined as combination of such a shell and the ionised in-
terior within which an energy of Esg > 10°2erg have been injected due to stellar
feedback. These shells reach up to 1.2kpc in radius and 2 x 10" M, in mass (Heiles
1979). An all-sky map of the HI emission is depicted in Fig. 2.37. These huge shells
are radiatively cooling and decelerating. Recent hydrodynamic simulations of SN-
and wind-driven superbubbles show that under more realistic circumstances, cool-
ing, cloud anisotropy, different feedback mechanisms, magnetic fields, or blowouts
lead to more complex bubble dynamics (Krause et al. 2013; Krause & Diehl 2014;
Krause et al. 2014; Kim et al. 2019; El-Badry et al. 2019; Kavanagh 2020). The
efficiency of energy retained in the surrounding ISM per feedback source is usually
of the order of 10%. Simulations suggest that the most effective energy injection
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Figure 2.37: HI all-sky map at 21 cm. The hyperfine structure line traces neutral hydrogen swept up in huge arcs
and shells surrounding expanding superbubbles.

is due to continuous wind rather than the SN blast wave and it drops significantly
after the injection of the first SN in a bubble (Krause et al. 2013). This means that
the wind-dominated phase until the first SN is generally decisive for the evolution of
a superbubble. At later stages, the cooling mechanisms cause Vishniac instabilities
to emerge in the dense hydrogen gas (Vishniac 1983). This leads to clumping of the
shell and possibly induces further star formation. In such a picture of triggered star
formation, the subsequent generation of stars inherits spatial, kinetic and chemical
properties directly from the preceding generation (e.g. Heitsch et al. 2008; Micic
et al. 2013; Gong & Ostriker 2015; Krause et al. 2018). Such a feedback dynamic
is therefore mainly mediated on the scale of star groups and superbubbles. The
timescale on which it takes place is determined by the typical crossing-time of ma-
terial in these regions, which is ~ 1 Myr (Lada & Lada 2003). This is of particular
importance for the further argumentation in this thesis because it can be directly
associated with the lifetimes of 2Al and %°Fe. Thus, their decay radiation is closely
related to the feedback dynamics of star groups. This means that these radioisotopes
are unique tracers of nucleosynthesis feedback from star groups and the dynamics
of chemical inheritance between stellar generations.

2.3.4 Nearby OB Associations

Blaha & Humphreys (1989) created a catalogue of 91 nearby OB associations within
3.5kpc around the Sun. Their dynamical properties as well as their partition into
associations have been recently updated by Melnik & Dambis (2017a,b). This cat-
alogue is shown in Fig. 2.38. Since these associations are apparently seen in an
inclined ring structure around the Sun, they are also called Gould Belt associations.
However, recent studies with Gaia indicate that this is solely due to a projection ef-
fect and does not correspond to an actual prominent physical alignment (Alves et al.
2020). In the following, the four most prominent regions with regard to their 26Al
content in the immediate vicinity of the Sun Scorpius-Centaurus, Orion, Cygnus,
and Perseus are described in more detail Diehl et al. (2018a). Their position on
the sky is shown in Fig. 2.39. As summarized in Tab. 2.7, 2Al has already been
detected for the first three which makes them intriguing laboratories of massive star
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Figure 2.38: Spatial distribution of nearby OB associations within 3.5kpc in the Galactic plane. Dots denote the
positions of OB associations from the Gaia catalogue by Melnik & Dambis (2017b). Coloured dots
indicate OB associations allocated to prominent massive star regions. The coordinate system is centred
at the Galactic centre and the dashed lines define four quadrants around the position of the Sun. Spiral
arm tangents are shown in thick grey lines (cf. Sec. 2.4.4).
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Figure 2.39: Most prominent nearby OB associations on top of a Planck 857 GHz all-sky dust map. For Sco-Cen its
subdivision in the three subgroups Upper Scorpius (USco), Upper Centaurus Lupus (UCL), and Lower
Centaurus Crux (LCC) is shown. The appearance as ring-like alignment is probably due to a projection
effect (Alves et al. 2020).
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Table 2.7: 26Al in nearby OB associations measured with INTEGRAL/SPI by Siegert (2017, 173). The flux refers
to the nuclear gamma-ray emission line at 1809 keV.

Region Flux 26 A1 mass AE, Ubulk
[1075 phem 2571 [Me] [keV] [kms™1]
Cygnus 9.28 £ 1.75 154 + 29 0.00 £0.19 0432
Sco-Cen 7.58 +£1.43 1.3+£03 —-093+0.32 —154+53
Orion 3.65+1.19 50+1.6 —0.534+047 —88+78

nucleosynthesis feedback.

Scorpius-Centaurus  The closest OB association is Sco-Cen at ~ 140 pc from the Sun.
It is composed of the three subgroups Upper Scorpius (USco), Upper Centaurus
Lupus (UCL), and Lower Centaurus Crux (LCC) (de Zeeuw et al. 1999; Maiz-
Apellaniz 2001). These seem to correspond to a three-step cascade of triggered star
formation with ages between 5 and 17 Myr (Preibisch & Zinnecker 1999; Krause
et al. 2018). Star formation in this region stopped and the remaining gas has been
accumulated in an HI shell with an angular diameter of about 90° on the sky
(Poppel et al. 2010). Since this superbubble has been shown to be bright in X-
rays (Gaczkowski et al. 2015), it is likely that a SN has occurred about 1 Myr ago
(Krause & Diehl 2014; Krause et al. 2014). This is in agreement with the fact that
the 1.8 MeV line from 2°Al has been detected with INTEGRAL/SPI with a flux of
Fop = (7.58 £1.43) x 107 °phem™2s™! and an indication for a slight blue-shift
(Diehl et al. 2010; Siegert 2017; Krause et al. 2018). This corresponds to an 26Al
mass of ~ 1.3 x 107* M, which implies feedback from a few massive stars. That is
consistent with the estimation of the total initial mass of the entire Sco-Cen region
of about 7 x 103 Mg, by Krause et al. (2018), with the subgroups USco and UCL
both initially containing 2 x 10* M, and LCC having 3 x 10% M,

Orion The Orion Nebula is a molecular cloud complex comprising several star form-
ing regions positioned at a distance of ~ 400 pc from the Sun (Menten et al. 2007;
Kounkel et al. 2017). The embedded Orion Nebula Cluster is relatively young with
an age of 1-2Myr and a radius of 2.5 pc (Hillenbrand & Hartmann 1998; Da Rio
et al. 2017). The cluster feedback contributes to the Orion-Eridanus superbubble
structure, which is a large cavity filled with (0.3-1.2) x 10° K hot plasma. It extends
~ 350 pc from the Orion molecular cloud towards the Sun and is sub-structured in
several shells that have diameters between 150 and 250 pc. The spatial configuration
is shown schematically in Fig. 2.40. Due to over-pressure of the plasma interior, the
shells expand with velocities of about 20 km s™!(Joubaud et al. 2019). Star formation
is still ongoing in this region, indicated by active stellar feedback and the presence of
high mass runaway stars (Kroupa et al. 2018; McBride & Kounkel 2019). The dom-
inant group in the Orion region in terms of massive star feedback is the Orion OB1
association composed of four subgroups with ages < 12Myr (Brown et al. 1994).
From the currently present stellar census, Voss et al. (2009, 2010) inferred a number
of ~ 550 stars to have formed initially in Orion OB1 with M, > 2 Mgaccording to
the IMF. As will be discussed in Sec. 2.3.5, this is an important estimate in order to
model the nucleosynthesis feedback in this region via population synthesis calcula-
tions. A direct 1.8 MeV 26Al signal of this feedback was measured with COMPTEL
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Figure 2.40: Schematic configuration of the Orion-Eridanus superbubble extending between the Orion Molecular
Cloud and the Local Bubble. Massive star ejecta from Orion OBl flowing in the direction away
from the Sun are stopped quickly in the dense environment of the Orion Molecular Cloud. Material
ejected towards the Sun streams freely into the Orion-Eridanus bubble. The velocity shift seen in 26 Al
(cf. Tab. 2.7) is therefore dominated by this preferential motion towards the observer. Adopted from
Burrows et al. (1993).

(Diehl 2002) and confirmed with high spectral resolution measurements by INTE-
GRAL/SPI with a line flux of (3.65+1.19) x 107> phem ™2 s (Siegert & Diehl 2017;
Siegert 2017). The freshly produced nuclei ejected from Orion OB1 predominantly
streams from the association into the Orion-Eridanus cavity and towards the ob-
server. Outflows in the opposite direction are stopped in the dense Orion molecular
cloud (cf. Fig. 2.40). This scenario is supported by the fact that 2°Al is detected
with a spatial offset to the OB association and that the emission line shows a slight
blue-shift. This makes the Orion region an excellent touchstone of massive star
feedback dynamics.

Cygnus The Cygnus region is composed of at least six OB associations, with Cygnus
OB2 being the most prominent, that lie in the Galactic plane around [ = 80° and
span distances between 0.7 and 2.5 kpc (Pliischke et al. 2002; Reipurth & Schneider
2008). Some of these associations are spatially and temporally related and therefore
seem to originate from a similar triggered star formation process as described above
for Sco-Cen (Knédlseder et al. 2002). Their ages range between 2.5 and 7.5 Myr
and hence within the temporal scope that can be traced by Al and “Fe. In
fact, a very clear signal of the 1.8 MeV line with a significance of 10.90 and an
intensity of (9.28 4+ 1.75) x 107> phem 2 s~ 'from the Cygnus region was measured
with INTEGRAL/SPI (Martin et al. 2008, 2009; Siegert 2017). This corresponds
to a total amount of ~ 1.5 x 1072 Mg, of ?°Al. However, Martin et al. (2009)
attribute only ~ 3.9 x 10~ °phcem=2?s~! of the total flux to Cygnus with the rest
interpreted as Galactic background. Nevertheless, this is overall consistent with
the fact that Cygnus OB2 is an active region that hosts plenty of objects in all
stages of massive star evolution, from dense clumps and cores (Cao et al. 2019) to a
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variety of massive stars and binary systems (Comeron & Pasquali 2012; Bakis et al.
2014), and a young SN remnant of only 1-2 x 10% yr age (Hester et al. 1994; Blair
et al. 2005; Fesen et al. 2018). The region is also associated with a superbubble that
emerged over its star formation history of ~ 10 Myr and emits bright in X-rays due to
hydrodynamic shocks formed in massive star feedback (Cash et al. 1980; Rauw et al.
2015). Therefore, different 26 Al production phases have been probed potentially in
the individual sub-populations of the Cygnus region (Pliischke 2001).

Perseus With a distance of about 300 pc and an age of ~ 6 Myr (de Zeeuw et al.
1999), Perseus OB2 is the second closest OB association to the Sun and therefore
an ideal candidate for the investigation of massive star nucleosynthesis feedback. It
is roughly located at (I,b) = (165°,—15°) with an angular diameter of about 30°
and comprises a current census of about 2 x 10* stars in the mass range 0.1 <
M, <70Mg (Belikov et al. 2002). These are collectively moving away from the Sun
with a velocity of 23.4 +3.9kms™! (de Zeeuw et al. 1999). At the distance of the
association this corresponds to a superbubble of approximately 100 pc diameter seen
in 21 cm HT emission to expand with a velocity of ~ 10kms™" (Sancisi et al. 1974;
Hartmann & Burton 1997). This is expected to show signatures of nucleosynthesis
feedback. From COMPTEL observations Knddlseder (1997) estimated a gamma-
ray flux of (3.5 4+ 1.1) x 107> phem2s rom a 6° region around the position of
Perseus OB2. Bouchet et al. (2015) supported this finding by measurements with
INTEGRAL/SPI obtaining a flux of (5.042.7) x 107° phcm ™2 s~ !in the same region
around ([,b) = (161°,—3°) with a radial extent of 5°. This was found connected
to a larger emission site around (I, b) = (149°,8°) with a radius of about 11° and a
flux of (8.2 £3.2) x 107 phem?s™!. In combination with an internal age spread
between 1 and 6 Myr, this could be an indication for past triggered star formation
events associated with the same parental molecular cloud and therefore a subdivision
of the Perseus region into subgroups (Gutermuth et al. 2008; Belikov et al. 2002).
In addition, since Perseus OB2 is far from Galactic bulge and little background is
expected, this region will be investigated further in Sec. 4.2.2. It will also be utilised
observationally as laboratory for probing the 26 Al content of massive star groups in
Sec. 5.3.

2.3.5 Massive Star Population Synthesis

High-energy astrophysics often has to deal with measurements with comparably low
spatial resolution on the order of a few degree. From unresolved systems, such as
distant star groups or galaxies, only integrated signals can be observed. An es-
sential tool for investigating the underlying physics of such unresolved systems is
population synthesis, sometimes also called population modelling. This is based on
the approach of relating the integrated signal of a composite system with the evo-
lutionary properties of its constituents. This goes back to the the pioneering work
of Tinsley (1968, 1972) who used a combination of spectral properties according to
a stellar birth rate and stellar evolution tracks to infer evolutionary sequences of
galaxies. Later, this principle was applied to the evolutionary synthesis of individ-
ual stellar populations (Tinsley & Gunn 1976; Tinsley 1980). A recent review of
population synthesis methods and applications is given by Cervino (2013).

The basic principle of a massive star population synthesis is the integration of time
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profiles 1(M,,t) of stellar properties over the entire mass range of single stars,
weighted with the IMF,

U(t) = A / T M) €M) M. (2.46)

M*,min

with the normalisation A according to the total mass of the population. Such a
continuous population synthesis is strictly only valid for the limit of stellar popu-
lations composed of N — oo members (Fouesneau & Langon 2010; Piskunov et al.
2011). Particularly in small populations, stochastic processes can cause strong de-
viations from the average obtained by analytical integration over the IMF. In order
to take this probabilistic effect into account, usually a discrete population synthesis
by Monte Carlo (MC) sampling of the IMF is used (Cervino & Luridiana 2006).
Two currently public codes that are based on this approach are the Stochastically
Light Up Galaxies package (SLUG) (da Silva et al. 2012) and the Massive Cluster
Evolution and Analysis package (MASSCLEAN) (Popescu & Hanson 2009). In the
context of this thesis, the population synthesis model by Voss et al. (2009) (PopSyn)
is particularly noteworthy because it is actually specialised for modelling gamma-
ray emission and nucleosynthesis feedback from nearby massive star groups. In this
code, individual initial mass values for a certain number of stars are sampled ac-
cording to the IMF by Salpeter (1955). According to this stochastically discretised
initial mass distribution stellar evolution models are evaluated. This is done via
linear interpolation of an input set of stellar evolution models, e.g. LC06. The re-
sulting stellar profiles are accumulated to obtain the collective effect of the entire
group. It can be used for the calculation of kinetic, radiative, and general mass
output as well as for the estimation of particular isotopes such as 2°Al and ®°Fe.
It is specifically designed to investigate nearby OB associations and their content
of radioactive nucleosynthesis tracers. For this purpose it was successfully applied
to model the Al emission in the Orion region (Voss et al. 2010) as well as in the
Cygnus region (Martin et al. 2010). In this case, the measure for the success of
the modelling is the agreement with SPI measurements for the estimated age of the
respective group including predictions for ®“Fe. This is a strong indication for the
validity of both stellar evolution models as well as the population synthesis approach
to studying nucleosynthesis feedback.

In Sec. 4.2.1 the optimal sampling population synthesis approach will be discussed.
It is based on Approach B described in Sec. 2.3.2 (following Kroupa et al. 2013)
and used in PSYCO. This can be understood as a mediating approach between con-
tinuous and discrete population synthesis, on the one hand taking into account the
boundary conditions arising in small populations, and, on the other hand, avoiding
large stochastic deviations from the general IMF shape. It is overall constructed
as a refinement of PopSyn to synthesise populations with their total mass as physi-
cal input parameter instead of the number of members, and extended in this work
to include finer time steps, spatial aspects on global scales, and different SFRs,
metallicities, rotation velocities, and explodability models.
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The initial mass distribution of star groups is described by the ECMF. The
cumulative effect of massive star feedback in stellar groups gives rise to large
superbubble structures with a few 100 pc diameter in the ISM. Nucleosynthesis
feedback from star groups is spatially and dynamically associated with these
bubbles and can be modelled via population synthesis calculations.

e How can 26Al be detected from individual groups?
—— Sec. 3.4

e What is a fast way to model stellar groups of a certain mass?
— Sec. 4.2.1

e How strong is the 26 Al emission from the Perseus region?
— Sec. 5.3

2.4 Galactic Chemical Evolution

The time spans involved seem too long to follow large-scale changes in the Milky Way
directly. However, the presence of short-lived radioisotopes in the ISM in particular
shows beyond doubt that a chemical evolution is taking place. This mechanism
is mainly determined by three interdependent factors: first, how efficiently and
frequently do new stars form (cf. Sec. 2.4.2); this is related to how often massive
stars end their evolution and release nucleosynthesis products into the surroundings
(cf. Sec. 2.4.3); and finally, how effectively are these newly synthesised nuclei mixed
and distributed in the interstellar gas (cf. Sec. 2.4.1). Radioactivity in the Milky
Way is closely linked to each of these questions. Thus, the investigation of the
distribution and the dynamics of radioisotopes and how these are related to the
Galactic large scale structure is an excellent approach to study its chemical evolution

(cf. Sec. 2.4.4).

2.4.1 Interstellar Medium

The ISM is the medium in which galactic chemical evolution takes place and what
mediates the galactic cycle of matter on large scales (cf. Sec. 2.1). Stars are formed
from it and it is where they deposit their feedback output. Very generally the ISM
consists of matter, cosmic rays, and cosmic rays (e.g. Ferriére 2001; Klessen & Glover
2016). The matter part comprises atomic and molecular gas, as well as dust and can
be subdivided into five main thermal components which are summarised in Tab. 2.8.
In the temperature range between 250 K and 1000 K, the ISM is sometimes addition-
ally classified as thermally unstable neutral medium (UNM) (Murray et al. 2018).
Typical observational tracers of the different ISM phases are e.g. the 21 cm line, the
H, line, or the 2.6 mm line due to rotational transition J = 1-0 of 2C*0. With
respect to the total mass of the Milky Way of ~ 5 x 1011-1 x 102 M (Kalberla &
Kerp 2009; McMillan 2011, 2017), the fraction of ISM gas is rather low with only
~ 101M, (Kalberla & Kerp 2009). With regards to the mass in the ISM, 70%
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Table 2.8: ISM components (adopted from Klessen & Glover (2016) following Caselli et al. (1998), Ferriére (2001),
Wolfire et al. (2003), and Jenkins (2013)).

Component Temperature [K|] Density [cm~>] Ionisation fraction
Molecular gas 10-20 > 102 <107

Cold neutral medium (CNM) 50-100 20-50 ~107%
Warm neutral medium (WNM) 6 x 103-10* 0.2-0.5 ~ 0.1
Warm ionised medium (WIM) ~8x 103 0.2-0.5 1

Hot ionised medium (HIM) ~ 106 ~ 1072 1

is accounted for by hydrogen, 28% by helium, and only 2% by heavier elements
(Klessen & Glover 2016). Due to the predominance of hydrogen, the ISM phases
are often classified according to the chemical state of hydrogen. It is dominated by
75% of neutral HI or molecular Hy gas. While the latter occupies only 1-2% of the
total ISM volume, the 25% ionised HII component is spatially dominant. In addi-
tion to the ionisation state, different thermal phases of the ISM are observationally
accessible. The HI mass is with 52% mostly WNM and 28% CNM (Murray et al.
2018). McKee & Ostriker (1977) pointed out that especially SN events create large
bubbles filled with HIM gas of T' ~ 10° K. This phase, which is therefore closely re-
lated to massive star feedback, has a scale height of the order of 1kpc in the Milky
Way (Reynolds 1989). This could be linked to the fact that he Galactic magnetic
field quenches the velocity of vertically streaming gas. The magnetic field strength
reaches a maximum at ~ 300 pc which causes a pressure gradient acting against the
vertically outflowing streams (Evirgen et al. 2019). However, other simulations indi-
cate that magnetic fields may not have such a significant affect on the vertical flow
of gas (Hill et al. 2012). The distribution of the molecular component appears to
be strongly confined to the Galactic disc with its radial distribution peaking within
the central 500 pc correlated with the Galactic bar (Morris & Serabyn 1996).

Even though it is very useful for a general picture, the strict division into distinct
phases is deficient with regard to a detailed physical understanding because the ISM
is in fact an extremely turbulent medium. Turbulences are mainly driven by thermal
instabilities, gas inflow onto the Galactic disk, and stellar feedback. Fig. 2.41 shows
the density profile of a magneto-hydrodynamic simulation of the ISM by de Avillez
& Breitschwerdt (2005). It includes energy injection due to stellar feedback and il-
lustrates how this gives rise to a chaotic structure of interacting and mixing cavities
and dense shells. It is debated what the exact fraction of quantitative effects of the
different stellar feedback mechanisms is: While feedback on the scale of individual
superbubbles may be driven in large parts by the early wind phases and including the
first SN event (Krause et al. 2013; Krause & Diehl 2014), other simulations suggest
that on larger scale the contribution due to SNe outweighs the wind component by
more than a factor of 10 (Walch & Naab 2015). This underlines that hydrodynamic
simulations are an indispensable tool for a self-consistent understanding of how the
small scale structures of the ISM are related to galactic dynamics. Recent large
scale galactic simulations have shown that the effect of SNe may be overall largely
increased because they are expected to occur clustered in very dense cloud envi-
ronments created by self-gravitational instability (Martizzi 2020). Although stellar
feedback is dominated by winds and SNe, stellar radiation is particularly in this
respect not negligible. Radiative feedback happens mostly through photoionisation
heating and radiative pressure. With respect to the star formation history of a
galaxy, this has a significant effect as avoiding the formation of over-dense clusters
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Figure 2.41: Hydrodynamic simulation of the turbulent ISM structure in a three-dimensional data cube by de Avillez
& Breitschwerdt (2005) (image reproduced). Left: Gas density profile of a 1kpc? two-dimensional cut
through the galactic xy-plane. Dense regions following bubble-shaped filaments are shown in bright
colours. The hot and diffuse material inside these bubbles is shown in dark colours. Right: Gas density
profile of a two-dimensional vertical slice through the simulation data cube perpendicular to the galactic
plane. It extends to =10 kpc with a compressed and not uniform axis in z-direction for visibility reasons.
Blow-outs and chimneys are visible as openings in the bright bubble walls. Through these material is
ejected into the galactic halo as galactic winds.

and thereby preventing highly clustered SNe (Hopkins et al. 2020).

Spherically symmetric models of feedback driven bubbles omit turbulences of the
surrounding ISM. However, the detailed density structure plays an important role in
the propagation and evolution of such bubbles in turbulent environments. Usually,
inhomogeneous density filaments allow for rapid blow-outs which lead to faster and
larger expansion of superbubbles in realistic circumstances compared to homoge-
neous environments (Ohlin et al. 2019). In the expanding interstellar shock waves,
particle acceleration is induced, creating high energetic cosmic rays in diffuse shock
acceleration (e.g. UroSevié et al. 2019). On molecular scale, the turbulences in these
shocks also accelerate the growth of dust grains which overall compensates for the
higher destruction rate due to SN shocks (Mattsson 2020). Overall on astrophysical
scales, the effect of turbulence is twofold. On the galactic scale it prevents overall
collapse by counterbalancing the self-gravity field. On smaller scales of GMCs it
has the opposite effect of facilitating collapse and star formation (Klessen & Glover
2016). The return of chemically processed material from evolved stars back into
the ISM is ~ 1-2Mg yr—!, which is also mixed mainly due to turbulent motions.
The mixing timescale inside a typical superbubble on size scales of 25-500 pc was
estimated to be less than 2Myr. The timescale for complete mixing, i.e. between
thermal phases, is longer than the time to reach chemical equilibrium. Thus, the
ISM is expected to show an chemical anisotropies. Even in hot regions, the complete
mixing process takes on the order of 50 Myr. Because low-level inhomogeneities are
continuously maintained by ccSNe on a much shorter timescale, the ISM can be con-
sidered as chemically poorly mixed in general. For the estimated SNR of the Galaxy
(cf. Sec. 2.4.3), the timescale for erasing also large scale inhomogeneities and reach-
ing compete mixing is about 350 Myr (de Avillez et al. 2002). This is two orders
of magnitude longer the lifetime of 2Al and ®°Fe. This means that their emission
is expected to be inhomogeneously distributed in association with the production
sites. It is important to note that the above mentioned typical observational tracers
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correspond strictly speaking only to thermal states of the ISM and do not reflect
directly distinct underlying physical processes. In this respect, the outstanding role
of 2°Al and %Fe, which are the focus of this work, is evident. Their gamma-ray
line emission is not biased regarding any thermal or dynamic conditions and is not
affected by interstellar gas or dust absorption.

2.4.2 Star Formation Rate

In addition to the dynamic properties of the ISM, which determine the distribu-
tion and mixing of new elements within a galaxy, the frequency of star formation
is a decisive factor in the chemical evolution of the Milky Way, as it is a major
determinant of the total amount of nucleosynthesis. As outlined in Sec. 2.2.1, star
formation is a complex process that involves a wide range of physical processes and
scales. A phenomenological tool to grasp this highly complex process globally is
the star formation rate (SFR) M,. It describes how much gas mass in a galaxy is
transferred into stars within a unit time. This is, besides the initial gas composition
and the IMF, an essential pillar within any framework of galactic chemical evolution
(e.g. Kennicutt & Evans 2012; Krumholz 2014).

The consideration of a galactic SFR goes back to Schmidt (1959), who was the
first to formulate a power-law correlation between galactic gas content and the rate
of star formation. Although the Milky Way is the nearest example, many studies
concerning global star formation since then have focussed on extragalactic observa-
tions because observations inside the Milky Way face significant problems of stellar
distance determinations and selection effects. Thus, Galactic and extragalactic ap-
proaches are usually combined to establish a coherent picture of the SFR. The most
straight forward approach concerning the rate of star formation in the Milky Way
is to count the number of stars of a certain age in order to obtain the mean SFR
(Kennicutt & Evans 2012)

My max
. 2 N(M,, t) M,
(M= — (2.47)
M*:M*,mln *

with the number of stars N(M,,t,) of certain mass M, and lifetime ¢,.. Counting
young stellar objects in the Galactic Legacy Infrared Mid-Plane Survey Extraordi-
naire (GLIMPSE) survey of the Galactic plane yielded a Galactic SFR in the range
0.68 < M, < 1.45Mg yr~! (Robitaille & Whitney 2010). Such an estimations inher-
its uncertainties from the determination of the IMF due to its necessarily incomplete
observational basis. In particular, corrections have to be applied to account for un-
detected low mass stars and a duration of star formation has to be assumed. To
circumvent this problem, indirect diagnostic methods were developed to determine
SFR based on a statistically larger sample of extragalactic measurements. Here, the
integrated luminosity in UV, far-IR, or nebular recombination lines is used to infer
galactic star formation properties. The respective relations to SFR have ben re-
viewed by Kennicutt (1998). Especially ionisation due to young and massive stars is
closely related to star formation. Therefore, a SFR in the Milky Way can be inferred
by simply counting the visible HII regions, extrapolating to lower mass stars, and
averaging over the effective lifetime of massive stars. Following this approach, a sur-
vey with the Wilkinson Microwave Anisotropy Probe (WMAP) obtained a Galactic
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SFR of M, = (1.3 4+ 0.2) Mg yr~' (Murray & Rahman 2010). This may be obser-
vationally biased because of the relatively small number and short lifetime of high
mass stars. The far-IR emission of the Milky Way reflects more the number of lower
mass stars and includes a longer timespan. A 100 um survey with the Diffuse In-
frared Background Experiment (DIRBE) yielded a significantly higher Galactic SFR
of M, = 2.7Mgyr~! (Misiriotis et al. 2006). Different estimates of the SFR in the
Milky Way are summarised in Tab. 2.9. From this overview it becomes clear that it

Table 2.9: Estimates of the average SFR in the Milky Way obtained by using different observational indicators and
inferential approaches. Largely following reviews by Chomiuk & Povich (2011) and Kennicutt & Evans

(2012).
Source SFR [Mg yr—I] Physical indicator or method
Miller & Scalo (1979) 5.7+2.3 ISM mass
Giisten & Mezger (1982) ~ 10 Free-free emission
McKee & Williams (1997) ~4 Free-free emission
Kennicutt (1998) ~1 Lyman continuum
Boissier & Prantzos (1999) 524+ 1.7 Gas surface density
Diehl et al. (2006) ~4 1.8 MeV 26A1 emission
Misiriotis et al. (2006) ~ 2.7 100 gm dust emission
Murray & Rahman (2010) 1.3+0.2 93.5 GHz free-free emission
Robitaille & Whitney (2010) 1.07£0.39 Star counts
Prantzos et al. (2011) ~ 2.3 Galaxy type
Chomiuk & Povich (2011) 1.9+04 Meta-analysis
Kennicutt & Evans (2012) 8.25 HT mass (Kalberla & Kerp 2009)
Adams et al. (2013) 3.6750 MC modelling historical SNe
Licquia & Newman (2015) 1.65£0.19 Bayesian meta-analysis

is difficult to set a canonical value of the SFR for the Milky Way since the estimates
span an entire order of magnitude between ~ 1 Mg yr~! and ~ 10 Mg yr~!. Large
uncertainties arise due to the fact that basically all SFR estimates rely on underlying
theoretical assumptions concerning the IMF, the ECMF, stellar evolution models,
or ISM theories linking extragalactic observations to Milky Way properties. Thus,
Chomiuk & Povich (2011) applied a meta-analysis of previously performed SFR
studies by normalising those underlying assumptions to the same IMF and massive
star models. Thereby, they obtained values converging at M, = (1.9+0.4) My yr—'.
However, they find that in particular estimates using absolute counts of the stellar
census in low and intermediate mass star groups yield typically a factor of ~ 2-3
higher SFR. Using an entirely different approach of gamma-ray astrophysics Diehl
et al. (2006) inferred a Galactic SFR of M, ~ 4Mgyr~! from the Galaxy-wide
1.8 MeV emission. With an assumed spatial distribution of 2°Al the number of pho-
tons is directly linked to the total decaying mass. From assuming a homogeneous
exponential disk distribution, the gamma-ray flux was estimated to correspond to a
total amount of (2.8 4 0.8) My, of 2°Al in the Milky Way. The SFR is then obtained
as normalisation parameter of the convolution of the IMF with stellar model yields
(cf. 2.2.5). However, the IMF as well as in particular the spatial distribution remains
a fundamental theoretical input bearing uncertainties. Therefore, in this thesis, a
new model approach to improve our understanding of this will be described in Ch. 4.
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2.4.3 Supernova Rate

The galactic distribution of ccSN events largely maps the distribution of far-UV
radiation. This is due to their progenitors which are moderately massive red super-
giants with M, > 8 M, in massive star groups close to the spiral arms (Audcent-Ross
et al. 2020). This also means that their occurrence rate Ry is a global param-
eter which is selective in particular for the massive star abundance. Since these
objects are sparse and the observable depth in the Milky Way is rather limited
due to absorption in gas and dust, they were observed only very rarely. The last
Galactic ccSN was observed in 1604 and was described by Johannes Kepler (1606).
This means that no such event has been observed within the visibility radius in the
Milky Way for over 400 yr, so that only a few historically recorded SNe exist. On
this sparse basis, Tammann et al. (1994) inferred a Galactic supernova rate (SNR) of
Reesn = (2.570%) x1072yr~!. An estimate of the SNR based solely on gamma-ray
observations within the Galaxy is based on the total mass of 2Al determined as
above and is Resny = (1.9 £ 1.1) x10~2yr~! (Diehl et al. 2006).

Since the number of cases observed in the Milky Way is very small, many estimates
are based on observations of external galaxies. However, these are subject to various
observational biases concerning total mass estimates, detailed morphology, near-IR
magnitudes, or bolometric luminosities (Mannucci et al. 2005). Extragalactic esti-
mates of spiral galaxies at low redshift overall agree with the typical estimates of
the Galactic SNR range between 1-3 x 1072 yr~! (cf. Tab. 2.10). Since ccSNe are ex-

Table 2.10: Estimates of the average core-collapse supernova rate (SNR) in the Milky Way obtained by using different
inferential approaches.

Source SNR [10~2yr~!] Physical indicator or method

van den Bergh & Tammann (1991) 3.4+20 Radio remnants

Cappellaro et al. (1993) 1.7+0.9 Extragalactic UV luminosity relation
Tammann et al. (1994) 2.5108 Historical records

McKee & Williams (1997) ~2 H, luminosity

Reed (2005) 1.5+0.5 Massive star census

Diehl et al. (2006) 1.9+1.1 1.8 MeV 26Al emission

Prantzos & Boissier (2010) 2.23£0.10 Extragalactic observations

Adams et al. (2013) 32173 MC modelling of historical SNe

pected to occur primarily in young and massive star groups, their distribution follows
that of star formation. Thus, SNe are also expected to be associated prominently
with the Galactic spiral arm structure and their scale height should be associated
with that of star forming molecular gas, i.e. < 100 pc (Diehl & Prantzos 2018, 614).
In Ch. 4 a new bottom-up MC approach with PSYCO will be outlined to infer the
Galactic SNR from the SFR and correlate both to gamma-ray observations of 26Al
and %°Fe in the Milky Way. As described in Sec. 2.2.5, the ratio of these isotopes is
particularly sensitive to the SNR, which makes it a promising litmus test for stellar
nucleosynthesis calculations and in particular explodability models.

2.4.4 Large Scale Structure

As the observer is positioned in the Galactic plane, its structure is difficult to ob-
serve. In order to nevertheless study the structure, it is crucial to survey the Milky



2 Nucleosynthesis and Massive Stars in Our Galaxy 72

Way and measure distances to objects that are tracing the large scale structure and
then constructing a three dimensional plane-view map. This was first done mostly
by observing hydrogen (cf. Fig. 2.37 or Fig. 2.36) or CO (cf. Fig. 2.3) emission (e.g.
Georgelin & Georgelin 1976; Dickey & Lockman 1990; Dame et al. 2001; Benjamin
et al. 2005). The Gaia mission mapped 1.7 x 10? individual stellar sources in the
Milky Way and created a view of unprecedented detail (Gaia-Collaboration et al.
2018). The resulting all-sky view of the visible Milky Way is shown in Fig. 2.42.
The general structure is characterised by a thin disk of young stars overlaid by dark
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Figure 2.42: Sky map of the total flux measured in four optical filter bands from 1.7 x 10° individual sources in the
Gaia Data Release 2 (Gaia-Collaboration et al. 2018). The main structure is characterised by a bright
thin disc component extending to both sides of a bright bulge. Apart from that, an extended diffuse
emission is visible as a thick disk component. The patchy structure is due to absorption of stellar
photons in interstellar dust clouds. The LMC and SMC are clearly visible to the lower right.

patches which correspond to occulting interstellar cloud filaments. The emission is
centrally concentrated in a bright bulge, with a fainter diffuse component associ-
ated with a thick disk populated by old stars. The canonical distance of the Sun
to the Galactic centre assigned by the International Astronomical Union (IAU) is
R = 8.5kpe (Kerr & Lynden-Bell 1986). Later estimates range between 7 and
9kpc with a tendency to slightly lower values (Reid 1993).

From the line shift of molecular CO gas emission, a map of the longitudinal distribu-
tion of molecular gas velocities in the plane can be obtained (cf. Fig. 2.43, adopted
from Dame et al. 2001). Following the CO density, usually a radius for active star
formation of Ryw = 13.5kpe is estimated (Kennicutt & Evans 2012). The curved
structures in the map are due to Doppler line shifts of emission from material mov-
ing in spiral arms. To convert these features into a three-dimensional distribution of
objects, the measured velocities can be linked to a model of the rotation of the Milky
Way, allowing conclusions to be drawn about distances. The first problem with this
is that for a decentralised observer there arises a two-point ambiguity between the
close and the far side of the disk. The second difficulty with kinematic distances is
that there are clouds of gas and stars that follow peculiar motions that do not follow
the overall Galactic circular field exactly. This leads to distance errors typically of
the order of the expected spiral arm separations.

A more accurate distance measure are trigonometric parallaxes. In that respect,
a main objective are high-mass star forming regions that trace in particular the
spiral structure. Friedrich Wilhelm Bessel (1838) used a heliometer to measure a
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Figure 2.43: Longitude-velocity map of the radial line-of-sight velocity of CO gas in the Milky Way. The colour
scale gives the main beam brightness temperature T,,,; integrated over Galactic latitude b. Prominent
features reflecting spiral arms or spiral arm tangents are highlighted in grey and annotated in colours
corresponding to the schematic face-on Milky Way spiral structure shown in Fig. 2.44. Crossing the
Galactic centre, the diagonal bar is associated with the Galactic Molecular Ring and the vertical spike
shows rotation in the Galactic Nuclear Disk. Adopted from Dame et al. (2001).

parallax of 0.314 arcsec of the 61 Cygni binary system with respect to two reference
stars and inferred a distance of ~ 3.2pc. This is impressively close to the current
value of ~ 3.5 pc. Using trigonometric parallaxes, this was the first reliable distance
measurement of a star other than the Sun. This principle remains to be one of
the most reliable distance measures in the Galaxy. Missions that observe in optical
wavelengths are restricted to a depth of a few kpc in the Galactic plane because of
dust absorption. Radio wavelengths have the advantage that they are not absorbed
by dust and can be measured all the way through the Milky Way. In radio, the main
objectives are high-mass star forming regions and astrophysical maser sources. The
latter radiate due to microwave amplification by stimulated emission of radiation
from cloud regions. They are found in the vicinity of young massive stars, red giant
stars, and in active galactic nucleus (AGN) accretion disks and have size scales of
10-100 AU with planetary masses. Their collimated radiation outflows make them
very good targets for distance estimations (e.g. Zhang et al. 2013). There are cur-
rently ~ 200 parallax measurements of massive star regions in the Milky Way (Reid
et al. 2014, 2016, 2019). The most distant trigonometric parallax measurement to-
day is obtained with the Very Long Baseline Array (VLBA) for a water maser at a
distance 20.4735 kpc (Sanna et al. 2017). This traces an active star forming region
in the Scutum-Centaurus spiral arm on the far side of the Milky Way. From the
observed accumulation of such objects in certain directions spiral arm tangents can
be obtained. The inferred structure is shown in a schematic picture in Fig. 2.44
(e.g. Vallée 2008). In the fourth Galactic quadrant, observational data is currently
sparse because it can not be observed from the northern hemisphere. Thus, the
entire Galactic spiral structure is inferred according to the tangents in the other
quadrants. This spiral structure can be also traced by the distance distribution
of HII regions (Georgelin & Georgelin 1976). These are associated with Galactic
OB associations which show an exponential distribution radially, with scale radius
3.5kpe (McKee & Williams 1997). Similarly, this spiral structure was also mapped
in IR with SIRFT (Benjamin et al. 2003) and Spitzer (Churchwell et al. 2009).
With GLIMPSE, a scale radius of R, = 3.9 + 0.6 kpc was inferred by modelling the
observed mid-IR source distribution with an exponential disk. Also a pronounced
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Figure 2.44: Schematic face-on structure of the four spiral arms in the Milky Way. The observer is marked at
the position of the Sun ~ 8.5kpc away from the Galactic centre. With respect to this observer, four
Galactic quadrants are assigned. The arm locations are denoted according to Faucher-Giguére & Kaspi
(2006) and Reid et al. (2019).

east-west asymmetry was found with a strong enhancement of stars at [ = 10°-30°.
This is explained by a linear bar structure in the Galactic centre with half-length
Ry, = 4.4 + 0.5kpc, inclined by ®y,,, = 44° + 10° with respect to the axis between
the Galactic centre and the Sun (Benjamin et al. 2005). With respect to distance
determinations radio pulsars play an important role. Their pulse frequency varies
according to the dispersive propagation of the radio signal through the ISM. This
means that their signals carry an inherent distance information (Hewish et al. 1968;
Taylor & Cordes 1993; Faucher-Giguére & Kaspi 2006).

The Sun revolves with a tangential velocity of 6, = 220kms™! (Kerr & Lynden-
Bell 1986) around the Galactic centre and resides in the Local Arm. The latter is
also referred to as Orion spur or local spur. This is misleading because it suggests
less star formation activity than in an actual spiral arm. However, the density of
star forming regions in the Local Arm seems to be similar to that in the Perseus
arm. The radial distribution of the SFR in the Milky Way is overall rather constant
with an indication for a slight peak of a factor ~ 2 within the inner 500 pc, which
corresponds to the Galactic bar region and the Galactic Molecular Ring (Kennicutt
& Evans 2012). Besides Galactic introspection, another option to understand the
Milky Way structure better is to find other galaxies that resemble certain features
we know are present in the Milky Way. Such cases are e.g. UGC 12158, which is
sometimes referred to as the closest twin to the Milky Way, or NGC 628, which is
seen almost face-on. Optical and radio images of NGC 628 are shown in Fig. 2.45
(for details see e.g. Kreckel et al. 2018; Utomo et al. 2018; Herrera et al. 2020). In
the optical, within the central ~ 2kpc a bright bulge region with indications for a
bar-like elongation can be seen. There is also a clear structure of two main arms
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Figure 2.45: Spiral galaxy NGC 628 (M74). Left: Optical image taken with the Hubble Space Telescope (copyright:
European Space Agency (ESA)/National Aeronautics and Space Administration (NASA)). This rep-
resents mostly star light which is seen brightly in the central bulge of the galaxy and associated with
a diffuse spiral structure. Right: Sub-millimetre image taken with ALMA (copyright: ESO). It shows
the emission from cold molecular gas which is strongly correlated with the spiral arms. Additionally,

the pronounced bubble structure following the spiral arms shows the characteristically porous nature
of the ISM throughout the entire galaxy. Both are reproductions of the original images.

and one secondary arm, which is also assumed for the Milky Way (Vallée 2008).
This again underlines the fact that star formation occurs mainly within the spiral
arms. Recent investigations of the impact of large scale dynamics on the SFR indi-
cate that it is mostly determined by smaller scale feedback on the scale of GMCs.
Large scale events like galactic mergers seem to be of secondary importance for SFR
variances (Tress et al. 2020). Simulations show that self-gravitational instabilities
are in principle sufficient to form a spiral structure on their own, but more flocculent
and not as pronounced as due to intergalactic interactions (e.g. Dobbs et al. 2018;
Fujimoto et al. 2018). This indicates that stellar feedback is not solely responsible
for the large scale spiral structure of the Milky Way. Instead, it can be induced by
a past galactic merger (Tress et al. 2020). The radio emission in the right panel of
Fig. 2.45 shows the very pronounced web of giant molecular filaments of > 100 pc
length. When these are engulfed by a spiral arm, their shape is distorted by the
steep spiral arm potential and they are aligned with it (Duarte-Cabral & Dobbs
2017). Since these dense filaments are prominent sites of active star formation, the
Galactic superbubble distribution is dominated by the contribution of massive-star
clusters formed inside the dense spiral (Higdon & Lingenfelter 2013). Thus, the ISM
shows a characteristically porous structure of multiple bubbles predominantly along
the spiral arms (Churchwell et al. 2006). This characteristic configuration bears
important implications for the dynamics of nucleosynthesis feedback. This is shown
schematically in Fig. 2.46. Due to the steep density profile of a spiral arm and
the increased higher gas density in the plane, superbubbles preferentially expand
in lower-density regimes in the direction ahead of the spiral arm and towards the
galactic poles. This implies that massive star ejecta flowing in the opposite direction
being stopped quickly due to high-density material in the spiral arm. On the other
hand, nucleosynthesis products ejected in the direction ahead of the spiral arm can
stream rather freely in the superbubble cavities. This adds overall an additional
velocity component to massive star ejecta in the direction of galactic rotation. In
the Milky Way, this can be observed as a Doppler line shift excess of the 1.8 MeV
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Figure 2.46: Scheme of the superbubble structure in one spiral arm in an face-on (left) and an edge-on view (right).
Plotted on top of a radio image of the spiral galaxy NGC 628 (M74) taken with ALMA (copyright:
ESO). A hypothetical observer at a structurally similar position as the Sun is located in the Milky Way
faces the spiral arm towards the galactic centre. OB associations form preferentially on the leading
edge of a spiral arm. Due to the steep density profile inside the arm, HI shells blown by massive
star feedback expand mainly towards less dense material ahead of the arm. Wind and SN ejecta
enriched with 26Al are therefore found inside these bubbles streaming mostly in the direction of the
overall galactic rotation. This is measured by the hypothetical observer as systematic velocity excess of
nucleosynthesis ejecta with respect to the overall CO dust rotation curve. In addition to the in-plane
expansion, bubbles also have a preferred direction away from the galactic plane because of a density
decrease towards the galactic poles. This leads to higher velocities at larger heights and can even break
the shells and blow material out of the plane. This follows the explanatory model introduced by Krause
et al. (2015).

gamma-ray line with respect to the overall galactic CO dust rotation curve as shown
in Fig. 2.47. Especially when SNe occur highly clustered in dense cloud instabilities,
supersonic winds that stream perpendicular to the galactic plane can break up the
H T shells and drive galactic fountains as shown in the right panel of Fig. 2.46 (Mar-
tizzi 2020). It takes about 200 Myr for gas that is blown out of the disk into the halo
to return to the disk again de Avillez et al. (2002), which means that short-lived
radioisotopes are suitable to trace the launch of Galactic fountains but not their
entire circle.

2.4.5 Galaxy-Wide Nucleosynthesis Feedback Simulations

In order to test dynamical hypotheses about the nucleosynthesis feedback from mas-
sive star groups one has to combine the two-dimensional signature from observations
of the sky with three-dimensional simulations of the underlying physics. Some of
the most recent hydrodynamic simulations of Milky Way type galaxies have been
performed e.g. by Hopkins et al. (2018); Buck et al. (2020); Tress et al. (2020); Mar-
tizzi (2020). Simulations following the dynamics of Galactic chemical enrichment by
tracing the 2°Al distribution were done by Fujimoto et al. (2018) and Rodgers-Lee
et al. (2019). The latter two are of particular interest in the context of massive star
nucleosynthesis feedback. Face-on projections of the 26Al density in both simulated
galaxies are shown in Fig. 2.48. Since these two works will be of central importance
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Figure 2.47: Longitude-velocity diagram of radial line-of-sight velocities in the Milky Way. This is for 26 Al measured
with INTEGRAL/SPI by Kretschmer et al. (2013, blue data points), and CO gas measured by Dame
et al. (2001, grey-scale background as in Fig. 2.43). The velocity excess measured from the 1.8 MeV
gamma-ray line shift of 26Al in 12° wide longitude bins with respect to CO gas is explained with
superbubble dynamics shown in Fig. 2.46.
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Figure 2.48: Hydrodynamic simulations of 26 Al Milky Way like galaxies. Left: Galaxy simulation by Fujimoto et al.
(2018) (F+18). Right: Galaxy simulation by Rodgers-Lee et al. (2019) (R+19).

in this thesis, an abbreviated nomenclature for the galaxy simulation by Fujimoto
et al. (2018) (F+18) and the galaxy simulation by Rodgers-Lee et al. (2019) (R+19)
will be used in the following.

F+18 performed a high-resolution hydrodynamic galaxy simulation including self-
gravity, a fixed axisymmetric logarithmic potential representing the gravity of old
stars and dark matter, radiative cooling, photoelectric heating, as well as stellar feed-
back in the form of photoionisation, stellar winds, and SNe. Overall, they assumed
an isolated gas disk orbiting in an otherwise static background potential representing
dark matter and a stellar disk component. The dynamics of stellar 26Al and “Fe
are ejecta were followed in order to trace the chemical enrichment of the galaxy.
These were calculated via the SLUG population synthesis code using the star-by-
star yields taken from Sukhbold et al. (2016). The system evolved for 750 Myr with
a maximum spatial resolution of 8 pc. After this runtime, the physical and chemi-
cal structure in the simulation reached a statistical equilibrium characterised by a
steady large-scale structure of superbubbles filled with the freshly ejected 26Al and
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60Fe. In the simulation, a flocculent spiral structure emerged spontaneously.

R+19 presented a hydrodynamic simulation of a galaxy that specifically resembles
the Milky Way. Therefore, the gravitational potential includes individual compo-
nents for the disk, central bulge, dark matter halo, and especially spiral arms follow-
ing Dobbs et al. (2006). The initial mass density profile was set up using parameters
physically relevant for a Milky-Way type galaxy. They included hierarchically clus-
tered star formation, a sub-grid model for modelling stellar group feedback with
cumulative energy injection and radiative cooling. Nucleosynthesis yields were in-
ferred to match the massive star population synthesis results from Voss et al. (2009).
Superbubbles were injected at the position of maximum spiral arm density at a ran-
dom radius between 0 and 10kpc from the galactic centre. This corresponds to
a radial decrease of SFR by R™!. The evolution was followed for 121 Myr with a
spatial resolution of 125 pc in the plane and 20 pc perpendicular to the plane.

In both simulations the chemical evolution of the galaxy can be seen closely associ-
ated with the superbubble structures discussed above. As expected, 20Al fills these
ISM cavities but is not mixed fast enough do be significantly passed beyond the dense
HT shells before it decays. A major difference lies in the granularity of the respec-
tive bubbles. While F+18 generates a large number of bubbles with sizes < 500 pc,
R+19 produces fewer and larger cavities up to a few kpc. This discrepancy arises
from the fact that galaxy-scale simulations require sub-grid model assumptions for
including feedback on the scale of stellar groups which is subject to a plethora of
uncertainties (Keller et al. 2014; Fujimoto et al. 2019). The difference in treatment
of stellar feedback is also clearly visible in synthetic 26Al sky maps as seen by a
hypothetical observer in the respective simulated galaxy. These maps are depicted
in Fig. 2.49. These offer an intriguing possibility to test the underlying assumptions
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Figure 2.49: Synthetic all-sky maps of galaxy-wide 26 Al simulations. Left: Galaxy simulation by Fujimoto et al.
(2018) (F+18). Right: Galaxy simulation by Rodgers-Lee et al. (2019) (R+19).

of nucleosynthesis feedback in the simulations versus observations. Studying the
emission morphology on the sky, its intensity, granularity, and extent in longitude
and latitude offers a wide range of information about the origin of nucleosynthe-
sis products, their mixing dynamics in the Galaxy as well as their distribution and
propagation. The fundamental challenges of such a study as well as new methods in-
cluding fundamentally informative physical interpretations will be the central topic
of this theses and will be presented in Ch. 4 and Ch. 5.
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The Galaxy-wide structure of the ISM is of turbulent and porous nature. This
is mainly driven by feedback from massive star groups. These are associated
with superbubbles that follow the overall spiral structure. Modelling this
structure is essential to understand Galactic chemical evolution.

e How can the Milky Way be modelled in an effective way on the basis of
massive star group nucleosynthesis?
— Sec. 4.3

e What can be inferred about the Galactic SFR and SNR from modelling
distributed radioactivity?
— Sec. 4.4

e What can be inferred from general nucleosynthesis simulations about the
Milky Way?
— Sec. 5.1

e How can the Galactic signal from 2°Al be exploited morphologically?
— Sec. 5.4
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3 Measuring Radioactivity in the Galaxy

“It is an act of faith to assert that our
thoughts have any relation to reality at
all.”

— Gilbert K. Chesterton (1908)

While observations in the optical or IR produce the probably most staggering as-
trophysical images, the high-energy regime reveals the likely most staggering astro-
physical processes. The most energetic events in the Universe emit photons in this
spectral domain beyond a few keV. Nuclear lines in the MeV range play a particularly
important role in this respect because they signal the direct interplay between these
most high-energetic processes on astrophysical scales with the evolution on smallest
nuclear scales. Therefore, measuring the radioactivity in the Galaxy is crucial for
understanding the smallest building blocks of the most extreme events. Thus, this
chapter focusses on the physical basics of these processes and the technical challenges
and methods for their measurement.

3.1 Radioactivity in the Milky Way

Radioactivity refers to the tendency of unstable nuclei to release energy through an
internal change in nuclear composition. This can be mediated via ejection of an
4He nucleus in a-decay, emission of a neutron, or the conversion of a nuclear proton
due to capture of a shell electron. Additionally, in the context of this thesis, the
two most important decay mechanisms are - and ~-decay. [-decay denotes a weak
transition of a neutron n into a proton p via

n—p+te +0, (B~ -decay), (3.1)

under emission of an electron e~ and an electron anti-neutrino 7,; or of a proton
into a neutron
p—n+et+rv,  (BF-decay), (3.2)

under emission of a positron e* and an electron neutrino v,. If such a decay occurs
inside a nucleus, it marks an isobar change of the initial element. This change
in the nuclear quantum state usually leaves the daughter nucleus in an excited
configuration. In that case an electromagnetic interaction causes the nucleus to
transit to energetically lower-lying states. This is referred to as y-decay

‘gX}k\, — ’gXN + (v-decay) (3.3)

*

of an excited nucleus 4X} in its ground state 42Xy without change in number of
neutrons N, protons Z, or mass number A = N+ 7, but under emission of a gamma-
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ray photon . This can proceed directly or in cascades via intermediate levels.

All these processes describe the transition from one quantum state to another. This
is referred to as decay, because the entity described by the initial state technically
ceases to exist. For each individual nucleus, this is an entirely independent stochastic
process. In a large sample, the decrease of radioactive atoms relative to their total
number —dN/N is proportional to the elapsed time dt according to

dN
— — = \dt 3.4
N ? ( )
with a characteristic radioactive decay constant A for each radionuclide. Solving
this differential equation gives the exponential radioactive decay law describing the

total number of un-decayed atoms

N(t) = Noe ™ = Nye~t = Noe ™, (3.5)

for an initial amount Ny at time t = 0. Different equivalent formulations with the
decay constant A, characteristic lifetime 7, or radioactive half-life T/, occur fre-
quently. While the latter gives the time after which Ny has reduced by a factor 1/2,
the lifetime corresponds to the timespan to reduce it by 1/e.
The radioactive isotopes 2°Al and %Fe described in Sec. 2.2.3 are examples under-
going a decay sequence of S-decays and subsequent y-decays:

26 26

. (3.6a)
%gMgM — %gMgM +7(1809 keV)

38F€34 — 3(7](3033 +e +1,
390033 — ggNl;Q +e + 1, (36b)
0oNiz, — SoNigy + 27v(1173.2keV, 1332.5keV).

In Eq. 3.6b, typically an internal conversion of ®*Co occurs, which is not mentioned
explicitly.

Radioactivity in the Solar System Shortly after its discovery in the 1890s, it became
clear that radioactivity is basically present everywhere on Earth. Since then, it has
been widely used e.g. in medical diagnosis and treatment, industrial processes for
disinfection, filtration, or material and surface treatment, scientific analysis methods,
or in nuclear power plants. The economic fact that natural radioactivity, e.g. in the
case of 25U used in nuclear power plants, is a non-renewable resource has important
cosmological implications. First, elements themselves have an age. Second, because
radioactive isotopes are not produced naturally on Earth, their abundance must be
either inherited since the formation of the Solar System or scattered onto the Earth
as a consequence of cosmic events. Actually, both is the case.

As described in Sec. 2.4.1, along with stable nucleosynthesis products, radioactive
nuclei are mixed into the ISM due to stellar feedback. This means, that during the
formation of the Solar System, its parental gas cloud was fed with certain radioactive
isotopes according to an overall characteristic rate Fi;. This process lasted from the
onset of mixing at time ¢; until the parental gas of the Solar System decoupled from
the ISM at t,. During that time a characteristic Solar System abundance (Clayton
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2018)

dt

established. If the duration of feeding . — t; lasted much longer than the lifetime 7
of the respective radionuclide, and dF /dt is rather constant during that time, this

can be approximated as
dFy
No=|—7) T (3.8)
a /),

In this case, the number of a certain species of radioactive nuclei present at the
formation of the Solar System corresponds to the amount that has been fed into
the parental gas during the last mean lifetime of that species. For a given initial
abundance at t.), this can be used as an approximation of what the rate of nucle-
osynthesis feedback in the Solar System parental cloud was during its collapse.
Since not all of the radioisotopes have decayed since the formation of the Solar
System, their abundance can be used for cosmochronology, i.e. to infer the age of
astronomical objects and elements. The main assumption to infer elemental ages
is that stable isotopes have been produced at the same time as their radioactive
isotopes. In general, isotopic ratios are often used as cosmic chronometers. This
was done for the first time by Ernest Rutherford (1929), who used the ratio of
(335U /238U t0day = 7-25 x 1072 along with their different lifetimes to estimate an age
of about 4 Gyr for the Solar System. In the same way, with revised values today
of 235U /%80 = 7.25 x 1073, lifetimes 7(**°U) = 1.029 Gyr and 7(***U) = 6.506 Gyr,
and the fact that these nuclei decay into the stable isotopes 2°"Pb and 2°°Pb re-
spectively, an initial (#*°U/?*¥U);,; = 0.31 and correspondingly the age of the Earth
Ty = 4.57 Gyr can be calculated (Clayton 2018, 41-44). An important presuppo-
sition in this calculation is the production ratio (*U/*®U),0q = 1.79. This is
intimately linked to larger scale processes. Depending on whether its nucleosynthe-
sis occurred in a single pre-Solar event or continuously over time, the age of the
Milky Way would be about 6.6 Gyr or 13 Gyr respectively (e.g. Cayrel et al. 2001;
Frebel et al. 2007; Tissot et al. 2017). Thus, to make such age estimates more
precise, a multitude of different tracer nuclei is investigated and nucleosynthesis cal-
culations along with their large scale implications have to be refined (e.g. Dauphas
& Chaussidon 2011). This is also the main topic of this thesis.

t to—t
N, = / CdEe () g (3.7)
t

1

Radioactive Tracers on Earth Besides the Earth itself, the next further reaching ra-
dioactive tracers of pre-Solar origins in the Milky Way are enclosed in dust grains and
chondrules in meteoritic material (Groopman et al. 2015; Lugaro et al. 2018). Given
the age of the Solar System, in particular such short-lived radioisotopes are basically
extinct in such probes. But their abundances can be inferred from radiogenic excess
in their daughter nuclei, which are measured mostly via high-precision accellerator
mass spectrometry (AMS). For instance, the initial amount of Al and ®Fe can
be estimated by the increase of 6Mg/?*Mg and 60Ni/%Ni respectively. Thus, in
the early Solar System their isotopic ratio was estimated to be (*®Al/*"Al)gsg =
(5.2340.13) x 107° (Jacobsen et al. 2008) and (°“Fe/*Fe)pss = (1.01£0.27) x 10~®
(Tang & Dauphas 2015).

Dust grains and chondrules contain a cumulative signature of multiple nucleosyn-
thesis events. Time resolved signals from such events individually can be found
in sediments of the Earth’s deep-sea crust (Wallner et al. 2015, 2016; Feige et al.
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2018, for 24Pu “Fe, and 2°Al respectively). As shown in Fig. 3.1, this is consistent
with two waves of SN ejecta sweeping across the Earth ~ 2.5 Myr and ~ 6 Myr ago.
Radiogenic excesses from short-lived radioisotopes where also found in fossilised bac-
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Figure 3.1: 0Fe/Fe-ratios from AMS measurements at the Australian National University (ANU) of 24 for layers

of a deep-sea crust. Age estimations are based on 1°Be data and statistical uncertainties are estimated
using Poisson statistics for small number counts. The signal is consistent with two waves of SN ejecta
sweeping across the Earth ~ 2.5 Myr and ~ 6 Myr ago. First results were released by Wallner et al.
(2016). Updated data kindly provided by Anton Wallner (2020, priv. comm.).

teria (Ludwig et al. 2016, “°Fe), on the Moon’s surface (Fimiani et al. 2016, “Fe),
or in Antarctic snow (Koll et al. 2019, ®Fe). Another direct evidence of supernova-
produced %°Fe was found by Binns et al. (2016), who found 15 ®Fe nuclei in cosmic
rays in a measurement period of 17years with the Cosmic Ray Isotope Spectrometer
(CRIS). Due to cosmic ray propagation, such a signal reaches < 1kpe. Overall,
this not only underlines the importance of investigating radioactivity for a better
understanding of the Earth’s history, it also vividly illustrates the turbulent past of
the Solar System in terms of nucleosynthesis contributions.

In order to reach even further in cosmochronology and to draw a coherent picture
of Galactic evolution, the gamma-ray signals from radioactively decaying material
in the ISM can be studied. This will be discussed in the following sections.

The entirely stochastic phenomenon of radioactivity is present basically ev-

erywhere in the Milky Way. Its measurement offers an important window to
cosmochronology. A major indicator of near-by tracers are isotopic ratios in
pre-Solar dust grains and meteoritic material.

3.2 Cosmic Gamma-Ray Measurements

Most astrophysical observations measure thermal radiation between radio wave-
lengths from cold molecular clouds up to X-rays from hot interstellar gas. This
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means that the electromagnetic energy range 107*-10° eV carries mainly signals of
atomic temperature phases. However, signatures of nucleosynthesis processes are
found mostly in isotopic abundances which are not necessarily coupled or restricted
to characteristic thermal conditions. On the contrary, in many questions concerning
feedback dynamics this is explicitly part of the question, such as: In which ISM
phase does 2°Al decay? Are there characteristics in mixing of nucleosynthesis prod-
ucts compared to most hydrogen gas? Or does ®Fe largely override the boundaries
of hot superbubbles and cold shells, or does it remain diffuse within bubbles? The
thermal state is often explicitly in question here and therefore cannot serve as an
indicator. To find an answer to such questions, direct information about isotopic
properties that are thermally unbiased is required. This is almost exclusively given
by nuclear gamma-ray lines, which are observed in the energy range between 0.1 MeV
and 10 MeV (Diehl 2018, 20-21). The following sections give a short overview of nu-
clear line measurements, with a focus on Al and INTEGRAL/SPI, which is the
instrument of choice in this thesis.

3.2.1 Historic Overview

Burbidge et al. (1957) were the first to introduce the idea that bright emission from
type Ia SNe might be due to nuclear energy release from radioactive decay. Although
their speculation erroneously relied on fission of 2*Cf, this work can be interpreted
as wake-up call for gamma-ray astrophysics and the principle of measuring cosmic
signals of radioactivity. This was followed by many ambitious observation missions.
Diffuse cosmic gamma-rays in the range between 0.07 and 1 MeV were first detected
by Metzger et al. (1964) with a caesium iodide scintillator crystals on the Ranger II]
mission. This was followed by several other balloon and satellite missions to detect
cosmic gamma-rays (e.g. Clark et al. 1968; Bleeker et al. 1969; Haymes et al. 1969a,b;
Vette et al. 1970). Most of them used sodium iodide scintillator crystals as detector
material and measured a strong gamma-ray signal at 511 keV from electron-positron
annihilation in the direction of the Galactic centre.

The first detection of a interstellar gamma-ray line originating from radioactive decay
was achieved by Mahoney et al. (1984). This was a measurement of the 1.8 MeV
emission line from 2°Al decay with the four high-purity germanium detector crystals
of HEAO 3. This confirmed predictions of Ramaty & Lingenfelter (1977) and Arnett
(1977) that this isotope should be present in the ISM and provide a gamma-ray
signal from ongoing nucleosynthesis. Subsequently galactic 2Al has been measured
by several other instruments, e.g. the Nal spectrometer on the Solar Maximum
Mission (SMM) (Share et al. 1985), MPI Compton telescope (von Ballmoos et al.
1987), the joint Bell Labs/Sandia Labs balloon flight program (MacCallum et al.
1987), the balloon-borne Gamma-Ray Imaging Spectrometer (GRIS) (Teegarden
et al. 1991), or the High Energy X-ray And Gamma-ray Observatory for Nuclear
Emissions (HEXAGONE) balloon experiment (Malet et al. 1991).

With COMPTEL aboard the CGRO, the spatial mapping of the 26 Al emission with
still unrivalled spatial resolution was finally achieved (Diehl et al. 1993a,b; Oberlack
et al. 1996). This map vividly demonstrates the astrophysical importance of this
isotope and is shown in Fig. 1.1. Since then a multitude of gamma-ray lines from
other isotopes such as "Be (Siegert et al. 2018), 4Ti (Iyudin et al. 1998; Grefenstette
et al. 2017), 5°Ni (Diehl et al. 2014, 2015), *Co (Tueller et al. 1990), or ®Fe (Wang
et al. 2007, 2020) was found. Nevertheless, 1.8 MeV, as the strongest nuclear gamma-
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Figure 3.2: First detection of the 1.8 MeV gamma-ray line from interstellar 26 Al. Tt was measured with the detector
array of four high-purity germanium detectors of the HEAO 3 instrument by Mahoney et al. (1984).

ray line from the ISM, still remains the most prominent and thus most promising
tracer of nucleosynthesis feedback. This currently is still being investigated in detail
using gamma-ray spectrometers such as the Compton Spectrometer and Imager
(COSI) or INTEGRAL/SPI. The latter is the instrument of choice in this thesis
mainly because of its unprecedented high spectral resolution. This instrument is
described in more detail below in Sec. 3.3.

3.2.2 Measurement Principles

In order to measure cosmic gamma-rays, two major difficulties must be overcome.
On the one hand, the Earth’s atmosphere is opaque to gamma-rays. On the other
hand, the materials of which telescopes and lenses are usually made are transparent
to gamma-rays. This requires satellite-based telescope systems that can operate
without focusing optics for photon energies between keV and MeV.

Photon-Matter Interactions Measurements of high-energy photons are based on their
three fundamental types of interactions with matter: the photoelectric effect (Ein-
stein 1905b, 145-147), Compton scattering (Compton 1923), and pair production
(Blackett & Occhialini 1933). These are shown schematically in Fig. 3.3.

The photoelectric effect is based on the absorption of a photon by a bound electron
in some material. If the energy of the photon exceeds the binding energy of the
electron, the latter is lifted from the nuclear potential well and escapes as a free par-
ticle. The energy surplus from the difference between photon energy and electron
binding energy is transferred into kinetic energy of the electron. The cross-section
for such an interaction is approximately

OPE — k— (39>

which is dependent on the atomic charge number of the material Z, the photon
energy F., and a material-specific constant k. With increasing photon energy the
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Photoelectric effect Compton scattering Pair production
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Figure 3.3: Fundamental interactions of gamma-ray photons with matter. The incoming photon with energy E
(blue) is completely (photoelectric effect) or partially (Compton scattering) transferred to an electron
e~ . For E, > 1022keV the production of an eTe™ pair can occur in the presence of an electric field.

value of the exponent n increases from 4 to 5; on the other hand, m decreases from
3 to 1 in the same course. This variation is due to the fact that with increasing
photon energy, electrons can be ejected from shells deeper in the atomic potential
well.

While the photoelectric effect dominates at low photon energies, Compton scatter-
ing predominates photon-matter interactions from about the electron rest energy of
511 keV. In this case the photons are not completely absorbed, but scatter inelasti-
cally on charged particles, mostly electrons. In such interaction, a part of the initial
photon energy is transferred to the electron as recoil kinetic energy. On the side of
the electron this leads to the Compton effect, i.e. partial energy reduction as well
as directional deflection. The differential cross-section for Compton scattering per
solid angle element df2 is dependent on the scattering angle 6 and calculated via the
Klein-Nishina formula (Klein & Nishina 1929)

d 2 (kN [k ko 9
— =< = — 4+ — —si 1
Qacs<¢9) 5 <k0) {ko ’ sin 9] , (3.10)

. E E! . . . .
with kg = =%, k = —% and r, = 2% which is the classical electron radius
0 mec?? mec??

mec2)

with the fine-structure constant «. The reduced photon energy after the scattering
process is

_ L,
1+ 22 (1 —cosb)

Mmec?

E(6) (3.11)

Consequently, the kinetic energy of the electron has increased by £, = E, — E!(0)
after scattering. From measuring the energy and direction of the recoil electron,
direct conclusions can be drawn about the incident photon. Compton telescopes
such as COMPTEL are based on this measuring principle.

If the energy of a photon is £, > 1022keV, i.e. at least twice the electron rest en-
ergy, the production of an electron-positron pair v — e~ + et can occur due to the
photon interaction with an electric field. To ensure energy and momentum conser-
vation during this process, an electromagnetically charged particle as counterpart
is required to interact with and which can compensate for the momentum excess.
For example, this function can be held by an atom in a material. In a process of
basically reversed bremsstrahlung, an e~ e™ pair can be produced in the interaction
of a photon with the Coulomb field exhibited by the atomic nucleus. The pair pro-
duction cross-section can be approximated for photon energies near the low-energy
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Figure 3.4: Energy dependence of the interaction strength for photon-matter interactions in different channels. Here
the example of a cylindrical high-purity Ge detector with a height of 6cm and square cross section is
shown. Coloured lines give the fraction of the photo-peak energy, i.e. the full-energy deposition peak,
contributed by different energy loss mechanisms. The photoelectric effect dominates up to ~ 140keV,
pair production from ~ 3 MeV, and Compton scattering in between. Adopted from Roth et al. (1984).

threshold by (Jauch & Rohrlich 1955)

1 E ’
ooy = EomrzZQ (# — 2) : (3.12)
and in the high-energy limit by
hich 28 2F 218
O'PS = Oﬂ’gZ2 |:§ lIl m: — 7 . (313)

The Z? dependence and the monotonic increase with E. of the cross-section are
particularly noteworthy here. Thus, pair production is especially important within
high-Z material and dominates photon-matter interactions at very high photon en-
ergies from a few MeV upwards.

The energy dependence in strength of the different energy-loss mechanisms in a 6 cm
thick cylindrical Ge detector is shown in Fig. 3.4. This example is very close to the
detector type used in the INTEGRAL/SPI instrument, which will be described in
more detail in Sec. 3.3.

Gamma-Ray Detection Detectors that utilise the above mentioned interactions of
high-energy photons with matter to measure gamma-rays are usually either scintillator-
based or semiconductor-based.

In scintillator materials, electrons are excited from the valence band to the conduc-
tion band due to the interaction with impinging gamma-rays. When the resulting
electron-hole pairs recombine, a photon with lower energy is emitted. This means,
so to speak, a translation of the original signal into lower-energy photons. Since
the yield of the latter is usually rather low, a scintillation detector is typically com-
posed of a scintillator material coupled to a photomultiplier, which transfers the
re-emitted light output into a measurable electronic signal. Besides organic crystals
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or plastic scintillators, the most commonly used inorganic scintillator materials are
Nal(T1), CsI(Tl), or BiyGe3O12 bismuth germanate (BGO). The latter has the par-
ticular advantage of having a high effective atomic number of Z.g = 75 as well as
being one of the densest scintillator materials with p = 7.13gcm™2. Since the band
gap of scintillators is usually of the order of 5 — 9keV and therefore their energy
resolution reduces to about 10%, they are not suitable for high-resolution gamma-
ray spectroscopy. Nevertheless, especially BGO crystals are used for astrophysical
measurements as anti-coincidence shield material because of their fast response time
(Lichti & Georgii 2001).

The high energy resolution, which is required for gamma-ray spectroscopy, is achieved
by semiconductors such as Si or Ge. The latter combines the advantage of a high
density of p = 5.33gcm ™3, which increases the photon interaction probability, and
a small band gap of 0.67eV at room temperature, which increases the number of
charge carriers per incident photon. This improves the spectral resolution of Ge
semiconductors by at least one order of magnitude compared to scintillators. A
schematic drawing illustrating the operating principle of a Ge detector is shown in
Fig. 3.5.

Gamma-ray photon
-------- » Multiple interactions
- Negatively charged
- Depletion zone
- Positively charged
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Figure 3.5: Schematic illustration of the operating principle of a Ge detector. An applied reverse voltage creates a
depletion zone (blue) between the negatively charged (purple) anode on the outside and the positively
charged anode in a central hole. An incoming photon (yellow) creates a multitude of electron-hole pairs
which flow to the electrodes and are measured as a voltage pulse proportional to the deposited energy.

In order to use a Ge crystal as detector, an external electric field is applied to
generate a zone within the detector, which is overall depleted of charge carriers.
This is typically done with a reverse current at high voltage of about 2 — 9kV. At
room temperature electron-hole pairs are thermally excited such that a reverse bias
leakage current establishes within the detector diode. In order to avoid such dark
current noise, Ge detectors are cooled down to 7'~ 100 K. Gamma-ray photons are
preferentially absorbed in the outer regions of the detector by creating a secondary
electron. A cylindrical shape of the detector crystal is usually preferred in order
to maximise the radiation collection area. As the electron passes through the de-
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pletion zone of the detector, it produces a number of electron-hole pairs along its
track, which is proportional to the energy of the triggering photon. Because of the
applied electric field, the generated electrons and holes drift each in opposite direc-
tions to the anode or cathode respectively. In consequence of this flow of charged
particles, actual detection is based on the current which is required to re-establish
the depletion zone. The accuracy of the signal goes along with the efficiency with
which the charges flows to the electrodes. This can be hindered by impurities in
the crystal structure caused. As such are induced e.g. by impinging cosmic rays,
the charge collection efficiency of space-based detectors in particular degrades over
time. Together with other effects, such as the loss of charge carriers or only partial
photon energy deposition, this means that a real detector does not reproduce the
input spectrum exactly. Instead, the original signal changes due to physical proper-
ties of the detector and phonon interactions. The measured signal D(FE) therefore
corresponds to a convolution of the input signal S(£) with the spectral response
function R(E) of the detector,

D(E) = S(E) ® R(E). (3.14)

If the entire energy of the incoming photon is deposited in the detector via the
photoelectric effect, it is measured in the photo-peak, i.e. at its exact energy. Never-
theless, each measurement is always additionally blurred according to the intrinsic
resolution of the instrument. If, on the other hand, the photon energy is trans-
ferred only partly by Compton scattering events to the detector, an energy below
the photo-peak is measured. According to Eq. 3.11, this depends on the scattering
angle and reaches continuously from E™" = E, — E!(# = 0) = 0 to a maximum
deposited energy

By
Eériax = EW,Y - E,’Y(Q = 7T) = 2E’Y (%) . (315)
2 + Mec?
In the case of pair production, the detected energy depends in particular on the
subsequent interactions of the secondary particles. While they both only deposit
their kinetic energy but not their rest mass, the decelerated positron annihilates
with an electron in the detector material and thereby produces two gamma-rays
at 511keV each. If these are absorbed, this accounts for the rest masses of the
originally produced pair, and the complete photon energy is measured. On the
other hand, if one or both of them leave the detector without further interaction,
the measured energy is reduced by once or twice m.c?. This gives rise to a single
and double escape peak at 511 keV and 1022 keV below the photo-peak, respectively.

The overall resulting spectral features are shown schematically in Fig. 3.6.

Telescope Types In order to construct a gamma-ray telescope from gamma-ray de-
tectors, the latter must be embedded in a system that also provides spatial informa-
tion in addition to the energy information about incident photons. There are many
techniques to achieve this, but the two most used systems are Compton telescopes
and coded-mask telescopes. These telescope principles are shown schematically in
Fig. 777.

Compton telescopes are based on the kinematics of the Compton effect (cf. Eq. 3.11)
and basically composed of two detector modules, a thin and a thick one. Incoming
gamma-rays scatter according to the Compton effect in the thin first layer, deposit-
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Figure 3.6: Spectral features of a gamma-ray spectrum representing the response of a typical Ge detector. Adopted
from Knoll (2010).
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Figure 3.7: Schematic gamma-ray telescope types. Left: Compton telescope. It is composed of two detector layers
for measuring differential energy E1 and total energy E2. From the Compton scattering angle 6 a cone
for possible photon directions can be projected onto the sky. The intersections of the resulting circles
indicate source positions. Right: Coded-mask telescope with mask elements shown in purple. Sources
under different aspect angles cast characteristic shadowgrams onto a position-sensitive camera array.
Source positions can be inferred from these characteristic detector patterns, which are shown as counts
filling up the camera pixels symbolically with coloured cubes. Photons are represented by wavy lines
and detector material is shown in blue.

ing energy F,, and are absorbed in the second module, measuring F,. Directional
information is inferred from the total energy F; + F5 and the Compton scattering
angle . With the limited information of where in the instrument single photons
interact, their origins are mapped onto rings on the celestial sphere with each photon
having its own directional response. The exceptional advantage of this observational
technique lies in the straight-forward imaging information that can be gained from
intersections of multiple event circles. With each photon carrying valuable direc-
tional information, the large, multi-dimensional data-space can be used for image
reconstruction. The most prominent example of this telescope type was COMPTEL
aboard the CGRO, with which the first all-sky map of the 1.8 MeV 2°Al emission was
mapped (cf. Fig. 1.1) with a spectral resolution of ~ 9% full width at half maximum
(FWHM) at 1.3 MeV and an angular resolution between 1° and 2° (Schonfelder et al.
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1993; Oberlack et al. 1996; Pliischke et al. 2001). This mission ended in 2000.

The second major telescope type for measuring gamma-rays at MeV energies is
based on the coded-mask technique. Such telescopes are mainly composed of a
position-sensitive camera and a mask, consisting of a characteristically coded array
of transparent and opaque elements. The mask is situated in above the camera
inside a shielded collimator tube. Incoming celestial gamma-rays are partially ab-
sorbed by the mask and cast a characteristic shadow pattern or shadowgram onto
the camera. The latter can be constructed e.g. of an array of individual solid-state
detectors. The shadowgram is depending on the source distribution on the sky and
the aspect angle of the instrument with respect to these sources. In this way, infor-
mation about the emission morphology can be reconstructed from the characteristic
variations in the shadow pattern. The main advantage of this telescope type is that
a high spectral resolution can be achieved by using e.g. cryo-cooled Ge detectors.
Currently the only space-based telescope operating in the nuclear line gamma-ray
regime is SPI aboard INTEGRAL, which utilises this coded-mask technique. It is
used for providing the empirical basis in this thesis and is therefore described in
more detail in the following section.

Cosmic gamma-ray measurements yield signals of isotopic properties unbi-
ased by thermal and dynamical phases of the ISM. The measurement tech-
niques rely on the photoelectric effect, Compton scattering and pair produc-
tion. Thereby, the main observational challenges are that the Earth’s atmo-
sphere is opaque and the telescope materials are usually mostly transparent
to gamma-rays. Thus, space-space based telescopes are necessary.

3.3 INTEGRAL/SPI

The International Gamma Ray Astrophysics Laboratory (INTEGRAL) is a scientific
satellite mission by the ESA that was launced on 17 October 2002. It was designed
as a follow-up mission to NASA’s CGRO to observe the high-energy universe. It
can be considered a great success, since it was originally planned with a mission
duration of only three years, with a possible two-year extension, and is currently
still in service after about 17.5 years and currently extended until 31 December 2021
due to excellent scientific results in the field of gamma-ray astrophysics.

A high-inclination and high-eccentricity orbit of the satellite was chosen in order to
minimise the passage time through the Van Allen radiation belts. Particles from
Solar winds or cosmic rays are captured by the terrestrial magnetic field and accu-
mulate in these belt-like tori surrounding the Earth. While the inner belt between
about 3000 and 6000 km contains mostly protons, mainly electrons form the outer
belt, which extends to an altitude of about 25000 km. The enhanced particle densi-
ties in these regions increases the radiation-induced damage of instrument detectors
and electronic systems. Thus, an elliptical orbit with apogee and perigee of 9000 km
and 154000 km was chosen in order to extend the time pent outside these regions.
The orbit is inclined by 52.5° with respect to the Earth’s rotation axis and it takes
the satellite about 72 hours to complete one revolution. This configuration is shown
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Figure 3.8: Schematic orbit of the INTEGRAL satellite in 2002 (purple) and in 2020 (green). It is chosen to be
highly elliptical in order to reduce the passage time through the Van Allen radiation belts (purple and
yellow).

schematically in Fig. 3.8. Data can typically be taken between orbital phases 0.1
and 0.9, calculated from the perigee as origin. In 2015, after 1500 revolutions, the
orbit was reduced to perigee and apogee of 7206 km and 142,550 km with an orbital
period of 64 hours. The inclination has also changed to an almost polar orbit.

The INTEGRAL platform houses four scientific instruments. The gamma-ray Im-
ager on-Board the INTEGRAL Satellite (IBIS), the Joint European X-Ray Monitor
(JEM-X), an Optical Monitoring Camera (OMC), and the Spectrometer on INTE-
GRAL (SPI). Since the analysis in this thesis is based on the latter instrument,
the technical description in the following will also be focussed on SPI. A sectional
sketch of this instrument is depicted in Fig. 3.9. The critical components for sci-

I BGO anti-coincidence shield
I Tungsten oded aperture mask
Active cooling system

Plastic scintillator

Ge detector array

Figure 3.9: Sectional schematic of the SPI instrument. The BGO anti-coincidence shield is composed of collimator
rings above the camera as well as side and bottom shields around the detector array. The tungsten
coded mask elements have a thickness of about 5cm with a 3mm thin plastic scintillator positioned
below. The cooling system operates by four Stirling cycle cooling machines tied to passive radiators.
This is connected directly with the Ge detectors cold finger and thereby optimally cooled to 85 K. The
high-purity Ge detectors have a geometrical area of 500 cm? and 7cm height. Adopted from Mandrou
et al. (2002).
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entific purposes are the Ge detector array, the tungsten coded mask, and the BGO
anti-coincidence shield (ACS), which will be described in Sec. 3.3.1, Sec. 3.3.2, and
Sec. 3.3.3 respectively. The main technical characteristics of the spectrometer are
summarised in Tab. 3.1.

Table 3.1: Technical characteristics of the SPI instrument. Adopted from Siegert (2017) following Vedrenne et al.
(2003), Winkler et al. (2003), Roques et al. (2003), and Siegert et al. (2016).

Property SPI characteristic

Angular resolution (FWHM)  2.7°

Detectors 19 high-purity Ge detectors (T ~ 85K)

Detector area Geometrical: 508 cm?; effective: 10 — 100 cm?
Detector thickness 7cm

Energy range 20 — 8000 keV

Field of view Fully coded: 16° x 16°; partially coded: 31° x 31°
Power supply Average: 110 W, Maximum: 385 W

Source location (radius) 10 arcmin

Spectral resolution (FWHM) 2.1keV at E, = 511keV; 3.16keV at E, = 1809 keV
Total mass 1228 kg

3.3.1 Detector Array

The central element of SPI are 19 individual high-purity Ge detector detectors, which
are arranged and combined into one camera array. Each detector has a hexagonal
face shape with side length 3.2 cm, which gives a total geometrical are of the camera
of 508 cm?. The height of each detector is 6.94 cm. This results in a total effective
area of the SPI camera of 44 cm? for photon energies at 1.8 MeV. The arrangement
of the detectors is shown in the left panel of Fig. 3.10. They are numbered consecu-
tively from 0 to 18 and for the sake of simplicity accordingly designated as Det00 to
Det18. Each charge pulse triggered by a photon is read out individually by separate

e 55 3 35 3 32
5639342120 25[29]51]
‘ 41 | 38 23 24 | 26 | 27 49)

584 54 850

Figure 3.10: Schematic face-on view of the SPI detector array. Left: Each hexagon represents on high-purity detector
crystal encapsulated in Al and numbered as shown. These physical detectors measure single photon
interactions. Right: Pseudo-detectors for the measurement of double photon interactions in adjacent
detectors. These are conceptual analysis units that result from the virtual interconnection of two
adjacent physical detectors, shown in light grey in the back, and are represented by small small hexagons
on the respective connecting line.
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Table 3.2: SPI detector failures. Given are the IDs of failed single and double detectors and the date of failure as
well as the respective instrument time as INTEGRAL Julian Date (IJD) and satellite revolution number.
Adopted from Dubath et al. (2015, 55).

Single detector Double detectors Date 1JD Revolution
02 20,25,30,31,32,33  2003-12-06 1435.41635 140

17 45,47,59,60 2004-07-17  1659.46000 214 — 215
05 23,38,42,43,44 2009-02-19  3337.50000 775 — 776
01 19,21,22,24 2010-05-27  3799.66740 929 — 930

readout electronics at each detector. If the photon energy is deposited in one phys-
ical detector, this is read out as a single event count. However, photons can also
only partially deposit their energy in one detector and then be Compton-scattered
into an adjacent detector, where they deposit the remaining energy. In order to
be able to use these signals as well, adjacent detector crystals are combined into
pseudo detectors that register such double events. This results in 42 double event
pseudo-detectors from the combinations of adjacent detectors, which are accordingly
numbered from Det19 to Det60, as shown in the right panel of Fig. 3.10. It is impor-
tant to stress that these are conceptual units of analysis resulting from the virtual
combination of adjacent physical detectors.

Constant penetration of the instrument by cosmic rays induces irregularities and
defects in the lattice structure of the Ge crystals. This decreases the overall charge
collection efficiency and leads to a gradual deterioration of the detectors over time be-
cause charge carriers are trapped in material defects and do not reach the electrodes.
In order to restore the lattice structure and maintain the high energy resolution, the
detector array is heated to 378 K about twice a year (Lonjou et al. 2005; Fahmy
et al. 2008). Such an annealing period lasts for about two weeks, during which no
scientific data are taken.

During the course of the mission four detectors have ceased to function properly.
The detector failures are listed in Tab. 3.2. These detectors are now disabled, which
affects the instrument response, since double events are erroneously detected as sin-
gle events with only a part of the total energy after the failure of one of the physical
detectors.

3.3.2 Coded Mask

In order to use the detector array as a gamma-ray telescope, directional information
must also be imposed on the incoming photon signals. For this purpose SPI utilises
the coded mask technique described in Sec. 3.2.2. Therefore a coded tungsten mask
is situated 171 cm above the Ge detector array. It consists of 63 elements made of W
with the same hexagonal surface dimensions as the Ge detectors and a thickness of
3cm. They are arranged in a 120°-rotational symmetric honeycomb structure with
64 omitted elements as shown in Fig. 3.11. The ratio of mask elements to detector
pixels, i.e. individual detector determines the angular resolution of SPI of about 2.7°
with a point-source location accuracy of ~ 0.1°. The mask has a diameter of 72 cm,
which leads to a fully-coded field of view of 16° x 16° and a partially-coded field of
view of 31° x 31°. Since the mask blocks about 50% of the incoming photons, the
geometrical detection area is reduced significantly to effectively 10-100cm?. This
range results from the fact that photons with higher energy also have a higher
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Figure 3.11: SPI coded mask pattern. Grey hexagons represent 63 opaque mask pixels made of 3 cm thick W. They
are a arranged in a 120°-rotational symmetric honeycomb structure with 64 transparent pixels.

probability to pass the detector without interaction.

3.3.3 Anti-Coincidence Shield

Since the coded mask only covers a relatively small solid angle, interference signals
from high-energy photons and cosmic rays from other directions must be minimized
in order to isolate the signal from celestial sources as far as possible. For this pur-
pose, the instrument shielded by an anti-coincidence shield (ACS) made of 91 BGO
scintillator crystals. It is composed of a veto shield below the Ge-detector array, a
side shield framing the detectors, and two collimator ring assemblies arranged on top
of each other above the camera as shown in Fig. 3.9. These sub-units have a varying
thickness between 1.6 cm on top and 5cm at the bottom. BGO has an attenuation
cross section for photon energies around 1.8 MeV of 4.7 x 1072 cm? g~ ! (Berger et al.
2010; Hueso-Gonzalez et al. 2015). With a density of p = 7.13gcm ™3, and an effec-
tive atomic number Z.g = 75, this gives a transmission probability through the 5cm
thick SPI side shield for perpendicularly-incident photons of ~ 18%. A comparison
of the transmission probabilities for Photons with F, = 1809keV and E, = 511keV
is shown in Fig. 3.12. This is dependent on the incidence angle and is a maximum
for perpendicularly impinging photons.

Each of the BGO crystals is coupled to a photomultiplier tube in order to measure
the scintillations induced by incident gamma-rays. The resulting voltage pulses are
used to trigger veto-signals within a coincidence window of ~ 160 us for photons pen-
etrating the instrument from angles outside the field of view (Roques et al. 2003).
Here the count rate ranges between about 5 x 10* and 10° phs™!. It follows overall
all an intensity variation correlated with the Solar cycle with prominent peaks dur-
ing Solar flares (Diehl et al. 2018b). Overall, the ACS vetoes counts with a rate of
7 x 10%s7! versus a count rate of the Ge detectors of about 50s™! (Siegert 2017).
Although the ACS provides no further directional information beyond the position
of individual crystals, it has a large effective area of ~ 1 m? and a fast response time.
Therefore, it can also be used as an independent scientific instrument, for example
to detect gamma-ray burst (GRB) signals (von Kienlin et al. 2004; Larsson et al.
2004).
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Figure 3.12: Transmission probability of gamma-ray photons with E, = 1809keV and E, = 511keV for different
incident angles on BGO crystals with thickness d = 5cm. A perpendicular incidence angle corresponds
to 0°.

In addition to the BGO ACS, the veto system is supplemented by a 0.5 cm thin plas-
tic scintillator assembly as anti-coincidence filter especially for energies near 511 keV.
It is installed below the coded mask and provides a modest increase in sensitivity
(Vedrenne et al. 2003) of the 511keV line detection around 5 — 6 x 107° phem2s7?
for ~ 1 Ms of exposure time (Siegert et al. 2016).

INTEGRAL/SPI is a coded-mask gamma-ray spectrometer with high spectral
resolution of 3.16keV at 1.8 MeV and a spatial resolution of ~ 2.7°. It is
currently the only space-based instrument capable of targeted and resolved
measuring gamma-rays at MeV energies. Its camera consists of 19 high-purity
Ge detectors which are characteristically shadowed by a tungsten mask and
shielded by an ACS from cosmic-ray background.

3.4 SPI Data Analysis

In Fig. 3.13, a mission integrated spectrum of the SPI camera is depicted. It shows
the total counts measured as single or double detector events over the course of ~
17.5 yr of operation and 2131 orbit revolutions. This is obtained after pre-processing
of the raw data by INTEGRAL’s Science Data Centre (ISDC) including an energy
calibration and sorting the data in 0.5keV wide energy bins for each detector. The
spectrum represents typically more than 99% instrumental background, even after
the counts sorted out by the ACS. The main challenge in SPI data analysis is
therefore the separation of comparatively weak celestial sources from an extremely
dominant instrumental background. Overall, the data analysis is therefore based on
two key assumptions described by Diehl et al. (2018b): First, the signal from celestial
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Figure 3.13: Mission integrated spectrum of SPI single (blue) and double (green) event counts after ~ 17.5yr of
operation and 2131 orbit revolutions. Shown is the low energy range 20-2000keV with a bin width

of 0.5keV and with an zoomed inset from 1745-1840 around the 26Al emission line on linear scale.
A multitude of emission lines can be seen on top of a continuous background. There are overall less

double event counts with an increasing fraction towards higher energies. The electronic noise in the
region between 1400—1700 keV is more prominent for single than for double events.

sources follows the characteristic mask shadowing pattern which is dependent on the
source morphology and which varies with the instrument aspect angle. Second, the
background signal is mostly inherent to the instrument, which means that it imprints
a intensity pattern on the detectors which is also characteristic but independent of
the coded mask and which does not vary with small spacecraft re-orientations. Thus,
here the model description

Ni Ni+Np
j i=1 1=Ni41

is used for the measured instrument counts in each particular energy bin £ for Ny
sky and Np background model components (Strong et al. 2003, 2005; Siegert et al.
2019). For each image element j, the celestial source model intensities M;; are con-
volved with the image response function Rj;. The parameters ¢; scale the intensities
for all model components . A detailed description of celestial emission models will
be given in Sec. 3.4.2. The background contributions B;; are independent of the
mask and the spacecraft orientation but vary on different time scales and over the
entire mission due to the solar cycle, nuclear build-up processes, solar flares, and
radiation belt transits. A detailed background model taking these variations into ac-
count has been obtained from spectral fitting of the entire mission data (Diehl et al.
2018b), which is then adapted to the particular data set subjected to a specific anal-
ysis (Siegert et al. 2019). This method of self-consistent background modelling is
adopted in this thesis and summarised in Sec. 3.4.1.
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3.4.1 Self-Consistent Background Modelling

In SPI observations, typical source intensities are abiyt 10° phcm=2s~!, which leads
to about 2500 source counts within a usual observation period of 1 Ms. In the same
time SPI measures on average a total number of ~ 3 x 107 event counts (Diehl et al.
2018b). This means that despite the anti-coincidence devices and an electronic
pulse-shape discriminator system, SPI data are overlaid by a huge instrumental
background. This means that due to statistical limitations simple background sub-
traction is not feasible for most common source types (Siegert 2017; Siegert et al.
2019). Thus, it is of utmost importance to properly model the huge instrumental
background in order to be able to accurately measure celestial sources. Therefore,
this thesis follows the self-consistent background modelling approach outlined in de-
tail by Diehl et al. (2018b) and Siegert et al. (2019) following Strong et al. (2005).
The background originates mainly from the instrument itself. Particles with energies
between MeV and GeV from the Van Allen belts, from the Earth albedo, or cos-
mic rays penetrate the satellite. Direct interactions with the detectors are vetoed by
the ACS or the pulse-shape discrimination system. Nevertheless, a large background
signal is caused because these particles also excite atoms and nuclei of the spacecraft
materials due to collisions. Thus, secondary causes of delayed gamma-ray emission
from excited material arise, such as build-up of long-lived radioactive isotopes of
e.g. 2Na, %7Zn, or %°Co. The excitation and subsequent de-excitation or decay of
a multitude of radioactive isotopes causes the forest of emission lines in Fig. 3.13.
This lies on a continuum which is decreasing towards higher energies. It is mainly
produced by bremsstrahlung from secondary particles.

Spectral Description The continuum component is modelled as power-law distribu-
tion (Diehl et al. 2018b)

E «
C(F;a,c) = ¢ (—) : (3.17)
En,
normalised to the central energy F,, within the respective region of interest. The
emission lines deviate from a regular Gaussian profile
E — Ey)?
Q} (3.18)

202

G(FE; Ey,0) = Agexp [—

with amplitude Ay, mean energy Fy, and width ¢ because of the detector degra-
dation effects mentioned in Sec. 3.3.1. The trapping of charge carriers in defects
of the detector crystal’s lattice structure can reduce the voltage pulse per event
which manifests as the tendency to count photons at lower energies with increasing
degradation. This can be described by a convolution of a Gaussian profile with a
one-sided exponential

T(B:r) = L exp (§> (3.19)

T T

with the degradation parameter 7. The instrumental degradation for SPI was es-
timated by Kretschmer (2011) and Siegert (2017) to be on average 7 ~ (1.05 £
0.03) keV. This results in an overall description of the emission line shape in SPI
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Figure 3.14: Degraded Gaussian line shape according to Eq. 3.20.The peak shift towards lower energies increases
with the degradation parameter 7.

measurements as (Kretschmer 2011; Siegert 2017; Diehl et al. 2018b)

L(E;Ey,0,7)=(G®T)(E)

T Ago 27(FE — Ey) + o (B — Ey) +0%]  (3.20)
=4/ = —exp erfc ,

2.7 272 V20T

with the complementary Gaussian error function erfc(x) = 1 — erf(x). This shape

is shown graphically in Fig. 3.14. An approximation for the resulting peak energy
is given by (Siegert 2017)

Epeak ~ EO - T, (321)

where Ej is the peak energy of a regular Gaussian. While the regular Gaussian in
Eq. 3.18 has a FWHM of I = 201/21n (2), this changes for the degradation-affected

line to (Kretschmer 2011)
2
ao + \/(1 —ag)? + (O”TT) ] , (3.22)

with the fitted constants ag = 0.913735 and a; = 0.710648. The intensity of a line
with its shape following Eq. 3.20, i.e. the area under the curve, is calculated by
(Siegert 2017)

FL%F

F= /+OO L(E) dE = /+OO(G @ T)(E) dE = /+0o G(E) dE = V2r Ao, (3.23)

—00 —0o0 —00

which is identical with that of a regular Gaussian line. This means, the total line
flux is conserved and does not change due to the degradation. This is the case
because the trapping of charge carriers only decreases the measured voltage from a
triggering event. However, the pulse as such is retained. In other words, the count
number remains the same, only the corresponding energy potentially decreases.
Individual spectral features can be disentangled and identified most clearly in the
cumulative spectrum of the entire mission, which is shown in Fig. 3.15 for the region
1745-1840keV around the ?°Al emission line. The spectral features represented
according to Eq. 3.17 or Eq. 3.20 and fitted to the cumulative spectrum are shown
as well. Associations of individual lines with the decay of radioactive lines follows
Diehl et al. (2018b).

Since the measured photon counts follow the Poisson distribution, the likelihood of
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Figure 3.15: Upper: SPI instrumental background fit (green solid line) to the total spectrum of single detector counts
from 13yr of the INTEGRAL mission (thick blue line) in the energy range 1745-1840keV around the
26 Al Bt-decay line at 1809 keV. It is composed of nuclear lines on top of a continuum (green dashed
line). The fit residuals are shown in the lower part of the figure (thin blue line). Background line
identifications with decay lines of radioactive isotopes were obtained following Diehl et al. (2018b).

Speculative isotope associations are marked with question marks. Lower: Same as upper figure for SPI
double detector events.

a set of model parameters #; in Eq. 3.16, given a measured data set D with n data
points, is calculated by the full Poisson likelihood

n

z6D) =]

k=1

i exp(—my)
dy,! ’

(3.24)

where d}, is the measured number of instrument counts and my, is the model predicted
value as described in Eq. 3.16. To determine the parameter set @ that maximises
the likelihood, we use the negative logarithm of the Poisson likelihood dropping the
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data-dependent term, which is commonly referred to as Cash statistic (Cash 1979)

log(Z(8]D)) ~ =2 "[my, — di log(my))]. (3.25)

k=1

In this thesis, for the first time a detailed treatment of double events is included for
the analysis of the 1.8 MeV line. The individual spectral components of double events
and single events resemble each other overall. Interestingly, the line shapes seen with
double events seem to show an increased degradation compared to that from single
events. This phenomenon will be discussed further in Sec. ??. The overall ratio
Rg/p of measured single to double events is estimated by the relative line fluxes of
the three most prominent line blends at 1764 keV, 1779 keV, and 1810keV for each
annealing period. Fig. 3.16 shows that this ratio increases over the course of the
mission from Rg/p ~ 1.7 in the early phases to Rg/p ~ 2.9 after 17.5yr.
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Figure 3.16: Ratio of single to double events per annealing period for the three most prominent background lines
at 1763 keV, 1797 keV, and 1810keV. The colour scale indicates the detector annealing number with a
constant fit for each annealing period shown as coloured horizontal line.

Background Detector Pattern The SPI data space has overall four characteristic di-
mensions: counts per energy, time, and detector. For the differentiation of the
background from the sky emission, which is decisive in further data analysis, it is
crucial that these two components differ not only in general spectral terms, but
show also characteristic variations in time and detector space. The relative inten-
sity ratios of the individual detectors during the first observational epoch, i.e. before
the first detector failure during revolution 140, is shown in Fig. 3.17 for the strong
blended background line from 2042%Bj at 1764 keV. Detectors in the inner parts of
the array show overall lower background line intensities than those on the edges.
This clearly reflects the origin of this line in the material surrounding the detectors.
Thus, the inner detectors are shielded by the outer ones. The relative intensity
variations lie on average in a range between —0.75 and 1.23. In principle a similar
background pattern is seen the detected double events shown in the lower panel of
Fig. 3.17. This was expected because the background photons originate from the
same processes and are only measured via a different interactions in the detectors.
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Figure 3.17: SPI detector patterns for the prominent background line from 204:205Bj at 1764 keV. Upper: Relative
intensity pattern of single Ge detectors. Lower: Relative intensity pattern of double-event pseudo
detectors.

The relative ratios cover a similar range between 0.80 and 1.32. The comparison of
the background intensity pattern projected on a face-on diagram of the detectors
on the right side of Fig. 3.17 shows that this generally more smeared out for double
than for single events. Additional time information is added to the left graphs in
Fig. 3.17 by blue error bars. These indicate the intensity ratios for each revolution
between 43-140 in the first epoch individually and are larger for double events be-
cause, as shown in the previous paragraph, their count rate is at least a factor of
1.7 lower than that of single events. It illustrates the crucial fact that the relative
background detector ratios remain basically constant over time. This is reasonable
because of their origin in satellite materials, which also stay spatially constant with
respect to the detectors.

Nevertheless, its absolute intensity as well as the particular shape of spectral fea-
tures changes over longer periods of time reflecting variations due to the Solar cycle,
Solar flares, radiation belt transits, radioactive build-up, or detector annealings.
Thus, the spectral background model components, as defined from the full-mission
spectrum, have to be rescaled on an adequate time scale to properly represent these
temporal variations of the background on shorter timescales.

For the 26Al analysis, half-year intervals for the background normalisation corre-
sponding to annealing periods, in addition to detector failure times have been shown
by Siegert et al. (2019, Sect. 5.1.2) to be the optimal choice for renormalisation
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nodes. Therefore, it is adopted in the analysis for this thesis. Short-term variations
are taken into account and modelled according to the saturated detector events
tracking these at high statistical precision (e.g. Jean et al. 2003).

3.4.2 Fitting of Celestial Emission Models

The image response function (IRF) of the SPI detectors for celestial signals is char-
acteristically shaped by the coded mask of SPI. It is shown in Fig. 3.18 for photon
energies of 1809keV. It is clearly visible that higher-energetic photons are more
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Figure 3.18: SPI IRFs for Det00. Left: IRF for photons with E, = 509.25keV. Right: IRF for photons with energy
E., = 1902.75 keV.

likely to penetrate through the mask elements and the side shields from outside the
field of view. A celestial source, e.g. a point source in the zenith vertically above
the detector plane, appears under a different aspect angle for each detector. Ac-
cording to the shadowing of the mask elements, this changes the effective area per
detector. This results in a characteristic detector pattern. Since the permeability
of the tungsten elements and the detector crystals is energy dependent, this pattern
also varies with energy, which is shown in Fig. 3.19. The slice in energy space for
E., = 1809 keV is highlighted in the figure. In the first observational epoch, with all
detectors working, this leads to a normalized intensity pattern as shown in Fig. 3.20.
With a circularly altering pattern of three exposed and three shadowed detectors
It clearly represents the direct projection of the innermost mask elements shown in
Fig. 3.11 onto the detector array. It shows a much higher contrast between 0.16 and
1.86, which is much higher than for the background detector pattern in Fig. 3.17.
The lower panel shows the detector pattern of the 42 double event pseudo-detectors
for the same celestial source and with the same overall contrast. It follows overall a
similar but flattened pattern, as the contrast between neighbouring detectors levels
out in the respective double detector.

SPI typically uses a dithering method for observations, i.e. an observation technique
following a 5 x 5 rectangular grid of pointings on the sky with 2.1° separation be-
tween each step. A pointing denotes an observational unit between 30—-60 min within
which the instrument is oriented towards a particular sky direction. As the satellite
changes its orientation, the aspect angle of each detector and therefore the mask
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Figure 3.19: Effective area of all 19 SPI detectors for a point source at zenith position above the mask. The difference
in pattern between detectors is due to shadowing effects of the coded mask. This implies information
about the source position because it varies characteristically with the viewing angle under which the
source is observed. A representative slice in energy space shows the effective area detector pattern for
photons with 1809 keV energy. Effective areas for shadowed detectors have been flattened to a lowest

value of 10725 cm? for better readability. Failed detectors are shown in grey.
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Relative intensity pattern of single Ge detectors. Lower: Relative intensity pattern of double-event

pseudo detectors.
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pattern shown in Fig. 3.20 changes. This imprints a characteristic time variation of
the detector pattern corresponding to the celestial source. The essential point here
is that, on the other hand, the background pattern remains constant during this
short period of time.

The background modelling approach described in Sec. 3.4.1 relies on the presump-
tion that the data are almost completely composed of background. This only applies
if the time span for background determination is chosen long enough for the charac-
teristic source contributions to overall be smeared out. Siegert et al. (2019) showed
that for a source that contributes 10% to the total measured spectrum, the cumu-
lative pattern of source and background varies by less than 1% after 20 pointings.
Integration over one orbit, which corresponds to typically about 50-90 pointings, is
therefore sufficient for the assumption of background dominated data. In this, celes-
tial source contributions can be disentangled from the instrumental background via
a simultaneous statistical description of both these components in detector space,
due to the fact that the former is variable and the latter constant in time. In the
following Sec. 3.4.3, an example of the practical implementation of such an analysis
is given based on the full-sky emission at 1.8 MeV.

3.4.3 Application: Full-Sky 1.8 MeV Emission

For the spectral analysis of the full-sky emission from 26Al at 1.8 MeV, a comprehen-
sive SPI dataset from the currently entire mission of 2131 revolutions and 17.5 yr in
the energy range from 1790-1840keV is used. This results in a full-mission dataset
comprising observations from 1840 revolutions with 118407 individual pointings and
a total exposure time of ~ 255 Ms. The sky coverage of the dataset in time is shown
in Fig. 3.21. The patchy structure reflects the observation strategy of INTEGRAL,
observing regions of interest separately, rather than performing a uniform full-sky
survey.

Scientific data collection started from revolution 43 and additional selection criteria
had to be applied. Revolutions during which detector annealings were performed

-75°

10 10 10 10
Exposure time [cm? s]

Figure 3.21: SPI full-sky exposure map for 17.5yr of the INTEGRAL mission with integrated observation time of
~ 255Ms. The effective area of SPI is 44cm? at 1.8 MeV, accounting for failed detectors (Attie et al.
2003).
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are not included, as no scientific data are recorded during these periods. Observa-
tions with high event rates exceeding the threshold 2 15 MeV are excluded, because
at such high energies the Ge detectors saturate. This indicates particle interac-
tions within the detector, mostly due to mass ejection during Solar flares, for which
accurate modelling is not feasible due to their spectral dominance and very short
duration. Additionally, 20% of the orbital phase around the perigee are omitted in
order to avoid background from particle interactions during passages through the
Van Allen radiation belts as illustrated in Fig. 3.8.

The instrumental background was modelled according to the approach outlined in
Sec. 3.4.1. The respective background model By, (cf. Eq. 3.16) was obtained from
a spectral fit of the entire mission data as described by Diehl et al. (2018b), which
was then adapted to this particular dataset of this analysis following Siegert et al.
(2019). For the Al analysis, half-year intervals are chosen within which the back-
ground normalisation is determined by the fit. This was chosen in such a way that it
corresponds to a combination of the observations between two annealings. Detector
failures were taken as additional time nodes for background renormalisation, be-
cause these change the instrument response considerably. This selection was shown
by Siegert et al. (2019, Sect. 5.1.2) to be optimal and therefore adopted in the
analysis for this thesis. Short-term variations are taken into account and modelled
according to the saturated detector events, tracing the pointing-to-pointing varia-
tion at high statistical precision (e.g. Jean et al. 2003).

An additional background source arises due to the fact described in Sec. 3.3.3 that
the BGO side shield becomes increasingly transparent for higher photon energies.
The transmission probability for photons around 1.8 MeV has been shown to be is
about 18% for perpendicularly-incident photons. This would lead to an additional
signal mainly when the Galactic disk emission is coming from the side. The transmis-
sion probability drops below 1% for incidence angles larger than 69° (cf. Fig. 3.12).
The main emission coming from the Galactic ridge corresponds to spacecraft ori-
entations where SPI is pointing towards high Galactic latitudes of |b| > 21°. This
is the case for 32% of all SPI pointings (Pleintinger et al. 2019). This indicates
that the BGO transmissivity at 1.8 MeV does provide additional photons from the
sky. Nevertheless, such a celestial background signal is generally included in the
background model because the orientation of the satellite usually remains rather
constant during one orbit. This means that on that timescale a characteristic and
quasi-constant background detector pattern would be imprinted on the camera. Ad-
ditionally, the contributions from outside the field of produce a weaker detector pat-
tern (cf. Sec. 3.4.2) and because the imaging response does not account for this,
these photons are registered in the analysis method as being due to background.
As sky model M;; (cf. Eq. 3.16) for determining the ° Al emission, the maximum en-
tropy map obtained from the entire nine-year COMPTEL mission (Pliischke et al.
2001, Fig. 1.1) is used. This map has an angular resolution of 3.8° and shows a
large latitude extent on top of a clumpy structure concentrated towards the inner
Galactic disk region as well as an association with spiral arm tangents and nearby
massive star regions. Since it is the map with highest spatial resolution obtained
from observations of the 1.8 MeV sky from a different instrument, this intensity dis-
tribution is chosen as observational cross-reference map and representation of the
26A] sky. In order to translate it into a sky model in SPI's data space, the map
is convolved with the IRF for each observational epoch. This gives a prediction of
expected counts per detector for each of the 118407 pointings of the dataset. The
amplitude of this model is optimised simultaneously with the models for background
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lines and continuum using a statistical fit in a maximum likelihood framework to
explain the data in each energy bin separately (Strong et al. 2005).

In order to evaluate the performance of the background model, the distribution of
residuals R = (d, —m,)/,/m,, after the fit are shown as histograms in the top panel
of Fig. 3.22, where m,, is the model describing the data d, per pointing p. The figure
shows the analysis results for single and double events in parallel on the left and
right side respectively. The residuals are displayed both for the fitted background
and the entire model including the sky emission. The scatter around 0 follows a
normal distribution with ¢ = 1. The slight excess of the background model resid-
uals towards positive residuals indicates the remaining sky emission. The fitted
and combined full model components describe the data well, exhibiting a Gaussian
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Figure 3.22: SPI data analysis results for single (left) and double events (right) separately. Top: Residuals of the
background model overplotted by a normal distribution with width o = 1. Middle: Model performance
measured by X?e 4 for each energy bin for the entire SPI camera. The ideal value of Xfe q = 1 is shown
as white line, with 1o, 20, and 30 uncertainty intervals as shaded grey regions. All points lie within
the 30 band. Bottom: Resulting SPI spectra from the amplitude of the sky model fitted in each energy
bin. A preliminary degraded Gaussian (cf. Eq 3.20) line fit is shown in green to emphasise the line
shape and the grey line indicates zero flux.
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distribution. Additionally, the y2-statistics

Nobs

=) (dy = my)” (3.26)

m
p=1 P

is used as figure of merit to determine the quality of the simultaneous fit of back-
ground and sky model. This can be considered an approximation of the logarithm of
the Gaussian likelihood with standard errors of the Poisson distribution o = /m,,.
This is strictly only valid for data with Gaussian errors, while SPI counts are gen-
erally Poisson-distributed. Because the latter can be approximated for large count
rates by a normal distribution with standard Poisson errors, the y2-statistic can
provide a general figure of merit for the fit. In the middle panel of Fig. 3.22 the
reduced x2, = x?/v is shown, which is normalised to the number of degrees of free-
dom v and is optimal for x%, = 1. The data points lie all within the 3¢ confidence
intervals of the y2-distribution and scatter around 1, which indicates a statistically
sound description of the data over the entire energy range.

The resulting fitted amplitude of the sky model per 0.5keV energy bin is shown
as spectrum in the lower panel of Fig. 3.22. For both, single and double events,
the 26Al emission line at 1809keV is prominently visible. Here, for the first time
a detailed analysis of the SPI double events is performed. A preliminary fit of the
spectral line shape in Eq. 3.20 to the data by a Levenberg-Marquardt algorithm
through x? minimisation shows that both event types yield a consistent line flux of
Fospp = (1.8940.05) x 103 phem™2s71 and Fiepy = (2.0940.10) x 1073 phem 257!
with detection significance of 510 and 270 for single and double events, respectively.
Interestingly, the signal derived from double events shows larger width with. This
will be discussed after further analysis below in this section.

To obtain the best possible signal based on as much data as possible, the two event
types are combined and analysed together. Because the average instrumental res-
olution at 1.8 MeV is 3.17keV, the photon flux from celestial sources is derived in
energy bins finer than the instrumental resolution and the detailed spectral response
of the instrument has to be employed in the spectral analysis across a wider energy
range (Diehl et al. 2018b). From this analysis method, an instrument spectrum in
count space is obtained, i.e. given as number of events that have been measured
by the detectors per energy channel. The further analysis aims to investigate the
underlying physical properties of the emission.

The spectra in Fig. 3.22 are obtained taking the IRF described in Sec. 3.4.2 into
account. This is already included in the standard SPI analysis, which treats each
energy bin independently (Strong et al. 2005). Additionally, for a consistent spectral
analysis, the energy dispersion of the instrument has to be taken into account. This
means, also partial energy deposition of photons due to detector inherent physical
effects such as Compton scattering or escaping of secondary photons as shown in
Fig. 3.6 has to be included. These effects generally result a redistribution of photons
from higher to lower energies. This is described by a redistribution matrix combined
in the SPI-specific redistribution matrix file (RMF). It is shown in the left panel of
Fig. 3.23 for the energy range 1790-1840keV. The diagonal elements characterise
photon interactions in the photo-peak. The non-zero off-diagonal elements describe
the redistribution from the photo-peak into lower-lying energy channels. This means
the redistribution of an actual spectral model in physical units of phem=2s ' keV !
into the instrumental analysis channels in units of countss™ keV~!. Near the photo-
peak, as it is the case in this 29Al analysis, it is almost a fully diagonal matrix with
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Figure 3.23: Left: SPI RMF in the energy range 1790-1840keV. Non-zero off-diagonal elements quantify the redis-
tribution of photon energies from the photo-peak due to partial energy deposition. Right: Effect of the
energy redistribution on an exemplary model signal. The initial signal in model space is shown in blue
and after convolution with the RMF in count space in green.

only very weak off-diagonal elements. Fitting a photon model directly to the data
in count space would only be valid if the RMF would be perfectly diagonal, i.e. if
the response would be entirely linear. The actual effect is illustrated by a convolu-
tion of a physical model spectrum with the SPT RMF. As an example, a degraded
Gaussian line with a flux of Fasy; = 1.9 x 1073 phem=2s7!, instrumental resolution
FWHM = 3.16keV, degradation 7 = 1.05keV, and Doppler-broadening from the
sky of 1.2keV is shown in the right panel of Fig. 3.23 together with its result in
count space. The redistribution of photons from the photo-peak into lower energy
channels is visible in the excess of the count rate compared to the original photon
model below about 1800 keV. Especially considering the logarithmic sale in Fig. 3.23,
it becomes clear that the effect is negligible because statistical effects are one order
of magnitude larger than the redistribution effect. Nevertheless, it is included in the
following evaluation of the data for consistency.

In order to infer the underlying physical model from the SPI count data, this forward
folding approach is applied. The basic procedure is as follows: A physical model
Fi(E;; 0) with a set of parameters 0 is assumed and convolved with the energy re-
distribution matrix of SPT RMFgpi(F;, Ey,), where E; and E,, are the initial and
measured energies respectively. Thereby it is converted into count space, describing
the resulting count spectrum

Fm(Em; 0) = /RMFSPI(EuEm)E(En 9) dEl (327)

In count space, the initial model spectrum can be statistically compared with the
observed counts. The y2-statistic is used to perform statistical fits, because the count
rates extracted from the fit using the Poisson likelihood are approximately normal
distributed. This process is then iterated until the model parameters converge.
For this purpose the Python-based Markov chain Monte Carlo (MCMC) ensemble
sampler emcee (Foreman-Mackey et al. 2019) is used.

As described in Sec. 3.4.1, a typical SPI spectrum consists of a skewed Gaussian
L(FE; Ey, 041, 7) described in Eq. 3.20 on top of a power-law shaped continuum
emission C'(E; a, ¢g) following Eq. 3.17. Therefore the total photon model is

Fit(E; , ¢y, Foopy, Eo,0,7) = C(E; o, co) + Faopy X L(E; Eg, 0,7), (3.28)
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with the integrated line flux of the 26Al line Fs,; and a total width of the line

1 2 2

o= m\/ FWHMZ,, + FWHM?, (3.29)
differentiated in instrumental line broadening FWHMgp; and line broadening due
to Doppler-shift of the signal FWHMgy,, which reflects the actual source dynamics
on the sky. This separation is important to avoid confusing instrumental or calibra-
tion effects with physical phenomena. In order to set physical constraints on the
individual model components, prior probability distributions of the parameters are
applied. The approach of using a priori information is based on Bayes’ Theorem

p(D|M(0)) - p(M(0))
p(D) ’

where p(M(60)|D) is the posterior probability density function of a certain model
configuration M (@) with a set of parameters 0, given an observed dataset D. This
is equal to the likelihood function, i.e. the description of the data generating pro-
cess, p(D|M(0)), weighted by the marginal likelihood or evidence p(D). The prior
probability distribution p(M(@)) represents either physical plausibility assumptions
whose validity is already assumed before the observation and thus independent of the
data, or includes independent information about the scales of the system. Accord-
ingly, the following priors on the parameters in Eq. 3.28 are applied in the following
analysis:

p(M(0)|D) = (3.30)

a ~ normal(—1.7,0.5)
co ~ truncated normal(107°,107°;0,1)
Fbe,, ~ truncated normal(1.7 x 10738 x 107%;0, 1)
Ey ~ normal(1809.78,0.3) (3.31)
FWHMgp; ~ normal(3.16,0.03)
FWHMg, ~ truncated normal(1,8;0,100)
7 ~ mnormal(1.05,0.01).

The instrument-specific parameters FWHMgp; and 7 have been well determined in
previous studies (Roques et al. 2003; Siegert 2017). Thus, they are chosen in a nar-
row range around the previously determined values with an inherent uncertainty of
~ 1%. The parameters ¢y and « describing the background continuum were chosen
following Kinzer et al. (1999, 2001), where the power-law index was found to be in
the range between —1.75 and —1.65. Ej is estimated according to Eq. 3.21 with
an uncertainty corresponding to an overall velocity shift by 50kms™!. The total
flux Fre, was chosen in the range of previous SPI measurements (Siegert 2017;
Pleintinger et al. 2019) and predetermined as positive. FWHMyy, is currently the
least constraint parameter in this analysis and therefore only a weak normal prior
with a width of 8keV, i.e. of the order of SN ejecta dynamics, is applied. It is trun-
cated at 100 keV because velocities beyond this value corresponding to ~ 0.05¢ are
not reconcilable with any physically reasonable dynamics of nucleosynthesis ejecta.
The MCMC fitting algorithm samples the posterior distribution of each parameter,
given these priors and the data, in order to find the optimal set of parameters which
maximises the full posterior likelihood distribution. By fitting the parameters to-
gether via this approach, it is possible to determine them simultaneously and explore
their interdependences. Thus, especially degenerate properties such as ogpr, ogy Or
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7 can be determined individually under the influence of each other in physically
reasonable regions of the parameter space.

Fig. 3.24 shows a diagnostic plot of how the spectral fit performs along the dif-
ferent axes of the parameter space. Most parameters follow a symmetric normal
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Figure 3.24: Posterior distributions of spectral fit parameters describing the full-sky 26 Al signal at 1809 keV measured
with SPI according to the photon model in Eq. 3.28. The mean value along each axis is shown in yellow.
Histograms on the diagonal show marginalised probability distributions along the respective axis with
86th percentiles marked by dashed lines.

distribution. FWHMgp; and FWHMy, exhibit slight indications of a negative cor-
relation as expected. While the line centroid of the symmetric Gaussian component
is Ey = (1809.83 £ 0.04) keV, the line width contribution that can be contributed
to source dynamics is found to be FWHMg,, = 0.627033 keV. This can be converted

into Doppler broadening due to an average particle velocity via the relation (Diehl
et al. 2006)

U= = = 122kms TlaV (3.32)

kT  FWHM /3¢ o (FWHM)
Mae 2v/21In?2
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where mag is the atomic mass of 2Al. Therefore, the Doppler broadening of the
signal corresponds to an average particle velocity of 75.65’18:3 kms~!, which repre-
sents the line of sight dynamics of emission sources integrated over the entire sky.
Therefore, it is overall smaller than the line shift values obtained by Kretschmer
et al. (2013) because the latter exclusively focussed on the emission from the inner
Galaxy at |I] < 50°.

The full flux of Al emission measured from the entire sky is estimated to be
Foopy = (1.84 £ 0.03) x 1073 phem ™2 s~ !with a total detection significance of 580.
The flux is slightly higher than previously estimated values e.g. by Siegert (2017,
Fiopy = (1.694+0.14) x 1073 phem ™2 s7!) or Pleintinger et al. (2019, Fisy = (1.71 £
0.06) x 1073 phem=2s71).

The overall spectrum of combined single and double events is shown in Fig. 3.25.
The SPI spectrum inferred from the simultaneous fit of background and sky model
is shown with the total model posterior spectrum with bands of 1o, 20, and 30
confidence intervals. The probability distributions of the total degraded line shape
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Figure 3.25: SPI spectrum (blue data points) of the 26Al full-sky emission at 1809keV. The best-fitting photon
model is shown in bands of 1o, 20, and 30 confidence intervals in shades of green from dark to
light. It represents a degraded Gaussian line profile on top of a power-law continuum (cf. Eq. 3.28).
Individual spectral parameters are given in Fig. 3.24 and Tab. 3.3. The total flux of the signal is
Fbe 5, = (1.87 £ 0.03) phem~2 s~ ! with a detection significance of 585.

characteristics as described in Sec. 3.4.1 are depicted in Fig. 3.26. The line shows
an overall width of FWHM,, = 3.237007 keV with a shift of the central energy
AFEeen = (0.29+0.04) keV with respect to the rest energy of the 26 Al emission line of
1808.73keV (Endt 1998).In combination with the uncertainty of the energy calibra-
tion of about 0.1keV, this indicates a slight blueshift of the line with a significance
of 2.70. This would mean a preferential tendency of 2Al moving towards the ob-
server. In principle, this would be consistent with the picture of 26 Al being ejected
into superbubble cavities along the leading edge of spiral arms as shown in Fig. 2.46.
However, this should not be overinterpreted due to the low significance of the effect.
A similar MCMC fitting approach is applied to the single and double event spectra
shown in Fig. 3.22 separately. The results are summarised in Tab. 3.3 in com-
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Table 3.3: Spectral 26 Al line fit parameters of the full photon model in Eq. 3.28 for describing the full-sky emission
measured by SPI. The continuum is described by amplitude c¢o at 1000 keV and power-law index a. The
centroid energy FEp, and the line width parameters FWHMgy, and FWHMgp; describe the Gaussian
component of the line. The central energy shift AFcen and the width FWHMyot are characteristics of
the entire degraded line.

Parameter Single events Double events Singles and doubles Physical units

co 12.697327 2.2577¢62 6.4875 % 10 5phem =25 TkeV !
o —1.607548 —1.85754% —1.7715:48 unitless

Fos o, 1.831003 1797095 1.847003 1073 phem 257!

Eq 1809.8070-01  1809.917019 1809.8319-04 keV

AFBeen 0.2615-04 0.3670:0% 0.2915-04 keV

T 1.055001 1047550 1.055001 keV

FWHMspr  3.157003 3.3310-22 3.1615:05 keV

FWHMg, 04617039 0.7619-5 0.6215:32 keV

FWHM, 3.2070 02 3.491041 3.2310-07 keV

parison with the combined line characteristics. More detailed analytic plots can
be found in the Appendix A in Fig. A.3 and Fig. A.4. The priors for FWHMgp;,
skygpr, 7 have been adjusted for the separate treatment of double events. Since
the instrument-specific properties regarding this event type have not been deter-
mined before, the respective priors have been chosen an order of magnitude wider
as FWHMgp; ~ normal(3.16,1.00) and 7 ~ normal(1.05,0.1) in order to explore
possible effects. On the other hand the sky emission is independent of the event
type and therefore FWHMg,, ~ truncated normal(0.6,0.3;0,100) was inherited
for the double events from the evaluation of the total signal. All other priors have
been applied as in Eq. 3.31. The continuum and line parameters «, Fs,;, Fy, or
7 are in agreement. This confirms the consistency of the data analysis. Neverthe-
less, the width of the signal from the two event types shows a tendency towards
a higher instrumental FWHMgp; = 3.331“8:%53; keV for doubles than for singles with
FWHMgpy = 3.157553. The line with for single events and the combined signal are
in agreement, which shows that the total spectrum is dominated by single events.
The other instrument-specific parameter 7, however, is consistent between single
and double events. This indicates that the increased line width seen with double



3 Measuring Radioactivity in the Galaxy 114

events is not caused by a higher sensitivity of this event type to degradation ef-
fects. Instead, this probably results from the spatial distribution of double event
interactions within the detectors. These happen preferably in the outer regions of
the crystals. Inhomogeneities in the radial field distribution of the applied voltage
in the outer areas of the detectors could influence the double events in particular,
resulting in a larger detected line width.

SPI observations of the 26 Al emission across the entire sky during 17.5yr are
analysed.

e Self-consistent background modelling is successfully applied in a simulta-
neous fit with a sky model in order to disentangle the celestial emission
from the large instrumental background.

e The ratio of single to double events is found to be Rg/p ~ 1.7 in the early
and Rg/p ~ 2.9 in the later mission, mainly due to detector failures.

e The ?°Al signal is analysed in a forward modelling approach via an
MCMC fitting algorithm including the instrumental RMF.

e A detailed analysis of SPI double events is included for the first time,
showing a signal consistent with single event results.

e The total line flux from 2°Al emission at 1.8 MeV measured with SPI is
Fospy = (1.8440.03) x 1072 phem ™2 s with a total detection significance
of 58c and a line broadening due to source dynamics of FWHMg,, =
0.62705: keV.
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4 Modelling Radioactivity in the Galaxy

“Since all models are wrong the scientist
must be alert to what is importantly
wrong.”

— George E. P. Box (1976)

The fundamental question that almost inevitably arises from the previous chapters
is how knowledge about the astrophysical phenomena described in Ch. 2 can ac-
tually be obtained from measurements as outlined in Ch. 37 This is not in the
least a trivial question; on the contrary, it is a contextualised version of one of the
main epistemological questions in astrophysics. Size scales are larger, energies are
higher, and time spans are longer than can be realised in any conceivable experi-
ment. Therefore, hypothesis tests in this field usually must be carried out without
deliberate interference with the investigated processes. In order to bypass this em-
pirical obstruction, theoretical abstraction is commonly used to separate research
intentions from their practical realisation. This principle is schematically visualised
in Fig. 4.1. It means that an intended cause or manipulation need not be actually

Assumption Prediction
Question Explanation
Enhancement Confirmation
Correction Contradiction
Empirical Knowledge Abstract model Physical world

Figure 4.1: Epistemological scheme relying on astrophysical models. Empirical knowledge about astrophysical pro-
cesses is usually gained by the intermediate step over a theoretical model which abstracts from the
practical inaccessibility of the investigated phenomenon.

implemented by physical means to test its effects in an abstract space. The deci-
sive factor here is whether this space correctly internalises the physical properties
relevant to the respective problem. Depending on this, coherent abstract models
can be formulated that contain theoretical knowledge on the one hand and predict
questionable aspects of physical phenomena on the other. The possibility of theo-
retical execution of otherwise impracticable experiments due to such models makes
them indispensable tools for astrophysical investigations. In this chapter, therefore,
modelling of the radioactive Galaxy will be presented as abstract tool mediating
particularly between the current understanding of massive star physics and cosmic
gamma-ray measurements.



4 Modelling Radioactivity in the Galaxy 116

4.1 The Galactic Population Synthesis Code PSYCO

Scientific Justification Typically, detailed MHD model calculations are used to sim-
ulate astrophysical processes. These follow the evolution of complex systems by
solving hydrodynamic and electromagnetic differential equations on a spatial sim-
ulation grid over progressing points in time. This is based on physical boundary
conditions that describe the understanding of the respective processes as precisely
and comprehensively as possible. Such simulations for the specific research about
nucleosynthesis feedback have already been presented and discussed in detail in
Sec. 2.4.5. For a technical implementation of such simulations, a compromise must
always be found between the accuracy of the physical description and computational
feasibility. While the former is a priori limited in scientific research due to heuristic
simplifications or incomplete knowledge, the latter is usually limited e.g. by the
necessary calculation time or available computing power. Minimising the expendi-
ture of time and maximising the technical resources leads, with the means available
today, to impressively detailed descriptions of stars, SNe, the ISM, galaxies, or even
clusters of galaxies and the cosmic web.

Besides their undoubtedly fascinating richness of detail and enormous scientific po-
tential, such elaborate simulations also have a fundamental weakness. This is that
the detail of the description is usually chosen in such a way that one complete in-
stantiation can be calculated within the entire available time period, typically on
the order of months. However, a large number of model parameters and boundary
conditions are involved in these simulations, all of which are subject to a certain
degree of uncertainty or must be treated under simplifying assumptions. Since a
simulation can basically be interpreted as an abstract experiment, the parallel to
practical experiments illustrates the resulting problem: Suppose a phenomenon is
investigated in a laboratory experiment in which a plethora of unknown and inter-
dependent parameters can be controlled but cannot be reduced. A single execution
of the experiment with certain boundary conditions therefore corresponds to the
test of a single point in the entire parameter space. Thus, even if all the relevant
parameters have been considered, neither their mutual influence nor the exact cause
of any discrepancies with predictions can be determined on the basis of this sin-
gle experiment. In addition to this, the influence of stochastic effects cannot be
sufficiently considered because the outcome was measured only once. In order to
draw scientific conclusions, the experiment must therefore be repeated, either with
modified parameters to explore the parameter space or with identical parameters to
confirm any results.

The same applies to theoretical simulations. A single instantiation of a simulation
describes one case of one certain parameter configuration. To explore the parameter
space, to investigate statistical effects, or to validate results with respect to empir-
ical data, the simulation must be repeated. However, this is often technically not
possible due to the calculation time required and the costs involved. In order to
consider and avoid this issue in simulating radioactivity in the Galaxy repeatedly, a
new bottom-up modelling approach is developed and implemented in this thesis.
The main goal of this project is to design an astrophysical model of the radioactive
Galaxy in such a way that it can be repeated multiple times in many different pa-
rameter configurations and that, at the same time, the scientifically most important
and observationally accessible features can be addressed and predicted. This means
that the previously mentioned compromise between time expenditure and attention
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to detail must also be found, but on the basis of a much shorter time. The aim
is to achieve calculation times of minutes instead of months. This is, of course,
only possible by considerably simplifying assumptions in the physical description.
It is important to emphasize that simplifying assumptions are generally not peculiar
to this approach, nor are they fundamentally detrimental to scientific validity. In
any theoretical model or simulation, certain simplifications or heuristics must be
assumed in order to be able to implement it. This results on the one hand from the
computational limits and on the other hand from the limitations of scientific knowl-
edge. In other words, the term model implies simplification. The crucial aspect is
to choose these simplifications in such a way that they still allow an adequate treat-
ment of the respective scientific question. Strictly speaking, a scientific question on
the other hand is also a considerable simplification in itself, since it implies both
canonical assumptions and a sharp delimitation of the subject. It is therefore an
important prerequisite in general to coordinate the degree and scope of simplifica-
tion of both the research question and the model.

The main research question of this thesis has already been narrowed down in Ch. 1:
How does nucleosynthesis feedback from massive star groups affect the chemical
evolution of the Milky Way and the Solar System?

In the following, the PSYCO model is described, which is specifically tailored to
this question and developed in order to address it.

Overall Model Structure The PSYCO framework comprises a pure-Python imple-
mentation of an astrophysical model for the particular purpose of investigating the
distribution of Galactic radioactivity. Based on stellar population synthesis calcu-
lations of individual star groups, it can be seen as expansion of the PopSyn code
developed in C++ by Voss et al. (2009), and earlier, similar calculations (Cervino
et al. 2000; Pliischke 2001; Pliischke et al. 2002; Knodlseder et al. 2002; Martin et al.
2008). The basic structure of PSYCO is illustrated in Fig. 4.2.

The essential physical parameter that runs through the model is mass. In this
respect, the three basic theoretical assumptions are the distribution of individual
stellar masses, given by the IMF (cf. Sec. 2.2.1), the distribution of cluster masses,
given by the ECMF (cf. Sec. 2.3.2), and the galactic SFR (cf. Sec. 2.4.2). While the
latter, under the assumption of a total model time, defines a global mass constraint,
the first two functions divide this mass hierarchically first into stellar clusters and
finally individual stars. On that basis, the model type is overall referred to here as a
bottom-up approach, since the nucleosynthesis aspect is then built up step by step
from the properties of individual stars as basic units of nucleosynthesis feedback by
adding various physical assumptions at different levels in order to finally model their
large-scale implications. The basic model levels correspond to the physical scales of
nucleosynthesis feedback recognised as fundamental and reflected in the structure
of Ch. 2. These are in particular single stars, which are referred to here as bottom
level, star groups as intermediate level and the large-scale Galactic structure, which
represents the top level.

Model Input and Parameters While the nucleosynthesis aspect in PSYCO is built
bottom-up, the model input is processed top-down. First, global parameters are
selected on the galaxy level; these are the spatial galactic density distribution, the
radial galactic metallicity gradient, the SFR, and the model time, i.e. the total time
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Figure 4.2: Schematic structure of the PSYCO model. It essentially consists of three levels, which correspond to
physical size scales: the bottom level of single stars, the intermediate level of star groups and the top
level of the entire galaxy. The theoretical model input for each level is shown on the right. According
to this, the basic model parameters, are determined from top to bottom and indicated in the middle
of the diagram. Starting with the parameters used to describe the galactic structure, from which the
position, age, size, mass and metallicity of star groups are derived, and from which in turn the properties
of individual stars are derived. The crucial nucleosynthesis aspect shown on the left is then modelled
bottom-up. From single star evolution models, population synthesis is used to calculate the nucleosyn-
thesis content of star groups, the spatial distribution of which in turn results from spatial sampling of
the galaxy model. Finally, a ray tracing algorithm is used to generate a synthetic full-sky map of the
modelled galactic gamma-ray emission.

that the model runs through. The total timespan is determined according to the
convergence criterion that the total mass of the isotopes under consideration reaches
an equilibrium state between production and decay. As will be described in Sec. 4.3.1
and confirmed in Sec. 4.4.1, this is determined a posteriori to Ty, = 50 Myr (cf. also
Rodgers-Lee et al. 2019). With these assumptions, the total mass that is converted
into stars during this time is determined via M., = SFR X Ti;. A detailed descrip-
tion of these aspects will follow in Sec. 4.3.

This information is inherited at the next deeper level of star groups. Here the ECMF
is the building block that governs the distribution of the previously determined total
mass to individual clusters. To increase the efficiency of the calculation, the analytic
optimal sampling approach is used here, which is explained in Sec. 4.2.1. Under the
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assumption of a constant SFR, each cluster is assigned a random age within the
total model time. The spatial expansion of the superbubble blown by the stellar
feedback from the group is calculated from this age as homogeneously expanding
spheres with given mechanical luminosity and ambient density (cf. Sec. 4.3.3). The
position of each star group is sampled according to a galactic density distribution
and a metallicity is assigned according to a metallicity gradient. Overall, this results
in the decisive parameters on this level of cluster position, size, age, metallicity, and
mass.

The cluster mass is now distributed to the bottom level of individual stars, assum-
ing the IMF by applying optimal sampling again. Since simultaneous star formation
and homogeneous metallicity is assumed within each star group, age and metallicity
of single stars resemble the values of the overarching group. The rotational velocity,
on the other hand, is an individual star parameter and is randomly sampled accord-
ing to the observed distribution. Thus, stellar mass, age, metallicity, and rotational
velocity are the fundamental parameters of individual stars from which the nucle-
osynthesis aspect can be built up step by step. The stellar parameters are further
explained in Sec. 4.2.3.

Bottom-Up Nucleosynthesis Aspect The previously identified essential astrophysical
parameters of single stars determine the choice of stellar models, in particular iso-
topic wind yields and SN ejecta. The respective stellar evolution models have been
described in detail in Sec. 2.2.5. In this way, the total nucleosynthesis output of each
single stars is inferred according to the respective model profiles. This is propagated
to the next level of star groups, where population synthesis calculations summarise
the cumulative nucleosynthesis content of each group. The ejecta are assumed to
be homogeneously distributed in the respective superbubble at the position of the
stellar group. This is a crucial basic morphological assumption that should be kept
in mind as such. Finally, a ray tracing algorithm is implemented to calculate a syn-
thetic sky map of the full-sky gamma-ray emission due to isotopes such as 26Al, “Fe,
or Ti on the basis of the emission from each superbubble. This step is described in
more detail in Sec. 4.3.4. Due to the modular structure, this approach can easily be
extended to other nucleosynthesis phenomena, e.g. regarding events such as novae
or also neutron star mergers on longer time scales.

Variety of Model Results Altogether, this model approach facilitates predictions in
relation to observable properties of the radioactive Galaxy, such as the gamma-ray
fluxes from individual isotopes, the %°Fe/26Al flux ratio, the total galactic mass
of the respective isotopes, the 3-dimensional distribution of nucleosynthesis ejecta,
the observational depth of nuclear gamma-ray lines, the contribution due to nearby
sources, the main source types, or the galactic SNR. On the other hand, it also
opens up the possibility of testing theoretical model properties, such as nucleosyn-
thesis yield calculations for single stars, explodability models, spatial aspects of
nucleosynthesis feedback on galactic scale, or the global distribution functions IMF
and ECMF. The predictive potential and variety of the PSYCO model will be dis-
cussed in more detail in Sec. 4.4.

As can already be seen from this description, the simplifications in this model are
closely related to the framework provided by the observability of nucleosynthesis
feedback features and properties by nuclear gamma-rays. For this reason, the lack
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of detail in the physical description compared to MHD simulations is not a real flaw,
but rather gives the whole approach a considerable advantage, because it is reduced
to features that are actually within the observational scope of current gamma-ray
instruments. The finally achieved high iteration speed of the whole model on the
order of minutes allows the calculation of a plethora of models including a large
number of different parameter configurations. It is important to stress again that
PSYCO is not designed to map the physical processes of stellar feedback and the
ISM in the greatest possible detail, but as a tool of empirical science, i.e. to address
research questions that can actually be addressed by current gamma-ray observa-
tions. The latter cover the scale of star groups and the Milky Way as a whole.
For this reason, the simplified physical description compared to MHD simulations is
effectively applied as considerable advantage. It opens up the possibility to explore
the underlying theoretical parameter space and simultaneously relate the results to
observations. This will be the particular topic of Sec. 5.4.

The PSYCO model is specifically designed as modelling tool to support sci-
entific induction based on observable features of nucleosynthesis feedback by
nuclear gamma-rays. It represents a morphological model of a Milky Way-like
galaxy, which is constructed bottom-up from theoretically calculated single
star yields, through the distribution of star groups, to the total galactic dis-
tribution of nucleosynthesis products. The efficient structure and implemen-
tation allows a fast calculation of the model and thus a multitude of iterations
with a wide range of parameter configurations.

4.2 Population Synthesis

A general description of the massive star population synthesis approach was given
in Sec. 2.3.5. To recall the basic principle, this is an integration of stellar evolution
profiles weighted according to the IMF and their initial mass. In this way, a synthetic
population of stars within a star group is generated, whose collective properties
can then be studied. This section is focused on the implementation of population
synthesis in the PSYCO code, which follows overall an optimal sampling approach
as described in Sec. 4.2.1. The subsequent Sec. 4.2.3 describes the integration of
various stellar parameters into the population synthesis calculation. While Sec. 4.2.2
then deals with the modelling of individual star groups, Sec. 4.2.4 examines possible
effects of interactions in binary systems.

4.2.1 Sampling Algorithms

As introduced in Sec. 2.3.5, there are two fundamentally diametrical approaches to
modelling the mass distribution of single stars emanating from one star formation
event. While Approach A was introduced following the approach of treating star
formation as entirely stochastic process sampling the IMF, Approach B assumes
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star formation being a physically regulated and deterministic process producing the
IMF (Kroupa et al. 2013, 131-135). PSYCO follows Approach B in modelling the
galactic structure. It will be directly compared to the random sampling technique
following Approach A later in this chapter, which is implemented in a sub-routine
of PSYCO for investigating star groups individually.

Optimal Sampling The approach is referred to as optimal sampling because it sub-
sumes the discretisation of the continuous IMF in such a way that the resulting
sample reproduces its shape as close as possible, i.e. without distortion or gaps. The
approach is described in general terms below, as it is not limited to the stellar IMF.
First of all, a key feature of the technique is that it is based on the total mass as
physical parameter and not the number of stars, which is not a physical quantity.
For a mass distribution function that follows a power-law shape

con =k () (1)

with normalisation constant k, power-law index o, and M € [Mpin, Max] (cf. Eq. 2.4
2.6), the total mass of an ensemble is given by

My, = / e au (4.2)

Mmin

This physical mass reservoir My is optimally distributed over £(M) if the accessible
mass range is covered with the condition that M would occur exactly once above
the physical mass limit M € [Myax, Mirunc], 1-€.

Mirunc
- / £(M) dM. (4.3)

This assumption implies that there would be one most massive object beyond the
physical limit of star formation M., and below the theoretical truncation of the
function Miune. Since this would be an unphysical object, it is merely a mathe-
matical pivot point that is ultimately removed from the population. This follows
the revised optimal sampling approach by Schulz et al. (2015) compared to the ap-
proach developed by Kroupa et al. (2013), which is originally based on the most
massive physically possible object within the population. Eq. 4.3 in combination
with Eq. 4.1 yields the normalisation

1 —
T — . (4.4)
Mtrunc Mr?lax - Mrnax
Applied to Eq. 4.2, this gives for the total mass and the analytical truncation
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On this basis, the analytic distribution function is discretised by dividing it into
separate integrals, each of which fulfils the condition (Schulz et al. 2015)
1= &(M) dM. (4.6)

mMi+1

This means that integration within the limits m; > m;,; yields exactly one object.
Using the previously obtained description of the distribution function, this allows
for an iterative determination of the integration limits progressing from largest to
the smallest stellar mass via

meoM O\ k
1= / k (M ) dM = (mzlia - mzl—;{l) Mr?lax
T e (4.7)

1
= Mg = m Y- L-a)re
l+1 7 k’Ma N

max

It is important to stress again, that m; = M., and that mass is decreasing with
increasing 7. Now the mass of each individual object M; can be calculated within
the integration limits as

Mi:/ M (M) dM
e (4.8)
(m7= —mi ) M2 with a # 2.

:2_06 (3 max)’

While Mj,une constitutes a computational pivot point, M. is taken as physical
boundary which is empirically derived from the overall cluster mass via Eq. 2.43.
This inhibits the sampling of unphysically massive stars in small clusters, although
the IMF is in principle non-zero over the entire mass range for all mass reservoirs.
In this way, the initially continuously described mass distribution is iteratively dis-
tributed to discrete objects in such a way that the shape of the input function is
reproduced as accurately as possible. This principle can be applied to different for-
mulations of the IMF (cf. Eq. 2.4-2.6) as well as the ECMF (cf. 2.44).

Most objects accumulate at the low-mass end of distributions with a > 0. There-
fore, the iterative determination of integration limits according to Eq. 4.7 becomes
computationally increasingly expensive towards the lower-mass regime. Depending
on the mass range relevant for the physical problem, the calculation can therefore
be accelerated by defining suitable boundaries in advance. As was extensively ex-
plained in Ch. 2, only massive and AGB stars contribute significantly to stellar
nucleosynthesis feedback. This means that stars with masses below M_yoq = 3 Mg
incorporate mass during a star formation event but are not expected to eject ra-
dioactive nucleosynthesis products. This means, the total mass M., below this
cutoff has to be taken into account with respect to the entire mass processed in a
star formation event. On the other hand, it can be waived when it comes to the
discretisation, because the individual agents in this mass range show no contribu-
tion to the phenomena targeted in this work. The detailed calculation of M., for
different IMF shapes is given in the Appendix B.

An example of an optimally sampled population of stars above Mg with a total
mass of 10* M, is given in Fig. 4.3. It is shown for the three different IMF shapes
implemented in PSYCO following Salpeter (1955, S55, cf. Eq. 2.4), Kroupa (2001,
K01, cf. Eq. 2.5), and Chabrier (2005, C05, cf. Eq. 2.6). Since S55 includes no flat-
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Figure 4.3: Optimally sampled (cf. Eq. 4.8) stellar association with a total mass of Mot = 10% Mg, for three different
IMFs. Shown are the slopes of the stellar IMF following Chabrier (2005, C05, purple), Kroupa (2001,
KO01, green), and Salpeter (1955, S55, blue) as dashed lines. The accordingly sampled sets of individual
stellar masses, for which only masses above Mcytop = 3M@ (grey solid line) have been taken into
account, are shown as histograms. The cutoff is chosen for computational reasons in order to speed
up the sampling process while at the same time taking all physically relevant stars for nucleosynthesis
feedback into account.

tening for low-mass stars, about 95% of the total mass accumulates in stars below
the cutoff mass. For this reason, fewer massive stars are formed according to this
function than following K01 or C05. The latter two assign a significantly larger
fraction of the total mass to more massive stars, i.e. respectively about 33% and
38% to stars above M.yox = 3 Mg, and 20% and 24% to stars above 8 M. This
underlines the importance of integrating a correct shape of the IMF in studies with
respect to massive star physics. For that reason, it is implemented as test parameter

in PSYCO.

Random Sampling In order to obtain a stochastic and non-deterministic sample from
the above mentioned distribution function, random sampling can be applied. Such
algorithms are generally based on pseudo random number generators, which gen-
erate a sequence of numbers that follow approximately the behaviour of uniformly
distributed true random numbers based on some initial random seed value. In or-
der to translate uniformly distributed random numbers into a sample following the
specific probability distribution of a simple power-law shaped IMF {(M) oc M~?,
the inverse transform sampling technique is applied. This is based on the cumula-
tive distribution function (CDF), which is a non-decreasing function that gives the
probability of a random variable u € [0, 1] being less or equal a certain value. The
CDF of the IMF in a certain mass range M € [M,, M,] is given by the integral

e M= dM
Ml — Ml-«a M,

Fivp(u) =
(4.9)
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with the boundary condition o # 1 and where the prepended factor accounts for
the normalisation to one within the chosen mass range. This gives by inversion

Frvre(Fiye(u)) = u

Mo = Mi-e M = (e ()] = (4.10)

u 11—«

l1-a 1—
M= = Mo

Fli/llF(“) = Mllia -

For a given uniformly distributed random number u between 0-1, the inverse CDF,
Fie(u), describes the translation to a stellar mass value which is distributed ac-

cording to the IMF. This is shown graphically in Fig. 4.4. This basis of inverse
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Figure 4.4: Distribution functions for inverse transform sampling the IMF. Blue marks quantities related to the prob-
ability following a power-law shaped IMF (dashed line) and its CDF Fiyr (cf. Eq. 4.9, solid line). Green
is related to the inverse of the latter, FIT\/IIF(’U‘) (cf. Eq. 4.10), which translates a uniformly distributed
random variable u € [0, 1] into stellar mass distributed according to the IMF. For better visibility a
single-slope IMF for masses above 1 M is used and only displayed up to 5 Mphere. The grey solid line
indicates the mirror axis of the inversion and the grey dotted lines guide the eye to 1 as the maximum
value of probability and u.

transform sampling applied to a simple single-slope power law distribution worked
through here is applicable to any piecewise monotonically invertible distribution
function. Since it will be used later in this thesis, a further example of inverse trans-
form sampling a normal distribution is given in Appendix B.
Usually the number of sampled objects is taken as input for random sampling.
However, the bare number of stars is not a physical quantity in the star formation
process. Thus, it has to be adjusted to approximately meet a total mass. This can
be achieved either by iteratively sampling until the total mass is exceeded or by
previously determining the expected number of stars resembling the total cluster
mass. The average mass of a star drawn from the simple single-slope IMF in the
mass range M € [M,, M,] is given by

Mo 1—a M2 — M

M) = M E(M) dM =
(= [ e S M

(4.11)
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which yields the expected number of stars as N = M, /(M). If this number of
objects is drawn from the IMF, M, will be obtained on average. However, each
individual sample is in particular subject to random variations. This can be seen
in Fig. 4.5, which resembles Fig. 4.3 and shows the same exemplary star group of
Mot = 10* My now for the random sampling approach. It can be seen that the
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Figure 4.5: Randomly sampled stellar association for three different IMFs with a total mass of Mot = 104 Mg.
Same as Fig. 4.3 using a random sampling algorithm instead of an optimal sampling approach.

smaller the sample, the more pronounced the random fluctuations are. It is also
apparent that there is a tendency of the random sampling approach to produce
more massive stars compared to optimal sampling. This is the case because the
latter integrates the relation between the most massive star and the overall cluster
mass in Eq. 2.43 while for the former this is omitted.

Application in PSYCO As already mentioned in the introduction to this section, it is
an epistemologically delicate question as to which of the sampling techniques should
be chosen. In PSYCO, therefore, a flexible combination was chosen to meet the
requirements of the respective scientific target level.

For modelling an entire galactic structure on the basis of star groups, the optimal
sampling approach is chosen for the following reasons: The main input quantity of
mass is coherently reproduced as close as possible, overall physical boundaries of
star formation in small groups are included, stochastic deviations from the overall
IMF shape are avoided, and the deterministic treatment enables distinctly fast and
reproducible computation. The latter point is particularly important for the overall
structure of the code. Due to the reproducibility, a set of cluster masses can be
discretised systematically and stored in databases. By following this database solu-
tion, the determination of mass distributions for typically 10*-10° clusters for each
galactic model is accelerated substantially.

The random sampling approach is implemented in a sub-routine for investigating
individual star groups. In this way, possible stochastic effects in the process of star
formation can be determined and the uncertainty range associated with different
stellar parameter variations can be assessed. Additionally, for some observable star
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groups the stellar census is known and the number of stars can be used as input
in that case. Such associations can be investigated following the approach by Voss
et al. (2009).

4.2.2 Modelling Individual Star Groups

With a discrete mass distribution, the foundation for population synthesis of individ-
ual stellar associations is laid. Following the general ansatz presented in Sec. 2.3.5,
single star evolution models can be combined according to their initial stellar mass
in order to calculate collective feedback characteristics as described in Eq. 2.46. The
following explanations are limited to the nucleosynthesis aspect of those models rele-
vant in the context of this thesis. Since the evolution models introduced in Sec. 2.2.5
are computationally costly, they are usually provided on irregular time grids and for
a sparse number of initial masses. In order to utilize those for a coherent population
synthesis, a close-meshed sequence of isochrones has to be established on that basis.
Isochrones designate evolutionary tracks on equal time steps. The temporal align-
ment is done by a sequence of linear interpolations. These are implemented firstly
to pin down the original models to equal and narrow time steps, secondly to derive
the nucleosynthesis yields for a fine grid of initial masses which are not represented
in the original models, and finally to infer the temporal scope in which the ejection
occurs for each of those initial masses.

The population synthesis of a full star group is calculated on the basis of these
isochrones by combining them according to the sampled set of initial masses. The
result for a total cluster mass of 10* M, discretised by random sampling the IMF as
described in Sec. 4.2.1, is depicted for 26 Al and ®°Fe ejection in Fig. 4.6. It is shown
for the assumptions of instantaneous star formation following three different IMF
shapes C05 (cf. Eq. 2.6), K01 (cf. Eq. 2.5), and S55 (cf. Eq. 2.4) and two different
stellar yield models LC06 and LC18. For better clarity, the overall behaviour is
discussed here in detail only for the case of the standard IMF KO1. The remaining
cases are similar and summarised in Tab. 4.1.

Table 4.1: 26 Al and %°Fe nucleosynthesis feedback results for population synthesis of a 10* Mg stellar group assuming
different IMF shapes (cf. Fig. 4.6). Calculations are based on two different stellar evolution models LC06
and LC18. Times of ejection onset, first, and second peak denote the occurrence after simultaneous star
formation. The values give the average from 102 MC runs. If two numbers are divided by a slash, the
first denotes 26Al and the second OFe. The last column gives all the points after star formation where
60Fe/26 A1 = 1 is crossed towards 59Fe-domination.

Model IMF Onset 15t peak  2"9 peak  Maximum mass °CFe-domination

[Myr] [Myr] [Myr] [10~* M | [Myr]
LC06 S55 24 /31 4.0/44 149 /175 11/19 3.2, 15.9
KOl 24 /31 40/49 149 /177  10.1 /236 3.2,15.9
C05 24 /31 4.0/47 149 /177 133 /302 3.2,15.9
LCI8 S55 16/79 34/98 9.7 /- 0.5 /0.1 18.3
KOl 16/79 34/97 98/- 44 /1.2 18.3
Co5 16/79 34/97 97/- 57/ 15 18.3

While 26Al ejection sets in continuously after ~ 2.4 Myr for LC06 and ~ 1.6 Myr for
LC18, %9Fe ejection occurs abruptly after ~ 3.1 Myr and ~ 7.9 Myr respectively. The
isotopic delay reflects the fact that 2°Al is ejected already during the earlier occur-
ring stellar wind phases and °Fe only in the later stellar explosions. The occurrence
of 9°Fe is additionally delayed in LC18 due to the model-inherent explodability for
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Figure 4.6: Population synthesis of nucleosynthesis ejecta 26 Al (upper), 90Fe (middle), and their average mass ratio
(lower) in a stellar group with Mo = 10* Mg. It is calculated for two different stellar yield models
LCO06 as solid and LC18 as dotted lines by assuming concurrent star formation and random sampling
three different IMF shapes C05 (purple, cf. Eq. 2.6), K01 (green, cf. Eq. 2.5), and S55 (blue, cf. Eq. 2.4).
The shaded regions indicate the 68th percentiles derived from 102 MC runs each. Note in particular
the different scale for 99Fe. The overall shape shows a structure of two peaks. The first peak is due to
strong winds and SN yields from the most massive stars. This is reduced in LC18 because explodability
only applies for M, = 8-25Mg in this model and thus SN contributions are absent for very massive
stars. This is particularly striking for 99Fe. The second peak is due to enhanced explosive burning for
M, < 20Mg in LC06. The mass ratio 50Fe/26Al is generally not affected by the choice of IMF. A
detailed account of the differences in shape is given in Tab. 4.1.

M, = 8-25M, only (cf. Sec. 2.2.5). This means that stars with masses higher than
25 M, are assumed to collapse into black holes directly, without exploding as ccSNe.
Thus, SN yields are absent in this stellar mass regime, which would contribute at
earlier times. The further time behaviour shows overall two peaks, the first of which
is generally higher.

Looking at 26Al from LCO06, the first peak reaches up to 1 x 1072 My and comes
from the combined wind and SN ejecta of the most massive stars above 40 M. Very
strong mass loss in this regime reaches down to even the He-core, which leads to
efficient transport of 2Al away from hot stellar regions and enhances the yield of
this nucleus. In the case of LC18, it arrives only at 0.4 x 1073 M, and slightly earlier,
which is mainly due to the fact that it results from solely stellar wind contributions.
This first peak of 26 Al nucleosynthesis feedback is reached about 4.0 Myr or 3.4 Myr
after star formation regarding LC06 and LC18 respectively. The second peak for
LCO06 occurs after 14.9 Myr and happens due to a shallow dredge-up and weak mass
loss phase that are underwent by stars with masses M, < 20Mg. Thus, 2°Al from
hot-bottom burning resides inside the star when it explodes and these stars show
enhanced SN yields. For LC18 the peak is produced after 9.8 Myr by the first SNe
from 25 M, stars.
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The 5Fe profile exhibits a similar structure of two peaks for LC06 with the second
peak being delayed by about 3 Myr compared to 26Al. The first peak results from
the most massive stars within which a fully convective He-burning shell establishes
where #?Ne(a,n)?**Mg is an efficient neutron source producing “°Fe via *Fe(n,v)*Fe
at a high rate. Stars terminating between the peaks have masses < 40 M. These
experience enhanced mass loss such that the core mass reduces and the convective
He-shells are stripped. Thus, mainly the C-burning shell contributes where a de-
creased reaction rate of **Ne(a,n)*Mg does not produce neutrons on a large scale
for %°Fe to be produced efficiently. However, stars with initial masses of < 15 Mg
show increased core temperatures due to significant contraction at the end of central
O-burning. This increases the temperature in the radiative He-shell such that ®Fe
is synthesised. Explosions in this stellar mass regime give rise to the second peak
of Fe ejection around 17.7 Myr. The LC18 model obtains only a maximum mass
of %Fe of 0.12 x 1072 M, and does not result in a two-peak structure since it only
shows contributions of masses < 25 Mg,.

The general behaviour is overlaid by the half-life times of 0.717 Myr and 2.6 Myr for
Al and ®Fe, respectively. The longer lifetime of °Fe is reflected in the fact that
it becomes increasingly dominant in the mass ratio ®Fe/?°Al at later times. This
mass ratio turns out to be an intriguing indicator particularly sensitive to different
physical processes and assumptions in stellar evolution models. While 5°Fe is dom-
inant right from the beginning of ejection for LC06 at 3.2 Myr with a dip around
15 Myr, it only becomes continuously dominant for LC18 after 18.3 Myr. This is
identical for different IMFs because in random sampling the same mass range is ac-
cessible for every cluster mass and only the average values are considered here. The
sawtooth pattern exhibited by the %Fe/?6Al ratio constitutes a computational arte-
fact because initial stellar masses are taken into account with a precision of 0.1 Mg,.
Since the stellar lifetime is approximately proportional to M 2®, this step width
yields a larger spread in time between lower mass stars. This leads to a noticeable
temporal discretisation particularly for the lower mass regime which contributes at
later times.

A direct comparison of optimal vs. random sampling for population synthesis of the
previous example star group is shown in Fig. 4.7. As expected, the overall shape is
identical. For both stellar evolution models, LC06 and LC18, the main difference
arises due to the tendency of random sampling to overproduce massive stars, which
was already discussed in Sec. 4.2.1. This manifests in a generally reduced first peak
using optimal sampling. Since the latter is deterministic no flattened average is ob-
tained. This makes the effects of individual stars clearly visible as sawtooth patterns
in the temporal profiles. Especially the mass ratio of a single group shows strong
variations and a high sensitivity to its particular stellar content.

After the previous remarks, it is clear that such population synthesis calculations
show the sensitivity of cumulative feedback features in entire clusters to the stellar
physics of individual stars. Detailed nuclear and astrophysical processes in stars are
reflected in the behaviour of stellar groups and can be inferred from them. This
underlines the astrophysical potential of this approach to coherently study nucle-
osynthesis feedback on different scales.
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Figure 4.7: Stellar populations synthesis of 26 Al and 60Fe nucleosynthesis feedback for a 10* Mg, stellar group using
optimal (solid lines) and random sampling (dashed lines) approaches with stellar evolution models LC06

(left) and LC18 (right). For random sampling the average values of 103 MC runs are shown. Colours
correspond to different IMF assumptions similar to Fig. 4.6. The main difference is visible as a tendency
for overproduction of high-mass stars in random sampling compared to optimal sampling. The prominent
sawtooth patterns result from discrete contributions from individual sources.

4.2.3 Stellar Parameters

So far, the only stellar parameter in consideration was the initial stellar mass. As
described in Sec. 2.2.5, stellar feedback is dependent on a wide range of physical
parameters, in particular explodability, rotational velocity, and metallicity. In this
section, the effect of these parameters on nucleosynthesis feedback from stellar as-
sociations is investigated. For better clarity, only the standard IMF KO1 is used,
because the overall physical results are qualitatively independent of the respective
choice of IMF. Throughout this section, random sampling is applied for calculat-
ing population synthesis in order to estimate the related range of uncertainty in
modelling results.

Explodability The general physical groundwork underlying stellar explodability as
well as the four theoretical models applied in this thesis were laid out in Sec. 2.2.5
and summarised in Tab. 2.5. Since LC18 holds already a strict model-inherent ex-
plodability, the effect of different explodability models are demonstrated using LCO06.
Nucleosynthesis feedback profiles for a 10* M, star group are shown in Fig. 4.8 for
the explodability models S09, J12, S-+16, and LC18. The explodability models S09,
J12, and S+16 show no major deviations and are consistent with each other within
uncertainties from MC sampling. As expected, the nucleosynthesis yields are gener-
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Figure 4.8: Population synthesis of nucleosynthesis feedback from a 10* Mg star group. Same as Fig. 4.6 for dif-
ferent explodability models S09 (purple), J12 (blue), S+16 (green), and LC18 (yellow) using the stellar
evolution model LC06 and the fixed IMF KO1.

ally smaller if explosions are assumed for fewer stars. The wind component, on the
other hand, is not affected by explodability. The disjoint islands of explodability
in S+16 (cf. Fig. 2.30) cause distinct features like a small dip in 2°Al after around
14 Myr. A significant difference is obtained by applying the explodability LC18,
which allows for SNe only for stellar masses below 25 M. While the absence of SN
yields from higher-mass stars reduces the first 2Al peak to its stellar wind compo-
nent, the first °Fe peak is shifted by ~ 6 Myt to the first explosions of 25 M, stars
after about 10.5 Myr. Since ®Fe emerges solely from SNe, it is particularly sensitive
to explodability. This is clearly visible in the %Fe/?°Al mass ratio, which is domi-
nated by 29Al for over 16 Myr if very massive star explosions are omitted. Otherwise,
this phase only lasts about 3 Myr. Thus, in combination with detailed population
synthesis calculations of nucleosynthesis feedback, Fe and the mass ratio °Fe/29Al
make promising observational targets for investigating questions concerning massive
star explodability. A concise overview over the changes in temporal features is given
in Tab. 4.2.

Table 4.2: 26 Al and %°Fe nucleosynthesis feedback results for population synthesis of a 10* Mg stellar group assuming
different explodability models (cf. Fig. 4.8). Calculations are based on the stellar evolution model LC06
and standard IMF KO1. Properties are the same as in Tab. 4.1.

Explodability Onset 15 peak 2°d peak  Maximum mass °CFe-domination
[Myr] [Myr] [Myr] [10~* Mo | [Myr]

S09 24 /31 40/49 149 /177 10.1 / 23.6 3.2, 15.9

J12 24 /33 40/50 143/17.7 9.0 /19.1 3.4, 15.9

S+16 24 /31 37/43 149 /177 9.2 /19.7 3.2, 15.9

LC18 24 /75 37/105 14.9 /177 3.8 /34 16.4




4 Modelling Radioactivity in the Galaxy 131

Metallicity The Milky Way exhibits a non-uniform metallicity distribution between
Solar [Fe/H| = 0 and sub-Solar [Fe/H| = —1 (Cheng et al. 2012). Therefore, in
order to develop a consistent picture of stellar feedback across the entire Galaxy, the
differences in initial metal enrichment have to be taken into account. The extended
model grid of LC18 comprises stellar evolution simulations for different metallicity
values and thus its effect can be investigated via population synthesis as well. This
is shown for the two considered extreme cases of [Fe/H| = 0 and [Fe/H| = —1 in
Fig. 4.9. It can be seen that a change in metallicity leaves the general time evolution
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Figure 4.9: Population synthesis of nucleosynthesis feedback from a 10* M star group. Same as Fig. 4.6 for Solar
metallicity [Fe/H] = 0 and sub-solar metallicity [Fe/H] = —1 on the basis of stellar evolution models
LC18 and standard IMF KO1.

of the group unaffected. However, the reduction of metallicity goes along with a
significant decrease of the ejected yields. This is the case because the production of
26 A1 and %°Fe relies heavily on the presence of the initial elements for their synthesis,
mainly Mg and %°Fe, respectively. This is especially affecting the °Fe yields since
MFe is synthesised in a low-metallicity star mainly in the very late central burning
phases. Because of the disjunction to neutron rich layers such as for the He- or C-
burning shells and the short time scales, only marginal amounts of %°Fe are formed.
On the other hand, the opacity of stellar material decreases with metallicity. This
counteracts the emergence of large convective zones due to the enhancement of
radiative energy transport, which diminishes in particular the convective transport
of 28Al towards cooler regions near the stellar surface. Additionally, stellar winds are
reduced because the radiation pressure onto the outer stellar material is proportional
to its opacity. The two factors lead to a large reduction of 26Al ejection in stellar
winds. This is apparent in Fig. 4.9 due to the effective disappearance of the first
26 A1 peak around 4 Myr in the association with metallicity [Fe/H] = —1. However,
the %°Fe production is reduced overall stronger than the 26Al production. Thus, the
60Fe-dominance shifted to a late time after around 23 Myr due to the longer lifetime
of ®Fe. The overall effects are summarised together with stellar rotation effects in
Tab. 4.3.
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Rotational Velocity In Sec. 2.2.2, the rotational velocity was introduced as factor
influencing mixing processes in stellar environments. It enhances convective re-
gions and the transports of raw material for nuclear reactions throughout a star and
therefore affects nucleosynthesis feedback. The distribution of stellar rotation was
observationally determined by Glebocki et al. (2000) for each spectral class individu-
ally and updated by Glebocki & Gnacinski (2005). The rotation velocities weighted
with the average inclination angle of O and B stars is depicted in Fig. 4.10. The
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Figure 4.10: Rotational velocity distribution of O (left) and B (right) stars. The blue data points show the ob-
servational catalogue by Glebocki & Gnacinski (2005). The green line shows the fit of a Gaussian
distribution on top of a linear function.

more prominent and shifted peak at ~ 100 kms~! for O stars can be explained by an
interaction between higher momentum transfer due to prolonged accretion during
the star formation process and, on the other hand, by its termination at a certain
threshold speed. In order to utilize this information in the population synthesis
algorithm, an analytic description of the distribution is chosen by fitting a Gaussian
on top of a straight line to the catalogue data. This is integrated in an additional
MC step by sampling a rotational velocity from these functions depending on their
mass, which is assigned to a spectral class according to the classifications in Tab. 2.1.
Since only three velocity steps, Okms™!, 150 kms™!, and 300 kms~!, are provided
in LC18 originally, a finer gradation is obtained by linear interpolations of time and
yield. Hereby, rotational velocities limited at 300 kms™! and higher velocities are
omitted.

Taking these velocities into account, the nucleosynthesis feedback of a stellar asso-
ciation is affected as illustrated in Fig. 4.11. While the effects on 2°Al are restricted
to an earlier onset of the wind phase after only 0.6 Myr and a slight prolongation of
stellar evolution which delays the second ejection peak by ~ 1 Myr, the implications
for %°Fe are striking. Rotation-driven instabilities lead to an increased convective C-
burning shell, which means that the region of primary neutron source is enlarged and
the phase in which neutrons are massively released is prolonged. This enhances the
production of °Fe in fast spinning stars significantly by a factor of 10. Overall, rota-
tion additionally causes a stretch of stellar evolution in time. The relevant features
in the evolution of a star group being affected by stellar rotation are summarised in
Tab. 4.3.
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Figure 4.11: Population synthesis of nucleosynthesis feedback from a 104 M, star group with Solar metallicity. Same
as Fig. 4.6 with (blue) and without (green) the effects of stellar rotation using the evolution model LC18
and the fixed IMF KO1.

Table 4.3: 26 Al and %9Fe nucleosynthesis feedback results for population synthesis of a 10* Mg stellar group and
including metallicity [Fe/H] = —1 or rotation vrot < 300kms™!. Calculations are based on the stellar
evolution model LC18 and standard IMF KO1. Properties are the same as in Tab. 4.1.

Metallicity ~Rotation Onset 15 peak 2°d peak  Maximum mass °CFe-domination
[Fe/H]  [kms™'] | [Myr] [Myr] [Myr] [10~* Mo | [Myr]
0 0 1.6 /79 34/9.7 9.8 /- 44 /1.2 18.3
-1 0 29 /81 3.6/99 99 /- 3.5 /0.08 23.2
0 < 300 06 /80 36/150 11.0/29.8 39 /121 9.9

4.2.4 Binary Yield Effects

A frequently discussed issue with regard to nucleosynthesis feedback is the influence
of binary interactions. On the one hand, Roche-lobe overflows and tidal interactions
can significantly change the chemical composition of binary stars as well as enhance
the ejection of material. This leads to equally relevant implications with respect to
the stellar end phases, since the composition of SN progenitors is altered or a pref-
erential production white dwarfs occurs. As outlined in Sec. 2.2.5, these effects have
so far remained on rather speculative ground, as the theoretical approach proves
to be difficult due to the high complexity and parameter diversity of such systems.
First binary yield calculations for 26 Al have been provided recently by B+19. These
feedback profiles have been included in PSYCO in order to narrow down their global
impact quantitatively.

To include binarity, an overall binary fraction is assumed. This is done for the
currently accepted value of 70% (Sana et al. 2012; Renzo et al. 2019; Belokurov
et al. 2020) and an extreme assumption of 90%. In an association that is massive
enough, i.e. when the stellar census is large, binarity can be sampled randomly ac-
cording to that fraction as property of each star independently. This is based on



4 Modelling Radioactivity in the Galaxy 134

the assumption that binary stars form just like single stars according to the same
IMF. Thus, a particular consideration of combining certain stars into binaries or
specifically reproducing the mass ratio can be omitted. The former is redundant
because population synthesis generally ignores spatial properties and the latter is
irrelevant due to the fully stochastic determination of stellar masses. Since B-+19 is
restricted to the evolution of the primary star, the secondary component is treated
as evolving like a single star due to the lack of additional information in B-+19. The
stars sampled as single stars are for their part treated as described in the sections
above.

B+19 only comprises wind yields, therefore SN ejecta have to be assumed follow-
ing other models. The yields from single star calculations LC06 or LC18 are used
auxiliary due to the lack of particular binary SN yields. The binary wind yields
have been calculated in B+19 on a rather sparse and irregular grid of orbital sepa-
rations and for a maximum initial mass of 60 M. Thus, extensive interpolation is
necessary to consistently cover orbital periods between 3 and 100 days. These are
sampled uniformly during the population synthesis. Stars with longer periods are
treated as single stars. The effects for stars up to 150 M, are extrapolated linearly.
In this way a complete grid of binary stars is obtained, which is integrated in the
population synthesis. The results for 2°Al in an exemplary star group of 10* M
including binary yield effects are depicted in Fig. 4.12.
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E 5 Explodability LC18
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Figure 4.12: Population synthesis of 26 Al nucleosynthesis feedback from a 10* Mg, star group taking binary inter-
actions following B+19 into account. Binary systems are included with orbital periods between 3 and
100 days and with an overall fraction of 70% (dashed line) and 90% (dotted line), which is contrasted
with an association of only single stars (solid line). Stars with longer periods, i.e. wider separations,
and secondary stars are considered to evolve as single stars. The yields for single stars and SNe are
taken from LCO06 (upper) or LC18 (lower). Lines indicate the average of 1000 MC runs each. Different
colours indicate different explodability models and shaded regions enclose 68% of all MC runs for the
group with only single stars.

For LCO06 single star evolution models, the two extreme explodability assumptions
S09 and LC18 are shown for comparison. Regardless of the choice of SN model,
the general effect from binary winds turns out to be rather small, especially for the
lower-mass regime, which contributes at later times. The excess in low-mass star
wind yields compared to single star models shown in Fig. 2.33 is largely dominated
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by SN contributions. Nevertheless, the reduction of wind yields in binary systems
with large separation and primary stars of 25-30 M, leads to the tendency of less
26 Al ejection after ~ 15Myr. On the other hand, the increased binary wind yields
for stars with masses < 20 M, leads to slightly enhanced ejection after ~ 17 Myr.
At early stages, the ejection from very massive stars tends to be reduced due to
binary interactions. It is important to note that this is to a large part attributed to
uncertainties in the necessary extrapolation towards high-mass stars and should not
be over-interpreted. Altogether, the changes due to binary interactions lie within
the 68th percentile of single star population synthesis results and are therefore con-
sidered small. However, this can only serve as rough estimation of such effects since
the direct impact on SN progenitors or the detailed evolution of the secondary stars
have currently not been modelled properly yet.

Population synthesis is an indispensable tool for scaling stellar nucleosynthesis
models to phenomena of observable magnitude. Its implementation in PSYCO
is expanded to comprise a large variety of physically relevant properties. For
the estimation nucleosynthesis feedback in stellar groups, the consideration of

e IMF affects the amplitude of nucleosynthesis feedback, with considerable
reduction for S55;

e Explodability changes mainly the contributions from highest-mass stars,
with a possibly major decrease at early stages after 3-7 Myr;

e Metallicity mostly lowers 2°Al wind contributions at early times and di-
minishes ®“Fe SN yields in later phases of low metallicity associations;

e Rotational velocity slightly stretches stellar evolution in time and signif-
icantly increases ®°Fe yields due to fast rotating stars;

e Binarity shows overall minor effects with a tendency to reduce wind con-
tributions from the most-massive stars.

4.3 Modelling the Milky Way Structure

Based on the nucleosynthesis properties of stellar groups calculated in the previous
Sec. 4.2, the information can be used to scale the model to the galactic level. This
corresponds to the transgression from the middle to the top level in Fig. 4.2 and
will be described in this section. Therefore, the basic assumption of a galactic
SFR discussed in Sec. 4.3.1 is integrated in a spatial galactic model as explained in
Sec. 4.3.2 with a temporal aspect developed in 4.3.3. Overall, this aims to obtain
a synthetic sky map of galactic radioactivity, which is outlined in Sec. 4.3.4. In
principle, this step can be performed to obtain the properties of any type of galaxy.
However, the main focus will be on achieving a high similarity with the Milky Way
structure in particular, since this is currently the only empirical case with gamma-
ray observations of nuclear decay lines accessible.
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4.3.1 Galactic Mass

The fundamental physical input in order to model the galactic structure of radioac-
tivity in the PSYCO framework is the total stellar mass, which is indirectly obtained
by the choice of a constant SFR (cf. Sec. 2.4.2) over the entire model time. This
approach is chosen for three reasons: First, mass is a physical quantity with the
rate of star formation phenomenologically characterising an actual physical process.
Second, it additionally goes with a temporal information that can be utilised to
physically motivate the time evolution of the modelled system. Third, the SFR can
be inferred from a variety of observations independent of gamma-ray measurements,
which decouples the model from immediately biased assumptions regarding the phe-
nomena under investigation.

Since this thesis is concerned with radioactive isotopes, the overall necessary tem-
poral scope can be estimated by the condition that equilibrium is reached between
production and decay. If a constant rate g; is assumed for the production of isotope
7, this is taken into account in Eq. 3.4 by the expression

dN
dt

If the amount of isotope i at the onset of production N(#;) = 0, the number of
atoms at a later time ¢ is then calculated as

=gi — MV (4.12)

N(t) = %(1 — e, (4.13)
For each isotope this approaches asymptotically a characteristic equilibrium value
of g;/\; for t — oo. In the following, sufficient convergence is assumed if 99% of this
value is reached. This condition is fulfilled for ¢ > —mg—im, which only depends on the
decay constant \; of the respective isotope and in parficular independent of g;. The
latter only determines the absolute amplitude of this radioactive build-up. The time
profile of such build-up process for 26Al and °Fe is shown graphically in Fig. 4.13.

For a constant production rate, convergence is reached after 4.7 Myr and 17.3 Myr,
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Figure 4.13: Radioactive build-up of 26 Al (green) and %0Fe (blue) for characteristic constant production rate g; and
decay constant \; of the respective isotope i. Dashed lines denote the convergence criterion of reaching
99% of the equilibrium value g;/\; (grey line).

respectively. Since “Fe has the longer lifetime, this is the determining factor for the
temporal framework. It must be added that in the temporally most extreme case
of LC18, the onset of %°Fe ejection occurs only after ~ 10 Myt and is not point-like
in time but extended over another ~ 20 Myr (cf. e.g. Fig. 4.11). Taking this offset
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into account, convergence of the longest-lived isotope in consideration is expected
to be reached in the case of stellar evolution models with the longest stretch in time
after ~ 50 Myr. This serves as an estimation of the total time Ti,; the model has to
evolve in order to develop convergence in mass of the isotopes relevant in the context
of this thesis. This will be confirmed by the actual galactic model realisations in
Sec. 4.4.1.

The total mass that is transferred into stars over this timespan follows immediately
as Mios = SFR X Tio. Since the mass distribution of stellar clusters in the Galaxy
follows the ECMF (cf. Sec. 2.3.2), which is similar to the IMF, an analogous approach
to the distribution of a total cluster mass to individual stars as described in Sec. 4.2
can be taken. For example, with SFR = 2Mg yr~! a total mass of M, = 10° M
is processed into stars over the course of 50 Myr. Distributing this mass according
to the ECMF (cf. Eq. 2.44), a total number of about 8.1 x 10? clusters between
115Mg and 1.4 x 10° Mg, forms. This translates to a cluster formation rate (CFR)
of ~ 0.16 per century. The lower-mass threshold for consideration of 115 Mg is
chosen because this is the lowest cluster mass to produce a star > 3 Mg in the
optimally sampled case. Therefore, less massive clusters are not expected to show
any significant signature of radioactivity considering 26Al and ®°Fe. As expected,
the number of clusters scales linearly with the SFR. On the other hand, due to
the logarithmic dependence of the empirical relation of the most massive cluster
on SFR, the maximum individual mass remains relatively unaffected (Weidner &
Kroupa 2004).

In this way, the rate of cluster formation is derived as galactic property from the
SFR, which can be combined with spatial properties of the galactic model in the
next step. Thus, a conceptual gateway is opened, to transmit single star properties
onto the galactic scale.

4.3.2 Spatial Modelling

Star formation tends to follow regions of high gas densities, which occur in the
Milky Way predominantly along spiral arms (cf. Sec. 2.4.4). In order to mimic
this physical behaviour, it can be modelled by stochastically placing star formation
seeds according to a characteristic density distribution which resembles this large
scale structure. However, that also the particular distribution of radioactivity in
the Galaxy follows distinctively this morphology is one of the main hypotheses to
be tested in this thesis. Therefore, on the one hand, the basic structure of spiral
arms is in principle taken into account, while on the other hand leaving the detailed
contrast and radial distribution as free parameter of the model.

Galactic Spiral Structure The spatial character of the model is divided into a radial
component with respect to the galactic centre and a vertical component with re-
spect to the galactic plane. A detailed discussion of the characteristic Milky Way
spiral arm structure was given in Sec. 2.4.4. The large scale spiral structure in the
PSYCO framework is based on an implementation of the spiral arms by Beyer (2018)
as shown in Fig. 2.44 following mainly Cordes & Lazio (2002) and Vallée (2008).
The spiral arm centroids are calculated as logarithmic spirals (e.g. Wainscoat et al.
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1992)
R
O(R)=Fk In| — | + 0o, (4.14)
Ry
giving the rotation angle along the radial variable R, with k& as constant widening
the loop, the inner radius Ry, and the angle at this inner radius 6. In order to
reproduce a characteristic four-arm spiral, the values in Tab. 4.4 are adopted for the

separate arms. This follows mainly Cordes & Lazio (2002) in order to gear towards

Table 4.4: Parameters for centroids of logarithmic spirals (cf. Eq. 4.14) approximating the distribution of ionised
gas along the four arms of the Milky Way. Adopted from Wainscoat et al. (1992) and Cordes & Lazio
(2002) following Faucher-Giguére & Kaspi (2006). The structure is shown graphically in Fig. 2.44.

Spiral arm k [rad] Ro [kpc|] 6o [rad]
Norma 4.25 3.48 3.141
Scutum-Centaurus  4.89 4.90 2.525
Sagittarius-Carina 4.25 3.48 0.000
Perseus/Local 4.89 4.90 5.666

the distribution of free electrons, which are expected to be prominently associated
with HII regions around massive star groups (cf. Fig. 2.36). The parameters are
based on a Cartesian coordinate system with the origin at the Galactic centre and
the position of the Sun at ps = (e, yYe, 26) = (—8.5,0.0,0.01) kpc (cf. Sec. 2.4.4).
The height of the Sun above the Galactic plane is currently estimated to 5.54+5.8 pc
(Reid et al. 2019). The large uncertainties of this estimate are due to a possible tilt
of the plane. A value of 15 4+ 17 pc recently obtained with gamma-ray observations
confirms this range in height (Siegert 2019).

The spread of stellar groups in the galactic plane around the spiral arm is char-
acterised by a normal distribution centred at the centroid and with a radially in-
creasing width of o(R) = 0.07 x R. This choice is empirically motivated to obtain
a physically reasonable distribution close to that of ionised gas in the Milky Way
(Faucher-Gigueére & Kaspi 2006).

The radial Galactic gravitational potential is usually described by a rather complex
combination of a disk-halo, a bulge, and a central nucleus component (e.g. Eq. 1 in
Carlberg & Innanen 1987). It has been shown by Yusifov & Kiiciik (2004) in the
context of the pulsar distribution that the effect of this potential can be approxi-
mated by a truncated Gaussian distribution. This approximation is adopted in this
thesis in order to obtain an easily parametrisable distribution while at the same
time maintain a physically reasonable shape. Thus, the radial density distribution
is described by

1 (R—Ru)? 3
p(R; Ru,a>:{ b oxp U] it Re02)

(4.15)
0, if R ¢ [0,20],

with a maximum at radius R, and the width o. The truncation to 0 < R < 20kpc
is chosen towards small radii to avoid overlapping distributions extending to both
sides of the galactic centre, and towards large radii to restrict the distribution to
a reasonable volume of the Milky Way. The parameters R, and o are parameters
PSYCO is designed to test for and are therefore not generally fixed. In order to
prevent artificial features at the galactic centre, the polar angle 6 is additionally
blurred by a stochastic correction angle Oeorr = Grang €xp(—0.35 X R), with Oanq
being randomly chosen in the range [0,27) (Faucher-Giguére & Kaspi 2006). Al-
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ternative to the Gaussian profile, an optional radial distribution following a simple
exponential shape is implemented in order to open up the possibility of generating
strongly centrally dominated galactic morphologies.

The vertical density for modelling star formation is homogeneously chosen to fol-
low an exponential distribution p(z; z) = 2, exp(—|z|/20), with the scale height zq
parametrising the thickness of the galactic disk, which is also implemented as free
parameter. Altogether, the position of each star formation seed is essentially chosen
stochastically in a four-step process. After the random choice of a spiral arm, the
radial coordinate is drawn according to Eq. 4.15, which is translated to a spiral arm
centroid position via Eq. 4.14. This position is then altered around the centroid in
order to fill out the spiral arm as described above. Finally, the vertical position is
exponentially sampled for a given scale height, with equal probability mirrored to
the galactic north and south pole.

Five different realisations of such galactic morphologies are shown in Fig. 4.14. They
are in order by increasing central dominance and simultaneously decreasing spiral
dominance. Accordingly, their nomenclature follows the numbering GM00 to GMO04.
These are chosen throughout this thesis in order to test different morphological con-
figurations against observational features. The particular parameter configurations
characterising those forms are summarised in Tab. 4.5. While GM00, GMO01, and

Table 4.5: Galactic radial density profiles. R, and o describe a Gaussian distribution and Rexp the scale radius of
an exponential profile. The morphologies are visualised in Fig. 4.14.

Morphology  Radial profile R, [kpc] o [kpc] Rexp [kpc]

GMO00 Gaussian 8.5 3.5 -
GMO1 Gaussian 17.03 1.83 —
GMO02 Gaussian 5.0 2.5 -
GMO03 Exponential - - 5.5
GMO04 Exponential - - 5.5

GMO02 are characterised by Gaussian radial profiles, GM03, and GMO04 are chosen
to be exponentially distributed in radius, which confers a steep profile towards the
galactic centre. GMO1 follows the distribution of pulsars according to Faucher-
Giguére & Kaspi (2006). GMO04 is a special case, which is designed as doubly
exponential disk without modelling of particular spiral features and thus greatly
focussed on the nuclear bulge in the galactic centre.

Galactic Metallicity Gradient The stellar parameter related to the spatial distribution
in the galaxy is metallicity. Cheng et al. (2012) derived the radial metallicity gradi-
ent in the Milky Way from optical spectra in Sloan Digital Sky Survey (SDSS) data.
Different gradients were obtained for four different height levels above the Galactic
plane as shown in Fig. 4.15.
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Figure 4.14: Galactic morphologies as implemented in PSYCO. They are ordered from top to bottom by increasing
central dominance and simultaneously decreasing spiral dominance. Accordingly, their nomenclature
follows the numbering GMO00 to GMO04. The spiral description follows Eq. 4.14. Left: Probability
density distributions in the galactic plane with a radial Gaussian profile in the case of GM00, GMO01,
and GMO02, and a exponential profile used for GM03, and GMO04. Right: Distributions perpendicular
to the galactic plane following an exponential profile. GMO04 denotes a doubly exponential disk without

taking into account any spiral pattern. Parameters of the radial distributions are summarised in

Tab. 4.5.
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~0.2 —— 0.25=|7|<0.50 Table 4.6: Linear parameters of the metallicity gradient
T — 0.15<7/<0.25 in the Milky Way depending on the height z
E T ’ above the Galactic plane.
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Figure 4.15: Galactic metallicity gradients depending on
the height z above the Galactic plane in kpc.
Adopted from Cheng et al. (2012).

The respective linear parameters are listed in Tab. 4.6. The overall tendency indi-
cates lower metallicity higher above the plane. This arises due to less turbulences and
therefore slower proceeding star formation at large heights and the fact that older
objects had more time to drift out of of the plane towards these heights. Young
objects are found preferentially near the Galactic centre, where most active star
formation sights are situated. These empirical metallicity gradients are utilised in
PSYCO to assign metallicity values to stellar associations according to their galactic
height and radius. To enable complete sampling, Solar metallicity is fixed in the
plane and the gradients are extrapolated to cover the entire model volume.

Nearby Massive-Star Groups As described above, most of the more detailed properties
of gamma-ray emission has to be inferred by starting from a rough morphology which
can include the Galactic structure, and then refining different regions which are ex-
pected to contribute. The properties of gamma-ray emission from parts of the Milky
Way are either known beyond this basic level, or can be inferred including further
information. According to their level of prior knowledge, stellar associations can be
divided into three groups and modelled separately. These will be denoted as known
knowns, known unknowns, and unknown unknowns.! First, known knowns are stel-
lar groups for which the position, the angular size, and the emission at 1.8 MeV are
already known from gamma-ray observations. Second, known unknowns are associ-
ations which are observationally known regarding their position and certain spatial
characteristics, but unknown with respect to their particular gamma-ray properties.
Finally, unknown unknowns are clusters which entirely lack individual observational
information and have to be sampled stochastically using the galaxy model as de-
scribed in the previous paragraphs.

The characteristics of the known knowns are listed in Tab. 4.7. Gamma-ray mea-
surements of individual star groups are essentially limited to the Cygnus region, the
Orion-Eridanus superbubble, and the Sco-Cen region (Pliischke 2001; Martin et al.
2009; Siegert 2017). The known unknowns are based on the combined catalogues by
Melnik & Efremov (1995) and Melnik & Dambis (2017b). These comprise respec-
tively 88 and 91 nearby OB associations within 0.14-3.50 kpc around the Sun. While
positions are adopted according to the new Gaia catalogue by Melnik & Dambis
(2017b), angular extents are assigned according to Melnik & Efremov (1995) be-

1This nomenclature is borrowed from the Johari window, a heuristic model for the analysis of interpersonal rela-
tionships in psychological science, developed by Luft & Ingham (1955).
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Table 4.7: Properties of nearby OB associations. 26Al masses in parentheses for subgroups are inferred indirectly
from their mutual measurement. Information concerning 26 Al gamma-ray measurements are mostly
adopted from Siegert (2017) and Pliischke (2001), ages from Garmany & Stencel (1992), Bochkarev &
Sitnik (1985), Diehl (2002), and Fierlinger (2014), positions from Knédlseder (2000), angular sizes from
Bochkarev & Sitnik (1985), Knodlseder (2000), Fierlinger (2014), and Krause et al. (2018), and distances
from Ruprecht (1966), Garibdzhanyan et al. (1984), Massey & Thompson (1991), Bochkarev & Sitnik
(1985), Diehl et al. (2003), and Krause et al. (2018) following Beyer (2018).

Association Al mass Age Position (I,b) Angular size Distance

[107*Mo]  [Myr] [°] ] [kpc]
Cyg OBI (17.1) 75 (75.5,1.7) 10 x 35 1.60
Cyg OB2 (17.1) 2.5 (80.3,0.8) 2.0 x 2.0 1.70
Cyg OB3 (17.1) 6.5 (72.6,2.3) 35 % 1.5 2.29
Cyg OB4 (17.1) 56  (825,-7.3)  3.0x2.0 1.05
Cyg OB5 (17.1) 5.6 (67.1,2.1) 5.8 x 9.6 1.60
Cyg OB6 (17.1) 5.6 (86.0,1.0) 6.0 x 8.0 1.70
Cyg OB7 (17.1) 5.6 (90.0,2.1)  12.0 x 13.9 0.79
Cyg OB8 (17.1) 3.0 (77.8,3.8) 2.9 x 3.3 2.25
Cyg OB9 (17.1) 8.0 (78.0,1.5) 2.0 x 1.4 1.45
Ori OB1 5.0 120 (190.6,—40)  25.0 x 34.0 0.40
USco 0.5 70  (351.5,20.0)  14.1x 14.1 0.15
UCL 0.8 17.0  (331.0,12.5)  45.1 x 45.1 0.15
LCC (0.1) 150  (2985,54)  25.8 x 25.8 0.12

cause these are not included in the revised catalogue. Melnik & Dambis (2017b)
found an average expansion velocity of OB associations of vex, = 6.3kms™*. The
typical sphere of influence of an individual star formation event is initially ~ 2 pc.
This is used in combination with the measured angular size to infer the kinematic
ages of OB associations (Brown et al. 1997). In this way, ages between 0.24-14.2 Myr
are inferred for the known unknowns with an average of ~ 4.6 Myr. The fact that
the associations are rather young results from an observational bias because they
continuously drift apart and are therefore harder to observe as coherent units over
time. It is important to note that the expansion so far refers to the maximum
distances between stars and not the radius of the surrounding superbubbles. The
latter is derived from the respective group age as described below in Sec. 4.3.3. The
unknown isotopic content of known knowns as well as known unknowns is deter-
mined via population synthesis calculations as explained in Sec. 4.2.2 and using the
ages as prior knowledge. Since the initially formed stellar mass of each association
is unknown, they are modelled as canonical star groups resembling the well studied
Orion OB1 association (Voss et al. 2008, 2010). The modelling results for the nearby
OB associations will be discussed in Sec. 4.4.4.

4.3.3 Temporal Modelling

The temporal component is introduced in PSYCO by generating star formation seeds
according to the formation rate of stellar clusters which was described in Sec. 4.3.1.
The total mass that is transformed into stars in each such seed is sampled according
to the ECMF. With the assumption of instantaneous star formation, the time evolu-
tion of the nucleosynthesis ejection in each association is then followed according to
the population synthesis profiles outlined in Sec. 4.2. However, these ejecta are not
stationary, but propagate over time. As was discussed in detail in Sec. 2.3.3, this
propagation is presumably closely related to the dynamics of interstellar bubbles
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surrounding the respective star groups.

Castor et al. (1975) developed an analytical description of a spherically expanding in-
terstellar bubble in a simplified ISM consisting solely of hydrogen with homogeneous
density pigm. This was later refined by Weaver et al. (1977), according to which the
radius of such bubbles after time ¢ can be approximated by Eq. 2.45. Hydrodynamic
ISM simulations by de Avillez & Breitschwerdt (2005) suggest that an isotropic dis-
tribution of the hot interior inside these bubbles is reached after ~ 1 Myr. This is
used to determine the distribution of radioactive ejecta around star groups over time
(Beyer 2018). The mechanical luminosity of a typical OB association describes their
integrated momentum output due to different feedback mechanisms. This was esti-
mated as Ly = 103! Js™! in population synthesis calculations by Pliischke (2001).
Assuming an average particle density n ~ 10%?cm™ of the swept up ISM gas, Lw
pushes against the ambient mass density pigy = 1.67 x 10719 kgm=3. The resulting
time evolution of the superbubble radius is then given by

Lyt3 ) 5
PISM 7

Rbubble(t) =0.76 x ( (416)

which is shown graphically for three different ISM particle densities in Fig. 4.16.
After a phase of fast expansion in an un-shocked medium, the growth is slowed
down due to an increasing density in the swept up shell that counteracts the out-
ward motion. Homogeneously filled with evolving amounts of 26 Al and %Fe, these
bubbles dynamically fill out the galactic structure over time. The theoretically fur-
ther expansion beyond 50 Myr can be omitted in this model because the radioactive
content vanishes at late stages which eradicates its visibility in nuclear gamma-rays
and therefore any effect on the investigation of radioactivity in this thesis. From
the previous population synthesis calculations an interstellar bubble filled with 26 Al
or %Fe is expected to be visible by nuclear decay lines for maximum ~ 25 Myr.
During this time the Milky Way rotates by only about 38°. This is short enough
that gas and stars can be assumed as approximately co-rotating with the spiral arm,
i.e. stars do not drift far from their formation region with respect to the spiral arms.
Thus, taking into account further time evolution aspects of cluster positions such
as dynamical shifts with respect to an observer or changes between star formation
epochs can be omitted. This leaves the morphological aspects of the time evolution
of individual bubbles as analytically calculable for any point in time.
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Figure 4.16: Radial time evolution of an expanding interstellar bubble for three different particle densities nigy of
the surrounding ISM according to Eq. 4.16 following Weaver et al. (1977) and Pliischke (2001).
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4.3.4 Ray Tracing

In order to translate the previously modelled morphological aspects of galactic ra-
dioactivity into a format comparable to gamma-ray observations, synthetic sky maps
are calculated. The fundamental building blocks of the spatial structure have been
defined in PSYCO as expanding spheres. These emit gamma-rays proportional to
their radioactive filling. To infer an omnidirectional map, the emission arriving at a
theoretical observer has to be calculated while retaining its directional information
on the sky. This is achieved by scanning each bubble with a ray tracing algorithm,
the basic principle of which is illustrated for the general case of an emitting spherical
shell in Fig. 4.17. This case is described below.

Observer

Ro

X Spherical shell emission

Figure 4.17: Schematic illustration of a ray tracing algorithm for a spherical shell emission in order to obtain a
synthetic flux map for a theoretical observer at position pg. It is fundamentally based on the integration
between its intersection points (Eq. 4.18) of a conceptual ray s(¢, §) coming from the observer (Eq. 4.17)
with a spherical shell at position sg with inner and outer radii R; and R,. The gamma-ray flux arriving
at the observer along each ray is proportional to the isotopic mass within the integration boundaries.

Assume the observer’s position py = (0,0,0) and the centre of the emission sphere
so = (o, Y0, 20) with radius R in Cartesian coordinates. The basic idea is now to
calculate the incoming emission along each line of sight

cos ¢ cosf
s(¢p,0)=s- | sing siné (4.17)

sin 6

in every direction around the observer with azimuth angle ¢ in the galactic plane and
zenith angle 6. In a reversed view, this is called a ray, which conceptually emanates
from the observer and is traced along the emitting volume it passes through. Since
a spherical shell is described as separated into two shells with different radii and
emissivity, the basic task is then to calculate the points of intersection of this ray
with each sphere. This is achieved by putting Eq. 4.17 into the analytical formula
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of a sphere

(scos¢cost — x0)® + (ssinpcosd — o) + (ssinh)? — R> =0

s% — 25 (wgcos ¢ cosf + yosin g cos + zosin ) + x5 +ya + 25 —R*> =0 (4.18)
¢;;0 ::g ‘

82—28p0+83—R2:O,

which is solved for the intersections closer and farther from the observer, s.;, and

Smax, DY
Srg?;c:poi\/pg—s%—i—Rg. (4.19)

Now the spherical shell between the outer radius R, and the inner radius R; is
assumed to be homogeneously filled with density

0 for0<s<R;
ps(s) =< po for B <s<R,, (4.20)
0 for R, <s

Every volume element of the sphere dV emits gamma-ray photons with luminosity of
dL = L, cpodV, where pg is the mass density and L, ¢ is the luminosity normalised
a unit Solar mass of isotope n in units of phs Mg ~!. This is calculated for a

particular emission line with energy £, via

L, Nno 1 Mg

Ln = —_—— f— —
¥o! PE PE )
Mg T, "o My

(4.21)

where pg, is the branching probability for the nuclear transition giving rise to the
gamma-ray with ., 7, is the isotopic lifetime, and N,, o is the number of atoms
which constitute one Solar mass of isotope n. The atom number can be derived
from one Solar mass M = 1.98892 x 10 kg divided by the atomic mass M, . The
latter for the case of 0Al is Mag,, = 25.986891863 u ~ 4.3152 x 10~ * kg. This gives
a ‘standard’ luminosity Loge = 1.44 X 10*2 phs™ Mg ™! for one Solar mass of 26Al
This can be obtained for any other isotope in a similar way and is summarised in
Tab. 4.8 for the three relevant isotopes in this thesis.

Table 4.8: Standard luminosities Ly, of one Solar mass of 26Al, 59Fe, and 44Ti (cf. Eq. 4.21) for different emission
lines with photon energies Iy and the respective transition probability PE., - The properties characterising
isotope n are its lifetime 7, and atomic mass My . The last column gives the power output of the
respective isotope normalised to a mass of 1075 M.

Isotope Tn [y7] M, [u] E,[keV] pg, (%] Lno [phs~ T Mg~ P, [ergs™1]

26A1 1.04 x 10° 25.99 1808.73 99.7 1.40 x 10%2 4.05 x 1031
1129.67 0.3 4.22 x 1039 7.63 x 1028

4474 89 43.96 67.88 94.4 9.65 x 10*° 1.05 x 1034
78.34 96 9.32 x 10%° 7.92 x 1033

1157.03 99.9 9.70 x 10° 1.80 x 10%°

60Fe 3.8 x 106 59.93 58.60 2.1 3.50 x 1039 3.28 x 10%7
1173.24 99.9 1.67 x 10%! 3.13 x 1030

1332.50 100 1.67 x 10%! 3.56 x 1030

The incoming flux on a particular ray is proportional to the luminosity of the in-
tersected volume. To convert this to flux arriving at an observer, this has to be
weighted by 1/(4ms?) to take the omnidirectional emission of every volume element
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at distance s into account. In order to computationally grasp this, the sky is divided
into a regular grid of quadratic pixels with angular side length 6. Each ray is then
chosen to go through the centre (¢g,6y) of one such pixel and covering the solid
angle corresponding to the pixel size. Integration along a ray and over the projected
area dA = s? dw = s? sin 0 df d¢ of the differential solid angle dw onto a sphere with
radius s then yields

L, ops(s
F(¢o,00) = ///V%Q() dsdA
L Pmax Omax [e%)
:L@/ / / ps(s)sin 0 ds df do
47T in Opmin 0

L Smin, i Smax, o
= 95 |cos | 6y — o) - cos | b + 0 / po ds + / po ds
47T 2 2 Smin, o Smax, i

Ly, : . (0
= 27r® o (\/pg — 83+ R?2— \/pg — 82 —{—R?) - 20 sinfy sin (5)

(4.22)

The final description is based the luminosity normalised to one Solar mass, L, o,
in order to achieve an equation that is easily scalable by an isotope specific factor.
This is implemented in a vectorised version in order to cover a full grid of sky pixels,
which are chosen usually with a size of 1° x 1° on a 360 x 180 grid.
Deviations from spherical shell symmetry are achieved by applying the matrix rep-
resentation of a three-dimensional ellipsoid instead of the spherical description in
Eq. 4.18. This will be used in particular to model the observationally known shapes
of nearby OB associations and can also be applied e.g. to take galactic density gra-
dients in certain directions into account.
With the total isotopic mass of a source M, obtained from population synthesis
calculations (cf. Sec. 4.2), the density is easily obtained as py = %MHR_?’ for a
homogeneously filled sphere with radius R. Together with the isotopic luminosity
(cf. Tab. 4.8) a flux map of gamma-ray emission from a modelled superbubble is
obtained with physical units of phem ~2sr~!s~!. This is repeated for each group
and finally summed into a full-sky map of the entire galactic emission as obtained
from the full model.
To save computational resources, emission sites can be treated as point-like if they
are small enough or sufficiently distant to the observer. This applies to sources that
violate the condition A 5

arctan (d) > ok (4.23)
with the source radius R, its distance to the observer d, and the pixel side length §.
The condition is also illustrated in Fig. 4.18 with o = arctan(R/d). Sources with
radii below this threshold are hit by one ray at most. In that case, its emission is
combined as point like in the pixel within which its centre (¢, 0s) lies with respect

to the observer. The flux calculation then reduces to F'(¢s,65) = %, with the

total mass M,, in units of Solar masses of isotope n within the source.
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Figure 4.18: Schematic illustration of the condition for assuming point-like emission (cf. Eq. 4.23).

e In order to model the galactic structure of radioactivity in PSYCO, star
groups are sampled on the basis of a four-arm density distribution in
space and according to a cluster formation rate inferred from the SFR in
time.

e Nearby OB associations can be treated separately to include prior knowl-
edge about them. Otherwise, each association develops a homogeneously
filled superbubble which is expanding in an isotropic ISM.

e The evolution of the isotopic content over time is introduced by popula-
tions synthesis of each group according to their initial masses.

e Synthetic sky maps of the overall resulting gamma-ray emission is calcu-
lated by ray tracing of each of these bubbles.

4.4 Model Results

The simulation of an entire galaxy requires the inclusion of a large number of physi-
cal parameters. An adequate consideration therefore also requires the allowance for
a certain variance in each of these parameters. The great advantage of the PSYCO
model described above is that it allows exactly this by limiting it to the empirically
most important predictor variables as listed in Tab. 4.9. With 100 MC runs for each
parameter configuration, a total number of 180000 full galactic model realisations is

Table 4.9: Full parameter grid used in this thesis for constructing 180000 realisations of PSYCO models. For each
configuration in model space 100 MC runs are performed to cover stochastic variations. Explodability
variations are only mapped onto the stellar model LC06 because LC18 already bears a model inherent
explodability. The last column gives cross-references for further explanations of each parameter within
this thesis.

Parameter Values Cross-reference

SFR [Mg yr~1] 1,2,4,8 Sec. 2.4.2, Tab. 2.9

IMF S55, K01, C05 Sec. 2.2.1, Fig. 2.5

Radial morphology GMO00, GM01, GM02, GM03, GM04 Sec. 4.3.2, Fig. 4.14, Tab. 4.5
Scale height [kpc] 0.1,0.2,0.3,0.5,0.7 Sec. 4.3.2, Fig. 4.14

Stellar model LCo06, LC18 Sec. 2.2.5, Fig. 2.28, Fig. 2.29

Explodability S09, J12, S+16, LC18 Sec. 2.2.5, Fig. 2.30, Tab 2.5
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obtained as basis for the analysis in this thesis. This provides the decisive opportu-
nity to specify model results with intrinsic uncertainty. The stellar models used here
were chosen because, on the one hand, they offer full time profiles for a relatively
complete set of stellar masses and, on the other hand, they are easily comparable
due to their similar model structure.

The parameter space is not entirely symmetric because different explodability mod-
els can only be mapped onto the stellar model LC06, since LC18 already bears a
model inherent explodability model. For better clarity and readability the following
presentation of results is condensed to the most significant parameter configura-
tions. Therefore, e.g. model assumptions following S09 and LC18 are interpreted
as extreme cases for explodability, and the standard IMF KO1 is used if not stated
otherwise.

4.4.1 Mass of Al and °Fe

The total simulated mass of radioactive isotopes is expected to reach an equilibrium
state between production and decay as described in Sec. 4.3.1. The actual tempo-
ral evolution of the galactic 26Al and ®°Fe mass in the PSYCO model is shown in
Fig. 4.19 for the case of SFR = 4 M, yr~! and the two stellar evolution models LC06
and LC18. As expected, convergence is reached in all cases after 50 Myr. This a

0 10 20 30 40 50
Time [Myr]

Figure 4.19: Time evolution of the total %9Fe (blue) and 26Al (green) mass for PSYCO models with SFR =
4Mgyr~! and the standard IMF KO1. Shown are the results based on stellar models LCO06 (solid
lines) and LC18 (dashed lines) with explodability S09 and LC18 applied respectively. After 50 Myr
convergence is reached with both models and for both isotopes. Shaded regions denote the 68th per-
centile of 100 model instantiations.

posteriori justifies the initial choice of the overall model time as proposed in Sec. 4.1.
Thus, in the following, the models are all analysed after 50 Myr because at that time
their physical properties have converged and vary by statistical effects of the MC
sampling processes only. This is the case independent of the particular choice of
SEFR because a change in SFR scales only the amplitude of the curves in Fig. 4.19
but does not lead to time variations. Since the time evolution beyond stochastic
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effects is described analytically, the final morphological evaluation can be limited
to the calculation of one point in time after convergence. This is a crucial aspect
because it reduces the computation time significantly for each model realisation. It
further supports the originally intended approach to calculate a large number of
instantiations of the model.

As outlined in Sec. 4.4.1, the total isotopic mass scales almost linearly with SFR
as the main physical input parameter. This is illustrated in Fig. 4.20 for 2°Al and
60Fe. The choice of IMF significantly changes the resulting nucleosynthesis yields.
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Figure 4.20: Total galactic amount of 26Al (left) and %0Fe (right) as a function of SFR for different IMFs CO05
(green), KO1 (blue), and CO5 (purple). The results vary strongly with the choice of stellar evolution
model LCO6 (solid lines) or LC18 (dashed lines) with explodability S09 and LC18 applied respectively.
Shaded regions and errorbars indicate the 68th percentile of 2500 MC runs for each model configuration.

In particular, S55 shows a low production of radioactive isotopes because of the
absence of a power-law break for low mass stars. On the other hand, K01 and C05
lead to similar results due to a comparable mitigation of low-mass star production.
Compared to the high-mass power law index, the break for low mass stars is shown
to be the more important factor for galactic chemical evolution with respect to the
IMF shape. The larger uncertainty regions for LC18 results from the higher vari-
ability of this model taking also metallicity and stellar rotation into account.

The %°Fe/?9Al mass ratio exhibits no significant variation with the choice of IMF.
This is equivalent to what was found for individual star groups in Sec. 4.2.3. Fur-
ther, it is independent of the galactic SFR and yields ~ 2.3 and ~ 7.1 for LC06
and LC18 respectively. Overall, a strong variation with different stellar models is
apparent. In Fig. 4.20, this is amplified by different explodability assumptions S09
and LC18 applied to the stellar evolution models LC06 and LC18 respectively. The
particular variance with explodability can be studied in Fig. 4.21 for the case of
LC06 with standard IMF KO01. While the 26Al mass varies by a factor of ~ 1.5 with
explodability, this is more severe for ®Fe with a factor of 3.5-4.5 due to its exclu-
sive SN origin. Additionally, the striking difference between stellar evolution models
becomes clear. The same explodability model LC18 applied to stellar models LC06
and LC18 yields a factor of ~ 6.2 difference in %°Fe mass. Taken together, the right
panels of Fig. 4.20 and Fig. 4.21 indicate that the uncertainties inherent to stellar
evolution models in predicting *“Fe output supersede those effects due to the IMF
or the explodability. With a factor ~ 1.3, this effect seems less significant for the
case of 2°Al. Overall, this emphasizes the importance of multivariate analyses for
understanding nucleosynthesis feedback.

A weak dependence of the ®“Fe/?° Al mass ratio on SFR corresponding to the re-
sulting proportion of massive-star production is found as shown in Fig. 4.22. As
expected, explodability has a major effect on this ratio because °Fe is proportion-
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Figure 4.21: Total galactic amount of 26Al (left) and %°Fe (right) as a function of SFR for different explodability
models S09 (yellow), J12 (green), S+16 (blue), and LC18 (purple) based on stellar evolution models
LCO06. LC18 (dashed line) bears an intrinsic explodability and is shown for comparison. Shaded regions
and errorbars indicate the 68th percentile of 2500 MC runs for each model configuration.
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Figure 4.22: Galactic mass ratio °Fe/26Al as a function of SFR for different explodability models S09 (yellow),
J12 (green), S+16 (blue), and LC18 (purple) based on stellar evolution models LC06. For comparison,
LC18 yields a ratio of 7.1 4 0.8. Shaded regions and errorbars indicate the 68th percentile of 2500 MC
runs for each model configuration.

ally reduced with fewer massive stars reaching explosions. Again, this seems to be
outweighed by the particular nature of nucleosynthesis yield calculations because for
explodability LC18, the stellar models LC06 and LC18 arrive at ©°Fe /26 Al = 0.940.2
and °Fe/?°Al = 7.1 £ 0.8, respectively.

Diehl et al. (2006) estimated a total galactic amount of 2°Al of (2.8 & 0.8) M, based
on the intensity of the 1.8 MeV gamma-ray line. According to the model results
presented here, such a mass requires SFR > 4 M, yr~!. For a reduced explodability
such as LC18, this even suggests SFR > 6.5 Mg yr~!. Nevertheless, this should be
interpreted with caution, especially since the basic measure of total flux and its
spatial implications and its conversion to a total 26Al mass is not straight-forward
because the geometry is more complicated than a double exponential disk (Fujimoto
et al. 2018; Rodgers-Lee et al. 2019, e.g.) and will be discussed further in the context
of PSYCO models in Sec. 4.4.3.

4.4.2 Supernova Rate

As described in Sec. 2.4.3, the galactic SNR is an important conceptual linkage
within the context of massive-star physics. This quantity can be easily studied in
the PSYCO framework by counting the explosions that occur during the course of
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Figure 4.23: Rate of galactic ccSNe per century as a function of SFR for different explodability models S09 (yellow),
J12 (green), S+16 (blue), and LC18 (purple) assuming the standard IMF KO01. The scatter is determined
from 2500 MC runs for each model configuration, the 1o region of which lies within the line width.

50 Myr. The SNR depends mainly on two model parameters, namely the SFR and
the explodability. This interdependence is illustrated in Fig. 4.23. In the case of
S09, about 50% of all SNe theoretically occur for stars more massive than 20 Mg.
This essentially determines the order of magnitude for the influence of explodability
assumptions.

Empirically from different observational tracers inferred values of the SNR in the
Milky Way lie roughly in the range 1.5-3.5 per century (cf. Tab. 2.10). This implies
a SFR > 3Mgyr! according to the presented models. Here, SFR = 4 Mg yr—!
results in a SNR of 1.4-2.0 per century, depending on explodability. This range
consistently covers what is expected from observations. Thus, the analysis so far
indicates a preferential tendency towards higher star formation rates with respect
to empirically grounded parameter boundaries.

4.4.3 Gamma-Ray Flux

The most decisive inferred model quantity with regard to a phenomenological anal-
ysis is the received gamma-ray flux. In the PSYCO framework, this is obtained
for a theoretical observer within the galaxy model at the coordinates of the Sun.
Examples of synthetic differential full-sky flux maps of the gamma-ray emission ob-
tained with different galactic morphologies are depicted in Fig. 4.24 and Fig. 4.25
for the stellar evolution models LC06 and LCI18, respectively.  These flux maps
are constructed via ray tracing as explained in Sec. 4.3.4 and include 3-dimensional
information about the distribution of individual flux contributors on top of the 2-
dimensional information about the spatial emission morphology in the sky. Panels
on the left show emission from Al decay and on the right from ®Fe. Each row,
in the joint consideration of Fig. 4.24 and Fig. 4.25, depicts one consistent MC run.
The general appearance reflects the increasing central domination from GMOO to
GMO04 as expected from the input morphologies (cf. Fig. 4.14). While the overall
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Figure 4.24: Synthetic full-sky gamma-ray maps of the 1.8 MeV line from 26 Al decay (left) and the 1.3 MeV line from
60Fe decay constructed with PSYCO. Each row represents an individual MC run based on a different
radial galactic density distribution as indicated in grey boxes (for the nomenclature cf. Sec. 4.3.2) with

a consistent scale height of 300 pc. Nucleosynthesis yields are based on LCO06 stellar evolution models
with S09 explodability for the KO1 IMF.
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Figure 4.25: Same as Fig. 4.24 for LC18 stellar evolution models with the inherent explodability. Note also the
different range of the colour scheme compared to Fig. 4.24.
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vertical distribution is symmetric towards the galactic poles, the inclusion of spiral
arms leads to an east-west asymmetry. This manifests most clearly in reduced emis-
sion around [ = 240°-270°, which corresponds to the tangential gap between the
trailing ends of the Sagittarius-Carina arm and the Local arm. Accordingly, a rela-
tively sharp emission edge around [ = 280° indicates the trailing Sagittarius-Carina
spiral arm tangent. On the other hand, its leading tangent appears at a smaller an-
gle around [ = 50° since the spiral turns narrower in that direction. Towards larger
longitudes, this is followed by an increasing emission from the approaching Local
arm, which fades again beyond [ ~ 180°. The central galactic region is generally
characterised by a bright ridge. Additionally, GM02 and GMO03 show a luminous
bulge emission concentrated at (I,b) = (0°,0°). Here and also in the following, for
the sake of simplicity, the concentrated emission from the spatial region associated
with the bulge in the Milky Way is referred to as such, although there is no explicit
modelling of the Galactic bulge involved. GMO04, the doubly exponential disk, is to
be highlighted as a morphologically special case in this list, because it shows none of
the spiral arm-specific properties, since these are not included in the corresponding
galaxy model.

The overall shape is overlaid by an irregular structure due to individual or clustered
groups. It is important to stress that the latter is an entirely stochastic phenomenon
and barely indicates actual physical correlations. The sometimes large extents and
scatter towards high latitudes of these prominent groups are nearby emission sites.
While their vertical scatter is of purely stochastic nature, their latitudinal frequency
shows a bimodal distribution. They occur more frequently towards the galactic
centre and towards the galactic anti-centre. Very nearby groups can lead to largely
extended emissions (cf. e.g. Fig. 4.24 26Al for GMO1 at [ ~ 145°-245° and b ~ —75°—
20°) or even omnidirectional contribution in the case positioning inside a radioac-
tively filled bubble (cf. Fig. 4.25 ®Fe for GM04).

60Fe appears overall fainter due to its lower activity compared to 26 Al. The isotopic
contrast is especially salient for LC06 since this model additionally comprises lower
%Fe production rates. The reduced emission leads to a distribution that appears
more concentrated in the central galactic region. For LC18, on the other hand, in-
creased ®Fe production leads to a more even emission level for both isotopes. This
also brings out another important morphological aspect more clearly. Due to the
longer half-life of ®Fe, it occurs preferentially in older bubbles and therefore appears
more diffuse than 26Al. This effect is enhanced in LC18 because in that case %Fe
ejection is additionally delayed due to stellar rotation.

Integrated Flux The total flux arriving at the observer is compared for different spa-
tial models in Fig. 4.26. Here, the focus is on the radial distribution and different
scale heights are combined, which makes a set of 500 model realisations for each
parameter configuration. The latter is limited for better clarity of the presentation
to a paradigmatic choice of the standard IMF K01 and stellar models LC06 with
explodability S09 and LC18 with its inherent explodability. Other stellar model con-
figurations scale accordingly with the total isotopic mass they produce (cf. Fig. 4.20
or Fig. 4.21).

The graphs in Fig. 4.26 underline the previously mentioned aspect that the nuclear
line from 26Al is overall more intense than ®“Fe emission lines. Nevertheless, it is
particularly striking that the intensity levels show only weak variations with galactic
morphology. The maximum is obtained with GMO01 and the minimum with GMO03.



4 Modelling Radioactivity in the Galaxy 155

T: SFR = 1 Mg yr1 SFR = 2 Mo yr1
)
IS
|S)
<
[oX
T
o
)
X
=
GM00 GMO01 GMO02 GMO03 GMO04 GM00 GMO1 GMO02 GMO3 GMO0O4
T SFR=4Moyr® SFR = 8 Mo yrL
(") .0
06
g 1.5-
s
i 04 J 1.0
o -
: ",a
< 0.2
=
GM00 GMO01 GMO02 GMO3 GMO04 GM00 GMO1 GMO02 GMO3 GMO04
Galactic morphology Galactic morphology
Stellar model Isotope
—— LC06 —— 25A1 (1.8 MeV)
--- LC18 —— 60Fg (1.3 MeV)

Figure 4.26: Total flux of gamma-ray photons from modelled 26Al (green) and $0Fe (blue) decay as observed by
a theoretical observer at the position of the Sun within the different galactic morphologies given in
Fig. 4.14. The results for different stellar models LC06 and LC18 are given for the two extreme explod-
ability assumptions S09 and LC18 respectively. Different panels correspond to different assumptions
about the galactic SFR as indicated. The standard IMF KO1 is applied in all of the displayed cases.
The uncertainties represent the 68th percentile of 500 model instantiations per parameter configuration.

The specific feature of GMO1 is a particularly prominent Sagittarius-Carina arm
directly in front of the observer towards the galactic centre. This indicates that a
significant proportion of the high total flux results from an emphasis on this nearby
structure. On the other hand, GMO03 is characterised by an exponential radial den-
sity decrease combined with the spiral structure, which places the observer between
two spiral arms. Both aspects of GMO03 reduce the local probability density for star
formation in the vicinity of the observer. This suggests that the low flux in this case
is also closely linked to local characteristics.

If the investigation is restricted to the inner galactic region between || < 30° and
|b| < 10° the picture changes to a maximum for GM02 and a minimum for GMO0O0.
This is shown in Fig. A.5 in the appendix. Since the integrated flux varies weakly
with galactic morphology, it can be approximated by constant values for each SFR.
This is summarised in Tab. 4.10. The 2°Al values for the full sky lie consistently

Table 4.10: %0Fe and 26 Al gamma-ray flux in units of 10~ phcm—2s~1.

Spatial scope Full sky Inner galaxy
SFR [Meyr~!] | 1 2 4 8 1 2 4 8
LC06 26Al 1.2 26 57 13.0 04 1.0 21 5.0
60Fe 03 07 16 37 01 03 06 14
LC18 26Al 05 12 29 62 02 05 1.0 24
60Fe 05 1.1 23 51 02 05 1.0 22

below the observationally obtained value of Fit), = (1.84+£0.03) x 10~® phcm 25!
(cf. Sec. 3.4.3), even for a very high SFR = 8 My yr~! or a galactic 2Al mass of
~ 4Mg. On the other hand, the observational °Fe flux Feop, = (0.31 & 0.06) x

103 phem~2s7! is met on average by model configurations with SFR > 4 Mg yr—!
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or 2> 4 Mg of ®Fe. This indicates a general discrepancy between modelling 6 Al and
60Fe.

On average, about 40% of the total flux originates from the inner galactic region.
This means that it is typically dominated by emission from |I| > 30° and |b| > 10°.
Particularly the high latitude sites are located nearby. The proportion of flux from
the inner galaxy shows a minimum of ~ 23% in the cases GM00 and GM01. A
maximum contribution from that region of ~ 50% is seen for GM02 and GMO3.
This is an important morphological indicator since a restriction to the inner galactic
region is used observationally in order to focus on the concentrated high-intensity
emission from that area in combination with long instrument exposure (e.g. Diehl
et al. 2006; Siegert 2017).

A comparison of the observational full-sky flux of 2°Al obtained in Sec. 3.4.3 with
the flux from the inner Galaxy Fgé‘gﬁ’r = (2.89 £ 0.07) x 1074 phem™2s~! measured
by Siegert (2017) gives an even lower proportion of ~ 16% from the central Galaxy.
Interestingly, the observed flux from this region is reached by average model results
from SFR &~ 5 Mg yr~! or ~ 2 M, of 26Al. This indicates a rough agreement between
certain model configurations and observations for the inner galactic region. It also
points out that the main source of deviation between model results and observations
apparently lies outside this spatial range.

The differentiation of galactic models according to different scale heights is shown in
Fig. 4.27. It can be seen that large parts of the uncertainties given in Fig. 4.26 arise
from different assumptions in scale height. In general, larger scale heights result in
lower total flux. This is the case because scale height increases the average source
distance to the observer. This effect is stronger for galaxy models with increased lo-
cal prevalence, i.e. GM00, GMO01, and GM04. Nevertheless, a mere reduction of the
galactic height is not sufficient to compensate for the discrepancy to the observed
Al flux.

Here, an interplay between galactic evolution and stellar evolution models can be
seen for the case of LC18. Delayed ®Fe ejection due to stellar rotation preferentially
fills old and large bubbles. If this intrinsically more diffuse emission is additionally
spread vertically, the 72 dependence of flux amplifies the scale height effect for °Fe
significantly. Other than that, Fig. 4.27 indicates that the vertical galactic scale
height appears to be a morphological parameter of minor significance with respect
to the total flux.

Spatial Distribution of Flux Contributions So far, the 2-dimensional information of
gamma-ray flux projected onto the sky around the observer has been considered.
The model environment also includes the 3-dimensional distribution of the respec-
tive flux contributions. To judge the visibility of such flux contributions, an order
of magnitude estimation based on SPI is used. With a total observation time of
~ 255Ms a flux of about 1 x 10~®phem=2s7! is required for a 1o signal of the
1.8 MeV emission line above the background. This is taken as rough lower limit
for the flux necessary in order to be potentially visible. However, visibility is a cu-
mulative matter along the line of sight. In order to visualise this, adaptive spatial
binning (Cappellari & Copin 2003) is used to obtain Voronoi tessellations, each of
which consistently contributes a flux of 107 phem™2s7! at the position of the ob-
server. This is shown Fig. 4.28 for a projection of 2Al and ®°Fe flux contributors
onto the galactic plane. The case for SFR = 4 Mg yr~! and stellar model LC06
with explodability S09 is shown. The same representation for SFR = 2 Mg yr—! and
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Figure 4.27: Total flux in units of 1073 phcm~2 s~ lin units of 1073 phcm~2s~1 of gamma-ray photons from mod-
elled 26A1 (left) and SOFe (right) decay as observed by a theoretical observer at the position of the
Sun within different galactic morphologies as indicated in grey boxes. Different colours indicate the
variation of the vertical galactic scale height z for each model, which is labelled in units of kpc. This
is given for two stellar evolution models LCO06 (solid lines) and LC18 (dashed lines). The uncertainty
regions denote the 68th percentile of 100 MC runs each.

SFR = 8 M, yr~! is depicted in the appendix in Fig. A.7 and Fig. A.8 respectively.
Each spatial bin contributes the same flux to the observer. The colour-coding de-
notes the size of the region which is necessary to accumulate that flux. Therefore,
bright areas indicate regions with a high density of visible flux contributors. For the
mostly spiral-arm dominated morphologies, these are found in close vicinity to the
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Figure 4.28: Radial distribution of modelled flux contributions for a theoretical observer (white) from 26Al (left)
and %9Fe (right) decay. Each row represents average results of 500 model instantiations based on spa-
tial models as denoted in grey boxes (for the nomenclature cf. Sec. 4.3.2). The fundamental model
assumptions are stellar evolution models LC06, explodability S09, IMF K01, and SFR = 4 Mg yr—1.
The latter corresponds to a total mass of (1.81 & 0.07) Mg and (4.21 & 0.18) Mg, of 26Al and %CFe
respectively. Adaptive spatial binning (Cappellari & Copin 2003) was used to obtain Voronoi tessella-
tions as spatial bins, each of which consistently contributes a flux of 10~% phcm—2 s~ ! for the observer.
The colour scale refers to the collecting area covered by each such pixel. The galactic centre lies at
(z,y) = (0,0) and the spiral arm centroids are indicated by grey lines (cf. Fig. 2.44). The distributions
for SFR = 2Mgpyr—! and SFR = 8 Mg yr—! are shown in the appendix in Fig. A.7 and Fig. A.8
respectively.
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observer. This confirms the previous indications that local emission is of particular
importance for the explanation of the overall sky. Especially the leading edge of the
Sagittarius-Carina arm directly in front of the observer towards the galactic centre
appears prominently if such a structure is included. On the other hand, the Local
arm towards the galactic anti-centre is significantly less prominent except for the
flat distribution in the GMO0O case. For the two centrally dominated morphologies
GMO03 and GMO04, a strong flux component arises concentrated from the galactic
centre. GMO04 also shows a rather pooled local component. This is due to the fact
that the doubly exponential disk goes smoothly with radius and omits a spiral arm
gap around the observer. Overall, the 2°Al and *“Fe gamma-ray flux follows similar
distributions. However, since °Fe emission has lower intensity, it is more concen-
trated towards the prominent features just discussed.

The cumulative flux arriving at the observer position from within a certain radius is
shown in Fig. 4.29. The first thing to note here is that in all cases, on average 50%
of the entire emission are received from within 6 kpc maximum for the shallowest
increase in GMO03. For GM00 and GMO1, a radius of only ~ 2.8 kpc already contains
half the total flux. These radii exclude especially the galactic centre at a distance
of 8.5kpc. On average, ~ 30% of the entire flux is enclosed within 2 kpc, which is
about the distance to the Local arm tangent. Particularly noteworthy is also the
large scatter at small distances. In 0.3% of all cases, 90% of the total flux originates
from within a radius of 6 kpc around the observer. This means in these cases the
local component outweighs the overall galactic emission by far.

In order to assess the morphological adequacy of the PSYCO models, the cumulative
flux distribution obtained for the hydrodynamic simulation by Rodgers-Lee et al.
(2019) is added as grey lines for comparison. The four graphs correspond to four
different observer positions on the Solar circle within the simulated galaxy. This
simulation appears generally rather centrally dominated and is thus resembled clos-
est by GMO03. The observer positions show a large intrinsic scatter in the received
flux with an indication for a strong component from the Local arm distance. In
that case, spiral-arm dominated morphologies like GMO1 are closest the shape from
the hydrodynamic simulation. Overall, the degeneracy between local and galactic
emission seems also to be found in the hydrodynamic simulation. This is covered by
PSYCO using the canonical choice of morphologies in Sec. 4.14. Overall, this shows
the promising possibility of a combined approach by a prepending detailed MHD
simulation of the large-scale stellar feedback dynamics as done e.g. by Rodgers-Lee
et al. (2019) or Fujimoto et al. (2018) and, morphologically based on that, a sub-
sequent modelling by PSYCO to test the important model parameters through a
large number of instantiations.

Looking at the four galactic quadrants as defined in Fig. 2.44, an asymmetry is
apparent for models including spiral arms. As expected, in GMO04 this asymmetry
is absent. The largest flux is received from QIV, i.e. 270° < [ < 360°. This re-
flects the trailing side of the Sagittarius-Carina arm which is is passing by closely
in this quadrant. It outshines the leading arm side in QI, i.e. at 0° < < 90°. In
the direction of the galactic anti-centre, the main contribution originates from the
Local arm seen by an excess in QII, i.e. from 90° < [ < 180°. For the case of an
enhanced Local arm such as in GMOO, this quadrant even dominates entirely within
a radius of 4.5 kpc. Such an enhanced flux of QI seems inconsistent with Milky Way
observations (cf. e.g. Diehl et al. 2018a, 466). Nevertheless, a general observational
indication of more emission from QIV (cf. e.g. Fig. 1.1 or Kretschmer et al. 2013;
Bouchet et al. 2015) would be consistent with a pronounced contribution from the
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the distance scale is linear.
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Sagittarius-Carina arm in front of the observer.

A general shift of superbubbles filled with nucleosynthesis ejecta with respect to the
spiral arm centroids is widely discussed in literature as outlined in Sec. 2.4.4. Such a
shift can be investigated in the PSYCO framework by rotating the canonical spiral
arms by a certain angle in the galactic plane. To estimate the maximum effect of
this, one instantiation of the morphology with the most salient nearby spiral fea-
tures, GMO1, is fully rotated clockwise with respect to the projections in Fig. 4.28
by 360° in steps of 0.25°. The variation of the total flux as a function of the ro-
tation angle of the galaxy model is depicted in Fig. 4.30. Starting in a dip at 0°,
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Figure 4.30: Upper: Total gamma-ray flux from 26Al (green) and %9Fe (blue) as a function the rotation angle of
the spatial PSYCO model in the galactic plane. Rotation is clockwise for the projections in Fig. 4.28.
The flux values Feop, = (0.31 +0.06) x 103 phcm™2s™! (Wang et al. 2020) and Fie ,, = (1.84 &

0.03) x 1073 phem 257! (cf. Sec. 3.4.3) are shown as dashed lines with shaded uncertainty regions.
The model configuration is characterised by morphology GMO01 with 300 pc, stellar model LC18, IMF
K01, and SFR = 2Mg yr~!. Lower: Same as above for the 5°Fe/26 Al flux ratio.

the overall received flux shows a regular pattern about ~ 90° as expected from the
global structure of four spiral arms. Maxima are reached after around 30°, 120°,
210°, and 300°, which correspond to the passages through the four spiral arms. This
indicates that for an overall offset of radioactively filled superbubbles of ~ 15°-45°
preceding the spiral arms the total measured flux increases on average by a factor
of about 2. On top of the overall sinusoidal shape there is an additional variation in
distinct and locally restricted peaks. These features arise from incidentally bright
foreground sources and therefore accumulate preferentially in regions where the ob-
server is placed close to or inside a spiral arm. One particularly striking instance of
such features stands out around rotation angle 134° as a prominently bright peak
of 25Al emission. This will be discussed separately in the next paragraph.

The Fe emission in this model configuration seems overall consistent with mea-
surements by Wang et al. (2020) in the case of such an offset. However, this is to
be interpreted with caution because of the large degeneracy between different model
variables, such as SFR, IMF, yield model, or explodability. Their impact can easily
exceed a factor of 2. On the other hand, the general discrepancy between modelled
and measured 2°Al emission spans about an order of magnitude, which is, according
to the previous discussion, on average not accountable by any model configuration,
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except for a unreasonably high SFR.

Outliers The striking peak of 26Al emission in Fig. 4.30 indicates that certain in-
cidental spatial model configurations can vary the modelled flux by up to an order
of magnitude. Flux maps from the respective region are depicted in Fig. 4.31 as
spatial sequence of 1° steps around 133.5°. It is characterised by the direct passage

S8 3008 1 240°
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° ) 3000 240°

|
1 1 1 1 1 1 1 1 I
10°  10° 10" 10°  10° 10" 10°  10° 10"
Intensity [cm~2 sr1 s71] Intensity [cm~2 sr™1 s71] Intensity [cm~2 sr™1 s71]

Figure 4.31: Gamma-ray sky maps of the galactic model described in Fig. 4.30 for the spatial sequence of model
rotation angles 132.5° (left), 133.5° (middle), and 134.5° (right). Upper: 1809keV emission along
the three spatial steps. It shows the passage through a superbubble filled with 5.6 x 1074 Mg 26Al
emerging from a 6.9 Myr old stellar group with a total mass of 3.7 x 10* Mg. The total flux reaches
a maximum of 2.81 x 1073 phcm~2s~! in the upper middle panel. Lower: 1332keV emission. The
young and bright 26 Al bubble contains only negligible amount of $9Fe.

through a superbubble densely filled with 26Al. In this model realisation, this par-
ticular bubble originates from a 6.9 Myr old stellar group with a total stellar mass of
3.7 x 10* M. Due to its young age, it contains 5.6 x 107* M, of 26Al from massive-
star winds and only negligible amounts of %°Fe. Its centre passes the observer with
a minimum distance of only 33 pc about 20 pc below the galactic plane in the direc-
tion of the galactic anti-centre. Due to the radial extent of 89 pc of the superbubble,
the observer is fully encased at that point. This results in an omnidirectional emis-
sion with a slight anisotropic excess towards the bubble centre, which is located at
(1,b) = (180°, —65°) (cf. upper middle panel in Fig. 4.31). Here, the 1809keV flux
from this group only reaches a maximum of 2.40 x 1073 phem=2?s™!, which domi-
nates the total flux of 2.81 x 1073 phem =2 st by far. On the other hand, this bubble
is basically dark in 1332 keV emission since it is too young to have produced signifi-
cant amounts of ®“Fe. Thus, this feature is not seen in the lower panels of Fig. 4.31.
Besides the spatial peculiarity, this additional temporal configuration consistently
reduces the ®Fe/?6Al flux ratio. Altogether, this incidental arrangement results in
a remarkable coincidence with values from observing the Milky Way from the Solar
System concerning the 26 Al flux, the %°Fe flux, as well as the ®°Fe/?6Al flux ratio as
shown in Fig. 4.30. Against this background, a potential importance of such outliers
is highlighted.

In order to assess the relative frequency of such outliers, the full distribution of
model samples is considered in Fig. 4.32. The histograms show the total fluxes
from 500 model realisations for each combination of stellar model LC06 or LC18,
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Figure 4.32: Total flux histograms for 500 PSYCO model realisations for each combination of stellar model LC06
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observational values from the Milky Way for Fzs ,; = (1.84 +0.03) x 1072 phem =271 (cf. Sec. 3.4.3,
left), Foop, = (0.31+0.06) x 1073 phcm™2s™* (Wang et al. 2020, middle), and their ratio right.

SFR = 2Mgyyr~! or SFR = 4Mgyr~!, and all five galactic morphologies. The
overall picture was already discussed in the context of Fig. 4.26. The histogram
visualisation now allows to emphasize the exceptional cases, i.e. in particular con-
figurations with high 1.8 MeV flux close to the observed Milky Way value. Such
configurations occur regardless of the galactic morphology, SFR, or stellar model
with a probability on the order of 1073-1072. They seem to be more frequent in the
case of GMO1 because this morphology emphasizes on the Sagittarius-Carina arm
and therefore nearby components. The probability of outliers increases for higher
SFR since more stellar associations are produced. Additionally, LCO6 yields gener-
ally a higher Al mass than LC18. As already mentioned, an additional temporal
configuration is required to coherently also produce a low °Fe/?6Al flux ratio con-
sistent with the Milky Way value. This occurs in only about 1072 of all cases which
is therefore considered a very rare event.

Considering the isolated flux from the inner galaxy with |I| < 30° and [b] < 10°
(cf. Fig. A.6 in the appendix), the frequency of outliers reduces strongly. This un-
derlines the findings earlier in this section that this region is mostly influenced by
average galaxy-wide emission. Since most of the galactic mass lies within the inner
galaxy region and the 1.8 MeV Milky Way flux value is on average reproduced for
SFR = 4M yr~! and LC06, which is only weakly dependent on the specific spatial
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configuration, an overall Galactic 2 Al mass of Mas ,; = 1.8 M, indicates a reasonable
estimate for the Milky Way. Within the statistical uncertainties, this is in agreement
with the previously found estimation of (2.8 £ 0.8) Mg, by Diehl et al. (2006) with a
tendency towards the lower range. On the other hand, this nevertheless emphasizes
the importance of local flux contributions in the vicinity of the Solar System.

It is important to note that the multiplicity of model parameters can lead to a cer-
tain degree of degeneracy which cannot be addressed by the total gamma-ray flux or
ratios alone. A more distinguished analysis to assess the adequacy and importance
of individual parameters towards a more profound understanding of this complex
system is elaborated in Sec. 5.4 using 17.5yr of SPI full-sky data.

4.4.4 Nearby OB Associations

The importance of nearby emission emerged consistently in the previous consider-
ations and modelling results. Since this has also been suggested from observations
in the particular case of the Milky Way, this flux contribution can be modelled
separately on the basis of the prior empirical knowledge. In Sec. 4.3.2, the basic
properties of the nearby associations have been outlined and the characteristics of
the known knowns been summarised in Tab. 4.7. The latter category of stellar
groups is associated with observationally determined extents, ages, distances, and
26A] fluxes. The missing %°Fe information can be estimated assuming a canonical
star group of the type of the well studied Orion region (Voss et al. 2010) and using
population synthesis. The results are listed in Tab. 4.11. This indicates poten-

Table 4.11: $0Fe gamma-ray flux in units of 1074 phcm ™2 s~ ! estimated for known knowns (cf. Tab. 4.7) by using

population synthesis with different stellar model configurations for a canonical stellar association of the
type of Orion OB1, i.e. 640 stars in the range 8-120 M (Voss et al. 2010). Statistical uncertainties are
inferred from 102 MC runs.

Stellar model Explodability | Cyg OB1-9 Ori OB1 USco UCL LCC
+0.2 +0.1 +3.2 +0.7 +0.6

Lo o c0gr OBy 085 294p 30
~—0.2 ¥—0.1 v—-3.5 *~—0.9 1—0.7

S+16 0.7103 04107 79733 26707 24108

LC18 0.0 01701 0.0  20%5%  1.0702

LC18 LC18 0.0 0.85% 0.0 74725 121123

tial test fields for observational studies of SN yields. Their combined 2°Al flux is
Fiopy = 2.9 x 107* phem =2 s~ (Siegert 2017).

In order to assess the known unknown star groups, a combined OB association cat-
alogue from Melnik & Efremov (1995) and Melnik & Dambis (2017b) is used. This
includes a radius of ~ 3.5kpc around the observer. With documented positions,
extents, and inferred ages, the bubble size and the isotopic content for each of these
groups is estimated via population synthesis. For this purpose, dynamic ages are
applied as described in Sec. 4.3.2. Both components are finally combined into sky
maps for the isolated consideration of known nearby OB associations. These are de-
picted in Fig. 4.33 as average over 103 MC instantiations on the basis of LC06 as well
as LC18. Both, in Al and ®°Fe emission they are dominated by the three known
regions Cygnus, Sco-Cen, and Orion. The Cygnus region around [ = 80° appears
particularly bright and Sco-Cen and Orion extend to relatively large heights. The
detailed total contributions including the known unknowns are listed in Tab. 4.12.
Altogether, the nearby OB associations within ~ 3.5kpc localised by observations
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Figure 4.33: Full-sky maps of the 26 Al (left) and %0Fe(right) emission from known nearby OB associations modelled
with PSYCO using their characteristic properties as described in Sec. 4.3.2. The upper maps represent
modelling based on stellar models LC06 and the lower on LC18.

Table 4.12: Gammarray flux from known unknown star groups and the combined contribution of known knowns
and unknowns (nomenclature see Sec. 4.3.2) in units of 1074 phcm~2s~!. Estimates are based on 103
population synthesis calculations for canonical Orion-like star groups.

Known unknowns Combined
Stellar model  Explodability 60Fe 26A] 60Fe 2641
LCO06 S09 0.6;:%%1 2.1$§;§ 2.4%‘3);? 5.0£§;§
LC18 004750 11755 0.3%5; 4.05,%
LC18 LC18 03701 16705 23708 4570

can account for 20%-30% of the total measured 2°Al emission in the Milky Way.
This sets a lower limit as model constraint for the 26 Al gamma-ray flux from this
domain. As was found in Fig. 4.29, this is reproduced by all galactic morphologies
used with PSYCO in this thesis. However, model results have to be interpreted with
caution in this respect since the used kinematic OB association catalogues show an
observational bias towards smaller and therefore younger groups. Older and chem-
ically more enriched groups may be missed by those catalogues. The particular
consideration of nearby associations already exceeds the average total 26 Al flux ob-
tained for SFR = 2Mg yr~! modelled with PSYCO. This indicates that a higher
SEFR is required in the model in order to obtain sufficiently dense clustering of OB
associations in the vicinity of the observer. On the other hand, the ®*Fe gamma-ray
flux from nearby OB associations is rather uncertain due to the strong dependence
on the assumed explodability model. This underlines the importance of studying
the nucleosynthesis processes of SNe in order to obtain a coherent picture of the
galactic chemical evolution. To address this particular issue, PSYCO has been ex-
tended by the option to model short-lived radioisotopes ejected directly from stellar
explosions. This will be explained in a short excursus in the following Sec. 4.4.5 for
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the example of *Ti.

4.4.5 Short-Lived Radioactivity: *Ti

The decay radiation of short-lived radioisotopes constitutes a direct tracer of nucle-
osynthesis processes due to prompt stellar explosion mechanisms. These processes
are subject to intensive simulation work in order to model and understand the
complex dynamics of ccSNe (e.g. Janka 2012; Burrows et al. 2018). An observation-
ally important isotope produced in such events is *4Ti. Its explosive nucleosynthesis
yields have been theoretically estimated e.g. by Limongi & Chieffi (2018) or Timmes
et al. (1996) within the range 107°~10~* M. This is of the same order as the longer-
lived isotopes 2°Al and ®°Fe. Due to the more than four orders of magnitude smaller
lifetime of only 89yr, individual ccSNe are expected to be bright in nuclear *4Tji
gamma-rays lines with energies of 68 keV, 78 keV, and 1157 keV. On the other hand,
the short lifetime strongly limits this emission both spatially and temporally. There-
fore, these gamma-ray sources are restricted to their immediate production site and
appear point-like rather than extended in observations. As confirmed in a recent
study by Weinberger et al. (2020) using SPI, about 1-2 such sources are detectable
from the Solar System above a detection limit of ~ 1 x 107° phem™2s!(cf. also
Grebenev et al. 2012; Boggs et al. 2015; Tsygankov et al. 2016; Grefenstette et al.
2017). This observational frequency can be used to test the theoretical model yields.
For this purpose, the PSYCO framework is extended to also model the galactic dis-
tribution of short-lived isotopes from ccSNe. Since the standard temporal binning
of 5 x 10*yr is too coarse in order to cover phenomena on timescales on the order
of 101-10% yr, a separate approach is implemented for those. For each ccSN event
per regularly sampled star group, the **Ti yield and the exact time of explosion is
collected. The remaining mass after 50 Myr is then calculated for each source via the
radioactive decay law. The resulting gamma-ray flux is finally inferred by assuming
a point-like emission at the sampled distance of the respective stellar association.
In this way, a full-sky gamma-ray flux map of modelled *4Ti emission is constructed
on the basis of LC18 SN yields as shown in Fig. 4.34. As expected, only few sources
appear as bright individual pixels near the galactic plane. Due to the rareness of
the events considered, the only clear morphological characteristic that can be read
off such sky map is a concentration towards the galactic plane in the direction of
the galactic centre.

The number of detectable sources depends on the instrumental detection thresh-
old. This is shown in Fig. 4.35. For SFR = 2Mg yr~! the number of on average
detectable ccSNe in *Ti gamma-rays above a flux threshold of 107° phecm=2s7! is
~ 0.6 and therefore below the observationally indicated range. Nevertheless, this is
in agreement within the statistical 1o scatter of the galaxy models of 1 which is
calculated from 100 MC instantiations for each of the model configurations and is
omitted in Fig. 4.35 for better readability. This scatter is the case independent of
the specific choice of galactic morphology. Assuming SFR = 4 M yr~!, an average
number of 1.4 4+ 1.1 detectable **Ti sources is produced, which matches the mea-
surements from the Milky Way. Considering the relation between SFR and SNR
shown in Fig. 4.23, this is points to a galactic rate of ccSNe of 1.4 4+ 1.1 per century.
A reduction of the detection threshold with future instruments would increase the
number of SN remnants for which short-lived nucleosynthesis studies will be made
possible and therefore benefit the accuracy of such estimates. Nevertheless, this
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Figure 4.34: Galactic sky-map of 44Ti gamma-ray sources modelled with PSYCO on the basis of LC18, SFR =
4Mg yr~1, and spatial model GMO1. As expected, only few individual pixels near the galactic plane
appear bright, the four brightest of which are highlighted by grey circles.
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Figure 4.35: Number of detectable 44Ti point sources in the Milky Way for different galactic morphologies and
using the LC18 nucleosynthesis yields with the K01 IMF. Colours correspond to different gamma-ray
detection thresholds. Solid lines indicate connect values for SFR = 2Mg yr~! and dashed lines for
SFR = 4 Mg yr—!. Each point gives the average of 100 MC runs with a 1o scatter of about %1, which
is omitted in the figure for better readability.

result affirms and extends the consistency of the PSYCO modelling approach for
galactic nucleosynthesis feedback also on the basis of short-lived radioisotopes.
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e A total number of 180000 realisations of the PSYCO model is used to
analyse a parameter grid comprising SFR, IMF, galactic radial morphol-
ogy, scale height, stellar nucleosynthesis yields, and explodability models.

e Nearly-linear relationships between SFR and total galactic 2°Al and %°Fe
content have been found for a variety of model configurations with a
tendency towards larger SFR > 4 Mg yr—! being consistent with global
flux observations.

e A link between SFR and SNR based on 26Al and °Fe is presented with
1.4-2.0 ccSNe per century for SFR = 4 Mg yr—.

e The modelled nuclear gamma-ray line flux shows a prominently irregu-
lar structure from nearby superbubbles on top of a galactic component
mainly reflecting the close-by spiral structure. %°Fe appears more diffuse
than 26Al. The measured flux from the inner galaxy is on average repro-
duced by some model configurations, while the full-sky flux of 1.8 MeV is
systematically underestimated, probably owing to foreground emission.

e Particularly striking outlier models incidentally reproduce measured
gamma-ray characteristics in 2°Al, ®Fe, as well as Fe/?0Al flux ratio
by very nearby and young star groups which are bright in 26 Al and dark
in °Fe emission.

e Currently known nearby OB associations within ~ 3.5kpc account for
about 20%—-30% of the total measured 1.8 MeV flux.

e The number of 1-2 ccSN remnants observable by #4Ti decay in the Milky
Way are modelled consistent with SNR ~ 1.4 + 1.1 per century.




5 Comparing Models to Gamma-Ray Measurements 169

5 Comparing Models to Gamma-Ray
Measurements

“We have become trapped by our capacity
for abstraction: it provides us with
accurate descriptive information, but
serves to undermine our belief in the
utility and meaning of existence.”

— Jordan B. Peterson (1999, 19)

The analysis of the nucleosynthesis signature in the Milky Way and the Solar Sys-
tem in the course of this thesis has now arrived at a conceptual configuration with
empirical measurements on the one hand (cf. Ch. 3) and theoretical models on the
other hand (cf. Ch. 4). As will first be explained in Sec. 5.1, these two components
are undoubtedly separated by an ontological chasm. The remainder of this chapter
will therefore be devoted to the task of conceptually bridging this gap and nonethe-
less combining these two essentially different components in a scientifically fruitful
way. This concludes the investigatory course of this thesis by a comprehensive con-
sideration of the three astrophysical scales of the nucleosynthesis feedback processes,
which were discussed in Ch. 2 as fundamental, namely from individual sources in
Sec. 5.2, over groups of stars in Sec. 5.3, up to the entire Galaxy in Sec. 5.4. This
will be summarised in a discussion and outlook in Sec. 5.5.

5.1 An Epistemological Impasse in Comparisons?

As visualised in Fig. 4.1, the indirect route of astrophysical inquiry via theoretical
models in principle presupposes their conceptual compatibility with empirical data.
This is a cornerstone of astrophysical research which is often questioned indirectly
or even disregarded. Objections in this regard come both from observers and theo-
rists and can be subsumed under the flippantly formulated allegation that apples are
compared with oranges. Since this chapter is explicitly concerned with the compar-
ison between models and data, it is important to give a short outline of the general
lines of argumentation in this respect.

The criticism of observers is usually that models and simulations are under-deter-
mined in relation to actually measured physical systems; the components, which
are therefore fundamentally different, would thus be supposedly incompatible. The
inverse extreme of overly detailed models compared to limited experimental pos-
sibilities boils down to a similar point of criticism. This aspect has already been
discussed in detail in Sec. 4.1. It is important to repeat that this is a delicate ar-
gument, because it can be used in a very general way as an argument against any
scientific assessment of general laws and regularities. On the other hand, however,
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it is of great importance in order to direct the focus of simulated properties to ob-
servationally relevant features.

The criticism on the part of theory follows mostly one of two arguments (Ellis &
Silk 2014). One is that observations may be too poorly resolved or too strongly
affected by measurement uncertainties to allow for a well-founded evaluation of the
simulation. A second line of argument is based on the statement that any particular
simulation represents a realization of a general case, while the measurements may
be limited to a few unique cases. Although a basic comparability would be granted,
it is casually argued that this would generally not be meaningful, since the two
components are obviously different in nature.

On closer examination, these arguments can strictly speaking not serve as general
objections against the comparability of models and data, but as practical rejections
of the respective model. This can be fundamentally assessed by a recourse to the
axiomatic primacy of empirical measurements in physical science. This means that
the functionality of theoretical models is actually limited to their comparability with
empirical data. In other words, a simulation or model that cannot be properly eval-
uated due to insufficient data is simply not a tool of empirical science.

To refer to the often used proverb of the impasse of comparing apples and oranges
mentioned at the beginning of this section, it should be noted that this is generally
neither a valid nor a helpful objection. Pointing out the essential difference be-
tween entities like apples and oranges can be reduced to the trivial statement that
something is not something else. Alluding to their suspected incomparability is a
rhetoric shortcut avoiding the fact that comparability is a matter of perspective.
If it is possible to find a transformation of object properties into a common space,
the respective objects are ultimately made comparable in that space. And since
each object under consideration must represent an empirical phenomenon in order
to be scientific, they must be comparable according to the aspects of their respective
phenomenology. In this regard, even a comparison yielding fundamental differences
is not at all invalid but in fact informative.

Overall, this particular section is therefore, following the argument by Ellis & Silk
(2014), which is intended to support the primacy of empiricism in physical science.
These very general remarks are made here, since such objections affect the field of
gamma-ray astrophysics in particular, due to the difficult measurements. Based on
this short presentation, it can be stated that there is actually no general epistemo-
logical impasse in comparisons. On the contrary, precisely because of the challenging
data situation, the fullest possible exploitation of these data with reference to theo-
retical models promises the greatest possible scientific progress. This principle will
therefore be applied in the following sections at the fundamental levels for research
about nucleosynthesis feedback. Stellar evolution models are compared to gamma-
ray measurements of an individual stellar system, ? Velorum, population synthesis
calculations are probed against the signature from the Perseus OB associations, and
a detailed morphological analysis method is developed to exploit the full Galactic
gamma-ray signal with recourse to full galaxy simulations.

To retain the functionality of theoretical simulations and models as tools of
empirical science, comparability with measurements must be ensured in an
informative way.




5 Comparing Models to Gamma-Ray Measurements 171

5.2 Individual Source: 7? Velorum

According to Sec. 2.2, single stars are the driving agents of nucleosynthesis feedback.
A fundamental understanding of these processes is therefore best based on a detailed
investigation of these individual objects. Therefore, the measurement of the nuclear
26 Al line is investigated here from the binary star system 7?2 Velorum which is the
source most likely to be suitable for this purpose due to its proximity to Earth.

5.2.1 Object Characteristics

The spectroscopic binary star system v? Velorum is positioned at Galactic coordi-
nates ([,b) = (262.8°, —7.7°) in the Vela OB2 association (van Leeuwen 2007) and
was first described by Sahade (1955). It consists of a O7-type star and a WC8 star.
Due to the latter, the system is also designated WR 11, referring to its WR charac-
teristics. The distance of the system with respect to the Solar System is determined
as 33672 pc (North et al. 2007), moving away from the observer with a radial velocity
of (15 4+ 3)kms™" (Gontcharov 2006). Other distance determinations yield values
between 25873] pc (Schaerer et al. 1997) and 480 pc (Pozzo et al. 2000). Despite
the considerable uncertainty, this makes WR 11 the closest WR-type star to Earth.
In combination with the expected emission of fresh nucleosynthesis products due
to the WR nature, this system is perfectly suited as a test object of an individual
nucleosynthesis source.

Current estimates of the mass ratio determine the WR component with Mwgr =
(9.0+0.6) M, and radius Rwr = (6 £3) Ry as secondary star accompanying the O7
star with Mo = (28.5+1.1) Mg, and radius Rp = (174+2) Ry, as primary component
of v* Velorum (De Marco et al. 2000; North et al. 2007). Earlier mass estimates
yielded an inverted ratio with Mwg = (30 £ 2) Mg and Mo = 9772 Mg (Schmutz
et al. 1997). This would imply a reversed attribution with a primary WR star and
a secondary O-type star. Despite this tentativeness, the total mass of the system is
obtained consistently with ~ 40 M. According to star cluster models, this suggests
that the system originates from a cluster with at least > 500 My since otherwise
such a massive object would not occur (Mapelli et al. 2015, cf. also Sec. 4.2). The
binary components orbit each other with a period of P,; = 78.53 4+ 0.01 days
and an eccentricity e = 0.334 = 0.003 (North et al. 2007). The broad line char-
acteristic of the Wolf-Rayet component indicates strong mass loss with a rate of
Mwr = 2.5 x 107° Mg yr~! (Benaglia et al. 2019) and escape wind velocities of
Voo = 2.5 X 10°kms™! (De Marco & Schmutz 1999) ejected from WR 11. Although
the companion O7 star usually ejects about one order of magnitude less dense winds,
it is launched with a similar velocity. The opposing material flows collide and give
rise to a wind collision region (Eichler & Usov 1993). Thus, the system is also clas-
sified as a colliding wind binary.

Measurements of the UV and X-ray radiation from this region revealed radiatively
driven instabilities in shocked high-temperature material surrounding a pronounced
wind cavity around the O star (St Louis et al. 1993; Willis et al. 1995). Due to the
interaction of the winds with stellar magnetic fields and relativistic particles in the
collision region, gamma-ray emission in the GeV range is expected from this source
(Werner et al. 2013). A luminosity of L.2ve = (3.7 0.7) x 10** ergem™2s™! of the
system in the 0.1-100 GeV range is inferred by Pshirkov (2016) from a flux excess
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detected with the Fermi Large Area Telescope (LAT) from the direction of 42 Velo-
rum. However, this detection covers about 10? arcmin, which encloses a multitude
of candidate sources. While radio interferometric data at 1.4 and 2.5 GHz confirmed
WR 11 as possible gamma-ray producer, seven other possible candidates were also
confirmed in the same region (Benaglia 2016). Recently found evidence for a vari-
ability of the v-ray emission in agreement with the period of v? Velorum supports
an origin from this system (Marti-Devesa et al. 2020). Overall, the spectral index
of WR 11 is consistent with thermal emission, which may indicate that suspected
synchrotron radiation from colliding winds is in large parts absorbed in the stellar
photospheres due to their close separation (Benaglia et al. 2019).

The binary 7?2 Velorum is part of the v Velorum sub-cluster of the Vela OB2 as-
sociation. This cluster is in turn again divided into two kinematically separable
subdivisions that lie along the line of sight from the Solar System and differ by
about 1-2 Myr in age (Franciosini et al. 2018). This indicates a sequential star for-
mation event driven by stellar feedback in the past. The sub-cluster contains many
lithium-rich pre-main sequence stars and is therefore considered relatively young be-
tween 10-20 Myr (Jeffries et al. 2009, 2017). Spectroscopic radial velocities obtained
with Gaia revealed significant expansion of the sub-cluster as well as the entire Vela
OB2 group, which specifies it as an unbound association (Armstrong et al. 2020).
With an age of only between (3.5 £ 0.4) Myr (De Marco & Schmutz 1999; North
et al. 2007) and (5.5+1.1) Myr (Eldridge 2009), v* Velorum itself is estimated to be
even younger than the field average. This age is around the onset of 26Al ejection
as expected from stellar evolution models. Additionally, the object is characterised
by an extensive mass-loss rate. Therefore, it constitutes an intriguing observational
target for the investigation of nuclear gamma-ray lines and thereby testing stellar
model calculations. The age determinations are also around the boundary at which
the system is supposed to have already experienced binary interaction in the form
of a mass transfer event (Eldridge 2009). This makes it additionally a target for
probing the specific case of possibly enhanced nucleosynthesis wind yields due to ro-
tational mixing and mass transfer in binary systems. These aspects will be pursued
further in the following Sec. 5.2.2.

Two other objects in the vicinity are explicitly considered in the following analysis,
i.e. the two putative SN remnants Vela Junior and the Vela Supernova Remnant.
Vela Junior is situated at ({,b) = (266.3°, —1.2°) with an angular diameter of ~ 2°
(Green 2014). The age of the remnant is determined to < 1500 yr and was initially
assumed to lie about 200 pc away from the Solar System (Aschenbach 1998; Iyudin
et al. 1998). More recent estimations yield a larger distance of 2 0.5 kpc (Allen et al.
2015). The object was discovered due to its *Ti gamma-ray emission by Iyudin et al.
(1998) with COMPTEL. The central stellar remnant inside the explosion debris is
identified as neutron star (Pavlov et al. 2001).

The position of the Vela Supernova Remnant is (I,b) = (263.9°, —3.4°) and extends
over 4.25° in the sky (Green 2014). While its distance is with (250 £ 30) pc (Cha
et al. 1999) comparable to that of Vela Junior, it is about ten times older with an
age of 1.1 x 10*yr (Taylor et al. 1993). The central object is the Vela Pulsar, which
is a fast rotating neutron star (Fey et al. 2004). However, the actual nature of this
object being a SN remnant is still debated (e.g. Acero et al. 2016).
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5.2.2 26Al Signal from +? Velorum

Due to the WR nature and the unique proximity to the Solar System, v? Velorum
is particularly suitable for studying the Al gamma-ray signal from a single stellar
source. This was first investigated by Oberlack et al. (2000) using COMPTEL. The
authors did not detect the 1.8 MeV gamma-ray line and provided a 20 upper flux
limit of 1.1 x 107> phem™2s7!. Based on the distance estimation of 258771 pc, this
also sets a limit of (6.377}) x 107° Mg, on the %Al yield from 7* Velorum. This
was followed up by Mowlavi et al. (2004, 2005) using 1.8 Ms of INTEGRAL/SPI
measurements, which yielded an upper flux limit of 2.6 x 10~® phem 257!,

Since then, the observation time of SPI at the position of ¥? Velorum has increased
by about a factor of 2.5. Here, the full accumulated data of single and double events
in the energy range 1745-1840keV from a 16° x 16° field around the position of
~? Velorum is used to revise the previously determined limits. This comprises an
total observation time of ~ 6.2 Ms from a total number 2076 instrument pointings.
Taking detector failures and deadtime corrections into account, this corresponds to
an effective mean lifetime of 5.5 Ms for single detectors and 4.7 Ms for double detec-
tors. The spatial sky coverage of the data set is depicted in the exposure map in
Fig. 5.1. The general approach of SPI data analysis has already been discussed in

75°

10 10’ 10
Exposure map [cm? s]

Figure 5.1: SPI exposure map for the 26 Al analysis of v2 Velorum (black dot). It comprises an integrated observation
time of ~ 6.2Ms from 2076 instrument pointings. The effective area of SPI is 44cm? at 1.8 MeV,
accounting for failed detectors (Attie et al. 2003).

detail in Sec. 3.4.3 for the full-sky 1.8 MeV emission. It is now also applied to the
case of v2 Velorum using a point source representation as celestial emission model.
Additionally, the Vela Supernova Remnant and Vela Junior are included in order to
account for additional background signals owing to those sources. The performance
of the respective background model is evaluated in Fig. 5.2 for single and double
events separately. The residuals follow a normal distribution around zero with width
1. This is the case for both, the full model description as well as the background
model only. This indicates that the data are already well described solely by back-
ground. The yZ-statistic (cf. Eq. 3.26) in the middle panels shows a scatter around
the optimum y%, = 1 as expected from variance of the y? distribution, within 3c.
This confirms that the data are described by the combined sky and background
model over the entire energy range in a statistically sound way. Parallel to this, the
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Figure 5.2: SPI data analysis results of the 26 Al emission from +2 Velorum for single (left) and double events (right)
separately. Top: Residuals of the background model overplotted by a standard normal distribution
with width ¢ = 1. Middle: Model performance measured by Xfed for each energy bin for the entire
SPI camera. The ideal value of X?ed = 1 is shown as white line, with 1o, 20, and 3o intervals of the

x2 distribution as shaded grey regions. All points lie within the 30 band. Bottom: Resulting SPI
spectra from the amplitude of the point source model fitted in each 0.5keV wide energy bin in the range
1745-1840keV. The full background counts scaled by a factor 10! are shown for comparison as grey
solid line and a grey dashed line guides the eye to zero flux.

same evaluation for a combined fit of single and double events is shown in Fig. A.9
in the appendix. It shows the same statistical properties as the separate treatment
of event types, which confirms the consistency of the general approach.

The resulting spectra for single and double events with a bin width of 0.5keV both
appear to be stochastically scattered around zero flux. As expected this scatter is
higher and with larger statistical uncertainties around the strong background lines
at 1764keV or 1779keV associated with 28Al and 20420°B;,

In order to determine the possible nuclear line contribution in the data, the event
types are combined into one spectrum. The total photon model for the 26 Al emission
line as described in Eq. 3.28 is then forward folded through the SPI instrument re-
sponse and fitted via MCMC ensemble sampling as outlined in Sec. 3.4.3. Statistical
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priors are adopted as listed in Eq. 3.31, except for the line parameters, which are
chosen according to the upper limit found by Mowlavi et al. (2004) as

Fee,, ~ truncated normal(2.6 x 107°,1 x 107%;0, 1)

5.1
Ey ~ uniform(1808.0,1810.0), (5.1)

with a uniform prior for the line centroid since a potential line shift is ultimately

in question. The resulting posterior distributions of the line fit parameters are

depicted in Fig. 5.3. The final spectrum of combined single and double events is
c0=226%3%
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Figure 5.3: Posterior distributions of spectral fit parameters describing the 26 Al signal from 2 Velorum at 1809 keV/
measured with SPI according to the photon model in Eq. 3.28. The mean value along each axis is shown
in yellow. Histograms on the diagonal show marginalised probability distributions along the respective
axis with 68th percentiles marked by dashed lines.

displayed in Fig. 5.4, together with the fitted total model for 2Al emission. The
spectrum is clearly dominated by the single events (cf. lower panels in Fig. 5.2) and
larger statistical uncertainties are recognisable around strong background lines due
to the higher background count rates in those spectral domains. Nevertheless, the
continuum and even strong and distinct background features are accounted for in
the background model and therefore smoothly erased. The line fit yields a non-
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Figure 5.4: SPI spectrum (blue data points) of the 26Al emission at 1809keV from v Velorum for a separate
treatment of single and double events. The best-fitting photon model is shown in a band of the
20 confidence interval in green. It represents a degraded Gaussian line profile on top of a power-
law continuum (cf. Eq. 3.28). The posterior distributions of individual fit parameters are shown in
Fig. 5.3 in the appendix. The spectrum shows no 26Al signal at 1.8 MeV with a 20 upper flux limit of
1.7 %107 % phecm—2 s~ 1. The scaled instrumental background is shown in grey. The detailed association
of background lines with radioactive isotopes is given in Fig. 3.15.

detection of the 1.8 MeV 20Al emission line and results in a 20 upper flux limit of
1.7 x 10~° phem™2s~!. This means that due to the extended data situation, the
upper limit obtained with SPI is reduced by 65% compared to the determination by
Mowlavi et al. (2004) using an effective observation time of 1.8 Ms. For comparison,
the spectral analysis results for the combined treatment of single and double events
are shown in the appendix with the resulting spectrum in Fig. A.9 and posterior
distributions of the spectral fit parameters in Fig. A.10. This yields overall consistent
results.

For the current distance estimate of 336 pc, the flux limit corresponds to an 20 upper
26 Al mass limit of 1.6 x 107* M, ejected and currently present around 72 Velorum.
Considering the uncertainties arising from different distance estimates, this varies
between 1.0 x 107 Mg, at 258 pc and 2.9 x 10~* M, at 450 pc.

5.2.3 Comparison with Stellar Evolution Models

The initial mass of WR 11 is estimated as Mmtial = 57 + 15M,, (Schaerer et al.
1997). This rather wide mass range provides the basis for a comparison of the upper
26 A1 mass limit found in Sec. 5.2.2 with the stellar evolution models introduced in
Sec. 2.2.5. Therefore, Solar metallicity is assumed for ¥? Velorum in the following.
Oberlack et al. (2000) based their analysis on the rather near distance of 258731 pc
by Schaerer et al. (1997). The following investigations are normalised to the updated
distance of 336™% pc obtained by North et al. (2007).

A compilation of the observed limits from COMPTEL and SPI with the predicted



5 Comparing Models to Gamma-Ray Measurements 177

3,
—  Explodability ,’\\
= — LC18 | \ LC06
<
L2 --- 509 PN
— 1 A
‘» TR
o : X
c 1 ! ‘\\
— \\
07 T ———
-—|o ...... Viot = Okm s_l
2 —== Ve =150kms™? LC18
62 — Vot = 300kms™?!
=
(2]
@
gl
=
0,
o
= B+19
<
Ka
=
o
1
=
0 1 2 3 4 5 6 7 8 9
Time [Myr]
Upper limit Initial mass
—— SPI (d=336pc) —— 70Mg
SPI (d =258 pc) 55 Mg
—— COMPTEL (d =336 pc) 40 Mg

COMPTEL (d =258 pc)

Figure 5.5: Comparison of single star model predictions with observational limits of v? Velorum measured with
SPI (blue) and COMPTEL (Oberlack et al. 2000, purple). The limits are given for a source distance of
258 pc (Schaerer et al. 1997, shaded regions) and 336 pc (North et al. 2007, solid lines). The cases of three
different stellar initial masses corresponding to the boundaries of the estimate M{,{}iﬁial =57+15Mg by
Schaerer et al. (1997) are depicted. The panels correspond to single star models LC06 (upper), LC18
(middle), and binary models B+19 (lower). Different stellar model parameters are represented in line

styles as indicated in the legend of the respective panel. Age estimates of ¥2 Velorum are given as grey
shaded regions. The predicted values lie mostly just below the upper limits.

stellar tracks modelled by LC06, LC18, and B+19 in the considered initial mass
range is shown in Fig. 5.5. Two explodability alternatives are given for LC06. In
this respect, S09 could yield Al with an amount exceeding the observational lim-
its due to ejecta from a past SN of a Miitial > 50 M star. Since no remnant of
such event is known observationally in the system, this scenario is excluded. In
the case of explodability LC18, the flux limit obtained by Oberlack et al. (2000)
with COMPTEL excludes an initial mass Mtial > 60 M at 258 pc and evolu-
tionary age of (3.5 + 0.4) Myr (North et al. 2007). At d = 336 pc the stellar mass
is only constrained to Migtial < 80 M. The SPI measurements constrain this to
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Minitial <100 M. The consideration of LC06 provides also an upper limit on the
age of 4% Velorum of < 5Myr. For older objects, the stellar evolution would be
completed and a SN remnant would be predicted.

In the case of LC18, stellar tracks for three different rotation velocities are assumed.
As in the previous case, the stellar model predictions lie mostly right below the de-
tectability thresholds. The revised SPI upper limit is consistent with an initial WR
mass of Mimtial < 77 M at a distance of d > 258 pc in the case of a fast rotating
star. The age constraint obtained with LC06 can not be confirmed on the basis of
LC18.

The binary 26 Al wind yields from B+19 are generally reduced compared to the pre-
viously considered single star yields. Their predicted amount of 26Al lies a factor of
2—4 below the upper limits provided by gamma-ray measurements. This means that
gamma-ray observations are not in tension with stellar model predictions. Since %Fe
and *Ti are only ejected in SNe, their presence is currently not expected around
the still evolving 72 Velorum.

This investigation provides excellent motivation for future gamma-ray missions. It
shows that with a sensitivity increase of about one order of magnitude v Velorum
would be an important target for follow-up gamma-ray investigations. The direct
measurement of stellar properties such as rotation or binarity affecting the nucle-
osynthesis feedback of a single star might then be possible using this promising
source.

The 26Al signal of the binary WR. star 742 Velorum is investigated with SPI
and compared to stellar evolution models.

e The measurements show no detection of the 1.8 MeV line with a 20 upper
flux limit of 1.7 x 1075 phem 2571

e The corresponding upper 26 Al mass limit of 1.6 x 10~* M, in the system
at a distance of 336 pc is close to, but does not constrain current stellar
evolution models.

5.3 Massive Star Group: Perseus

Massive star groups form the next level of physical entities suitable for studying nu-
cleosynthesis feedback if individual sources are observationally inaccessible. Thus,
the most nearby stellar associations are subject to extensive studies and the most
prominent examples have already been outlined in Sec. 2.3.4. The specific aspect
of 25Al emission has been studied in particular for Cygnus (Kretschmer et al. 2000;
Knédlseder 2000; Knodlseder et al. 2001; Martin et al. 2008, 2010), Sco-Cen (Diehl
et al. 2010; Ohlendorf et al. 2010), Carina (Voss et al. 2012), and the Orion-Eridanus
region (Voss et al. 2010). It has been shown that these studies provide both signif-
icant contributions to a consistent understanding of the dynamics of massive-star
ejecta, as well as excellent test cases for model assumptions.

With respect to SPI measurements, the second closest young OB association to the
Sun, i.e. Perseus OB2 (Per OB2), was relatively scarcely observed, e.g. compared to
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the Orion or Sco-Cen regions. In order to improve this data situation and to be able
to study this promising group, a SPI observation proposal of Per OB2 was granted
3 Ms of observation time during this thesis. This is used here to study the 26Al
signal of Per OB2 in Sec. 5.3.2 and to compare it with population synthesis models
in Sec. 5.3.3.

5.3.1 Perseus Superbubble Characteristics

The main properties of the Per OB2 association have already been outlined in
Sec. 2.3.4. It generally shows a lower number of massive stars compared to Orion,
Vela, or Sco-Cen (Zari et al. 2018). However, 12 dust shells with radii between
0.1-3 pc have been found that require mass-loss rates of at least 10781075 My yr—.
At least two of these shells are supposed to be driven by high-mass stars. (Arce et al.
2011). A number of 66 AGB stars have been found embedded in the molecular could
region by infrared observations (Azimlu et al. 2015). Thus, strong stellar feedback
activity is expected.

From an age of 6 Myr today, an initial census of ~ 2 x 10* stars is estimated to have
formed according to the IMF between 0.1-120 M, in the Per OB2 association (Bally
et al. 2008). This corresponds to about ~ 75 stars more massive than 4 M. Since
the radial velocity of the stars is ~ 15kms™! faster than the the mean velocity of
field stars in the local vicinity, this could have occurred in a triggered star formation
event (Steenbrugge et al. 2003). Per OB2 has blown a superbubble cavity of ~ 100 pc
in diameter, which is seen as a ~ 20° HI shell in the sky (Bally et al. 2008). The
contour of this bubble configuration is sketched in Fig. 5.6 on top of the COMPTEL
map (left panel, Plisschke 2001) and the SPI map (right panel, Bouchet et al. 2015)
of the 1.8 MeV emission. Two adjacent shells around Orion OB1 (OriOB1) and

.P:erOB1
<Per OB2

107 10 10” 10°
1.8 MeV intensity [cm~2 s71] 1.8 MeV intensity [cm~2 s71]

Figure 5.6: COMPTEL (left, Pliischke 2001) and SPI (right, Bouchet et al. 2015) full-sky maps of the 26 Al emission.
Light grey ellipses denote superbubble shells associated with prominent OB associations as indicated.
The regions relevant for the SPI analysis is marked as dotted grey circle. Note that the maps are centred
towards the Galactic anti-centre.

Perseus OB1 (Per OB1) are seen next to the bubble around Per OB2. The Orion-
Eridanus superbubble is positioned at a distance of ~ 400 pc and might actually be
physically related to the Perseus molecular cloud complex. The exact configuration
of this bubble is difficult to determine due to projection effects, but overall Ori OB1
appears to be embedded in a large and highly elongated HI shell with 20° x 45°
(Bally 2008; Pon et al. 2014). However, the bubble boundaries traced by magnetic
field lines constrain a slightly smaller area of about 35° x 25° (Soler et al. 2018;
Joubaud et al. 2019). Additionally, a complex system of nested shells was found
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expanding in the Orion-Eridanus bubble with distances of 150-250 pc (Ochsendorf
et al. 2015; Joubaud et al. 2019).

On the other hand, the Per OB1 association lies (2.34 £ 0.05) kpc away from the
Sun and is therefore close to Per OB2 only in projection at (I,b) = (134.7°, —3.2°)
(Slesnick et al. 2002). It has a radial velocity of —43.3kms™! and therefore moves in
the opposite direction as Per OB2 (Melnik & Dambis 2009). This also indicates as-
sociation with a large-scale star formation mechanism. With an age of (13+1) Myr,
Per OBL1 is also a rather young association that shows a peculiar bulk motion out of
the Galactic plane. Additionally, the region seems not to be associated with a GMC
in its direct vicinity. This spatial configuration is interpreted as produced by a previ-
ously expanding superbubble that accelerated the molecular cloud gas outward. The
stars of Per OB1 formed and were simultaneously stripped of the surrounding gas in
this event. Additionally, abundance anomalies found in the spectra of two Per OB1
members suggest that mixing of chemically enriched material occurred in the initial
star-forming cloud gas (Kendall et al. 1996). There are also younger O-type stars
at higher latitudes and very young stellar objects in cloud remnants associated with
Per OB1 at rather large heights of 280-400 pc above the Galactic plane (Lee & Lim
2008). This supports a scenario of triggered star formation. Since the vicinity of
Per OB1 is particularly depleted of molecular gas, it is associated with a large HI
shell of 350 x 550 pc (Cappa & Herbstmeier 2000), which is also shown in Fig. 5.6.
A third OB association in the Perseus region, Per OB3, is situated 170-200 pc away
from the Sun. With ~ 50 Myr, it is significantly older than Per OB1 or Per OB2
(de Zeeuw et al. 1999). Thus, although it is in close proximity to the Sun, it is
not expected to still contain significant amounts of 26Al. This association might
constitute an interesting test case for %°Fe decay at late evolutionary stages.

On the one hand, this shows that the entire Perseus region has great astrophysical
potential for investigating the Galactic Cycle of Matter. On the other hand, how-
ever, it is also clear that the size, gamma flux and morphological configuration of
nucleosynthesis ejecta is difficult to estimate in advance because the stellar census
is insufficiently known and interacting shell dynamics complicate the picture.

5.3.2 25Al Signal from Perseus

The COMPTEL map as well as the SPI map of the 1.8 MeV line both show emission
features in the direction of the Perseus region (cf. Fig. 5.6). While the COMPTEL
map exhibits only tenuous patterns, the SPI map contains a more salient structure
in this area. Therefore, the first important issue to note in this context is that both
maps show a significant difference towards the Perseus region. This is probably due
to the irregular exposure patterns in SPI and a general difference in the exposure
between COMPTEL and SPI.

For a section of 6° around ([,b) = (168.5°, —6.5°), Knodlseder (1997) estimated a
gamma-ray flux of (5.3 + 1.1) x 107°phem™2s™! with COMPTEL and related it
to Per OB2. The more recent measurements with SPI by Bouchet et al. (2015)
revealed two rather extended emission spots in this area. The weaker one was
found around (I,b) = (161°,—3°) with a radius of ~ 5° and a 1.8 MeV flux of
(5.0 £ 2.7) x 10" phem2s~!. The coordinates coincide with the boundaries of
the HI shell around Per OB2. A brighter emission site was found around (I,b) =
(149°, 8°) with a flux of (8.2 + 3.2) x 107° phem™2s~! within a radius of 11°. This
spot is located between both OB associations with a considerable offset towards the
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Northern Galactic hemisphere and is located in the direction of the Taurus molecular
cloud.

The total observation time of SPI in the chosen data set within a radius of 30°
around (I,b) = (150°, —12°) is ~ 15.5Ms from 5561 instrument pointings with a
mean lifetime of 12.8 Ms and 9.3 Ms for single and double detectors respectively. Its
spatial coverage is shown in the exposure map in Fig. 5.7. In order to investigate

Exposure map [cm? s] 1.8 MeV intensity [cm™2 s71]

Figure 5.7: Left: SPI exposure map of the data set used for the analysis of Perseus with pointings inside the dotted
circle. It comprises 5561 instrument pointings with a total of ~ 15.5 Ms observation time. Right: Circular
region of the SPI map with a radius of 30° used as emission model for the maximum likelihood fitting.
Light grey ellipses denote superbubble shells associated with prominent OB associations as indicated.
The regions relevant for the SPI analysis is marked as dotted grey circle. Note that the map is centred
towards the Galactic anti-centre.

this region, the analysis outlined in Sec. 3.4.3 is applied to this data set in the
energy range 1790-1840keV. As a first approach, a circular region with a radius of
30° of the sky maps in Fig. 5.6 serve as representations of the emission morphology
in this area (cf. right panel in Fig. 5.7). These celestial representations are used as
sky models. Therefore, they are convolved with the coded mask pattern of SPI and
fitted to the data simultaneously with the self consistent background model.

The COMPTEL map is characterised only by rather undefined and faint filamentary
structures with low intensity gradients in the Perseus region. This leads to a weak
and rather uniform detector gradients describing the celestial emission in the SPI
instrument space. Thus, a degeneration of the fit between sky and background
model occurs. The results are therefore mainly dominated by statistical fluctuations.
Thus, the COMPTEL map proves to be an unsuitable model for the particular case
of studying the Perseus region.

The more pronounced intensity gradients in the SPI map yield an adequate fit
(cf. Fig. A.11 in the appendix). Based on the normally distributed residuals and
the scattering of the y?-statistic around x2, = 1, the combined sky and background
model describes the data well. The resulting spectrum of combined single and double
events is shown in Fig. 5.8. The spectral line fit is obtained by the MCMC fitting
algorithm (cf. Sec. 3.4.3) using the statistical priors as listed in Eq. 3.31, except for
a lower line flux of

Fhsyy ~ truncated normal(1.3 x 107%,1 x 107%;0, 1) (5.2)

as expected from the previous SPI measurements in this region. The resulting
full posterior distributions of the spectral fit are depicted in Fig. 5.9. A rather
high 1.8 MeV line flux of Fisy = (3.6 £ 0.4) x 107*phem=2s7! is obtained with
a detection significance level of ~ 8.5¢. This would correspond to a mass of
Mas o = (2.96 £ 0.33) x 1073 Mg, at the Per OB2 distance of 310 pc. This is about
a factor of 2.7 more than what was expected from the estimates by Bouchet et al.
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Figure 5.8: SPI spectrum (blue data points) of the 26 Al emission at 1809 keV from Perseus region for combined single
and double events. It is obtained by fitting a cut-out of the SPI map (Bouchet et al. 2015) with radius 30°
as sky model. The 1o, 20, and 30 confidence regions of the best-fitting photon model are shown in shades
of green. It represents a degraded Gaussian line profile on top of a power-law continuum (cf. Eq. 3.28).
The posterior distributions of individual fit parameters are shown in Fig. 5.9. The spectrum shows an
8.50 detection of the 26 Al signal at 1.8 MeV with a flux of (3.6 & 0.4) x 10~4phem =25 1.

(2015). This is due to the fact that the features that are particularly prominent
in the map were examined in spatially narrow domains. The present study uses a
comparatively large area of 30° for the analysis in order to obtain an overall picture
of this region. A more detailed investigation of the flux from only the Per OB2
association is described below. The line parameters FWHMgp; and 7 reflect the
characteristic instrumental properties of SPI as discussed in Sec. 3.4.3. The line
appears to be slightly above the instrumental resolution due to the dynamics of
the emission sites by FWHMg, = (1.13 £ 0.55) keV. This corresponds to a Doppler
broadening due to wind velocity and turbulences of (140 £ 60) kms™" along the line
of sight. This is about a factor of 2 larger than what was found for the integrated
emission over the entire sky which indicates that 26Al is in a comparatively tur-
bulent state in the direction of Perseus when observed. As depicted in Fig. 5.10,
the line additionally shows a shift of the central energy AFE ., = (0.34 + 0.22) keV
with respect to the 26 Al emission line laboratory energy. This indicates a blue shift
from nucleosynthesis ejecta streaming preferentially towards the observer as would
be expected from a spatial configuration with the OB association being located in
front of the dense molecular cloud (cf. Sec. 2.4.4). However, the line shift remains
too uncertain to draw definite conclusions about a global flow of material.

In order to determine the individual contribution of Per OB2 as isolated as possible,
a parameterised model for its spatial representation is chosen. For this purpose, a
homogeneously filled and emitting sphere centred at the position of Per OB2 serves
as approximation of the typical distribution of ejecta in the superbubble around
the stellar group. By varying the bubble radius, the fit performance tracks the
accuracy of the model for describing the 20Al distribution in the surroundings of
the association. The flux is integrated between 1805-1813 keV to obtain the entire
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Figure 5.9: Posterior distributions of spectral fit parameters describing the 26 Al signal at 1809 keV from the Perseus
region as measured with SPI according to the photon model in Eq. 3.28. The underlying data is obtained
by a combined treatment of single and double events (cf. Fig. A.11). The flux is given in 10~4 phcm =251
and the other line shape parameters in keV. The mean value along each axis is shown in yellow. His-
tograms on the diagonal show marginalised probability distributions along the respective axis with 86th
percentiles marked by dashed lines. The respective spectrum is shown in Fig. 5.8.
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Figure 5.10: Marginalised probability distribution of the central line energy shift AFy = (0.34 & 0.22) keV with re-
spect to the 26 Alemission lab energy of 1808.73 keV and the total line width FWHM¢q¢ = 3. 40J_r8 %g keV.
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Figure 5.11: Radial superbubble extent of a spherical model describing the emission in the direction of Per OB2 as

measured with SPI. The likelihood for different radii are shown in blue on the left axis relative to the
maximum likelihood for R = 160 pc. R = Opc denotes a point source. The plateau around 60-90 pc

is comparable to the HI bubble radius associated with Per OB2. The right axis denotes the resulting
flux for each bubble radius in green. Upper limits are obtained in the shaded green region and marked
by triangles. Flux values with a significance > 20 are shown as green dots with error bars.

1.8 MeV emission in one energy bin. The results are depicted in Fig. 5.11. The model
approaches a maximum likelihood value for a bubble radius R = (160 + 60) pc. Ad-
ditionally, a plateau is seen around 60-90 pc. This is comparable to the HI shell
radius associated with Per OB2. However, the 1.8 MeV fluxes for smaller radii are
below the detection limit of SPI and only upper limits could be obtained. In general,
this study indicates that there is an 2°Al structure on the order of > 100 pc present
around Per OB2, which is in agreement with the neutral hydrogen shell as bound-
ary. Nevertheless, a notable amount of the 1.8 MeV emission originates from areas
beyond that region, in particular from the galactic plane and other foreground emis-
sion from the Local Arm in the galactic anti-centre (cf. Sec. 5.3.3). This matches
the morphology found by Bouchet et al. (2015), which is shown in the right panel
of Fig. 5.7.

As the bubble radius is assumed beyond 120 pc, it increasingly includes areas as-
sociated with Per OB1 and the region rather brightly seen in the direction of Tau-
rus in the SPI map. For such larger radii, the spherical model yields a flux of
(6.3 + 2.8) x 107 °phem™2s™!', which is in agreement with the Per OB2 values
found previously with SPI and COMPTEL. This flux implies an 26Al mass of
(5.142.2) x 1074 Mg, in Per OB2, which will be discussed in the following Sec. 5.3.3
in more detail.

These findings are consistent with the morphology seen in the SPI map in the direc-
tion of Perseus which however was constructed with less exposure in this region of
the sky. A major amount of 1.8 MeV photons is emitted from a region which is cur-
rently interpreted not to be associated with Per OB2. Since the region is far from the
Galactic bulge towards the Galactic anti-centre, and also below the Galactic plane,
this is affected by only weak Galactic background components. The considerably
large flux measured from the overall Perseus region in Fig. 5.8 is also unlikely to be
solely accounted for by the additional contribution of Per OB1. This would require
~ 0.13 M, of 25Al at the group’s distance of 2.3kpc, which is far above what could
be expected from population synthesis models. This means the Perseus region is
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more complex than including only the above-discussed known stellar associations.
In the following, the flux of (6.3 £2.8) x 1075 phem ™2 s~ will be used to discuss the
implication for population synthesis models as conservative limit.

5.3.3 Comparison with Population Synthesis Models

In order to predict the expected amount of 2°Al in the Per OB2 region, the popula-
tion synthesis approach outlined in Sec. 4.2 is applied. These predictions can then
be compared with the observed values determined in Sec. 5.3.2.

For an instantaneous star formation event of ~ 2 x 10 stars, the population syn-
thesis results for this association are shown in Fig. 5.12. The general shape of the
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Figure 5.12: Population synthesis profiles of the 26 Al (upper) and 60Fe (middle) ejecta from a stellar group repre-
senting the Per OB2 association with 2 x 10* members in the mass range 0.1-120 M, formed according
to the S55 IMF. The calculations are based on the evolution stellar models LC06 (solid lines) and
LC18 (dotted lines). Different explodability models S09 (purple), S+16 (blue), and LC18 (green) are
applied to the LC06 tracks. Shaded 68% uncertainty regions are obtained from 1000 MC runs for each
configuration. The lower panel gives the predicted °Fe/26 Al mass ratio. The observed 26Al mass
values estimated at the distance 310 pc of Per OB2 are shown in yellow. The two values are based
on a section with 30° radius of the SPI 1.8 MeV map (cf. right panel in Fig. 5.6 Bouchet et al. 2015)
representing the overall emission from the Perseus region (dashed line) or a spherical bubble model
with radius R = 130 pc at the position of Per OB2 individually (solid line). The grey dashed line marks
the age of Per OB2 of 6 Myr.

temporal evolution and the influences of different stellar parameters have already
been described in Sec. 4.2.3. The mean values of all model configurations consis-
tently underestimate the overall mass of Mas,; = (2.96 4+ 0.33) x 1072 M, inferred
from the overall emission from the circular region with a radius 30° in the direction
and distance of Per OB2; for an association age of 6 Myr, the age of Per OB2, this is
underestimated by at least a factor of 2. The comparatively low expected mass for
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Per OB2 underlines the suggestion that the measured emission does not come from
this association alone but from a cumulative effect of different contributing sites.
The mass Moy, = (5.142.2) x 1074 Mg, that can be attributed to a sphere with ra-
dius R = (160+60) pc at the position of Per OB2 is met for all model configurations
within 68% of the cases. However, the explodability model S09 would over-predict
the mass by more than a factor of 3. Models with inhibited explosions for the
most massive stars tend to approach the observed value of Per OB2 more closely
with (10 4 6) x 107 M, for S+16 or (2.3 £ 1.5) x 107 M, for LC18 explodability.
This is the case regardless of the specific underlying evolution model LCO06 or LC18.
This indicates that the direct effect of not having explosions of high-mass stars
is measured by the relatively faint appearance of Per OB2 in the nuclear 1.8 MeV
line. Furthermore, the population synthesis calculations, especially for explodability
LC18, agree well with the gamma-ray measurements by both COMPTEL and SPI
from the Per OB2 region. On the one hand, this can be seen as a further confir-
mation of the modelling approach. On the other hand, this provides observational
support for stellar evolution models including restrained SN occurrence for massive
stars in the domain beyond 25 Mg,.

For the hypothesis of low explodability for high mass stars, no measurable %Fe
emission would be expected from Per OB2 (cf. middle panel in Fig. 5.12).

Another important issue for future investigations remains the Perseus 26 Al puzzle.
The high total 1.8 MeV flux from the entire Perseus region is difficult to explain
by the sole contribution of the three Perseus OB associations. Additionally, as also
indicated in the SPI map, its major part appears to originate from a region consid-
erably displaced from those regions. A future gamma-ray telescope with improved
spatial sensitivity would be needed to solve this puzzle and map this emission to its
physical origin.

The 2°Al signal from the Perseus region is investigated with SPI and compared
to population synthesis predictions.

e Fitting a section of the SPI map with a radius of 30° obtains a total
1.8 MeV flux of Fisy = (3.6 £0.4) x 1074 phem=2s~! from the entire
Perseus region.

e Exclusively to this group, an 2 Al gamma-ray flux of Fas; = (6.3+2.8) X
10~ phem 257! can be attributed by evaluating spherical emission mod-
els with R = (160 =+ 60) pc at the position of Per OB2. This corresponds
to an 26Al mass of (5.1 £ 2.2) x 107 M, at a distance 310 pc.

e Population synthesis calculations of Per OB2 can match the amount of
26 A] inferred from the observations, but only for a reduced explodabil-
ity of high mass stars beyond 25M.. This underlines the consistency
between the measurements and the modelling approach and provides ob-
servational support explodability models with absent explosions for the
most massive stars.
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5.4 Milky Way Morphology

Morphological aspects of Galactic radioactivity are particularly relevant on the
global scale. As outlined in Sec. 2.4, the distribution of radioisotopes, especially
Al and ®°Fe, provides information about active sites of nucleosynthesis, Galactic
chemical enrichment, as well as dynamics and feeback processes in the ISM. Besides
recent hydrodynamic simulations which were described in Sec. 2.4.5, empirical mod-
els also have a long history in order to describe and understand diffuse radioactivity
in the Galactic ISM (Prantzos 1993; Prantzos & Diehl 1995; Knodlseder et al. 1996;
Lentz et al. 1999; Sturner 2001; Drimmel 2002; Alexis et al. 2014). Comparisons of
those with data have previously been done heuristically by identifying morphologi-
cal similarities between the 1.8 MeV emission from 26Al decay and multi-wavelength
tracers or geometric emission models (e.g. Hartmann 1994; Prantzos & Diehl 1995;
Diehl et al. 1997; Knédlseder et al. 1999; Diehl et al. 2004; Kretschmer et al. 2013).
The astrophysical implications for the understanding of Galactic radioactivity are
hereby inferred from the respective tracer. Direct comparative measures, on the
other hand, promise unbiased access to the particular properties that characterise
nucleosynthesis feedback and its large scale implications. To achieve such an ap-
proach, simulations or models that are based on astrophysical assumptions have to
be cross-checked with observations. This is particularly challenging on the galac-
tic scale because the Milky Way is one particular realisation of a galaxy and any
given hydrodynamic simulation will not necessarily match it perfectly. This issue
has already been discussed in Sec. 5.1. This section is now based on the proposition
described there that also objects that do not belong to the exact same category are
comparable if they can be projected to a common parameter space. Based on this, a
range of approaches for comparing synthetic sky maps and 1.8 MeV gamma-ray data
measured with SPI is described in this section. The potential and limitations of a
direct likelihood comparison of models with data will be outlined in Sec. 5.4.1. This
motivates a more generic scale height approach in Sec. 5.4.2 which was developed
by Pleintinger et al. (2019) and is applied to the case of hydrodynamic simulations
F+18. Finally, the PSYCO models described in Sec. 4.3 are fully exploited by ap-
plying the newly developed morphological analysis in conjunction with SPI data in
Sec. 5.4.3.

5.4.1 Direct Likelihood Comparison

In search for a way to compare a simulated sky map with observational data, the
probably most straightforward approach is to examine how well the map actually
describes the data. Therefore, the simulation must be designed in such a way that
it models the measurements in some respect. As outlined in Sec. 5.1, this should
be granted in any case in order to be empirically useful. Nevertheless, in a direct
comparison clear discrepancies can be expected a priori due to the specific morpho-
logical features of the Milky Way. These are mostly dominated by random effects of
the particular distribution of feedback-driven superbubbles. An individual instanti-
ation of a simulation is not expected to match these particular structures in detail.
This inevitably arises from the nature of the two analysis components in the case
of a very limited number of simulations of a comparatively over-complex physical
system on the one hand and statistically limited measurements from a particular
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perspective on the other.

For a direct comparison, a synthetic sky map is used as emission model M in Eq. 3.16
for describing the 1.8 MeV sky. The image is transferred into SPI instrument space
by convolving it with the coded mask pattern. A maximum likelihood optimisation
according to Eq. 3.25 is then performed to fit the model to the full-sky data set
in detector space. The general procedure has been described in detail already in
Sec. 3.4.3. This results in a likelihood value for each fitted synthetic emission map.
However, this does not provide an absolute goodness of fit. A direct evaluation on
the basis of the obtained likelihoods therefore is omitted. Instead, only a relative
measure of the fit quality of different sky models can be obtained. For this purpose,
the test statistic (Pleintinger et al. 2019)

TS = log(Z(My| D)) — log(-Z (My| D)) (5.3)

is used, which characterises a likelihood-ratio test (Neyman & Pearson 1928) of a ce-
lestial model M; describing the sky emission on top of the instrumental background
versus the null-model M, which includes only the background description of the data
D. TS is then interpreted as the likelihood of model M; given the data D relative to
the null-hypothesis My. In order to probe the statistical validity of T'S and qualita-
tively classify its numeric values, the probability of M; occurring by chance in D is
evaluated by drawing a sample of 1000 Poisson datasets containing background only.
A sky model M; and the null-hypothesis M, are subsequently fitted to all synthetic
data sets, obtaining a T'S value each. The respective distribution of 7'S is shown in
the histograms in Fig. 5.13. Six simulated sky maps from F+18 corresponding the
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Figure 5.13: Distribution of the likelihood-ratio test statistic 7'S according to Eq. 5.3 inferred from fitting different
emission models to 1000 synthetic SPI Poisson datasets. The observational 1.8 MeV maps by COMP-
TEL (Plischke et al. 2001, cf. Fig. 1.1, blue) and SPI (Bouchet et al. 2015, cf. right panel in Fig. 5.6,
purple) as well as six simulated sky maps by Fujimoto et al. (2018, cf. Fig. 2.48, green) serve as sky
models M7 which are tested against the null-model My of background only. The sky maps by Fujimoto
et al. (2018) correspond to the observer positions at 10°, 70°, 110°, 120°, 250°, and 260° in the sim-
ulated galaxy which are combined in one histogram. T'S follows a x?/2-distribution as shown by the
yellow line. Adopted from Pleintinger et al. (2019).

observer positions at 10°, 70°, 110°, 120°, 250°, and 260° (cf. e.g. Fig. 2.48) in the
simulated galaxy serve as synthetic sky models. Additionally, the COMPTEL map
(cf. Fig. 1.1) and the SPI map (cf. right panel in Fig. 5.6) are used as observation
based celestial emission models. For all the maps T'S is clearly x?/2-distributed.
The factor 1/2 results from the fact that the Poisson distribution is constrained to
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only positive values. Thus, the negative half of the otherwise symmetric normal
distribution is omitted (e.g. Mattox et al. 1996). This examination makes it possi-
ble to associate the test statistic 7S values with the probability for occurrence by
chance of a sky model in the SPI dataset. Thus, in the following a higher values
of T'S are defined as designation for better fitting models and smaller values of T'S
corresponding to worse fitting models. Absolute values of T'S can be evaluated down
to a lower limit of 1073,

Application to Synthetic Sky Maps The direct model comparison with respect to the
measured SPI full-sky dataset is shown in Fig. 5.14. Here again an evaluation of the
COMPTEL map and the SPI map as sky models was included as observation-based
point of reference. The analysis includes the determination of the 26Al signal in one
energy band from 1805-1813keV for two different spatial realms. In a first case,
it is restricted to measurements of the inner Galactic region with |b| < 10° and
|I| < 30°. This reflects an isolated treatment of the regions with highest gamma-ray
intensity and longest instrument exposure time. In a second approach, the analysis
includes the 1.8 MeV emission from the entire sky. In both cases, the two different
observation-based TS values lie close to each other, which was expected since they
are obtained from the same observational target only with different instruments.
However, this underlines the consistency between COMPTEL and SPI measure-
ments in general. They only differ by 2 for the full sky and 7 for the inner Galaxy
and are therefore treated as qualitatively identical in the following.

Taking only the inner Galaxy into account, the 7'S values of the simulated sky maps
fall mostly below the observation-based reference. However, the morphologies ob-
tained from certain sight-lines in the simulation are as unlikely to occur by chance
in the dataset as the maximum entropy reconstructions from observations. This
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Figure 5.14: Likelihood ratio of the synthetic F+18 sky maps relative to the likelihood of a background-only fit
(cf. Eq. 5.3). TS values are obtained for fitting the full-sky emission (solid lines) or only the inner
Galactic region (dashed lines) in the the energy range 1805-1813keV as measured with SPI. Higher
values of T'S generally indicate a lower probability for chance occurrence in the measured dataset
(cf. Fig. 5.13). Values for the COMPTEL and SPI maps serve as observation-based points of reference.
Since these would be graphically indistinguishable, they are shown combined in single lines (blue/pur-
ple). The values for the F+18 simulation correspond to synthetic maps constructed from 36 different
observer positions in the simulated galaxy as given by the bottom axis. Adopted from Pleintinger et al.
(2019).
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manifests as T'S values close to or even above the observational reference. In these
cases, the simulation is interpreted to describe the inner Galactic emission well. This
is represented well by the generic hydrodynamic simulation. Interestingly, there are
values for synthetic sky maps even above the observational reference. This means
that some observer positions yield sky maps which fit the SPI data better than the
observational maximum entropy maps. There are some indications that this may
be mainly a result of the particular geometric alignment of superbubble structures
seen in the direction of the Galactic centre. This issue will be discussed further in
Sec. 5.4.2.

For the case of the full-sky emission, the T'S values for the observation-based maps
are higher, which corresponds to a reduced probability of chance occurrence of the
respective emission features measurements of the entire sky. On the other hand,
values based on F+18 are in the same range as for the inner Galaxy and thus signifi-
cantly lower overall. Thus, the synthetic sky maps fit the gamma-ray measurements
worse than the observation based maps. This means that high latitude components
are particularly relevant for a significant divergence of simulations from maximum
entropy maps concerning the full sky. This is expected to be mostly affected by the
characteristic foreground emission of the Milky Way. Since the particular structure
of the prominent emission regions such as Cygnus, Sco-Cen, or Orion (cf. e.g. 4.7),
as well as characteristic spiral arm tangents have been omitted in F+18, this was
expected. On the other hand, the COMPTEL and SPI maps include these features
due to their observational nature and therefore provide a better fit to the SPI data.
Overall, the direct likelihood comparison between gamma-ray measurements and
galaxy-scale simulations is limited due to the dependence on morphological pecu-
liarities especially in high-latitude regions. However, an important finding is that
the numerical simulations F+18 overall miss large parts of the particular spatial
structure of the 1.8 MeV gamma-ray sky as measured from Earth.

5.4.2 Scale Height Analysis

The direct comparison of the 26 Al gamma-ray emission and galaxy-wide nucleosyn-
thesis feedback simulations performed in Sec. 5.4.1 was limited by the specific con-
figuration of morphological peculiarities in the Galaxy. Thus, a more general com-
parison method using scale height decompositions has been developed by Pleintinger
et al. (2019).

The following evaluations rely on maximum likelihood estimations of emission mod-
els. Commonly used morphological analysis techniques such as expansion in wavelets
or spherical harmonics are highly sensitive to the initial assumptions for image re-
construction. Already a simple rotation on the sky results in an infinite number
of celestial representations by spherical harmonics for each combination of degree
and mode. This does not constitute a viable approach with respect to SPI measure-
ments because in this case each realisation of such an analytic model would have
to be tested individually. This is overall impracticable. Instead, for this purpose,
exponential scale height models are chosen as common representations of measure-
ments and simulations. This has the advantage that on the one hand it contains
basic morphological information and on the other hand individual realisations can
be fitted to SPI data. Additionally, it is physically motivated by the fact that the
density of young massive stars shows an exponential decrease with Galactic radius
(cf. Sec. 2.4.4). This makes the assumption of a similarly shaped 2° Al density phys-
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ically reasonable. A doubly exponential disk model

plr, 2) = Agexp {— <1 + M)] : (5.4)

To 20

with the galactocentric radius r?> = 22 + 9?, the amplitude of the disk Ay, the

height above the disk z, scale radius ry, and scale height z; is assumed as first-
order model for the three-dimensional distribution of the galactic 26 Al emissivity in
units of phem™3s71. A projection of this emission model onto the celestial sphere
in galactic longitude [ and latitude b is obtained by line-of-sight integration, which
yields the two-dimensional flux distribution

1 Smax
F(l,b) = E/ p(zs+ 8- Uy, yYs + 5 - uy, 25+ 5 u,) ds. (5.5)

Smin

This is obtained for the relative position of the Sun with respect to the Galactic
centre ps = (s, Ys, 25) = (8.5,0,0) kpc along the vector

Uy cos(l) cos(b)
U= |u, | = | sin(l)cos(b) | . (5.6)
u, sin(b)

The integration is confined to the volume of the Milky Way by setting the boundaries
Smin and Spax. An example of a double exponential disk model with scale radius
ro = 5.5 kpc and scale height zy = 0.7 kpc is depicted in Fig. 5.15.

75°

1.8 MeV intensity [cm™2 s71]

Figure 5.15: Flux distribution of a double exponential disk emission model (Eq. 5.4) with scale radius 7o = 5.5 kpc
and scale height zg = 0.7 kpc projected onto the celestial sphere (Eq. 5.5). Grey lines denote the 30
latitude bins of 12° width used for the scale height distribution analysis in this thesis.

Uniform Scale Height The galaxy-wide scale height and scale radius can be deter-
mined as global measure of the 26Al distribution in the Milky Way. Therefore,
2048 exponential disk models are constructed for combinations of 32 scale radii and
64 scale heights. The scale height ranges from 10-475pc in 15 pc steps and from
500-2050 pc in 50 pc steps. The scale radius is consistently spaced by 250 pc steps
in the range 0.5-8.25kpc (Siegert 2017). Each combination of scale height and scale
radius is then fitted individually as sky model to the SPI dataset. Thus, for each
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Figure 5.16: Probability density distribution for exponential disk models describing the full-sky 26 Al emission mea-
sured with SPI in combinations of exponential scale height and radius (cf. Eq. 5.4). The contour plot
on top gives the 1, 2, and 30 uncertainty boundaries around the best fit value of rg = 5.81 & 0.64 kpc
and zg = 0.77+0.17kpc (yellow dot). Shaded histograms on the side panels give the likelihood profiles
of each parameter separately. Adopted from Pleintinger et al. (2019).

grid point a Poisson likelihood value is obtained from which the probability density
distribution of scale height and radius for the Galactic 1.8 MeV emission can be
inferred. This distribution is shown in Fig. 5.16. The best-fitting exponential disk
parameters for characterising Galaxy-wide 2°Al emission are ro = 5.81 4 0.64 kpc
and zp = 0.77 £ 0.17kpc (Pleintinger et al. 2019). Estimates from the COMPTEL
all-sky survey suggested a smaller scale height of 150-170 pc (Oberlack 1997; Diehl
et al. 1997). Earlier studies concerning the 26 Al scale height with SPI were restricted
to the long exposed inner Galaxy with |I| < 30° and [b] < 10°. For a fixed scale
radius of 4 kpc, tthese investigations obtained smaller scale heights between 60 and
250 pc (Diehl et al. 2006; Wang et al. 2009). The spatial restriction to the inner
Galaxy apparently causes a bias towards smaller values of 2, since it particularly
leaves out features at large scale heights.

The scale height analysis can now serve as basis for evaluating galaxy-scale simula-
tions. By fitting the same grid of emission models to the synthetic sky maps obtained
from simulations, the morphology of both gamma-ray measurements and simulations
can be compared. In order to take the temporal and spatial inhomogeneity of the
SPI sky coverage into account, the synthetic sky maps have to be weighted by the
SPI exposure map (cf. Fig. 3.21). Thereby, the sky maps are transferred into count
space projected onto the sky with the same dynamical range as in SPI observations.
A Pearson’s x? optimisation is performed to determine the best-fitting amplitude for
each exponential disk model with respect to the sky maps. The minimum x? values
denote the scale height and radius combinations which best describe the simulated
emission morphology.

In order to use this approach for an evaluation of F+18 simulations, 36 synthetic
sky maps have been constructed corresponding to different viewing angles in the
simulated galaxy with a spacing of 10°. By applying the fitting method to all the
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sky maps as described, an average of o = 3.02kpc and zy = 0.07 kpc is obtained.
The order of the scale radius is therefore generally consistent with observations. On
the other hand, the scale height is overall underestimated by about a factor of 10 by
F+18. However, the observer position at 100° yields the maximum scale height value
of zp = 0.7kpc. Apparently, this marks a rather unique position in the simulation
which is in agreement with what was found from Milky Way observations in terms
of scale height. This position in the simulation is characterised by a localisation of
the observer directly inside a superbubble with ~ 1kpc radius and the alignment
of two rather close-by high star formation clumps in the direction of the galactic
centre. This could be an indication that the Sun is located at such a special place
in the Milky Way and that the measured scale height is a result of similar local
contributions inside the Local Bubble.

Although the global scale height constitutes a rather rough measure, this approach
establishes a comparability between observations and models that can be used for
scientific inference.

Scale Height Distribution In order to obtain spatially resolved information about the
granularity and patchiness of the galactic 1.8 MeV emission, the scale height analysis
is subdivided into separate regions of interest (ROIs). Their dimensions are chosen
to achieve a compromise between spatial resolution and intensity of the contained
26 Al signal. Thus, 30 longitude bins are defined along the galactic plane with 180°
in latitude and 12° width in longitude (Kretschmer et al. 2013). These ROIs are
marked in grey in Fig. 5.15.

A scale height estimation as described in the previous case for the galaxy-wide emis-
sion is now applied to each ROI separately. In this case, only the scale height z,
is retained as free parameter by fixing the scale radius to rp = 5.5kpc. On the
other hand, the range of the scale height is extended to cover values from 10 pc to
5kpe. The step size is adopted similar to the case described in the previous para-
graph with 50 pc between 0.5-5kpc. This results in a total of 123 exponential disk
emission models with different scale heights which are fitted in each of the 30 ROIs.
It must be taken into account that observations from two adjacent regions overlap,
since SPI has a field of view of 16° x 16°. To take this into account, the evaluation
was repeated for 12 different sets of ROIs, each shifted by 1° in longitude.

The scale heights of the 26Al distribution derived from SPI measurements and sim-
ulations for the 30 bins along Galactic longitude are depicted in Fig. 5.17. Mea-
surement uncertainties are represented by the average width of the log(.%Z)-profile
in each ROI. It is important to keep in mind that neighbouring data points from
adjacent longitude bins are not independent. Therefore, the error bars in longitude
are depicted to include a symmetric spread by 8° to both sides. Additionally, the
data points are grouped together alternately in order to interpret possible trends.
SPI measurements yield intermediate-to-very-large-scale heights on the order of kpc
in the regions around the Galactic centre at |I] < 60°. This reaches even up to
5kpc, which is the maximum possible value considered in this analysis. Towards
outer regions with |/| > 60°, mainly small scale heights around ~ 10 pc with a few
intermediately large heights up to a few kpc are found. Because of the average
vertical flow velocity of nucleosynthesis products in combination with the lifetime
of 25Al, large scale heights can be generally interpreted as contributions dominated
by nearby or even local emission sites around the Sun. Small scale heights, on the
other hand, indicate emission dominated by photons originating from the Galactic
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Figure 5.17: Best-fitting scale height for 30 individual longitude bins along the galactic plane. Each bin is 12°
wide as shown in Fig. 5.15. Maximum likelihood results from SPI observations of the Milky Way are
shown in blue with error bars in y-direction representing the average width of the log(.¥)-profile in
each longitude bin. The analysis is restricted to a maximum value of 5kpc. Because adjacent regions
overlap observationally as a result of the SPI field of view, each bin width is increased symbolically
by 8° to both sides in longitude. Additionally, data points are represented alternately with bold and
thin markers to group mostly-independent data points together. The shaded region is based on only
the bold data points in order to guide the eye for a possible trend. The median value obtained for
36 simulated maps from F+18 are marked green with 68% lying within the shaded region. Grey lines
show the individual results for each simulated sky map. Adopted from Pleintinger et al. (2019).

disk. Therefore, the distribution measured in Fig. 5.17 indicates a strong compo-
nent from nearby emission around |/| < 60° and, in contrast, a predominance of
galactic emission at |I| > 60°. This is consistent with what would be expected due
to foreground emission e.g. from Sco-Cen around [ = 350° (e.g. Krause et al. 2018).
The analysis yields consistently smaller scale heights between 10 pc and 100 pc in
the galactic centre direction |I| < 60° for F+18. The separate graphs of the 36
individual simulated maps do not show any outliers that would account for this
divergence compared to the observed distribution. This difference with respect to
gamma-ray measurements shows that the simulation generally underestimate the
local star formation component as seen by observations of the Milky Way. Another
reason could be an underestimation of the vertical flow of material in the simula-
tion. In particular the clustering and merging effects of superbubbles lead to an
increased flow of nucleosynthesis products in larger cavities out of the galactic plane
(von Glasow et al. 2013). Insufficient consideration of this effect could lead to the
reduced scale heights. Towards larger latitudes with || > 60° F+18 and SPI mea-
surements converge at small height values of ~ 10 pc. In this regions, some observer
positions yield also the intermediate or large scale heights on the order of kpc in
accordance with observations. This indicates that the effect of the stochastic star
formation process that occurs globally in the galaxy is dominant in SPI data in this
spatial domain.

In general, this shows that due to the spatially resolved scale height distribution
comparison between theory and observation is facilitated in both directions.
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Scale Height Spectrum While the scale height distribution obtained in Fig. 5.17 al-
ready constitutes a generalised comparative method, it is still mainly characterised
by the particular spatial configuration of the specific observer perspective in the
Milky Way. However, due to the decomposition into regular longitude bins and
the reduction to a single parameter, a further level of abstraction is now possible
which is even independent of the particular galactic configuration in longitude. The
distribution can be condensed to a scale height frequency spectrum, as shown in
Fig. 5.18. The uncertainty regions for SPI measurements represent 68% of the re-
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Figure 5.18: Frequency spectrum of best-fitting scale heights obtained for the 26Al distribution in 30 12° wide
longitude bins from SPI gamma-ray measurements (blue) and 36 synthetic sky maps constructed from
the F+18 simulation (green). The blue shaded region marks the 68th percentile of SPI observations for
12 different sets of longitude bins shifted by 1° each. The green shaded region denotes 68% of the results

obtained for the 36 different observer positions in the simulated galaxy. Adopted from Pleintinger et al.
(2019).

sults obtained from the 12 different sets of longitude bins each of which is shifted
by 1°. This accounts for the arbitrary placement of ROIs. The spectrum inferred
from gamma-ray measurements exhibits a major contribution in small scale height
features of about zyg ~ 10pc. A second, fairly shallow and constant component is
shown for larger scale heights even up to 5kpc. This shows a bimodal contribu-
tion from two rather distinct emission features in the Milky Way. It also shows a
posteriori that the global scale height description discussed earlier in the context of
Fig. 5.16 apparently constitutes an insufficient generalisation of the actual emission
morphology. This means that the actual 26Al sky is insufficiently represented by an
exponential disk. The granularity caused by superbubble structures makes a deci-
sive contribution in this respect.

The scale height spectrum obtained for the 36 observer positions in the F+18 simula-
tion shows an excess of small scale heights in agreement with what was found for the
Milky Way within 68% of the cases. On the other hand, the constant contribution
of larger latitude extents is apparently not reproduced. Instead, a second compo-
nent peaks around zy ~ 100 pc. This means that the galaxy-wide disk contributions
are captured by the simulation and the nearby large scale height components are
underestimated. The latter are on the order of a few hundred pc which does not
reflect the observed morphology.

Overall, the scale height decomposition of the 1.8 MeV gamma-ray emission provides
important information about the detailed geometry of nucleosynthesis feedback in
the Milky Way. The particularly large scale heights seen in observations and their
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comparatively low frequency in synthetic sky maps, points to a more coarse-grained
superbubble structure in the Galaxy than obtained by hydrodynamic modelling. The
importance of a prominent bubble structure is supported by a subsequent study by
Fujimoto et al. (2019) suggesting that the pre-SN feedback stage was implemented
too weak in F+18. The granularity found in Fig. 5.17 as well as in the bimodal
shape of the scale height spectrum in Fig. 5.18 have also implications for previously
determined scale heights of the Galactic 1.8 MeV emission. It underlines a significant
deviation of the actual 2°Al sky from a simple doubly exponential disk model. A
large global 26 Al scale height is therefore the result of strong local foreground emis-
sion. The predominance of the latter indicates that the 1.8 MeV emission contains
a significant contribution from nearby superbubble structures, e.g. from Sco-Cen or
regions along the spiral arm tangents (e.g. del Rio et al. 1996; Diehl et al. 2010;
Krause et al. 2018). The strong foreground contribution could also indicate the
signature of an 26Al-filled superbubble that may have overrun the Solar System in
the past. This would lead to a surrounding emission that dominates in regions with
only comparatively weak Galactic disk emission (Pleintinger et al. 2019). However,
current estimates of the total 2 Al mass in the Milky Way rest on the assumption of
a consistent global scale height. The described results show that the uncertainties in
these estimates are large and that the local foreground has to be taken into account
more detailed (Diehl et al. 2006).

As outlined in Sec. 5.1, the general scientific benefit of such a phenomenological
analysis can now be confirmed as twofold: On the one hand, based on agreement
of observations and simulated predictions, conclusions about the three-dimensional
distribution of nucleosynthesis products can be drawn and a general physical inter-
pretation of the observed emission features can be made. On the other hand, the
differences facilitate corrections or updates of the understanding of the nucleosynthe-
sis and feedback processes underlying the theoretical implementation. In this way,
the scale height approach has already inspired refinements in the feedback treatment
used in F-+18 that were implemented in a follow-up simulation by Fujimoto et al.
(2020). This underlines the scientific richness of this morphological analysis. The
scale height distribution and the scale height spectrum have therefore proved to be
effective analytical approaches for exploiting theoretical models in conjunction with
current gamma-ray measurements as empirical astrophysical tools. This is not at all
limited to the specific case of hydrodynamic simulations considered in this section,
but is applicable to models of all kinds and therefore points beyond this particu-
lar case. In the following section the analysis of the PSYCO models in Sec. 4.4 is
complemented by a similar morphological consideration.

5.4.3 Morphological Exploitation of PSYCO Models

The PSYCO model (cf. Ch. 4) is perfectly suited to test a plethora of morphological
hypotheses about the Galactic distribution of 26Al. This is mainly due its flex-
ibility in astrophysical parameters, computational resource efficiency, and diverse
viability. The bottom-up modelling approach is particularly suited for the explicit
investigation of the special case of the Milky Way because the stochasticity of the
modelled structures can be included from a multitude of MC instantiations. There-
fore, the phenomenological analysis methods outlined in Sec. 5.4.1 and Sec. 5.4.2
are applied to a subset of 30000 PSYCO model instantiations from the parameter
grid in Tab. 4.9. The total number of originally 180000 models is reduced by only
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taking into account the canonical IMF K01 and omitting SFR = 1 M yr~! as phys-
ically unreasonable. Additionally, the explodability model J12 is left out due to its
similarity to S+16. The analysis in this section will be similar to the previous two
sections, with the PSYCO model structure allowing for a more comprehensive and
Milky Way-specific interpretation.

Direct Likelihood Comparison Fach of the 30000 synthetic sky maps modelled with
PSYCO is taken as emission model M; and fitted to the full-sky SPI data set as
described in Sec. 3.4.3. In order to reduce the computation time, the resolution of
the maps is reduced to 2° x 2°. This is still below the spatial resolution of SPI
and therefore does change the fit quality only negligibly by Alog.Z ~ 0.2. The
maximum likelihood fits are performed for one energy bin between 1805-1813 keV,
encompassing the integrated 1.8 MeV line emission. This further minimises comput-
ing time. In this way, a total time for map convolution and maximum likelihood
fit of ~ 30 min per sky map is achieved. Subsequently, test statistic values T'S can
be calculated according to Eq. 5.3. This gives an likelihood ratio test for each of
the 30000 modelled morphologies. The corresponding average results are shown in
Fig. 5.19 in comparison with the observational reference values obtained from the
COMPTEL and SPI 1.8 MeV maximum entropy maps.

There are no major changes in the fit quality for different SFR assumptions. This
shows that there are no decisive morphological changes with SFR between 2-8 M, yr—!.
The SFR mainly change the total mass and therefore the integrated flux in the map.
During the maximum likelihood fit, the amplitude and therefore the total flux of
the emission model is optimised. On the other hand, the results show variations for
different galactic morphologies. Exponential density distributions, i.e. GM03 and
GMO04, yield on average lower T'S values than Gaussian profiles. This is independent
of an additional spiral structure, which is included in GM03. Thus, the cause of this
variation is the central bulge component. This is very prominent in exponential pro-
files, whereas it is much fainter in the more spiral-dominated morphologies GMOO0,
GMO1, and GMO02. This indicates that a particularly bright Al emission detected
from the central Galactic bulge region is absent in the Milky Way measurements.
On average, the highest T'S values are obtained with GM02, and also with the small-
est statistical variations. GMO2 is characterised by a pronounced and homogeneous
emission from the galactic ridge region associated with the nearby spiral arm in the
direction of the galactic centre. Local emission sites in the vicinity of the observer
are particularly rare in this morphology because the density maximum lies ~ 2.5 kpc
away towards the galactic centre and the observer is also placed in the lower-density
gap between two spiral arms. This leads to smaller stochastic fluctuations. The low-
est average T'S from a Gaussian density profile is obtained with GMO1. The latter
is characterised by a particularly steep density maximum ~ 1.5kpc away from the
observer towards the galactic centre. This leads to the absence of a galactic bulge
component and a pronounced contrast between the Sagittarius-Carina arm and the
Local Arm, the former being particularly salient and the latter comparatively weak.
A flatter gradient between the two spiral arms describes the data better than such
a steep gradient.

Variations with scale height underline the importance of nearby sites of star forma-
tion. The vertical extent of the galactic distribution, expressed by the scale height,
affects the global fit quality of models with a tendency of larger scale heights fitting
the data worse. An increased scale height increases the average distance to stellar
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Figure 5.19: Likelihood ratio of 30000 sky maps modelled with PSYCO relative to the likelihood of a background-

only fit with the SPI full-sky data set (cf. Eq. 5.3). Model results are differentiated in panels for
three different SFRs (columns) and five different radial galactic morphologies (rows, cf. Fig. 4.14 for
the nomenclature). Dots and solid lines denote the average values from 100 instantiations for five
different scale height assumptions. The colours correspond to stellar model configuration as noted in
the legend. Triangles mark the maximum 7'S value obtained from the 100 MC samples for each model
configuration. The thick grey line denotes the combined observational reference value obtained with
the COMPTEL and SPI maps (cf. Tab. 5.1 for numeric values).

associations. Accordingly, this reduces the average measured superbubble extent
as well as the overall prominence of foreground emission. The improvement of the
fit quality of GMOO with increasing scale height indicates that in the observations
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of the Milky Way a strong contribution from high latitudes is measured from the
direction of the Galactic anti-centre. GMO0O is the only morphology that shows fit
improvements for both higher SFRs and larger scale heights. SFR = 2Mg yr—!
yields only on the order of 0.5-1 M, of 26Al. A higher total mass is required to fully
develop the galactic characteristics of GMO0 because it is the widest morphology
extending even beyond a radius of 15kpc. This explains the improvements with
SFR. Additionally, the radial distribution in GMO0O is rather flat. Thus, a variation
of scale height leads to a similar effect towards the galactic centre and anti-centre.
In the other distributions, however, a change in scale height widens regions in the
direction of the Galactic centre. The improvement of the fit quality of GM00 with
increasing scale height thus indicates that in the observations of the Milky Way a
comparatively strong contribution from high latitudes is measured from the direc-
tion of the Galactic anti-centre.

Regarding the different stellar models, there is a tendency of explodability LC18
yielding systematically higher T'S values than the other explodability models. This
indicates an overall increased size of superbubbles. Based on LC18 explodability,
the majority of 2°Al ejection generally occurs at later times because SN yields from
early exploding high mass stars are inhibited. This implies that bright superbubbles
are older and therefore larger. In this case, the size of superbubbles is on average
~ 300 pc in diameter. This is about a factor of 2 smaller for S09 or S+16. The
model fits therefore show that 2°Al is preferentially found in superbubbles on the
order of 2 300 pc. The preference for such large structures also points to the effect of
frequent bubble merging, which would increase the average cavity size significantly.
Fig. 5.19 only addresses morphological properties of the synthetic sky maps. This
means that the actual predicted flux per model is not yet taken into account, since
the amplitude of the sky model is optimised during the maximum likelihood fit.
The respective fitted scaling parameters are given in Fig. 5.20. A scaling param-
eter of 1 implies that no better fit is obtained by changing the amplitude of the
sky model. Larger values indicate a corresponding upscaling and smaller values a
downscaling of the original synthetic sky map as result the fit in order to better
describe the data. Model configurations yielding scaling parameter close to 1 have
a consistent Galactic 2°Al mass of 1.7-1.9 M. This is the case for LC06 with full
explodability S09 and SFR = 4Mg yr~! as well as for stellar models LC18 with
SFR = 8 Mg yr~!(cf. Fig. 4.20). This supports a galactic Al mass in the Milky
Way in the range 1.7-1.9 M, surprisingly independent of the underlying morphol-
ogy. As expected, for models with SFR = 2Mg yr~! an average upscaling between
about a factor of 2 and more than an order of magnitude is necessary to best fit the
SPI data. This means, the actual flux of the most salient gradients is accordingly
underestimated with respect to what is measured for the Milky Way. Less scaling
is required towards higher SFRs or stellar models with larger explodability for the
most massive stars, i.e. S09 or S+16. This is consistent with the trend found in
Fig. 4.26 that low SFRs and explodability LC18 generally underestimate the overall
1.8 MeV gamma-ray flux measured in Sec. 3.4.3. For stellar models LC06 with ex-
plodabilities S09 or S+16 and SFR = 8 M, yr—!, on average downscaling by a factor
down to 1/3 is obtained. This means that while SFR = 8 M, yr~! most likely results
in a total flux close to the observed (1.84 4 0.03) x 10~ phem™2?s7! (cf. Fig. 4.26),
the underlying spatial distribution does not necessarily match the measurements of

the Milky Way.
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Figure 5.20: Scaling parameters obtained for 30000 sky maps modelled with PSYCO by fitting them to the SPI
full-sky dataset (cf. also Fig. 5.19). Shaded regions denote the 68th percentile calculated from 100
MC instantiations for each model configuration. The dashed grey line marks the scaling parameter 1.
Larger values indicate a corresponding upscaling and smaller a downscaling of the original synthetic
sky map as result of the fit to SPI data.

Best-Fitting Maps The best fitting individual sky map with T'S = 2061 is obtained
for GMOO and a scale height of 700 pc with SFR = 8 M, yr~!, stellar models LC06,
and explodability LC18. This model is depicted in Fig. 5.21. Although it constitutes
the best fitting synthetic map, its 7'S value is still about AT'S = 100 lower than
the observational reference maps (cf. Tab. 5.1). The fit residuals are projected from
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Figure 5.21: Best fitting sky map with T'S = 2061 (cf. Eq. 5.3) out of 30000 PSYCO models (cf. Fig. 5.19). It is
based on GMOO with 700 pc scale height and SFR = 8 Mg yr~!, IMF KO1, stellar models LC06, and
explodability LC18.
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Figure 5.22: Left: Backprojection of the residuals obtained from the best fitting PSYCO map (cf. Fig. 5.21) onto
the celestial sphere. Residuals are given in units of number of photons. Right: Relative change in
backprojected residuals if known knowns (cf. Tab. 4.7) are added manually to the map.

SPI detector space through the coded mask back onto the sky. This is shown in the
left panel of Fig. 5.22. Bright regions, i.e. positive residuals, indicate areas in the
sky where the measured Milky Way emission is underestimated by the synthetic sky
map. The reverse applies for dark regions or negative residuals. Positive residuals
align in a ring-like structure with a diameter of 120°-180° and centred near the
Galactic centre. This can be partly attributed to prominent foreground emission
sites in the Milky Way. To estimate this influence, the three known associations
(cf. Tab. 4.7), i.e. Cygnus, Sco-Cen, and Orion, are added to the map in Fig. 5.21
and the fit is repeated. It is important to note that this reduces the investigation
to a purely phenomenological analysis since the stochastic properties of the orig-
inal galaxy model are overrun. Including the known associations, the fit slightly
improves to T'S = 2077. The spatial distribution to which this improvement can be
attributed is shown in the right panel of Fig. 5.22. The emission from the Cygnus
and Sco-Cen region are captured better by the sky map with this feature included.
On the other hand, for the Orion-Eridanus region, no notable change results from
its explicit consideration. However, this can not account for the entire aforemen-
tioned ring-like structure seen in the backprojected residuals. Thus, the origin of
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this residual structure is still to be clarified.

A composite sky map of the best-fitting models (cf. Fig. 5.23) is assembled. These
are defined by T'S > 2000. 49 maps fulfil this condition, 47 of which are based on
GMOO and 2 on GMO1. Those are normalised and combined in one average sky
map displayed in Fig. 5.23. The composite map yields 7T'S = 2123. This means it
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Figure 5.23: Composite synthetic sky map from the 49 best fitting PSYCO models, i.e. with T'S > 2000. It is
normalised to an integrated flux of 1.84 x 1073 phcm~2s~1.

fits the data better than any of the underlying maps individually. Its most striking
characteristic is a pronounced bimodal distribution. On top of the disk component,
a rather homogeneous emission originates from within ~ 60° around the Galactic
centre as well as the anti-centre. These areas are sharply separated by rather empty
regions along the spiral arm tangents. Apart from that, this map is characterized by
a striking homogeneity of the emission. As previously obtained with the individual
best fitting map, the manual inclusion of the known knowns leads to an improve-
ment of the fit on the same order to T'S = 2134. An overview over fit results of the
separately considered maps is summarised in Tab. 5.1. This compilation demon-

Table 5.1: Likelihood ratios T'S (cf. Eq. 5.3) of the best fitting PSYCO model (cf. Fig. 5.21) and the best fitting
composite model (cf. Fig. 5.23). Both are evaluated with and without the manual inclusion of known
knowns (cf. Tab. 4.7). The observational reference values obtained for the COMPTEL and SPI map are
given for comparison.

Map Known knowns TS
SPI 2166
COMPTEL 2160
Best model composite v 2134
Best model composite X 2123
Best model v 2077
Best model X 2061

strates a systematic improvement due to the manual inclusion of known knowns
(cf. Tab. 4.7). On the other hand, an inclusion of known unknowns (cf. Sec. 4.3.2)
yields no further improvement of the fit. This shows that those associations within
3.5kpc in the Milky Way are already captured by the overall properties of the galac-
tic model.

However, the backprojection of the residuals of the composite best model map in-
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Figure 5.24: Left: Backprojection of the residuals obtained from the best fitting composite PSYCO model
(cf. Fig. 5.23) including known knowns onto the celestial sphere. Residuals are given in units of number
of photons. Dashed grey lines guide the eye to prominent residual features. Right: Representation of
residual features by two components. First, the observer is positioned inside a shell with distance to
its centre of 500 pc, with an inner shell radius of 400 pc, and an outer radius of 800 pc. This yields a
large ring-like structure. Second, a spherical emission site at the distance of Vela OB 1 of 0.8 kpc (Allen
et al. 2015) with a radius of 80 pc.

cluding known knowns in the left panel of Fig. 5.24 yields similar features as in
Fig. 5.22. Residuals without known knowns as well as the relative improvement due
to their inclusion are depicted in Fig. A.12 in the appendix. The ring-like feature in
the residuals can be explained by locating the observer directly inside a 26Al-filled
spherical shell, e.g. at a distance of 500 pc with an outer radius of 800 pc and a
shell thickness of 400 pc (cf. right panel in Fig. 5.24). Another line of argument can
attribute the residuals to missing emission along the spiral arm tangents due to the
strongly bimodal model configuration mentioned before. Thus, the gap between the
spiral arms in the Milky Way would be less pronounced as suggested by GMOO.

A bright emission feature occurs rather concentrated in the Galactic plane within a
radius of ~ 22° around [ = 270°. This is in the direction of the Vela OB1 association
at [ = 265°. Thus, missing foreground emission from the Vela region can explain
the large residuals in this area. This is represented by a spherical emission with
80 pc radius at the distance of Vela OB1 of 0.8 kpc in the right panel of Fig. 5.24.
Another explanation for the flux excess at [ = 270° could be that 26 Al-filled super-
bubbles generally precede the spiral arm (cf. Fig. 2.46). Such configuration would
extend the emission from the Sagittarius-Carina arm towards latitudes < 300° and
thereby increase the emission around [ = 270°. Further tests for different spiral arm
orientations have to be performed with PSYCO in order to clarify the origin of this
residual feature.

Scale Height Analysis The scale height distributions (cf. Sec. 5.4.2) of the 30000
PSYCO models are depicted in Fig. 5.25. Here, the average values from 100 instan-
tiations for each model configuration are given for better visualisation. As expected,
the overall shape of the scale height distributions does not vary strongly for different
underlying SFRs. The large scale heights up to ~ 5kpc seen in SPI observations
are not reached by any of the model configurations on average. This points to a
peculiar position of the Solar System as also suggested in Sec. 4.4.3 from a pure
model approach. Generally, the observed scale height distribution shows a rather
bimodal configuration of large scale heights of a few kpc towards Galactic centre
and anti-centre, and small scale heights on the order of ~ 0.1kpc in between (cf.
discussion in Sec. 5.4.2). A similar structure is found only for the spiral dominated
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Figure 5.25: Scale height distributions of 30000 PSYCO models for 30 individual longitude bins along the galactic
plane. Each bin is 12° wide as shown in Fig. 5.15. The model grid has already been described in the
context of Fig. 5.19. Maximum likelihood results from SPI observations of the Milky Way are shown for
comparison in grey with error bars in y-direction representing the average width of the log(.¥)-profile
in each longitude bin. The analysis is restricted to a maximum value of 5 kpc. Because adjacent regions
overlap observationally as a result of the SPI field of view, each bin width is increased symbolically by
8° to both sides in longitude (cf. Pleintinger et al. 2019). For better visibility, only the mean values
obtained for 100 MC instantiations per model configuration are displayed. Colours mark different stellar
models and line styles denote varying scale height assumptions of the galactic models.



5 Comparing Models to Gamma-Ray Measurements 205

5,
=9
o4 §180° 120° (602407 & 1300° 1240°
£3 emoo ° |
(V]
© 2
o
wn1-
O,
- 57
54
£3 GMO1
(0]
© 2
O
n1-
0,
5,
-
54
£3- GM02
(9]
w© 2
o
w1-
O,
5,
-+t
54
£3 GMO03
(V]
T 2
o
n1-
0,
5,
-
54
T3 GM04 300° 1240
(0]
w© 2
&)
n1-
0 180150120 90 60 30 © 330300 270 240 210 180

Galactic Longitude [°] 10—5 107 10-3 10-2
—— Best Fit 1 68th percentile Intensity [cm™2 sr~1 s71]
—— Maedian SPI measurements

Figure 5.26: Left: Best fitting scale height distributions (purple) with respect to SPI measurements (grey) obtained
from 6000 PSYCO models for each radial galactic morphology (cf. Fig. 4.14). In each case, the best fit
is obtained with scale heights 0.7 kpc and stellar models LC18. The median of the 300 models using the
respective model configuration is shown in blue with 68% lying within the blue shaded region. Right:
Sky maps corresponding to the best fitting scale height distribution in the left panel. The maps are
normalised to the observed total flux and smoothed with a Gaussian filter of 2° width to emphasize the
general characteristics over smaller details. Regions yielding large scale height in SPI measurements
are marked by black lines.

morphologies GM00 and GMO01. Central dominated morphologies on the other hand
yield rather uniform distributions. With increasing model scale height the structure
becomes more bimodal. However, in order to reproduce the large observed scale
heights, the overall model scale height cannot be increased arbitrarily. This also
raises the general baseline, which leads to configurations that no longer meet the
small scale height contributions. This means that the observed structure could be
explained either by a generally high scale height with individual outliers to smaller
ones, or vice versa a generally small scale height with high outliers. This will be
discussed further below in the context of considering the scale height spectra.

The best fitting scale height distributions for each radial galactic morphology are
calculated on the basis of a x? distance determination and shown in Fig. 5.26. The
best fitting profile for each galactic morphology is obtained with scale height 0.7 kpc
and stellar model LC18. This has twofold implications. On the one hand, it favours
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large scale heights if particularly associated with the Local Arm. On the other
hand, it prefers larger 26Al bubbles based on the preference for LC18. The 68th
percentile of the respective model configuration in Fig. 5.26 indicates an Fast-West
asymmetry arising from the spiral structure in GM00, GMO01, and GM02. Within
this statistical scatter, the observed feature around [ = 150° is included. This means
that large scale heights and strong emission from the direction of the Perseus region
can also be explained as overall Galactic emission resulting from a prominent Local
Arm. On the other hand, the observed scale height peak around I = 230° can not
be explained in that way. The latter points to a foreground interpretation, e.g. by
the Orion-Eridanus region located near that domain.

The striking dominance of the Sagittarius-Carina arm towards the Galactic centre
in GMO1 leads to a peak at [ = 0° up to 5 kpc within 68%. This contradicts the ob-
served profile in this area, which rather shows a dip flanked by two peaks at [ ~ —40°
and [ ~ 60°. This central structure is on average best represented by GM03. The
latter is central dominated with a widened galactic ridge emission due to a weak
spiral component. The other morphology with a exponential radial density profile,
GMO04, shows a similar dip, but less pronounced. The statistical scatter is largest
for this morphology because the local star formation density in the vicinity of the
observer is also largest.

In particular, the observed peak around [ = 60° can be explained as a foreground
feature, since it is not captured within 68% by any model. As this position differs
from the location of Cygnus by about twice the bin size in longitude, it is not di-
rectly linked to this region. Instead, this increase in scale height can be explained as
associated with the tangent of the spiral arm gap in that direction, where a widely
extended foreground component dominates over the galaxy-wide emission.

The entire set of scale height profiles in Fig. 5.25 is translated to scale height spectra
in Fig. 5.27. Since in the previous analysis the scale height distributions remained
basically constant for SFRs above 2 Mg yr—!, this parameter is no longer explicitly
considered in this representation. As expected from the previous scale height inves-
tigations, on average none of the model configurations exactly reflects the observed
structure. With increasing scale height the spectrum becomes more concentrated
with a large scale height peak. In this case small scale height features occur less
frequently. Agreement between models and observations is found for the amount
of longitude bins with very small scale heights from GM03 and GMO00 within 68%
for a galactic scale height of 0.1kpc. This agreement goes along with a similarity
of the spectra to what was obtained for F418 by Pleintinger et al. (2019) as shown
in Fig. 5.18. While Pleintinger et al. (2019) studied only one realisation of the
hydrodynamic simulation, the many instances of the PSYCO model also allow to
investigate the effect of statistical outliers and spatial peculiarities in this thesis.
For this purpose, the scale height spectra that are closest to the observed spectrum
are listed for each galactic morphology in Fig. 5.28. These are obtained for model
scale height assumptions of 0.2 kpc, 0.7 kpc, 0.7kpc, 0.2kpc, and 0.2 kpc for GMOO,
GMO1, GM02, GM03 and GMO04 respectively. This indicates that the observed gran-
ularity of the Milky Way can be produced generally by any scale height configuration
and for any of the considered galactic morphologies. The overall smallest x? value
is obtained for the case of GM00 with zy = 0.2 kpc and SFR = 8 M, yr~!. This map
(cf. upper right panel in Fig. 5.28) is characterised by a rather thin and continu-
ous disk component, including prominent and broader emission from the Local Arm
towards the Galactic anti-centre. On top of that, few rather bright superbubbles
are seen as outliers at high latitudes. The contrast between these two components



5 Comparing Models to Gamma-Ray Measurements 207

=
o

Number
Number Number
N H [e)} 0] o N D [e)} 0] o N H o)} o] o N H [e)} [e0] o N D [e)} o]

Number

Number

B

0-
1
Scale Height [pc]
z = 0.7 kpc — z=0.2 kpc
—— z = 0.5 kpc — z=0.1kpc
— z = 0.3 kpc SPI measurements

Figure 5.27: Scale height spectra of 6000 PSYCO models for each galactic radial morphology as denoted in grey
boxes per panel. Colours mark different scale height assumptions with solid lines giving the median
of 1200 model instantiations for each scale height configuration. Shaded regions assign the respective
68th percentiles. The grey line and shaded region marks the scale height spectrum of the Milky Way
as measured with SPI (cf. Pleintinger et al. 2019, or Sec. 5.4.2).

gives rise to the observed bimodal distribution between the small scale height peak
and the flat large scale height component. The presence of bright star groups that
are located nearby and seen under a large latitude angle of |b| > 30° is generally
striking in the sky maps in the right panel of Fig. 5.28. These features are decisive
to explain the observed granularity of the 1.8 MeV sky.

This investigation indicates that while large scale height features can be equally
represented by either a large overall galactic scale height or individual nearby sites
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Figure 5.28: Left: Best fitting scale height spectra (purple) with respect to SPI measurements (grey) obtained
from 6000 PSYCO models for each radial galactic morphology as denoted in the grey boxes per panel
(cf. Fig. 4.14). The best fitting spectra are obtained with model scale heights 0.2kpc, 0.7 kpc, 0.7 kpc,
0.2kpc, and 0.2 kpc for GM00, GM01, GM02, GM03 and GMO04 respectively. The median of 300 models
using the respective model configuration in each panel is shown in blue with 68% lying within the blue
shaded region. The maps are normalised to the observed total flux and smoothed with a Gaussian filter
of 2° width to emphasize the general characteristics over smaller details.

at high latitudes, the small scale height peak is more likely explained by a small
galaxy-wide scale height than by bright foreground features located in the galac-
tic plane. This clarifies the previously mentioned quandary of which component
is galactic and which foreground. Overall, the evaluation of scale height spectra
favours an overall thin galaxy-wide scale height distribution, which is overlaid by a
few prominent foreground emission sites at high latitudes.

A comprehensive and conclusive discussion of the analysis in Ch. 5 with reference
to the complete picture of this thesis is presented separately in the following Sec. 5.5.
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The 2°Al signal from the entire Galaxy measured with SPI is exploited mor-
phologically by comparing it to synthetic sky maps from the hydrodynamic
simulation by Fujimoto et al. (2018) and 30000 PSYCO models.

e The uniform exponential disk parameters best fitting the global Galactic
26 A] emission are 1y = 5.81 4+ 0.64 kpc and 2y = 0.77 + 0.17 kpc.

e Scale height distribution and the scale height spectrum are established
as comparative tools for investigating the Galactic morphology seen with
nuclear gamma-ray lines.

e A bimodal scale height spectrum from SPI observations indicates a strong
nearby emission component which is on average not represented in F+18.

e The evaluation of the PSYCO models indicates the absence of a partic-
ularly bright bulge emission and the presence of a relatively prominent
Local Arm towards the galactic anti-centre seen in 1.8 MeV from the

Milky Way.

e Discrepancies between PSYCO models and SPI observations indicate a
missing prominent emission component from the direction of the Carina
region in the models and overall suggest that the average bubble size is
larger than currently assumed, which could be an indication of frequent
bubble merging.

e The galactic distribution of 26Al that consistently appears to closest re-
produce the observed morphology of the Milky Way is GMO00, which is
characterized by a particularly homogeneous emphasis on the spiral arms.

5.5 Conclusion and Discussion

This section provides a conclusion of the key results of this thesis concerning nu-
cleosynthesis feedback of massive star groups and their implications for the global
chemical evolution of the Milky Way. The astrophysical and galactic parameters pre-
sented in Ch. 2 are discussed with recourse to measurements in Sec. 3.4.3, modelling
in Ch. 4, and their cross-evaluation in the previous part of this Ch. 5.

SFR and SNR The correlation between SFR and SNR is mainly modulated by stellar
explodability (cf. Fig. 4.23). According to the PSYCO modelling results, this gives
rise to a linear relation SNR = ¢ x SFR, with ¢ = (0.36-0.56) x 1072 My, ! within
the range of SFR of 1-8 M, yr~!, depending on explodability. This constitutes an
important link within the Galactic Cycle of Matter (cf. Fig. 2.2) as it quantifies
the mass that is recycled in SNe to 1/3-2/3 of the total stellar mass. There is a
preference towards smaller values of € because a low explodability in the high-mass
regime, such as e.g. LC18, is suggested by multiple indicators throughout this thesis.
With regard to the modelling of star formation dynamics described by the IMF, it
has been found that the low-mass break of the IMF proves to be decisive for galactic
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chemical evolution. The high-mass slope is of less importance (cf. Fig. 4.20). Con-
cerning radioactivity tracers, the low-mass break is modelled consistently by both
K01 and CO05.

From the consideration of SFRs in the range 1-8 M yr~!, also a linear relation is
inferred for the formation rate of stellar clusters. It can be described as CFR =
6 x SFR x 10~*[yr~!|, which yields a CFR of about 0.16 or 0.29 per century for
SFR = 2Mg yr~! or SFR = 4 M, yr~! respectively (cf. Sec. 4.3.1). This constitutes
a heuristic connection between the formation of individual stars and the emergence
of large scale structures.

In order to obtain a total Galactic Al mass of (2.8 + 0.8) M, as determined by
Diehl et al. (2006), a SFR 2 4M, is required in the PSYCO modelling frame-
work. This required mass increases with decreasing explodability for high-mass
stars. The PSYCO model calculations in connection with gamma-ray observa-
tions are incompatible with the commonly assumed SFR. of about 1.5-3.5 Mg yr—!
(cf. Sec. 2.4.2). Instead, a higher SFR > 4 Mg yr~! is suggested. SFR = 4 Mg yr—!
implies a rate of 1.4-2.2 SNe per century, which is consistent with the determi-
nations for the Milky Way (cf. Tab. 2.10). The observed “°Fe line intensity of
Fop, = (0.31 £ 0.06) x 103 phem™2s™! (Wang et al. 2020) is obtained for the
global assumption of SFR > 4 M, yr~!, which yields an average galactic ®*Fe mass
of 2 4 Mg (cf. Fig. 4.26 or Fig. 4.32).

For the case of Al a larger Galactic SFR is confirmed on the basis of the iso-
lated treatment of the inner Galaxy emission from || < 30° and |b] < 10°. This
spatial confinement is necessary because only this area is dominated by galaxy-
wide emission, while higher latitudes and longitudes exhibit strong contamination
by foreground emission. The 1.8 MeV emission from this region is modelled with
SFR ~ 5 Mg yr~t or M(?°Al) ~ 2 Mg (cf. Sec. 4.4.3 or Fig. A.6). However, this is still
influenced by the remaining prominent foreground emission from 2°Al. The abun-
dance of nearby massive-star regions is also underestimated for SFR = 2 Mg yr—!.
Besides a generally larger SFR, this also indicates that the local star formation is
underestimated and the clustering of star formation events is more prominent than
currently assumed in PSYCO.

About 1-2 SN remnants are observable by their *Ti gamma-ray emission. This
number is modelled in the PSYCO framework by assuming SFR = 4 M, yr~!, which
yields on average 1.4 £+ 1.1 SN remnants detectable by their *Ti decay signature
with current instruments. This confirms the higher estimate of the SFR.

Stellar Yields and Explodability Fxplodability, rotation, and metallicity are the crucial
parameters for stellar nucleosynthesis feedback. Their implications for star groups
have been discussed in detail in Sec. 4.2.3. Stellar rotation and metallicity mainly
affect the temporal profile and contrast between wind and SN yields. ®Fe shows
the strongest variations between nucleosynthesis models. Thus, the ®Fe/?6 Al mass
ratio is strongly dependent on those model assumptions, yielding 2.3 or 7.1 for LC06
or LC18 respectively. The flux ratio of 0.17 4= 0.04 observed with SPI in the Milky
Way (cf. Wang et al. 2020, or Sec. 3.4.3), is reached closer by models based on LC06
yield calculations.

A decrease in explodability is accompanied by a reduction of the amount of stellar
material that is reprocessed in a subsequent Cycle of Matter. In other words, ex-
plodability primarily determines the leakage of this cycle. Since this parameter is
selective towards explosive nucleosynthesis mechanisms and consequently SN yields,
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it reduces ®“Fe more than 26Al. While the former is ejected only in SNe, the latter
is also present in stellar wind ejecta. Thus, it also strongly affects the time profile
of the %°Fe /2 Al mass ratio in stellar groups.

Concerning the entire Milky Way, the Galactic 1.8 MeV flux of (1.84 4+ 0.03) X
103 phem 257! (cf. Sec. 3.4.3) is on average underestimated by PSYCO models,
even for extreme assumptions such as SFR = 8 Mg yr~!. This indicates generally

underestimated nucleosynthesis yields or a peculiar observer position in the Milky

Way. Additionally, the fit of galactic PSYCO models to full-sky measurements of

the Milky Way yields a preference for explodability LC18. Since in this case 26Al

is found on average in superbubbles that tend to be older and therefore larger, this

is also linked to a spatial effect. Particularly on the galactic level, a degeneracy

between stellar evolution models and spatial configurations is present.

The investigation of individual sources is constrained by the sensitivity limit of cur-

rent gamma-ray telescopes. SPI measurements of the most promising WR source,

72 Velorum, yield a 20 upper flux limit of 1.7 x 107 phem =25~ (cf. Sec. 5.2). This

limit is in agreement with current stellar models.

While previous investigations of individual stellar associations mainly covered Cygnus,
Sco-Cen, and Orion (cf. Sec. 2.3.4 or Tab. 4.7), this was extended in this thesis by

exploiting newly obtained SPI measurements of the Perseus region (cf. Sec. 5.3). A

1.8 MeV flux of Frey; = (6.34£2.8) x 107° phem 257! and accordingly an 26Al mass of

M(?°Al) = (5.1£2.2) x 107* M, was attributed to the Per OB2 association. This is

consistent with earlier studies using COMPTEL (Knédlseder 1997) and SPI obser-

vations (Bouchet et al. 2015). A comparison with population synthesis calculations,

adapted to Per OB2, shows that this mass value is best modelled with stellar yields

including the reduced explodability for high mass stars, LC18 (cf. Fig. 5.12). As-

suming a higher explodability, e.g. S09, a 2-3 times larger mass would be expected.

Therefore, the Per OB2 measurements confirm LCI18.

A rather high total 1.8 MeV emission of (3.6 + 0.4) x 107* phem™2?s™! is measured

from within a larger 30° radius in the Perseus region. This leads to the Perseus

26A] puzzle: This large flux cannot be accounted for by a simple superposition of

the three Perseus OB associations. Therefore, either a currently unnoticed strong

foreground source is present, or a larger structure along the line of sight in the Local

Arm creates this flux excess cumulatively.

An explanation would be the enhancement of wind yields due to binary interactions

in the mass range M, < 25Mg. In Sec. 4.2.4, first modelling attempts of binary

wind yields by Brinkman et al. (2019) were integrated into the population synthesis.

The results showed no significant increase in yields due to these effects. However,

the change in chemical composition of SN progenitors remains a crucial uncertainty

in this respect.

Isotopic Mass and Galactic Distribution The crucial measurement for the determina-
tion of the Galactic Al mass is the total 1.8 MeV emission of Fbsy = (1.84 +
0.03) x 1073 phem=2s~! measured from the entire sky with SPI in Sec. 3.4.3. This
is consistently underestimated by PSYCO models. This can be attributed either to
a generally underestimated 2°Al mass or a mismatched spatial configuration.

The isotopic mass scales linearly with the SFR (cf. Fig. 4.20). SFR = 4 Mg yr~!
yields total 26Al and %°Fe masses in the range 0.9-1.8 M and 1.0-5.8 M, respec-
tively, depending on the underlying stellar evolution and explodability models. Only
the most extreme model case in this respect with SFR = 8 M, yr~! and explodabil-
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ity S09 reaches the observed flux for certain galactic morphologies (cf. Fig. 4.26).
This is a physically unreasonably high SFR for the Milky Way. Additionally, the fit
of modelled full-sky distributions to SPI measurements suggests a total 2°Al mass
of 1.7-1.9Mg. In this case, accurately modelled intensity gradients are indicated
by a scaling parameter of 1 (cf. Fig. 5.20). This mass range is also obtained by the
investigation of the gamma-ray flux that originates from the inner Galaxy region
within |/] < 30° and |b] < 10° (cf. Tab. 4.10 or Fig. A.6). This confirms the total
Galactic 26Al mass of ~ 2M,, independent of the underlying assumptions of the
SEFR or stellar models. Therefore, the modelled, low flux is probably the result of
a spatial configuration in the Milky Way which is on average not captured by the
assumed spatial distributions.

A variety of morphological assumptions have been tested concerning the distribution
of 2Al and ®Fe in the Milky Way (cf. Fig. 4.14 and Tab. 4.9). Certain model config-
urations produce a total flux similar to observations. The flux is scaled linearly with
SFR (cf. Fig. 4.26 and Fig. 4.27). In observations, 16% of the entire 1.8 MeV gamma-
ray flux originates from the inner Galaxy region (cf. Siegert 2017, and Sec. 3.4.3).
This ratio varies in PSYCO models between 40% and 23% for central and spiral arm
dominated galactic morphologies, respectively (cf. Sec. 4.4.3). On the one hand, this
points to a spiral arm dominated distribution in the Milky Way. On the other hand,
the observed, low ratio also points towards an additional strong local component at
high latitudes or a particularly prominent Local Arm in the direction of the Galactic
anti-centre. A bright spiral arm component in the Milky Way is supported by a gen-
eral latitudinal asymmetry receiving the largest part from QIV, i.e. —90° <1 < 0°
(Kretschmer et al. 2013; Bouchet et al. 2015). This is achieved by the inclusion of
a prominent Sagittarius-Carina arm (cf. Fig. 4.29).

About 50% of the total 26Al line flux originates from within a radius between
2.8-6.0kpc. If strong foreground sources are present, this proportion can even in-
crease up to 90%. This means that only a minor contribution is expected from the
Galactic bulge region within ~ 2kpc around the Galactic centre (cf. Fig. 4.28).
The best fitting parameters for describing the full-sky emission of the Milky Way
by a homogeneous doubly exponential disk are scale radius of 7y = (5.81 +0.64) kpc
and scale height zy = (0.77 & 0.17) kpc (cf. Fig. 5.16). A comparison with the
MHD simulation by Fujimoto et al. (2018) and the large number of PSYCO models
shows that this large scale height is mainly due to prominent foreground emission
at high latitudes. Beyond that, a more detailed analysis of the galactic morphology
is possible with the new approach of scale height decomposition in conjunction with
PSYCO models. The observed scale height distribution reveals that a pronounced
and highly contrasted granularity is characteristic for the 2°Al sky (cf. Fig. 5.17).
Thus, a doubly exponential disk constitutes a physically inaccurate representation.
Instead, the model comparisons point to a small scale height in the order of 0.1 kpc,
which in some regions is overlaid by nearby emission at large scale heights up to
5kpc. This is supported by direct fits of PSYCO models to SPI data. These, on av-
erage, deteriorate for increasing scale heights and with identical radial distributions
(cf. Fig. 5.19). Dominant nearby components occur preferentially in the direction of
the Galactic centre around |I| < 60°. This gives rise to a characteristically bimodal
scale height spectrum of the Milky Way peaking around 0.1 kpc (cf. Fig. 5.18). This
is best reflected by a prominent spiral structure, which causes a high contrast be-
tween extended emission from the arms and the gap between them (cf. Fig. 5.21).
In contrast, a mainly exponential morphology produces a flat scale height distribu-
tion. No predominance of the Sagittarius-Carina arm is found. Instead, a significant
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contribution of the 1.8 MeV flux also originates also from the Local Arm.

The direct comparison of 180000 PSYCO models to measurements, their scale height
distributions, and their scale height frequency spectra show that the radial morphol-
ogy GMOO (cf. upper panel in Fig. 4.14) best describes the 1.8 MeV gamma-ray mea-
surements from the entire sky (cf. Sec. 5.4.3). Its main characteristics are an equal
emphasis on the two closest spiral arms and the absence of strong emission from
the Galactic bulge region (cf. upper panel in Fig. 4.28). For an accurate description
of the SPI data, a characteristic configuration of foreground sources is required to
account for the measured flux from high latitudes.

Superbubble Size and Merging PSY(CO models based on explodability LC18 describe
the 1.8 MeV SPI data on average better than the same models using a different ex-
plodability (cf. Fig. 5.19). This is correlated with a tendency to fill superbubbles
with the bulk of 2°Al at later times. Therefore, larger bubbles appear brighter in this
case. The average diameter of superbubble structures filled with 26Al in the Milky
Way is determined to > 300 pc. This is in agreement with the distribution of 26Al
around Per OB2, which is found within a maximum likelihood radius of (160+60) pc
(cf. Sec 5.11). Regarding the age of around 6 Myr of Per OB2, this is slightly larger
than expected from the approximation for spherical expansion in Eq. 4.16 (cf. also
Fig. 4.16).

The underestimation in models of both the 1.8 MeV local foreground components
and the average bubble size indicates that the actual local star formation density in
the vicinity of the Solar System is larger and that it occurs overall more clustered
than currently assumed. This is also supported by the full-sky morphology of the
Milky Way 26Al emission, which appears more coarse-grained than suggested in the
simulation by Fujimoto et al. (2018). Clustered star formation would release kinetic
energy through stellar feedback processes spatially more concentrated. This would
increase the average size of the cavities. Such a mechanism could also account for
the more salient granularity in the observed scale height distribution of the Milky
Way.

The increased bubble size also points to a frequent merging of superbubble struc-
tures. This was already suggested e.g. by Krause et al. (2013, 2015), or Rodgers-Lee
et al. (2019). Shells break up frequently and open up into previously blown cavities.
Thus, they grow larger as a consequence of the feedback contributions from multiple
star groups. This is supported by the fact that 2°Al is found in a rather turbulent
state in Per OB2 with a velocity dispersion of (140 + 60) kms™! and an indication
for an overall blue-shift (cf. Sec. 5.3.2). This indicates material streaming freely
in the preferred direction of a lower-density ambient medium and away from dense
molecular gas structures.

The Solar System as Galactic Outlier? Considering the history of astrophysics, it is un-
doubtedly a delicate hypothesis to suggest a spatially or temporally special position
of the Solar System. However, the gamma-ray measurements of 26Al indicate both.
In this respect, the crucial results from PSYCO models and the MHD simulation by
Fujimoto et al. (2018) together with 1.8 MeV SPI observations are: a consistently
underestimated total 1.8 MeV flux, an omitted prominent emission at very high lati-
tudes, an underestimated °Fe/? Al gamma-ray flux ratio, a morphological deviation
from the overall scale height distribution as well as from the high bimodal contrast
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in the respective scale height frequency spectrum. Although these properties are
missed by the modelled galactic average, they are met for certain outlier configura-
tions (cf. Fig. 4.32, Fig. 5.26, and Fig. 5.28).

The comparison of the MHD simulation by Fujimoto et al. (2018) with SPI shows
convergence for a spatial configuration in the simulation where the observer is situ-
ated near or even inside prominent 2 Al-filled bubbles (cf. Pleintinger et al. 2019, or
Sec. 5.4.2). In addition to such a spatial alignment, the low ®°Fe/?°Al gamma-ray
flux ratio compared to observations points also to a peculiar temporal configuration.
On the basis of current stellar nucleosynthesis calculations, this can generally not
be obtained by the galactic average but only by a nearby young association that is
rich in 26Al due to very-massive star winds and poor in °Fe due to an absence of
SN ejecta.

A serendipitous example of such a case is found by the 360° rotation of a modelled
galaxy shown in Fig. 4.30. Here, the agreement of modelled and observed 2¢Al and
OFe flux coincides with the direct passage through a superbubble filled with 26Al
by an only 6.9 Myr old stellar group (cf. also Fig. 4.31). If the observer is situated
directly inside such an 26Al-filled superbubble, the contribution due to this omnidi-
rectional source can reach up to ~ 85% of the entire line flux. Such a configuration
generally agrees with the picture of the the Solar System as indicated by isotopic
abundance studies of ®“Fe signatures in deep-sea sediments on the Earth by Wallner
et al. (2016, cf. Fig. 3.1). This study shows that material enriched with “°Fe swept
over the Solar System about 3 Myr and 6 Myr ago. According to population syn-
thesis calculations, %°Fe ejection within a stellar association starts about 3-8 Myr
after its formation. Assuming an additional propagation duration on the order of
~ 1 Myr, measurements of the deep-sea crust would be compatible with the contri-
bution from a 10-15Myr old association. The ®Fe/?° Al gamma-ray flux ratio from
such a group would be in agreement with the observed Milky Way value assuming
LC18 evolution models (cf. Fig. 4.6 and Sec. 4.2.3). This means that gamma-ray
measurements would be compatible with the hypothesis that the Solar System was
overrun by a chemically enriched shell in the past and is currently located inside a
feedback-driven superbubble enriched in 26Al.

For such a configuration, an omnidirectional emission of 1.8 MeV gamma-ray pho-
tons would be expected. Since the coded-mask detection principle of SPI relies on
rather small-scale intensity gradients, a homogeneous emission across the entire sky
is particularly difficult to measure. However, an indirect signature of such a rather
diffuse foreground emission might be found in the scale height distribution of the
Milky Way (cf. Fig. 5.17). The particularly large scale heights near | ~ 60° and
[ = 300° can not be attributed unambiguously to known foreground sites. Instead,
these scale heights could arise because the galaxy-wide emission concentrated in
the disk is particularly weak along the spiral arm gaps in these directions. This in
turn leads to a predominance of an omnidirectional emission component especially
in these areas.

In order to quantify the chance occurrence of such a local configuration, it can be
assigned a probability of on the order of 1072-10~3 within the PSYCO framework
(cf. Fig. 4.32). Since there is currently only one observable case, the Milky Way,
this is not ultimately assessable. These results should therefore generally only be
interpreted with caution and validated with next generation telescopes.
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Outlook Gammarray measurements constitute an essential basis for empirical re-
search about nucleosynthesis feedback in the Milky Way. The strong dependence on
the underlying single star yield calculations emphasises the importance of further
studies in the field of massive-star evolution (Higgins & Vink 2019; Szécsi et al.
2020). It has been shown that especially their explosion mechanisms are currently a
research field of crucial importance for providing a coherent picture of nucleosynthe-
sis feedback and galactic chemical evolution (Burrows et al. 2019; Suwa et al. 2019;
Ebinger et al. 2019, 2020; Agrawal et al. 2020; Chan et al. 2020). There are many
indications that binary interactions and their implications for SN progenitors play a
decisive role in this respect. While further investigations of the binary wind yields,
such as Brinkman et al. (2019), are necessary in order to obtain a comprehensive
picture, the population synthesis calculations in this work show that the direct wind
enhancement is of secondary importance compared to the general alteration of SN
progenitor properties. Recent studies on this field show that the stripping of stellar
envelopes in close binary systems can significantly change the evolutionary path of
a star as bare He-core and respectively alter the explosive nucleosynthesis yields
(Prentice et al. 2019; Woosley 2019; Ertl et al. 2020; Gotberg et al. 2020). In the
field of binary population synthesis (e.g. Chrimes et al. 2020; Woosley et al. 2020;
Mandel et al. 2020; Patton & Sukhbold 2020), an important and promising future
effort is to establish an adequate mapping of stripped He-core masses and their re-
spective explosion yields onto current single star evolution models. This will adjust
the calculations for altered terminal phases due to binary interactions.
Superbubble dynamics and in particular their merging and mixing properties have
been shown to be decisive for the large-scale distribution of nucleosynthesis ejecta.
To study these complex processes in detail, elaborate MHD simulations are indis-
pensable (cf. e.g. Rodgers-Lee et al. 2019; Beniamini & Hotokezaka 2020; Fujimoto
et al. 2018, 2019, 2020; Krause et al. 2020). Since these are also very expensive
and difficult to compare with measured gamma-ray data, a combined approach with
semi-analytic models such as PSYCO is suggested in order to make effective scien-
tific use of them.

The chemical history of the Solar System is not entirely understood, but continues
to be an intriguing field of research (cf. eg. Breitschwerdt et al. 2016; Fields et al.
2019; Fimiani et al. 2016; Hyde & Pecaut 2018; Ludwig et al. 2016; Lugaro et al.
2018; Melott et al. 2017; Melott & Thomas 2019; Schulreich et al. 2017, 2018; Wall-
ner et al. 2016). Future cosmic gamma-ray measurements will be an essential part
within a consistent framework of multi-messenger observations. An important as-
pect will be to measure omnidirectional emission as a potential consequence of direct
embedding of the Solar System in an ?®Al-filled superbubble. This is difficult with
the current coded-mask instrument SPI. A possible signature of such an emission
could be obtained by occultation studies using passages of the Earth or the Moon
through the field of view. Assuming a flux of 103 phcem=2s7!, as could be expected
from a surrounding ~ 10 Myr young and therefore about 100 pc sized bubble, SPI
would be able to detect such a contribution by 4 Ms of occultation observations. In
18 yr of the INTEGRAL mission, only 0.26 Ms had been devoted to Earth observa-
tions, so that such an endeavour seems out of reach. The detection principle of a
Compton telescope with a larger field of view would have less difficulties in measur-
ing particularly such an omnidirectional source, which would therefore be a suitable
technology for a future instrument investigating such a phenomenon. Solutions to
these issues beyond the results found in this thesis thus point towards scientifically
rich measurements with future gamma-ray telescopes.
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6 Summary

This thesis was devoted to the general research question: How does nucleosynthesis
feedback from massive star groups affect the chemical evolution of the Milky Way
and the Solar System? In order to assess this question, on the empirical side, mea-
surements of the cosmic gamma-ray emission of decaying 2°Al in the Milky Way
were utilised through measurements with INTEGRAL/SPI. On the theoretical side,
a galactic population synthesis model, PSYCO, for the large-scale impacts of stellar
nucleosynthesis feedback was developed. These two components were finally com-
bined in a newly devised comparison in order to exploit them as fully as possible for
studying stellar feedback from massive star groups and their nucleosynthesis impli-
cations in the Galaxy:.

The hierarchical process of galactic chemical enrichment was investigated observa-
tionally on the three essential spatial scales characterising the cosmic Cycle of Matter
in our Galaxy to obtain a complete experimental picture. This included measure-
ments of the nuclear 1.8 MeV gamma-ray line from the individual stellar source
~? Velorum, the star group Perseus OB2, and the Milky Way as a whole. For the in-
dividual source, an upper flux limit of 1.7 x 107° phem~2s~! was obtained, fully con-
sistent with model calculations. The Perseus OB2 group was associated with an 26Al
mass of (5.142.2) x 107 M. In combination with population synthesis calculations,
this provides an important constraint for stellar evolution models, indicating reduced
or inhibited SN explosions for stars with masses M, > 25My. The currently most
complete use of the SPI data archive including double detector events with 17.5yr
of full-sky observations yielded an ?°Al line flux of (1.84 +0.03) x 1072 phem 2571
This is the most precise measurement of the 26Al line so far. Overall, a coherent
empirical approach to the connection between the nuclear fusion reactions occurring
within massive stars and the subsequent processing of the respective products on
galactic scales was achieved.

To investigate this very process from a theoretical perspective, it was modelled
bottom-up with PSYCO. In this framework, simulations of single stars are utilised
in population synthesis calculations of massive star groups to model the spatial as-
pects of nucleosynthesis ejecta in an entire galaxy. This constitutes a versatile and
flexible modelling approach for the specific purpose of determining nucleosynthesis
properties of the Milky Way in conjunction with gamma-ray observations. Consis-
tent modelling results were obtained for a global SNR of 1.4 + 1.1 per century and
a Galactic SFR of ~ 4 My yr~!, which is larger than the current canonical value of
the Milky Way.

The general epistemological challenge in astrophysics concerning the comparability
of generic theoretical models with unique empirical data was assessed by translating
both components into a common parameter space. By determining the characteris-
tic exponential scale height as a function of Galactic longitude, a coherent analysis
was performed in data and model space. On that basis, the two closest spiral arms,
the Sagittarius-Carina Arm and the Local Arm, have been identified as the major
Galactic contributors to the 1.8 MeV full-sky emission. Additionally, a prominent
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Figure 6.1: Best-fitting composite full-sky map of the 1.809 MeV emission from 26 Al decay modelled with PSYCO.
It is composed of the average of the 49 best-fitting model instantiations including the known foreground
associations Cygnus, Sco-Cen, and Orion. A Gaussian filter of 2° width was applied to adjust the original
map to the spatial resolution of SPI. The modelling procedure underlying this map was described in
detail in Sec. 5.4.3.

Al foreground source surrounding the Solar System was disentangled from the
overall Galactic emission. Taking this foreground contamination into account, the
entire Galactic mass of 2Al was estimated in the range of (1.4+0.5) Mg,. For ®Fe, a
Galactic mass in the range 3.5-6.0 My was inferred. The newly developed ansatz of
scale height decomposition was therefore effectively applied as a functional and sci-
entifically fruitful approach in order to bridge the conceptional gap between detailed
simulations and state-of-the-art gamma-ray observations.

Based on the extensive exploitation of measurements and models of radioactivity
in the Galaxy, this thesis is integrated in the larger endeavour of understanding
how the chemical composition of the Milky Way and the Solar System came about.
From the specific perspective of gamma-ray astrophysics, this work contributed to
integrate the theory of nucleosynthesis in stars into a coherent galaxy-wide picture.
This is represented in Fig. 6.1. It depicts the full-sky map obtained within the
PSYCO framework which best describes the SPI data. The similarities with the re-
constructed image by COMPTEL in Fig. 1.1 shown in the introduction can therefore
be associated with detailed astrophysical properties. This includes essential stellar
evolution characteristics, their linkage to massive star cluster dynamics, a variety of
overall galactic parameters, and the underlying three-dimensional distribution. Be-
sides a pronounced nearby spiral-arm structure and the absence of intense 1.8 MeV
emission from the Galactic centre, the general spatial distribution of nucleosynthe-
sis ejecta was confirmed to be associated with superbubble structures, the average
extent of which appears larger than usually assumed. Accordingly, 2°Al is found to
preferentially expand in cavities of > 300 pc and exhibits an overall turbulent state
which is confirmed through Doppler broadening measurements. This points to a
highly dynamic state of the ISM which leads to sequentially triggered and clustered
star formation as well as frequent merging of feedback-driven interstellar bubbles.
Altogether, the observed 1.8 MeV map contains crucial details about the geometry of
massive star feedback in the Milky Way, some of which were uncovered throughout
this thesis.

Concerning the particular chemical composition of the Solar System, indications
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have been found that it is situated directly inside an 26Al-filled superbubble. This
means that the Solar System is currently directly affected by nearby massive-star
activity and therefore chemically enriched in fresh and radioactive nucleosynthesis
products compared to the Galactic average. This study demonstrates the impor-
tance of exploiting measurements of cosmic gamma-rays, and in particular of 26Al,
in order to comprehend the evolution of matter in the Milky Way and the Solar
System. In order to confirm the special position of the latter and its embedding in-
side a radioactive bubble, this readily underlines the necessity of future gamma-ray
telescope missions.

In a figurative sense, the measurements in this thesis may help to determine the place
of the Solar System, the Earth, and finally of humanity in the overarching cosmic
Cycle of Matter. However, this is not the place to conclusively clarify if this helps
to alleviate the cosmological one of the narcissistic wounds of humanity. The field
of tension in which man finds himself undoubtedly persists: on the one hand to look
alienated at objective nature and on the other hand to be nevertheless at home in it.
But perhaps it is precisely the experience of this tension that drives an astonished
engagement with nature within the natural sciences. From this perspective it is at
least certainly possible also for an astrophysicist to call the Galaxy by conviction
our Milky Way.
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Figure A.1: 26 Al nucleosynthesis feedback profiles from LC18 and LCO06 for individual stars with different metallic-
ities and rotational velocities.
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Figure A.3: Spectral MCMC fit results for the full-sky emission of 26 Al at 1809 keV measured with SPI single events

separately. Upper: Equivalent to Fig. 3.24. Middle: Equivalent to Fig. 3.25. Lower: Equivalent to
Fig. 3.26.
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Figure A.10: Posterior distributions of spectral fit parameters describing the 26 Al signal at 1809 keV from 2 Velorum
as measured with SPI according to the photon model in Eq. 3.28. The underlying data are obtained
by a combined treatment of single and double events. The mean value along each axis is shown in

yellow. Histograms on the diagonal show marginalised probability distributions along the respective
axis with 86th percentiles marked by dashed lines. The respective spectrum is shown in Fig. A.9.
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Figure A.11: SPI data analysis results of the 26 Al emission from the Perseus region for fitting a 30° radius cut-out
of the SPI 26Al map (Bouchet et al. 2015) to single (left) and double events (right) separately. Top:
Residuals of the background model overplotted by a normal distribution with width o = 1. Middle:
Model performance measured by X?e 4 for each energy bin for the entire SPI camera. The ideal value
of Xx?e 4 = 1 is shown as white line, with 1o, 20, and 30 uncertainty intervals as shaded grey regions.
All points lie within the 30 band. Bottom: Resulting SPI spectra from the amplitude of the SPI map
region fitted in each 0.5keV wide energy bin in the range 1745-1840keV. A grey dashed line guides

the eye to zero flux.
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Figure A.12: Left: Backprojection of the residuals obtained from the best fitting composite PSYCO model
(cf. Fig. 5.23) without the inclusion of known knowns onto the celestial sphere. Residuals are given
in units of number of photons. Right: Relative change in backprojected residuals if known knowns

(cf. Tab. 4.7) are added to the map.
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B Additional Equations and Derivations

IMF Cutoff Mass

In order to computationally accelerate the optimal sampling process described in
Sec. 4.2.1, the mass M., below a physically reasonable cutoff mass M o can be
waived in the iterative discretisation according to Eq. 4.7. In the following, the
calculation of M. is given for different shapes of the stellar IMF.

Salpeter (1955)

The IMF by Salpeter (1955) was defined in Eq. 2.4. For M € [Myin, Minax] and
normalisation constant A, it yields a total stellar mass

M A
Mtot =A M 5355(M) dM = ——— (MQ—G _ MQfa) )

max min
2—«
Mmin

The proportion below a certain mass threshold M i, < Meutof < Mmax 18

cutoff
M,
Mo =4 [ M ap(M) dM = s (Moo,

Kroupa (2001)

The IMF by Kroupa (2001) was defined in Eq. 2.5. The three mass regimes are
characterised by power-law index v = 0.3 for M < M, index g = 1.3 for M; <
M < M,, and index o = 2.3 for M > 0.5M,. The boundaries are M; = 0.08 M
and My = 0.5Mg. The individual normalisations for the first and second mass

range are ko = Obqggfffl and k; = 8:2—:; respectively. For M € [Myin, Mmax] and

overall normalisation constant A, it yields a total stellar mass

Mma,X
M= A [ M e (04) am
Mmin
—A kO (M27'y . M2.77> + kl (MZfﬁ _ M?*ﬂ) 4 1 (MQ—a . MZ—a)
5 _ ~ 1 min 9 _ 6 2 1 2 o max 2

A
~-
=

This gives a normalisation A = M. /I". The proportion below a certain mass
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threshold 1 Mg < Meytot < Mpax 1S then

cutoff
My = A / M s (M) dM
Mmin

_ Mtot kO
r [2—v

ks
2 —

— — 1 —a —a
B(M22 B_M12 6)+—(Mc2utoff_M22 ) .

MY — M2
( 1 min ) + 2 _ «

Chabrier (2003, 2005)

The IMF by Chabrier (2005) was defined in Eq. 2.6 with high-mass power-law index
a = 2.3 and break at M; = 1 Mg. For M € [Myin, Minax] and normalisation constant
A, it yields a total stellar mass

Mmax
Mo = A / M Ecos(M) dM

Mmin

T o 962 log i1 + 20% — log M, log it + 202 — log Mpin

=A — <—e )J erf — erf
2 V20 V20
k —« —a
R — (Mgos — M7 )}-
=T
This gives a normalisation A = M. /I". The proportion below a certain mass

threshold 1 Mg < Meytot < Mpmax is then

Mcut — % {_\/§u262020_ |flI‘f <10g[£ + 20‘2 — 10gM1> et <10gﬂ + 20.2 o 1Ongin>:|
r 2 V2o o

+ b (M2 — Mf_a)} :

2 —«

Inverse Transform Sampling of a Gaussian

In order to transform a uniformly distributed random variable u € [0, 1] into a trun-
cated Gaussian distribution in the range = € [a, b], the following inverse transform
sampling technique is applied throughout this thesis. The Gaussian

_(a-p)?

g(x) = Ae”

is normalised by
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The respective CDF is accordingly given by

o= 3 bt [ -] - [y e}

This is now taken to give u by inversion, which gives the wanted relation

u)) =u
u:%\/ga {erf [U%(F‘l(u)—u)] —erf %‘Q(a—u)]}

F(u) = V207 exf ! {ug\/g+ exf [%‘2(@ _ u)} } o

F(FY
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