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Abstract

Context: The radioactive isotope 26Al is thought to be mainly produced by massive stars.
Its intermediate lifetime of 1.04 Myr is long enough that it is ejected into the interstellar
medium, through winds or supernovae, before it decays. At the same time, this is short
on Galactic timescales. 26 Al is therefore considered to trace the star formation rate (SFR)
in the Galaxy. Recent measurements suggest a SFR > 5 M yr—! [Siegert et al., 2023].
This exceeds other measurements by up to a factor of four [e.g., Kennicutt and Evans,
2012, Licquia and Newman, 2015, Chomiuk and Povich, 2011]. Other sources might also
contribute to the Galactic budget of 2°Al, which would resolve this problem. A prime
candidate are classical novae, as sites of explosive hydrogen burning, although previous
studies show only negligible contributions or < 10% .

Aims: The goal of this thesis is to determine the contribution of classical novae and
massive stars to the Galactic budget of 26Al.

Methods: First, different global models were tested in order to find a good starting point
to assess the 2°Al mass as a function of Galactocentric radius. The Galaxy is then cut
into concentric rings and different spatial models are tested in order to describe the dis-
tribution of the isotope throughout the Galaxy and fitted to 20 yr of INTEGRAL/SPI
measurements. This yields the flux emissions at 1.8 MeV per distance, which is converted
into the corresponding masses. Vasini et al. [2025] present a 2D Galactic Chemical Evo-
lution (GCE) model, that yields the distribution of 26 Al throughout the Galaxy for novae
and massive stars.

By assuming that the total mass is a linear combination of mass from these sources and
adding scaling parameters, that describe the relative contribution, we can find the best
parameter combination to fit these predictions via a y? test. In order to account for other
possible sources of 2°Al, we also consider very massive stars(> 120 My, up to 500 My), as
modeled by Martinet et al. [2022] and test for combinations of those and classical novae.
Results: The amount of 26Al found for a best fitting global model of the Galaxy is My =
4.57 + 0.16 M. We find that a doubly exponential disk with scale height zg = 0.6 kpc
and scale radius Rp = 5.0 kpc to be the best spatial model for the global Galaxy. For the
dissected Galaxy, it is found that a doubly exponential disk with scale height zx = 0.4 kpc
and scale radius Rg = 5.0kpc yields the best fits. This yields a total amount of Myg =



2.24 4+ 0.61 M, within 15kpc around the Galactic center. The local 26Al distribution
appears higher than predicted by GCE models. The contribution of novae is found to be
non negligible with at least 62 %, when testing the GCE model from Vasini et al. [2025].
Contributions as shown in previous studies can only be found at the outer border of the
20 confidence interval and appear rather unlikely. To explain the Galactic distribution
of 25Al throughout the Galaxy, massive stars alone are not sufficient. The results of this
thesis show, that there must be a considerable amount of 2Al that originated in classical
novae or other sources that may be distributed similarly. All tested models, that are
deemed likely, suggest, that it might even be the majority of Galactic 2°Al. This would
relieve the tension in the SFR measurements, suggesting something more in line with

other, independent measurements of the SFR.



Kurzfassung

Kontext: Es wird angenommen, dass das radioaktive Isotop 2¢Al hauptsichlich von
massereichen Sternen produziert wird. Seine mittlere Lebensdauer von 1,04 Myr ist lang
genug, dass es durch die Winde oder Supernovae der Sterne in das interstellare Medium
ausgestoflen wird, bevor es zerfillt. Gleichzeitig ist diese auf galaktischen Zeitskalen kurz.
26 Al wird daher als Indikator fiir die Sternentstehungsrate (SFR) in der Galaxie angese-
hen. Aktuelle Messungen deuten auf eine SFR >5Mqoyr~! hin [Siegert et al., 2023]. Das
tibersteig andere Messungen um bis zu einem Faktor vier [z.B., Kennicutt and Evans, 2012,
Licquia and Newman, 2015, Chomiuk and Povich, 2011]. Andere Quellen kénnten auch
zum galaktischen Haushalt von 26Al beitragen, was dieses Problem lésen koénnte. Ein
Hauptkandidat sind klassische Novae als Orte explosiven Wassterstoffbrennens, obwohl
frithere Studien nur vernachldssibare Beitrage oder < 10 % zeigen.

Ziele Das Ziel dieser Arbeit ist es die Beitrédge von klassischen Novae und massereichen
Sternen zum galaktischen 26Al Haushalt zu bestimmen.

Methoden: Zunéchst wurden verschiedene globale Modelle getestet, um einen guten Aus-
gangspunkt fiir die Bewertung der 26Al Masse als Funktion des galaktozentrischen Ra-
dius zu finden. AnschlieBend wird die Galaxie in konzentrische Ringe unterteilt und
verschiedene rdaumliche Modelle getestet, um die Verteilung des Isotops in der gesamten
Galaxie zu beschreiben und an 20 Jahre Daten aus INTEGRAL/SPI Messungen anzu-
passen. Das ergibt die Flussemission bei 1.8 MeV pro Entfernung, die in die entsprechen-
den Massen umgerechnet werden. Vasini et al. [2025] stellen ein 2D-Modell der galak-
tisch chemischen Evolution (GCE) vor, das die Verteilung von 2° Al aus klassischen Novae
und massereichen Sternen liefert. Unter der Annahme, dass die Gesamtmasse von 26Al
eine Linearkombination der beiden Quellen ist, und durch Hinzufiigen von Skalierungspa-
rameter, die den relativen Beitrag beschreiben, kéonnen wir die beste Parameterkombi-
nation finden, um diese Vorhersage mittels eines y2-Test anzupassen. Um auch andere
mogliche Quellen fiir 26 Al zu beriicksichtigen, betrachten wir auch sehr massereiche Sterne
(> 120 Mg, up to 500 My,), wie sie von Martinet et al. [2022] modelliert werden, und testen
Kombinationen aus diesen mit klassischen Novae.

Results: Die Gesamtmasse an 20Al, die fiir ein am besten passendes globales Modell der
Galaxie gefunden wurde, betrigt Mss = 4.56 + 0.16 M. Wir finden, dass eine doppelt



exponentielle Scheibe mit Skalenhohe zr = 0.6 kpc und Skalenradius R = 5.0kpc, das
beste raumliche Modell fiir die globale Galaxie ist. Fiir die zerlegte Galaxie wurde fest-
gestellt, dass eine doppelt exponentielle Scheibe mit einer Skalenhche von zg = 0.4kpc
und Skalenradius Rp = 5.0kpc, die beste Ubereinstimmung liefert. Diese ergibt eine
Gesamtmasse von Myg = 2.24 £+ 0.61 M, innerhalb 15kpc um das galaktische Zentrum.
Die lokale 26Al Verteilung scheint héher als von den GCE Modellen vorhergesagt

Der Beitrag von Novae zeigte sich als nicht vernachliassighar mit mind. 62 % Anteil
bei x Minimum, fiir den Fit des GCE Models von Vasini et al. [2025]. Beitrége,
wie sie in fritheren Studien gezeigt wurden, finden sich nur am &ufleren Rand des
20-Konfidenzintervalls und erscheinen eher unwahrscheinlich. Um die galaktische 26Al
Verteilung zu erkléren, reichen massereiche Sterne nicht aus. Die Ergebnisse dieser Ar-
beit zeigen, dass eine betrédchtliche Menge aus Novae oder anderen Quellen stammt, die
ghnlich verteilt sein konnten. Alle getesteten Modelle, die als wahrscheinlich angesehen
werden, legen nahe, dass es sich sogar um den GroBteil des galaktischen 206Al handeln
konnte. Dies wiirde die Spannung in den SFR-Messungen verringern und deutet auf einen

Wert hin, der eher mit anderen, unabhéngigen Messungen der SFR iibereinstimmt.
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Chapter 1

Introduction

The radioactive isotope 2°Al has been studied for years, as it was the first cosmic ra-
dioactivity ever detected [Mahoney, 1984]. It is the source of the diffuse gamma-ray line
emission at 1.8 MeV and thought to be mainly produced by massive stars. The all-sky
map of the 1.8 MeV line, see Fig.1.1, shows extended emission along the entire Galactic
plane, which corresponds to the distribution of massive-star groups. The overlay shows
that a doubly exponential disk model traces the emission well, which motivates such a
Galactic model, see Section 5.1.2.

Its intermediate lifetime of 1.04 Myr, allows for it to be long-lived enough, to be ejected

into the interstellar medium (ISM), either during the wind phase or at the star’s end

10~4 2x1074 3x1074 4x107 6x107* 103
Intensity [ph cm=2 571 sr1]

Figure 1.1: All-sky map of the Galactic 2°Al line at 1.8 MeV from Bouchet et al. [2015] overlaid
by contours of an double exponential disk with scale radius Rg = 5.0kpc and scale height
hg = 0.6keV.
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through a supernova. However, compared to the timescale of Galactic evolution, the
lifetime is short. We therefore only detect the 26Al produced within the last 50 Myr and
consider it to be an excellent tracer of the ongoing nucleosynthesis in our Galaxy. 2°Al
measurements can be used to calculate the Galactic star formation rate (SFR). This results
in SFR 2> 5 Mg yr~! [Siegert et al., 2023]. However, other methods only suggest a SFR
of 1-2Mguyr~! .[e.g., Kennicutt and Evans, 2012, Licquia and Newman, 2015, Chomiuk
and Povich, 2011]. If all 26Al only originated in massive star nucleosynthesis, we would
be short of up to four times the mass that should be produced in our Galaxy. This excess
of 2°Al could be explained if another source is found to produce considerable amounts of

the isotope.

In principle, all environments of hydrogen burning are potential sources of 20Al. While
all main sequence stars experience hydrogen burning, massive stars, i.e. stars with an
initial mass larger than 8 M, evolve quickly throughout the main sequence. They still
contain a considerable amount of Al when entering the wind phase, that can then be
distributed into the ISM. Stars of this mass are typically thought to end in core-collapse
supernovae. In the explosion, that is if they explode at all, they contribute even more
26 Al to the Galactic budget.

Another site of explosive hydrogen burning are classical novae. These are hosted in binary
systems, consisting of a white dwarf and a, typically main sequence, companion. The white
dwarf accretes matter through the Roche lobe of the system. The matter closest to the
surface of the white dwarf gets compressed to the point of degeneracy. This leads to a
decoupling of pressure and heat in the accreted envelope. In a thermonuclear runaway,
fusion processes are ignited, further heating the system. At some point, the system
becomes hot enough to cross the degeneracy line again, which leads to a rapid expansion
of the matter and the ejection of the outer layers. During these fusion processes, 26 Al could

be fused in considerable amounts, making classical novae a prime suspect of a source José
[2016].

The goal of this work is to determine the contribution of classical novae and massive stars
to the Galactic 1.8 MeV line measured with INTEGRAL/SPI over the course of 20yr.
Different models of the Galaxy were probed and compared to the GCE Model of Vasini
et al. [2025] and the Evolution Model of Martinet et al. [2022] in order to assess the mass
of 26Al as a function of Galactocentric radius. This thesis is structured as follows: Chapter
2 gives an overview of the production sites and mechanisms of Galactic 2°Al as well as a
short summary of the state of the art Galactic models of Vasini et al. [2025] and Martinet
et al. [2022]. Thereafter, Chapter 3 gives a synopsis of the COMPTEL and INTEGRAL
mission and the function of SPI. In Chapter 4 the data analysis method is presented, and
statistical methods are discussed. The astrophysical modeling is explained in Chapter 5.

Then, in Chapter 6, the results considering the gamma-ray line itself as well as flux and
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mass values are presented for different Galactic models. This also includes y? test results
yielding the relative contributions of the considered sources. Finally, a summary is given
in Chapter 7.



Chapter 2

26A1 — Theory and Predictions

2.1 Galactic 2°Al

The rather long lifetime of 2°Al (7 = 1.4My), compared to similarly light nuclei, provides
a special opportunity for tracing stellar nucleosynthesis as it has a chance to decay only
after being ejected into the ISM [Diehl et al., 2020]. At the same time it’s short-lived
enough to be a demonstration that nucleosynthesis is an ongoing process in our Galaxy
as it’s lifetime is still much shorter than the time scale of galactic evolution (= 10'%yr )
[Prantzos and Diehl, 1996].

This long lifetime is caused by the unusually high 5+ spin ground state. Compared to
the 2° Mg isotope with 2+ and 0+, the difference in angular momentum is rather large.
Excited 6Al states have lower differences in angular momentum to Mg and therefore
shorter lifetimes. High enough temperatures could lead to thermally excited metastable
states which decay without gamma-ray emission [Diehl et al., 2020]. The ground state of

26 Al decays mostly through the fT-channel into an excited state of 2% Mg.

PAl — BMg* +et 4+ v, (2.1)
20 Mg* — ~(1.8MeV) + Mg (2.2)

In this process, a proton is converted into a neutron and together with a positron, an elec-
tron neutrino is emitted. This reduces the charge of the nucleus by 1. The excited % Mg
relaxes to the ground state by emitting gamma-ray at 1.809MeV. This is the signature
line for the identification of 26 Al [Diehl et al., 2020, 1994]. The decay scheme is shown in
Fig.2.1.

%Al is mainly produced by ?*Mg capturing a proton, i.e. Mg(p, ) 26 Al. Therefore,
considerable amounts of 26 Al must be formed in 2> Mg- or proton-rich environments [Prant-
zos and Diehl, 1996]. These are encountered in different processes and will be discussed

in the following chapters.
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Figure 2.1: Schema of the radioactive decay of 26Al. Due to the large spin difference to the
daughter nucleus, the ground state of 26Al has a rather long lifetime of 1.04 My. It decays into
an excited state of 2>Mg with a lifetime of 7 = 687 fs [National Nuclear Data Center (NNDC)].
The gamma-ray line of 1.809 MeV is used to track 26Al throughout the Galaxy [Diehl, 2021]

2.2 Stellar Evolution

Stars are born out of contracting interstellar clouds. If the gravitational energy is stronger
than the thermal energy, the particles are pulled together and with increasing density the
temperature rises. This is called a protostar. When, eventually, pressure and temperature
at the center of the protostar become high enough, core burning sets in. This marks
the transition from the Hayashi track to the main sequence on the Hertzsprung-Russel
diagram, making it a zero age main sequence star(ZAMS). The inner core is now in
hydrostatic equilibrium as the radiation pressure prevents a gravitational collapse and
the star will spend about 80% of its lifetime here as an main sequence star. In its life,
it will evolve along the main sequence as hydrogen burning goes on [Hanslmeier, 2020, p
442 et sqq).

Depending on the temperature, different burning cycles dominate the core burning. For
temperatures between 5 and 15 MK hydrogen burns into helium via the proton-proton
chain (p-p chain). There are minor differences between the three possible pp cycles but

as the proton-proton-I-chain (ppl) is the dominant one, it is the one being shown here



14 26 Al — Theory and Predictions

LA

é%;@ g

Y 1

O Proton Y Gamma Ray
O Neutron V  Neutrino

(J Positron

Figure 2.2: In more massive stars, hydrogen mostly burns through the shown Carbon-Nitrogen-
Oxygen-cycle (CNO). Carbon is only used as catalysts and therefore does not get wasted through-

out the process.!

[Hanslmeier, 2020, p.410]:

H+'H —*H+e" +v (2.3)
H+'H — *He + v (2.4)
*He + *He — *He + 2'H (2.5)

For higher temperatures, hydrogen burns in the carbon-nitrogen-oxygen-cycle (CNO-
cycle). It requires the presence of heavier elements as catalysts and has the same
outcome as the pp chain. A schematic overview is given in Figure 2.2.  Simi-
larly to the pp-chains, there are CNO-subbranches that differ slightly. For exam-
ple, in the CNOII, the N does not produce '2C but the reaction proceeds though
PN(p, )" O(p, ) F(57) O(p, ) N(p,7)** O.

The high temperature requirements and the need for carbon are the reason why the CNO-
cycle is more dominant in more massive stars (M, > 1.2M)) [Heyssler, 2015, p.33].

The next and final stage of stellar evolution starts, when most hydrogen has been burned.
At its current state, the star has a core mostly consisting of helium surrounded by an
envelope of still burning hydrogen. The thermonuclear reaction in the core first ceases as
the temperature is not high enough yet to start further burning processes. This also means
there is no radiative pressure working against the gravitational pressure anymore, leading
to an increase in pressure and consequently in heat. Only when the core temperature

reaches 10°K, helium begins to fuse in the so-called triple-alpha process [Hanslmeier,
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2020]. Two “He are fused to an instable *Be-nucleus with a lifetime of 0.1 seconds. Only
if another helium-nucleus is available to react with, stable 2C is achieved. This will then
be converted into '°O [Hanslmeier, 2020, p.412]:

‘He + *He +— ®Be (2.6)
*Be + ‘He — 2C + 1 (2.7)
204+ He — %044 (2.8)

Just as after hydrogen burning, a thin shell of burning helium remains around the new
CO-core. The further evolution of the star now depends completely on its initial mass.
Stars of lower and middle mass (M, < 8M) experience a so called Helium-flash, a sudden
explosion allowing its core to expand. This leads to a decrease of the triple-alpha process
and the start of carbon burning. If the carbon reserves are spent, the star collapses into
a white dwarf, rejecting the outer hydrogen- and helium shells. A planetary nebula is left
[Heyssler, 2016, p. 22].

For more massive stars, M, > 8Mg, the new core shrinks, causing the temperature to
increase, and higher burning stages set in, if their threshold temperature is reached. For
temperatures around 1.5 x10® — 10° K carbon burning sets in. This results, among other
elements, in various magnesium isotopes, which are later important for the nucleosynthesis
of aluminum-isotopes.

Then, for even higher temperatures, starting at 1.4 x10° K oxygen starts to burn into
silicon and phosphorus. The silicon will finally start burning starting at 7'~ 2 x 10° K in
many different reactions, the most important being the one leading to stable °Fe, marking
the end of fusion, as iron has the highest binding energy per nucleon. Further reactions
would not lead to a release but a drain of energy. The end of fusion leads to the collapse
of the star under its own weight as the equilibrium of radiative and gravitational forces
breaks down. The resulting shockwave accelerates mostly all the stars mass outward while
the inner part is still compressing, finally leaving behind either a black hole or a neutron

star. This is called a core-collapse Supernova [Heyssler, 2016, p. 23]

2.3 Core-collapse Supernovae

A supernova is the explosion of a star, which ejects the outer envelope completely. They
occur at a rate of Rgne = 0.02yr™!, [Siegert et al., 2023] in our Galaxy and are important
sources of different isotopes.

Supernovae are classified into different types, defined by their progenitors but also by
their spectroscopic features [Hanslmeier, 2020, José, 2016]. The absence of hydrogen lines
distinguishes the difference between type I an II supernovae. type II, or core-collapse, su-

pernovae show a widespread dispersion in absolute magnitudes and are in general dimmer



16 26 Al — Theory and Predictions

— Explosion & NS
Explosion & BH
v || -

12 14 16 18 20 22 24 26 28 40 80 120
Mzans [M ]

Figure 2.3: Explosion outcomes of five different models for a supernova explosion for different
ZAMS masses up from 12.5 M. Models marked in black imploded and became a black hole.
In green and blue are successful explosions leaving behind either a neutron star or a black hole,
respectively [Sukhbold et al., 2016].

than type I. The profile of the light curve yields a lot of information about the exploding
star, i.e. size, mass and composition, but also about the underlying neutron star and and

the synthesis of radioactive isotopes.

Massive stars are thought to end in core-collapse supernovae, caused by the end of fusion
processes. The radiative forces break down, and the core shrinks under its own weight.
This causes the density to increase drastically. The pressure degenerates under these
conditions, as the electrons have to obey Pauli’s exclusion principle and are therefore
forced to occupy different energy levels, if packed closely enough. This supports the core
for a while, but the silicon burning shell is still supplying core mass. At some point the
core exceeds the Chandrasekhar(Mcy, ~ 5.76 Y2M,, where Y, = Z/A denotes the electron
fraction) mass and becomes gravitationally unstable. This leads to the collapse of the

star.

The transition mechanisms from implosion to explosion is debated. The shock wave
caused by the incompressibility of the core, when modeled, shows to be too weak to
transport the matter outwards. Another model suggests that neutrinos might carry the
energy needed to ignite the explosion [Heyssler, 2016, José, 2016]. However, detailed
simulations revealed, that more neutrinos than anticipated were trapped inside the core.
One simulation, leading to a successful explosion, found that shortly, several hundred
milliseconds, after the shock a weak explosion developed. This was caused by diffuse

neutrino heating from the newly formed neutron star [José, 2016].
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Explosion

Preexplosion

Figure 2.4: Structure of a massive star shortly before and during explosion. The onion like
structure is a result of the successive nuclear burning stages during the stellar evolution. The

shock wave during the explosion induces further nuclear burning in these shells [José, 2016].

Sukhbold et al. [2016], present the explosion outcome for stars of masses between 8 —
—120 M, for different simulations. They find that many stars do not explode at all, but
implode and become black holes directly. Those stars would only contribute through their
winds to the Galactic amount of 26Al. The output of five simulations, depending on the
ZAMS mass of the star is shown in Fig. 2.3.

The shock wave induces further nuclear activity. This will be sketched for a 25 Mg, super-
nova progenitor of solar composition. Its shell structure before the explosion is shown on
the left hand side in Fig. 2.4. The layers are encountered by the shock in an outwards
direction. The first layer that is encountered is dominated by ?8Si and explosive silicon
burning is ignited. This causes temperatures of T > 5GK. The ash is made from °°Ni
with traces of 5"Ni,>*Co, and *'Fe. The shell expands and cools down. At temperatures
of T'~ 4 — 5GK, the nuclear reactions break down in two quasi equilibrial regimes. One
is forming around %Si, extending up to nuclei with A ~ 40. The other includes species
with A > 50 and is centered around the Fe-peak nuclei. The specific composition is
depending on the amount of available neutrons, the temperature, the abundance of 2*Si
and the density. As a considerable amount of 28Si is left, this is called incomplete silicon
burning. Propagating outwards, the shock now reaches a layer rich in 0 and causes
explosive oxygen burning at temperatures around 7' ~ 3 — 4 GK . After the reactions
freeze out, 28Si, 325, 3Ar and *°Ca are the most abundant species. The final stage of

explosive burning is encountered now. A layer, rich in 90, 2C and ?°Ne, gets heated to
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T ~ 2 — 3GK by the shock wave and ?°Ne and '2C explosive burning begins. Due to the
low temperatures, this happens far from any equilibrium, and the abundances expected
after burning ceases are mostly depending on the initial composition and less on temper-
ature and density. The resulting nuclei after freeze out are 160, *°Ne, 2*Mg, 28Si and 26Al.
The layers even further out are not heated enough to experience major burning anymore
[José, 2016]. The estimated steady-state production rate of 2°Al is 2.0 & 1.0 Mgyr—! for

core-collapse supernovae [Timmes et al., 1995].

2.4 Classical Novae

This event originally got its name because of its sudden appearance. A very bright 'new
star’ (or in Latin stella nova) emerged in the sky. This bright signal, however, is only a
transient event and will fade again in the following months. In reality, this phenomenon is
the observation of a stellar explosion in a close binary system, consisting of a white dwarf
(WD) accreting matter from its companion star. These systems are so called cataclysmic
variables and can be subject to various types of outbursts, the second, most common
type being novae eruptions (the first being X-ray bursts) [José et al., 2006]. The exchange
of matter between these stars happens, because the companion, most commonly a star
close to the main sequence, overflows its Roche lobe, which is the area around each of
the stars in the binary system, in which matter is gravitationally bound. They are tear-
shaped and connected in the inner Lagrangian point. Hydrogen rich matter flows through
this point and, because of its angular momentum, forms an accretion disk around the
WD. The fraction of matter directly on top of the WD is gradually compressed, due to
the continuous infall of material and becomes more and more dense. Caused by the high
density, the accreted matter becomes degenerate. At this point, the overall pressure is not
coupled with the temperature anymore, meaning that a degenerate stellar plasma cannot
simply increase its volume to self regulate if its heated [José, 2016]. The degenerate
matter in the binary system is heated by compression and the WD itself. As it cannot
expand, this leads to a thermonuclear runaway (TNR), which describes a self-accelerating
process, i.e. one that is accelerated by hot conditions and at the same time releasing
heat into its system. [José et al., 2006]. Fusion processes are ignited in the heated gas
atmosphere, which as discussed before are exothermal and therefore releasing even more
heat into the system. During this, critical, short-lived S-unstable isotopes are produced,
the most important being °O, which is part of the CNO-cycle. The isotopes themselves,
decay in the next few minutes, which again releases energy into the gas. This is a way
more effective heating process than the radiative and conductive processes, and heats
the atmosphere quickly. As soon as the temperature rises above the degeneracy line, the

gas can suddenly self regulate again, and the layer above the nuclear reaction is expelled
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[Shore, 2012]. The ejection is accompanied by an large increase of luminosity, with peak

luminosities reaching 10° L, [José, 2016]. This was the bright signal originally observed.

The explosion does not disrupt the WD itself, as it would in a type la supernovae, but
is restricted to the outer envelope. The star remains and resumes to accrete mass from
its companion. All novae are therefore supposedly recurring events. Classical novae are
expected to recur with a periodicity of the order of 10* — 10° years, however 10-100 years
have been observed. [José et al., 2006]. The predicted nova rate in the Milky Way is
with Rex = 50735 yr~! much higher than the rate of supernovae [Shafter, 2017]. The
total ejected mass, however, is much smaller (1072 — 107"M,) than the mass ejected in a
supernova and shows slower mean ejection velocities (on the order of several 10> kms™')
[José, 2016, p 151].

As discussed in Section 2.2, stars of low- and intermediate mass are the progenitors of

white dwarfs.

Those with masses smaller than ~ 7-8 M, experience hydrogen and helium-burning and
evolve into a white dwarf rich in carbon and oxygen. These CO white dwarfs are the
most frequent case. For progenitors with up to ~ 10 My carbon burning sets in but the
conditions needed for neon burning are not reached. This leads to a white dwarf rich
in oxygen and neon, with traces of magnesium and sodium, we call these ONe white
dwarfs. The composition of the white dwarf in the binary system is relevant as convection
processes mix some of the core matter with the accreted envelope. These are enriching
it in seed nuclei, which are later responsible for specific reaction chains during the TNR
[José et al., 2006, Casanova et al., 2018, e.g].

For CO novae the CNO-cycle dominates the fusion processes, mainly through the
2C(p,7) ¥ N(BT)™ N chain because of the higher '2C concentration. The fusion pro-
cess shows only minor activity for intermediate-mass elements [José and Hernanz, 1998,
José, 2016]. For ONe novae the CNO cycle is, due to a lack of carbon, much less impor-
tant. The NeNa-MgAl region however is very active, due to the pre-existing neon [José,
2016]. Only ONe novae are therefore a prime candidate to synthesize 26 Al and this thesis

is going to focus on them. Novae showing bright neon lines are often called neon novae.

An illustrative overview of the nucleosynthesis products for different temperatures can
be given if certain initial conditions are assumed. José [2016, p 161 et sqq], e.g., assume
an initial mass of 1.15Mg), initial luminosity of 1072L, and a constant rate of mass
accretion of 1.6 x 1071 Mg yr~! and evolve both models, ONe and CNO progenitors,
with the 1D hydrodynamics code SHIVA. For the onset of accretion temperatures at the
envelope base are well below 107 K. At that time, fusion reactions are dominated by the
pp-chains. This is true for both ONe- and CO- novae, even though the second already
show minor contributions of the CNO cycle. For T' = 1.1 x 10" K the CNO cycle already

dominates fusion processes and more energy is released in the CO model than in the
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Figure 2.5: Nucleosynthesis processes during the envelope burning of a ONe novae with initial
mass of 1.15 Mg at peak temperature. The most relevant reactions are shown in terms of reaction
fluzes, giving the number of reactions per unit time. The isotopes highlighted in blue are stable.
[José, 2016]

ONe Model. For this reason the ONe model can accrete a lot more matter, before the
degeneracy line is crossed. This also affects the densities and pressure in the envelope,
which is directly responsible for the strength of the outburst. For both models the main
nuclear path is always close to the valley of stability at peak temperature and driven
by proton capture and S*-decays. The main reaction fluxes for the inner envelope shell
at peak temperatures for an ONe novae are shown in Fig. 2.5. It shows high CNO
activity, especially the CNO II chain, '*O(p, ) ""F(5%) 17O (p,a) “* N(p,~) ** O, and the
T Al(p,y)* Si chain are dominating the nuclear reactions. The nuclear reactions for ONe
envelopes extend up to 2'Si, which is, even though the peak temperature is somewhat

higher, a consequence of the presence of ?°Ne as seed nuclei [José, 2016].

2.5 Galactic Chemical Evolution Models

Galactic Chemical Evolution (GCE) investigates the transformation of gas into stars and
the resulting evolution of the chemical composition of a galaxy [Prantzos, 2008]. It allows
to check our understanding of nucleosynthesis in a statistical way by comparing GCE
model yields for stars of different masses (and metallicities, which describe the abundance
of elements heavier than He in an object) with measurements of our Galaxy. It helps to

give events a chronological order and delivers information of how a system was formed by
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tracking specific markers, i.e. abundances of a specific nuclide or constraining different
mechanisms.

An GCE model would consist of a primordial gas composition of mostly hydrogen, an
adequate amount of helium plus some trace amounts of slightly heavier elements. This is
turned into stars using a SFRW(¢). The mass of the star M is following the distribution
called Initial Mass Function(IMF). This may in principle be time dependent either directly
or implicitly by a dependence on the metallicity. During its lifetime 7, nuclear reactions
are enhancing the metallicity of the star, and part of the mass is re-ejected into the
ISM either through stellar winds or through a supernova explosion. The composition of
the ISM therefore changes and the new stellar generation does show progressively higher
metallicity [Prantzos, 2008].

Such a toy model is not taking into account the change of the ISM depending on the
distance to the Galactic center, the supernova outburst rate in the Galaxy or the Spiral

arm pattern of the Milky Way.

2.5.1 Tracing ?°Al in the spiral arms of the Milky Way

Vasini et al. [2025] published their results of a two-dimensional GCE model of our Galaxy,
with the aim to predict the 2 Al mass as a function of Galactocentric radius. They account
for the spiral pattern of the Milky Way by considering an spiral perturbation and use the
SFR and the nova rate as inputs for their model. They considered a nova population
consisting of 70 % CO novae and 30 % ONe novae and modeled the yields accordingly to
José and Hernanz [2007]. As this depends on the initial mass, they chose the average of
those used in José and Hernanz [2007], based on Romano and Matteucci [2003]. The yield
of massive stars were the ones presented in Kobayashi et al. [2006] combined with the
results for 2°Al from Woosley and Weaver [1995]. While these models are relatively old,
a good order of magnitude estimate can be provided. A more recent model is described
in Martinet et al. [2022]. The disk SFR peakes around 2.25Gyr after the begin of the
Milky Way evolution, around 1 Gyr before the perturbation of the SFR kicks in. At that
time, the spiral arm pattern is easily recognized by tracing the SFR. This is, however,
before nova explosions in the disk set in. The binary systems need time to evolve in
order to host nuclear explosions, leading to a delay between the SFR and the nova rate.
In order to investigate the contributions of massive stars and classical novae, they use
their 2D chemical evolution model to calculate the amount and distribution of 26Al for
two different models: the first one, hereafter Model A, only considered the contribution
of mostly massive stars, with minor contributions of type Ia supernovae and asymptotic
giant branch (AGB) stars, Model B, additionally included novae as a source of 2 Al. Their

findings of the 26Al distribution for a region of 15kpc around the Galactic center at six
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Figure 2.6: Model A: 2D distribution of 26Al mass at six different times. Here only massive
stars are considered as contributors. The bulge is not represented and the position of the sun

marked with a white star.

different times during the Galactic evolution for both models can be seen in Fig. 2.6
and Fig. 2.7, respectively. For Model A the distribution traces clearly the spiral arms,
especially at T3, when the disk SFR peaked. Even at present day, Tg the spiral arm pattern
is visible. This is even more obvious if compared to the outcome of Model B, where the
distribution starts to smear out approximately at the same time as nova explosions set
in. At present time, the spiral arms cannot be distinguished anymore.

The total mass of 2°Al for the innermost 5kpc of the Galaxy is given as M, = 0.265 M
and Mp = 1.028 M. Their model estimates the mass yielded by massive stars and
novae is around four times larger than the amount yielded by massive stars alone, or put
differently: massive stars only contribute around 20% of the 26 Al mass. Their mass yields
are not consistent with measurements, which suggest a total 2Al mass of 2.8 4= 0.8 M,
[Diehl et al., 2006]. They argue, that the bulge nova rate is probably underestimated, as

the dwarf population is of smaller mass and would accrete more matter before explosion.

2.5.2 Very massive stars as sources of 20Al

Another possible source of Galactic 2°Al is discussed by Martinet et al. [2022]. They
study the stellar wind contributions towards the Galactic 26 Al mass of very massive stars

(VMS), i.e. stars with initial masses between 150 and 300 My. They test rotating and
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Figure 2.7: Model B: same as Fig.2.6 but this time novae are also considered to produce consid-
erable amounts of 26Al.

non-rotating models for stars with different metallicities.

The quantity ejected by the winds, Y845 is calculated for each model with
‘ T(M,Z,V) .
Yahe®® = / Xos(M, Z, V)M (M, Z,V, t)dt (2.9)
0

where 7(M, Z, V) is the lifetime of a star, V is the initial rotation, X5;(M, Z,V,t) and
M (M, Z,V,t) denote the mass fraction of 26 Al at the surface and the loss rate as a function
of time. The resulting yields are shown in Fig. 2.8 for six different models. For stars of
masses below 25 Mg, the yields are approximately the same for all models.

Only for initially more massive stars yields exceed 107> M. Above this threshold yields
increase with initial mass and metallicity. Rotating models almost always show bigger
yields, as the rotation enhances the amount of 2°Al in the outer star layers. This difference
decreases above 60 M. The only exception is the model with Z=0.006 for masses below
85 My, where the non rotating model remains at lower effective temperature during He-
burning, leading to enhanced mass losses.

They use a normalized IMF

300Mg
/ O(M)dM =1 (2.10)
0.07Mg

in order to interpret ®(M)dM as the probability, that a star with initial mass between
0.07 — 300 Mg is formed. They assume that the SFR W(R) was constant for the last
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Figure 2.8: Ejected mass of 26Al by stellar winds over the total lifetime of stars with different

initial masses, metallicities and rotation rates.

10 Myr and calculate the average mass ejected per star:

Mmax .
gads — / Y omds (M, Z, V) &(M)dM. (2.11)

Mmin

This is used to calculate the contribution of stars as U(R)Y\Wiads, The total mass per

Galactic ring is calculated by integrating over the production rate

Rouw
Mag = / "2rR U(R)Y e dR. (2.12)
Rin

They present the distribution of 2Al in rings of 0.1 kpc, by adopting the SFR from Kubryk
et al. [2015], a core-collapse supernovae rate of 2 per century, a Salpeter’s IMF with a=2.35
and a metallicity gradient from Hayden et al. [2014]. These results are shown in Fig. 2.9.
The yields of stars with initial masses over 300 M, have been extrapolated.

They conclude that very massive stars have a significant impact on the global amount of
26A]1, and emphasize the need to search for such objects. A rough estimate yields that
2.5 VMS can be expected in a 1 kpc ring around the Sun but, because of stochastic effects,
they would probably not be detectable as point-like sources at 1.8 MeV.
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Figure 2.9: 26A] yields of very massive stars for both rotating and non-rotating models compared
to yields of only massive stars. All yields for masses above 300 My have been extrapolated
[Martinet et al., 2022].



Chapter 3

Gamma-Ray Line Observations

The most energetic part of the electromagnetic spectrum is the gamma-ray band. The
energy range starts at around 100keV and goes up to orders of more than 102eV .
The Earth’s atmosphere is shielding us from high energetic radiation, like gamma-rays.
Therefore, if we want to measure them, we have to leave Earth and use satellite telescopes.
The 1.8 MeV line associated with 26Al was first predicted to be an observable proof of
ongoing nucleosynthesis in the seventies [Ramaty and Lingenfelter, 1977, Arnett, 1977].
In the eighties, it was detected for the first time with the Ge spectrometer on the HEAO-
C spacecraft by Mahoney [1984]. Different balloon experiments followed, that already
hinted at somewhat extended emission along the Galactic plane. The first all sky survey
providing a complete coverage of the Galaxy was achieved in the COMPTEL mission
[Oberlack et al., 1996].

3.1 The COMPTEL mission

The Compton Gamma Ray Observatory (CRGO) was launched on April 5 1991 as part of
the "Great Observatory Program” by the National Aeronautics and Space Administration
(NASA). On board were four instruments covering the electromagnetic spectrum in the
range of 20keV to 40 GeV. The imaging Compton telescope COMPTEL was exploring
the 0.7 — 30 MeV range and was used to create the first highly resolved all-sky images of
the Galactic 1.8 MeV line.

COMPTEL measured with an angular resolution between 1 —4° and a field of view of
one steradian For a sphere with radius R the steradian is the solid angle () subtended at
the center by a spherical cap. The area cut out by the cone is A = Q x R?.[Schoenfelder
et al., 1993].

The 1.8 MeV line measured by COMPTEL is clearly distinguished against the background

with a difference of more than 13 ¢. The all-sky map, Fig.3.6, shows extended emission
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Figure 3.1: This all-sky map of the 1.8 MeV line is the result of 9 years of observations with the
COMPTEL telescope [Plueschke et al., 2001].

along the Galactic plane and a clumpy and asymmetric distribution. In model fitting the
distribution was best described by an exponential disk with scale radius 3.5 kpc and scale
height 180 kpc for the inner radian of the Galaxy [Diehl et al., 1995].

3.2 The INTEGRAL Mission

The International Gamma-Ray Astrophysics Laboratory (INTEGRAL) was launched by
the European Space Agency (ESA) in 2002. It was originally planned for a mission of 3
years but, due to its huge scientific success, has been extended every two years until the
scientific mission ceased in 2025. It will orbit Earth until 2029. To avoid the radiation
belts around Earth, and therefore unwanted background noise, INTEGRAL’S orbit is
highly eccentric with an initial perigee of 9000 km and an apogee of 155000 km. It takes

the spacecraft three days for one full orbit, also called revolution.

INTEGRAL carries four instruments in order to study a wide energy range. An overview
of the spacecraft is given in Fig. 3.2 on the left. The Joint European X-Ray Monitor (JEM-
X) and the optical monitor camera (OMC) are monitoring the x-ray and optical energy
range while IBIS (Imager on-Board the INTEGRAL Satellite) and the SPI (Spectrometer
on INTEGRAL) detector are the main instruments. The components of SPI are shown on
the right side of Fig. 3.2. The spectrometer was optimized for high-resolution gamma-ray

line spectroscopy in the range of 20 keV — 8 MeV.
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Figure 3.2: An overview of INTEGRAL and its instruments is given on the left hand side
[Kretschmar et al., 2005]. The components of the Spectrometer of INTEGRAL (SPI) are shown
on the right [Diehl et al., 2018].

3.2.1 The Spectrometer on INTEGRAL

The most important component of SPI is its camera, which consists of 19 individual

semiconductor Ge detectors in a hexagonal shape.

In general crystalline material are divided into three categories: insulators, semiconductors
and conductors (metals). Their characteristics are defined by the width of the energy gap
in the band model. This gap is the energy difference between the free electrons in the
material, located in the conduction band and the electrons in the outer atomic shells,

laying the valence band. The possible configurations are shown in Fig. 3.3.

Conduction
band

Eqg=6eV = ~ |Eq =1ev T
; _J? Valence| =
= = g band |
band - IHoles !
Insulator Semiconductor Metal

Figure 3.3: Band structure of crystalline materials [Leo, 1994]
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For conductors these bands overlap and the electrons can move freely throughout the
material. If a electromagnetic field is applied to the crystal, a current can be measured.
For an insulator the gap is quite large. The electrons, even if thermically excited, cannot
cross the band gap in between. Semiconductors lay in between these two definitions. The
energy gap is intermediate in size. At sufficient temperature, some electrons can cross the
gap and move from the valence band into the conduction band. They then leave behind
an empty place, called hole, which carries a net positive charge. Therefore, a current can
be measured if we apply an electric field as both, the hole and the excited electron move,
only if some electrons were excited [Demtroder, 2016].

If a semiconductor diode detector is hit by a gamma-ray, several electron-hole pairs are
generated because energy is transferred to the Ge material. If an electric field is applied,
the electron and the hole move towards the electrodes and can be measured as pulses.
The time needed to collect the charges can be adjusted by applying a sufficiently high
voltage. To avoid pulses from thermal excitation the detectors need to be cooled down by
a cryostat. In a pure crystal the number of holes and electrons are equal. To increase the
amount of electrons contributing to the current, small amounts of atoms with one more
valence electrons, called donors, are planted into the crystal. This creates excess electrons
in the latter, which is easily excited. The crystal is then an n-doped semiconductor. If an
atom with one less valence electron is used, a free hole is introduced to the crystal, and
we call it p-type material [Leo, 1994].

The detectors in SPI, see Fig.3.4!, are made from high purity n-type dotted Ge and cover
an detection area of 508 cm?. They are numbered, in order to label them, starting from
the central detector at 0 going outwards in an counter clockwise direction. As they can be
damaged by radiation, they are regularly annealed by heating them up to 105 °C for one to
two days, in order to prevent the cumulative buildup of radiation damage. For operation
the cryogenic system cools them down to a temperature of ideally 85K [Vedrenne et al.,
2003].

The mask consisting of 127 hexagonal pixels, is situated at 171 cm above the detection
plane. Of these 127 pixels, 63 are opaque to gamma radiation while the other 64 are
transparent. The coded mask pattern shows a 120° rotational symmetry and is embedded
in a circle with a radius of 360 mm. The opaque pixels are 30 mm thick and absorb more
than 90% of the photons over the entire energy range. They are made of a tungsten alloy
with a density of 18 gem™ [Vedrenne et al., 2003]. This mask is shielding parts of the
cameras field of view. The photon intensity measured by the detectors therefore depends
on the relative position of the detector to the orientation of SPI. Using these shadowgrams

the location of a gamma-ray point source can be determined. In Fig.3.5 the shadowgrams

Yfrom: INTEGRAL pictures and videos (http://integral.esa.int/integ_pictures.html),
24.08.2025
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Figure 3.4: The camera of SPI consists of 19 Ge detectors of hexagonal shape (left). To distin-
guish them they are numbered, starting with 0 in the center (right) [Diehl et al., 2018].

for a point source are shown for 25 telescope reorientations. SPI is reoriented every 30
min in steps of 2.1°, covering a 5 x 5 grid around the target [Diehl et al., 2018, Vedrenne
et al., 2003].

The anticoincidence shield (ACS) and the Plastic scintillator anticoincidence subassembly
(PSAC) are both responsible for reducing background events. The ACS is made of BGO
crystals. If it registers an event, a charged particle or a gamma-ray, from outside of the
field of view, a veto signal is triggerd for 725 ns. The PSAC is a thin plate directly below

the mask. It rejects background coming from interactions with the mask.

3.2.2 The Galactic All-Sky Map by SPI

With more than 10 yr of SPI data the main goal of Bouchet et al. [2015] was to update
the COMPTEL view of the 6Al-line. They presented a SPI image that resembled the
Maximum entropy Method (MEM) COMPTEL images in order to achieve good compa-
rability. The idea of the Maximum entropy method is that the most probable outcome is
the one with maximum entropy (i.e. the least information) Both images are shown in Fig.
3.6 The SPI image shows resolution fixed to 6 ° and gives essentially the same information
as the one captured by COMPTEL. It shows extended emission along the galactic plane
with strong emission in the inner-Galaxy disk. The SPI map however is more successful
in revealing several spots in Cygnus and Taurus region. where the COMPTEL map only
shows less clumpy emission. It even shows emission barely detected with COMPTEL at
(I,b) ~ (161°,—3°) and (I,b) ~ (149°,8°) [Bouchet et al., 2015]. However, artifacts are
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Figure 3.5: Shadowgrams for a point source on axis for 25 telescope reorientations. The color
represents the intensity. From Black, shadowed, through red and yellow, to full exposure in
white [Diehl et al., 2018].
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Figure 3.6: Galactic emission at the 26Al line (1805 — 1813keV) as seen by COMPTEL (left)
[Plueschke et al., 2001] and SPI (right) [Bouchet et al., 2015].
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also more prone, such as around (I, b) ~ (130°,80°).
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Chapter 4

INTEGRAL/SPI data analysis

If the detectors of the SPI camera detect an event, three signals are measured at the
front-end electronics: the time of the trigger, the identifier of the detector, and the signal
pulse height. The pre-processing of these event data happens at the INTEGRAL Science
Data Center (ISDC) in Geneva, Switzerland. There, a first-order energy calibration is
performed, calculating the pulse height into keV units and sorting them into count his-
tograms for each detector, and each pointing. This is completed by information about the

dead time, and start and end time of each pointing [Diehl et al., 2018].

4.1 Description of the Data set

The data used here are the result of 20 yr INTEGRAL/SPT observations of the entire sky,
measuring in the energy range of 1790 — 1840 keV in three bins of 15keV, 8 keV and 27 keV
respectively. In the soft gamma-ray energy range all measured spectra are dominated by
instrumental background (BG). The BG photons originate mainly from nuclear reactions
and continuum-processes due to the exposure of the satellite to cosmic rays. A consistent
BG model is therefore needed to analyze SPI data. This is done in a maximum-likelihood
framework in the data analysis [Siegert et al., 2019]. The standard analysis tool for SPI
data is the OSA software [Courvoisier et al., 2003]. Using OSA, a two step method for
spectral fitting is done. First, the photo peak response of the detectors is used to account
for the mask pattern on the camera. Using these and the measured data by the individual
detectors, a photon flux can be extracted individually per energy channel[Biltzinger et al.,
2022].

The structure of the measured data can be written as a function of sky and BG compo-
nents:

N3+Nb

N,
dijr = Z Ry Z 0 S + Z 0n Bhsiji- (4.1)
l n=1

n=Ng+1
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Here, d; ;;, is an event count per pointing ¢, detector j and energy bin £ and is written as a
sum of sky model components S,, and BG components B,,;;;. The sky model components
with Ng parameters 6,, represent the photon source intensity per sky direction 1. These
source intensities are linked to the data space via the response matric R;;;, [Diehl et al.,
2018]. A discussion of the BG can be found in Chapter 4.3

4.2 Statistical Methods

The typical approach for scientific SPI analysis is to compare model predictions with the
measured data. Models can either be analytical functions, such as straight lines, broken
power laws or Gaussian functions, or more complex convolutions, such as in the case of
SPI. However, if only the amplitudes are fitted, such models are called linear models which
are straight-forward to implement in fitting algorithms.

This is done by modifying its parameters in order to find the parameter combination that
leads to the closest resemblance to the measured data. In no case, however, will the model
ever describe real data perfectly as statistical errors occur in measurements. The best fit
can be found using different methods, e.g. the maximum entropy as in Chapter 3.2.1.
Another approach is based on the idea to find the parameters for which the likelihood
to obtain the measured data, plus or minus errors, is maximal, this is called mazimum

likelihood method.

4.2.1 Maximum likelihood method

The counting of photons over time obeys the Poisson statistics. The probability mass

function for model m,, is given by

my” exp(—m,)
d,!

Where 6 are the model parameters and d, the number of photons per pointing. The

P(D|0) = (4.2)

number of pointings is called Ny in the following.
The likelihood asks for the probability of measuring the entire data set D, depending
on the model parameters. The likelihood for independent counts is the product of the

probabilities:

_ p mgp exp(—my)
(o) = 1] - (4.3)
|

p=1

It is often more convenient to work with the log-likelihood
Nobs
C(DI0) = =2 In L(D|) = =2 _(d,Inm, — m, — Ind,!) (4.4)

p=1
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[Cash, 1979]. As the logarithm is a strictly monotonic function the maximum is preserved.

The derivative of the function will be zero at its maximum.

a a Nobs
55 ML(DIO) = o > (dyInmy, —my, —Ind,))
p=1
om, ( d, !
= — 1) = 4.
90 (mp ) ’ (45)

This delivers us the best combination of parameters 6.

The likelihood-ratio test, e.g., is a hypothesis test that is used to compare the goodness
of fit for two models. It allows to evaluate the statistical significance of a model relative
to the null hypothesis. This is done by the test statistics (TS),

TS = —2(In(Ly) — In(L)), (4.6)

which yields a positive result, that increases with the accuracy of the tested model. TS
converges asymptotically to a x? distribution, which allows to calculate the significance,

for a one-parameter test by taking the square root Wilks [1938].

4.2.2 The x? Test

For large photon counts, d,, the Poisson distribution can be approximated by a Gaussian
distribution. The goal is to fit a model y(z,0), depending on the M free parameters
(01,...,0r), to a set of N data points (z;,y;) with standard deviation o;. For a Gaussian

probability distribution we can calculate the product of probabilities with

Pocﬁexp {—%(%@9))2} (4.7)

It is again easier to work with the negative of its logarithm, as we are overall, looking for

the position of the maximum. We also neglect constants for simplicity

> (i — y(wi,0))*. (4.8)

=1

If we do not neglect the uncertainties, the equation to minimize is equal to what we call

X

X2 = i:; <—yi - i(‘”’” 9))2. (4.9)

If we take the partial derivative of this, with respect to # we can find the best fit for our

parameters. However, using the degrees of freedom v = N — M, x? can also be used to
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test the goodness of the fit by calculating the reduced x?2,, defined as

X2

2 =2 4.10
Xred v ( )

For a good fit, this should approximately be equal to one.

The x? test is a method to test the statistical significance of the fit. If the best values
for the parameters are found, every change to them would lead to an increase of 2.
The size of the increase is used to define confidence intervals, which give information
about the probability of the fit. If only one parameter is modified (i.e. one degree of
freedom, ddof = 1), the square root \/A_X2 gives the confidence level in units of the
standard deviation. In the case of 1o the confidence interval holds the true values of the

parameters in 68.3 % of the time, if the measurement is repeated infinetly often.

4.2.3 Akaike Information Criterion

Using methods like the maximum likelihood method one usually finds, that the best model
is the one with the most free parameters. This bares the risk of overfitting the model
and an overestimated accuracy. The Akaike information criterion (AIC) [Akaike, 1974]
therefore takes into account both, the goodness of fit and the complexity of the model. For
a statistical model with k& parameters, which are maximized with the likelihood method
the AIC value can be calculated by

AIC = 2k — 21n(L). (4.11)

This can be used to compare different candidate models to each other. The one showing
the minimum AIC value should be preferred. While the logarithmic likelihood assesses

the fit quality, the number of parameters act as a penalty by increasing the value.

4.3 Instrumental Background

The spectra measured by SPI are dominated by instrumental BG. This is generally caused
by energetic particles interacting with the spacecraft of various origins, like solar flares
or regular solar activity during the eleven-year cycle or cosmic rays. BG from the Van-
Allen radiation belts, the region in which Earth holds energetic charged particles, mostly
originating from the solar wind, are tried to be avoided by shutting off measurements in
these regions. When these particles hit the spacecraft, they stimulate radiation processes
measured by the instrument. These include e.g. the creation of photons in the energy
range of SPI, Bremsstrahlung and nuclear transitions [Diehl et al., 2018].

The BG is composed of a smooth continuum and overlying lines. A large set of these lines

are continuously measured and can be used for an characterization of the BG. The line
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profiles are modeled as Gaussian functions with an amplitude Ay, the energy position of
the center Fy and the width of the line o

(4.12)

' B (B Ey)?
G(FE; Ey,0) = Ag exp ( 52

Because the charge collection efficiency degrades between annealings, the line shape is

modified by a one-sided exponential depending on the degradation parameter 7:

T(B:r) = L exp (5) (4.13)

T T

The convolution then gives us a model of the line:

L(E; Ey,0,7) = (G ® T)(E)

A 27(E — E 2 E—FE 2
S exp ul o) +o erfc ( o) +o . (4.14)
2 T 2T \/§o'

The continuum is modeled by a power law distribution, with a constant scaling factor cg.

It is normalized using the energy center Fj; within the region of interest:

C(E;a,c) = ¢ (i) (4.15)
Enm

The BG model is fitted for each detector and orbit separately. In Fig. 4.1 it is shown how

parts of the spectrum can be represented by an example for the region of the 26Al line

[Diehl et al., 2018]. Based on the database of spectral parameters, Siegert et al. [2019]

show how to construct a self-consistent BG model for INTEGRAL/SPI that eliminates

most of the systematic uncertainties.



4.3 Instrumental Background 39

SPI Background
Total Model
- - = = Individual Components

10" -

Photon counts

2EA| 4

.lan _

2020y
201 Bi

20agin 195T|;74T3?P200"Bi?_
| PG
Continuum = L
P T S R H S
1760 1780 1800 1820

Energy [keV]

Figure 4.1: BG spectrum decomposed into lines near the 1.8 MeV line of ?6Al. Several lines
are part of the spectral model. All individual Gaussian models are shown as dashed lines. The

corresponding isotopes are identicated when identified [Diehl et al., 2018].



Chapter 5

Astrophysical Modeling

5.1 Spatial Modeling

In order to distinguish the relative contributions of ?°Al in the Galaxy, the mass as a
function of distance to the Galactic center is to be assessed. In order to do that, several
models of the Galaxy are created, with different levels of complexity. These are used to

create maps of the sky via line-of-sight (LoS) integration.

5.1.1 Line-of-sight integration

Line-of-sight integration is a powerful method to create visualizations of three-dimensional
scalar fields. Assuming that the scalar field ® would emit photons with an intensity
proportional to the local numerical value of the scalar, the intensity observed at a certain

distance would then be equal to the integral along the line-of-sight.

1

1(¢,b) = E/A D(x(s,0,b),y(s,0,b),2(s,¢,b))ds (5.1)

If the whole object is scanned, a raster image can be calculated [Ruder et al., 1989]. This
is illustrated in Fig. 5.1 for two intersecting tori. For the LoS integration over the Galaxy
the observer is placed at a 8.2 kpc distance to the Galactic center, the location of the Sun,

and integrate over the whole Galaxy (i.e. the limits of integration are A = 0 and B = o0)

5.1.2 Galactic models

In total, six different models were used to create sky maps by integrating over their
emissivity profile. They consist of double-exponential and double-Gaussian Galactic disks,
as well as, combinations of them, i.e. Galactic disks with exponential scale radius and

Gaussian scale height and Galactic disks with Gaussian scale radius and exponential scale
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Y.

[ @(x(s),y(s), 2(s)]ds

observer

Figure 5.1: Visual representation of the line-of-sight integration method. The intensity for each
pixel on the screen is proportional to the integral through the object along the line of sight
[Ruder et al., 1989].

height. Finally, two more complex models were tested that considers the spiral-arms of the
Galaxy. The spiral distribution was mimicked by tracking the stellar and dust emission
in the Milky-Way as seen at different ranges of the electromagnetic spectrum, namely
360nm (ultraviolet; UV), 450 nm (optical; O) or 800 nm (infrared; IR) and shown in Fig.
5.2.Robitaille et al. [2012] work also focused on the diffuse emission of polycyclic aromatic
hydrocarbons, which are expected to depend on the distribution of massive stars. Because
of this, their model may also connects to the distribution of massive stars. This model is
applied in order to test a model showing more physical properties than the ones described
above. We separate it by wavelengths into two parts and create maps following their
distribution in the IR spectrum and the OUV. Example maps of all models are shown in
Fig. 5.5. For the first models considering exponential or Gaussian distributions, different
combinations of the scale radius, Rg, and the scale height, zr can be tested in order
to find a best fit model. The emissivity profiles for these models can be found in Table
5.1, where R, , denotes the Galactocentric distance. They consider the spatial emissivity
p(z,y, z) of the 26Al line, which is depending on the luminosity

_ Mogpag
m26T26

Lo

(5.2)

as a function of different isotope properties: the persistent 26 Al mass Mag, the probability
to emit a photon at 1.8 MeV after decay pys = 0.997, the isotope mass mgs = 26 u and
the lifetime 156 = 1.04 Myr.

It is normalized by the effective volume of the model, also given in Table 5.1. These

profiles form the input for the LoS integration, producing model sky maps, that can be
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Figure 5.2: Color coded view of the Galaxy model by Robitaille et al. [2012]. They show results
measured with the infrared camera IRAC on board of the Spitzer Sace Telescope at different

wavelenghts: 3.6 um (blue), 4.5 um and 8.0(green) um (red).
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Gaussian  scale
height

; — _ Lo —lz| —R%, 2
Gaussian  scale | p(x,y,z) = ey OXP ( oxXp | Sxz AT R% 2R
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Table 5.1: Density profiles for different models of the Galaxy. The effective volume is used to

normalized the emissivity
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Double exponential model of the Galaxy
0°

Galactic Latitude [deg]

Galactic Longitude [deg]

Model with exponential scale radius and gaussian scale height of the Galaxy
60°
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Galactic Longitude [deg]

Spiralarms model of the Galaxy OUV
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Double gaussian model of the Galaxy
0°

Galactic Latitude [deg]

Galactic Longitude [deg]

Model with gaussian scale radius and exponential scale height of the Galaxy
60°
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Galactic Longitude [deg]
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Galactic Longitude [deg]

Figure 5.3: Example maps of the Galaxy for different models. The flux is given in arbitrary

units from yellow, maximum flux, to black, zero flux. Models with Gaussian and/or exponential

parameters were calculated with the same scale values of R = 5.0kpc and hg = 0.6 kpc.
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Figure 5.4: Comparison of the mass values predicted by Vasini et al. [2025] and geometric
distribution of masses predicted by the double exponential model. The mass originating only
from classical novae (orange) and only from massive stars (blue) sum to the total prediction
(green). The blue histogram shows the masses inside rings with fixed scale height and radius up

to 15kpc in 1 kpc steps.

convolved with the SPI instrument response function (IRF), which accounts for the coded
mask, detector response, and the point spread function. The resulting predicted detector
counts are compared to actual measured photons, and a likelihood fit is done to adjust the
model intensity by spimodfit [Strong et al., 2005] within the OSA software [Courvoisier
et al., 2003].

Fig. 5.4 shows the geometric distribution of masses predicted by the a double exponential
model compare to the mass values calculated with the theoretical GCE model of Vasini
et al. [2025]. The predicted mass of 0 Al was calculated from the model density p(z,y, 2),

in cylindrical coordinates, as an integral over the ring volume:

Rout 00 27
M26 = / / / p(R, Z) RdRdz d¢ Mog T26- (53)
Rin —00 J O

The blue histograms show the mass inside rings with fixed scale radius and height for the
innermost 15kpc of the Galaxy in 1kpc steps. The model of Vasini et al. [2025] predicts
the mass contributed by classical novae and massive stars to peak at different distances
towards the center. Additionally, the rise for the novae curve is much steeper. This will
allow us to calculate the actual contributions of sources after the best spatial model is

found.



5.1 Spatial Modeling 45

Galactic Latitude [deg]
Galactic Latitude [deg]

Galactic Longitude [deg]

Galactic Longitude [deg]
4-6 kpc

6-8 kpc

Galactic Latitude [deg]
Galactic Latitude [deg]

Galactic Longitude [deg]

Galactic Longitude [deg]

8-10 kpc 10-15 kpc

Galactic Latitude [deg]
o
Galactic Latitude [deg]

Galactic Longitude [deg] Galactic Longitude [deg]

Figure 5.5: Example maps of a cut Galaxy for a double exponential model with scale values of
Rp =5.0kpc and hgp = 0.6 kpc. The flux is given in arbitrary units from yellow, maximum flux,
to black, zero flux. Here, the Galaxy was cut into rings from 0-2 kpc, 24 kpc, 46 kpc, 6-8
kpc, 8-10 kpc, and 10-15 kpc of Galactocentric distance.

To predict the Galactic distribution of 26Al a single model falls short. We therefore
separate the Galaxy into concentric rings and fit all of them simultaneously. This yields
the Galactic distribution of 26Al. If we consider the total model Mass M to be a linear
function, with parameters ay and ayg, of the masses originating in massive stars and

classical novae, My and My respectively,
M = an X MN + ams X M]WS (54)

we can fit it towards the mass distribution predicted by a GCE via a x2-test. To cover
a big enough parameter space, we test 100 values between 0-500 % for ay and ayg. For
an = ays = 1, M equals the predictions of the tested model. Then, the total mass,
M =1 x My + 1 X Mys, is the direct sum of both model components. This is equal

to 100 % contribution of each source. In order to determine the distribution relative to
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Model My Model Mg

Model 1 | Classical Novae [Vasini et al., 2025 massive stars [Vasini et al., 2025

Model 2 | Classical Novae [Vasini et al., 2025] | non-rot VMS<300 Mg[Martinet et al., 2022]

Model 4 | Classical Novae [Vasini et al., 2025] | non-rot VMS<500 Mg[Martinet et al., 2022]

[ ]
[ ]
Model 3 | Classical Novae [Vasini et al., 2025] rot VMS<300 Mg [Martinet et al., 2022]
[ ]
[ ]

Model 5 | Classical Novae [Vasini et al., 2025 rot VMS<500 Mg [Martinet et al., 2022]

Table 5.2: Combination of Models that are to be tested in a x? test in order to determine the
relative contribution of My and Mg to Galactic 26Al.

the source and not the model, the parameters then have to be normalized. The relative

contribution of novae are calculated by:

My
Arel = ON.min—— 5.5
L= ONmin (5.5)
where we consider the best fit mass My
My¢ = ans, min Muis + aNmin M- (5.6)

This is just Eq. 5.4 for the parameter combination at minimum 2. After normalization,
the parameters are corresponding to the relative contribution of novae and massive stars.
Their uncertainties can be determined by the distance to the edge of the confidence
interval. We test five different models, considering the GCE by Vasini et al. [2025] as is, but
also combining it with the model of Martinet et al. [2022] in order to account for possible
contributions of VMS to Galactic 2°Al, that would diminish any novae contributions. The

composition of these models, with respect to Eq. 5.4, are given in Tab.5.2.

5.2 Dissecting the Galaxy

To determine the mass distribution as a function of Galactocentric distance, the Galaxy
is cut into multiple rings. This leads to a better radial resolution for smaller pieces
but increases uncertainties and correlations between component. The number of rings is
decided by the size of the error bars for the models. The idea is to find the model with
the smallest uncertainties but the most information.

For each ring a sky map is generated by LoS-integration, yielding a model flux map for
the initial reference luminosity Lo = 1.42 x 10*? s~!, which corresponds to an 26 Al mass of
Mys = 1 Mg. These maps are then fitted simultaneously towards the raw INTEGRAL/SPI
data and yields a flux value.

The observed flux can be directly translated into the number of decaying nuclei. The

amount of photons released per unit time corresponds to the luminosity L, see Eq.5.2.
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The flux, in turn, is defined as the luminosity per unit area, at the observer’s position.

After fitting, the fitted flux for each component can be written as

L
Fﬁt = FnormL_ﬁt- (57)
0
Because the luminosity is directly proportional to the mass, and Ly corresponds to My,

the fitted mass components can be then calculated directly:

Fh

Mﬁt:M@F .

(5.8)

The corresponding uncertainty is calculated by Gaussian error propagation:

M 2
Ort = \/ e (7 (5.9)

5.3 Systematic Uncertainties and Model Limitations

All physical measurements are subject to statistical uncertainties. Photon counts are
Poisson distributed as SPI counts every photon per energy bin per detector. In these
cases the uncertainty depends on the total amount of counted events. The measurement
becomes more certain, the more photons are measured. This means, in the case of,
regions showing small flux are less well-known than brighter areas of the sky. If the
sample of measured photons is too small, the statistical methods applied may not be
appropriate. In Section 4.2.2, the asymptotical approach of the Poisson towards the
Gaussian distribution is introduced for large enough photon counts. If not enough photons
are measured, statistical criteria as the x? test lack validity. While the 1.8 MeV line is
quite strong, this might become relevant if the are of interest is too small, e.g. very fine
concentric rings.

In general, systematic uncertainties dominate for strong signals. The angular resolution
of SPI (~ 2—3°) is insufficient to adequately image finer structures, such as small regions
of star formation in the Galaxy. These structures are effectively blurred together and
cannot be distinguished individually. Consequently, two different models might yield
different results in terms of flux but show the same likelihood, because SPI’s resolution is
to coarse to detect the difference of these models.

The choice of smooth parametric models, like an exponential models is not unique to
this thesis. The amount of young massive stars decreases exponentially with radius,
which indicates a similar distribution for 2Al and they allow for stable fits. However,
they do not account for the actual complexity of the Milky Way. They neglect any
asymmetries and the spiral arm pattern. In the case of 26Al emission, there is evidence

that previously determined scale height values of the entire Galaxy are significantly biased
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by local foreground. A single parameter model lacks to track the bimodal distribution of
scale heights (for a fixed scale radius) apparent by SPI measurements [Pleintinger et al.,
2019]. This is why the spiral model by Robitaille et al. [2012] is also tested. This is a closer
match in terms of morphology even though it still contains some simplifications. However,
this model is not tracing 26 Al directly. It models stellar and dust infrared emission. While
regions of large dust density are found in the center of the spiral arms and are associated
with the formation of young stars, the distribution of 26 Al is shifted away from these areas
in front of the spiral arms. These shift are because in the time needed to fuse 2°Al, its host
star has already moved away from the center of the spiral arms. The spiral arm model
used here might therefore only loosely connect to the 26Al distribution in the Galaxy and
not describe the spiral arm pattern in the gamma-ray energy range of 1.8 MeV.

When determining the contributions by a x? test, we compare our model results to the-
oretical predictions. Those are the result of state of the art Galactic Models but not
necessarily a true description of the actual Galaxy. Vasini et al. [2025], e.g., underesti-
mate the total amount of 2°Al by a factor of almost two for the innermost 5kpc of the
Galaxy. While the total amount of mass is not effecting the results of the x? test directly,
as it only depends on the relative distribution, this might change the relative composi-
tion of the model. This is not accounted for in the test itself, as only the uncertainties
of the tested model is used as an parameter, while the prediction is treated as free of

uncertainties.



Chapter 6

Results

6.1 Resolving the 1.8 MeV line

In order to investigate the 1.8 MeV line, the data set was rebinned from 0.5 keV bins into
three separate bins from 1790-1805keV (continuum), 1805-1813keV (line) and 1813-
1840keV (continuum). The flux per bin is plotted in Fig. 6.1. In order to estimate the
significance of the line, a TS test was performed. This yields an significance of 26.8 o of
the line against the continuum. For each spimodfit run, the number of free parameters
can be increased by readjusting the background more often. This of course increases the
log-likelihood of the fit, see Fig. 6.2 on the left. In order to find the best background
model, we perform multiple fits with adjusted background, and calculate the AIC for each
of them. The results can be seen on the right hand side of Fig. 6.2. This shows, that an
renormalization of the background every two INTEGRAL orbits is sufficient.
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Figure 6.1: Differential Flux measured by INTEGRAL/SPI for energies between 1790-1840 keV
in three bins representing continuum emission and the 26 Al-line at 1.8 MeV. The line stands out

at 26.8 o against the continuum.
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Figure 6.2: The absolute value of the log-likelihood increases with the number of parameters
(left). Therefore, multiple fits with growing numbers of fitted parameters are done, to find the
model that shows the minimal AIC.

Rp [kpe] | hg [kpc]
4.0 0.4
5.0 0.6
5.5 0.7
6.0 0.8
7.0 1.0

Table 6.1: All global models were tested for these combinations of scale values.

6.2 Finding the best (alactic model

In order to find the best description of the Galaxy we test different spatial models. The
goodness-of-fit is determined by the maximum log-likelihood method in order to directly

compare the models with each other.

6.2.1 A global model

First, a global double exponential model was probed. In order to estimate some systematic
uncertainties, in addition to the statistical uncertainties from the maximum likelihood fit,
we test different combinations of scale values, Ry and hg . Pleintinger et al. [2019] present
good fit value combinations for a double exponential disk model. For each model, five
combinations of values are tested, given in Table 6.1. The sky maps are fitted to our data
set, using the log-likelihood as indicator for the relative quality of the fit. Additionally

the corresponding masses for each map were calculated. The results are shown in Figure
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Model Mass of | Uncertainty Uncertainty

A1 [My] | from Poisson | from

only [Mg] Shape[M|

Double Exponential 4.57 +0.16 o
Double Gaussian 2.95 40.10 e
Exponential Radius + | 4.36 +0.18 AT
Gaussian Height
Gaussian Radius + | 4.01 +0.14 o0
Exponential Height
Spiral-arms as seen in | 21.67 +0.79
ouv
Spiral-arms as seen in | 23.37 +0.84
IR

Table 6.2: Total mass of 26Al for global models of the Galaxy. The uncertainties from Poisson
only are calculated by Gaussian error propagation of the flux uncertainties. Another approach is
to calculate the uncertainties from the shape of the model by considering Alog £ = 0.5 around
the best fit value.

6.3. The masses for the spiral models are not shown in the plot, as they exceed the others
by a fair amount. Their values, as well as the mass for the best fit per model are given
in Tab.6.2. All analytic models show a best fit values for combination Rr = 5.0kpc,
hgy = 0.6kpc. The best global model is given by an double exponential approach. The
double gaussian map falls short, compared to the other geometrical models. The spiral-
arm models show by far the worst relative log-likelihood, being disfavoured by Alog £ =
26, for the IR model, and Alog £ = 30, in the OUV case. This was to be expected as
the spiral arm model used is only loosely connected to what we want to probe and was
discussed in Chapter 5.3 in detail. These results obtains an adequate starting point for

selecting models when the Galaxy is fitted by the six-component models.

6.2.2 The best Model for a dissected Galaxy

In order to find the best size of rings, the Galaxy was cut gradually into sections of
smaller size. At first, it was dissected into two parts, with a 8kpc width. These were
then cut in half again into rings of 4kpc, then again into eight 2kpc rings. Finally 16
1 kpc rings were fitted. The resulting differential fluxes for a double exponential model
with Rg = 5.0kpc, hg = 0.6kpc are shown in Fig. 6.4. According to the increase of
the size of the uncertainties, the Milky Way is cut in rings of 2kpc up to a distance of

10kpc from the center. Given that the uncertainties become orders of magnitude larger
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Figure 6.3: Plotting the log-likelihood of the tested models as a function of effective volume
(upper panels). Note that the effective volume is given in Table 6.1, so that different combinations
of Rg and hg can lead to the same volume but different likelihoods. Due to computational
constraints, we use Vg as a summary variable. Both spiral arm models show log-likelihoods way
below the best fit and are deemed rather unlikely. The same plot is shown again without these, in
order to show the distribution of the other models. All other models show minimal log-likelihood
For Rp= 5.0kpc and hp = 0.6 kpc. The corresponding masses for the analytic models can be
seen in the lower panel. For the best fit, model suggestions lay in between (2.95+0.10) M and
(4.57 £0.16) Mg,
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Figure 6.4: Flux distribution of the 1.8 MeV line depending on Galactocentric radius for a double
exponential Model.

Rg [kpc] | hg [kpc]
4.0 0.4
5.0 0.4
5.0 0.6
5.5 0.7

Table 6.3: All global models were tested for these combinations of scale values.

than inside the Solar circle, we use one 5kpc ring from 10-15kpc. The Galactic size of
15kpc was adjusted to the available GCE model calculations of Vasini et al. [2025] and
Martinet et al. [2022].

Because all models in Section 6.2.1 showed the best fit for the same combination of scale
values and log-likelihoods steeply decreased for combinations showing larger Vg, the tested
scale value combinations were slightly adjusted, see Tab. 6.3. The relative quality of the
fit is, again, indicated by the log-likelihood and can be seen in Fig. 6.5. The spiral arm
models in both the OUV and the IR range show log-likelihoods that are far below the
optimum, that is given by an double exponential model with scale values of Rg = 5. 0 kpc,
hg = 0.4kpc. These models are deemed as a rather bad fit for the Galaxy. Te qualities
follow approximately the same trend as in Fig.6.3. The model maps combining exponential

and gaussian features show the same log-likelihood here. Both spiral model present to
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Figure 6.5: Both panels show the log-likelihood of cut models as a function of the effective
volume. Because the spiral arm models result in log-likelihood values far below the best fit
model, the right panel shows the plot without them. This large gap in log-likelihoods indicate
that the spiral arm models provide a rather poor description of the spatial 26Al distribution

compared to the other models.

be relatively bad fits for the distribution of 26Al. It is notable, that the second best fit
was also achieved by a double exponential model ( with Ry = 4.0kpc, hg = 0.4kpc). In
general the models tested with a combination of R = 5.5kpc, hg = 0. 7kpc show to be

rather bad for all models.

6.3 Flux and Mass values per Ring

The results of spimodfit yield the flux per ring for all models. As they are all quite similar
only the results of the best fit for each model is shown in Fig. 6.6. Plots containing
all fluxes per model and per combinations of scale values, can be found in the appendix
A.2. In terms of flux models follow the same trend, and increase with the distance to the
Galactic center. The analytic models show to be consistent to one another, leading to a
very similar flux values throughout the Galaxy. The two spiral arm model, even though
consistent in itself, continuously suggest more flux for the innermost 8 kpc than the other
fits. All flux values are consistent within the 8-10kpc ring. The biggest difference can
be seen in the last ring, where all analytic models are consistent with zero, which is
explained by the aged stellar population there, showing only low metallicity. Only the
spiral models show a significant signal in this bin. These values do however have rather
large uncertainties.

Eq. 5.8 and 5.9 can be used to calculate the mass per ring according to the values presented

here. Because they depend on the reference flux Fjo.,m, which is different for each sky
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Figure 6.6: Flux results Fg; for the sky maps yielding the largest log-likelihood.

map, the masses for the same model with different scale values vary a lot more than the
corresponding fluxes do.

The resulting mass for each analytic model can also be found in the appendix, while only
the masses of the best fits can be seen in Fig.6.7. They are compared to the prediction
of the total model of Vasini et al. [2025] and we find a generally good agreement for the
distribution. In the 8-10kpc ring, the predictions of our measurement compared to the
GCE model show the largest disagreement. This is explained by the probably somewhat
enhanced 2°Al line flux in the local environment around the Sun due to numerous nearby
young massive star regions [e.g., Diehl et al., 2010, Martin et al., 2012, Siegert and Diehl,
2017, Krause et al., 2018] and potentially from the Local Bubble [e.g., Schulreich et al.,
2023, Siegert et al., 2024].

The same plot is shown for the results of non-rotating and rotating models of different
initial masses from Martinet et al. [2022] in the lower panel. All models show barely any
26 A1 budget beyond the 10kpc ring, which is consistent with measurements. The non-
rotating model of stars with initial masses up to 300 My, yields masses per bin, that stay
way below our measurements and show generally bad agreement. The rotating model of
the same masses shows better agreement but are still barely consistent with our model
except for the 2-4 kpc bin where measurement and model slightly overlap in the 1o con-
fidence interval. The model considering rotating stars of 500 Mg is in good agreement
with measurements for the 2kpc rings between 0-8kpc. But shows a big gap in masses
for 8-10kpc. For non-rotating models of the same mass only rings between 2-6 kpc are

consistent with measurements, while the bins first and fourth ring vary by a little more
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Figure 6.8: Masses suggested by spiral model bypass all other model predictions by far.

than 1o.

In Fig.6.8 the masses per ring resulting from the spiral models are given. Even though
they are consistent within themselves, they predict a lot more 26Al per ring than all other
models. They also surpass previous estimates of the Galactic Al mass by far. As they
also have shown to be of rather bad fit towards the INTEGRAL/SPI dataset, this model
proves to be insufficient in providing a quantitative estimate of the Galactic 2°Al budget

and is probably not a good representation of the Galaxy as seen in the 1.8 MeV emission.

6.4 Contribution of classical novae and massive stars

The contribution of each source is determined by a x? test (Eq.4.9) The models predicting
the mass of 2°Al as a function of Galactocentric distance were described in Section 5.1.2.
Fig6.9 shows the results as contour plots for the double exponential model. The color
indicates intervals of significance in terms of sigma. We show the mass composition that
is predicted by the model itself with an orange star and the parameters at xy? minimum
with a pink dot. By calculating the distance of this dot to the edges of the first interval,
the 1o band is found. The dotted white line indicates parameter combinations that are
equal to 1.0. If the values are normalized correctly, the best fit should always be found

along this line. As discussed earlier, this normalization is done by considering the best
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fit mass. Fig.6.10 shows these best fit masses for three y? fits. In indigo and purple, the

distribution of the GCE is shown, while the measurements of SPI are indicated in black.

The best fit mass combines 26Al from all considered sources. Its distribution is given
by Eq. 5.4 for the best parameter combination. The partial masses contributed by novae
or (very) massive stars are also shown, together with the mass distribution that was
measured with SPI. Fitting the mass model M towards the measured data we find a best
fit for parameters ay and ays and get a best fit Mass My, according to Eq. 5.6. This is of
course depending on the mass contribution, My and My, considered in the distribution
model. This best fit mass distribution can be seen in light blue in Fig. 6.10. Additionally,
the best fit distribution of mass depending on the source is shown. These plots clearly
illustrate how the best fit mass is shifted after fitting the GCE models. For the upper
right panel, e.g., the best fit mass is pushed towards the bins between 2-8 kpc, when
compared to the GCE predictions. While the model of Vasini et al. [2025] still predicts
~ 0.1 Mg, for the ring between 10-15kpc, measurements are consistent with zero. At the
same time predictions in the bins between 2-12kpc are underestimating the measured
values. The mass distribution must therefore be shifted towards these rings if they are
fitted towards the measured data. This also shows, that barely any VMS contribution
is needed to explain the distribution of the measurements. This can also be seen in the
panel on the right: here the prediction for VMS is slightly shifted towards the center if
compared to the prediction for novae. This leads to barely any VMS contribution as they

cannot account for the 2°Al budget measured on the outer regions of the Galaxy.

We present the results of all tested models on the left side in Fig. 6.11 and find general
good agreement between these values. All data points appearing between 40-60 % and at
exactly 100 % of relative nova contribution are results of the spiral arm model and might

therefore vary from the other data. On the right, we show the contour of the 1o area.

All tested models predict a non-negligible contribution of 26Al in the 1o interval. While
comparison to the Vasini et al. [2025] model can still predict up to 70 % of 26 Al originating
from massive stars at the border of the 1o confidence interval, all other models, i.e.
models additionally considering VMS, predict less. In general, the confidence interval for
Model 1 shows the steepest slope. That means, it includes more combinations in favor of
higher massive star contribution than the other models. Models 2-5 are almost identical,
even though the total mass per ring varies a lot. This is not surprising as the y? only
depends on the relative mass distribution which was very similar for all Martinet et al.
[2022] predictions. All four models are consistent within the margin of the uncertainty.
If we consider uncertainties within 20, only Model 1 allows to explain the distribution
of Galactic 2°Al without the contribution of novae at the outer edge of the confidence
interval. The other models predict at least 8 % of nova contribution at the border of the

interval. The 20 interval holds 95.4 % of normally distributed data, i.e. contributions
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left panel. On the upper right, the results of the best spatial model is shown including the 1o

confidence interval. All models show significant nova contribution to the Galactic budget. The

20 interval is shown below. One of five models predict, that within 20 confidence, the Galactic

26 A1 can be explained by massive stars only. The other four show contributions of at least 8%.
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Contribution of Classical Novae | Contribution of Massive Stars
Model 1 0.77+0-1 0.2340 1%
Model 2 0.841916 0.167012
Model 3 0.831016 0.1710:13
Model 4 0.831015 0.171011
Model 5 0.83+015 0.17+012

Table 6.4: Relative contribution results of the two sources at x? minimum for assuming a double

exponential disk model. The uncertainties were calculated from the 1o confidence intervals. In

this case, at least 62% of Galactic 26Al originates in novae.

beyond its border only appear in 4.6 % of cases and are more unlikely. This means, that

the tested models predict a nova contribution of at least 62 % for minimal y? parameter

combinations. These might extend up to 91 %. The contribution predicted at minimum

x? for a double exponential disk are given in Tab.6.4. These values exceed previous

contribution estimates by far and are not in agreement with state of the art literature.



Chapter 7
Summary and Conclusion

In this theses, the hypothesis of possible novae contributions to Galactic °Al was inves-
tigated. This is motivated by 26 Al measurements inferring a SFR, of > 5 M yr~! [Siegert
et al., 2023], which exceeds other estimates by up to a factor of four [e.g., Kennicutt and
Evans, 2012, Licquia and Newman, 2015, Chomiuk and Povich, 2011].

Using line-of-sight integration, maps of the Al emission for different spatial models are
created and fit towards a 20 yr INTEGRAL/SPI dataset. By fitting six maps, representing
concentric rings throughout the Galaxy, to the data, the mass distribution depending on
the Galactocentric distance is determined. The quality of the fit is judged by their Log-
likelihoods. A double exponential disk model shows the best results for a scale value
combination of zg = 0.4kpc and Rg = 5.0kpc. To test a more physical model, the spiral
arms as seen by their dust emission in the optical and ultraviolet as well as in the infrared
energy range, described by Robitaille et al. [2012], are fit to the measurements as well.
That resulted in log-likelihoods way above the best fit and masses that are not consistent
with results from the other models. This is caused by the rather lose connection between
the dust emission and 2°Al. While the dust density is highest in the center of the spiral
arms, and stars are born in regions of high dust density, the stars need to evolve until they
first emit 2Al. At that point they have already moved outwards from the center of the
spiral arms. The Galactic 26Al is therefore shifted away from the spiral arms and is not
traced well by the dust density [Kretschmer et al., 2013, Krause et al., 2015]. The spiral
arms by Robitaille et al. [2012] are therefore ruled out as a good model for the Galactic
26 A1 distribution.

The Galactic Chemical Evolution (GCE) model of Vasini et al. [2025] presents a theoretical
prediction of the distribution of 2Al depending on the source. They show how the 26Al
mass originating in massive stars peak comparably further away from the Galactic center
than 20Al originating in classical novae. All masses, except for the spiral arm models, are
in good agreement with the predictions of Vasini et al. [2025]. Only the measurement bin

between 8-10 kpc shows a somewhat enhanced mass, which is attributed to the numerous
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amount of young stars in this regions as well as potential contributions of the Local
Bubble. By assuming that the total mass is a linear combination of both source types,
we find 77773 % nova and 231} % massive star contributions for the GCE by Vasini et al.
[2025]. This contains previous results of no negligible nova contributions in the outer 20
band. As 26Al might also be soured in very massive stars, they are also considered and the
mass by novae distribution by Vasini et al. [2025] compared to the distribution of 26 Al by
very massive stars [Martinet et al., 2022]. This however, results in an even higher relative
nova contribution after fitting towards the data. The minimum nova contribution, that
is needed in these models is > 8 % in the two sigma or > 37 % in the one sigma area.

To conclude this thesis, it can be said, that the contribution of classical novae 26 Al is much
larger than previously estimated. All results indicate that the Galactic 26Al distribution
cannot be explained solely by massive stars and rather suggest that the majority is origi-
nating in classical novae. Of course, the tested models were rather simple smooth spatial
models of the Galaxy as the tested spiral arm model proofed unfit to describe the sky as
seen at 1.8 MeV. These smooth models might be biased towards certain solutions and it
would be wise to try to find a better fitting model considering the spiral arms in these
energy regimes. In further investigations the locally enhanced components also must be
taken into account in the 1.8 MeV analysis, which might be explained by massive stars
only. While this might weaken the conclusion, it is certainly not excluded that novae con-
tribute significantly more than previously expected. Especially, after seeing how clearly
they dominate the 26 Al production in this thesis. Of course, future measurements with
improved gamma ray telescopes might also improve these results.

This might also motivate other theses and work. As of right now we have not achieved
directly seen proof of the ongoing nucleosynthesis in novae. Similar to 26Al, simulations
predict #2Na to be produced in nova explosions. While it gamma-ray line at 1.275MeV
has not been observed yet, it could be used as a tracer for nova explosions, as it’s lifetime
is long enough to sustain the opaque nova phase after the explosion. Studying ?2Na could
improve the understanding of nova explosions and their distribution as it’s gamma-rays
can only be seen only from hours to months after the explosion. CRGO/COMPTEL and
INTEGRAL/SPI searched for this emission, resulting in upper limits for the ?Na mass.
But future missions, like COSI, might be able to detect it in the future [Fougeres et al.,
2023].
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Appendix A

Additional plots

A.1 Flux per model
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Figure A.1: Flux values per model and, for smooth models, tested scale value combination. All
models show the best goodness-of-fit for the same combination of scale values Rg = 5.0kpc,

hp = 0.4kpc, marked in orange.
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Figure A.2: Resulting masses of 26Al per Galactic ring for six tested models with different scale

value combinations.
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