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Abstract

The space telescopes CGRO/COMPTEL and INTEGRAL/SPI show the Milky Way in
the 1.809 MeV gamma-ray line from the radioactive decay of 26Al. This isotope with an
intermediate lifetime of ~ 1-10° yr, is mainly produced in massive stars, ejected in stellar
winds and supernovae, and confined in superbubbles, such as the Orion Eridanus super-
bubble. INTEGRAL/SPI detected significant line flux from OB associations in Cygnus
and in Scorpius Centaurus, but not from the Orion Eridanus superbubble. This thesis aims
to detect a significant line flux from this superbubble in the Orion region. In addition, it
aims to describe the morphology of the Orion Eridanus superbubble with a physical model
based on previous results, to gain a deeper understanding of superbubble evolution as well
as nucleosynthesis in stars leading to an observable 26 Al accumulation in superbubbles. For
this, we give a theoretical overview on the physics of superbubbles before using two 26Al
sky modelling approaches to describe the Orion Eridanus superbubble and the expected
gamma-ray signature. In the first approach, empirical models based on two 1.809 MeV
all-sky surveys are used. In the second approach, physical models, tuned with the ex-
pected 26Al mass from the stars in the Orion Eridanus superbubble, i.e., the Orion OB1
association, are used. These models are fitted to INTEGRAL/SPI data from =~ 20 yr ob-
servation time. With the empirical model, we find a significant line detection of the Orion
region with a significance up to o = 9.2. The 1.809 MeV line flux is Figog, empirical = (2.2~
6.6)-10"°phem~2s™!, which converts to an 26 Al mass of Maj empirical = (1.7-5.0)-107°M,.
These measured values take into account that the Orion region is situated in front of the
Galactic plane, also shining in 1.809 MeV gamma-rays. The physical models lead to a
significant line detection of the Orion Eridanus superbubble with a significance of up to
o = 5.6, with a 1.809 MeV line flux of Figgg physical = (3.097055) - 10~ °phem 2571 This
converts to an 2Al mass of M Al physical = (2.3 £0.4) - 10~°M,, which is consistent with
the empirical model result. From physical model comparison, we find Orion OB 1la to
be dominant in the production and distribution of 2Al. From population synthesis, we
construct time profiles for the four subgroups in Orion OB1, and find a total 26Al to-
day of Maj pop = (0.002-1.9) - 107*My. We detect the Orion Eridanus superbubble for
the first time significantly at 1.809 MeV. The physical model result supports superbubble
evolution models, used to describe the morphology of the Orion Eridanus superbubble.
The population synthesis confirms stellar evolution models that give an 2°Al expectation
reconcilable with the 1.809 MeV observation of the Orion Eridanus superbubble.



Zusammenfassung

Die Weltraumteleskope CGRO/COMPTEL und INTEGRAL/SPI zeigen die Milchstrafe
in der Emissionslinie mit 1.809,MeV aus dem radioaktiven Zerfall von 26Al. Dieses Iso-
top mit einer mittleren Lebensdauer von ~ 1 - 10%yr wird hauptsichlich in massere-
ichen Sternen produziert, in stellaren Winden und Supernovae ausgestoflen und in Su-
perbubbles eingeschlossen, wie in der Orion-Eridanus-Superbubble. INTEGRAL/SPI
detektierte signifikanten Linienfluss von OB-Assoziationen in Cygnus und in Scorpius
Centaurus, aber nicht von der Orion-Eridanus-Superbubble. Diese Arbeit zielt darauf
ab, einen signifikanten Linienfluss aus dieser Superbubble in der Orion-Region zu de-
tektieren. Zusétzlich soll die Morphologie der Orion-Eridanus-Superbubble mit einem
physikalischen Modell basierend auf vorherigen Ergebnissen beschrieben werden, um ein
tieferes Verstdndnis von Superbubble-Evolution sowie der Nukleosynthese in Sternen zu
gewinnen. Diese fiihrt zu beobachtbaren Anhiufungen an 2°Al in Superbubbles. Dafiir
geben wir einen theoretischen Uberblick iiber die Physik von Superbubbles, bevor wir zwei
Modellierungsansitze des 2 Al-Himmels verwenden, um die Orion-Eridanus-Superbubble
und die erwartete Gammastrahlensignatur zu beschreiben. Der erste Ansatz liegt in em-
pirischen Modellen, basierend auf zwei 1.809,MeV all-sky-Surveys. Der zweite Ansatz liegt
in physikalischen Modellen, abgestimmt auf die 2 Al-Masse Erwartung von den Sternen in
der Orion-Eridanus-Superbubble, d.h. der Orion OB1-Assoziation. Diese Modelle werden
an INTEGRAL/SPI-Daten aus = 20 yr Beobachtungszeit gefitted. Mit dem empirischen
Modell finden wir eine signifikante Liniendetektion der Orion-Region mit einer Signifikanz
von bis zu ¢ = 9.2. Der 1.809,MeV Linienfluss betrigt Figog, empirical = (2.2,,6.6) -
107°ph, cm ™2 57!, was einer 2 Al-Masse von Maj empirical = (1.7,-,5.0)-107°M, entspricht.
Diese gemessenen Werte beriicksichtigen, dass die Orion-Region vor der galaktischen
Ebene liegt, die ebenfalls 1.809,MeV Gammastrahlen emittiert. Die physikalischen Mod-
elle fithren zu einer signifikanten Liniendetektion der Orion-Eridanus-Superbubble mit
einer Signifikanz von bis zu o = 5.6, mit einem 1.809,MeV Linienfluss von Figog, physical =
(3.0979-55—0.39)-10°ph, cm 2,571, Dies entspricht einer 2 Al-Masse von M Al, , physical =
(2.34+0.4) - 107°M, was konsistent mit dem Ergebnis des empirischen Modells ist. Aus
dem Vergleich physikalischer Modelle finden wir, dass Orion OB la dominant in der Pro-
duktion und Verteilung von 26 Al ist. Aus Populationssynthese konstruieren wir Zeitprofile
fir die vier Untergruppen in Orion OB1 und finden eine heutige Gesamtmasse an 2°Al

von My pop = (0.002,-,1.9) - 107*M. Wir detektieren die Orion-Eridanus-Superbubble



zum ersten Mal signifikant bei 1.809,MeV. Das Ergebnis des physikalischen Modells unter-
stiitzt Superbubble-Evolutionsmodelle, die zur Beschreibung der Morphologie der Orion-
Eridanus-Superbubble verwendet werden. Die Populationssynthese bestétigt Sternen-
twicklungsmodelle, die eine 2°Al-Erwartung liefern, die mit der 1.809,MeV Beobachtung

der Orion-Eridanus-Superbubble vereinbar ist.
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1 Introduction

The radioactive isotope 2°Al is a product of nucleosynthesis in massive stars. 26Al is un-
stable and T-decays, after an intermediate lifetime with the half-life T} 5 = 7.17 - 10° yr.
In the decay, gamma-rays with 1.809 MeV are emitted. Due to the distinct energy from
the 26Al decay, these gamma-rays are an observable tracer for the 26Al, in the form of a
1.809 MeV line flux. This 1.809 MeV line emission from 2°Al decay was first detected by
the HEAO-C spacecraft in 1984 [Diehl et al., 1995]. Another instrument that traced the
1.809 MeV emission is the imaging telescope COMPTEL aboard the Compton Gamma
Ray Observatory (CGRO). The all-sky map from this mission at 1.809 MeV is shown in
Fig. 1. The map shows a structured emission along a wide longitude, with an asymmetry
relative to the Galactic center [Diehl et al., 1995]. Therefore, the 26Al is positioned in

Maximum Entropy
Iteration: 7

Fig. 1: The all-sky map from the imaging telescope COMPTEL at 1.809 MeV. Figure taken
from Pliischke et al. [2001]

localised regions, rather than concentrated in the inner disk of the Galaxy. The dominant
Galactic plane is then the accumulation of such regions. Outside of the inner Galactic
disk, small structural features in the 1.809 MeV map support the statement of localised
26 A] regions. These regions are superbubbles, i.e., density cavities formed by the output
of massive stars, which are filled with the 2°Al produced in these massive stars. Most
massive stars are born in OB associations and transport radioactive isotopes into the
interstellar medium with stellar wind or in supernova (SN) explosions. Another radioac-
tive isotope with intermediate lifetime is “Fe, which also produces distinct gamma-ray

emission during decay. In our work, we focus on 20Al, because the output of 26Al in



massive stars is higher than the output of %“Fe [Limongi and Chieffi, 2018]. In previ-
ous observations, superbubbles that are connected to known OB associations have been
significantly detected in the 1.809 MeV gamma-ray line, e.g. the Cygnus region around
Cygnus X-1 with a significance of ¢ = 10.9 and the Scorpius Centaurus region around
the Upper Scorpius and the Upper Centaurus Lupus with a significance of o = 6.1, by
Siegert [2017], measured with INTEGRAL/SPI over ~ 11 yr. The nearest production site
of massive stars, the OB star complex in Orion, has not yet been detected significantly at
1.809 MeV. Nonetheless, in the Orion region, a superbubble is observed in Hy, Ha, and in
thermal X-ray emission. The Orion Eridanus superbubble (OES) which is considered the
result of the energy output from the massive stars in the Orion region. The INTEGRAL
mission obtained data, with information about the all-sky 1.809 MeV line emission, un-
til early 2025. Therefore, a larger dataset is now available to analyse the Orion region
with INTEGRAL/SPI, compared to the previous analysis. Thus, we motivate this work
with the intention to detect a significant 1.809 MeV line flux from the Orion region. In
addition, in Pon et al. [2014], two possible OES morphologies arise from model fitting.
An analysis of these two geometries leads to a deeper understanding of the 26Al1 distri-
bution and movement in the OES. To examine the Orion region with the OES and to
analyse the morphology of the OES, we structure this thesis as follows. In Chapter 2, we
introduce superbubbles and the associated physics, from their stellar composition to the
formation of super bubbles, as well as the OES with current knowledge about its morphol-
ogy and the massive star groups it contains. In Chapter 3, we show the instrument used
throughout the thesis INTEGRAL/SPI, with its data analysis. Here, we also show the
dataset, the instrumental background in the dataset, applied model optimisation meth-
ods, and a test-statistical analysis of the Orion region with initial models. In Chapter 4,
we follow two approaches in modelling the 26 Al sky. One with empirical models (Sec. 4.1)
based on the CGRO/COMPTEL all-sky map from Pliischke et al. [2001] and the INTE-
GRAL/SPI all-sky map from Bouchet et al. [2015] at 1.809 MeV; and one with physical
models (Sec. 4.2), where we built upon the geometrical models from Pon et al. [2014] with
the information of the Orion OB1 association. The expected stellar output from this OB
association is evaluated with a population synthesis, i.e., in our work, an accumulation
of single-star 26Al output over time profiles. All our results for the different modelling
approaches are displayed in the two sections, respectively. In Chapter 5, we discuss the
26 A1 mass distribution in the Orion region and the 26Al localisation inside the OES, as
well as the morphology for the OES, with our results from the 2°Al sky modelling. Here
we also discuss the sound speed inside the OES and the observed velocity with respect to
the Sun from the spectral analysis. Finally, we summarize the results and findings of this

work in a conclusion in Chapter 6.



2 The Physics of Superbubbles

Superbubbles are a common feature of the interstellar medium (ISM) in galaxies through-
out the universe. This Chapter deals with superbubbles, beginning with their evolution.

Subsequently, the OES, which is the focus of this thesis, will be examined in detail.

2.1 Evolution of Superbubbles

Superbubbles arise from the combined mechanical and radiative output of massive stars,
i.e., stellar winds, ultraviolet radiation, and SNe. In Weaver et al. [1977], the various
phases of the expansion of an interstellar bubble were derived. The term “interstellar
bubble” describes the interaction via winds and ionizing radiation of a single massive star
with its surroundings [Krause et al., 2013]. The formation begins with a spherical sym-
metric stellar wind that blows through the ambient interstellar gas, assuming a uniform
atomic density. Stellar wind is the mass loss of stars in an approximately steady outflow
of particles [Pleintinger, 2020]. This leads to an expanding spherical system consisting of

four distinct zones throughout its evolution. This system is called Bubble. The zones are
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Fig. 2: Schematic regions and boundaries of the flow in a single star interstellar bubble
taken from Weaver et al. [1977], (Left), and the corresponding schematic flow phases
in superbubble evolution taken from Pleintinger [2020], (Right).



(a) the hypersonic stellar wind, (b) a region of shocked stellar wind, (c) a shell of shocked
interstellar gas, and (d) ambient interstellar gas [Weaver et al., 1977]. These zones are
displayed in Fig.2, on the left. The first evolutionary phase is the adiabatic flow. The
expansion is too fast for radiative cooling to become efficient, and each region is described
as adiabatic expansion. In the second phase, radiative losses cause the expanding swept-
up interstellar gas in region (c) to collapse into a thin shell. In this phase, there is still
energy conserved in the shocked stellar wind in region (b). In the last phase, radiative
cooling becomes efficient enough to cool region (b), leading to a drop in the pressure in
this region. The expansion of the outer regions of the bubble decelerates [Weaver et al.,
1977]. The resulting interior structure of an interstellear bubble of age ¢t = 10 yr is shown
in Fig.3, for a stellar wind luminosity of L,, = 1.27 - 103¢ ergs~! and an atomic density of
no = lem™!. The density in region (a), the hypersonic stellar wind, scales according to
2. The stellar wind encounters a shock at R;. The
shocked stellar wind is hot (7" 2 10°K) and of low density in region (b) [Weaver et al.,
1977]. The shell (region (c)), i.e., swept-up ambient gas, consists either entirely of Hy or

the continuity equation with n, oc r~

contains an outer layer of Hj if the stellar radiation is insufficient to photoionize all the

gas in the shell [Weaver et al., 1977]. Stellar groups are spatially centered. Therefore, the
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Fig. 3: Large-scale temperature and density features of an interstellar bubble of age t =
10% yr. Figure taken from Weaver et al. [1977].

different phases of spherical expansion for an interstellar bubble also apply when consid-
ering the combined output of many stars on a larger scale in superbubbles (typically a
few 100 pc in size) [Pleintinger, 2020]. This is shown schematically in Fig. 2, on the right.
When considering more than one star, in addition to the radiation and stellar winds, SNe
feed the ambient medium. When SNe blast through the bubble, the gas is photoionised
in the shock. This leads to a distinct Ha-emission from inside the bubble, during the first
~ 10 Myr [Pleintinger, 2020].



2.1.1 Stellar Content

The stellar content in superbubbles is important for investigating the contribution of
individual stars and stellar groups to their formation and evolution. Information about
the stellar content is provided by an initial mass function (IMF). First constraints on this
fundamental astrophysical distribution were published by Salpeter in 1955, introducing
the mass function (M) [Chabrier, 2003].

M )~135

¢(M) ~ 0.03(—

N 1)

For stars with the mass 0.4 Mg < M < 10 M, [Salpeter, 1955]. For consistency we name
the power-law index for log(£(M)) « and the power-law index for log(¢(log M)) I'. Thus,
the Salpeter IMF has the power-law index ag, = 2.35.

The IMF, following such a power-law, has since been supplemented by additional mass
ranges, and the power-law index « has been further constrained. Kroupa [2001] summa-
rizes the constraints on the different mass regimes as a multi-part power-law IMF with

the power-law indices:

§(M) oc M™*
ap=03407, 0.01<M/M, < 0.08
ap =13405, 0.08< M/M, < 0.50 (2)

as =2340.3, 0.50 < M/M, < 1.00
as =2.3+£0.7, 1.00 < M/M,

, where £(M)dM is the number of single stars in the mass interval M to M + dM. The
Kroupa IMF is therefore applicable to a variety of masses and is not as top-heavy (pro-
ducing as many massive stars) as the Salpeter IMF. The IMF describes the distribution
of main sequence stars, which eventually evolve off the main sequence. Therefore, the
present-day mass function (PDMF) differs from the IMF. A minimum turnoff mass is
defined as the mass for which the age at which the star starts leaving the main sequence
equals the age of the respective stellar cluster. For the Galactic disk with an age ~ 10 Gyr
this minimum turnoff mass would be mro ~ 0.9 M. Stars with masses above mro will
have evolved as red giants, white dwarfs, neutron stars, or black holes to the present day.
The PDMF of massive stars has been calculated by Scalo [1986] and gives the power-law
indices [Chabrier, 2003]:

ap =537, 0<log(M) < 0.54
a1 =453, 0.54 < log(M) < 1.26 (3)
az =3.11, 1.26 <log(M) < 1.80



, with a higher a than what we have for the IMF and less Massive stars. The difference
between the IMF and the PDMF can be seen as the fraction of massive stars that is
already extinguished, via SNe explosions or due to leaving the main sequence in one of
the other ways mentioned. The diverging PDMF from the IMF at the minimum turnout

mass is shown schematically in Fig. 4.

PDMF = IMF

2 PDMF E

-

y * logm) ;

Fig. 4: Schematic parting between the IMF and the PDMF for masses above the minimum
turnout mass, mpo. The PDMF is steeper because the proportion of massive stars

that have already died increases with increasing mass. Figure adapted from Scalo
[1986].

2.1.2 Massive Stars

The output from stars and their influence on the surrounding ISM is called stellar feed-
back. This stellar feedback is dominated by massive stars and is the driving source in
superbubble creation. Thus, it is important to understand how and where massive stars
form, how they produce elements, and how they feed the ISM with these elements [Krause
et al., 2014]. For this, we need to understand the general physical principles in massive

stars and the processes that lead to nucleosynthesis [Lugaro and Chieffi, 2010].



Stellar Structure Equations

In the first approximation, a star is a gaseous spherical symmetric cloud contracting under
its own gravity. It progressively heats up while it loses energy from the surface in the form
of photons. The photon flux is pushed outwards due to a high temperature gradient, with
a decreasing temperature from central to outer regions in the star. The energy absorbed by
the gas AU, in dependence on the energy gained from the gravitational field AQ2 is given
by the Virial theorem: AU = AQ/3(y — 1). Here, ~ is the ratio between the two specific
heats of the gas. One at constant pressure and one at constant volume. This results in
a quasi-stable equilibrium configuration for v > 4/3. This is given for an ideal gas (y =
5/3) but also in a star during the evolutionary phases described in the following. If v is
below 4/3, no energy must be released from the system to contract the gas further, and
the system collapses [Lugaro and Chieffi, 2010]. In hydrostatic equilibrium, the pressure

1S

dP
— =-GMpr? 4
= p (4)
, with M being the interior mass, G = 6.67430- 10_111(’2—:2 being the gravitational constant,
and p being the density at a given radius r within the star. With the mass continuity
equation:

dM

—— =Adnr? )

. p (5)
If we assume p to be constant to zero order within the star, the integration of eq. 5 shows:

M
Pﬁg (6)

Because of low pressure at the surface of the star and high pressure in the center of the

star, the equation of hydrostatic equilibrium, eq. 4, becomes:
PC X — (7)

, where Pg is the central pressure and Rg is the stellar radius. When relation (Eq.6) is

inserted in relation (Eq.7) it reads:

M2
PC X — (8)
Ry
For an ideal gas, the equation of state gives:
T
P p (9)
I

, where T' is the temperature and p is the mean molecular weight.



If we insert eq.9 in eq. 8 we get:

Leaving us with the basic relation between the temperature in the core T, the mass M,
and the stellar radius Rg. The energy flux through the structure in a stationary situation

is given via Fick’s law as:

dr —3kpL

—_— = 11

dr  16acm?T3 (11)
, where x is the opacity of the gas, L the luminosity, a the radiation constant, and ¢ the

speed of light. Conservation of energy is controlled by the continuity equation

dL

— = 4n’pe 12
dr P (12)
, where € represents the net local energy budget. This energy budget is the sum of the
nuclear production rate €,,., the neutrino energy losses, and the gravitational energy
range. Due to the high temperature gradient between the center and the surface of the

star, the central temperature can be described as:

ML

4N
Te~3r

(13)
Combining this relation with the relation (Eq. 10) that results from hydrostatic equilib-
rium gives the fundamental relation between luminosity and mass [Lugaro and Chieffi,
2010]:

L~ p*M3 (14)

Solving the stellar structure equations requires heavy numerical calculations. Due to sim-
ilarities between the numerical solutions for different stars, there are analytical scaling
relations, called homology relations [Pols, 2011]. These lead to a radius-mass relation
depending on the energy production rate mode v for €,,. o< pT". v varies in different
nuclear burning phases. For stars on the main sequence, this is shown in Tab. 1 for the
two possible branches in hydrogen fusion. With the pp-chain dominating in low mass and

the CNO-cycle dominating in high mass main sequence stars.

14 R Tc Pc
pp-chain v 4 R oc M43 T, o< puMO57 pe o< M~03

CNO cycle v~18 Roc p? MO T, oc p B MY p, oc p=2M 4

Tab. 1: Homology relations for pp-chain and CNO-cycle dominated main-sequence stars.



Hertzsprung-Russel Diagram

Inserting the homology relations and the mass-luminosity relation (Eq. 14) in the Stefan-
Boltzman-law

L =4nR*0T,;, (15)

e

, where 0 = 5.67040 - 107 —5 .5 is the Stefan Boltzman constant and Teyy the effective
temperature [Pols, 2011], gives two temperature luminosity relations. One for the pp-
chain dominated low mass main sequence stars and one for the CNO-cycle dominated

high mass main sequence stars:
~ 7.8 ~ 725
Llow—mass ~T Lhigh—mass ~T (16)

When we compare these estimated values with the observational luminosity L(T) in a
Hertzsprung-Russell diagram (HRD), for 22000 stars from the Hipparcos and 1000 from
the Gliese catalog (see Fig.5), we find that the low-mass power-law slope describes the
cool part of the main sequence approximately. From the observation we estimate the
power-law slope «a of L(T) between 3000 K—6000K to be ajow—mass ~ 8, for the hot part
7500 K - 16000 K we estimate a power-law slope of apigh—mass ~ 5. The high-mass L(T)
homology expectation does not match the observation. This can be explained with the
Humphreys-Davidson limit that sets in at high temperatures (~10000 K) and is an upper
limit for stellar luminosity depending on T.;; [Pols, 2011].

Fig. 5: Hertzsprung—Russell diagram constructed from 22000 stars in the Hipparcos Cata-
logue and 1000 nearby stars from the Gliese Catalogue. It should be noted that the
x-axis is scaled according to spectral classes, resulting in a compressed representation
of the temperature. Figure taken from Mignard [2019].



The HRD shows that most of the stars are on the main sequence, fusing hydrogen to
helium. When the central hydrogen reservoir is burned up, they leave the main sequence
on a path dependent on their original mass, their metallicity, and rotational velocity
[Pleintinger, 2020].

Convection

The transportation of locally produced energy in stars via radiation or conduction is
frequently too slow, so that interior shells can become unstable since a displacement from
the equilibrium position is not fully counteracted by a restoring force. Instead, matter
accelerates even further away from its original position and convection sets in, i.e., large-
scale motions of matter [Lugaro and Chieffi, 2010]. This is visible when illustrating how
the stellar structure equations look in a real star. This can be done in a Kippenhahn

diagram (Fig.6). For a star with M = 5Mg, the early evolution is comparable to a
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Fig. 6: Kippenhahn diagram showing the structural evolution of a 5Mg star. For three
phases, the core burns different elements starting with hydrogen.When there is no
more hydrogen in the center, helium core burning sets in. After that, the helium
burning moves into the shell, and a core mainly out of >C and 60O evolves. Here,
the star has left the main sequence. Figure taken from Pleintinger [2020].

Solar-type star with hydrogen burning in the center and the fuel hydrogen at the surface.
The core and the hydrogen are linked with convection (marbled) and mixed (dotted)
regions [Pleintinger, 2020]. After central hydrogen burning, the core is H-exhausted and
made primarily from He. The H-burning shifts to the base of the H-rich mantle, while
the star expands up to 1000 times the Solar radius. This expansion triggers large-scale
convection from the star’s surface to the center. This can be seen at about 80 Myr and
is called the first dregde-up. During this process, the He-core increases in mass, as the

H-burning products fall onto the core [Lugaro and Chieffi, 2010]. When the core density

10



reaches about 10° g cm = He-burning ignites and the star ascends in the Asymptotic Giant
Branch (AGB) in the HRD [Pleintinger, 2020].

Nuclear Burning

The observed lifetime of a star supersedes the Kelvin-Helmholtz timescale, i.e., the lifetime
of a contracting gas cloud under its gravity. The energy cannot be from the gravitational
energy reservoir alone. Instead of simple contraction, nuclear reactions activate in the
stellar core in the different burning phases. The energy rate of these nuclear reactions is
dependent on the abundance of the reactant nuclei and the cross section of the reaction
averaged over a Maxwellian distribution [Lugaro and Chieffi, 2010]. For burning heav-
ier elements, the central temperature needs to increase while the abundance of lighter
elements (with bigger reaction cross sections) needs to decrease. This happens mainly
in massive stars (M > 8 M), that reach these central temperatures, when the lighter
elements are burned up. The most abundant element is hydrogen. Burning hydrogen
happens as long as a star is on the main sequence, and therefore for most of the star’s
lifetime. The two hydrogen-burning processes, i.e., producing alpha particles out of pro-
tons, are the pp-chain and the CNO-cycle.

The pp-chain ignites at temperatures of =~ 10 MK when the stellar mass exceeds 0.08 M.
The pp-chain begins with proton on proton fusion and builds up through a sequence of
proton captures and S-decays, which is displayed in Tab. 2. Because of a low cross section
for the 3He proton capture and due to no existing nuclei with atomic number A=5 (“He
proton capture), successive proton capture stops early at these two isotopes. To overcome
the non-existence of A=5, enough *He must be produced to activate the capture of this
nucleus by another *He or a “He nucleus [Lugaro and Chieffi, 2010]. If 3He is captured by
“He, "Be is created and the pp-chain branches in the ppll- or pplll-chain, for electron or
proton capture respectively [Siegert, 2017].

The second process, the CNO cycle, becomes efficient for temperatures of ~20 MK. The
temperature is significantly higher than where the pp-chain ignites, due to the high
Coulomb barrier in the CNO nuclei. The CNO cycle starts with the proton capture
on a '2C nucleus, resulting in radioactive *N. 3N decays via 8 into *C. 3C captures
also a proton, fusing "*N. Proton captures by N, result in radioactive O, that /-
decays into '®’N. Proton fusion with ®N leads to '2C and an a-particle. This sequence is
called the CN-cycle. For temperatures T~25-30 MK another branch of the CNO cycle
becomes efficient. Instead of proton and PN fusing an a-particle, the N captures the
proton resulting in 0. The proton capture of O forms radioactive !“F, that S*-decays
to 170O. 7O captures a proton in a compound nucleus that either splits into *N and an
a-particle, or turns into '8F. That particle is radioactive and B7-decays to **O. Proton
capture on O preferrentially split into N and an a-particle or fuse F. The different

processes are shown in Tab. 2. Because all the proton captures and subsequent decays pro-
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duce another isotope that is part of the CNO cycle, the total abundance of these isotopes
is constant. For temperatures exceeding 2530 MK the full cycle becomes efficient and
a quasi-equilibrium establishes, in which the abundance of each isotope reaches a steady
state value dependent on its production and destruction [Lugaro and Chieffi, 2010].

If the stellar mass is sufficient to reach temperatures of Ta40-50 MK, proton capture on
Y, from the CNO leads to 2°Ne. This starts the next sub cycle of hydrogen fusion via
proton captures and subsequent B7-decays on °Ne, 2!Ne, #2Ne, ?Na, in the NeNa cy-
cle, until an equilibrium value between these isotopes sets in. If the temperature exceeds
~50 MK, proton capture by ?*Na becomes a possibility, competing with the 2Na(p,«)?°Ne
channel. As the temperature rises, the proton capture becomes more efficient and the pro-
cesses for the resulting 2*Mg and further are activated step by step until, at ~60 MK, the
entire NeNaMgAl cycle is activated and the equilibrium ratios of all nuclei between 2°Ne
and 27Al are established. The NeNaMgAl cycle leaks to heavier elements than 2”Al. This
means that processes, such as additional proton captures, are producing heavier elements
outside of the NeNaMgAl cycle. The processes of the NeNaMgAl cycle are shown in Tab. 2
[Lugaro and Chieffi, 2010].

reaction Qtot [MeV]
ppl  main sequence 0.08 < M/Ms 10MK < T < 14 MK
d+ p— 3He 5.494
3He + 3He — “He + 2p 12.860
g}})IH - - UMKSTS 2311\;18}{7 reaction Qtot [MeV]
"Be I o= e—>_>7Li o 0.862 —neNaMgAl cycle OME S TS 60MX
: 20 2T
Li+p— %Be - a+a 17.347 21Ne * by e T8
Na — 2INe + et + v 3.548
pplll T 2 23MK 21 22
P . - Ne + p — “*Na 6.739
7He + “He ;} Be 1.587 22Na — 22Ne + eT + v 2.842
Be + p — 8B 0.14 22Ne 4 p — 23Na 8.794
8B 2 8Be+ et +v = a+a 18.209 23Na + p — 29Ne + a 2.377
CNO cycle: dominant for stars: M 2> 1.3Mg; T 2 23 MK 23Na + p — 24Mg 11.693
20 f p — BN 1.944 20Mg + p — 25Al 6:548
1'3N S BC et £ v 2.220 25A1 — 25Mg + et + v 4.277
13C 4+ p — 14N 7.551 25Mg + p — 26A1 6.307
UN + p — 150 7.297 26A] — 26Mg + et + v 4.004
150 — 15N 4+ et 4 » 2.754 26A1 4+ p — 27Si 12.275
BN 4+ p = 12C + a 4.966 260\ g + p — 27Al 8.271
105NO sub-cyflsée: 25MK ST 5 30 MK 278 — 27TAl + et + v 4.812
N +p — 180 12.127 27 A +p— 28G5 11.585
160 + p — 17F 0.600 27 A 24 .
1+ a — 24M 1.601
7R 5170 4+ et 4+ v 2.761 &
70 + p — “N + o 1.192
170 +p— 18 5.607
8F 5 180 4 et 4+ v 1.656
180 + p — N + a 3.981
180 4 p — 19F 7.994

Tab. 2: Hydrogen burning nucleosynthesis processes that build up elements from hydrogen

to silicon. Each reaction is associated with an energy release Q¢ determined by the
mass defect. The Table is adapted from Siegert [2017].

In stars burning these heavier elements, the central density increases and with it the inte-
rior temperature. Here, neutrino cooling becomes important, as electromagnetic radiative

cooling is not efficient enough, and with neutrinos leaving the surface of the star nearly
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unhindered. When stars are so massive that after burning all the hydrogen in their core,
the He core has a mass of ~0.35 M), they continue to contract, reaching central tempera-
tures of 108 K. This happens if the initial mass was M >2M,. At this temperature and
density in the core, the fusion of two a-particles directly into carbon becomes efficient
in the triple-a-process and He-burning ignites (Tab.3). A large jump in luminosity and
radius of the star accompanies the ignition of the triple-a-process. If the He core is lighter
than ~0.35 My, electron degeneracy is sufficient to counteract gravity without the need
of additional contraction [Lugaro and Chieffi, 2010, Siegert, 2017].

When hydrogen is burned up in the core, H burning shifts to the outer layers, and a He
core builds. The same process happens when He is burned up in the core, with He-burning
shifting away from the center. The He-exhausted remaining core needs a mass of 2>1.1M
to overcome electron degeneracy. If not, an electron degenerate core consisting of C and
O forms. The minimum star mass to overcome the electron degenerate CO core is ~9—
12 M. In stars with masses higher than ~6 -8 M carbon burning ignites. This gives a
range between ~6—12 M, where in a partially degenerate CO core carbon burning ignites

and lifts the degeneracy. Stars with this mass will not be able to overcome the formation

reaction

He burning, triple-a process: M 2 2Mg, T 2 100 MK
a+a — %Be

8Be + a — 12C

C burning, massive stars: M 28 Mgy, T 2 500 MK
IQC+ IQC [N 20Ne+a

1204120 5 2Na 4 p

23Na+p — Ne + «

23Na+p — 24Mg

12C+O¢ N 160

Ne burning: T 2 120 MK
20Ne + v — 80 + a

20Ne + a — 24Mg

24Mg + o — 28Si

reaction

O burning: M 2 9Mg, T 2 (150...260) MK
0 +1°0 - PSi+ a

160 +160 - 31p 4+ p

160 4160 315+ n

315 5 31p 4 et 4+ 1

Si burning: M 2>8...11 Mg, T 2 (2.7...3.5) GK
28Si + ?8Si — 5°Ni

288i4+ (1...7)a — 32S...%6Ni

Tab. 3: Advanced nuclear burning stages in massive stars. For He-burning the associated
energy released Q¢+ in units of MeV is given in brackets. The Table is adapted from
Siegert [2017].

of an electron-degenerate ONeMg core, after central C-burning. Stars beyond ~9 12 M,
go through the subsequent central burning phases and end in core collapse SNe [Lugaro
and Chieffi, 2010].

When central Si-burning ignites, all elements up to °Fe are produced, with the highest
bounding energy per nucleon. The star cannot gain energy from nuclear fusion to heavier
elements, and the energy to sustain itself under gravity runs out, leading to the collapse
of the star. Right before collapse, the star shows an onion-like structure with the different
burning phases layering above the iron core [Siegert, 2017]. The processes associated with

the different central burning phases are shown in Tab. 3.
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Supernovae

The iron core in a late massive star collapses when it reaches its Chandrasekhar mass limit.
Free-fall sets in, until a density of > 2-10% g cm™ in a massive star with 25 M, as example is
reached. For this density, the interior of the star heats up to 5—10 GK, leading to thermal
gamma-rays. The gamma-rays photodisintegrate the iron in the core, and a neutron star
emerges within ~ 1s. The sudden change in the equation of state leads to a rebound of
the central core from the compact object, in the form of a shock wave going outwards.
This shockwave interacts with the rest of the different layers falling inwards. The shock
leads to the complete disruption of the star. This is called core collapse SNe. In the shock
region, due to the initial nuclear composition of the star and the temperatures reached in
the shock, explosive nucleosynthesis occurs [Siegert, 2017]. The radiation energy, inside
the shockfront, scales with the temperature according Fgy oc T*. This leads to zones of
different explosive burning phases, which are shown in Fig. 7. The energy also scales with

the radius of the shockfront; therefore, the burning phases of heavier isotopes are dominant
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Fig. 7: Peak temperature in the iron core collapse SN shockfront as a function of the mass
fraction, for a star with the mass 25 M. Different zones of explosive burning occur.
The dashed line is a second stellar model with a different explosion energy than the
one shown with the solid line. Figure taken from Siegert [2017].

in explosive burning. The different isotopes that are produced can either be emitted into
the ISM or fall back onto the neutron star, depending on their mass and the production
region, defining a mass cut [Siegert, 2017]. In addition to iron core dissociation, stellar

cores can collapse via two different mechanisms. First, via electron capture reactions in

14



stars not heavy enough to ignite central Ne-burning, and were stable due to the electron
degeneracy of the NeOMg-core. Second, electron positron pair-production in stars with
M Z 100Mg, after C-burning. These reduce the substantial thermal energy to counteract
gravity and the core collapses [Pleintinger, 2020]. For stars with masses between 9-—

120 Mg, iron core SNe dominate the collapse mechanism [Siegert, 2017].

From Remnants to Superbubbles

The energy released in a core-collapse SNe is on the order of ~ 10°!erg during a few
seconds. After the shockwave - launched by this - sweeps through the stellar envelope, it
propagates in the surrounding ISM with a velocity of 30005000 kms~!. This expansion
is the supernova remnant (SNR). The ambient region may be evacuated due to a wind-
driven bubble formation in earlier life stages of the star. SNR can be described in three
phases. Starting with the free expansion in the first phase. Here, the surrounding ISM
pressure is negligible. The radius of the SNR increases linearly to the velocity of the
ejecta, ve;:

Rpree(t) = vt (17)

During free expansion, ISM gas is accumulated in the shock front, building up a reverse
shock. This leads to an efficient deceleration of the expansion when the swept-up mass
matches the ejecta mass. Here, the phase of free expansion goes into the second, the
Sedov-Taylor phase. This phase is an ejecta-dominated adiabatic expansion and lasts
over 10* —10° years. The Sedov-Taylor phase is comparable with the adiabatic expansion
in the wind-driven formation of interstellar bubbles. During this phase, the radius of the

SNR increases according to:

Esn

1 2
5¢5 18
o) (18)

RSedovaaylor (t) X (

, with the total energy of the SN, Esy and pre-shock ISM density py. The third phase
is the snowplough phase. Matter is continuously swept up during expansion, and the

expansion decelerates. The radius evolves here with:

Rsnouptongn (1) o¢ (£-) 314 (19)
P1

, with the total momentum of the expanding shell ;4 and the density in the swept up
shell p;. Due to the “snowploughing” of matter the density p; is increased in regard to pg
[Pleintinger, 2020, Shull, 1995]. The evolution of a SNR in the three phases is shown in
Fig.8. The effects of stellar wind forming interstellar bubbles and SNe forming SNR on
the ambient ISM are similar, even though their composition is different. When these two
mechanisms happen at overlapping time and space, they accumulate to a large-scale ex-

pansion. Due to the majority of massive stars forming in OB associations simultaneously,
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massive stars are spatially correlated. Superbubbles are driven by the stellar winds and
SNRs of an entire OB association, rather than having a single stellar wind driving source
[Mac Low and McCray, 1988].

102-
S 10%-
8 1
2]
=
-O .
=2 100 Free expansion
i —— Sedov-Taylor
— Sowplough
----- Dispersion
10°1- Ly g I T
10 10 10 10 10 10 10

Time [yr]

Fig. 8: Schematic evolution of a SNR in three phases. The expansion is similar to the ex-
pansion in wind-driven interstellar bubble formation. Figure taken from Pleintinger
[2020].

Yields

The isotopes that are produced in the explosive burning, according to the pre-SN composi-
tion of the star, are blown into the ISM with the expansion of the SNR. Isotopes produced
earlier in the star’s evolution are additionally blown out of the gravitational field of the
star in the stellar wind. When entering the ISM, isotopes are called yields, differing be-
tween the stellar wind yields and the SN yields. A star’s evolutionary path, dependent on
its initial mass, its rotational velocity, and its metallicity, i.e., the enrichment of the stellar
gas from previous stellar nucleosynthesis, controls the composition of these ejecta. The
nuclear processes in stars are not directly accessible. Thus, calculations of nucleosynthesis
yields that can be compared to measurements are an important tool. Radioactive isotopes
such as “Fe, 44Ti, and 26Al are of particular interest because they emit distinct gamma
radiation, i.e., gamma rays with a specific energy released during the respective radioac-
tive decay. The characteristic lines for ®Fe are at 1.173 MeV and 1.332 MeV!, for 44Tj are
at 67.9keV, 78.4keV? | and 1.157 MeV, and for 2°Al at 1.809 MeV. These gamma-rays are
directly observable [Pleintinger, 2020]. Limongi and Chieffi [2018] did such calculations

'https://www.esa.int
’https://www.sci.esa.int
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for stellar evolution models of stars with initial masses of 13Mg < M < 120M and

1

testing the impact of rotational velocities, 0 kms™ < v,,; < 300kms™! and metallicities,

0 < [Fe/H] < —4. For the assumption that stars with initial masses M > 25 M, fully
collapse to a black hole, these calculations predict yields for 26Al, °Fe, and **Ti shown
in Fig.9. Thus, in stars with M > 25M, only the stellar wind contributes to the total
yield of an isotope. We find the 26 Al-yields to be higher than the yields of ®Fe. *4Ti only

enriches the ISM in stellar models below the full black hole collapse mass.
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'—O' 10-% 4 ’/" —— 26p total yields
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< 107; 14 —e— 5%F¢ total yields
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> ! —e— T total yields
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Fig. 9: Yields of the radioactive %Fe, 26Al, and *‘Ti per initial mass from non-rotating
stellar models with Solar metallicity by Limongi and Chieffi [2018]. Stars with initial
masses M > 25 M fully collapse into black holes.

When looking at the time profiles of 2°Al, ®Fe, and the °Fe/?Al ratio (Fig. 10), 25Al is
ejected from the star prior to %°Fe. %Fe is produced only during explosive burning, and
there is no stellar wind contribution to the ®Fe-yield. Nontheless, due to a higher lifetime
%0Fe will dominate the %°Fe/?° Al ratio at some point starting at 16 —30 Myr, depending on
the initial mass, considering the Limongi and Chieffi [2018] non rotating stellar models, at
Solar metallicity [Pleintinger, 2020]. This thesis focuses on stars with ages up to 104+2 Myr
(see Sec. 2.2.4), where 20 Al-yields dominate. Thus, in this work 2°Al leads to higher model

flux predictions than %°Fe, making it more likely to be observable.

26 Al from massive Star Winds and Supernovae

26Al is produced in the NeNaMgAl cycle via the proton capture of Mg and has an
intermediate lifetime of ~ 1-10°yr with the half-life of T}/, = 7.17 - 10° yr. This lifetime
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Fig. 10: Time profiles of 26Al- and %OFe-yields for different initial masses from non-rotating
stellar models with Solar metallicity by Limongi and Chieffi [2018] (solid lines)
compared to an older model by Limongi & Chieffi from 2006 (dotted lines). Figure
taken from Pleintinger [2020].

is on the order of SNR evolution or wind-driven bubble formation, thus the possibility of
transporting 26Al into the ISM leads to the yields shown in Fig.9 via stellar wind and
SNe. 26Al decays via two channels (see Fig.11). The dominant $*-decay happens with
81.7%, while it decays via electron capture the rest of the time.

The f*-decay results in the first excited state of the target isotope Mg, while producing

also a positron and an electron neutrino.

2601 57 26Mg* + e + 1,
Mg* — Mg + 7(1.809 MeV)
While relaxing to the ground state a 1.809 MeV photon is emitted. The electron capture
(EC) results in either the higher excited state in 2.7% or the first excited state in 15.5%

of cases. Here, no positron is produced, and the energy difference is added to the electron

neutrino energy that is again produced.
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Fig. 11: 26 Al decay scheme. The 26 Al ground state, with a half-life of 7.17 - 10° yr, decays via
positron emission (37) or electron capture (¢), forming 2Mg in one of two excited
states. The higher excited state is reached in 2.7% of the decay. It relaxes to the
ground state by directly emitting one gamma-ray photon at 2.938 MeV or via the
first excited state emitting two gamma-ray photons at 1.130 MeV and 1.809 MeV.
Otherwise, it decays only via the first excited state emitting 1.809 MeV photons.
Figure taken from Castillo-Rogez et al. [2009].

The first excited state resulting from electron capture emits the same 1.809 MeV photon

as for the S*-channel.

2671 2 26\[g* 4y,

Mg* — 2°Mg + ~(1.809 MeV)

For the higher excited state of Mg, two channels in relaxation arise. First, directly
going to the ground state, emitting a 2.938 MeV photon for 0.2% of cases, or second, also
through the first excited state for 2.5% of cases emitting a 1.130 MeV photon in addition
to a 1.809 MeV photon.

2641 BS 20\g® 1y,
Mg* — 2°Mg + v(1.130 MeV) 4 7(1.809 MeV)
2Mg* — Mg + v(2.938 MeV)

Thus, 99.7% of the decaying 26 Al result in a 1.809 MeV gamma-ray line emission. This line
dominates the other two gamma-ray lines with the photon flux ratios of Fjg/Fs ¢ &~ 500,
Fig/F11 =~ 40 and the 1.809 MeV photon flux Fjg/F.+ ~ 1.2 times higher than the
positron flux, making the 1.809 MeV gamma-ray line a suitable tracer for cummulative

effects of stellar feedback, such as superbubbles.
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The dependence of the photon flux F} g on the 2 Al-mass can be derived by describing the

radioactive decay statistically with the decay law:

dN(t)
——= = —AN(t 20
= (v (20)
- - In(2) —14 1
, with the particle number N and the decay constant A = =3.07-107"s7".
1/2
This differential equation can be solved with:
N(t) = Ny-e ™ (21)

Inserting this solution (Eq.21) back into the differential equation (Eq.20) leads to the

photon luminosity L, of an initial amount of particles Ny over time.
L(t)=X-Ny-e ™ (22)

Under the assumption of an isotropic emission in all spatial directions with sound speed
v, this translates to the flux F(d):

, with the mass of one 26Al atom m = 25.9797604 u, the total mass of decaying 26Al M,
the probability of emitting the 1.809 MeV photon when decaying p = 99.7%, and the

distance from the source d.

Massive Star Regions

Massive stars do not evolve separately, but are created simultaneously. This happens in
OB associations. In these star groups, stars form out of the same volume in a molecular
cloud. OB associations are rather young (< 20 Myr) compared to the Milky Way (MW)
(> 10 Gyr). This is due to O and B stars forming on the high end of the main sequence
in the HRD. O and B stars are therefore short-lived and explode in core collapse SNe
a few million years (<35 Myr, for the longest-lived massive stars of M = 8 M) after
formation [Siegert, 2017, Pleintinger, 2020]. This time-scale is well-fitting with the half-
life of 26Al, being another advantage in observing the 1.809 MeV gamma-ray line [Siegert,
2017]. The most prominent nearby OB associations, in regard to their 26Al content, are
listed in Tab. 4 and can be located in Scorpius-Centaurus (ScoCen), Perseus, Cygnus, and
Orion [Pleintinger, 2020]. The 1.809 MeV signature of these regions is also visible in the
all-sky 1.809 MeV map, with the image reconstruction from Knédlseder et al. [1999] for
the COMPTEL mission, shown in Fig. 12. Also, the Galactic plane is a prominent feature
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in this energy, due to the cumulative contribution of many OB associations along the line
of sight (LOS) through the Galactic plane. This thesis focuses on the stars in Orion, while

Cygnus will be used to validate our analysis methods later.
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Fig. 12: The 1.809 MeV all-sky map from the COMPTEL mission ([Pliischke et al., 2001])
shows the MW and prominent OB association-containing regions (adapted from
Pleintinger [2020]). Spectral analysis focuses on Orion later on, while Cygnus will
be analysed to validate the methods.

Population Synthesis

The spatial resolution in MeV measurements is limited to a few degrees [Pleintinger, 2020).
This is due to Compton scattering being the dominant photon interaction at this energy.
This resolution is not enough to resolve single stars in the OB associations. Instead, an
integrated signal of their combined output is observed. A tool to deal with integrated
signals is population synthesis. Population synthesis is based on the approach to describe
an integrated signal as the evolutionary contribution of the constituents [Pleintinger,
2020]. These constituents, the stars that are modelled to describe the stellar group of
interest, contribute to the total 26Al, with their respective 26 Al-yields. The yields can be
described by time profiles (M., t) based on stellar models. The sample of stars, used
to describe the population, is produced in the integration of the time profiles of single
stars over the total mass range weighted with a mass function {(M,). This mass function
is given, either with the PDMF', describing the current composition of a population, or
the IMF describing the star formation at age zero of the population. For the IMF, the

population synthesis result () needs to be normalised (with factor A) to the total mass
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Name C[°] b[°] Distance [pc] Age [Myr]

Sco-Cen: US 351.5 +20.0 143 + 6 10+7
Sco-Cen: UCL 331.0 +12.5 136 £5 16+7
Sco-Cen: LCC 2985 +5.5 115+ 4 15+6
Ori OBla 201.0 -17.3 ~ 300 812
Ori OB1b 206.0 -18.0 360-620 2-8
Ori OBlc 209.0 -19.5 ~ 385 2-6
Ori OB1d 211.3  -19.5 ~ 380 1-2
Cyg OB2 80.2 +0.8  1350-1750 1-7
Cyg OB1 75.5 +1.1 1400 6-8
Cyg OB2 729 419 1800 2-12
Cyg OB4 82.8 -7.6 800

Cyg OB5 67.1 +2.1 1610

Cyg OB6 86.0 +1.0 1700 .
Cyg OB7 89.0 0.0 630 1-13
Cyg OB8 779  +34 1800 4-6
Cyg OB9 77T +1.9 960 2-4
Per OB2 159.2 -17.1 296 +£ 17 1-10
Per OB1 147.0 -5.5 175+ 3 50
Cen OB2 294.3 -1.0 2100 3-10
Per OB1 134.7 -3.2 1800 811
Sco OB4 (7) 2524 424 960

Sco OB3 173.1 -0.8 1200

Ori OB2 (?) 1926 -11.6 2040

Tab. 4: Nearby OB associations linked to 26Al enriched regions in the sky. For some of these
OB associations very little is known indicated with the (?). Table adapted from
Wright [2020].

of the population in the end. The population synthesis is then calculated with:

v =a [ von,ne0n o, 1)
My min
For a population of 100 massive stars in the 8 - 120 M range corresponding to a typical
nearby OB association, the population synthesis modelling of 2°Al and °Fe was done in
Voss et al. [2009]. The resulting time profiles are shown in Fig. 13. The ejection of 26Al
during wind phases starts prior to the ejection of %“Fe, starting with the first SN. Because
of the most massive stars exploding earlier, the time profiles show a maximum during
the first SNe. Later, the contribution from less massive star SNe shows, while for 26Al
the wind contribution decreases with the number of exploded constituents. Population
synthesis will be used to evaluate the 26 Al output of different subgroups of the Orion OB1

association in Sec.4.2.3.
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Fig. 13: Time profiles of the 26Al and %“Fe synthesis in a population of 100 massive stars
ranging between 8-120My. The dark grey and grey area are the 1-o0 and 2-0
deviation from the best model, while the dashed and dotted lines show alternative

stellar evolution models. Figure taken from Voss et al. [2009].

2.2 The Orion Eridanus Superbubble

The OB star complex in Orion is the nearest production site of massive stars to the
Sun. With the Orion OB1 association at a distance of ~ 400pc, this makes a good
laboratory for the investigation of the influence on the ISM by massive star groups. The
energy output from the Orion OB1 subgroups in stellar wind and SNe can account for the
morphology and kinematics of the ambient ISM in this region [Brown et al., 1994]. Here,
a large cavity enclosed by atomic hydrogen and filled with hot X-ray gas, between the
Solar System and the stellar associations in Orion, lies: The OES. H; data constrains the
bubble to an area of ~ 2000deg? between b = (—5°——55°) and ¢ = (185°—225°) [Siegert,
2017]. The OES was discovered in X-rays, due to its hot interior with the ROSAT all-sky
survey and is a neighbor of the Local Bubble [Krause et al., 2014].

2.2.1 Morphology

A first approximation of the OES morphology can be derived with the standard theory for
spherical symmetric bubbles (Sec.2.1), under the assumption of a uniform ISM density
surrounding the Hy shell [Brown et al., 1994]. The radius of ~140pc and expansion
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velocities of 15—20kms™!, from observations can be matched, for Orion OB 1a as driving
source, assuming a dynamical age of the bubble of 3—5Myr. As well as estimating the
energy needed to disrupt the parental molecular cloud, of the bubble, as the output from
Orion OB 1b and Orion OB 1c [Brown et al., 1994|. Thus, in the spherical approximation,
the stars in Orion OB1 are a sufficient source in the creation of the OES. Nonetheless, the
assumption of a spherical symmetry and a uniform ambient ISM density cannot withhold
considering the position of the stars ~ 130pc below the Galactic plane. The density
gradient perpendicular to the Galactic plane in the H; distribution leads to an elongated
superbubble formation extending down to ~ 300 pc below the Galactic plane and the OB
associations at one end of the bubble rather than in the center [Brown et al., 1994]. The

resulting morphology is shown in Fig. 14. In this configuration, the OES is filled with the

I R/ molecular cloud
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100- ;o::l)l X-ray bubble
dlgiall 26A| ejecta
I=200° [pc]

200 300 400 500
Galactic Plane

Orion

Molecular
Cloud

Orion-Eridanus
Bubble

~300- Orion OB1

Fig. 14: Schematic morphology for the OES forming in the Hy pressure gradient below the
Galactic plane. The superbubble elongates and forms away of the driving OB
association. Yields from the massive stars flow freely into the OES towards the
Sun, while they are stopped in the other direction by the Orion molecular cloud.
Figure taken from Pleintinger [2020].

yields from the stars in Orion OB1, which flow freely into the evacuated OES, towards
the Sun. The Orion molecular cloud located behind the OB association, prohibits the
yields from spreading out away from the Sun. With this predominant outflow direction
for the 26Al-yields, we expect the 26Al gamma-ray line to be blueshifted, dependent on
the sound speed. The sound speed also shapes the morphology of the 26Al distribution
in the OES. The emission region is restricted to absolute distances of 1 pcy === [Siegert,

2017]. Another information about the position and morphology of the OES is given in the
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Ha line, from the hot plasma cooling on the inside of the superbubble shell. It is emitted
during the recombination of previously dissociated protons and electrons [Pon et al., 2014].
The Ha emission from the Orion region, in combination with the COMPTEL 1.809 MeV
and the position of the Orion OB1 subgroups is shown in Fig. 15. Bright features in
this line emission constrain the extent of the OES to Barnard’s Loop and the Eridanus
Filaments, Arc A, B, and C. This boundaries match with the ROSAT observed X-ray
emission, which results from the hot plasma inside the superbubble as thermal radiation

[Pon et al., 2014]. The resulting shape that fills this space is approximately ellipsoidal.

Longitude [°]

45

-50

150 155 160

Latitude [°]

140 145 165 170 175 180

Fig. 15: The OES (indicated in green) in Ha (using the Ha all-sky map from Finkbeiner
[2003]). It is located between Barnard’s Loop and Arcs A, B, and C (Eridanus
filaments). The red circles illustrate the position of the Orion OB1 subgroups la,
1b, and 1c, according to Wright [2020]. The white contour plot shows the 1.809 MeV
emission, measured by COMPTEL ([Pliischke et al., 2001]), suggesting a spatial
offset between 26Al and the younger subgroups (lc and 1b), while matching the
position of the oldest subgroup, la.
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2.2.2 Advanced Superbubble Modelling

The pressure gradient of the H; distribution leads to a non-spherical symmetric super-
bubble evolution. A hydrodynamic model that describes this evolution is given by the
modified Kompaneets approximation. The approximation found by Kompaneets (1960)
was originally developed as a semi-analytic solution to describe the blastwave of a strong
nuclear explosion in Earth’s atmosphere [Baumgartner and Breitschwerdt, 2013]. This
description of a shock wave propagating into a purely exponential atmosphere is also ap-
plicable for superbubble evolution in disk galaxies. Since then, this approximation has
been modified to allow for gas cooling and a time-dependent energy input rate in the mod-
els and has been shown to give excellent first-order solutions on the shape of superbubbles
expanding in the Galaxy, e.g., the W4 superbubble, the Ophiuchus superbubble, and the
Local Bubble [Pon et al., 2014]. The location of the superbubble wall, in a modified

Kompaneets approximation, is

2

r(z,y) = 2H arccos [ieﬁ(l — fﬁ +e 1) (25)

—_

, where r is the perpendicular distance from the central axis of the superbubble to the wall,
z is the distance along the central axis from the driving source, H is the scaleheight of the
exponential atmossphere, and y a dimensionless parameter between 0—-2H that specifies
the evolutionary stage of the superbubble [Pon et al., 2014]. This leads to relatively
spherical superbubbles in their early evolutionary stages. A significant elongation sets
in when the radius of the bubble reaches the scale height of the exponential atmosphere
(y~H), towards the lower density direction.

Pon et al. [2014] applied this modelling to the OES and compared the resulting models
to the Ha image of the superbubble. They derive two possible ellipsoidal solutions that
fit the Ha boundaries best. One model has the Eridanus end pointed towards the Sun
and one model has the orientation twisted and the Eridanus end pointing away from
the Sun. Model T (towards) and model A (away), respectively. These two models are
shown in Fig. 16 (Top). How these models are inclined in respect to each other and the
Galactic plane becomes clearer when looking at the schematic diagrams of the models in
Fig. 16 (Bottom). When going from Model T to model A, the orientation twists inside of
Barnard’s Loop and Arc A and B switch their position on the shell as Arc A moves from
the near side wall to the far side wall of the superbubble. The models A and T will be
used in physical modelling of the 26Al-filled OES in Sec. 4.2.
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Fig. 16: Top: Best-fitting hydrodynamic model of the OES, in the Ha map. On the left,
the model is oriented towards the Sun (Model T), and on the right, the model is
pointing away from the Sun (Model A). The blue asterisk denotes the position of
the driving source in the model and is located around the Orion OB1 association.
Bottom: Schematic diagram for each of the two models (T, left, and A, right). The
figures are taken from Pon et al. [2014].

2.2.3 Ellipsoid Parametrisation

We expect the OES to be ellipsoidally shaped. The mathematical description of such a
geometry is given in Eq. 26.

2 y? 72

St =1 (26)

With a, b, ¢ the main axes of the ellipsoid along the coordinate system axes in x, y, and z
direction [Pressley, 2010]. Therefore we can write a matrix A = diag(1/a? 1/b? 1/c?) for

which the ellipsoid is unambigously defined as:

x"Ax =1 (27)
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With x¥ = (x, y, z). When rotating the system with the three Pauli matrices 0,4,
i.e., the rotation matrices for a given angle around the each coordinate axes, one obtains
A,,;. This matrix now contains all the information about the extent and orientation of
the ellipsoid. To solve for where a LOS d from the observer position P, cuts through the
ellipsoid positioned at (0, 0), we need the quadric given by

sin @ cos ¢
d(6,¢) = | sinf sin ¢

cos 6

d7A,, d+2PTA—-1=0

(28)

This can be solved as a quadratic function. We use this in an exemplary model for a
rotated ellipsoid observed via the LOS. The 3D setup, as well as the geometrical projection

of the ellipsoid in the sky as seen by the observer, are shown in Fig. 17.

100 %0
50
40
0z
[ ] Observer at P
—— Line of Sight (LOS) -50 30
N Rotated Ellipsoid
5
=
10
_ ) g
-10 0
30 140 150 160 170 180
o0l

© A
3 =]
=3

m
prosdi||3 ey} apisul SOT Jo yibue

o[
3

S
S

N
S

1

Fig. 17: Exemplary model illustration. Left: Rotated Ellipsoid in the center of the model
space with an observer at position P and one LOS. Right: Ellipsoid sky projection,
as seen by the observer, using a grid of LOS. The length of the LOS inside the
ellipsoid is the distance between the entering and the exit point on the ellipsoid.

We use the following parameters for the exemplary ellipsoidal model setup:

Ellipsoid Line of Sight Observer

afau] | blau] | ¢ au] fa 7] 1B |y T o] 0] |xau] |y [au] |z [au]
100 | 50 | 50 | 3 | -90 | -15 | 160 | 24 | 350 | -100 | -160

Tab. 5: Parameter for the examplary model display in Fig.17. For the main axes and the
coordinate vectors an arbitrary unit (au) is used.

28



2.2.4 Stars in the OES

The Orion OB1 association is the driving source in the models describing the OES. The
four subgroups with different ages (summarized in Tab. 6) are shown in Fig. 18 (left). We
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Fig. 18: Left: Wide-field map of the Orion constellation indicating the positions of the four
subgroups of the Orion OB1 association. Figure taken from Wright [2020].
Right: Subsets of the GAIA DR3 catalog. Displayed are the positions of stars with
known masses in the four subgroups of the Orion OB1 association. In front of the
1.809 MeV map from COMPTEL.

Name | [[°] | b[°] | Distance [pc] | Age [Myr]
Ori 1a | 201.0 | —17.3 ~ 360 8-12
Ori 1b | 205.0 | —18.0 360-420 2-8
Ori 1c | 209.0 | —19.5 ~ 385 2-6
Ori 1d | 211.3 | —19.5 ~ 380 1-2

Tab. 6: Orion OB1 association subgroups la—1d. Excerpt from table 4 according to Wright
[2020].

need to estimate the mass of these subgroups to evaluate their 2°Al-content in Sec. 4.2.3.
For this, we examine the stellar content in the Orion OB1 association further, using the
Global Astrometric Interferometer for Astrophysics, GAIA. It launched in 2013 to collect
properties of over 1 billion stars, such as their position, parallaxes, and proper motions
[Gaia Collaboration et al., 2016]. The magnitude limit for GAIA is 3 < G < 21 and the
data is publicly available in the GATA Archive® [Lindegren et al., 2018]. Using this, we
extract our own sky survey for the Orion region from the GAIA data release 3, which is

the latest catalog of the GAIA observation. Only stars for which the mass is known can

3https://archives.esac.esa.int/gaia
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be used in a statistical analysis of the different Orion OB1 subgroup masses. Thus, we
filter the catalog for only stars with a mass estimate for each subgroup, respectively. In
Fig. 18 the different subgroups are shown (left) and our catalog subsets for the different
subgroups (right). The subset stars are shown in front of the COMPTEL 1.809 MeV map.
The hotspot in the COMPTEL map coincides with the position of Ori 1a. Thus, Ori la
could be the main production site of 26Al in the OES. The size of the four subsets is in
the order of 10000 entries for la-1c. Only the subset for Ori 1d is smaller.
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3 INTEGRAL/SPI

In this chapter, we describe the instrument used throughout this thesis, the spectrom-
eter on INTEGRAL, SPI. Subsequently, we describe SPI data analysis, before testing

statistical models in the Orion region with this instrument.

3.1 Gamma-Ray Telescope SPI

Fig. 19: Schematic (left) and cut-away (right) view of the SPI instrument on INTEGRAL.
The instrument consists of a 19-element Ge detector array housed in a cryostat and
operated at 80 K, a coded mask of tungsten elements that blocks about half of
the detectors in the field of view and a surrounding anti-coincidence system (ACS),
vetoing events from cosmic-ray interactions. Figure taken from Diehl et al. [2018].

SPI is the spectrometer on board the ESA mission INTEGRAL (International Gamma
Ray Astrophysics Laboratory) [Vedrenne et al., 2003]. INTEGRAL was launched in 2002,
into the initial 72-hour orbit with an inclination of 52.2 degrees, a height of perigee of
9000 km, and a height of apogee of 154000 km. With this, the satellite stays outside the
radiation belt for 90% of the orbit. This time can be used for scientific observations

[Winkler et al., 2003]. INTEGRAL will re-enter Earth’s atmosphere in 2029 but was

31



decommissioned in early 2025 ([Diehl et al., 2018] & ESA*). Therefore, INTEGRAL ob-
served space for over 22 yr. SPI is one of the two main instruments on INTEGRAL, and
is optimised for high-resolution gamma-ray line spectroscopy in the energy range 20 keV —
8 MeV [Vedrenne et al., 2003]. SPI is equipped with a gamma-ray camera, composed of
19 germanium detectors and a geometrical detection area of 508cm?. The detector array
is cooled to working temperatures of 8590 K in an active cryogenic system. This leads
to an energy resolution of 3.1keV at 1.809 MeV [Siegert, 2017]. The field of view is chosen
to be 16°x16° fully-coded, to examine extended structures as well as point sources. This
gives an angular resolution of ~2.5° [Vedrenne et al., 2003]. SPI’s high spectral resolution
makes it unique for observing nuclear lines with regard to nucleosynthesis [Diehl et al.,
2018]. Thus, SPI is optimal for studying the 2Al abundance in the Galaxy. SPI and its

components are shown in Fig. 19.

3.2 SPI Data Analysis

3.2.1 Event Detection

The raw data, in SPI observations, result from photons that trigger one of the 19 Ge
detectors in the camera. These are then counted as events. A shielding of the signal in the
field of view is provided by the anti-coincidence system (ACS). The ACS detects photons
coming from the background, and with detection triggers a 725ns window of no event
registration in the camera. Thus, the ACS enables filtering out background events that
would be indistinguishable from the observed signal in the detectors. Such events arise
from charged-particle interactions in the instrument [Diehl et al., 2018]. The measured
signal for each event consists of the time of the trigger, the detector identifier, and the
signal pulse height. Events that scatter in more than one Ge detector in a coincidence
time window of 350 ns are summarized in a Multiple Events (ME) log entry [Diehl et al.,
2018]. We expect our sky signal to be composed of Single Events (SE) in the energy
regime regarding 26Al. Thus, we choose a dataset of SE throughout the analysis.

The data analysis in SPI is performed for individual energy bins, with the smallest binning
of 0.5keV. SPI observes diffuse emission or point sources in a multitude of pointings. A
pointing is an observation unit for a specific region in the sky and a specific amount of time,
typically 1800-3600s [Siegert et al., 2019]. The data is pre-processed at INTEGRAL’s
Data Centre (ISDC). This includes an energy calibration of the pulse height and sorting
them in count histograms for each detector. These histograms hold the data in the form
of event counts per data space bin d,;.. The data space is comprised of p being the
pointing number, j the detector number, and e the energy bin [Diehl et al., 2018]. The

detector numbering is shown in Fig. 20. The pre-processed data is modelled with different

‘https://www.esa.int/Science_Exploration/Space_Science/Integral
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model components following the setup in Eq. 29.

Ng Ns+Np
my = Z Z Rg7p Z Gk,th,g + Z Z Qk,t/Bk,p (29)
t g n=1 t' k=Ng+1

, with R, ,, the response function (coded-mask shadowing, see Sec. 3.2.2) applied to M}, 4,
the kth of Ng sky models, for each pixel, g and pointing, p. The Ng, background models,
B, p, are independent from the coded-mask shadowing. 6k,t is the amplitude of the sky
models, i.e., a celestial image of the emission (diffuse or point source), changing on a
timescale ¢t with regard only to the physics of the source. 6k,t' is the amplitude of the
background model, changing on varying timescale ¢’ for different background events, i.e.,

the instrument material activating processes that lead to gamma-rays.

Fig. 20: Shadowgrams of the 19 Ge detectors for the 5x5 grid “dithering” with a point
source on axis (target direction). Each shadowgram shows the detector layout with
the detector numbers from 0 to 18 and the detector response in color code from

black (no signal, totally shadowed) to red, yellow, and white (maximum exposure).
Figure taken from Diehl et al. [2018].
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3.2.2 Coded Mask

To obtain the information on the direction from where the photons enter the Ge detectors,
SPI is equipped with a coded mask (Fig. 19). The resulting distribution of a set of photon
events on the Ge detectors is called their shadowgram, due to the mask shadowing some
detectors from the source. The information from these shadowgrams is the response
function. To better resolve sources, INTEGRAL is also systematically oriented facing
a bHxb grid with 2.1° steps around the target direction. This is called “dithering” and
the resulting shadowgrams for a point source on axis are displayed in Fig.20. Over
typically long exposure times, i.e., hundreds to many thousands of pointings, this method
leads to a well-defined modulation, giving the position of a celestial source [Diehl et al.,
2018]. Since typical gamma-ray sources produce only intensities of & 107° phem 257!, the
individual Ge detectors capture only a few photons during a pointing and the modulation
is only reached statistically. The information from the response is then also fundamental
in distinguishing between celestial and instrumental-background events, with the latter

expected to be constant from pointing to pointing [Diehl et al., 2018].

3.2.3 Dataset

The dataset used in our analysis consists of 20-year SPI observations between 2003 and
2023. This gives us 143360 pointings and 254.7 Ms of total exposure time. The all-sky
distribution of the pointings is shown in Fig.21. Most of the pointings are directed into
the Galactic plane. The Orion region is observed with ~ 1.6 - 10® pointings, adding up to
an exposure of ~ 4.6 Ms. We use an energy bin size of 0.5 keV in the range of 17901840
keV.

Fig. 21: 143360 pointings between 2003 and 2023 with the total exposure of 254.7 Ms. The
Galactic plane is observed most frequently. The Orion region is observed ~ 1.6-103
times, with an exposure of ~ 4.6 Ms.
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The data accumulated for these pointings is shown in Fig. 22, for each detector, counting
all the photons in the energy range. The counts measured by each detector correlate for
the different pointings, i.e., high flux in an observation shows higher counts in all the
detectors. The figure also shows when detectors fail and cannot contribute to the mea-
surement anymore. This was the case for detectors 2, 3, 6, and 18. Here, the background

must be re-calibrated. To examine the background contribution in the data, we compare
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Fig. 22: Measured counts in all 19 detectors for each pointing in our dataset. Detectors 2,
3, 6, and 18 all fail at some point during the mission.

the measurement of the Galactic plane (in the sample of all pointings for (—60° < ¢ < 60°,
and —5° < b < 5°), where we expect a strong signal, with the measurement of high lat-
itudes in all poinitngs with |b] > 60°, where we expect no signal and only background
contributions. To compare the two regions with different numbers of pointings, we nor-
malise the observation to the exposure time. The resulting spectra for the Galactic plane
and the background, for the 100 energy bins, is shown at the top of Fig.23. The figure
shows that the observation with SPI is dominated by the background contribution. The
gamma-ray line emission at 1.809 MeV from the Galaxy is not visible without cleaning the
measurement from the background. The result when removing the background compo-
nent is shown at the bottom of Fig. 23. Here, the signal from the Galaxy becomes visible
on top of a baseline from the different background amplitudes in the observations. The
negative baseline means that the activity in the instrument material was stronger for the

observation of the high latitude background contribution.
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Fig. 23: Observation in the Galactic plane compared to the background. Top: Spectra for
both measurements, with only Galactic plane contributing pointings (—60° < ¢ <
60°, and —5° < b < 5°) and background pointings (|b] > 60°). Bottom: Difference
between the Galactic plane and the background show a signal in the form of a
gamma-ray line at 1.809 MeV.

3.2.4 Instrumental Background

Energetic particles cause this dominant instrumental background in the Ge detectors. The
resulting spectra, show the background as superimposed nuclear lines on a continuum
falling towards high energies (Fig. 24, left). When these energetic particles collide with
the satellite, different emission processes follow, leading to imminent or delayed events in
the detectors (Fig. 24, right). Prompt emission results from Bremsstrahlung and nuclear
excitation lines, while cosmic-rays also produce secondary protons. The continuum is
dominated by Bremsstrahlung of these secondary protons, while the lines result from nu-

clear de-excitation. In our analysis, we follow an entirely empircial background modelling
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approach. This accounts for the unpredictability of the cosmic-ray spectrum at SPI’s

energy domain and position [Diehl et al., 2018]. As mentioned, the data can be modelled

10" ET T T T T T T 3
E o0 17a U M texo B
0°F J\L__\ E
£ 10k
3 =
0 E
O
c
S L
2 107
10°L
10°F
- 450 560 550
1050 I ey eV 1 1 I 1
20 50 100 200 500 1000 2000 5000
Energy [keV]

Fig. 24: Left: All detector energy spectrum measured with SPI integrated over the orbits 43-

1730. The background follows a continuum superimposed with nuclear de-excitation
lines. The inserts show in detail the two brightest celestial lines at 511 keV and the
aforementioned 1.809 MeV.
Right: Different events possible in the SPI Ge detectors. In green, cosmic photons
that produce single events (1), multiple events (2), and self-vetoed events (3). In
blue, background photons arise from the scattering of cosmic-rays (red) promptly
(4,5) or delayed via radioactive decay (6). Figures taken from Diehl et al. [2018].

with the combination of the sky and background models (Eq. 29), which is optimised for
the amplitudes with a maximume-likelihood fit. The used background models are based
on what is already known about the sky and instrumental background, and improves over
the course of the mission. SPI’s background modelling is therefore based on two assump-
tions. First, celestial sources produce shadowgrams that conduct the contribution of each
detector to the source signal. Second, the instrumental background does not vary during
small re-pointings, leaving a characteristic signal shape and relative detector ratios [Diehl
et al., 2018].

3.2.5 Background Optimisation

The background modelling, i.e., evaluating the spectrum of the instrument when observing
no source, is dependent on the activity at SPI’s position at any given time. To account
for variability, the background is modelled often over the time of the mission on a chosen
timescale. This timescale tunes the background modelling and controls the number of

background parameters. The best background model is given for an optimised timescale
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and thus the optimal number of background parameters. The quality of a setup is then
classified via the Akaike Information Criterion [AIC Akaike, 1974]:

AIC = 2N, — 2In £(D|M) (30)

Therefore the likelihood £(D|M) of the data D, being a realisation of the model, M, with
Npar background parameters is penalised by this number N,,,. By evaluating relative
AAIC (absolute AIC differences), we determine the appropriate timescale on which the
background must be re-adjusted [Siegert et al., 2019]. We can evaluate the AIC for each
bin (Fig.25) to find the best background setup for the 100 bins for each sky model,
respectively. We use sky models based on two surveys in the following. The COMPTEL

« 661.0 background parameter « 57.0 background parameter 0
343.0 background parameter + 350 background parameter

« 177.0 background parameter 25.0 background parameter 0 100 200 300 400 500 600

«  93.0 background parameter + 190 background parameter Number of Background Parameters

Fig. 25: The relative AIC for varying background for the whole spectrum of Orion with
the SPI survey (left) and for the energy bin 30, centered at 1804.75keV, as an
example of the AAIC optimisation (right). For this energy bin and this survey, the
background needs to be modelled with 343 background parameters, i.e., every 16th
revolution.

all-sky map, from Pliischke et al. [2001], and the SPI all-sky map from Bouchet et al.
[2015], both at 1.809 MeV. We get two background setups for each region described with
both surveys. This is given in template maps for each. The template maps hold the
optimised number of background parameters for each survey, region, and energy bin. We
calculate the template maps for a reference model, in the Cygnus region, and for our
region of interest, Orion, for both surveys. The results are displayed in Fig. 26, with the
exception of the Orion sky model based on COMPTEL. For Orion, both surveys led to the
same background configuration and identical template maps. In the following analysis,

the background is optimised according to the respective template map.
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Fig. 26: Template maps for the sky models created with two surveys, SPI and COMPTEL,
for the regions Orion and Cygnus show that the best number of background pa-
rameters is not constant for the bins and respective sky models. For the Orion
region, the template map is identical with both surveys, and we do not show Orion-
COMPTEL here. These templates will be used for the AIC optimised spectroscopy
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3.2.6 Sky Model Optimisation

The second part of our model setup (Eq. 29), the sky models describe the flux expectation
of the source that is examined. Thus, the sky image is seen in the camera of SPI through
the shadowing of the coded-mask. The response of the coded-mask needs to be applied to
the sky model. This is done in the convolution of the sky image with the response matrix,
i.e., the spectral and spatial response of SPI. For the size of our dataset and over the whole
range of 1790-1840keV, this convolution is very time-consuming. Here, we introduce a
method to fasten this step in the spectral analysis using properties of the spectral response.

The spectral response is shown in Fig. 27. The left panel shows the probability density of
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Fig. 27: Spectral response of the instrument. Probability density for an incident photon to
be registered in an energy bin (Left). Peak response value on the diagonal (Right).
The spectral response shows the high spectral resolution of SPI.

an incident photon being detected in one of the 100 channels. The pronounced diagonal
shows the high resolution of the instrument, i.e., photons are detected, and registered with
the energies they carry. The right panel shows how the probability density develops along
the diagonal. Since the response of each channel follows the same function and changes
approximately linearly along the diagonal, we can estimate the spectral response of each
energy bin by the spectral response of bin 50. We thus only need to convolve this energy
bin with the sky model. The result of this convolution is then used as input for the rest
of the energy bins 1-100. We call this method speed convolution. When comparing the
speed with the conventional convolution, we find a deviation in the resulting spectra, with

line fluxes from the Cygnus and Orion region. We quantify this deviation A according to

Faneed — Feomvent
A — Speed Conventional (31)

F Conventional

, and show it in Tab.7. We test two sky models in the Cygnus region, that will be used
to validate the method later on and one sky model in the Orion region to confirm the
same sky model response to the speed convolution method. The spectra for Orion with a

SPI-based sky model convolved in both ways are shown in Fig. 28. Here, slight deviations
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in the spectra arise. The fit parameters of the 1.809 MeV gamma-ray line are consistent

within statistical uncertainties in both spectra.

Sky Model Fconventional [107° phem™2 871 | Fypeea [107° phem™2s7!] | Deviation
Orionger (3.50 £ 0.82) (343 £0.77) 2+ 32)%
Cygnusser (8.36 = 0.87) (8.40 £ 0.87) (1+15)%

Tab. 7: Flux values for Cygnus and Orion with both convolution methods, from the spectral
analysis in the range 1790—-1840keV. The systematic error from the deviation is
negligible considering its statistical uncertainty. The sky models are based on the
survey given in the subscript, SPI or COMPTEL.

It is important to have these systematics in mind but when we compare them with the

statistical uncertainties, we conclude that they are negligible in our further analysis. All

the following spectra are done with the speed convolution method.
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Fig. 28: Spectra for Orion, with a sky model based on the SPI survey from Bouchet et al.
[2015]. The left spectral analysis was done with the conventional convolution. The
right spectral analysis was done with the speed convolution. The spectra lead to the
same 1.809 MeV line fit, with the fit parameters matching within their uncertainties,
even though the spectra show slight deviations.

3.3 Test Stati

stics

Before modelling the 26Al sky in the Orion region, we test the statistics for this region

in our dataset. We use a set of initial models in a three-dimensional parameter space

to describe the Orion region in respective sky models. The parameters we test are the

position in longitude ¢, and latitude by as well as the width of the source model. These ini-

tial models are realised with the [von Mises—Fisher distribution in astromodels; Vianello

et al., 2015], i.e., a two-dimensional Gaussian on a sphere, in spherical coordinates:

Mintia1(€7 b, UzD) = €xp (—

92
20§D

)

0(0,b, 4y, by) = arccos [sin (b) sin (by) + cos (b) cos (by) cos (¢ — {y)]
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, with the angular distance on the sphere 6. We vary the width starting from osp is 0°
(point source) to 8°, and limit the model extension to a region of 3osp to avoid low-flux
values that could introduce noise in the fitting process. To account for the gamma-ray
emission from all regions except Orion, and to provide a reference against which the
tested models can be evaluated, we use the all-sky image from COMPTEL, excluding the
region with longitudes ¢ = 140°—180° and latitudes b = —60°—(—6°). The COMPTEL
image with the test region is shown in Fig. 29, with an exemplary initial model placed at
(¢,b) = (164°, —22°) with the width of 5°. The models are placed in a grid that covers
the entire test region. We place models for the set of widths, with one model per pixel in
the grid. The grid consists of pixels with a constant pixel area of 3.4 deg®. Thus, models
with the same width cover the same area in the sky, regardless of their latitude position.
Leaving the test region empty (Fig.29) defines the baseline model with likelihood L.
How to evaluate each tested model with the likelihood £; is given in Eq. 33.

AlnL=InLy—InLy,

(33)
TS=-2AlnL.

With TS, the model improvement, we get the information on the probability of our

models at the respective position. When displaying this improvement on the grid where

TS Model Setup

75°

Latitude []
Q ~

N
3]
o

Longitude [°]

Fig. 29: Exemplary illustration of the sky model setup for the test models. The COMPTEL
map with the test region cut out (blue—green) represents the baseline model, while
a 2-D Gaussian with a width of 50, centered at (¢,b) = (164°, —22°) (red —white),
fills the test region.
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we distributed the initial test models, we get so-called “T'S maps” (test statistics), which
are shown in Fig. 30, in addition to the respective line flux results for each model. The
more likely point source models seem to be scattered around the expected position of the
OES. Therefore, we need mildly extended models to model the OES. This is substantiated
when we take the flux for these point source models into account. Here, we find only
positive flux results in the outer parts of the test region. This changes for the extended
models. All the extended models produce positive flux values in the central tested region.
The most likely models are the extended models with width between gop = 2°—5°. Also,
the extended models converge in their likelihood into a hotspot at (¢,b) = (166°, —23°).
This shows a shift to the COMPTEL image hotspot, indicating a difference in the 26Al
distribution in the test region measured with SPI. Additionally, we find a “hotter” region
in the model line flux profile at lower latitudes. This could confirm an outflow of the
26Al into the OES, and thus 2°Al yields in the region towards the Eridanus end. This
will also be tested when modelling the 2¢Al sky in Sec.4. The extended flux detection
matches the diffuse emission from the Orion region measured by COMPTEL. Thus, we
find confirmation of extended source emission from this region, in our dataset. The TS
maps also show boundaries for the 26Al distribution, constraining the 1.809 MeV line flux
to latitudes above ~ (-40°). This would mean that the ® Al does not reach the far end of
the OES, which lies at lower latitudes.
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Fig. 30: Left: Test-statistic maps for different widths of the 2D Gaussian models (top to
bottom 0°, 2°, 5°, and 8°). The COMPTEL image is overlaid as white contours. We
notice an offset between the COMPTEL hotspot and the center of the most likely
models. Right: Line-flux values for varying widths of the 2D Gaussian models.
The OES is hardly identifiable with point-source models, requiring instead mildly
extended sources. We note that in both cases, these are not images but 2D likelihood
profiles and flux estimates for individually tested components at fixed positions.
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4 Modelling the %Al Sky

In this chapter, we model the Al signature of the Orion region. We use two different
approaches. First, we extract sky models from the two mentioned surveys at 1.809 MeV
(Pliischke et al. [2001], and Bouchet et al. [2015]), for Orion, and to validate the method
for Cygnus and the MW. Second, we construct a physical model based on the geometry

for the OES, with an 26 Al-mass estimation of the Orion OB1 association in Sec. 4.2.

4.1 Empirical Sky Models

To produce spectra for our regions of interest, we need to create respective sky models.
One approach is to use empirical sky models. These are based on measurements of the
sky at 1.809MeV. We use the observation from COMPTEL, Pliischke et al. [2001], and
from SPI, Bouchet et al. [2015]. The two all-sky 1.809 MeV surveys are shown in Fig. 31.
The differences in the two images arise from the different instruments used. COMPTEL
is a Compton telescope, unlike SPI, which is a coded-mask telescope. The image recon-
struction for the two instruments, therefore varies for the two measurements. For SPI,
the image reconstruction leads to some high latitude flux, where no 1.809 MeV emission

is expected. This is considered an artifact of image reconstruction.

COMPTEL

S (1S ;W3] XNl4 BUll ASI 608')

[

Fig. 31: 1.809 MeV whole sky surveys from COMPTEL, Pliischke et al. [2001] (left) and
SPI, Bouchet et al. [2015] (right). Although both instruments measured the same
sky, the images differ. This is due to COMPTEL being a Compton telescope and
not a coded-mask instrument like SPI. The image reconstruction for the two designs

works differently, leading to a grainier and less smooth appearance of the SPI results
than those of COMPTEL.

45



In order to study a specific region in the sky that is incorporated as a result of these
image reconstructions, we split the all-sky maps into two regions. One of them describes
the region of interest with the remaining Galaxy masked out, and the other describes the
remaining Galaxy. The amplitude of the two components is then independently fitted.
Thus, the sum of both components is not necessarily the same result as the image recon-
struction fitted as one. For the Orion and the Cygnus region, the cut-outs, i.e., the part
from the image we use to describe either region and the negative image, i.e., the rest of
the Galaxy, are shown in Fig.32. We use circular cutouts with a radius of 15° for each
region, as used in previous analysis by Siegert [2017]. We analyse the impact of different

cut-out sizes in Sec.4.1.2.

COMPTEL 1.809 MeV Whole Sky Image
75° 108 SPIHL.BOQ MeV Whole Sky Image

Latitude [°]

75 Longitude [%]
Longitude [°]

Fig. 32: Sky models cuttet out of the 1.809 MeV whole sky surveys from COMPTEL,
Pliischke et al. [2001] (left) and SPI, Bouchet et al. [2015] (right). The Cygnus
(at (—90°,0°)) and the Orion region (at (168°, —24°)) are placed, where they were
cut out. All colourbars show the flux intensity in units of cm=?sr—'s™!,

4.1.1 Cygnus

To validate our measurement method, we start with the observation of the Cygnus region.
This region was significantly detected in previous analysis, which makes it suitable for
testing the method. The spectral analysis results for Cygnus from Wang [2013] and

Siegert [2017], are shown in Tab.8. In our spectral analysis, we use the background setup

Cygnus previous analysis
Flux [107° phem™s™!] | FWHMgy, [keV] | Centroid Shift [keV] | Significance [o]
Wang [2013] 6.0+£1.0 3.10 £ 0.67 6
Siegert [2017] 9.28 £1.75 3.66 £ 0.46 0.00 £0.19 10.9

Tab. 8: 1.809 MeV gamma-ray line flux results for the Cygnus region in previous analysis.

and the sky models for the two surveys, COMPTEL and SPI, respectively. The fitting is
a likelihood method using OSA/spimodfit. [Courvoisier et al., 2003]. Models, which are

made of a degraded Gaussian, i.e., a Gaussian convolved with an exponential tail, on top
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of a constant, are fitted to spectral data points. The degradation of the Gaussian is how a
symmetrical gamma-ray line is seen through the spectral response, and is quantized with
the degradation parameter 7. For the analysis of the 1.809 MeV line, this parameter is
fixed at 7 = 1.05keV. The data points have Gaussian uncertainties, and we minimize y?
when fitting. The models then represent the gamma-ray spectrum in this energy range
for our studied regions. We optimize four parameters: the flux, line width, and centroid,
along with the continuum offset. The significance of the line flux is then assessed both

from its associated uncertainty and through a likelihood ratio test. For Cygnus, this gives:

Cygnus Results
Sky Model | Flux [107° phem™s7!] | FWHMgy, [keV] | Centroid Shift [keV] | vpoppler [kms™] | sNr | Significance [o]
COMPTEL 9.2+£1.0 3.0£0.6 0.08 £ 0.23 13 +38 8.6 9.1
SPI 8.4+1.0 1.1£+04 0.60 £0.24 99 + 40 114 8.1

Tab. 9: Results for the likelihood fitting of the Cygnus sky models based on COMPTEL and
SPI. We calculate the full width half maximum (FWHM) as well as the centroid shift
of the 1.809 MeV line (AE = Esky — Ey). The centroid position of the celestial line
is directly related to the centroid of the degraded Gaussian p with the degradation
parameter (roughly p — 7). For the centroid shift, we use the laboratory energy of
Ey = 1808.65keV. The signal-to-noise ratio (sNr) is the line flux in contrast to the
constant and the measured FWHM. The velocity of the source towards the Sun is
the Doppler velocity vpeppler corresponding to the centroid shift.

Both sky models produce spectra for the Cygnus region shown in Fig. 33. The line fluxes

o5 165 Cygnus COMPTEL pg 105 Cygnus SPI

—— Convolved line flux —— Convolved line flux
20 # Rebinned Spectrum 20 HH  Rebinned Spectrum

Netrate [s~1 keV )]
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Net rate [s~ keV 1]
>

t " ¥ 1

-0.5 -0.5,
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Fig. 33: Observed (purple crosses) gamma-ray spectra of the Cygnus region for the two
survey-based sky models. The spectra are fitted in the range of 1790-1840 keV with
an asymmetric Gaussian line on top of a constant continuum. For better illustration,
we rebinned the spectra a to 1.5keV bin size. The fit results are summarised in
Tab. 9.

in both match the previous measurement from Siegert [2017]. The SPI-based model shows
a smaller celestial line than the COMPTEL-based model. In addition, the COMPTEL-
based model shows a smaller centroid shift with regard to the lab energy than the SPI-
based model. The COMPTEL-model agrees with the expectation for a shift, due to the
Galactic rotational velocity with respect to the Sun, that is ~ 0 [Diehl et al., 2006]. The

SPI-model leads to a blueshift in the line, which means an additional movement of the
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source towards the Sun. This could be an 2°Al outflow into the ISM in Cygnus, similar to
the one expected for the 26Al inside the OES. We validate our method in deriving spectra

for regions of interest, with the spectral analysis being consistent with the previous results.

4.1.2 Orion

With the validation of the method, we can focus on the Orion region. We again use the
respective background optimisation for the two survey-based sky models we extracted for
the Orion region. The likelihood fitting results in the two spectra, displayed in Fig. 34.
The fit results for the 1.809 MeV gamma-ray line in this region are:

Orion Results
Sky Model | Flux [107° phem™2s71] | FWHMgy, [keV] | Centroid Shift [keV] | vpoppler [kms™!] | sNr | Significance [o]
COMPTEL 30408 <29 (20 UL 0.40 £ 0.37 6661 | -12.7 10
SPI 42+1.0 <29 (20 UL 0.55 £ 0.34 91 £ 56 -12.4 4.7

Tab. 10: Results for the likelihood fitting of the Orion sky models based on COMPTEL and
SPI. The parameters that are not directly fitted are calculated in the same way we
did for Cygnus (see Tab.9).
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Fig. 34: Observed (purple crosses) gamma-ray spectra of the Orion region for the two survey-
based sky models. The spectra are fitted in the range of 1790-1840keV with an
asymmetric Gaussian line on top of a constant continuum. For better illustration,
we rebinned the spectra to a 1.5keV bin size. The fit results are summarised in
Tab. 10.

The gamma-ray line flux in Orion for both sky models matches the measurement in Siegert
[2017] within their uncertainties (Forion,2017) = (3.65+£1.19) 107° phem2s™1). We detect
the Orion region in the 1.809 MeV line flux with a detection significance of 4o for the
COMPTEL-based, and 4.7 ¢ for the SPI-based models. The FWHM of the celestial line
cannot be determined with the likelihood fit, and we show the 20 upper limit instead. Both
sky models produce a blueshifted line in the spectra. The associated Doppler velocity,

I within a one o-intervall. This

for both lines, is positive ranging, from 5-147kms™
could confirm the predominant flow direction of 2°Al towards the Eridanus end, which is

expected for the OES. When comparing the sky models (Fig.32), the SPI-based model
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shows a shifted hotspot to the COMPTEL-based model. This shift is similar to the
hotspot in the TS modelling. This could account for the higher detection significance
when using the SPI-based sky model.

Milky Way

When we analyse the sky models for the Orion region, the rest of the Galaxy is fitted as

a second component simultaneously. Thus, we produce spectra, shown in Fig. 35, for the

MW in addition to the Orion region when combining the two components.
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Fig. 35: Observed (purple crosses) gamma-ray spectra of the MW for the two survey-based
sky models of Orion as one component and the rest of the Galaxy as the second
component. The spectra are fitted in the range of 1790-1840 keV with an asymmetric
Gaussian line on top of a constant continuum. For better illustration, we rebinned
the spectra to a 1.5keV bin size. The fit results are summarised in Tab. 11.

The results for the likelihood fitting of the 1.809 MeV gamma-ray line are:

MW Results
Sky Model | Flux [107° phem 257! | FWHMgy, [keV] | Centroid Shift [keV] | vpoppler [kms™] | sNr | Significance [o]
COMPTEL 157.8+£5.6 1.94+0.2 0.69 £ 0.06 114+ 10 46.3 28.0
SPI 200.2 £7.2 2.3+£0.2 0.72 £ 0.07 119 £ 12 32.8 27.7

Tab. 11: Results for the likelihood fitting of the MW as composed of the Orion sky models
based on COMPTEL and SPI, with the rest of the Galaxy as an additional com-
ponent. The parameters that are not directly fitted are calculated in the same way
we did for Cygnus (see Tab.9).

The measured 1.809 MeV line flux for the COMPTEL-based sky model, matches with
the previous result from Siegert [2017] within the uncertainties (Fymw, 201y = (1.69 +
0.14) 1073 phem™2s71). The value for the SPI-based model is higher. This is due to the
non-zero flux at high latitudes in the SPI image reconstruction. The model prediction
of a flux at these latitudes contradicts the observation. While trying to match this area
in the model, the rest of the galaxy is upscaled. Thus, the SPI-based sky model fitting
overestimates the flux for the MW compared to the previous measurements. We note

that the COMPTEL image reconstruction is describing the entire Galaxy better, while
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the SPI image reconstruction is more precise when it comes to the Orion region, where

the high latitude contribution is not part of the primary sky model.

Bayesian Fitting

The maximum likelihood fitting estimates the resulting parameters without any physical
conditioning on the parameters. Thus, when the likelihood is flat, parameters do not
converge in the fitting. This is the case for the FHWM in the Orion likelihood analysis.
This changes in the Bayesian approach. Here any analysis is weighted with the prior state

of information. The Bayesian approach follows Bayes’ theorem

M| )pD | M,1I)

WD o

p(01 | D.1) = 2

, where M denotes the model, D the observed data, and I the prior information. The
term p(D | M, I) is the probability of obtaining the data D if the model M and the prior
information [ are true; this quantity is therefore the likelihood L£(M). The term p(M | I)
is the prior probability of the model, p(M | D, I) is the posterior probability, and p(D | I)
is a normalisation constant (the Bayesian evidence) that ensures that the posterior is
normalised [Gregory, 2005]. We illustrate Bayes’ theorem for one parameter 6 in Fig. 36.

The two panel show two different likelihood functions with a fixed prior on the parameter

1.0
—— Prior

Likelihood
— Posterior

—— Prior 1.0
Likelihood
—— Posterior

0.8
0.8

06 0.6

Density
Density

0.4

0.2
0.2

0.0

0.0
Parameter 6 Parameter 6

Fig. 36: Two likelihood cases for a given prior resulting in a posterior according to Bayes’
theorem.

0. In the left panel, the likelihood is flat and the posterior is highly dependent on the
prior. In the right panel, the likelihood is well defined and dominating the prior. Thus,
the posterior is shaped by both the prior and the likelihood. This principle works likewise

in a multi-dimensional problem, like our four-dimensional parameter space of, line flux,
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line width, centroid, and continuum. Here the prior is defined as a prior volume in the
parameterspace, where the parameter priors overlap. A tool that realises the Bayesian
approach is the multinest algorithm [Feroz et al., 2009]. The underlying technique,
nested sampling aims at efficient evaluation of the Bayesian evidence. This is needed
to compare probabilities for different models. In this process, the posterior inference is
produced as a by-product [Feroz et al., 2009]. Nested sampling works with a fixed set of
parameter vectors in the n-dimensional parameter space, sorted by their likelihood. These
are the so-called live points. With each iteration, the least likely live point is replaced
with a new drawn point, under the condition that the new point needs to have a higher
likelihood than the one replaced [Buchner et al., 2014]. The original set of live points is
drawn randomly from the prior distribution. During the algorithm, the volume occupied
by live points in the parameter space decreases and moves in the direction of a higher
likelihood. Projecting this volume after the algorithm ran onto one axis in parameter
space gives the posterior for the respective parameter. We use multinest to fit the Orion
sky model that is based on the SPI survey, with 2000 live points. This is more than
sufficient, considering that according to Feroz et al. [2009] a few hundred live points are
enough to recover posterior structure. The resulting posteriors are shown in Fig. 37, with
profiles showing the priors, in the range of the posteriors. We use for the continuum a
Gaussian as prior, centered at fig prior = 0 and with a width of ok prior = 1 - 1075. The
continuum arises from activity differences at the instrument in the respective background
modelling. This is either positive or negative and averages over the mission to be zero. For
the line flux, we use a logarithmic uniform prior, p(Fa1) o< 1/Fj; in the range of 1-1077—
1-10~% The centroid prior distribution is a Gaussian centered at the laboratory energy
of 1808.65 keV with width 2keV. And the prior for the FWHM is a uniform distribution
starting at the instrumental resolution with opyior = 1.16 keV —3.1keV. The resulting fit

parameters from the Bayesian fit are:

Orion Bayesian Results
Sky Model | Flux [107° phem™2s7!] | FWHMgy, [keV] | Centroid Shift [keV] | vpoppler [kms™!] | Significance [o]
SPI 4.42+048 1537035 0.27+0:21 4575 9.2

Tab. 12: Results for the Bayesian fitting of the Orion region with the sky models based on
the SPI survey. The parameters that are not directly fitted are calculated in the
same way we did for Cygnus (see Tab.9).

The parameters match the likelihood fitting results within the uncertainties (Tab. 10).
Additionally, we were able to extract the FWHM of the celestial line, for which we only
got upper limits in the likelihood fits. Considering the Bayesian approach and the use
of priors, this is expected. Here, posterior distributions are generated for each likelihood
function. The FWHM is derived from the measured width of the celestial line; therefore,

the prior for the width is not in the converted posteriors in the plot.
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Fig. 37: Bayesian sampled parameters for the Orion 1.809 MeV line flux, using the SPI-
based sky model. The blue line indicates the prior distribution for each parameter.
The continuum K is in units 1076 ph cm~2g7! keV_l, the flux Fy; is in units of
10~ phem™2s7 !, and the centroid shift as well as the FWHM in units of keV.

Sky Model Size Evaluation

To validate our result for Orion, we need to test different models. Therefore, we test the
impact of changing the size of the sky model cut-out, used to describe the Orion region
in a sky model. We test a set of sky models centered around the apparent hotspot in the
SPI-map of (¢,b) = (168°, —24°), with varying radii r = (1 — 40)°. This set of sky models
is then fitted as before in Sec.4.1.1. The flux and the significance of each model against
the expectation for a Galactic disk model (right axis), with the logarithmic likelihood (left
axis) are shown in Fig. 38. The Galactic disk is modelled as a double-exponential function
following Pleintinger et al. [2019]. They obtained best fit parameters in a scale heigth of
z = (0.77 £ 0.17) kpc and a scale radius of z = (5.81 £ 0.64) kpc. To get flux expectations
for the Galaxy, we evaluate the flux contribution from the circular region of our respective
sky models, which we get from the Galactic disk model. When comparing the Orion model

flux to the Galactic background, we not only detect significant gamma-ray emission from
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Orion but also a significant difference to the Galactic background model. This confirms

the abundance of 2Al in Orion, which we presume to be contained in the OES. To filter out
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Fig. 38: Likelihood values of differently-sized cutouts (x-axis) from the COMPTEL (top)
and the SPI (bottom) map (blue, left y-axes). The 1.809 MeV line flux for each
model is extracted (red, right axes) from the fit and plotted against a Galactic
background model, estimated from a double-exponential disk with scale height of
z = (0.77 £ 0.17) kpc and scale radius of z = (5.81 & 0.64) kpc (orange). The detec-
tion significance is added for each model data point.

models that are inferior in describing the region, we use a detection significance threshold

of > 40. In addition, we exclude sky models with r > 20°, since in these sky models large
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diffuse flux contributions and hotspots from the Perseus region become part of the sky
model (Fig. 12). Thus, the ?°Al detection is not meaningful in the description of the Orion
sky. For this reason, we exclude these models from the analysis. The resulting set of, as
good approved, models are the SPI-based sky models from radii r = (10 — 20)° and the
COMPTEL-based sky model with r = 20°. For these, we find the total 1.809 MeV line flux
in Orion to be in the range of Fouon = (2.4-7.6) - 1075 phem=2s~!. The 1.809 MeV line
flux contribution we consider to be from the OES is consequently the difference between
the total line flux and the Galactic expectation. This gives us a 1.809 MeV line flux from
the OES in the range of Fogs = (2.2-6.6) - 107° phem 257!, We can estimate the 26Al
mass in the OES with Eq. 23. For the distance of 300 - 500 pc from the Sun to the emitting
26 Al inside the OES assuming an average age of 3 Myr we evaluate the 2°Al-mass in the
OES to be Mg = (1.7-5.0) - 107° M.

4.2 Physical Models

We concluded before that there is 26Al in the direction of the OES. We want to use
this conclusion to build physical models to describe the OES as an extended source,
independent of previous image reconstruction. This is done by a geometric model filled

with information about the stars in Orion and their 2¢Al output.

4.2.1 Geometric Setup

In Sec. 2.2.2 we introduced the two possible solutions from Pon et al. [2014], models A and
T. The parameters we know from their analysis are not enough to define two unambiguous
ellipsoidal models, congruent to the models A and T. Therefore, we build up on the given

information with some additional fitting in Ha. In addition, we reduce the parameter

Galactic plane
Major axis

Sky projection

Fig. 39: Schematic prolate ellipsoid with two angles defining the orientation. The Galactic
plane angle, ¢, is the angle between the major axis and the Galactic plane normal
(black arrow). The sky projection angle, 6, is the angle of rotation around the
Galactic plane normal.
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space, describing the OES with a prolate rotationally symmetric ellipsoid, instead of a
general ellipsoid. For this, we only need two angles to describe the orientation. First, the
angle between the major axis of the ellipsoid and the Galactic plane normal, and second,
the rotation angle of the ellipsoid around the Galactic plane normal. The angles are called
the Galactic plane and the sky projection angle, respectively. The setup with two angles
defining the orientation of a prolate symmetric ellipsoid is shown in Fig.39. We fix the
main axes values and the Galactic plane angle in Model A and T, respectively, and use
the Ha-map from Finkbeiner [2003] to adjust the parameters of sky projection angle and
ellipsoid position. Similar to Pon et al. [2014], we matched the ellipsoid with Barnard’s
loop as the most prominent feature in Hey, additionally trying to also match the Eridanus

filaments. The best models for setup A and T that we could place in the Ha boundaries
are displayed in Fig. 40.

Model A Model T

-20

Latitude [°]
8

Latitude [°]
)

40

-50

160 170 180 200 B 160 170 180
Longitude [°] Longitude [°]

Fig. 40: The two best fitting models A (left) and T (right) in the Ha map from Finkbeiner
[2003]. Model T is oriented towards and Model A away from the Sun with the
Eridanus end. The model parameters are summarized in Tab. 13.

The fixed parameters and the fit results are summarised in Tab.13. We continue the

terminology from Pon et al. [2014], and refer to these geometries as Model A and T in

the following.

Model Ellipsoid Position
major axis [pc] | minor axis [pc] | Galactic plane angle [°] | Sky projection angle [°] | x [pc] | ¥ [pe] | z [pc]
A 390 220 35 -5 371 82 -260
T 320 100 85 50 227 86 -122

Tab. 13: Parameter for the Pon et al. [2014] based models A and T, fitted to Ha as displayed

in Fig. 40 to extract the missing values, leading to the geometric setup we use for
the OES.
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4.2.2 Emissivity

We know the profile for an Al mass decaying, while moving out spherically symmetric
with the sound speed vy, from Eq. 23. We use this to derive a spatial emissivity p(s) with

an emissivity profile f(s). This profile is scaled by an emissivity level pg and is:

f5) = exp (=25
p(s) = po- f(s)
p-M-A (35)

Po vV
V:/dQ/SQ-f(S)dS

, where d is the distance to the position on the LOS, given by the radial component of
the LOS s. V is the characteristic volume that is needed to calculate pg. s is also the
spatial information of the emissivity profile and therefore of the emissivity py itself. In
our profile, the decay is spatially coupled with the sound speed. To illustrate this, we use
such an emissivity to fill the exemplary ellipsoid from Sec. 2.1.2, with one hotspot in the
center. In addition, a homogeneously filled ellipsoid results for very high sound speeds in
the emissivity profile. The homogeneously filled ellipsoid and one for the sound speed of
v, = 50kms~! are shown in Fig. 41, with an 2°Al-mass of Ma; = 1 - 107*M,, when LOS
integrated. The homogeneous distribution leads to the same colour coding as we had in

the geometric image and is therefore just a translation of the geometry into physical
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Fig. 41: LOS integrated ellipsoidal models, filled with physical emissivity profiles.

Left: A homogeneous distribution of 26 Al leads to the geometric profile when LOS
integrated, only now with physical values.

Right: For one Hotspot and with the sound speed of 50kms™—!, the 26 Al abundance
is concise around the hotspot and decays into the outer regions of the ellipsoid. The
geometry is now only the result of enough 26Al initial mass to fill up the whole
ellipsoid. When comparing the two, we can see that the same amount of 26Al is
distributed in the ellipsoid. This leads to a higher maximum flux per sr in the
hotspot model, but similar total flux values in both images.

56



values. The hotspot model shows higher discrepancies of flux. In this model 26Al mass is
concentrated in the region around the hotspot and decreases when moving to the edges
of the ellipsoid.

Combining the emissivity with the geometric setup for the OES and with the information
from the TS maps, we can now produce physical sky models for the OES. We use the
likelihood “hotspot” position from the extended source models in the TS maps, (£,b) =
(166°, —23°), as the center in the emissivity profile. Here, a hotspot is placed inside the
ellipsoid and tuned via the sound speed. We test sound speeds of v, =1-400kms~! and
the homogeneous case (vs ~ o0). In Fig.42 we show two of these skymodels for each
geometric model, illustrating the impact of different sound speeds. For a lower sound
speed, the decay acts faster than the distribution of 26Al, and the far end of the ellipsoid

can not be reached.
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Fig. 42: Physical models A (top) and T (bottom) for one hotspot positioned at (¢,b) =
(166°,—23°). From here, 26Al is blown out with different sound speeds (left:
50kms~! and right: 400kms™!). If the sound speed is too low, the 26Al is not
distributed into the whole ellipsoid.

These models are tested as in Sec. 3.3 using a reference map without any contribution
from Orion. Therefore, we can evaluate the statistics in the same way for the different
sound speeds. The model improvement when using the respective sky model instead of

the blank test region is displayed in Fig.43. We see that for this model setup, the model
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improves for rather low sound speed values. We find the maxima at 10kms™! for Model
A and 5kms~! for Model T. Considering the physical processes that blow out 26Al, i.e.,
stellar wind and SNe, these sound speeds are not physical. A reason for this lies within
this setup of a physical OES model. The hotspot from the TS maps is a two-dimensional
information on the center position in the sky, but not the position inside the ellipsoid.
Here, the emissivity is only projected on the boundaries of the OES in the sky. Therefore,
these physical models describe the sky in the same way as the initial models from the
TS-modelling, only with a different model extension limit. The TS-models are limited
to a width of 3-o, while the physical models are limited to the OES boundaries. Due
to the exponential decay in the emissivity profile, for the sound speed of vy = 5kms™?
this is an exponential function with osyy,s &~ 5° in the sky. Thus, we find our most
likely model when using one hotspot to be comparable to the most likely 2D Gaussian
initial models. Nonetheless, when using the ellipsoid as boundaries our best models are
slightly more extended (opp,s = 5° —10°) than our best T'S-models (Sec. 3.3) (o4 = 2° —5°).
We conclude that the model adaptations are consistent, but we need more information
to improve the physical models compared to the initial model setup. For this, we use

the information about the production sites of 26Al, the massive stars in the Orion OB1

association.
65 Testing sound speed
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Fig. 43: Model improvement for the physical models A (blue) and T (orange) with an emis-
sivity profile of one hotspot positioned at (¢,b) = (166°, —23°) for different sound
speeds. The most likely models show similar width than the initial models in the T'S
testing, even though they are slightly wider (oppys ~ 5°—10° instead of oy = 2°
5°).
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4.2.3 26A| Mass Evaluation

To find an estimate of the Al mass and its distribution in the OES, we further examine
the subsets of the GAIA catalog, displayed in Fig. 18. According to Wright [2020], Orion
contains at least 56 massive stars of spectral type B2 or higher. Nonetheless, when we
look at the mass distribution of our subsets, we barely find massive stars at all and none
with masses exceeding ~ 9 M. This is due to GAIA’s magnitude G-band covering 330—
1050 nm. [Gaia Collaboration et al., 2021]. B-type stars emit most of their energy in UV
radiation [Nieva and Przybilla, 2014]. Therefore, the G-magnitude of B-type stars can
be several magnitudes fainter than their bolometric magnitude. Thus, we extrapolate the

massive star distribution.

Stellar Mass Extrapolation

The stellar mass distribution follows the PDMF, which is described as a two-part power-
law, with the IMF slope below mro and the PDMF slope for higher masses (see Sec. 2.1.1).
To describe this IMF with only one power-law index, the stellar masses are filtered to be
minimal M = 1Mg. The filtered stars for each Orion OB1 subgroup are shown in Fig. 44.

Even though we do not see most of the massive stars, we can extrapolate them. This
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Fig. 44: Stellar mass distribution in the four subgroups of the Orion OB1 association. In the
range 1-3 M, we extract a power-law slope as IMF for each subgroup. For higher
masses, we extract a power-law slope of the PDMF. The difference between IMF
and PDMF is the rate of already exploded stars, Nsne.
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works due to the same cutoff magnitude G=3 in all four subgroups. This brightness cutoff
translates to a luminosity cutoff with the distance to the Orion OB1 association. Due to
the luminosity-mass relation in main sequence stars, the luminosity cutoff translates to the
same mass cutoff in the four subgroups. For the extrapolation, we set mzo, to be 3 M.
This value is not calculated from the age of the subgroups, since GAIA did not observe
the expected value for mpo. This is due to the incompleteness in the GAIA observation
regarding the massive stars, leading to a shift of mro to less massive values. Thus, we fit a
power-law for the IMF in the range 1 M, < M < 3M,, and a power-law for the PDMF
in the range 3My < M. The power-laws for the subgroups are shown in Fig.44. We fit
an apparent line into the double logarithmic representation. This represents a power-law
with:

log N(log M) = —a - log M + by (36)

, where « is the power-law index for N oc M™%, and by, is the y-intersect of the apparent
fit. We derive the following fit parameters for the IMF and the PDMF in the four groups:

Orion OB la 1b lc 1d
IMF a=(271+044) | a=(2.70+£0.45) | « = (2.62+£0.34) | « = (2.43 £ 0.37)
b=(3.60+0.12) | b= (3.524+0.13) | b= (3.49+0.09) | b= (2.41 +£0.10)
PDMF | &= (3.09+£0.31) | @« = (4.87£0.40) | & = (4.70 £ 0.36) | o = (2.98 £0.91)
b=(3.2940.22) | b= (470 +0.28) | b= (4.56+£0.25) | b= (2.46 % 0.60)

Tab. 14: Power-law indices for the different subgroups in the Orion OB1 association. The
IMF gives the distribution of stars below m7o = 3 Mgygot, the PDMF for stars
above mro = 3 Modot -

We expect for the IMF amnyp, 1w = (2.3 £0.3), and for the PDMF appyr, it = 4.53 (see
Sec.2.1.1). The power-law indices for the IMF and the PDMF in all four subgroups match
the expected values, within their uncertainties, with the exception of the Orion-OB-1a and
the Orion-OB-1d-PDMF. For these, the extrapolated power-law index is too low. This
could be due to using the same mzo, as we do for the younger groups 1b and 1c, where
the result fits the expectation. For Ori 1d, the sample is probably to small, leading to
the deviation from the expected value that is within a 2-o interval of our result. The
difference between the IMF and the PDMF gives the distribution of stars that are already
exploded, i.e., initially formed, but are not part of the present-day observation. We can

calculate this difference between the extrapolated power-laws, using Eq. 36 with:

Nsxe(M) = Nir(M) — Nppyr(M)

NSNe(M) — 10~ wmr log M+bvr _ 1 ()~ppmr-log M+bppmr (37)

, with the mass function for the exploded stars, Ngno, the IMF Npyp, and the PDMF,
Nppumr. For the different subgroups, we calculate and extrapolate the exploded star mass

functions for the subgroups. These are shown in Fig.45. With this, we conclude that in
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Ori 1la, up to ~ 10, in Ori 1b, up to ~ 13, in Ori 1c, up to ~ 15, and in Ori 1d, ~ 1

massive stars exploded, with masses following the Ngye.

Extrapolated exploded Massive Star Distribution

—— Ori 1a Mass extrapolation
1074 Ori 1b Mass extrapolation
—— Ori 1¢c Mass extrapolation
—— Ori 1d Mass extrapolation

10°4
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Fig. 45: Stellar mass distribution for exploded stars, Ngye, in the four subgroups of the Orion
OB1 association. The power-law distribution results from the difference between
the extrapolated IMF and extrapolated PDMF.

Exploded Mass Sampling

With the extrapolated explosion mass functions, we can sample different configurations
for the Orion OB1 subgroups. Here, we sample massive stars in the range 8120 M),
that follow the respective Ngn.. For this, the number of stars is fixed to upper and
lower boundaries for each group, and for each run, a random number of stars within the
boundaries is sampled. The mass of these stars is not random but follows the distribution
of the Ngne. Thus, each run gives a configuration for one subgroup, with a number of
stars inside the boundaries and masses that match the exploded mass rate in this group.
To get a statistical set for the subgroups, we sample 1 - 10° configurations in total. In
each sample, the number of stars varies between one and the maximum of Ngy. in the
mass range 8 My < M < 120 M), for each subgroup, respectively. The results from the
sampled configurations are summarized in Tab. 15.

To confirm the sampling from the Ngno, the mass distribution of the sampled stars,

e.g., in Ori la, is shown on the left in Fig.46. Here, the power-law index of the Ngye,
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Group | Nggars (min) | Nggars (max) | Ngjars (mean) meTl\l/[l\@/I]sms Ul[\i’/[S;TS med[lllvl[\/;j}mup
Ori la 1 10 5.5 17.1 14.0 94
Ori 1b 1 13 7.0 17.0 13.8 119
Ori 1lc 1 15 8.0 17.6 14.6 140
Ori 1d 1 2 1.5 19.8 17.2 30

Tab. 15: Summary of the Orion OB1 association exploded star sampling per subgroup. With
the mean number of stars in a configuration for each subgroup, Ngtars, the mean
mass of the stars created in all the samples for each subgroup, mean Mgt,,s, the
standard deviation of the mean mass per star, om stars, and the mean total mass
of all the configurations created for each subgroup mean Mgroup-

Orion OB 1a Sampled Exploded Stars 104

Yield [Mo]

Number of Stars

—e— 25Al total yields

Mean sampled stellar mass Orion OB 1a
—— Mean sampled stellar mass Orion OB 1b
—— Mean sampled stellar mass Orion OB 1c
—— Mean sampled stellar mass Orion OB 1d
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log(Mass) [Mo] Initial mass [M ]

Fig. 46: Left: From the Ngne sampled stars in Ori 1la. Right: For the sampled mean stellar
mass in each subgroup, estimated yields with the stellar evolution models (blue
dots) from Limongi and Chieffi [2018].

is visible for the distribution of sampled stellar masses. We use the sampling results to
estimate the 26Al yields accumulated for the exploded stars in the subgroups. For this,
we use the stellar models from Limongi and Chieffi [2018] to evaluate the mean 2°Al yield
for the mean stellar mass results of the sampled stars in each subgroup. We get this by
interpolating the yields for this mass between the stellar evolution model yields. This is
shown on the right in Fig.46. We note that for the standard deviation of the sampled
mean stellar mass in all four groups, within one o-band the mean 26Al yield per star is
between Maj star= (1.9-7.6) 1075 M. Thus, we use the mean value to get comparable

values for the different groups we have here. The interpolated yields and the total 26Al

mass 1s:
Group mean Nstars mean MAI, Star OM, Al, Star mean MAI, Group
Ori Ia 55 19-10°M, | (1.9 7.6)-10 °M, | 2.7-10 "M,
Ori 1b 7.0 4810 M, | (1.9-7.6)-10° My | 3.4-107*M,,
Ori 1c 8.0 5.1:107Mg | (1.9-7.6)-107° Mg | 4.1-107*Mg
Ori 1d 15 6.2-10° M, | (19-7.6)-10° M, | 091074 M,

Tab. 16: Mass estimation of the Orion OB1 subgroups. We combine the sampling results
with the stellar evolution models from Limongi and Chieffi [2018] and get the
mean 26Al yield for one star in each subgroup, mean M Al,Star- Multiplied with the
mean number of stars, this leads to the mean total 26 Al mass for the subgroups,
mean MAI,Group .
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With these values, we estimate the total output of 26Al in the four subgroups. These
values are only upper limits to the 26 Al mass we expect in the OES, since there is no time
dependence in the estimate. Here, the values represent the total 2Al that is produced in

the Orion OB1 association, over its lifetime.

Population Synthesis

To also evaluate stellar time profiles for sampled stars, we use the PSYCO code from
Pleintinger [2020]. Similar to our sampling method, the algorithm PSYCO samples stars,
using an underlying power-law mass distribution. Therefore, we can adjust the code to
sample stars for our evaluated exploded star mass function Ngne, for each Orion OB1
subgroup. PSYCO uses stellar evolution models to produce 2°Al yield time profiles for each
sampled star. In our analysis, we use the stellar evolution model by Limongi and Chieffi
[2018], which is already implemented in the code. The integration over the time profiles
gives the total abundance of 26Al, produced by the sampled stellar group, considering
birth at the same time, i.e., for each subgroup, in an evolutionary profile. This profile of
the total 26Al output of a stargroup is shown for Ori la in Fig.47. We use the maximum
number of stars for each subgroup that we got from the Ngye in the sampled mass range,

as the number of sampled stars in each PSYCO run.
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Fig. 47: Population synthesis for Ori 1la. We do 1000 runs, sampling 10 stars in each run.
The delay between the birth of the group and the first output of 26Al comes from
the time stars need to reach the high burning phases in which the 26Al is produced
and then blown out via stellar winds.
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The simulation shows 26 Al abundance in the groups for about 25 Myr, after birth. Thus,
we can apply the age of a star group in the form of an x-axis shift towards negative values,
with the ages from Sec. 2.2.4, of the different subgroups. This gives the 26 Al contribution
from a subgroup for today. When doing the population synthesis for each subgroup,
we can apply the range of possible ages. This gives the possible 2°Al output from the
subgroups, in the given age range. The age-dependent output of 6 Al and its uncertainty
in the form of the 68% percentile for the four groups, are shown in Fig.48. We find the
Ori OB 1d to be negligible in its contribution to the total 2Al abundance. 1b and lc
have the highest possible solutions in their 68% percentile deviations from the mean. The
results for the age-dependent population synthesis of each subgroup are used in our most

sophisticated physical models in Sec. 4.2.4

[--- Upper 68%  ==--- Lower 68% — Meanl
1e5 Ori OB 1a ot Ori OB 1b
7”27 1.501
5 S ~
AV ™ 1.251

~s “NrSSa
-~

~/ = 1.00 1

AI26 [Mo]
L
o o
g

8 9 10 11 12 2 3 4 5 6 7 8
Age (Myr) Age (Myr)
ot Ori OB 1c 1e_9 OriOB 1d

10 12 1.4 16 18 20
Age (Myr)

Fig. 48: 25Al population synthesis results for the different Orion OB1 subgroups, considering
their ages.

When we combine the population synthesis for the subgroups, we get the total population
synthesis for the Orion OB1 association. Here, the age for each subgroup is the center
value of the given age range. The sum of the population synthesis profiles after shifting
with their age is shown in Fig.49. We find the mean value of the total 26Al abundance
in Orion OB1 today, Myfean = 8.94 - 107> My,. Considering the 68% percentiles gives total
amount of 26Al between Mag = (0.002—1.9) - 10~* M. Therefore the population synthesis
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is below our upper values given by the sampling of the total 2Al output over the Orion
OBL1 lifetime, in addition, the population synthesis for today is matching with the result
for the 26 Al abundance in the OES we measured with SPI, using the empirical sky models
in Sec.4.1, Mys = (1.7-5.0) - 1075 M.
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Fig. 49: Population synthesis 26 Al results for the entire Orion OB1 association, as superpo-
sition of the age adjusted subgroups. For comparison, we show our result of the 26 Al
abundance in the OES we evaluated for the empirical models (red cross), hinting at
the age uncertainties of the subgroups as well. The population synthesis matches
with the SPI measured abundance of 26Al, estimated with the empirical models.

4.2.4 Physical OES Models

The physical models of the OES are a combination of the information gathered in the
previous sections. We use the geometries given by Model A and Model T, and fill them
with an emissivity profile consisting of four hotspots positioned at the location of the
Orion OB1 subgroups. These locations are known, except for the distance to Ori 1b,
which ranges between 360—-420pc. We use the results from the population synthesis
of the four subgroups to scale the hotspot amplitude of the different groups with the
respective 2°Al mass. We use the mean value of the population synthesis and at the
age in the middle of the age range, as the standard 26Al mass. In addition, we use the
maximum of the 68% percentile profile for each group to test the dominant star group. In

such a dominant star group model, we take this maximum value for one of the subgroups,
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while the other groups are left with their standard mass estimate. The 26 Al mass estimate
for Ori 1d is much smaller than the other three. We include it with the mean value for the
26 A1 mass, but do not test a variation for it. We find in the models that Ori 1d’s impact
is negligible either way. With these parameters, we build physical models that are tuned
by the sound speed.
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Fig. 50: Physical models of the OES with varying distance to Ori 1b. The models are built
with the standard masses for the subgroup and using Model A exemplary. The left
panels show Ori 1b at the farthest distance at 420 pc, while the right panels show
the nearest configuration with Ori 1b at a distance of 360 pc. The sound speed is
5kms™! 10kms™!, and 100 kms™, top to bottom.
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The sound speed in a physical model is fixed and describes the outflow of 2°Al for the
hotspots in the emissivity profile, in the same way for all the hotspots. The sound speed
in our set of models is between 1-400kms~'. In Fig.50, we illustrate the impact of
the distance to Ori 1b for different sound speeds in the geometry of Model A (Model T
shows the same variations for the different ellipsoidal projection on the sky). For the left
panels, Ori 1b (middle of the three hotspots) is further away, which results in a smaller
flux/sr. Due to the larger distance, the subgroup appears wider in the sky. For increasing
sound speed, the impact of the distance decreases, and for v, =100 km s, the models get
indistinguishable. In Fig. 51, we illustrate the models with different dominant subgroups,
The

different dominant groups concentrate the flux towards one hotspot in the sky model. For

again with Model A exemplary. Here, we fix the distance to Ori 1b at 380 pc.

Ori la as the dominant star group, due to the age of the subgroup this effect is not as
strong. When the sound speed increases, the impact of the dominant group decreases.
For v, =100km s, the hotspots smeared into one hotspot that is only slightly shifted
between the different dominant group models. The set of models we test are all the
configurations that result from combining the parameters in Tab. 17. The combination of

the different variable parameters leads to a set of 704 physical models in total.

Ellipsoid Model | Sound Speed [kms™!] 26 A1 Mass Relation Distance [pc]
A 1 No Dominant Subgroup Ori 1a
T 2 Standard: Mean 26Al masses 360

3 Max: 68% percentile upper limit 6 Al mass Ori 1b
5 One Dominant Subgroup 360
10 Ori la 380
20 Ori 1b 400
50 Ori 1c 420
100 Two Dominant Subgroup Ori 1c
200 Ori la+1b 385
300 Ori la+1c Ori 1d
400 Ori 1b+1c 380

Tab. 17: All parameters used in the set of physical models. The two geometries, Model A
and Model T, where filled with the emissivity profile describing the subgroups in
one of the mass relation configurations, and with a sound speed from the set. In
addition, the distance to Ori 1b varies.

4.2.5 Physical Model Results

We use the setup from the T'S modelling (Sec. 3.3), with the physical OES models as sky
models, and compared to the reference map without any source model in the Orion test
region. Thus, we examine the line flux and the model improvement to the reference map

for each of the 704 models.
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Fig. 51: Physical models of the OES with varying dominant stargroup. Ori 1b is at the
distance 380 pc, in the Model A, exemplary. Top to bottom: Ori la, 1b, and 1lc, as

the dominant star group respectively, for the sound speed 10 km s™*
100 kms~! in the right panels.

Model Comparison

in the left, and

In order to make statements about the different models, we analyse the impact of dif-

ferent parameters. We start with the distance to Ori 1b. For this, we use the physical

models, with the standard 26 Al masses in all subgroups. The model improvement, for the
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different sound speeds, is shown in Fig. 52, for the 4 different tested distances to Ori 1b.
The top panel shows Model A, and the bottom panel shows Model T. The models A and
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T45
<
Y
4.0
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Fig. 52: Model improvement for different sound speeds when varying the distance for Ori
OB 1b for models A (top) and T (bottom). The impact of varying the distance is
model-dependent. In Model A the best performing models have Ori 1b at 420 pc,
in Model T they have Ori 1b at 360 pc, from the Sun. The inset shows a zoom in
on the peak performing models.

T show model improvements that mainly depend on the sound speed. Both models show
a significant model improvement to the reference map (no sky model in Orion), while no
geometry (of A, and T) is significantly better in modelling the OES than the other. The
insets in the figure show that the model improvement for different distances to the Ori

1b subgroup depends on the geometry used. For most of the sound speeds in Model A,
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it does not matter which distance is chosen. This changes at the peak performing models
at 100kms™!, where the models improve with increasing distance to Ori 1b. Thus, we
set the distance to Ori 1b to 420 pc in the Model A. For models T, the best performing
models have Ori 1b at the distance of 360 pc. Thus, this is the value we use for Model T.
With this fixed, we can evaluate the rest of the models. We compare the different dom-
inant star group configurations with the equally weighted configuration. The model im-
provement for these four categories (la, 1b, lc, or no stargroup as dominant), and the
flux results are shown in Fig 53. Again, the models A and T, are highly dependent on the
sound speed in both the model improvement and the flux, and no geometry is significantly
better in the model improvement, even though Model A performs slightly better. While
the flux increases model-independently with the sound speed, the model improvement
reaches maxima in both models at different sound speeds. The sound speed in models A

and T is within 1-o from the likelihood maximum:

va = 5015 kms™!

vp = 10015 kms™!

These sound speed values are in agreement with the expectation between a few hundred
and a few 1000 kms™!, within the uncertainties [Krause et al., 2018]. We do not see
significant differences when changing the dominant star group, but both models perform
best regarding their likelihood when choosing Ori 1a as the dominant group. For these,
the 1.809 MeV line flux is:

Fy=(30412)-10°phem ?s7!
Fr=(3.0£13)-10"°phem ?s™*

These values match the flux results from the empirical modelling of the Orion region.
To evaluate if a combination of two subgroups as dominant, or the 68% percentile upper
limit masses from population synthesis, improve the models even further we display these
in Fig. b4. Here, the results are very similar to the models with one dominant star group.
The maximum mass configuration (with the upper limits for each group), gives the same
model improvement and flux as the standard mass setup with the mean 2°Al values. This
is due to the amplitude being adjusted in the modelling with SPI. The resulting sky
models are similar in their relative flux distribution, i.e., more flux in the image but not
in relation between the hotspots. The combination of different subgroups does not show
a significant change. Nonetheless, models with Ori 1a and 1b, as dominant, perform the
best, regarding their likelihood. Since the models with Ori 1a as one dominant star group
and the models with Ori 1a in combination with another star group perform the best we
conclude that Ori la is the dominant contributor of 2°Al in the OES.
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Best performing Model

From the model comparison we get the best performing physical model, Model A, with
Ori 1b at a distance of 420 pc from the Sun, with Ori la as the dominant stellar group
in distributing the 26Al, with the sound speed 50kms~!. The model is shown in Fig. 55.
For this sound speed, the 2°Al does not reach the far end of the superbubble. This fits
with the result from the TS maps, where the flux was constrained to a region above —40°

latitude. We use this physical model as a sky model to fit a spectrum to the data, as
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Fig. 55: Best performing physical model, A with Ori la as the dominant subgroup. The
sound speed is 50 kms~!.

before with the empirical sky models in Sec.4.1. The rest of the MW is given by the
reference map based on the COMPTEL all-sky 1.809 MeV map. The resulting spectrum
is shown in Fig. 56, and the fit results are summarised in Tab. 18. Here, also the result of
a Bayesian fit for this model is included. For the Bayesian fit we use the same priors as
in Sec. 4.1, since the fitted 1.809 MeV line flux model is the same. The posteriors and the
priors are shown in the cornerplot Fig. 57.

The flux from the OES matches the results from the empirical models within the un-
certainties, and the detection significance of 0 = 4.3 for the likelihood fit is similar to
the empirical model detection. This means the significant line flux corresponds to the

LOS contribution through the OES, due to the modelling of the total Orion region in the
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Physical Model Results

Method Flux [10~° phem2s7!] | FWHMgyy [keV] | Centroid Shift [keV] | vpoppier[kms™'] | sNr | Significance [o]
Likelihood Fit 3.5+0.8 <29 (20 UL, 0.39 £ 0.36 65 + 60 —22.7 4.3
Bayesian Fit 3.091055 1.1470:38 0.36752 55713 - 5.6

Tab. 18: Model parameter and fit results for our best physical model. The parameters not
directly fitted are calculated as in Tab.9. The Bayesian fit priors are shown with
the posteriors in Fig. 57.
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Fig. 56: Observed (purple crosses) gamma-ray spectrum from Orion for our best performing
physical model, using model A and Ori la as the dominant stargroup. For better
illustration, we rebinned the spectra to a 1.5keV bin size. The fit results are shown
in Tab. 18.

empirical approach, in contrast to only the OES in the physical approach. This difference
in the sky models could account for the different detection significance in the Bayesian
fitting for the physical and empirical model, where we also find a higher 1.809 MeV line
flux in the empirical model. Here, the detection significance for the physical model is
o = 5.6, while the empirical model has ¢ = 9.2. In our physical model results, the line
flux is again blueshifted, and we find that the ?°Al is moving towards the Sun. This
velocity is not significantly higher than zero (v > 0 & 1o0). Nonetheless, this could
confirm the predominant flow direction of 26Al that is expected for the OES. In addition,
the sound speed used in the the physical modelling matches with the vpoppler €valuation.
This shows a consistency in the modelling with the results, i.e., we find that the model
built with the sound speed that matches the observed Doppler velocity describes the 26Al
signature (the 1.809 MeV line) in the sky the best.



For the line flux evaluated with the Bayesian fit, we calculate the corresponding mass of
26 Al using Eq. 23.
Mag phys = (2.3 £0.4) - 107° Mg,

This value matches the population synthesis results and with the mass evaluation from
the empirical models, within the uncertainties. With this, we conclude an 26Al abundance
in the direction of the OES, which corresponds to the output from the massive stars in the

Orion OB1 association, and can be constrained with the geometry known for the OES.

K

—0.441933

1 \
F——m————————3-
N\

Faem—— - ——-
\

Faip6/107>

-Shift = 9.36t8;§3

o e o e

Centroid Shift

© B O HBO 5D b D b D b S A 6 o 6 O
/\.Q /Q/\ /QOD /Qq/ QQ v -8 % D - QQ Qq/ Qc") Q/’\ Q- N NS Qe
K/10-° Fapg/10~5 Centroid Shift ~ FWHMgy

Fig. 57: Bayesian sampled parameters for the 1.809 MeV line flux in the Orion region, using
our best physical model, A with Ori 1a as the dominant star group. The continuum
K is in units of 107 phem ™2 s ' keV ™!, the flux F; is in units of 107° phem 257!
and the centroid shift as well as the FWHM in units of keV.
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5 Discussion

In this chapter, we discuss the expected 2°Al distribution in the Orion region and mor-

phology of the OES, with the modelling and spectral analysis results for this region.

5.1 26Al Distribution in Orion

With the empirical models, based on the 1.809 MeV all-sky surveys, from COMPTEL,
Pliischke et al. [2001] and from SPI, Bouchet et al. [2015], we detect the 1.809 MeV gamma-
ray line corresponding to 2°Al in the Orion region with a significance up to o = 9.2. This
line flux is still significant when we subtract the expected contribution from the Galactic
plane, modelled as a double-exponential disk, for the size and position of the region.
Thus, we find an 2°Al abundance on top of the Galactic expectation, with an 26Al mass
of Mogs, empirical = (1.7-5.0) - 107° M. In the physical modelling, the 2°Al distribution is
constrained to the geometry of the OES, here we detect the 1.809 MeV gamma-ray line
with a significance up to ¢ = 5.6. The line flux in the physical modelling corresponds
to an 2°Al mass of Mogs physical = (2.3 & 0.4) - 107> M. This value matches the mass

evaluated from the empirical models, and we conclude that the 2°Al is positioned in the
direction of the OES.

—— Population synthesis 26Al
Population synthesis 26Al 10-Band
——————— Today

Empirical model 26Al mass
= INTEGRAL/SPI)

Physical model 26Al mass
(INTEGRAL/SPI)

~10 0 10 20 30 40
Time [Myr]

Fig. 58: Mass of 26Al in the OES with population synthesis for the Orion OB1 association.
Also, the mass evaluation with the empirical models (red cross) and the physical
models (cyan cross) is shown. We see the match for the population synthesis with
the SPI measured abundance of 26Al in both model approaches.
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Since the physical models are built with the expectation of the stellar output in the
Orion OBI1 association, i.e., the population synthesis results, we also conclude that the
2 Al is accumulated inside the OES. We can say this due to the mass evaluation from
the empirical, and the physical modelling of the Orion region matching the yields of
26 Al expected from the Orion OB1 stars with population synthesis. The different mass
evaluations are summarised in Fig.58. We note that for the physical models, this is
not circular reasoning, even though the models are built on the population synthesis
results. This is due to the models being fitted to the SPI data before evaluating the mass,
Mogs, physical

The TS maps in Sec. 3.3, indicated a shift in the 2°Al distribution to the COMPTEL all-
sky map from Pliischke et al. [2001]. If we compare our best-performing physical model to
the COMPTEL map, we find that the shift in the T'S map is not reflected in the physical
model. We find a deviation in the physical model from the COMPTEL map hotspot
towards the Orion OB1 subgroups. This is shown in Fig.59. Our physical model is built
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Fig. 59: Results from TS modelling and the best physical model compared to the COMPTEL
all-sky map at 1.809 MeV from Pliischke et al. [2001]. The TS map for an initial
model with a width of 2° (left) indicates a hotspot in the SPI data that is shifted
away from the COMPTEL hotspot. This shift is non-existent in the physical model
(right), where we find the hotspot from COMPTEL moving to the other Orion OB1
subgroups.

inside the Hae boundaries for the OES, with the Orion OB1 as the production site for 26Al.
In Sec. 2.2, we showed that the COMPTEL map is not aligned with the Ha boundaries of
the OES, and the COMPTEL hotspot only aligns with the Ori 1a subgroup. This explains
why our physical model hotspot is shifted compared to the COMPTEL map. This shift is
in the direction of the Orion OB1 subgroups, while we find a shift towards the Eridanus
end in the TS maps.
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In our best physical models, Ori 1a is the dominant subgroup, in regard to filling up the
OES, independent of the underlying geometry. In Brown et al. [1994] they state that
the energy output from the Ori la subgroup is sufficient to form the ambient ISM, i.e.,
the OES. This statement becomes stronger with our analysis even though in our physical
models, Ori 1b and 1c contribute to the flux additionally. One reason for Ori la being
dominant in the ?6Al distribution, could be that this subgroup is the oldest one. While
Ori la evacuated the ISM and formed the OES, Orion 1b and 1lc ejected 2°Al in the
already existing superbubble, leading to a more efficient spatial distribution of the 26Al.
Thus, the yields from Ori 1a are concentrated around the production site, while the other

subgroups fill up a larger area in the sky.

5.2 OES Morphology

The advanced superbubble modelling from Pon et al. [2014] gives two possible orientations
for the OES, with the Eridanus end towards the Sun, or with the Eridanus end away from
the Sun. In our physical modelling, both orientations lead to a significant line detection.
Model A performs slightly better regarding the likelihood, but there is no significant ad-
vantage in choosing Model A over Model T.

If we look at the 1.809 MeV gamma-ray line centroid position in the spectral analysis, we
find a blueshift in both the empirical and the physical models for Orion. This blueshift cor-
responds to a movement of the 26Al towards the Sun with a Doppler velocity that ranges

!, in the empirical, and vp ppysical = (55-65) kms™" in

from vpempirical = (45-91) km s~
the physical models. These velocities are all above 0 kms™! with a significance of ~ 10.
Even though the velocities are not significantly positive, we conclude that the 26 Al moves
predominantly towards the Sun. This statement is supported by the different modelling
approaches that all lead to a blueshifted line flux in Orion. The blueshift also supports an
orientation of the OES with the Eridanus end facing the Sun. This is realised in Model
T. Model A produces a blueshifted line even though the underlying geometry is oriented
away from the Sun. This is due to the LOS that applies when considering the sky as seen
by the instrument. In the SPI model fitting, the apparent sky for the ellipsoidal model is
fitted to the data.

The evaluated values for the Doppler velocity match the sound speed of our best-performing
physical models within the uncertainties. We conclude that the observed Doppler velocity
corresponds to the sound speed and that 2°Al moves towards the Sun. If the Doppler
velocity and the sound speed are the same, the 26Al outflow goes directly towards the
Sun, this is shown schematically in Fig.60. With this, we conclude that the OES lies
between the Orion molecular cloud, which hinders an outflow away from the Sun, and the
Local Bubble, and thus that the 26 Al predominantly flows into the elongated superbubble,
towards the Sun. We find our best performing physical models for Model A and Model T
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Fig. 60: Schematic 26Al outflow towards the Sun in the best physical model. The sound
speed matches the observed Doppler velocity within the uncertainty, confirming the
outflow direction.

with sound speeds of vy = (50—100) kms™!. For a sound speed up to 50kms~! our phys-
ical models are in agreement with the expectation of a mixed superbubble with the 26Al
in the upper part of the bubble, while the Eridanus end is dominated by X-ray emission
(see Fig. 14). For a higher sound speed, the 2°Al reaches the far end of the bubble, and
the entire OES should be visible at 1.809 MeV. The assumption that the 26Al does not
reach the far end of the bubble is supported by the flux results from the TS modelling,

where no positive 26 Al flux is obtained from models below, —40° latitude.
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6 Conclusion

The 26Al from massive stars in OB associations fills up superbubbles throughout the
universe. A significant 1.809 MeV line detection from the radioactive decay of this isotope
could be achieved in previous analysis for Cygnus and ScoCen, but not for the OES in
the Orion region. Measurements in other wavelengths contribute to today’s knowledge
of the morphology of this superbubble, leading to two possible orientations of a prolate
rotational symmetric ellipsoidal shape. We use INTEGRAL/SPI observations from over
20yr, and fit sky models to the data. The data analysis method for SPI, as well as the
dataset, are shown in this thesis. The sky models are based on two approaches, empirical
and physical. The empirical sky models are based on two surveys from the instruments
CGRO/COMPTEL and INTEGRAL/SPI. The physical models are based on the prolate
rotational symmetric ellipsoidal shape and the expected 2°Al output from the massive
stars inside the OES. We find this output of the entire Orion OB1 association to be an
26 Al mass of My pop = (0.002-1.9)-10~*Mg, using population synthesis. The population
synthesis is based on an extrapolated exploded massive star estimate we get from GAIA
observed stars in the Orion OB1 association, for each stellar subgroup. To validate the
sky model fitting method, we analyse spectra for the Cygnus region and the Milky Way
in the empirical approach, as strong baseline models with a known flux estimate from
a previous significant detection. We find that the results for both baseline models are
consistent with the previous analysis within the uncertainties, and conclude that the
method works. For the Orion region, we find a blueshifted 1.809 MeV emission line in
sky models based on both surveys. We find a line flux of Fisog comprrr, = (3.0 £0.8) -
10~°phem 257! for the COMPTEL-based and Figog spr = (4.2 & 1.0) - 107 5phem ™2 s7*
for the SPI-based sky model. We performed a Bayesian fitting for the latter and find
a line flux of Figpy sp1, Bayesian = (4.4275:40) - 107°phem 257, For differently sized sky
models we get a set of possible models for the Orion region, where we find 1.809 MeV line
flux values between Figog orion = (2.4—7.6) - 107°phem~2s™!. For these sky models, we
subtract the expected contribution of the Galactic plane, modelled as double exponential
disk. This leads to a flux of Figgg ors = (2.2-6.6) - 107°phem~2s~!, which we consider
as the flux from only the OES. The mass of 26Al inside the OES that corresponds to this
flux is Ma empiricat = (1.7-5.0) - 107°M,. The physical models are compared regarding
their likelihood. We find Ori 1a as the dominant subgroup in filling the OES with 20Al.

The distance to Ori 1b, varies in the models with different underlying geometries. The
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model with the Eridanus end facing the Sun, Model T, has Ori 1b at a distance of
360 pc, and the model away from the Sun, at a distance of 420 pc in the most likely
models. No geometry performs significantly better than the other, while both lead to
a significant detection of the OES in the sky model fitting. In the physical models we
find a sound speed of vy = 50F5 kms™" in Model A and vy = 100755 kms™! in Model
T. This sound speed matches with the Doppler velocity from the blushifted line results
in all the spectra for the OES within the uncertainties. We thus conclude that the 26Al
moves predominantly towards the Sun. For our best performing physical model we find
a 1.809 MeV line flux of Figog physical = (3.5 = 0.8) - 10 °phem™?s™! and with Bayesian
fitting Figo, physical, Bayesian = (3.097035) - 107°phem 2871, The mass corresponding to this
flux from the Orion OB1 association is Maj physical = (2.3 = 0.4) - 107°Mg,. Thus, the two
model approaches lead to a fitted 26 Al mass that matches the population synthesis result
within the uncertainties. This supports the stellar evolution models used and confirms
that the Orion OB1 association is sufficient in producing the 2¢Al that fills the OES
correspondingly to the observed 1.809 MeV emission. In addition, we significantly detect
the OES at 1.809 MeV with the different models. We find a significance of up to ¢ = 5.6
in the physical modelling and up to o = 9.2 in the empirical modelling. This is the first
significant detection of the OES in this wavelength.
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