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Abstract

For more than 50 years, the rate and distribution of positron (anti-electron) annihilation in
the Milky Way has puzzled astronomers. Positrons with low („ MeV) initial energies are
likely to be predominantly produced by β` unstable radioactive isotopes. However, the
observed rate of positron annihilation in the interstellar medium of the Milky Way exceeds
the predicted rate of positron production by ’conventional sources’ such as core-collapse
and Type Ia supernovae. Moreover, the observed distribution of positron annihilation in the
Milky Way appears to trace the older stellar populations of the Galaxy (the Galactic bulge
and a thick, truncated disk), while massive stars, core-collapse supernovae, and Type Ia
supernovae – all important sites for synthesis of radioactive material and potential positron
sources – largely occur in the thin disk of the Galaxy. In this thesis, I will constrain scenarios
for positron injection and transport in the interstellar medium and energetic outflows of the
Milky Way. I will also show that positron annihilation on alkali metal atoms constrains the
annihilation timescale of the positrons we observe annihilating today to be „ 1 Myr. Finally,
I will show that the delay time distribution of SN1991bg-like supernovae, a highly plausible
source of „ 90% of Galactic positrons, is consistent with that required to explain the total
Galactic positron annihilation line.
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Chapter 1

Introduction

The story so far:
In the beginning the Universe was
created.
This has made a lot of people very
angry and been widely regarded as
a bad move.

Douglas Adams

The discovery of antimatter - both theoretically by Paul Dirac (Dirac, 1931) and exper-
imentally by Carl Anderson (Anderson, 1932) - laid the basis for what we know today as
the Standard Model of Particle Physics. This theory describes how all particles and forces
(with the exception of gravity) relate to and interact with one another. ‘Antimatter’ describes
particles that are ‘mirror images’ of the matter which makes up the familiar world around
us. Each particle has an antimatter counterpart with equal mass but opposite charge and
quantum numbers.

Today, astronomers believe that all visible matter in our Universe - gas, stars and galaxies
- is made up of ordinary matter, not antimatter (see Canetti et al., 2012, for an overview).
However, this cannot be conclusively proven, as antimatter particles have the same quantum
electrodynamical properties as ordinary matter. It will take many years of careful experiment
to determine if, for example, the emission spectrum of anti-hydrogen differs from that of hy-
drogen (Ahmadi et al., 2017).

There are a number of theoretical explanations for the ‘baryon asymmetry’, the name
given to the fact that the universe is dominated by matter, not equal parts matter and an-
timatter. Violation of charge-parity symmetry is one explanation for the overabundance of
matter compared to antimatter (Sakharov, 1991). Another explanation is that gravitational
interactions of antiparticles are not as we would expect from general relativity (Chardin and
Manfredi, 2018).

It is clear that there is much we do not understand about antimatter. While we do not
apparently observe antimatter left over from the moments after the Big Bang, the Milky Way
contains its own antimatter mystery. For almost 50 years, scientists have observed the anni-
hilation of antimatter positrons from the Milky Way. However, a consensus on an origin of
these positrons that can explain the distribution of the annihilation radiation has not been
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2 Introduction

reached.

In this thesis, I will explore the potential origins of this antimatter in the Milky Way. To
understand the distribution or morphology of the annihilation radiation, we must not only
consider the origin of positrons, but also their propagation and annihilation. Each of these
topics is intimately connected. I will show that the majority of the positrons we observe an-
nihilating today must have been produced close to their sources within the Milky Way, in the
past one million years. I will also show that a peculiar type of sub-luminous thermonuclear
supernova could be responsible for the origin of a large fraction of the Milky Way’s positrons,
and can be a natural explanation for the observed distribution of the annihilation radiation.



Chapter 2

A brief history of positron
annihilation in the Milky Way

We demand rigidly defined areas of
doubt and uncertainty!

Douglas Adams

2.1 Theoretical description of the positron

The discovery of antimatter by Dirac (1931) was unique when compared to the discovery of
all other elementary particles up to that point. The discovery first of the electron (Thomson,
1897), then the proton (Rutherford, 1911), were experimental curiosities that later gained a
mathematical interpretation. Antimatter, on the other hand, was described mathematically
before its experimental discovery.

Paul Dirac formulated the relativistic wave equation to describe the motion of an electron.
The existing relativistic wave equation, the Klein-Gordon equation, can be obtained from the
relativistic energy equation in the same way as the Schrödinger equation can be obtained
from the Newtonian equation for kinetic energy: The Schrödinger equation for a free, non-
relativistic particle (electron) with wavefunction ψ,

ih̄
Bψ

Bt
“
´h̄2

2m
∇2ψ (2.1)

is obtained from the Newtonian equation for kinetic energy

E “
1
2

mv2 “
p2

2m
(2.2)

where m is the mass of the electron and p is the momentum, with the identification

E Ñ ih̄
B

Bt
, p Ñ ´ih̄∇. (2.3)

3
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The same identities are used instead in the relativistic energy equation,

E2 “ m2c4 ` c2p2, (2.4)

to yield the Klein-Gordon equation for a relativistic particle with relativistic wavefunction φ,

pih̄
B

Bt
q2φ “ pih̄∇q2c2φ`m2c4φ, (2.5)

or

pl´ µ2qφ “ 0, (2.6)

where

l “ BµB
µ “ ∇2 ´

1
c2
B2

Bt2 , (2.7)

and µ “ mc{h̄ and m is the mass of the particle being described.The interpretation of the
Klein-Gordon equation poses a number of problems. In the case of the Schrödinger equation,
it is possible to define the probability density,

ρ “ ψ˚ψ, (2.8)

and the probability current,

j “ ´
ih̄
2m
pφ˚∇φ´ φ∇φ˚q. (2.9)

However, for the Klein-Gordon equation, choosing

ρ “ φ˚φ, (2.10)

as total probability will not be conserved and moreover, the Lorentz transformation proper-
ties that are required by relativity are incorrect.

While it is possible to define ρ in such a way that probability is conserved, the Klein-
Gordon equation still suffers from a number of deficiencies, namely that it does not place
time and space on an equal footing as is required by relativity. Of a greater concern to Dirac
was the negative energy solutions to the equation. Thus, it is possible to have solutions to
the equation which have a negative probability. It was clear to Dirac that the Klein-Gordon
equation was quite inadequate as a wave equation to describe the relativistic electron.

Dirac recognized that while all relativistic particles must obey the Klein-Gordon equation
in order to obey the correct relativistic energy-momentum relations, many of the issues with
the equation came from it being second order in time. Dirac’s solution was ‘simply’ to factor
the equation, making it first order in both time and space, using a set of hypercomplex
numbers we today refer to as the Dirac matricies. These hypercomplex numbers, γµ, obey a
set of anticommutation relations,

γµγν ` γνγµ “ ´2gµν, µ, ν P t0, 3u (2.11)
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They are often represented as a set of 4x4 complex matricies. The Klein-Gordon equation,

pBµB
µ ´ µ2qφ “ 0, (2.12)

can then be factorised to give

pγνBν ´ iµqpγµBµ ` iµqψ “ 0. (2.13)

In the 4x4 representation of the Dirac matricies, the wavefunction solution ψ to the Dirac
equation is referred to as a Dirac spinor. This equation simpifies using the above anticom-
mutation relations to give the Dirac equation,

pγνBν ´ iµqψ “ 0. (2.14)

Any wavefunction that satisfies the Dirac equation also satisfies the Klein-Gordon equation,
and hence the relativistic equations of motion.

While Dirac solved a number of the apparent problems with the Klein-Gordon equation,
he found that it was still possible for negative energy solutions to this equation to exist.
Dirac’s solution to the problem of negative energy was to assume that all (or nearly all)
the negative energy states are occupied, one electron to each state. The exclusion principle
then prevents any more electrons entering this ‘sea’ of negative energy states. An unoccu-
pied negative energy state (a hole) now appears as something with positive energy, since it
may apparently be filled by adding an electron with negative energy. In his 1931 paper on
’Quantized Singularities in the Electric Field’ (Dirac, 1931), Dirac coins the term anti-electron
to describe these holes, emphasising that the particle he has described must have the same
mass as the electron: ’A hole, if there were one, would be a new kind of particle, unknown
to experimental physics, having the same mass and opposite charge to an electron. We may
call such a particle an anti-electron’.

One of the defining features of antimatter particles is how they interact with their ordi-
nary matter counterparts. This process is called annihilation, and only takes place between
matter and antimatter particles. In layman’s terms, the total mass of the matter and antimat-
ter particle is converted into energy, which is released in the form of at least two gamma-ray
photons if the interaction of the two particles is via a virtual photon. Thus, the annihilation
of a positron-electron pair produces two gamma-rays, each with an energy of 511 keV. This
means that the detection of a gamma-ray line with a centroid energy of 511 keV unambigu-
ously indicates the annihilation of positrons.

2.2 Experimental discovery of positrons

Dirac did not expect this anti-electron ever to be discovered experimentally. He described it
as being too short-lived to ever be found in nature unless it was created in the laboratory in a
high vacuum: ‘We should not expect to find any of them in nature, on account of their rapid
rate of recombination with electrons, but if they could be produced experimentally in high
vacuum they would be quite stable and amenable to observation.’

It was only a year later that American experimental physicist Carl Anderson indepen-
dently identified a particle he referred to as the ’positron’ in his 1932 paper ‘The Positive
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Figure 2.1: Schematic showing the ’Dirac Sea’, Dirac’s original conceptualization to
understand the negative energy solution to the relativistic wave equation. On the left,
all negative energy states are filled. On the right, a hole appears. The positive-energy
electron can jump across the classically-forbidden region of energy states between

´mc2 ă E ă mc2 to a negative energy, and thus fill the hole.

Figure 2.2: Detection of a positron in cloud chamber photographs from Anderson
(1932). Anderson noted that the path of this particle was ten times greater in length

than the path that would be expected from a proton of the same curvature.
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Electron’ (Anderson, 1932). Anderson describes the observation of tracks in cloud chamber
photographs that were indicative of a positive particle that had a mass far smaller than that
of the proton (Figure 2.2). While Anderson’s paper was in preparation, his observations were
confirmed by Blackett and Occhialini (1933), who connected their experimental observation
of a particle with equal mass but opposite charge to the electron with Dirac’s theoretical
‘anti-electron’. Anderson received the Nobel Prize for his discovery.

2.3 Positronium

While the antimatter nature of positrons makes them unstable (they will annihilate on inter-
action with electrons), it is possible for them to form short-lived bound states. The simplest
bound state in which a positron can exist is known as positronium, composed of a single
positron and electron. The existence of positronium was theorized in the 1930s, not long after
the discovery of the positron, by Mohorovičić (1934). However it was not observed in the lab-
oratory until much later, and the discovery of positronium was announced by Deutsch (1951),
who had performed the experimental work which led to its discovery at MIT. Positronium is
the lightest electromagnetically-bound state of matter, with a reduced mass µPs “ 0.5me,half
the reduced mass of the hydrogen atom (µH „ 0.99me). Thus, the binding energy of positro-
nium is half that of the hydrogen atom (EB “ 6.8 eV).

As a hydrogen-like atom, positronium exhibits the same excitation, absorption, and emis-
sion transitions as hydrogen, however the wavelength of emitted or absorbed radiation for
a given transition will be twice that of the same transition in the hydrogen atom. Thus,
n “ 3 to n “ 2 Balmer-α transition in positronium results in emission at a wavelength of
1.31 µm, in the infra-red region of the spectrum (Ellis and Bland-Hawthorn, 2018). Next-
generation IR spectrographs equipped with OH supression technology have the possibility
of enabling the detection of positronium excitation and recombination lines (Ellis et al., 2018).

Like the hydrogen atom, positronium can exist in two spin states. In one, the spins of
the electron and positron are parallel, a state referred to as ortho-positronium. The other
in which the spin of the electon and positron are antiparallel, and this spin configuration is
known as para-positronium. Positronium is inherently unstable and annihilates after only a
fraction of a second. The lifetimes of parallel and antiparallel positronium differ significantly
(τpPs “ 1.2ˆ 10´10 s for para-positronium, and 1.4ˆ 10´7 s for ortho-positronium). From the
spin degeneracy, para-positronium will be formed 1/4 of the time, and ortho-positronium
will be formed 3/4 of the time.

The different spin angular momenta of the two forms of positronium also mean that
their annihilation produces different numbers of gamma-rays. Para-positronium annihilates
to emit two gamma-rays while ortho-positronium annihilates to emit an odd number of
gamma-ray photons, with a minimium of three. These emission processes result in the for-
mation of a low energy ortho-positronium continuum (Ore and Powell, 1949) superimposed
upon an emission line at 511 keV from the annihilation of para-positronium. The details of
the spectrum are discussed further in Section 3.1.3.

Ortho-positronium can be ‘quenched’, or broken up into its constituent positron and
electron, via collisional interactions when the density is sufficiently high (Murphy et al.,
2005). These interactions occur in environments such as in the deep layers of the solar
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atmosphere. Quenching of ortho-positronium occurs at a higher rate than the quenching
of para-positronium, as the lifetime of para-positronium is 1000 times shorter than that of
ortho-positronium. Thus, the densities required for quenching to become significant are 1000
times greater in the case of para-positronium quenching. Consequently, quenching is typi-
cally only relevant for ortho-positronium in most astrophysical environments.

Quenching is caused by either ionization or by spin flip of positronium. Quenching typ-
ically becomes significant at densities n ą 1015 cm´3 (however recent calculations of quench-
ing cross-sections suggest they may be much larger than previously thought, and the densi-
ties at which quenching becomes important may be substantially lower) at temperatures of
„ 104 K (Murphy et al., 2005). These conditions are typical of the solar chromosphere. In
such environments, one must consider the quenching rate as it will affect the determination
of the positronium fraction from the relative strengths of the ortho-positronium continnum
flux and the 511 keV line flux (see Section 3.1).

2.4 Gamma-ray astronomy

Positron annihilation in the Milky Way is inferred from the detection of gamma-rays. Gamma-
ray photons are detected at energies between „ 100 keV to PeV energies, and the fluxes of
gamma-rays cover several decades of flux (De Angelis and Mallamaci, 2018). This great dy-
namic range has required the development of a number of different detection techniques and
sophisticated statistical analysis tools.

Gamma-rays may be produced during continuous processes, such as the acceleration and
energy losses of high energy particles as they interact with material, or through discrete pro-
cesses such as radioactive decay or, in the case of positrons, annihilation. These processes
produce different characteristic continuum emission or line emission that may be observed
using instruments designed to detect and measure gamma-rays at MeV energies. Ultimately,
this reflects the power-law distribution of the non-thermal cosmic ray populations that pro-
duce the radiation.

2.4.1 Gamma-ray continuum

A number of different physical processes result in gamma-ray continuum emission. These
processes can be broadly separated into leptonic processs (involving electrons and positrons)
or hadronic processes (involving protons or heavier ions). These processes result in back-
ground emission with a power-law spectrum when observed by MeV telescopes.

Leptonic emission occurs when electrons (or positrons) interact with the magnetic field or
with photon fields. Interactions with the magnetic field, where a relativistic electron gyrates
around the magnetic field line, produces synchrotron emission. The synchrotron emission
itself may be in the form of photons with energies that correspond to, at most, the x-ray
regime for typical maximal energies of cosmic ray electrons and typical ISM magnetic field
amplitudes. These photons become part of the ambient photon field in the region in which
the leptons are propagating.
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Leptons will also interact with the ambient photon field via the inverse Compton pro-
cess. Electrons scatter low energy photons, and the photon becomes up-scattered while the
energy of the electron is down-scattered. However, in regions where both inverse Compton
scattering and synchrotron processes take place it is possible for the population of relativistic
electrons to be accelerated. Highly relativistic leptons accelerated in strong magnetic fields
emit x-ray photons which subsequently undergo Compton scattering with the lepton that
produced them, which can boost the photon energy into gamma-ray energies. This process
is called Synchrotron Self-Compton (SSC) scattering. The continuum emission from this pro-
cess typically peaks at GeV ´ TeV energies.

Hadronic emission originates from the collisions of relativistic protons and atoms and
nuclei in the interstellar or intergalactic medium. This creates what is known as a hadronic
cascade, where a shower of pions is created. Neutral pions can decay into a pair of gamma-
rays.

Hadronic gamma-ray emission can also originate from photohadronic interactions, with
photons produced by the synchrotron radiation or from bremsstrahlung of accelerated elec-
trons. Photohadronic interactions occur in regions where the target photon density is much
higher than the matter density. Photohadronic reactions result in the production of cosmic
ray pions, and the resulting spectral energy distribution of gamma-rays has a characteris-
tic feature known as the ‘pion bump’ at Eγ „ mπ{2 „ 70 MeV, considered a signature of
hadronic interactions.

2.4.2 Gamma-ray lines

Discrete processes such as positron annihilation and nuclear decay produce gamma-ray lines
observable with MeV telescopes. The first and most intense gamma-ray line to be detected
from beyond the solar system was the positron annihilation line (Johnson et al., 1972), and
subsequently many other gamma-ray lines have been detected, all of which originate from
the de-excitation or decay of nuclei.

Gamma-ray lines in the Milky Way include the emission lines from the radioactive decay
of 26Al decay, which traces regions containing massive stars and radioactive decay of 44Ti,
which is observed in core-collapse supernova remnant Casseopoeia A (Iyudin et al., 1994;
Siegert et al., 2015; Grefenstette et al., 2016). These gamma-ray lines are the most compelling
direct evidence of ongoing nucleosynthesis and chemical enrichment in the Milky Way (Diehl
et al., 2017). Beyond the Milky Way, gamma-ray lines have been observed in a thermonuclear
supernova, SN2014J, originating from the decay of nuclei such as 56Ni and 56Co, and the
annihilation of positrons produced in this decay chain (Churazov et al., 2014; Diehl et al.,
2014; Churazov et al., 2015). Decay lines of 44Ti (Boggs et al., 2015) and 57Co (Kurfess et al.,
1992) have also been detected in the remnant of SN1987A in the LMC .

2.5 It came from outer space: positrons in the Milky Way

Initially all detected positrons were of terrestrial origin. Even those detected in the cloud
chambers by Anderson (1932) and Blackett and Occhialini (1933) were created by the collision
of cosmic rays with the atmosphere. Another terrestrial source of positrons is in radioactive
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decay of β` unstable radionuclides was identified by Joliot and Curie (1934).

The first positrons from beyond the Earth were discovered by De Shong et al. (1964), in an
experiment that saw a spark chamber loaded onto a high-altitude balloon to detect charged
particles in cosmic rays. Ginzburg (1956) had suggested that positrons should be produced by
cosmic ray interactions in the interstellar medium, where p´ p interactions produce charged
pions which subsequently decay to produce positrons was secondary cosmic rays.

2.5.1 Balloon-borne observatories

De Shong et al. (1964) detected the cosmic ray positrons themselves. In contrast, the detection
of the 511 keV line indicates the presence of positrons via indirect evidence through annihila-
tion. The atmosphere is opaque to the gamma-rays emitted by the annihilation of positrons,
thus instruments must be flown above the atmosphere to observe them.

In the early days of gamma-ray astronomy, instruments mounted on stratospheric weather
balloons were used to reach above the majority of the atmosphere. There are a number of
downsides of balloon-borne instruments, however. These include that it is impossible to ob-
tain detailed directional information as it is extremely hard to stabilize the instrument aboard
the balloon and define its pointing. Furthermore, the size of the detectors is limited by the
balloon, and early detectors had small fields of view due to the small sizes of the payloads.

Early reports of a 511 keV line were made in Peterson (1963) and Chupp et al. (1967),
however the line was then attributed primarily to the decay of radioactive material produced
in nuclear weapons tests. In Haymes et al. (1969), the first limit was placed on the 511 keV
emission from the Galaxy in a series of balloon flights in the US and Australia. The centroid
of the observed gamma-ray line attributed to positrons to calculate this limit appeared to be
closer to 490 keV, and it was suggested that this line could be attributed to the decay of 108Ru
atoms from atomic bomb debris, or the decay of 7Be produced by cosmic ray interactions in
the atmosphere (e.g. Chupp et al., 1967). As the 511 keV line is expected to be contaminated
by this proposed unresolved gamma-ray line, it was concluded that the true 511 keV flux is
much smaller than their limit of 0.45˘ 0.09 photons cm´2 s´1 (Haymes et al., 1969).

The first confirmed detection of a gamma-ray line beyond the solar system occured
in the late 1960s and was first reported by Johnson et al. (1972). A balloon flown from
Paraná, Argentina, in 1970, carrying a sodium-iodide scintillator, had observed a distinc-
tive spectral excess with the line center observed at „ 473 ˘ 30 keV with a flux of 1.8 ˆ
10´3 photons cm´2 s´1. This was the detection of the first gamma-ray line originating be-
yond the solar system, and the most intense (Figure 2.3). Once again, while the possibility
of the line resulting from positron annihilation was suggested, the offset of the line led to
the concern that the line was due to an hitherto unknown nuclear de-excitation. A second
balloon flight by the same team confirmed the feature, as well as the offset of the line.

In Leventhal (1973), it was pointed out that the majority of positron annihilation in the
ISM should be expected to occur via the formation of positronium. Thus, the observation
of the spectrum of positronium annihilation (which produces both a 511 keV line and a low-
energy ortho-positronium continuum) with a detector with comparatively poor spectral res-
olution should result in the observation of a gamma-ray line with a substantial offset from
511 keV.
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When the spectra accumulated during each segment are compared, no evidence of any 
gain change is detected. The data from SOLRAD 9 (Explorer 37) satellite indicate no 
unusual solar X-radiation was present during the flight {Solar-Geophysical Data 1970, 
1971). 

The increased counting rate whenever the detector was pointed at the source is 
clearly evident in Figure 2, particularly at the lower energies. The effects of the near- 
vertical meridian transit are also most apparent at the lower energies, where the back- 
ground appears to be high at the time of (transit + 42m) ; the beam is sufficiently broad 
that the source is still within the beam then. By folding in the known (triangular) 
angular response of the detector, we may locate the source causing the 23-51-keV radia- 
tion to be at a = 18h, ô = — 25°, with an uncertainty of ±3° in both right ascension and 
declination. These coordinates, as expected, include the position of GX 5—1, and there- 
for provide an independent check of the proper operation of the apparatus. 

In the analysis of the data, channel-wise differences between the counting rate during 
a source-pointing segment and the average counting rate during the two adjacent 
10-minute background segments were taken. The resulting differences, when corrected 
for detector absorption and efficiency, are a measure of the flux received from the celes- 
tial object. The differences for each source-pointing segment are then corrected to the 
top of the Earth’s atmosphere, and averaged (channel-wise) to produce the spectrum 
of radiation from the source shown in Figure 3. The correction factors for detector 
absorption and efficiency are similar to those shown in Haymes et al. (1969b), but they 
have been extended to 1 MeV for the present experiment. 

Figure 3 shows that the points, each of which represents a group of channels that is 

Fig. 3.—The measured flux from the galactic-center region corrected to the top of the atmosphere. 
The upper limits indicated at energies above 530 keV are at the 2 a confidence level. Also shown are the 
results of an earlier measurement (Haymes et al. 1969a). The indicated power law is N(E) = (10.5 ± 
2.2) £-(2.37±o.o6) photons cm-2 s-1 keV-1. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

Figure 2.3: Spectrum of soft gamma-rays from the Milky Way Galaxy as measured
by the balloon-borne spectrographs of Haymes et al. (1969) (open diamonds) and
Johnson et al. (1972) (points with error bars). The broad emission line at „ 490 keV
is clearly visible in both sets of measurements. A power law is fitted to describe the

gamma-ray continuum emission from the Galaxy. From Johnson et al. (1972).
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The challenges of building an improved gamma-ray detector meant it took several years
before this suggestion could be tested. In 1978, a balloon-borne germanium spectrometer
with a greatly improved spectral resolution was launched from Alice Springs in Australia,
and successfully measured both the continuum and line associated with the positron annihi-
lation in the Galaxy (Leventhal et al., 1978). Their line flux of 1.22ˆ 10´3 photons cm´2 s´1

was lower than that measured by Johnson et al. (1972). This lower flux can be attributed to
the superposition of the continuum and line emission in the Johnson et al. (1972) measure-
ments.

During the late 1970s and 1980s, a number of teams began to utilize different balloon
borne instruments to study the positron annihilation line from the Galaxy. During these
years, measurements of the line flux varied considerably from instrument to instrument
(Haymes et al., 1975; Leventhal et al., 1980; Albernhe et al., 1981; Gardner et al., 1982). The
origin of this variability was discussed in Albernhe et al. (1981), who pointed out the connec-
tion between measurements of increased flux, and greater detector area. This implies that the
511 keV emission was extended, rather than point-like. However, as the balloons had poor
pointing control, it was impossible to confirm the extended nature of the positron annihila-
tion line and map its extent in the Milky Way. Thus, the steady-state nature of the positron
annihilation flux could not be confirmed.

2.5.2 Satellite observations

While balloon-borne missions remain to this day the best way of testing the performance of
gamma-ray detectors for celestial observations (Kierans et al., 2017), the practicality of such
experiments became limited by the size of the payloads it was possible to launch around
the early 1980s. Instruments with greater collecting areas were desired, and moreover, the
pointing of a space-based instrument can be controlled, making them superior to the cheaper,
balloon-borne alternative.

2.5.2.1 The false promise of variability

The first satellite to observe the positron annihilation line in the Milky Way was the HEAO-
3 satellite (positron annihilation in the Solar atmosphere was observed a few years earlier
using a NaI scintillator aboard the OSO-7 Satellite, (Chupp et al., 1975)). In Riegler et al.
(1981), results from the satellite seemed to confirm the variability of the 511 keV line that had
been observed with the balloon detectors. These observations suggested that the positron
annihilation was associated with a compact region close to the center of the Milky Way, and
found a factor of three decline in the 511 kev line flux between 1979 and 1980. The appar-
ent variability led to interpretations that implicated the Galactic Center as the source of the
positron annihilation line (Lingenfelter et al., 1981).

However, contemporary observations with other satellite experiments, including long
term monitoring of the Galactic Center by the Solar Maximum Mission (SMM) between 1980
and 1987 failed to confirm this apparent variability. SMM had been designed to observe
positron annihilation in solar flares, but did not observe any variability in the 511 keV line flux
from the Galaxy. SMM constrained the variability of the 511 keV line to less than 30%, far less
than the 300% claimed by HEAO-3 (Share et al., 1988, 1990). The disagreement in the results
can be understood by taking into account SMM’s large field of view compared to HEAO-3
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and the balloon-borne missions, and that the positron annihilation was extended along the
Galactic plane. An alternative explanation invokes a variable source close to the Galactic
Center (Lingenfelter and Ramaty, 1989), which can account for the variability observed by
HEAO-3, and a steady-state annihilation emission which is extended into the Galactic bulge
and along the Galactic plane.

Enthusiasm for a highly time variable Galactic Center source was rejuvenated in the early
1990s after observations from the French SIGMA telescope. The SIGMA telescope design is
an early predecessor of the exisitng SPI/INTEGRAL instrument, and was launched on the
Russian GRANAT satellite (Bouchet et al., 2001). SIGMA was the first imaging gamma-ray
instrument, with an angular resolution of „ 15 arcmin. In 1991, SIGMA observed an unusual
spectrum from the x-ray source 1E1740.7-2942 (Bouchet et al., 1991; Sunyaev et al., 1991).
This outburst lasted less than 24 hours, and could be interpreted as a very broad and red-
shifted positron annihilation line superimposed on the hard x-ray spectrum of the black hole
(Mirabel et al., 1991). Close to the Galactic Center, it was possible that 1E1740.7-2942 was the
source of the variability observed during the era of the balloon-borne missions.

Despite the excitement around the SIGMA observation of a transient positron anni-
hilation source, simultaneous observations with instruments aboard the NASA Compton
gamma-ray Observatory (CGRO) with the Oriented Scintillation Spectrometer Experiment
(OSSE) and BATSE instruments did not show any such outburst from the x-ray source (Jung
et al., 1995; Smith et al., 1996), nor other x-ray sources which exhibited apparent variability
in SIGMA observations (”Nova Muscae” (Goldwurm et al., 1992; Sunyaev et al., 1992) and
the Crab nebula (Gilfanov et al., 1994).

No transient events from any part of the sky were discovered in all of the SMM data (Har-
ris et al., 1994), and a subsequent reanalysis of the HEAO-3 data revealed that the decrease
in flux described by Riegler et al. (1981) was not as statistically significant as it appeared at
the time (Mahoney et al., 1994). Recent analysis has shown that the apparent variabilty was
likely due to the varying methods of deconvolving the data, as well as the variable fields of
view of the telescope (Milne et al., 2001a). It is now well understood that a thorough under-
standing of the detector instrument and its background is vital to the accurate determination
of the characteristics of positron annihilation (Diehl et al., 2017).

2.5.2.2 A picture emerges

A key aspect of finding the source of the positron annihilation signal is to understand the
spatial distribution of the annihilating positrons. While the French SIGMA telescope had
the capabilities of imaging gamma-rays, its angular resolution was extremely poor. Even at
present, producing high resolution images of soft gamma-ray emission is fraught with dif-
ficulty, owing particularly to the fact that gamma-rays cannot be focused (see Section 2.6.1).
Nonetheless, a few techniques exist to allow careful image reconstructions of gamma-ray
emission to be made.

By the early 1990s, it had been established that the positron annihilation radiation was
diffuse and extended to at least 25˝ longitude, however the morphology itself was poorly
constrained (Leventhal et al., 1989). The launch of the OSSE collimated spectrograph on
board CGRO revolutionised positron astrophysics.
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proposed that 1E 1740.7-2942 would occasionally emit jets of
positrons (produced in e!-eþ pairs), some of which would
annihilate in the inner edge of the accretion disk as presum-
ably observed by SIGMA; the remaining positrons would
eventually lose their energy and give rise to a time-variable
narrow 511 keV line emission. Different SIGMA teams also
reported narrow and/or broad !-ray lines near 511 keV, last-
ing for a day or so, from the transient x-ray source ‘‘Nova
Muscae’’ (Goldwurm et al., 1992; Sunyaev et al., 1992) and
the Crab nebula (Gilfanov et al., 1994). Another transient
!-ray line source was discovered from archival HEAO 1 data
by Briggs et al. (1995).

However, the line feature seen by SIGMAwas not seen in
simultaneous observations of 1E 1740.7-2942 performed with
the OSSE (Jung et al., 1995) and BATSE (Smith et al.,
1996a) instruments aboard the NASA CGRO, launched in
1991. Besides, BATSE data did not confirm the transient
event seen by SIGMA from the Crab nebula (Smith et al.,
1996a). Moreover, a search on 6 years of BATSE data did not
reveal any transient line feature from any direction of the sky
(Smith et al., 1996b; Cheng et al., 1998). Similarly, 9 years
of SMM data did not show any transient event from the
Galactic center direction (Harris et al., 1994a) or the Crab
nebula (Harris et al., 1994b). A reanalysis of HEAO 3 data
then revealed that the drop in 511 keV flux reported earlier by
Riegler et al. (1981) was not significant (Mahoney et al.,
1994). Thus, the idea of a steady 511 keV Galactic emission
was gradually established.

The contradictory results obtained during the 1980s and
early 1990s provide a dramatic illustration of the difficulties
affecting the analysis of !-ray line data. In this domain,
astrophysical signals rarely exceed the instrumental back-
ground by more than a few percent and any systematic
uncertainty in the treatment of the background immediately
disturbs the analysis. In particular, the time variability of the
instrumental background (due to changing radiation environ-
ments along the orbital trajectory, or due to solar activity) can
easily fake time-variable signals. In addition, hard x-ray
sources often exhibit highly variable continuum emission
components that may further affect the data analysis and
require their proper modeling; this concerns, in particular,
the densely populated regions toward the Galactic center,
which were not spatially resolved by older instruments.

2. Early mapping of the spatial distribution of eþ annihilation

Before the launch of CGRO in 1991 with its OSSE colli-
mated (11:4# $ 3:8#) spectrometer, the spatial distribution
of 511 keV line emission was only poorly constrained.
Hypotheses on a possible extent of the emission were mainly
based on theoretical expectations (Kozlovsky et al., 1987),
on the different fluxes received by detectors with different
fields of view (Albernhe et al., 1981; Dunphy et al., 1983),
and on a marginal detection of the 511 keV line near %25#

Galactic longitude with the balloon-borne GRIS telescope
(Leventhal et al., 1989; Gehrels et al., 1991). Nine years of
OSSE observations drastically improved this situation.

OSSE data could clearly exclude a single point source as
the origin of observed 511 keV line emission (Purcell et al.,
1994). The data were best understood in terms of an extended
source consisting of a symmetrical bulge (centered on the

Galactic center) and emission from the Galactic plane. Cheng
et al. (1997) and Purcell et al. (1997) established the first
511 keV line emission map of the central Galactic ridge
(Fig. 2). Beyond the aforementioned components, there was
hint of a third component located at Galactic coordinates of
longitude l%!2# and latitude b% 12#, dubbed the positive
latitude enhancement (PLE). However, the intensity and
morphology of this feature were only weakly constrained
by the data (Milne et al., 2001b), and the nonuniform
exposure of the sky may have biased the sky maps (Von
Ballmoos et al., 2003). Kinzer et al. (1996), Milne et al.
(1998), and Kinzer et al. (2001) studied the spatial distribu-
tion of the continuum emission from positronium annihilation
and concluded that it closely follows the distribution of the
511 keV line. However, no PLE was visible in the continuum
emission image (Milne et al., 2001a).

At this point one should mention that images in the hard
x-ray and soft !-ray domains are obtained through complex
nonlinear iterative deconvolution techniques, and they gener-
ally represent only a family of solutions, which explains the
observed data within the given statistical and convergence
constraints. The reader should be aware of this particularly
important point when inspecting all images in this paper. For
instance, other OSSE images of the Galactic 511 keV line
emission are presented by Milne et al. (2001a, 2002).

Several models have been proposed to describe the spatial
distribution of the annihilation emission observed by OSSE
(Prantzos, 1993; Purcell et al., 1994; Kinzer et al., 1996;
Purcell et al., 1997; Kinzer et al., 2001; Milne et al., 2001b).
They all had in common a two-component emission from a
spheroid located in the inner Galaxy and from the extended
Galactic disk (see Sec. III.A for a detailed discussion of the
Galaxy’s morphology). However, both morphology and

FIG. 2. OSSE 511 keV line map of the Galactic center region (top
panel) and corresponding exposure map (bottom panel). From
Purcell et al., 1997.
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Figure 2.4: OSSE/CGRO map of the distribution of the 511 keV line emission from
the Galaxy. The emission is centrally concentrated, and the feature stretching to high
latitudes was dubbed the ‘Positive Latitude Extension’ and was later shown to be an
artefact of the deconvolution method chosen to analyse the data. From Purcell et al.

(1997)

The OSSE data excluded once and for all a single point source of 511 keV radiation (Pur-
cell et al., 1994). There were two dominant components to the emission: The Galactic bulge
was revealed to glow brightly with positron annihilation radiation, and emission stretched
along the Galactic plane. Moreover, there was a tantalizing hint of a curious third compo-
nent that stretched out of the Galactic Centre far to Galactic North, but this ‘positive latitude
enhancement’ (PLE) was only weakly constrained by the data (Purcell et al., 1997).

The PLE spawned a number of works which postulated that past accretion activity asso-
ciated with the central black hole may have produced a ‘positron fountain’ stretching several
kiloparsecs above the Galactic Center (Dermer and Skibo, 1997). In hindsight, the PLE seems
tantalizingly like a foreshadowing of the discovery of the Fermi Bubbles, a phenomenon sim-
ilar in structure to the PLE but observed at much higher energies. However, unlike the Fermi
Bubbles, the PLE turned out to be positron astrophysics’s own ’white whale’.

Despite the great advances in imaging the distribution of the positron annihilation ra-
diation with OSSE, the origin of Galactic positrons still remained unknown as the data did
not constrain the morphology sufficiently to clarify what the underlying source population
may be (Milne et al., 2001b,a). The observations remained puzzling: unlike at any other
wavelength, the Galactic bulge dominates the emission. This became even more puzzling as
the majority of proposed positron sources, including nucleosynthetic positron sources, were
confined to the Galactic disk.
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Figure 2.5: Schematic showing INTEGRAL’s launch and injection into its current
highly eccentric orbit, designed to maximise the time the spacecraft spends outside

of the van Allen belts. Image credit: ESA

2.6 Current constraints on positron annihilation in the Milky
Way

2.6.1 SPI/INTEGRAL

The International gamma-ray Laboratory (INTEGRAL) was launched by ESA on board a proton
rocket in 2002, and continues the mission of NASA’s Compton gamma-ray Observatory (CGRO)
to study the high energy universe (Winkler et al., 2003). INTEGRAL carries several instru-
ments, but it is the Spectrometer on-board INTEGRAL (SPI) which has enabled revolutionary
new measurements of the spectrum and morphology of the positron annihilation line (Ve-
drenne et al., 2003). The spacecraft has a highly eccentric (Figure 2.5), highly inclined orbit,
which carries it far from the Van Allen belts for around two thirds of its orbit. This maximises
the time the spacecraft is subjected to low levels of cosmic ray bombardment which affect its
detectors.

INTEGRAL was intially designed to have only a three year life. However, the great suc-
cess of the instrument across many fields of astrophysics have led to a number of mission
extensions on a biannual basis. The telescope is expected to remain operational until at least
the end of 2019 and in principle can operate until it deorbits in 2029, however degradation of
the solar panels may become an issue toward the mid-2020s.

INTEGRAL carries four co-aligned instruments (Figure 2.6): IBIS, a high-resolution soft
gamma-ray imager (which has excellent angular resolution at low energies, but poor spectral
resolution, (Ubertini et al., 2003)), a soft x-ray monitor (JEM-X, which consists of two identical
detectors mounted on the side of the telescope, (Lund et al., 2003)), the Optical Monitoring
Camera (Mas-Hesse et al., 1998), and the SPI instrument, a gamma-ray imaging spectrometer
with excellent spectral resolution (Vedrenne et al., 2003). This makes INTEGRAL an excellent
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Figure 2.6: INTEGRAL satellite, showing the relative position of the four astronomi-
cal instruments. Image credit: ESA

facility for multiwavelength studies of the high energy universe. SPI in particular is used for
studies of positron annihilation due to its high spectral resolution.

SPI consists of a camera composed of 19 Germanium scintillator crystals, creating a high
spectral resolution detector (FWHM„ 2 keV). The detector crystals are arranged in a hexag-
onal lattice together with photomultiplier tubes beneath to provide the largest possible col-
lecting area for incoming gamma-ray photons. The detectors must be re-annealed twice each
year as the spectral resolution of the instrument degrades over time due to cosmic ray bom-
bardment. During the re-annealing cycle, the crystals are heated and then gradually cooled.
When operating, the detector is cooled to around 85 K, greatly reducing thermal noise (Ve-
drenne et al., 2003).

The detector array itself cannot function as an imaging telescope. For this reason, the
detector plane sits around 2 m below a ‘coded mask’. The coded mask is made of 127 hexag-
onal units, half of which are opaque to gamma-rays, and half of which allow gamma-rays to
pass through (Vedrenne et al., 2003).

When gamma-rays pass through the coded mask, the produce a shadowgram on the de-
tector plane (Figure 2.7). The coded mask is composed of a series of units which are either
transparent or opaque to gamma-rays. Depending on the incoming direction of the gamma-
ray, the shadowgram takes on a different appearance in the detector plane, enabling the
reconstruction of directional information. Consequently, SPI can be used like a gamma-ray
integral field unit, obtaining spectral information for each spatial element in the images it
reconstructs.

Objects in Earth’s orbit are subject to bombardment by cosmic rays which are produced
both inside and beyond the heliosphere. SPI is surrounded by a series of anti-coincidence
shields (ACS) to identify events which originate from interactions of cosmic rays with the
body of the spacecraft. These systems reduce the photon and particle background within the
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Figure 2.7: SPI’s detector pattern. The colorbar indicates the number of counts reg-
istered by each detector during one 2-hour pointing at the Crab pulsar, used as a

calibrator.
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telescope. There are several ACS systems: one above the detector plane, one below, and one
which surrounds the detector. Events detected by the main camera which coincide with hits
on the ACS are ‘vetoed’.

Cosmic rays may react with the nuclei in the body of the spacecraft. These interactions
can create slow neutrons via spallation. If these neutrons are captured by nuclei inside the
spacecraft, they may form radioactive isotopes. These new radioactive nuclei may decay on
timescales of less than a nanosecond, to over many decades. These prompt and delayed
gamma-ray emissions of newly created radioisotopes inside the body of the spacecraft ac-
count for the high instrumental background of SPI. This instrumental background accounts
for 99% or more of the measured data in a single observation depending on the energy chan-
nel being used (Diehl et al., 2017).

In the early years of the SPI mission, simulations were used to understand this back-
ground, however modern background models are based on 15 years of housekeeping data.
This new background model, presented in Diehl et al. (2017), will enable much more sophis-
ticated analysis.

The high levels of background noise also led to complications in the analysis. It is not
possible to simply subtract the background from the data. Instead, the background and sig-
nal must be fitted simultaneously. This process is particularly complicated for the diffuse
emission of the positron annihilation line. The analysis methods do not allow for a true
count-map of emission from the sky to be formed, and instead, analysis typically presents
best-fit models to approximate the true emission (e.g. Siegert et al. (2016b)). However, any
best-fit model is simply one of a family of models which may best describe the data. Thus, it
is important not to over-interpret either the apparent smoothness or any small-scale features
that are presented in the emission models.

2.6.2 Morphology

The first observations of positron annihilation made by SPI were based on one year of SPI
data and presented in Knödlseder et al. (2005); Weidenspointner et al. (2006). Both the 511 keV
line and the ortho-positronium continuum were mapped using Richardson-Lucy deconvolu-
tion of the SPI data. The best fit models presented by Knödlseder et al. (2005) and Wei-
denspointner et al. (2006) (Figure 2.8) are consistent with one another; this suggests that the
positronium fraction does not vary over the sky. This inference is an important datum to
understand the annihilation sites of the positrons, as if the positronium fraction varies across
the sky, the annihilation sites may also vary. However, this does not seem to be the case.

Like the OSSE maps, the bulge region dominates the morphology of the SPI maps. In
constrast to the OSSE data, however, there was no apparent disk component observed after
the first year, with only a marginal significance of the disk signal and a very high bulge/disk
ratio. This high bulge/disk flux ratio spawned a number of proposals of exotic sources of
positrons, including dark matter. However, as pointed out in Prantzos (2006), a low-surface
brightness disk could not yet be ruled out by the data.

A subsequent analysis of five years of SPI data began to reveal new information (Weiden-
spointner et al., 2008a). The improved exposure meant that low surface brightness features
which had been visible in the OSSE data, such as the Galactic disk, began to be revealed (Fig-
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.8: Positron annihilation radiation distribution from 3 yrs of SPI data from
Knödlseder et al. (2005) (top) and Weidenspointner et al. (2006) (bottom). The bulge

glows brightly with positron annihilation.
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.9: Positron annihilation radiation distribution from 5 yrs of SPI data from
Weidenspointner et al. (2008a). The bulge glows brightly with positron annihilation,

and the disk component is visible.

ure 2.9). While the emission must be described by an idealized parametric model, it became
clear that the best fit to the observed emission involved a two-component bulge model: a
narrow and broad two-dimensional Gaussian (in Galactic coordinate space) to describe the
bulge, and a thick, narrow disk component with a vertical extent of „ 7 degrees.

An alternative model was also proposed which fits the data almost equally well: an ex-
tended halo combined with a thinner disk with a thinner disk (4 degrees, Weidenspointner
et al., 2008b). More SPI data began to reveal an apparent asymmetry in the disk emission
in one analysis (Weidenspointner et al., 2008a), however a separate analysis did not find any
evidence of this apparent asymmetry, however could not exclude it (Bouchet et al., 2008,
2010). Regardless of the chosen morpological model, two things were clear: the emission is
dominated by the Galactic bulge, and the bulge/disk flux ratio was still high.

In Siegert et al. (2016b), 11 years of INTEGRAL data are analysed. Confirming earlier
results (Knödlseder et al., 2003, 2005; Weidenspointner et al., 2008a), the central regions of
the Galaxy show the highest intensity 511 keV line, and extended emission along the Galac-
tic disk is observed now with a high significance (12σ), however this emission has a very
low surface brightness in comparison to the Galactic bulge. These observations confirm that
the observed morphology of the 511 keV line is unlike emission at any other wavelength.
This is particularly apparent when comparing the disk 511 keV line intensity to the diffuse
gamma-ray continuum emission from the Galactic disk (Bouchet et al., 2011), which is clearly
detected.

The disk of the Galaxy is represented in the Siegert et al. (2016b) best fit model by a
two-dimensional Gaussian first described in Skinner et al. (2015). The disk has a a longitude
extent of 60`10

´5 degrees and a latitude extent of 10.5`2.5
´1.5 degrees. The disk model is somewhat

sensitive to the modelling of the central Galaxy, however the flux from the disk region is only
weakly dependent on the size of the disk.

The best fitting model for the Galactic bulge emission is two two-dimensional Gaussians,
with the ‘narrow bulge’ (NB) component centered at pl, bq “ p´1.25˝,´0.25˝q with Gaus-
sian widths of pσl , σbq “ p2.5˝, 2.5˝q, and the ‘broad bulge’ (BB) component is centered at
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Figure 2.10: Positron annihilation radiation distribution from 11 yrs of SPI data from
Siegert et al. (2016b). The bulge glows brightly with positron annihilation. The
extended disk component, which has a large scale height in the best fit model, is

clearly visible.

pl, bq “ p0˝, 0˝q, extending to pσl , σbq “ p8.7˝, 8.7˝q, based on Skinner et al. (2015).

Finally, an additional emission component is found coincident with the Galactic Center.
This Galactic Center source (GCS) was first described in Skinner et al. (2015) and was found
to be distinct from the central cusp of the Galactic bulge component. In the spatial model
of Siegert et al. (2016b), the GCS is detected as a distinct component with 5σ significance.
Due to the instrumental spatial resolution of SPI/INTEGRAL, it is not possible to distinguish
whether the GCS is pointlike, or extended by „ 2˝. The source is not variable on timescales
ą 30 days. The properties of the best fir morphology model are described in Table 2.1.

2.6.3 Spectra

The morphology of the observed positron annihilation in the Milky Way tells only part of
the complex story we must understand in order to find the source of Galactic positrons.
Understanding the spectrum is equally important. As previously mentioned, the spectrum
of positron annihilation encodes a large amount of information about positron annihilation
sites and can also encode some information about the origin of the positrons.

The gamma-ray spectrum of each component of the morphological models can be used
to infer the annihilation conditions of the positrons. The positron annihilation spectrum is
typically described by four parameters (e.g. Siegert et al. (2016b)): the 511 keV line intensity
(I511), the width of the line characterised as kinematic broadening (Γ), and the centroid shift
(which can be interpreted as Doppler-shift from bulk motion (∆E0 “ Epeak ´ 511 keV)), and
the ortho-positronium continuum intensity (IoPs). These measurements can be used to infer
the fraction of positrons annihilating via positronium formation, fPs. If a fraction fPs of the
positrons annihilates via positronium formation, ortho-positronium continuum will have an
integrated intensity of

IoPs9
3
4

3 fPs, (2.15)
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where the 3/4 factor originates from the spin degeneracy of positronium meaning ortho-
positronium is formed 3/4 of the time, and the additional factor of 3 from the fact three
photons contribute to the observed intensity. The remaining fraction, 1´ fPs will annihilate
directly to two photons. These photons, combined with the annihilation via para-positronium
give a narrow line intensity of

I51192p1´ fPsq `
1
2

fPs (2.16)

Thus by measuring the relative intensities IoPs and I511, the positronium fraction fPs can be
determined using the equation

fPs “
8IoPs{I511

9` 6IoPs{I511
(2.17)

The parameters that describe the annihilation spectrum can be compared to simulations
of positron annihilation in different ISM conditions. This allows one to determine informa-
tion about the annihilation conditions of the positrons. In particular, the inferred temperature
and ionization fraction of the ISM at the positron annihilation sites provide information about
where positrons annihilate (Churazov et al., 2005; Guessoum et al., 2005; Jean et al., 2006).

This analysis, like the analysis of the morphology, is somewhat dependent on the anni-
hilation simulations and models used. The first detailed analysis of the positron annihilation
spectrum with INTEGRAL data was performed by Churazov et al. (2005) and Jean et al.
(2006). In those works it was found that the spectrum could be explained by positrons an-
nihilating in a single phase of the warm, partially ionized phase (50 per cent warm ionized
medium, 50 per cent warm neutral medium).

It was also found that the spectrum could be fit equally well by positrons annihilating in
a multiphase ISM (Churazov et al., 2005). However, there is a strong constraint on the frac-
tion of positrons annihilating in either the hot ionized phase, or cold molecular phase, based
on the linewidth of the 511 keV line (see Table 3.1). No more than 10 per cent of positrons can
annihilate in either the hot ionized medium or cold molecular medium - if they do so, the
linewidth of the 511 keV line will be too broad to explain the observations. This observation
is consistent with the scale height of the signal, as most of the molecular gas in the galaxy is
confined to the thin disk of the galaxy.

The positron annihilation spectrum only encodes information about the positron annihi-
lation sites. In Churazov et al. (2011), the impact of the radiative cooling of the ISM on the
annihilation spectrum was investigated. In that work, the annihilation spectrum from the 6
years of INTEGRAL observations was analysed to determine the ISM conditions where and
when the positrons would annihilate. It was found that the annihilation spectrum observed
by INTEGRAL could be well described by the annihilation of positrons that originate in the
hot, ionized phase of the ISM (with Tinit „ 3ˆ 104 ´ 2ˆ 106 K).

In this scenario, plasma with initial temperatures in this range is able to radiatively cool
to„ 104 K before the positrons lose their initial kinetic energy and slow down to„ 100 eV and
annihilate. This results in an annihilation spectrum indistinguishable from that of positrons
annihilating in the warm, partially ionized medium described in Churazov et al. (2011) and
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Jean et al. (2006). The possibility that adiabatic cooling of the ISM may have a similar impact
was noted by Churazov et al. (2011). In Chapter 6, I explore in detail how bulk motion and
cooling of the ISM may transport positrons in the Milky Way and result in the observed an-
nihilation spectrum.

The most recent observations of the positron annihilation spectrum suggest that the an-
nihilation conditions of the positrons are relatively uniform across the Galaxy (Siegert et al.,
2016b). The parameters describing the spectra from the Galactic disk, bulge and Galactic
Center source are consistent with one another within errors (see Table 2.2). Further decom-
position of the disk into regions of positive and negative longitude also indicate that the
annihilation conditions within the disk do not significantly vary. The consistency of the an-
nihilation signal strengthens the case for a single class of positron source, which produces
positrons close to the warm, partially ionized phase of the ISM where the positrons are
thought to annihilate.
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Chapter 3

The physics of the Milky Way
positron annihilation signal

If there’s any real truth, it’s that the
entire multidimensional infinity of
the Universe is almost certainly
being run by a bunch of maniacs.

Douglas Adams

3.1 Positron annihilation

Positrons undergo annihilation when they interact with electrons - in this process, the par-
ticles interact via exchange of virtual photons and are converted into energy in the form of
gamma rays. The electrons that positrons interact with may be free particles, or they may be
bound to atoms or molecules.

3.1.1 Direct annihilation with free electrons

When positrons interact with electrons, they may undergo ‘direct annihilation’. In this pro-
cess, a single, isolated positron interacts with a single, isolated electron. The energy released
by this interaction is 2ˆ 511 keV if both particles are at rest (the combined rest mass energy of
the positron and electron). The total annihilation cross-section for direct annihilation of rela-
tivistic positrons was computed by Dirac before the experimental discovery of the positron,
or the observation of positron-electron annihilation,

σd “ πr2
e

1
β2γpγ` 1q

„ˆ

γ` 4`
1
γ

˙

lnpγ`
b

γ2 ´ 1q ´ βpγ` 3q


, (3.1)

where γ is the Lorentz factor for a positron with kinetic energy w, β “ v{c, and re is the
classical electron radius (Dirac, 1930). In the low-energy, non-relativistic limit where β ! 1,
it is also important to take into account Coulomb corrections for the electrostatic interaction
between the positron and electron (Crannell et al., 1976; Gould, 1989), thus the cross-section

25
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Figure 3.1: Cross-section for positron annihilation via direct annihilation with free
electrons as a function of positron kinetic energy.

is given by

σd “
2π2r2

e α

β2p1´ expp´2πα{βqq
, (3.2)

where α is the fine structure constant. In the ultra-relativistic limit, β Ñ 1, and the cross-
section simplifies to

σd “ πr2
e

lnp2γq

γ
. (3.3)

The dependence of the direct annihilation cross-section on positron energy is shown in Fig-
ure 3.1.

The gamma ray spectrum resulting from direct annihilation of positrons with electrons
can vary depending on the relative velocities of the two species. In the case of positron anni-
hilation in the interstellar medium, it is important to consider the interaction of a high-energy
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Figure 3.2: Gamma ray emissivity from annihilation of monoenergetic populations
of high-energy positrons.

positron with almost stationary electrons.

In this case, the gamma ray emissivity from the annihilation with a high-energy positron
with γ` “ we ` {mec2 and dimensionless momentum p` “

a

γ` ´ 1 with thermal electrons
with a density of ne is given by Aharonian and Atoyan (1981)

qann “
πr0cne

γ`p`

„ˆ

εγ

γ` ` 1´ εγ
`

γ` ` 1´ εγ

εγ

˙

` (3.4)

2
ˆ

1
εγ
`

1
γ` ` 1´ εγ

˙

´

ˆ

1
εγ
`

1
γ` ` 1´ εγ

˙2

,

1
2
pγ` ` 1´ p`q ď εγ ď

1
2
pγ` ` 1` p`q

for photon energies εγ “ E{mec2. The emissivity spectrum for different monoenergetic
positron populations is shown in figure 3.2.

In the limit that the positron annihilates at rest with a stationary electron, the spectrum is
a Dirac delta function. However, thermal broadening due to the motion of the center of mass
of the positron-electron pair in astrophysical environments, where neither the positron nor
the electron will be ‘at rest’ leads to a linewidth of Γd “ 1.1

?
T4 keV, where T4 is the electron

temperature in units of 104 K (Crannell et al., 1976).
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Figure 3.3: Cross-sections for annihilation of positrons with free electrons (black
dotted), and electrons bound to hydrogen atoms and helium atoms. Also shown for

comparison is the cross-section for charge exchange with hydrogen.

3.1.2 Direct annihilation with bound electrons

Direct annihilation with bound electrons can also occur. In this case, for positrons with very
low energy, the bound electron has a larger cross-section than a free electron at energies
ą 10 eV (Figure 3.3). The interaction between the positron and the electron occurs within the
atomic potential. Consequently, the charge of the atomic nucleus ‘screens’ some fraction of
the charge of the electron with which the positron is interacting. Thus, the positron interacts
with an electron with an effective charge, or Zeff.

The cross-section for direct annihilation with bound electrons of an atom with effective
charge Zeff is

σb “ Zeffα
3πr2

0

?
2mew

h̄
(3.5)

where α is the fine structure constant, h̄ “ h{2π is the reduced Planck constant, and r0
is the classical electron radius and w is the kinetic energy of the positron (Bhatia et al., 1974,
1977).

The cross-section for direct annihilation with bound electrons is thought to be important
for interactions of positrons at energies w ă 6.8 eV (Guessoum et al., 2005). Below this en-
ergy threshold, positrons cannot undergo charge exchange with hydrogen and helium. As
thermalized positrons in the cold ISM phases will have energies w ă 1 eV, direct annihilation
with bound electrons may occur in these conditions as there will be few free electrons as
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ionization fractions are expected to be low. The linewidth of the line that results from the di-
rect annihilation of positrons with bound electrons can be estimated using the same formula
above for direct annihilation.

3.1.3 Charge exchange

The most commonly observed annihilation channel for positrons in nature is charge ex-
change (Figure 3.4). In this interaction, a positron can interact with bound electrons and
form positronium. This interaction differs from direct annihilation as the positron is re-
quired to have enough energy to exceed the positronium formation threshold of the atom,
we` ą wIP ´ wPs, where wIP is the ionization potential of the atom, and wPs “ 6.8 eV, the
binding energy of positronium. For hydrogen, the minimium energy a positron must have
to form positronium is 6.8 eV. The charge exchange cross-section peaks around 10 eV. The
charge exchange cross-sections for hydrogen and helium are shown in Figure 3.3.

The positronium formation threshold differs for different atoms depending on the bind-
ing energy of the valence electron, however in most existing simulations of positron mi-
crophysics, only interactions with hydrogen, helium and free electrons are considered (e.g.
Bussard et al. (1979); Wallyn et al. (1994); Guessoum et al. (2005); Jean et al. (2009)). As a
result, a common claim in the literature is that positrons will not undergo charge exchange
below 6.8 eV.

Charge exchange cross-sections are computed both theoretically, typically using ‘close-
coupling’ calculations, or by experiment in which the positron scattering cross-section for
a given atom is investigated. Cross-sections for charge exchange to form positronium have
been computed using various methods for hydrogenic atoms (atoms with a single valence
electron), noble gases, and a number of molecules (Campeanu et al., 1987; Bailey et al., 2015;
Kauppila et al., 1981; Machacek et al., 2013; Moxom et al., 1996; Weber et al., 1994; Stein et al.,
1978; Zhou et al., 1997; Laricchia et al., 2008; Humberston, 1979; Sullivan et al., 2001; Walters,
1988; Kernoghan et al., 1996; Jones et al., 1993; Murtagh et al., 2005; Charlton et al., 1983;
Charlton and Humberston, 2000).

Figure 3.4: Charge exchange with neutral hydrogen. The residual kinetic energy
of the positronium bound state is the positron energy less the difference between
the binding energy of positronium, and the binding energy of the electron to the

hydrogen atom.
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Figure 3.5: Gamma ray spectrum resulting from annihilation of positronium via or-
thopositronium formation

The gamma ray spectrum resulting from the annihilation of positronium consists of two
components. The first is known as the orthopositronium continuum or the ‘three-photon
continuum’. This component is broad and extends to energies below 511 keV. The spectrum
was first described by Ore and Powell (1949). This spectrum, which can be described with
the equation

dFoPs

dE
“ 2

„

Epm´ Eq
p2m´ Eq2

´
2mpm´ Eq2

p2m´ Eq3
ln
ˆ

m´ E
m

˙

(3.6)

`
2m´ E

E
`

2mpm´ Eq
E2 ln

ˆ

m´ E
m

˙

,

where m “ mec2, is the result of the annihilation of the orthopositronium configuration of
positronium, where an odd number of photons (with the highest probability being the emis-
sion of three photons) with a total energy of 1022 keV are released. The orthopositronium
continuum is shown in Figure 3.5.

The second component of the positronium spectrum is the 511 keV line resulting from the
annihilation of parapositronium. This spectral component is Lorentzian and has a natural
linewidth of ∆EpPs “ 5.3 µeV, far below the instrumental resolution of even modern gamma
ray detectors. In astrophysical environments, where the annihilating positronium has some
residual kinetic energy, the linewidth of this component becomes thermally broadened and
appears Gaussian, with the linewidth determined by the kinetic energy of the positronium.

3.1.4 Radiative recombination

While positrons cannot undergo charge exchange with hydrogen and helium to form positro-
nium below 6.8 eV, it is still possible for positrons to form positronium. Radiative recom-
bination (sometimes referred to as ‘radiative combination’, see Guessoum et al. (2005)) of



§3.1 Positron annihilation 31

positrons with free electrons can produce positronium. This process is analogous to the for-
mation of hydrogen via radiative recombination of electrons and protons.

The cross-section for radiative recombination was calculated by Crannell et al. (1976) and
Gould (1989), however it can be estimated by scaling the radiative recombination rate for hy-
drogen by the reduced mass of positronium (Sutherland, private comm.). The cross-section
for radiative recombination as a function of positron energy is shown in Figure 3.6, with the
cross-section for direct annihilation and charge exchange with hydrogen shown for compar-
ison.

The same formula for the thermal broadening of the emission from the direct annihila-
tion of positrons with electrons can be applied to the parapositronium line from radiative
recombination. The width of the annihilation line that results from the annihilation of para-
positronium was calculated by Crannell et al. (1976). Thermal broadening due to the motion
of the center of mass of the positron-electron pair leads to a linewidth of Γrr “ 1.1

?
T4 keV,

where T4 is the temperature in units of 104 K.

The process of radiative recombination results in the emission of recombination lines in
both the infra-red (Ellis and Bland-Hawthorn, 2018) and at radio wavelengths, in analogy
with hydrogen. An upper limit on the positronium recombination rate at the Galactic center
was made by Anantharamaiah et al. (1989) using the VLA. This upper limit is consistent with

Figure 3.6: Positron annihilation cross-sections, including annihilation via radiative
recombination. This cross-section dominates over direct annihilation for annihilation

with free electrons for energies w ă 80 eV.
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the positron annihilatation rate observed by INTEGRAL. An improved upper limit could be
arrived at with next-generaton telescopes such as the Square Kilometer Array, providing an
opportunity to investigate positron annihilation in the Milky Way using multi-wavelength
observations.

3.1.5 Annihilation on organic molecules and dust grains

The Galaxy contains an estimated 3ˆ 107 Md of dust - 0.5´ 1 per cent of the total mass of gas
(Kruegel, 2003; Guessoum et al., 2005). The abundance and distribution of dust correlates
with the abundance and distribution of cold H2 and CO gas. Dust is produced by massive
stars and CCSNe, and is comprised of material which can be broadly classified as follows:

• large particles of amorphous carbon and silicates (Mg2SiO4 or Fe2SiO4), with radii of
20 nm´ 0.3 µm,

• smaller grains with radii 1 nm ´ 10 nm composed of graphite, making up around
10 percent of amorphous carbon grains, and

• polycyclic aromatic hydrocarbons (PAHs) - large aromatic molecules which account for
3´ 6 per cent of large grains in abundance.

Positrons may undergo a number of different interactions with dust grains. Interactions
considered in literature on positron astrophysics (e.g. Guessoum et al., 2010, 2005)

• positron re-emission, where the positron is captured by the grain, deposits some kinetic
energy, and is subsequently ejected from the grain,

• positron backscattering, in which the positron is scattered by the grain, losing some
kinetic energy in the process

• positronium formation in-grain, where positrons undergo charge exchange with parti-
cles within the dust grain and annihilation via positronium formation proceeds inside
the grain,

• and positronium ejection, where positrons undergo charge exchange to form positro-
nium within the grain, but positronium is ejected from the grain and the positron
annihilates in the ISM.

The impact of these processes on the positron annihilation spectrum were considered in detail
in Guessoum et al. (2010) and Guessoum et al. (2005), where the characteristic linewidths of
positron annihilation on dust were calculated. These linewidths are shown in Table 3.1.

3.2 Positron annihilation in-flight

There is a significant probability that positrons will annihilate before they lose all their energy
and thermalize. This process is known as annihilation ‘in-flight’. The probability a positron
with initial energy w0 will annihilate before reaching an energy w is (e.g. Prantzos et al.
(2011))

Ppw0, wq “ 1´ exp
„
ż w0

w
dw1

ř

T nTσTpw1qβpw1qc
|dw{dtpw1q|



, (3.7)

where nT is the density of annihilation target T, σTpw1q is the annihilation cross-section of
target T at energy w1, βpw1qc is the relativistic velocity of the positron and |dw{dtpw1q| is the
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Figure 3.7: Probability a positron annihilates in-flight via direct annihilation as a
function of initial positron energy for electron density ne “ 0.1 cm´3 and neutral
hydrogen density nH “ 0.9 cm´3. Probability of annihilation increases as the initial

positron energy increases due to the increased lifetime of the positron in the ISM.

energy loss rate of the positron at energy w1, which is typically also a function of nT .

Two forms of annihilation in flight occur: direct annihilation in flight, which occurs when
positrons have kinetic energies ą MeV, and positronium formation in-flight, which typically
occurs when positrons have kinetic energies between 10 eV´ 500 eV.

The former process, direct annihilation in flight, enables us to put a strong constraint on
the injection energies of positrons (Aharonian and Atoyan, 1981; Beacom and Yüksel, 2006;
Sizun et al., 2006). Direct annihilation in flight occurs because positrons with kinetic energies
between 1 ´ 1000 MeV lose energy relatively slowly, and the probability that they find an
electron to interact with increases quickly with the increased time the positron spends in the
ISM. Above 1 GeV the fraction of positrons undergoing direct annihilation in flight plateaus
because the inverse Compton and synchrotron losses cause positrons with very high energies
to lose energy so quickly that the lifetime of a 10 GeV positron is not considerably longer than
that of a 1 GeV positron. The probability of a positron annihilating via direct annihilation in
flight as a function of its initial kinetic energy is shown in Figure 3.7. As these positrons
annihilating in flight are relativistic, the gamma ray spectrum they produce will be that of
relativistic positrons annihilating with stationary or thermal electrons, unless the positrons
are annihilating in an environment with a large population of relativistic electrons.
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Positronium formation in-flight, on the other hand, occurs at low positron energies
ă 200 eV (Bussard et al., 1979; Wallyn et al., 1994; Guessoum et al., 2005). At these energies,
the cross-section for charge exchange with neutral atoms becomes rather large and thus the
probability that a positron undergoes charge exchange increases very quickly as the energy
of the positron decreases. It is thought that a large proportion of Galactic positrons annihilate
via positronium formation in flight (Churazov et al., 2005; Jean et al., 2006; Churazov et al.,
2011; Siegert et al., 2016b). Calculating the fraction of positrons that form positronium in
flight must be calculated via Monte Carlo methods. This is because the processes of atom
excitation and ionization compete strongly with the positronium formation process and it be-
comes highly deterministic. These calculations can also be used to determine the linewidth
of the para-positronium line, which is broadened by the kinetic energy of the annihilating
positrons.

Positronium formation in flight fractions are typically presented as a function of the ion-
ization fraction of the plasma in which the positron propagates, for fixed proton densities
representing either typical ISM densities, or that of Solar flares (Bussard et al., 1979; Wallyn
et al., 1994; Guessoum et al., 2005; Murphy et al., 2005). Historically, this is because these are
the two environments in which positronium formation in flight typically occurs. However,
using these fixed densities is somewhat artificial and there is great scope for the creation of
large grids of models that take into account a greater range of plasma densities and condi-
tions.

3.2.1 Annihilation linewidths

The linewidth of the positron annihilation line gives information about the ISM conditions
at the annihilation site (A summary of ISM conditions typically found in the Galaxy can be
found in Table 3.1). The annihilation line isn’t truly Gaussian due to the ortho-positronium
continuum contribution, but can be approximated as such. The width of the line is deter-
mined by the broadening due to the residual kinetic energy of the annihilating positron.
Consequently, annihilation in-flight, when the positron still typically as a significant amount
of kinetic energy (ą 50 eV) results in a broader emission line than annihilation after thermal-
ization, which occurs at energies of ă 5 eV for temperatures of „ 104 K.

Para-positronium linewidths were calculated most recently by Monte Carlo simulation
by Guessoum et al. (2005) (Table 3.1), however the positron annihilation, excitation and ion-
ization cross-sections used in Guessoum et al. (2005) work have recently been superseded by
more modern, accurate measurements (e.g. Kadyrov and Bray (2016)). The cross-sections
utilized in this thesis are listed in previous sections.
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3.3 Positron energy losses

Although the positrons annihilating to produce the observed gamma ray line in the Galaxy
are constrained to enter the ISM at only mildly relativistic energies (ă 3´ 7 MeV), they must
still lose the majority of their energy before they reach energies at which they can annihilate.
A fraction of positrons annihilate in-flight, however most positrons forming positronium in-
flight in the Galaxy have energies „ 100 eV.

Positrons lose energy via interactions with all components of the interstellar medium:
neutral atoms, molecules, ions, electrons, photon fields, and the magnetic field. The rate of
positron energy losses depends on the density of the component of the ISM the positron is
interacting with and the energy of the positron. Different energy loss processes dominate for
different positron kinetic energies.

The highest energy positrons (w ą 10 GeV) lose their energy predominantly through
Inverse Compton (IC) scattering with cosmic microwave background photons and photons
from the interstellar radiation field. In this case, the sum of the photon energy and the
positron kinetic energy in the positron rest frame is much greater than the rest mass of the
positron, so scattering occurs in the Thomson scattering regime. The energy loss rate of the
positron interacting with an isotropic radiation field in this regime can be calculated as

dw
dt

ˇ

ˇ

ˇ

ˇ

IC
“ ´

4
3

σTcuradγ2β2 (3.8)

“ ´2.6ˆ 10´14uradγ2β2 eV s´1 (3.9)

where urad is the energy density of the radiation field in eV{cm3, γ is the Lorentz factor for
a positron with kinetic energy w, and β “ v{c is the velocity of the positron as a fraction of
the speed of light (Blumenthal and Gould, 1970). The energy density of the radiation field
depends on the location of the positron. CMB radiation dominates in the outer regions of the
galaxy and in the Galactic halo where the urad „ 0.23 eV cm´3, whereas the radiation field be-
comes harder toward the Galactic center, where urad „ 11 eV cm´3 (e.g. Prantzos et al. (2011)).

Very high energy positrons also undergo synchrotron losses as they gyrate along mag-
netic field lines in the Galaxy. The synchrotron losses for a positron of energy w is given
by

dw
dt

ˇ

ˇ

ˇ

ˇ

sy
“ ´

e4γ2β2B2

6πε0m2c
sin2pθq (3.10)

“ ´9.9ˆ 10´16B2γ2β2 sin2pθq eV s´1 (3.11)

where B is the strength of the magnetic field in µG and θ is the angle between the velocity
vector of the positron as it gyrates around the magnetic field line, and the magnetic field
(the pitch angle) (Blumenthal and Gould, 1970). The small gyroradii of the positrons, espe-
cially those with energies ă 1 GeV means they tend to resonantly interact with the smaller
scale turbulence as opposed to the large scale magnetic field structure of the Galaxy (see
Chapter 7, and Jean et al. (2009); Martin et al. (2012); Alexis et al. (2014)) and the pitch angle
can be averaged to derive the average energy losses of positrons due to synchrotron interac-
tions, i.e. xsinpθqy “ 2{3. In general, IC losses dominate over synchrotron losses, however in
highly magnetized environments (such as close to compact objects like neutron stars), and
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B ą 6.8µG
a

urad{p1 eV cm´3q synchrotron losses dominate.

At lower energies (1 ´ 10 GeV) Bremsstrahlung or ‘braking radiation’ is the dominant
energy loss process for typical ISM conditions. Bremsstrahlung occurs when positrons are
accelerated and deflected by the electric field of nuclei or ambient electrons. The rate of the
energy loss depends on the properties of the target causing the deflection: its mass, charge
and the density. The rate at which positrons lose energy via Bremsstrahlung is equivalent to
that for relativistic electrons. A good approximation for Bremsstrahlung losses of positrons
in a neutral gas of atom species Y with density nY is

dw
dt

ˇ

ˇ

ˇ

ˇ

br0

“ AYnYγ, (3.12)

where A “ ´4.1ˆ 10´10 for Y = hydrogen, and A “ ´1.1ˆ 10´9 for Y = helium (Ginzburg,
1979). For an ionized gas of atoms with atomic number Z is (Ginzburg, 1979)

dw
dt

ˇ

ˇ

ˇ

ˇ

br`

“ ´3.6ˆ 10´11ZpZ` 1qnYγ

ˆ

lnp2γq ´
1
3

˙

, (3.13)

where the logarithmic term becomes important because the nucleus is no longer screened
from the positrons by the electrons.

Positrons with energies w ă 1 GeV lose energy predominantly via the ionization of atoms
in the ISM, and Coulomb scatterings with free electrons. While the latter is a continuous pro-
cess, the former is discrete. It can, however, be formulated continuously, as it is impractical
to track particles through the millions of ionization collisions they may undergo in their life-
times.

In Coulomb interactions where positrons have energies which are much greater than the
average thermal energy of the target electrons (w ą 10kT), the target electrons appear at rest.
The rate of e-e Coulomb collisions was calculated by Dermer (1985) and can be approximated
as:

dw
dt

ˇ

ˇ

ˇ

ˇ

Cou
“ ´7.7ˆ 10´9 ne

β
plnpγ{neq ` 73.6q eV s´1 (3.14)

For positrons approaching thermal energies (w ă 10kT), target electrons can no longer be
considered to be stationary targets. In this case, the full Coulomb energy loss rate which
takes into account the energy distribution of the thermal electrons is used:

dw
dt

ˇ

ˇ

ˇ

ˇ

Cou
“ 1.7ˆ 10´8 ne

β
ln Λ (3.15)

„
ż w{kT

0
dxx1{2 expp´xq ´ pw{kTq1{2 exppw{kTq



eV s´1

where ln Λ “ lnrp
a

kT{4πnee2q{maxp2e2{meu2, h̄{meuqs where ne is the electron density, T
is the ISM temperature, me is the electron mass, e is the charge of the electron and u “
a

2w{me ´
a

8kT{πme is the average thermal velocity of the electrons in the plasma (Huba,
2013).
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Figure 3.8: Energy loss rates for positrons of varying energy in a medium with nH “

1 cm´3, XH “ 0.1, B “ 10 µG, urad “ 0.26 eV cm´3 and T “ 8000 K. Synchrotron
and IC losses dominate at energies w ą 1 GeV whereas ionization and plasma losses

dominate at energies ă 1 GeV.

For positrons with energies greater than „ keV, the inelastic collisions of positrons with
atoms and molecules can be considered to be a continuous process. The ionization losses
dominate over excitation losses and can be evaluated using the Bethe-Bloch formula:

dw
dt

ˇ

ˇ

ˇ

ˇ

ion
“ ´7.7ˆ 10´9 n0Z

β

„

ln
ˆ

pγ´ 1qpγβmc2q2

2I2

˙

` 1{8


eV s´1 (3.16)

where n0 is the density of neutral atoms, Z the atomic number and I is the ionization poten-
tial (Ginzburg, 1979).

For greatest accuracy below „ 500 eV, Monte Carlo simulations should be used to com-
pute ionization losses as a positron can release a large fraction of its energy in a single
interaction (Guessoum et al., 2005; Jean et al., 2009). Above this point, the Bethe-Bloch for-
mula above works appropriately well.

The relative contributions to the positron energy loss rate for a fixed ISM composition are
shown in Fig. 3.8. In reality, the ISM composition may change as a positron is transported
through the Galaxy so the relative contributions of each energy loss process may depend on
the ISM conditions at any point in time. However, for the positrons we observe annihilating
in the Milky Way, the energy losses are dominated by the ionization and coulomb scattering
losses as the particle propagates.
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3.4 Astrophysical positron sources

Positrons are ubiquitous in astrophysical environments. Each class of astrophysical positron
source produces positrons with different characteristic energies and in different yields.

3.4.1 Cosmic rays

The earliest established source of astrophysical positrons was arguably in cosmic rays (De Shong
et al., 1964). Two different processes occur in cosmic rays to produce positrons. The first is
known as p-p collisions. In this process, high energy cosmic ray protons (with energies
ą 1 GeV) collide with atomic nuclei in interstellar gas and molecular clouds. These processes
are hadronic - i.e. they are associated with protons and heavier nuclei. These collisions initi-
ate a shower of secondary particles composed of π0, π` and π´, and kaons.

The dominant channel for the production of secondary positrons is then the decay of
the charged pions to antimuons and muon neutrinos. The antimuon subsequently decays to
produce positrons, i.e.

π` Ñ µ` ` νµ Ñ e` ` νe ` ν̄µ ` νµ. (3.17)

A very small fraction („ 0.01 per cent) of π` may decay directly into positrons,

π` Ñ e` ` νe. (3.18)

The positrons produced in these interactions will have high kinetic energies, w " 10 MeV,
and a steep energy spectrum that typically peaks „ 1 GeV due to the high energies and rest
masses of the parent cosmic ray pions.

There is also a non-negligible contribution to hadronic secondary positrons from the
decay of charged kaons (K`). Kaons may decay into muons, as with the charged pions, and
the subsequent muon decay produces the secondary positrons:

K` Ñ µ` ` νµ Ñ e` ` νe ` ν̄µ ` νµ. (3.19)

They may also decay into charged pions which proceed to decay as shown above,

K` Ñ π` ` π0 Ñ µ` ` νµ Ñ e` ` νe ` ν̄µ ` νµ ` 2γ (3.20)

where the additional gamma rays originate from the decay of the π0 particle. A negligi-
ble fraction (! 0.01 per cent) of cosmic ray kaons decay directly into positrons. Cosmic ray
positrons produced in the decay of kaons will have energies w " 1 GeV due to the high mass
of the parent kaon.

Seconday cosmic ray positrons may also be produced by pair production. Sufficiently
energetic photon pairs can interact and produce electron-positron pairs,

γγ Ñ e` ` e´, (3.21)

if photon energies exceed Eγγ ą 2m2c4{p1´ cos θq where θ is the angle between the incoming
photons. It is also possible that in a sufficiently strong magnetic field (1012 G, such as in mag-
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netars) positrons can be produced from a single photon (effectively via pair production off
virtual photons constituing the electromagnetic field). The pair-production mechanism will
be discussed in more detail in the section on compact sources, where it is most commonly
thought to occur.

Information about the production rates of cosmic rays can be determined from both direct
measurements made by space- and balloon-based experiments (e.g. Blasi, 2009; Battiston and
AMS Collaboration, 2014), and observations of the gamma ray background as the acceleration
and propagation of cosmic rays involve processes that produce high energy radiation (e.g.
Strong et al., 2010, 2011). Modern experiments on the International Space Station measure
the positron flux at Earth (Blasi, 2009; Battiston and AMS Collaboration, 2014). Depending on
the experiment and the energy of the incoming particles, either the flux of positrons, or the
positron fraction is measured. The positron fraction is expected to decrease sharply above
10 GeV if the detected cosmic ray positrons originate in secondary cosmic rays (Ibarra et al.,
2014).

Observations from experiments such as AMS-02 (Battiston and AMS Collaboration, 2014)
and PAMELA (Blasi, 2009), and measurements of the positron cosmic ray flux using the
calorimeter experiments on the FERMI gamma-ray telescope (Abdollahi and Fermi-LAT Col-
laboration, 2017), and by Cherenkov telescopes such as HAWC (Hooper et al., 2017), have
suggested an excess of cosmic ray positrons at these energies which cannot be explained by
the production of secondary positrons (Figure 3.9). The origin of these positrons is currently
unknown, however sources such as nearby pulsar wind nebulae such as Geminga and Mono-
gem, or more exotic sources such as Dark Matter annihilation, have been proposed.

These cosmic ray positrons are detected directly at Earth. This is not the case of the an-
nihilating positrons - they are detected only indirectly through their annihilation radiation.
The injection energy of secondary CR positrons is very high, " 10MeV. Consequently, up to
20% of these positrons are expected to annihilate directly in flight before reaching the ther-
mal energies they would need to reach in order to annihilate and produce the 511 keV line
(see figure 3.7).

This direct annihilation of high energy positrons will produce an excess of continuum
emission above 511 keV (see figure 3.2). Constraints on this continuum emission from the
INTEGRAL and COMPTEL missions indicate that the positrons annihilating to produce the
511 keV line must enter the ISM with kinetic energies no higher than 3 ´ 7 MeV (Beacom
and Yüksel, 2006). As the annihilation flux resulting from secondary cosmic rays is too low
and in light of the constraint of the injection energies of the positrons, secondary cosmic ray
positrons cannot make more than a negligible contribution to the population of annihilating
positrons in the Galaxy.

3.4.2 Stellar nucleosynthesis

A source of positrons whose injection energies satisfy the constraints on the injection energies
is naturally found in positrons which originate from the β` decay of radioactive isotopes
synthesised by stars. β` unstable nuclei have too few neutrons to be stable, and β` decay
can only occur if the difference between the masses of the parent and daughter nucleus is
∆m ą mec2. The decay of a β` unstable parent nucleus X with A nucleons, Z protons and N
neutrons occurs via the emission of a positron (e`) and an electron neutrino (νe) to conserve



§3.4 Astrophysical positron sources 41

Figure 3.9: Comparison of the expected flux of CR positrons at Earth from Ibarra
et al. (2014) with the observed flux of CR positrons from AMS-02 (Maurin et al.,
2014). The observed excess of positrons at ą 100 GeV cannot be explained by CR

secondaries
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momentum, charge, and lepton number:

A
Z XN Ñ

A
Z´1 YN`1 ` e` ` νe. (3.22)

The daughter nucleus Y has one fewer proton and one more neutron. Energy (Q) may also
be released in the form of X-rays or gamma-rays as the decay product relaxes to the ground
state. This high energy radiation can also be observed with gamma ray and X-ray telescopes.

β` unstable radioisotopes can be synthesised both during hydrostatic burning of stars,
and explosively at the end of a stars’ life. The various astrophysically important β` unstable
radioisotopes and their expected positron yield and source distribution within the Milky Way
are discussed below.

3.4.3 Explosive nucleosynthesis

3.4.3.1 26Al

26Al is a β` unstable radioisotope of Aluminium with a half-life of „ 7.3 ˆ 105 yr. It is
synthesised by both massive stars (stars with zero-age main sequence masses ą 2 Md) and
asymptotic giant branch stars (AGB stars) during hydrostatic burning in the hydrogen burn-
ing shell of the star (Prantzos and Diehl, 1996), and also explosively in the C-Ne-O layers of
the stellar interior during supernova explosions (Limongi and Chieffi, 2006). Stellar winds
and the terminal supernova explosions of these stars eject 26Al into the interstellar medium.
26Al can be traced via the 1.8 MeV gamma ray photons emitted when the nucleus decays via
β` emission. Thus one can trace the production of positrons from the decay of 26Al via the
1.8 MeV gamma ray line in the Galaxy (Diehl et al., 1995; Diehl, 2006; Kretschmer et al., 2013).

Because massive stars live fast and die young, with lifetimes of only a few Myr, 26Al is
known to trace regions of active star formation. In particular, observations by the COMP-
TEL instrument by Knödlseder et al. (1999) show 26Al gamma ray emission coincident with
nearby OB associations (groups of young, hot, massive stars with spectral types O and B)
Scorpius-Centaurus, Orion and Cygnus. More recent observations of 26Al gamma rays made
by SPI/INTEGRAL reveal the kinematic structure of the emission (Kretschmer et al., 2013).
These observations suggest that 26Al collects at the edges of superbubbles - large HII-filled
cavities with radii „ kpc carved out of the ISM by stellar winds and supernova explosions -
in the Galactic disk.

The spatial distribution of the 1.8 MeV gamma ray line can be used as a proxy for the spa-
tial distribution of the annihilation of the positrons produced in the same decay (e.g. Chura-
zov et al. (2011)), as positrons are thought to be confined relatively close to their sources (see
Chapter 7). Furthermore, the flux of 1.8 MeV gamma rays can also be used to obtain a robust
estimate of the positron flux associated with this morphology. Based on observations (Siegert
et al., 2016b), the number of positrons produced in the decay of 26Al is „ 4ˆ 1042 s´1, which
can be interpreted as being in a steady state due to the long lifetime of the 26Al nucleus and
the short, ă Myr duty cycle of the events which produce it in the Milky Way. Thus, the decay
of 26Al can explain around 10% of the total positron annihilation rate in the Milky Way. .

In summary, 26Al gamma-rays do not have same morphology as the 511 keV line from
the galaxy, and moreover the 26Al positron production rate can only explain „ 10 per cent of
the total Galactic positron luminosity. Thus, we must search for the source of the remaining



§3.4 Astrophysical positron sources 43

positrons, particularly in the Galactic bulge.

3.4.3.2 56Ni
56Ni is synthesised in supernova explosions during explosive carbon burning, and was first
suggested as a potential souce of Galactic positrons in Colgate et al. (1980). The daughter
nucleus of the 56Ni decay, 56Co, is β` unstable. 56Ni has a half-life of around 6 days, and
56Co has a half-life of around 77 days and produces positrons with a branching ratio of about
20% (Nadyozhin, 1994).

The dominant production site of 56Ni is ordinary themonuclear supernovae, or Type Ia
supernovae. While the precise progenitors of these events are unknown, there is a general
agreement that SNe Ia originate from the thermonuclear disruption of at least one carbon-
oxygen white dwarf star (CO WD). There are a number of different scenarios for the pro-
genitor configurations of these systems, which have historically been divided into single de-
generate progenitors (one CO WD with a non-degenerate companion, e.g. Whelan and Iben
(1973)) and double degenerate configurations (two WD stars in a close binary system, one of
which is a CO WD, e.g. Webbink (1984)). It was thought that the single degenerate channel
is dominant until around 2010 (Ruiter et al., 2009; Pakmor et al., 2010). More recently, the
different scenarios for the progenitors of SNe Ia have been considered from the perspective
of the mass of the WD as opposed to the type of donor responsible for pushing the accreting
WD toward explosion. Some SNe Ia are thought to arise from sub-chandrasekar mass WDs,
while others are more likely to arise from WDs that have approached the Chandrasekhar
mass limit (Hillebrandt et al., 2013; Taubenberger, 2017; Maguire, 2017).

The yield of 56Ni can be calculated using the lightcurves of SNe Ia, as the optical lightcurve
is produced by the interaction of gamma ray photons produced by the decay of 56Ni with
the ejecta in the first ten days following the peak of the optical lightcurve (maximum, and
by gamma ray photons from the decay of 56Co beyond the first ten days (Colgate and Mc-
Kee, 1969). Typical 56Ni masses produced in SNe Ia explosions range from 0.3 ´ 0.9 Md

(Stritzinger et al., 2006), with a mean 56Ni mass of 0.6 Md. More robust estimates of the 56Ni
mass produced in the explosion can be obtained from observations of the nebular spectra of
the supernova, in particularly the evolution of the [Co III] emission line complex (Childress
et al., 2015). These observations show that the 56Ni masses produced by SNe Ia fall into two
regimes: narrow lightcurves with masses clustered near 0.4 Md and broader lightcurves with
greater total ejecta masses and 56Ni masses of 0.6´ 1.2 Md (Childress et al., 2015).

Due to the 77 day half life of the 56Ni decay chain, positrons produced in the decay of
daughter nucleus 56Co are produced inside the supernova ejecta. Detailed investigations into
the escape fraction of positrons from SNe Ia have been carried out (Chan and Lingenfelter,
1993; Milne et al., 1999). The subject is of particular interest as positrons thermalizing in the
SN ejecta and depositing their kinetic energies power the infrared lightcurves of SNe Ia at
late times (ą 500 days). If a large fraction of positrons escape from the ejecta, the bolometric
lightcurve - which includes observing light in the infrared region of the spectrum - will de-
cline at a higher rate than if the positrons are trapped (Kerzendorf et al., 2014).

Simulations investigating positron escape from SNe Ia investigated the impact of the
magnetic field configuration on the positron escape fraction. The internal structure of the
magnetic field in the ejecta of SNe Ia is not well understood and the positron escape fraction
could be a good diagnostic of this in the future. It was found (Chan and Lingenfelter, 1993;
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SN rate/100 yr´1 Ne` s´1 (1% esc.) Ne` s´1 (5% esc.)
Bulge 0.062 4.57ˆ 1041 2.28ˆ 1042

Nuclear Bulge 0.025-0.15 1.84ˆ 1041 ´ 1.10ˆ 1042 9.21ˆ 1041 ´ 5.53ˆ 1042

Thin Disk 0.4 2.95ˆ 1042 1.47ˆ 1043

Thick Disk 0.022 1.62ˆ 1041 8.11ˆ 1041

B/D 0.15 - -
NB/D 0.059-0.35 - -

Table 3.2: Table showing positron production rates for different regions of the galaxy
based on SNe Ia rates from Mannucci et al. (2006), a 56Ni mass of 0.6 Md per su-
pernova and stated escape fractions, and the respective Bulge:Disk and Nuclear

Bulge:Disk emissivity ratios (B/D Obs: 0.42˘ 0.09, NB/D Obs: p8.3˘ 2.1q ˆ 10´2)

Milne et al., 1999) that for SNe with disordered magnetic field configurations, virtually no
positrons escape the ejecta, instead annihilating in-situ. On the other hand, up to 10% of
positrons could escape from SNe where the magnetic field became radially combed. This
is not outside the realm of physical possibility - the moving ejecta, which is radially ejected
- may act to comb the magnetic field lines, thus aiding positron escape. Simulations with
realistic magnetic field configuration suggest a positron escape fraction of ! 5% (Milne et al.,
1999).

On January 22 2014, SN2014J, the closest supernova of any type since 2004 and the clos-
est thermonuclear supernova observed in decades was discovered serendipidously by Fossey
et al. (2014). Fossey was taking advantage of a brief break in cloud cover over London to
demonstrate the use of CCDs to his astronomy class. The explosion date is thought to be 14
January, UT 14.75, with 0.21 d uncertainty (Zheng et al., 2014). It was recognized as a type
Ia explosion from early spectra (Cao et al., 2014) and occurred at a distance of only 3.3 Mpc.
As it occurred in a region of the host galaxy (M82) which was highly obscured by dust, the
observations were subject to significant reddenning (Goobar et al., 2014) with corresponding
difficulties to uncover the intrinsic supernova brightness and optical spectra with great pre-
cision.

While optical spectra and observations are subject to dust reddening and obscuration,
gamma ray observations are not impeded by these effects. As the SN occured so close, it was
possible for INTEGRAL/SPI to make a number of observations of the supernova. Detections
of the gamma ray lines associated with the decay of 56Co were made by Churazov et al.
(2014), Diehl et al. (2014), and Churazov et al. (2015) in the months following the supernova
explosion.

The flux of 56Co gamma rays was used to infer the 56Ni mass synthesised in the explosion,
determined to be MNi “ 0.6˘ 0.1 Md by Churazov et al. (2014), and MNi “ 0.49˘ 0.09 Md

(Diehl et al., 2014). The differences in the derived Ni masses can be attributed to the differing
methods of analysis to determine the Co line fluxes. These observations were the first incon-
travertible and direct evidence that thermonuclear supernovae are powered by the decay of
the 56Ni decay chain (Churazov et al., 2014).

Subsequent observations of SN2014J resulted in an inferred 5% positron escape from the
supernova derived (Churazov et al., 2015), however the late time lightcurve suggests a much
lower positron escape fraction (Graur, 2019).
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The positron yield of SNe Ia in the Milky Way can be estimated based on the rate of SNe
Ia, the mean mass of 56Ni produced in each explosion (0.6 Md) and assuming the escape
fraction of positrons either from simulations (5%, the optimistic case) or from observations
of bolometric lightcurves (1% escape, the pessimistic case). The estimated rate of SNe Ia in
different regions of the Galaxy (Mannucci et al., 2006; Prantzos et al., 2011) and their calcu-
lated positron yields are shown in Table 3.2. Even with the optimistic case of 5% positrons
escaping from each SN Ia, the total rate of positron production is inadequate to explain the
total number of positrons annihilating in the Milky Way. Moreover, the distribution of SNe
Ia as a positron source does not match the observed morphology and cannot reproduce the
observed bulge/disk and nuclear bulge/disk ratios (see Table 3.2).

3.4.3.3 44Ti

Massive stars are usually thought of as the main source of the radioisotope 44Ti. This is the
parent nucleus of 44Sc, which is β` unstable in „ 95 per cent of decays with a total half-life to
positron production of 59 yr. This isotope is formed during explosive nucleosynthesis dur-
ing the core collapse supernova that occurs at the end of a ą 8 Md star’s life and was first
proposed as a Galactic positron source in Clayton (1973). The synthesis of the 44Ti occurs in
the alpha-rich freezeout phase of nuclear statistical equilibrium (Thielemann et al., 1996).

There are many uncertainties associated with calculating the yields of core collapse su-
pernovae via simulation. In particular, there are significant uncertainties in the nuclear re-
action rates (The et al., 2006), and also in the exact explosion mechanisms which takes place
(Timmes et al., 1996; Woosley and Weaver, 1995). It has been found that in asymmetric explo-
sions, larger quantities of 44Ti may be produced (Nagataki et al., 1998; Bruenn et al., 2013).
However, these yields are uncertain by up to an order of magnitude.

One method to directly investigate the 44Ti yields of core collapse supernovae is to ob-
serve the x-ray and gamma-ray decay lines of the isotope in Milky Way supernova rem-
nants. Observations of the 44Ti decay lines have been made in the CCSN remnant Cas-
siopoeia A (Cas A, Iyudin et al., 1994). Spatially-resolved spectroscopic x-ray analyses of
the 44Ti ejecta have been carried out to determine the total initial mass of 44Ti produced in
the explosion, and its velocity structure. In Grefenstette et al. (2016), an initial 44Ti mass
of 1.54 ˘ 0.21 ˆ 10´4 Md was found using the x-ray line flux. In comparison, masses of
1.5˘ 0.4ˆ 10´4 Md and 2.4˘ 0.9ˆ 10´4 Md of 44Ti, respectively were found using the 78 keV
x-ray line and the 1157 keV gamma ray line in Siegert et al. (2015).

It is possible to also derive the yield of 44Ti in SN1987A, the closest SN for almost 500
years. Late time observations of SN1987A’s lightcurve, which declined at a slower rate than
predicted by the decay of 56Co alone, generate an estimated yield of 44Ti in the explosion
to be „ 0.5ˆ 10´4 Md, lower than the yield estimates from the x-ray and gamma ray flux
observed in Cas A (Seitenzahl et al., 2014). Direct measurements of 44Ti emission lines from
the remnant of SN1987A suggest a larger 44Ti yield of 3.1˘ 0.8ˆ 10´4 Md (Grebenev et al.,
2012; Boggs et al., 2015).

However, there is a dearth of SN remnants which emit the characteristic lines that indi-
cate the presence of 44Ti. As the Milky Way CCSN rate is estimated to be about 1{century,
one would expect to see a number of CCSN remnants bright in these decay lines (The et al.,
2006). Their absence indicates that the typical yield of 44Ti in CCSNe may be lower than
suggested by observations of Cas A and 1987A.
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However, there is compelling evidence that there may be an additional Galactic source
of 44Ti. The observed abundance of 44Ca (the daughter nucleus of 44Ti) in pre-solar grains,
relative to the 56Fe suggests that the CCSN rate, which is predicted to be roughly constant
across the lifetime of the Galaxy, indicates that even CCSNe producing 44Ca at 10´4 Md per
event cannot supply enough 44Ca (Timmes et al., 1996). This hints that there may be another
source of 44Ti in the Galaxy. Such a source would be much rarer, and produce 44Ti in much
greater quantities. This is a natural explanation for the absence of observed SNRs with 44Ti
decay lines (Crocker et al., 2017).

Thermonuclear supernovae are often thought of as a relative homogeneous class of ob-
jects used as standardizable candles to measure cosmological distances. However, these
objects exhibit a great deal of variety. Spectroscopically and photometrically peculiar ther-
monuclear transients suggest that nucleosynthesis beyond the explosive carbon burning these
SNe are known for occurs.

Two subtypes of thermonuclear supernovae have been directly implicated in the produc-
tion of 44Ti. The first is SNe of the subtype SN2005E-like (henceforth 05E-like). A handful of
these subluminous and spectroscopically peculiar supernovae have been observed in exter-
nal galaxies. Their rate is extremely uncertain, with estimates suggesting as low as 2% of the
cosmological SNe Ia rate to as high as 90% of the SNe Ia rate (Frohmaier et al., 2018). Their
rates are primarily uncertain due to low number statistics. Their faint and fast-declining na-
ture means they may be missed in cosmological SN surveys (Lunnan et al., 2017).

These SNe were suggested as a source of Galactic positrons in Perets et al. (2010). In
this paper, the authors suggested that the strong calcium absorption features in the spectra
of these SNe suggest that large quantities of 44Ti could be synthesised in the SN explosion,
as both 44Ti and Ca are synthesised in similar conditions in thermonuclear supernovae (ex-
plosive alpha-process capture). However, the observed distribution of these SNe in galaxies
would make them a poor positron source in the Milky Way. 05E-like SNe have been exclu-
sively observed at large offsets from their host galaxies within galactic halos (Lunnan et al.,
2017). It was also found in (Frohmaier et al., 2018) that this trend is not due to a selection bias,
where the faint SNe are missed against bright Galactic background light. Their large offset
makes them an unlikely source of the Galactic positrons, as they would occur predominantly
in the halo, and rarely in the Galactic bulge or thick disk.

Another subtype of thermonuclear supernovae is a much more compelling candidate as
the origin of Galactic antimatter: SN1991bg-like SNe. 91bg-like SNe events share several key
features with their normal SNe Ia cousins, and are clearly thermonuclear supernovae. Specif-
ically, they lack any indication of hydrogen and helium in their spectra while also exhibiting
strong Si ii in absorption (Filippenko, 1997). Moreover, absorption features in their spectra
near maximum light indicate the presence of a number of intermediate mass elements (IME)
including silicon, magnesium, calcium, sulphur and oxygen which is consistent with these
events belonging to the class of thermonuclear transients (Filippenko, 1997).

However, 91bg-like SNe also exhibit significant photometric and spectroscopic peculiari-
ties compared to normal SNe Ia. This is highly suggestive of a different explosion mechanism
and/or progenitor configuration. In particular, the strong Ti II absorption features in their
spectra, and the red color of the spectra, indicate that they may synthesise up to a few hun-
dredths of a solar mass of 44Ti. These SNe were suggested as a source of Galactic antimatter
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in Crocker et al. (2017), particularly in light of their association with old stellar populations,
meaning the morphology of positron production sites in these SNRs would correspond well
to the observed morphology of the positron annihilation signal in the Galaxy. In this thesis, I
will estabilish that these Sne are indeed associated with the old stellar populations suggested
in Crocker et al. (2017). Optimistic estimates of the rate of these SNe in the Milky Way and
their Ti production rate mean they could produce up to 90% of Galactic positrons.

3.4.3.4 Novae: 22Na and other isotopes

Novae are systems which comprise a close binary system containing a WD, which usually ac-
cretes hydrogen from its companion star (although some systems may accrete from a helium
donor, e.g. Kato et al. (2008)). The accretion rate is on the order of 9M „ 10´10´10´9 Md yr´1,
and the accreted hydrogen can build up on the surface of the WD where it is compressed to
degenerate conditions. Once sufficient hydrogen has been accreted, the hydrogen layer ig-
nites, leading to a thermonuclear runaway (Hernanz et al., 2005). Depending on the compo-
sition of the WD (and hence the mass of the WD), the nuclear products of this thermonuclear
runaway may vary. For example, systems containing a CO WD synthesise light nuclei such
as Li, C, N, O and F. Systems containing higher mass O Ne synthesise heavier elements such
as Ne, Na and Al through the hot NeNa cycle. (José et al., 2006)

The light elements synthesised by CO WD systems which decay via β` emission have
halflives of only a few minutes to a few hours. Thus, positrons produced by 13N (τ1{2 “ 862 s),
15O (τ1{2 “ 122 s), and 18F (τ1{2 “ 158 min) will be emitted while these nuclei are still in the
ejecta of the nova explosion and do not enter the ISM. Thus positron annihilation in CO no-
vae occurs within the ejecta envelope. Gamma ray emission from novae at GeV energies has
only been detected recently (Finzell et al., 2018), however positron annihilation gamma rays
have not yet been detected. Optical detection of novae occurs a few days after the thermonu-
clear runaway where gamma ray emitting nuclei are produced, and thus to observe gamma
rays from optically detected novae requires the use of archival data. The low yields of the
gamma ray emitting material means that archival gamma ray data from INTEGRAL is only
just reaching the sensitivities required to detect gamma ray lines from novae.

ONe WD systems produce the β` unstable 22Na, which has a half life of 2.6 yr. As this ra-
dionuclide is much longer lived than those produced in CO WD systems it may escape from
the nova ejecta and thus positrons produced in the decay can be released into the ISM. Based
on theoretical estimates and simulations, the yield of 22Na in a single nova event may be up
to „ 10´8 Md (José et al., 2003; Hernanz et al., 2005). Based on this upper limit and the rate
of ONe novae in the Galaxy (6´ 20 yr´1, 1{3 of the total Galactic nova rate of 20´ 60, yr´1,
Shafter et al. (2000); Shafter (2002)), the rate of positron production from 22Na from novae is
around 9Ne` „ 1ˆ 10´38 ´ 3ˆ 1041 s´1.

ONe novae occur predominantly in the Galactic thin disk, and the short lifetime of 22Na
means that the positrons will be injected into the ISM close to their source. As there is
currently no observations of22Na decay lines, the exact positron production rate from novae
is highly uncertain, as is the morphology of the positron injection/annihilation sites.
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3.4.3.5 Rare transients

Hypernovae are hypothetical supernova explosions which are 10-100 times more energetic
than normal CCSNe ( 1052 ´ 1053 erg, as opposed to 1051 erg) with 56Ni ejecta masses ten
times larger than those found in typical CCSNe, around 0.5 Md (Nomoto et al., 2010). Hy-
pernovae are thought to originate from highly asymmetric explosions of rapidly rotating
stars with masses ą 30 Md (Woosley, 1993). The implosion of the core of the star drives two
jets, which initiate the explosion. Nucleosynthesis occurs in the jets. These explosions are
proposed to be the central engine of long duration gamma-ray bursts (lGRBs.)

The high 56Ni yields of hypernovae makes them a potentially compelling positron source,
and synthesise as many positrons per event as SNe Ia (Cassé et al., 2004). However, the
positron escape fraction from hypernovae is highly uncertain, as is the hypernova rate in
the Galaxy. In Cassé et al. (2004), positron escape from hypernovae is calculated assuming
homologous expansion of the jet material and calculate that „ 40 per cent of positrons escape
from the jet into the ISM. Thus, a single event synthesising 0.5 Md

56Ni could supply up to
1054 positrons to the ISM.

Hypernovae are associated with massive stars, and hence occur in regions of the Galaxy
which host ongoing star formation. Thus, we expect that the distribution of positron annihi-
lation associated with these events to be similar to that of the 26Al line in the Galaxy, which
traces regions of massive star formation. Thus, it appears hypernovae cannot explain the
positron annihilation signal in the Galactic bulge unless positrons can be transported from
the disk to the bulge (see Chapter 7).

Hypernovae may also occur in the Galactic center where the Central Molecular Zone
(CMZ) forms around 0.1 Md of stars per year (Morris and Serabyn, 1996). Positrons pro-
duced in this region may then be transported in the Galactic bulge via the nuclear outflow
(see Chapter 9). To explain the Galactic bulge positron annihilation rate, this requires a hy-
pernova rate of 0.02 100 yr´1 (Cassé et al., 2004).

Further detailed simulations taking into account the magnetic field structure in the jet
and the annihilation of positrons in the dense jet material (with a similar experimental con-
figuration to Chan and Lingenfelter (1993); Milne et al. (1999)) would be required to confirm
whether the escape fraction is significant. However, it is unlikely that hypernovae make a
significant contribution to the Galactic positron annihilation line due to the highly uncertain
positron yields and their occurrence in young stellar populations that does not reflect the
morphology of the positron annihilation line.

3.4.4 Non-explosive nucleosynthesis: other isotopes

Radioisotopes synthesised during explosive nucleosynthesis account for the largest positron
yields from single events. Smaller yields of positrons are synthesised continuously by main
sequence stars. A stellar source of positrons may be solar- and sub-solar mass stars which
have high levels of flare activity. Particles accelerated in stellar flares interact with the stel-
lar atmosphere, producing radioactive isotopes, and, if enough particles can be accelerated
to several hundred MeV, pions. Radioactive isotopes such as 11C and 15O undergo β` de-
cay, while pions decay to produce secondary positrons as described in the section on cosmic
rays. These positrons subsequently annihilate in the stellar atmosphere (Murphy et al., 1987).
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This positron production mechanism, and the subsequent annihilation of positrons, has
been observed in the Sun and studied extensively (Ramaty et al., 1975; Kozlovsky et al.,
2004). Positron annihilation was first observed in solar flares in 1973 (Chupp et al., 1973).
The Solar Maximum Mission (SMM) satellite, which carried a NaI spectrometer with medium
spectral resolution made detailed measurements of positron annihilation (Share et al., 1983,
1996). Subsequent space missions, such as RHESSI have made more detailed investigations
at much higher spectral resolution (Share et al., 2003). This enables detailed study of the
annihilation lineshape in solar flares. The spectral characteristics of positrons annihilating in
solar flares is consistent with the spectral characteristics of the annihilation line in the Galaxy
(Murphy et al., 2005).

Positrons produced in stellar flares have been proposed as the origin of the Galactic
bulge 511 keV line (Bisnovatyi-Kogan and Pozanenko, 2018). The estimated positron produc-
tion rate from flaring red dwarf stars in the Galactic bulge is 9Ne` “ 5.7η ˆ 1040 s´1 where η
is the ‘conversion coefficient’, the ratio of positron production per bolometric energy of the
flare. This has not been well determined: in Solar flares, η „ 100. To explain the Galactic
bulge 511 keV line requires η „ 300, three times larger than in the Sun.

The positron production rate from stellar flares from the Galactic bulge could be more
robustly estimated with futher observations of Solar flares, and by searching for the annihila-
tion line in nearby globular clusters containing red-dwarfs. If stellar flares dominate positron
production in the Galactic bulge, the 511 keV flux from stellar flares in globular clusters is
expected to be within the detection limits of SPI/INTEGRAL.

3.4.5 Compact objects

Compact objects are some of the most extreme objects in the universe. They are stellar
remnants - the dead cores of massive stars - that have become compressed to nuclear matter
or beyond. Compact objects that have been implicated in positron production include pulsars
and millisecond pulsars, magnetars, low-mass x-ray binaries and microquasars.

3.4.5.1 Pulsars, millisecond pulsars and magnetars

When a massive star ends its life, it may end its life as a neutron star. These neutron stars can
be rapidly rotating and highly magnetized. Some pulsars are powered by rotation, such as
the Crab and Vela pulsars, which are often used as gamma ray standard candles to calibrate
instruments. Millisecond pulsars are powered by accretion, and have lower magnetic fields
than pulsars and magnetars (B „ 108 G). Particularly strongly magnetised objects, such as
magnetars and soft gamma-ray repeaters may have magnetic fields which are stronger still
(ą B „ 109 G) (Prantzos et al., 2011; Caraveo, 2014).

The strong magnetic fields, and intense radiation field associated with all of these classes
of objects result in intense production of positron-electron pairs. These pairs are then ac-
celerated in the electric fields at the polar caps of the compact object. The result is a pair
cascade: the electron-positron pairs annihilate to produce photon pairs, which then interact
to form another electron-positron pair. These particles may eventually escape into the pulsar
wind, and eventually into the interstellar medium. The pair cascade is supported by a series
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of high energy processes (Harding, 1981).

While pair production in these objects is inferred through their gamma ray emission
which results from the inverse Compton losses of the electron-positron pairs (e.g. Hooper
et al. (2017)), it is not clear how many, if any, positrons escape the object. The multiplicity (the
fraction of the spin-down or magnetic energy converted into pairs) of pulsars, millisecond
pulsars (MSPs) and magnetars is also not well understood. Moreover, the escaping particles
are expected to have high energies, in excess of a few tens of MeV.

There is an interesting coincidence between the gamma-ray excess at 511 keV due to
positron annihilation, and the so-called ‘GeV excess’ or ‘Hooper bump’ (Goodenough and
Hooper, 2009), an excess observed in FERMI telescope data with a bulge-dominated mor-
phology not unlike the bulge component of the 511 keV line.

An unresolved population of millisecond pulsars in the Galactic bulge has been impli-
cated as the source of the GeV excess (Abazajian, 2011; Bartels et al., 2016; Macias et al.,
2018). In Bartels et al. (2018), this unresolved population of millisecond pulsars is implicated
as not only the source of the GeV excess, but simultaneously as the source of the Galactic
bulge positrons. However, as the high energy gamma ray continuum strongly constrains
the injection energy of the positrons, it is questionable that these sources could be dominant
contributors to Galactic positrons.

In contrast, in Crocker et al. (2017), the connection between the MSPs and the 511 keV
line is less direct. In this work, the source of the positrons is described to be the merger
of two WD stars, one a pure He WD, and one a CO WD. These systems originate from a
stellar population which forms with a range of zero-age main sequence (ZAMS) masses. In
Crocker+2017, it is shown that systems with larger ZAMS masses than the systems which
produce the thermonuclear explosions in which β` unstable radionuclides are synthesised
can end their lives as the accretion induced collapse (AIC) of an ONe WD. In Ruiter et al.
(2019), binary population synthesis is used to show that these AIC events occur at a rate
which would produce a population of MSPs in the Galactic bulge which can explain the GeV
excess, while the rate of He WD-CO WD mergers in the same binary population synthesis
simulation is sufficient to explain the global rate and morphology of the 511 keV line.

3.4.5.2 X-Ray binaries and microquasars

X-ray binaries consist of an accreting compact object, such as a a neutron star or a black hole,
and a companion which donates the accreting material, such as a main sequence or red giant
star. The acceleration of stellar material - hydrogen and helium - in the accretion stream
results in the emission of x-rays. The mass of a compact object’s companion determines
whether the system is classified as a high mass x-ray system (HMXRB, if the companion has
a mass ą 4 Md) or a low mass x-ray binary (LMXRB, if the companion is smaller than 4 Md)
(Grimm et al., 2002).

Around 300 x-ray binary systems have been observed in the Milky Way, however pop-
ulation synthesis calculations suggest that there may be more than 10,000 such systems in
the Galaxy, many of which may be currently quiescent (Sadowski et al., 2008). They are
distributed predonminantly along the plane of the galaxy in the disk, however it is expected
that LMXRBs are associated with the older stellar populations due to them containing at least
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one low-mass star, which will be much older than the stars in HMXRBs (Grimm et al., 2002).

A fraction of XRBs emit in the radio. This is usually associated with synchrotron radi-
ation emitted by electrons which are produced in jets from the central compact object. If
the presence of these jets can be confirmed through observation and imaging, the system is
referred to as a microquasar, in analogy with radio-loud AGN quasars (Mirabel, 2010). These
objects have been proposed as a source of positrons (Guessoum et al., 2006b; Siegert et al.,
2016a). Positron yields are highly uncertain, but can be esimated using simple energetic
arguments relating the total power of the positrons in the jets to the estimated total x-ray
luminosity of the "low luminosity-hard spectrum" galactic LMXRBs (Beloborodov, 1999).

In Guessoum et al. (2006b), the ’canonical average’ rate of positron production by a flar-
ing microquasar of 1041 e` s´1 is described. In that work, the authors indicate that the
total positron emissivity of the collective population of microquasars in the Milky Way is
around 6ˆ 1042 s´1, however to explain the Galactic bulge annihilation line requires large
scale positron transport from disk to bulge (e.g. as described by Higdon et al. (2009)).

Recently, a flare from the microquasar V404-Cygni was observed by SPI/INTEGRAL.
The observed spectrum could be interpreted as due to the annihilation of positrons within
the jet itself, and the total positron yield determined in the analysis of the spectrum was

9Ne` „ 1042s´1 (Siegert et al., 2016a).

Thus, to explain the total observed positron annihilation signal, one would require around
ten unresolved microquasars to be flaring simultaneousness in the Galaxy. This is consistent
with the duty cycle of typical microquasars (Siegert et al., 2016a). However, the distribution of
these objects is somewhat uncertain, and while the distribution of the known microquasars,
including 1E1740.7-2942 or ‘the Great Annihilator’ (Bouchet et al., 1991), shows some degree
of clustering toward the inner galaxy (Grimm et al., 2002), the data are insufficient for sta-
tistically significant conclusions about the contribution of microquasars toward the centrally
concentrated nature of the positron annihilation signal.

3.4.5.3 The supermassive black hole

The Galactic center SMBH was first suggested in the 1980s as a positron source as flares
from close to the SMBH event horizon and associated positron pair-production could explain
the apparent variability observed by HEAO-3 and balloon-borne missions (Riegler et al.,
1981; Lingenfelter et al., 1981). Explanations involving the Galactic center black hole fell out
of favour when the first maps of positron annihilation emerged during the OSSE mission,
which indicated the emission associated with positron annihilation was extended. Interest in
the SMBH as a positron source was renewed for a short time as a potential explanation for
the PLE (Purcell et al., 1997; Dermer and Skibo, 1997).

More recently, the ‘Galactic center source’ has been identified in analysis of SPI data
(Siegert et al., 2016b). It is not possible to distinguish whether this emission component is
associated with a point source or a more distributed region with a size of a few hundred pc
due to the poor angular resolution of INTEGRAL. Consequently, it has once again become
important to consider the possibility that the SMBH at the Galactic center contributes to the
population of Galactic positrons.
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The SMBH is observed as a multiwavelength source, Sgr A* (e.g. Eckart et al. (2008)).
It has a very low Eddington luminousity, and its bolometric luminosity is far smaller than
that of black holes in galaxies of a similar total mass to the Milky Way, and much smaller
than that which would be suggested by the Eddington luminosity. Furthermore, the x-ray
emissivity of the SMBH is much smaller than the population of Galactic XRBs. Thus, in a
steady state scenario, SgrA* is unlikely to be able to supply enough positrons to the Galaxy
(Prantzos et al., 2011).

However, if the emission and positron production from the SMBH were highly episiodic,
it might turn out to be an important positron source in a time-averaged sense. Proposed
models for episodic injection of positrons in the Galactic center include the tidal disruption
of stars (Cheng et al., 1997), or the accretion of gas which surrounds the black hole (Totani,
2006).

3.4.5.4 Dark matter

The centrally-concentrated nature of the Galactic positron annihilation signal, in particu-
lar the bulge component, has similarities with the predicted distribution of Dark Matter in
the Milky Way. A large body of observational evidence for Dark Matter has been assem-
bled including observations temperature anisotropies of theCosmic Microwave Background,
baryonic acoustic oscillations, gravitational lensing of galaxy clusters, and rotation curves
of galaxies which cannot be explained by the Standard Model of Particle Physics or general
relativity alone (Bertone and Tait, 2018).

Understanding the true nature of Dark Matter is a true mystery of modern astrophysics
and cosmology. Consequently, indirect detection of Dark Matter via observation of gamma-
rays emitted during the rare interactions of Dark Matter with Standard Model particles and
forces is an area of great interest (Donato, 2014). In particular, the 511 keV line has been
invoked as evidence of Dark Matter decay and annihilation in the Galaxy. There are many
potential candidate theories which describe Dark Matter particles which can explain cos-
mological observations, however here I will focus only on models proposed to explain the
Galactic 511 keV line.

The injection energies of the Galactic positrons is constrained by the gamma ray spectrum
above 511 keV, and thus the mass of the decaying or annihilating dark matter particles that
may produce galactic positrons are similarly constrained. Beacom and Yüksel (2006) and
Sizun et al. (2006) obtained a mass upper limit of mdm „ 3´ 7 MeV. Two main categories of
DM candidates which fit this constraint are:

• Light DM particles with mdm „ MeV mass, either annihilating (Boehm et al., 2004;
Gunion et al., 2006), or decaying (Hooper and Wang, 2004; Picciotto and Pospelov,
2005), and

• Heavy DM particles with masses in the GeV´ TeV range, deexciting or decaying into
another particle, where the mass difference between the initial and final states is a few
MeV (Finkbeiner and Weiner, 2007).

One possible example of positron production via the annihilation of light DM particles
is in the case where the DM particle is a scalar (spin 0). This DM particle can annihilate into
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an electron-positron pair via the exchange of a fermionic particle F. In most DM models, the
relic density criterion strongly constrains the mass of the DM particle, however in this sce-
nario, as shown by Boehm and Fayet (2004), the characteristics (mass and couplings) of the
F particle are constrained instead of the mass of the DM particle. Thus, DM particles which
have masses between „ MeV´GeV can account for the observed dark matter relic density.
The fermionic particle may be either a heavy charged particle, or a new neutral gauge boson
(Boehm and Fayet, 2004; C Boehm and Silk, 2004).

However the light annihilating DM scenario has since been challenged. Bœhm and As-
casibar (2004) and Bœhm and Silk (2008) showed that if these annihilting light DM particle
were the source of the Galactic positrons, their properties should affect the value of the fine
structure constant. This argument was thus used to constrain the mass of the light DM par-
ticle in this scenario to be ą 7 MeV, at the very upper limit of the allowed DM mass range
inferred from the results of Beacom and Yüksel (2006) and Sizun et al. (2006).

Furthermore, the explosion of SN1987A in the LMC was used to further constrain the
mass of light DM candidates. Boehm and Fayet (2004) showed that the DM particle must
have mdm ą 10 MeV, close to, but exceeding, the constraints on the upper mass limit for DM
particles from the gamma-ray continuum.

The constraint on the injection energy of the positrons seems to rule out annihilating
light DM candidates. Another possible scenario where positrons are produced by light DM
interactions is the decay of mdm ă 100MeV DM particles. Decaying DM candidates were
proposed by several groups, each proposing a different particle. For example,

• axinos by Hooper and Wang (2004),

• sterile neutrinos by Picciotto and Pospelov (2005),

• moduli by Conlon and Quevedo (2007).

Decay into electron-positron pairs is expected to be among the dominant decay modes of
such particles. This is because only electron, neutrino and photon decay channels are kine-
matically possible due to the low masses of the DM particles.

While sterile neutrino and moduli candidates are ruled out by cosmological constraints
on the DM relic density, the plausibility of axinos is challenged by both the high injection
energy of the electron-positron pairs produced in the decay, and also the morphology of the
positron annihilation line which would result from the annihilation of these positrons. The
positron production and annihilation profile is expected to closely follows the DM density
profile (if positrons annihilate close to their source, which I will argue to be true in this thesis),
which is centrally concentrated. Specifically, the positron production rate from decaying DM
is given by

9Ne`rrs9 ΓXÑe`e´ nXrrs (3.23)

where ΓXÑe`e´ is the interaction rate and nXrrs is the number density of DM particles as a
function of Galactocentric radius. In the case of DM decay, this tends to a maximum at 1{tH
where tH is the Hubble time. While decaying DM may contribute to the bulge component
of the positron annihilation signal, positrons from decaying DM cannot explain the observed
annihilation line in the Galactic disk.
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The second class of candidate DM models invokes particles with masses in the range
mdm „ 100 GeV´ 1 TeV, specifically electroweak scale WIMPs ?. For these particles, the mass
difference between the particle excited state and ground state is of the order „ MeV. The
velocity dispersion of DM particles was noted by Finkbeiner and Weiner to be „ 100 km s´1,
thus a WIMP with mdm „ 500 GeV will posess a kinetic energy Ek ą mec2. De-excitation of
such a particle, excited through inelastic scattering, can proceed via emission of an electron-
positron pair, and the emitted positron will have an energy of „ 1 MeV.

To explain the positron production rate with de-exciting DM requires the model parame-
ters to be pushed to extreme limits. Moreover, the morphology of positron annihilation if the
positrons originate in the de-excitation of WIMPs as described above will differ somewhat
from the most recent observations of the annihilation morphology. While positron annihila-
tion from all DM sources will be centrally concentrated due to the nature of DM haloes, in the
case of de-exciting (and annihilating) DM, the positron profile is more centrally concentrated
(e.g. Prantzos et al. (2011)):

9Ne`rrs9 ΓXÑe`e´ nXrrs (3.24)

In the case of DM de-excitation or annihilation, ΓXÑe`e´ “ xσvynX , and thus

9Ne`rrs9 xσvynXrrs2 (3.25)

This shape can be also modulated by the possible velocity dependence of the interaction cross
section since the typical particle velocities depend on the gravitational potential of the DM
halo, however positrons from de-exciting (or annihilating) DM, like those from decaying DM,
cannot explain disk component of the morphology.

In summary, regardless of whether or not the above DM candidates can explain the
properties of DM in a cosmological context or whether or not they are natural extensions to
the standard model of particle physics, based on constraints on the injection energy of the
Galactic positrons and also on the morphology of the positron annihilation signal, it seems
unlikely that DM decay, annihilation or de-excitation can be a dominant source of positrons
in the Milky Way. Whether or not the positron annihilation line is an indirect detection of
DM interactions with the Standard Model is a subject still under investigation. The sources of
positron annihilation observed in DM dominated systems such as dwarf spheroidal satellite
galaxies of the Milky Way may be astrophysical, however a DM source cannot be conclusively
ruled out Siegert et al. (2016c).

3.4.5.5 Neutron star and black hole mergers

The first confirmed binary neutron star merger occured in 2017, when the LIGO and VIRGO
observatories observed a gravitaitonal wave source (Abbott et al., 2017). Over the next hours,
the search began for an electromagnetic counterpart to the gravitational wave source, which
was subsequently observed across the electromagnetic spectrum by almost all major obser-
vatories both on Earth and in space (Abbott, 2017). This event confirmed that neutron star
mergers (as well as black hole mergers) are a source of gravitational waves, and the electro-
magnetic afterglow of the merger was indicative that a large quantity of r-process material
was produced in the neutron rich ejecta.
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It was recently proposed by Fuller et al. (2018) that pair production can occur in the hot
ejecta in the moments following the neutron star merger. In that work, the authors suggested
that the 511 keV line may be used to trace the history of NS-NS and BH-NS mergers in the
Galactic center, however the yields of positrons from these events is highly uncertain, as is
the proposed production mechanism.

3.5 Evaluating positron sources

A viable galactic positron source must satisfy the following criteria:

• Satisfy the constraints on the morphology of the positron annihilation signal. That is,
the flux of the 511 keV line from the bulge relative to the disk, and the GCS relative to
the bulge, must replicate observations. Moreover, the positron source should explain
the large apparent scale height of the observed 511 keV line in the disk, and

• Satisfy the constraints on the total rate of positron annihilation in the Galaxy without
violating constraints on, for example, gamma ray lines from positron producing nuclei.

In Table 3.3, the positron sources discussed in the above text are summarized with informa-
tion including their theoretical or observed positron yields.

The most viable source of Galactic positrons according to Table 3.3 appears to be SN1991bg-
like supernovae. However, this would require positrons to be confined close to their produc-
tion sites. To evaulate whether SN1991bg-like supernovae are indeed a viable source of
Galactic positrons, I will first establish in Chapter 4 the background in scientific literature
concerning the transport of positrons. If positrons can be transported from either the disk
to the bulge or vice versa, this will reveal the underlying source distribution of positrons.
In Chapter 5, I will confirm that the 511 keV line is in steady state and that the positrons
we observe annihilating today are not part of a tens of Myr old low energy positron reser-
voir. In Chapter 6, I will show that the nuclear outflow of the Milky Way cannot disperse
positrons into the Galactic bulge and reproduce the observed annihilation spectrum and
thus the source of Galactic positrons is likely distributed around the Galaxy. Subsequently,
in Chapter 7 I will show that the delay times of SN1991bg-like supernovae, proposed to be
the source of Galactic positrons, are consistent with those required for a transient source that
produces positrons. Finally, I will summarize the results of previous chapters in Chapter 8,
and describe future avenues to investigate further whether SN1991bg-like supernovae can
indeed supply the majority of Galactic positrons.
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Chapter 4

An overview of positron transport
in the Milky Way

‘Eddies in the space-time
continuum.’
‘Ah...is he. Is he.’
‘What?’
‘Er, who is Eddy, then, exactly?’

Douglas Adams

Foreword

To understand the origin of Galactic positrons, we must consider how positrons are trans-
ported through the Milky Way between their production and annihilation sites. If positrons
can be transported over kpc distance scales, they can be transported far from their sources
and thus the observed morphology of the positron annihilation signal does not reflect the
morphology of the positron sources in the Galaxy.

The transport of charged particles in interstellar environments is notoriously complex to
model and understand, and often requires simplifications and generalizations to be made
about the nature of phenomena that are poorly understood: for example, the structure of the
magnetic field and the nature of magnetic turbulence.

Charged particles typically travel via two different modes: streaming and diffusion. In
the review article I present below, I describe the works which have investigated the transport
of positrons in the Milky Way, and the different modes of transport that have been invoked
to solve the apparent riddle that while most positron sources are confined to the Galactic
disk, a large fraction of the Galactic positrons annihilate in the Galactic bulge. Modern sim-
ulations which accurately consider the nature of the turbulent magnetic field in the Galaxy
now suggest that positrons are confined close to their production sites.

Understanding positron transport will give us a unique insight into the physics of cosmic
rays. If we can understand the origin of the positrons, we will be able to determine with
incredible precision how the positrons must be transported to get from their production sites

57
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to their annihilation sites. This will allow us to infer information about Galactic magnetic
fields, potentially on all size scales, as well as the diffusion coefficient, information which is
vital if we are to better model and understand the propagation of cosmic ray particles.
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tions among the Fermi Bubbles, the Galactic Center GeV Excess, and Loop I’. The manuscript
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§4.1 Introduction 59

Positron Transport And Annihilation In The Galactic Bulge
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Abstract

The annihilation of positrons in the Milky Way galaxy has been observed for „ 50 years
however the production sites of these positrons remains hard to identify. The observed

morphology of positron annihilation gamma-rays provides information on the annihilation
sites of these Galactic positrons. It is understood that the positrons responsible for the

annihilation signal originate at MeV energies. The majority of sources of MeV positrons
occupy the thin, star forming disk of the Milky Way. If positrons propagate far from their

sources, we must develop accurate models of positron propagation through all ISM phases
in order to reveal the currently uncertain origin of these Galactic positrons. On the other

hand, if positrons annihilate close to their sources, alternative source of MeV positrons with
a distribution that matches the annihilation morphology must be identified. In this work, I

discuss the various models that have been developed to understand the origin of the 511 keV
line from the direction of the Galactic bulge, and the propagation of positrons in the ISM.

4.1 Introduction

The annihilation of positrons (anti-electrons) at rest results in the characteristic emission of
a gamma-ray line at „ 0.5 MeV. This gamma-ray line was the first originating beyond the
solar system to be detected from Earth in the early 1970s (Johnson et al., 1972). Since then,
the spatial extent and spectral characteristics of gamma-ray emission at „ 0.5 MeV has been
explored by both balloon-borne and space missions. The most recent observations made by
INTEGRAL/SPI reveal the annihilation of positrons at a rate of 2ˆ 1043 s´1 in the central
„ 20˝ of the Galaxy based on the effective distance between Earth and the Galactic bulge be-
ing 8.5 kpc (Siegert et al., 2016b) (the Galactic bulge annihilation line). In Siegert et al. (2016b),
11 years of INTEGRAL/SPI exposures are combined, and the resulting positron annihilation
rate is consistent with earlier analyses (Knödlseder et al., 2005; Weidenspointner et al., 2008a)
which also reveal the annihilation of positrons in the bulge region of the Galaxy. The Galactic
disk has been detected for some time (e.g. Knödlseder et al. (2005); Weidenspointner et al.
(2008a); Churazov et al. (2011) however emission from the Galactic disk was thought to be
concentrated in the inner 100 degrees of the Galaxy Skinner et al. (2010); Bouchet et al. (2011).
The most recent analysis Siegert et al. (2016b) suggests the emission of positron annihilation
gamma-rays across the full extent of the Galactic disk and a higher rate of positron annihila-
tion in the Galactic disk than previous analysis revealed.

Analysis of the gamma-ray spectrum produced by the annihilating positrons indicates
they annihilate predominantly in the warm, partially ionized phase of the interstellar medium
(ISM) (Churazov et al., 2005; Jean et al., 2006; Churazov et al., 2011; Siegert et al., 2016b) by
undergoing interactions with neutral hydrogen after they have slowed to kinetic energies of
„ 10´ 100 eV. The reaction rate between positrons and neutral hydrogen dominates in this
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phase of the ISM due to the large cross-section for interaction between positrons and hydro-
gen at energies of „ 10 eV and the low abundances of other neutral species such as helium.
Current constraints on the energy at which these positrons are injected into the ISM come
from fundamental physics (Aharonian and Atoyan, 1981) and data obtained by the Compton
Gamma-Ray Observatory (CGRO) and INTEGRAL missions, and suggest the initial kinetic
energy of the annihilating positrons does not exceed a few MeV. This rules out the origin
of the positrons being cosmic ray (CR) secondaries produced in the decay of pions, as well
as other sources of relativistic positrons, such as pulsars, millisecond pulsars and magnetars
(Prantzos et al., 2011). However, the combination of data from both INTEGRAL and CGRO
may result in systematics which will be present in the data used to derive the constraint,
and moreover (Beacom and Yüksel, 2006) assumes that the electrons with which positrons
annihilate at high (ą MeV) energies are at rest. If positron annihilation is occuring in an
environment where relativistic electrons are present (e.g. in a microquasar jet (Guessoum
et al., 2006b; Siegert et al., 2016a) or pulsars and millisecond pulsars, (Bartels et al., 2018)) it
may be possible to circumvent this constraint. However, the presence of the 511 keV line and
ortho-positronium continuum at low gamma-ray energies strongly suggest that the majority
of positrons annihilate via interactions with neutral hydrogen at thermal energies.

The origin of these annihilating positrons has puzzled astronomers for half a century.
The morphology - gamma-ray emission dominated by a bulge component - does not reflect
emission at any other wavelength.
A viable source of MeV positrons of astrophysical origin is the decay of β`-unstable radionu-
clides, such as 26Al, 44Ti and 56Ni, produced by massive stars and supernovae. Massive stars
and supernovae tend to occur in the star-forming thin disk of the Milky Way (Prantzos et al.,
2011) while the highest surface brightness of positron annihilation gamma-rays is observed
in the Galactic bulge region. To explain the mismatch between the distribution of prospective
positron birth sites, and the observed annihilation sites, we must investigate the propagation
of positrons. In this short review, I summarize the various transport mechanisms that have
been explored in the literature to date to explain the annihilation of Galactic bulge positrons.

4.2 Positron transport in the ISM

From the annihilation spectrum observed in the inner Galaxy, analysis of the gamma-ray
spectrum implies that while positrons are born into the ISM with „ MeV energies, they
must cool to energies ă 10 eV before annihilating. Positrons lose energy via ionization and
Coulomb interactions, synchrotron losses due to interactions with the magnetic field in the
Galaxy, inverse Compton scattering and bremsstrahlung. Positrons may also lose energy
through adiabatic energy losses (e.g. (Panther et al., 2017)). Positrons with energies ď GeV
lose energy predominantly through ionization and Coulomb interactions with neutral atoms
and free electrons in the ISM, whereas positrons with energies ą GeV lose their kinetic en-
ergy via inverse Compton, synchrotron and bremsstrahlung losses.

As they decelerate, positrons are thought to propagate away from their sources. This
propagation may occur through either collisionless or collisional transport. In collisionless
transport, positrons scatter off magnetic turbulence in the ISM, wheras in collisional trans-
port scattering occurs between positrons and individual particles in the ISM (e.g. neutral
hydrogen atoms and electrons), moderated by Coulomb interactions. Both collisional and
collisionless transport have been discussed in the literature, and a summary is provided in
the subsequent sections of this work.
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4.3 Outside-In Transport

If MeV positrons are produced by processes associated with star formation, the majority of
positrons will be born in the star forming thin disk of the Milky Way. One way to then ex-
plain the high bulge/disk annihilation ratio is that some disk positrons find their way into
the Galactic bulge before they annihilate. Such a mechanism is positron interactions with the
large scale magnetic field structure of the Milky Way. In general, such a scenario requires
positrons to interact with the poloidal halo component that dominates the inner Galaxy as
described in Prantzos (2006). The turbulent magnetic field with which positrons interact in
the collisionless transport process has a field strength roughly comparable to that of the large
scale magnetic fields (1´10 µG) in the disk region where the positrons are produced, and this
may tend to confine MeV positrons to the Galactic disk in a similar manner to „ GeV energy
cosmic ray protons that make up the cosmic ray halo Prantzos (2006). However, if positrons
can escape the cosmic ray halo, they will begin to interact with the poloidal magnetic field
and be transported into the Galactic bulge Prantzos (2006). This idea was explored in detail
by Higdon et al. (2009), who include a detailed description of the distribution and filling
factors of various ISM phases, as well as accounting for the distribution of positron sources.
Specifically, they find that around half of positrons from the sources considered therein are
produced in the inner 3 kpc of the Galaxy (the inner disk and Galactic bulge), and that these
positrons tend to annihilate in the dense, warm outer shells of molecular clouds that occupy
the inner „ 1.5 kpc of the Galaxy. The remaining half of the total Galactic positron yield
calculated in Higdon et al. (2009) is produced in the outer disk of the Galaxy. Around half of
these disk positrons annihlate in the disk itself, while the remainder escape into the Galactic
halo, lowering the annihilation flux from the disk and consequently the observed B : D an-
nihilation flux ratios. One of the key details of this work is the description of how positrons
propagate through the different ISM phases. Positrons in the hot, ionized phases of the ISM
tending to diffuse along magnetic flux tubes where the diffusion is controlled by resonant
scattering by magnetohydrodynamical (MHD) waves. On the other hand, in the neutral or
mostly neutral phases, these waves are damped and positrons tend to stream along the flux
tubes with an isotropic pitch angle distribution. The distance positrons can propagate in each
phase is controlled by either the diffusion mean free path (which is a function of the mag-
netic field and incident particle energy) in the ionized phase, or the streaming velocity. The
annihilation site of the positrons is determined from comparison of the above propagation
distances to the typical scale of the phase in which the positron is born. If the propagation
distance exceeds the size scale of the ISM phase in which the positron is born, it escapes.
Otherwise, the positron is assumed to annihilate in-situ.

To evaluate whether a given positron production and transport scenario can explain the
observed positron annihilation signal from the Galaxy, both the total positron production rate
must be replicated, as well as the morphology. As the results based on SPI/INTEGRAL data
are presented as varying best-fit models, one way of quantifying the morphology is to use
the ratio of positron annihilation fluxes in the bulge and disk. This is commonly referred to
in the literature as the bulge to disk ratio, or B/D. In the early years of SPI/INTEGRAL, B/D
was determined to be in excess of 1 (B{D „ 1.4, (Knödlseder et al., 2005; Weidenspointner
et al., 2008a)).

The authors of Higdon et al. (2009) find that the scenario they describe, where positrons
propagate differently in the ISM of the Galactic bulge compare to the disk, can (within large
uncertainties) replicate high B/D values observed by SPI/INTEGRAL. However, more re-
cent simulations of positron transport have involved either detailed Monte Carlo simulation
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of positron trajectories in the ISM Alexis et al. (2014) which take into account , where the
probabilities for particle scattering and annihilation take into account both collisional and
collisionless scattering, and various annihilation processes (see the Appendix B of Jean et al.
(2009) for more details). Alternatively cosmic ray propagation codes such as GALPROP Mar-
tin et al. (2012) have been adapted to model positron propagation in the Galaxy. In both cases,
it is found that replicating high B/D values is challenging, even for extreme prescriptions that
allow transport of positrons several kpc from their birth sites.

4.4 Galactic Center positron sources

Exploration of the idea that positrons annihilating in the Galactic bulge originate in the cen-
tral regions of the Galaxy predates the INTEGRAL mission. In the mid-1990’s, the first image
reconstructions of the extent of positron annihilation radiation were made with data from the
OSSE instrument on CGRO, and seemed to reveal an extended emission component stretch-
ing up to 8 kpc above the Galactic plane (dubbed the Positive Latitude Enhancement or PLE)
Purcell et al. (1997). An explanation for this "annihilation fountain" phenomenon was devel-
oped in Dermer and Skibo (1997). This work described a nuclear outflow associated with the
Milky Way, capable of sending positrons produced in the Galactic center several kpc above
the Galactic plane. Remarkably, this work predates even the first evidence for a nuclear
outflow in the Milky Way Bland-Hawthorn and Cohen (2003) and predates the discovery of
the Fermi Bubbles Su et al. (2010), another phenomenon associated with the Galactic center
region, by almost 15 years. The PLE phenomenon was later shown, however, to be an artefact
of the image reconstruction analysis, and not an astrophysical signal Milne et al. (2001a). To
date, very little is known about positron annihilation at high Galactic latitudes as the IN-
TEGRAL mission has concentrated efforts along the Galactic plane (e.g. see recent exposure
maps in (Siegert et al., 2016b)). Future work to extend INTEGRAL exposures to high latitudes
to search for extended 511 keV emission is now a priority.

While the PLE was shown to be an artefact, a Galactic outflow may still disperse positrons
into the Galactic bulge. The enhanced star formation in the central molecular zone (CMZ) of
the Galactic center, as well as high energy processes associated with the central SMBH, make
the Galactic center a potentially interesting positron source itself. Explaining how positrons
produced in the inner few hundred parsecs are transported outward to fill the Galactic bulge
where they are observed to annihilate presents a challenge. The possibility that positrons
diffuse away from the central regions of the Galaxy into the Galactic bulge was investigated
in detail using a Monte Carlo simulation which tracks positron trajectories through the ISM
in Jean et al. (2009). While in Higdon et al. (2009), the interaction between positrons and
MHD waves was invoked to transport positrons over large distances, Jean et al. (2009) found
that the damping of these waves results in positron propagation being controlled by colli-
sions with gas particles. In the collisional transport mode described in the paper, it is found
that positrons travel along magnetic field lines and annihilate far from their sources, and
the distribution of annihilation positrons depends on the spatial distribution of the Galactic
magnetic field. Thus, if the magnetic field is poloidal, positrons tend to stay confined to a
cone subtending a small solid angle above and below the Galactic center rather than filling
the entire Galactic bulge.

The diffusion lengths initially calculated in (Jean et al., 2009) are far in excess of the typical
size scales of the warm ISM, where positrons are thought to annihilate. However, positrons
tend to be born in turbulent environments, and the propagation of positrons is likely to be
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dominated by scattering from MHD waves at higher energies (with propagation lengths of
„ 20´ 80 pc for positrons with energies „ MeV). As positrons lose energy to the plasma and
their kinetic energies drop below a threshold for the Larmor radius to be of a similar scale
to the turbulence, positrons then will tend to propagate through collisional transport. The
total propoagation distances of MeV positrons, combining the time the positron spends in the
collisional and collisionless regime, is evaluated to be „ 40´ 160 pc. Thus, these authors ul-
timately conclude that positrons may only travel a few hundred parsecs from their birth sites.

The coupling of positrons to the turbulent plasma in which they were born makes it pos-
sible that the propagation of positrons can be dominated by the motion of the plasma itself.
While the concept of the "annihilation fountain" (Dermer and Skibo, 1997) was furloughed,
powerful evidence for a nuclear outflow associated with the Milky Way has since emerged,
first in the mid-infra red (Bland-Hawthorn and Cohen, 2003), and later with the discovery of
the gamma-ray emitting “Fermi Bubbles" (Su et al., 2010). The possibility that positrons could
be advected into the Galactic bulge by a nuclear outflow was suggested in Jean et al. (2009);
Churazov et al. (2011), as this scenario could potentially explain not only the morphology
by transporting positrons out to „kpc scales but also the spectrum of positron annihilation
gamma-rays: Positrons born into the hot, „ 107 K plasma at the base of the outflow may
not annihilate until the outflowing plasma has cooled to „ 104 K through both adiabatic and
radiative cooling processes. An explicit connection between the nuclear outflow, the Fermi
Bubbles and Galactic bulge positrons was mentioned in Crocker and Aharonian (2011), and
investigated in detail in ?. The authors perform a parameter study to investigate whether any
steady state nuclear outflow with a given input mass and energy flux from star formation
can advect positrons to radii consistent with INTEGRAL observations. While advection of
MeV positrons to size scales of „ 2 kpc is possible, the development of a strong ionization
and temperature gradient in the steady-state outflow ultimately results in the annihilation of
the majority of positrons in the hot, ionized phase of the ISM. Constraints from the observed
annihilation spectrum indicate no more than a few per cent of positrons annihilate in the hot
phase, in the case of annihilation in a multi-phase ISM Churazov et al. (2005).

In (Panther et al., 2017), the study was restricted to a steady-state nuclear outflow and
the limits of the work can thus put weak constraints on positron injections in a single burst.
Single-burst injection of positrons was investigated in more detail in Cheng et al. (2006);
Totani (2006) and was commented on in particular by Alexis et al. Alexis et al. (2014), who
find that a burst of either star formation, or activity of the Milky Way’s central supermassive
black hole (SMBH) producing 1057 ´ 1060 positrons with energies ă 1 MeV could contribute
to the Galactic bulge annihilation signal. However, this scenario requires a coincidence with
a previous burst of star formation or AGN-like activity from the SMBH, which must have
occured 0.3´ 10 Myr ago.

4.5 Distributed positron sources

The conclusion that, according to detailed simulations, positrons annihilate close to their
sources and that large scale gas motions may be unable to consistently account for all prop-
erties of positron annihilation in the Galactic bulge (both the morphology and spectrum of
the emission) is not the only motivation to search for a positron source that has a similar dis-
tribution to that of the annihilation signal. With 11 years of INTEGRAL data, a new best fit
model for the morphology of positron annihilation in the Galaxy has emerged Siegert et al.
(2016b): observations now favor a model that includes an extended thick disk of emission
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with a spatial extent similar to that of the Galactic thick disk. Moreover, updated estimates
on the flux of not only this thick disk and the Galactic bulge component, but also of a source
coincident with the Galactic center reveal flux ratios between bulge and disk, and bulge and
"Galactic Center Source" that are consistent with the stellar mass ratios between these re-
gions. In light of the new observations and recent theoretical work on positron propagation,
the search has now turned to finding a Galactic positron source associated with the old stel-
lar population. Once again, the usage of B/D to evaluate good morphological fits has been
used. In Siegert et al. (2016b), B{D „ 0.4, a large reduction from earlier values (Knödlseder
et al., 2005; Weidenspointner et al., 2008a). This is due to the introduction of the extended
thick disk model component. It should be emphasised that this value is taken from empirical
best-fit models to simplify subsequent analysis and should not be over-interpreted.

The remarkable observation of positron annihilation in the 2015 outburst of microquasar
V404 Cygni (Siegert et al., 2016a) lends weight to the conjecture that such a source of positrons
is associated with microquasars and low-mass x-ray binaries (LMXRBs) during an outburst,
or producing jets Guessoum et al. (2006b). During its 2015 outburst, positron annihilation in
the microquasar jet was invoked to explain the broad emission feature at „ 0.5 MeV in the
gamma-ray spectrum, which extends above 511 keV, and can naturally be explained by pair
production in the jet which then results in pair-plasma annihilation (Aharonian and Atoyan,
1981; Svensson, 1982), annihilation in-flight (Beacom and Yüksel, 2006) or pair cascades (Aha-
ronian and Atoyan, 1981). To explain the positron annihilation rate and morphology, around
10 such sources would be required to be active at any time, with a total of 103 ´ 104 systems
being present in the Milky Way (Siegert et al., 2016a). This is consistent with binary popu-
lation synthesis estimates for the number of these systems Sadowski et al. (2008). However,
this is dependent on the total positron yield of each event, a value which is highly uncertain.

An alternative scenario invokes a sub-type of SNe Ia that are observationally connected
to old stellar populations. Around 30 per cent of all SNe Ia in early-type host galaxies
are observed to be of the sub-type SN1991bg-like (SNe 91bg). These supernovae are both
photometrically and spectroscopically peculiar, with their red colors and deep TiII spectral
absorption feature. While positrons produced in the decay of the 56-Ni daughter nucleus 56-
Co will be predominantly annihilated in the SN ejecta, as with normal SNe Ia (Milne et al.,
1999; Taubenberger et al., 2008), positrons from the much longer-lived 44Ti decay chain will
escape the SN into the surrounding ISM. In Crocker et al. (2017), binary population synthesis
calculations are performed to identify a candidate progenitor channel for these events. Low
mass („ 1.4´ 2 Md) binary systems evolve into systems composed of a carbon-oxygen white
dwarf (M „ 0.9 Md) and a pure helium white dwarf (M „ 0.31´ 0.37 Md) which merge at
long characteristic delay times (3-6 Gyr). The supernova resulting from this merger would be
required to produce „ 0.031 Md 44-Ti per transient event (equivalently „ 5.8ˆ 10´5 Md{yr)
to explain the origin of the majority of positrons in the Milky Way, and this yield is roughly
consistent with existing calculations of Ti-44 yield from sub-Chandrasekhar helium detona-
tions. This long delay time implies a connection between old stars in the Milky Way and these
thermonuclear supernovae, and the rate derived for these events from the binary population
synthesis calculation is consistent with the expected Galactic rate of SNe 91bg, derived from
observations of these supernovae in external Galaxies.

Combining the total positron yield expected from this transient and the expected rate in
the disk, bulge and nuclear region of the Galaxy, the authors of Crocker et al. (2017) find
that they can account for 90% of the total positron production in the Galaxy (the remaining
10% being accounted for by 26-Al synthesis in massive stars) and replicate B/D and N/B
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within uncertainties. However, detailed three-dimensional hydrodynamical simulations of
the proposed supernova explosion and further post-processing of these simulations with
nuclear reaction networks will be required to further evaluate the plausibility of this scenario.
Furthermore, these simulations must also be post-processed with radiative transfer networks
to investigate whether the proposed scenario provides a match to observed SNe 91bg spectra
and light curves.

4.6 Conclusions

Understanding the transport of MeV positrons in the ISM is required to reveal the source
of the „ 5ˆ 1043 positrons that annihilate each second in the Galaxy. The bulge-dominated
morphology of this astrophysical signal is contrasted with the distribution of MeV positron
sources, which are usually associated with the star-forming thin disk of the Galaxy, not the
more quiescent stellar bulge. The propagation of positrons has been investigated through
both theory and simulation, with recent conclusions suggesting that positrons remain con-
fined to within a few hundred parsecs of their birth sites by interstellar turbulence and
that the distribution of positron sources is directly reflected by the morphology of annihila-
tion gamma-rays. Such sources are thought to be associated with the old stellar population
of the Milky Way. However, uncertainty remains about the dominant modes of positron
propagation and the details of collisionless and collisional transport of positrons, which is
complicated by the need for more detailed understanding of interstellar magnetic turbulence
and the Galactic magnetic field that affects positron propagation. Consequently, there is still
much work to be done to understand the birth, life and death of positrons in the interstellar
medium.
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Chapter 5

Positron annihilation with alkali
metal atoms in the Interstellar
medium

You just come along with me and
have a good time. The Galaxy’s a
fun place.

Douglas Adams

Foreword

Many laboratories around the world are engaged in the study of the cross-sections of positron
interactions with a number of atoms and molecules. These are of great interest in the context
of positron annihilation in biological systems, as positron emission tomography is a common
and powerful diagnostic tool in the detection of cancers in humans and animals (Gambhir,
2002). It is possible to utilize many of these cross-sections in the context of astrophysics.

Experiments to measure the cross-section of atoms have been performed on atomic species
including hydrogen, helium, most alkali metals, and many other light elements. These ex-
periments involve firing a low-energy beam of positrons which are usually produced by a
β` decaying source such as 22Na into a sample of the material in a high vacuum. Generating
this positron beam is a challenging problem itself, as is measuring the number and energy of
positrons which survive annihilation with the sample. What is measured are the total scat-
tering cross-section for each atomic species, as well as the ionization and excitation (inelastic
process) cross-section. These cross-sections can be combined to compute the positronium
formation cross-sections (Guessoum et al., 2006a).

Theoretical calculations of the positronium formation cross-sections can also be made.
These involve complex quantum mechanical calculations of scattering cross-sections. The
most common modern technique to calculate the scattering cross-section of atomic and
molecular species is the closed-coupling calculation (e.g. Kadyrov and Bray, 2016).

67
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In the following paper, I utilize recent closed coupling calculations of the scattering and
positronium formation cross-sections of alkali metal atoms to demonstrate that positron in-
teractions with atoms other than hydrogen and helium must be considered in the context
of the galactic positron annihilation signal. When only interactions with hydrogen, helium
and electrons are considered, we find a low energy reservoir of positrons that may live up to
10 Myr after they lose their energy and thermalize in the interstellar medium.

One of the consequences of the presence of a positron resevoir would be that the positrons
we observe annihilating today may not have been produced in a steady state, which is usu-
ally assumed in most models to explain the positorn annihilation signal. Instead, the current
positron production rate in the galaxy may not be required to be as high as is suggested by the
positron annihilation line, and processes which result in the episodic injection of positrons
could be responsible for producing the bulk of those we see annihilating today.

Another interesting consequence of such a reservoir is that it implies that these long-lived
thermalized positrons could be transported over many kiloparsecs passively in gas motions.
This raises the possibility that there may be many more positrons present in the interstellar
medium than we observe annihilating which could potentially find their way into the very
low density galactic halo before annihilating.

We find that the inclusion of other atoms in the interstellar medium, in particular al-
kali metal atoms, which have negative positronium formation thresholds and large charge-
exchange cross-sections, reduces the lifetime of thermalized positrons to ă 1 Myr. This con-
strains the observed positron annihilation rate to be in steady state with the production rate,
and rules out the presence of a reservoir of thermal positrons in the interstellar medium.
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Abstract

In the Milky Way galaxy, positrons, which are responsible for the diffuse 511 keV gamma
ray emission observed by space-based gamma ray observatories, are thought to annihilate
predominantly through charge exchange interactions with neutral hydrogen. These charge
exchange interactions can only take place if positrons have energies greater than 6.8 eV, the

minimum energy required to liberate the electron bound to the hydrogen atom and then
form positronium, a short-lived bound state composed of a positron-electron pair. Here we
demonstrate the importance of positron interactions with neutral alkali metals in the warm
interstellar medium (ISM). Positrons may undergo charge exchange with these atoms at any

energy. In particular, we show that including positron interactions with sodium at solar
abundance in the warm ISM can significantly reduce the annihilation timescale of positrons
with energies below 6.8 eV by at least an order of magnitude. We show that including these

interactions in our understanding of positron annihilation in the Milky Way rules out the
idea that the number of positrons in the Galactic ISM could be maintained in steady state by

injection events occurring at a typical periodicity ą Myr.

5.1 Introduction

In 1931, Paul Dirac predicted the existence of a particle with the same mass, but opposite
charge, to the electron (Dirac, 1931). The existence of the anti-electron, or positron, was con-
firmed by Carl Anderson a year later (Anderson, 1932). While the annihilation of positrons
through direct interaction with electrons was predicted by Dirac (Dirac, 1931), positrons may
also form a short-lived bound state composed of a positron and electron, known as positro-
nium, before subsequently annihilating. The existence of positronium was predicted in 1934
Mohorovičić (1934), but was not confirmed experimentally until the 1950’s (Deutsch, 1951).
Since the 1930’s, positrons have been observed in a variety of astrophysical environments.
The presence of positrons is inferred through the detection of characteristic gamma ray emis-
sion at mec2 „ 0.5 MeV from the co-annihilation of electrons and positrons. We now see
positron annihilation in the diffuse interstellar medium (ISM) Knödlseder et al. (2005); Wei-
denspointner et al. (2008a); Siegert et al. (2016b), solar flares (Murphy et al., 2005), associated
with the synthesis of β` unstable radionuclides in supernovae (Churazov et al., 2014), and
in microquasar flares Siegert et al. (2016a). Futhermore, the production of positrons in as-
trophysical environments can also be inferred through the observed presence of the parent
nuclei of β` unstable radionuclides such as 26Al, 22Na, 44Ti and 56Ni, whose decay lines are
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observed through both X-ray and gamma ray measurements (see (Diehl et al., 2011) for an
overview).

In the early 1970’s, emission of gamma rays at „ 0.5 MeV from the central regions of the
Milky Way was first detected by balloon-borne spectrometers (Johnson et al., 1972; Leventhal
et al., 1978) and subsequently confirmed by a number of space-based missions (Purcell et al.,
1997; Knödlseder et al., 2005; Weidenspointner et al., 2008a; Siegert et al., 2016b). Recent ob-
servations of diffuse annihilation gamma rays across the Milky Way suggest an annihilation
rate of „ 5 ˆ 1043 positrons per second (Siegert et al., 2016b). These positrons are con-
strained to be injected into the ISM at mildly relativistic energies (ă 3´ 7 MeV)(Aharonian
and Atoyan, 1981; Beacom and Yüksel, 2006) due to the absence of a gamma ray continuum
at energies ą 511 keV produced when relativistic positrons annihilate in flight with free elec-
trons. Positron lifetimes are split into two phases: the “in-flight" phase, when the kinetic
energy of the positrons is greater than wtherm “ 3kTe{2 (where Te is the electron temperature)
and the “thermalized" phase, when the positron kinetic energy drops below wtherm (Gues-
soum et al., 2005).

In the ISM, positrons can annihilate via a number of channels. For example, they may
interact with neutral atoms through charge exchange. In this process, positrons with suf-
ficient energy to overcome the difference between the binding energy of the atom and the
binding energy of positronium first strip the valence electrons from atomic nuclei, then form
positronium before subsequently annihilating1. The total spin angular momentum of the
positronium bound state governs the number and energy of emitted gamma rays. Positro-
nium formed with the positron and electron with parallel spins produces the three-photon
ortho-positronium continuum (Ore and Powell, 1949). Positronium formed from positron-
electron pairs with anti-parallel spins annihilates to produce two gamma rays at 511 keV.
In astrophysical environments, the annihilation of singlet positronium or para-positronium
results in a Gaussian-shaped emission line centered at 511 keV, whose width is governed ei-
ther by the temperature of the medium for thermalized positrons, the residual kinetic energy
of the positron for positrons annihilating in flight, or by large scale gas dynamics (kinetic
broadening).

To form positronium via charge exchange, the positron energy must exceed the difference
between the binding energy of positronium (6.8 eV) and the first ionization potential of the
atom (e.g. wIP “ 13.6 eV for hydrogen), that is, w ě wIP ´ 6.8 eV, where w is the positron
energy. In the case of charge exchange with hydrogen (helium), the mimimum kinetic energy
a positron must have to form positronium is 6.8 eV (17.7 eV). If the threshold for positronium
formation with an atom is negative, positrons can form positronium at any incident energy
in charge exchange interactions with that atom. This is the case for the alkali metal atoms,
due to their extremely low ionization potentials.

Positrons may also form positronium via radiative recombination with free electrons
in the ISM. Unlike charge exchange, positrons with any energy may undergo radiative re-
combination. Annihilation via radiative recombination also results in the emission of a su-
perimposed para-positronium Gaussian centered at 511 keV and an additional three-photon
ortho-positronium continuum. The temperature of the medium strongly affects the width
and shape of the resulting annihilation spectrum (Guessoum et al., 2005), as both the frac-

1Annihilation lifetimes of positronium are 1.2ˆ 10´10 s for para-positronium, and 1.4ˆ 10´7 s for
ortho-positronium.
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tion of positrons forming positronium and the shape of the 511 keV line depend on the ISM
temperature. Finally, positrons may undergo direct annihilation either through interactions
with free electrons in the ISM, or may directly annihilate with electrons bound to atoms. This
process results in emission of a Gaussian spectrum where the characteristic width of the line
is determined by the ISM electron temperature.

Analysis of the measured gamma ray spectrum suggests that the majority of positrons
annihilate via charge exchange interactions with neutral atoms, assumed to be hydrogen
based on ISM composition (Churazov et al., 2005). The characteristic orthopositronium con-
tinuum emission and narrow emission line centered at 511 keV observed by INTEGRAL/SPI
indicates that positrons annihilate in a mostly neutral, „ 104 K ISM (Churazov et al., 2005,
2011; Siegert et al., 2016b). Simulations and experiment suggest that 90´ 98% of positrons
will annihilate via charge exchange during the in-flight phase in these ISM conditions (Gues-
soum et al., 2005; Bussard et al., 1979; Wallyn et al., 1994). The remaining positrons will
thermalize with the surrounding ISM (Prantzos et al., 2011) before annihilating. It is usu-
ally assumed that these thermalized positrons annihilate instantaneously, or on a timescale
shorter than the energy loss timescale if the production of positrons is in steady state with
respect to the annihilation rate. However, if the annihilation timescale for the thermalized
positrons exceeds the slowing down timescale, it is possible for a ‘reservoir’ of low energy
positrons to form. In this scenario, it is possible for the current annihlation rate to exceed
the positron injection rate.ÂăThis opens the door on a scenario where positrons are injected
into the Galaxy in some kind of outburst event such as those described in Totani (2006) and
Cheng et al. (1997).

In this paper we consider how alkali metals in the ISM substantially reduces the an-
nihilation timescale for thermalized positrons in the ISM, and the potential importance of
including alkali metal atoms in simulations of positron transport at low energies in the ISM.
We also show how including the alkali metal atoms as annihilation targets closes a door on
positron production scenarios which do not occur in a steady state.

5.2 Positron annihilation and alkali metal atoms

In existing simulations and theory of positron annihilation in the ISM e.g. Prantzos (2006);
Higdon et al. (2009); Jean et al. (2009); Churazov et al. (2011); Martin et al. (2012); Alexis et al.
(2014); Panther et al. (2017), positron interactions with hydrogen (both HI and H2), helium,
and free electrons are considered (henceforth the ‘simplified ISM model’). Also of potential
importance are dust grains and polycylic aromatic hydrocarbon (PAH) molecules, although
the cross-sections and mechanisms associated with annihilation on these species are uncer-
tain (Guessoum et al., 2010), and we do not consider them further in this work.

Hydrogen and helium make up the majority of the diffuse ISM by number density at
solar metallicity (Lodders, 2003), while the free electron density is strongly dependent on the
temperature of the medium. Herein, we consider the ISM at T „ 104 K, the ISM temperature
at which most positrons seem to annihilate. In this warm, partially ionized phase (WPIM)
where the majority of positrons are thought to annihilate (Churazov et al., 2005; Jean et al.,
2009; Churazov et al., 2011; Siegert et al., 2016b), the number density of molecular hydro-
gen (found in the cold neutral phase) is negligible so we only consider atomic species. The
composition and ionization state of the ISM is based on that for the warm ISM described in
Guessoum et al. (2005). A summary of the number densities of the considered species in the
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Table 5.1: Density of ISM species (per cm3) in the warm, partially ionized phase of
the ISM based on (Guessoum et al., 2005).

Species Density in WPIM / cm´3

Neutral hydrogen 2.68ˆ 10´1

Neutral helium 2.60ˆ 10´2

Free electrons 2.71ˆ 10´3

Neutral lithium 6.05ˆ 10´10

Neutral sodium 6.35ˆ 10´7

Neutral potassium 4.26ˆ 10´8

warm, partially ionized phase of the ISM is given in Table 5.1.
In this work, we utilize positronium cross-sections with approximate shape and magnitude

determined from fits to the available data (Campeanu et al., 1987; Bailey et al., 2015; Kauppila
et al., 1981; Machacek et al., 2013; Moxom et al., 1996; Weber et al., 1994; Stein et al., 1978;
Zhou et al., 1997; Laricchia et al., 2008; Humberston, 1979; Sullivan et al., 2001; Walters, 1988;
Kernoghan et al., 1996; Jones et al., 1993; Murtagh et al., 2005; Charlton et al., 1983; Charlton
and Humberston, 2000) for positron interactions with hydrogen and helium. We find the
timescale for positron annihilation at low energies is not affected by use of one dataset pref-
erentially over another for two reasons: firstly, at 104 K the thermalized positron has too little
kinetic energy to form positronium in collisions with hydrogen and helium. Consequently,
assuming a simplified ISM at these energies positrons only annihilate by direct annihilation
with bound electrons in hydrogen and helium atoms, and these cross-sections are compara-
ble to that for direct annihilation with free electrons (see fig 5.1). Secondly, recent advances
in measuring total positron scattering cross-sections have resulted in more precise determi-
nation of ionization and excitation cross-sections whereas varying the positronium formation
cross-section by „ 20% (in accordance with the uncertainties on the combined data set) has a
negligible effect on our results2.

Due to the non-negative positronium formation thresholds of hydrogen and helium
atoms, the annihilation cross-section for positrons interacting with hydrogen (helium) drops
to zero at 6.8 eV (17.7 eV). In the simplified ISM model, positrons with energies below 6.8 eV
can only annihilate via interactions with free electrons. The cross-section for these interac-
tions is several orders of magnitude lower than that for positron interactions with hydrogen
and helium (fig 5.1). The impact of this decrease in annihilation cross section is interest-
ing in the context of positron annihilation in the ISM, as positrons thermalizing in the ISM
phase where most positrons are expected to annihilate (the warm phase) will have energies
ă 6.8 eV. The lifetime of a thermalized positron (i.e. the time between the positron reaching
an energy of w “ 3kT{2 and subsequently annihilating) with energy w is (e.g. ref (Jean et al.,
2009))

τannpwq “
ˆ

cβpwq
ÿ

T

σTpwqnT

˙´1
(5.1)

where c is the speed of light, cβ is the positron velocity, σT is the cross section of target species

2These advances in measuring total scattering cross-sections will be of importance to positron as-
trophysics in the context of detailed simulation of collisional transport of positrons in the ISM, where
ionization and excitation of atoms in the ISM is responsible for the slowing down of energetic positrons
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T and nT the number density. The impact of the dramatic decrease in the annihilation cross
section in the simplified ISM model on the lifetimes of thermalized positrons can be seen as
the solid curve in Figure 5.2.

In the simplified ISM model, positrons with energies ă 6.8 eV are thought to only form
positronium via radiative recombination with free electrons. However, if there are atoms
present in the ISM which possess positronium formation thresholds below 6.8 eV, positrons
may still form positronium via charge exchange at low energies. Moreover, if the cross-
sections of these atoms is sufficiently large, it may also substantially decrease the annihila-
tion timescale for thermalized positrons in the warm ISM. The formation of positronium from
positron-alkali scattering is known, and the cross sections are known to an order of magni-
tude. Of particular interest are the alkali metal sodium (Kadyrov and Bray, 2016), which
has large cross sections (on the order of „ 10´15 cm´2) for charge exchange with positrons
at energies ă 6.8 eV. For completeness we consider lithium and potassium - however, their
inclusion has a negligible effect as their abundances orders of magnitude lower than that
of sodium using the abundance tables of Lodders (2003). In the case of potassium, we find
its inclusion does not affect the annihilation timescale significantly as its charge exchange
cross-section is around half an order of magnitude lower than that of sodium and lithium at
the energies considered (Ratnavelu, K. and Ong, W.E., 2011), and its solar abundance around
an order of magnitude lower than that of sodium (Lodders, 2003).

The large cross-section of sodium atoms has a significant impact on the lifetime of
positrons with energies ă 6.8 eV despite the comparably low abundance of sodium com-
pared to that of hydrogen and helium (assuming solar abundance in the diffuse ISM). A
summary of the species densities in the ISM phase where most positrons appear to annihi-
late is given in Table 5.1.
In this ISM phase, positrons will thermalize with an energy of wtherm “ 3kT{2 „ 1.3 eVpT{104 Kq.
At w “ 1.3 eV, the lifetime of a thermalized positron can be written in parameterized form as

τ “ 1.7ˆ 105 0.27 cm´3

nH

ˆ

1´ XH
0.99

0.085`
ζHe

0.096
0.004`

ζLi
2.23ˆ 10´9 8.9ˆ 10´4

`
ζNa

2.34ˆ 10´6 0.78`
ζK

1.57ˆ 10´7 2.4ˆ 10´4 `
XH

3ˆ 10´3 0.0015
˙´1

yr (5.2)

where nH is the total hydrogen density, XH is the ionization fraction for hydrogen, and the
factors ζT are the abundances of target atom T relative to protosolar abundance (Lodders,
2003). At 1.3 eV, the lifetime of positrons in the simplified ISM model is τ1.3 “ 1.67 Myr,
figure 5.2. Including sodium at solar abundance, along with all species listed in Table 5.1
(ζNa “ 2.24ˆ 10´6 relative to hydrogen (Lodders, 2003)) reduces the lifetime of such ther-
malized positrons to τ1.3 “ 0.19 Myr.

In particular, in the simplified ISM model, the annihilation timescale exceeds the energy
loss timescale for MeV positrons. This apparently allows for the possibility of a low-energy
positron ‘reservoir’ that could act to maintain the total number of ISM positrons in the Galaxy
in a steady state even if the positrons are injected by large-scale events (e.g. outbursts associ-
ated with the supermassive black hole (SMBH) at the Galactic Center [24, 25]) with a typical
periodicity significantly in excess of 1 Myr. However, accounting for alkali metal atoms as
annihilation targets in a realistic ISM model, closes the door on this possibility: the positrons
we detect currently annihilating in the ISM must have been created within the last „ Myr3.

3Even this timescale is probably excluded by combination of the observed distribution of positrons
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Figure 5.1: Positronium formation and charge-exchange (CX) cross-section for
positron annihilation through various channels as a function of incident positron
energy. Hydrogen and helium CX cross-sections based on fits to available data, ra-
diative recombination with free electrons from R. Sutherland (priv. comm.) lithium
and sodium CX cross-sections from (Kadyrov and Bray, 2016) and potassium CX
cross-sections from Ratnavelu, K. and Ong, W.E. (2011). Direct annihilation cross-
sections for positron interactions with free and bound electrons are shown in red.
The black dashed line shows the average energy of positrons that have thermalized

in the WPIM.
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Figure 5.2: Annihilation timescale for thermalized positrons as a function of positron
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solar metallicity, substantially decreases the annihilation timescale for positrons that
thermalize with energies ă 6.8 eV. The black dashed line shows the average energy
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5.3 Conclusions

In simple ISM models developed to understand the annihilation of the some 5ˆ1043 positrons
per second in the diffuse ISM of the Milky Way, it is assumed that positrons with kinetic ener-
gies below the charge exchange threshold with neutral hydrogen (ă 6.8 eV) can only undergo
annihilation through interactions with free electrons, or via direct annihilation with electrons
bound to hydrogen and helium atoms (Guessoum et al., 2005; Jean et al., 2009; Churazov
et al., 2011; Martin et al., 2012; Alexis et al., 2014; Panther et al., 2017). The consequence of
this assumption is that the calculated lifetime for positrons that thermalize in a 104 K ISM,
thought to be between 2 and 10% of positrons that annihilate in the diffuse ISM, is in excess
of 1 Myr. Despite its low abundance at solar metallicity, the inclusion of positron interac-
tions with sodium can reduce the lifetime of thermalized positrons in the ISM to „ 0.1 Myr,
and moreover allows a new channel for positrons to form positronium at energies where
positronium formation was only assumed to occur through radiative recombination with
free electrons. Finally, we conclude that the number of positrons in the Galactic ISM could
be maintained in steady-state by injection events with typical periodicity longer than ą Myr.
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5.5 Appendix: Annihilation in the multi-phase ISM

over" kpc size scales throughout both the bulge and disk and the fact that large-scale (ą kpc) transport
of positrons has been ruled out by numerical studies of positron transport Jean et al. (2009); Martin et al.
(2012); Alexis et al. (2014); Panther et al. (2017), even where large scale gas dynamics is invoked Panther
et al. (2017). In other words, to maintain the inferred smooth and large-scale distribution of positrons
across the Galaxy, each „ kpc-radius patch must have experienced a positron injection event within the
last ă Myr suggesting that the mean periodicity of positron injection events across the Milky Way is
" Myr.
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In Fig 5.3, we show that the inclusion of alkali metal atoms, most notably sodium, re-
duces the annihilation timescale for thermalized positrons in all phases of the ISM. However,
this is most significant in the case of the WNM and WPIM where the majority of positrons
are thought to annihilate via interactions with neutral atoms Churazov et al. (2005). In these
phases, where T „ 104 K, positrons thermalize at „ 1.3 eV. At this energy, the annihila-
tion timescale for positrons in the simple ISM is significantly longer than the slowing down
time for the positrons. Including alkali metal atoms as annihilation targets for thermalized
positrons reduces the annihilation timescale, and thus for the updated ISM model we find
τann ă τloss, with the consequences being the same as those discussed in the main article.

While the observed positron annihilation spectrum suggests that positrons annihilate in
a warm, partially ionized ISM, the possibility that positrons annihilate in multiple phases
of the ISM is not excluded Churazov et al. (2005). However, the characteristics of the anni-
hilation put strong constraints on the proportion of positrons annihilating in each phase -
hot ionised medium (HIM), warm ionized medium (WIM), warm neutral medium (WNM)
and cold molecular medium (CMM). In Churazov et al. (2005) it is found that annihilation in
a multiphase medium can explain the observed annihilation spectrum only where no more
than „ 8% of positrons annihilate in the hot ionized phase (T ě 106 K). Furthermore an-
nihilation in CMM (T ď 103 K) cannot make a dominant contribution to the annihilation
spectrum in the presence of a multiphase medium. Moreover, the presence of the positro-
nium continuum suggests that ą 95% of positrons annihilate via interactions with neutral
atoms (usually assumed to be hydrogen and helium). This would suggest that the majority
of positrons likely annihilate in the WNM. For completeness, the densities of the species in
our updated ISM model are shown in Table 5.2 for each of the HIM, WIM and WNM. We do
not consider the CMM based on the constraints on the annihilation spectrum - annihilation
on molecular hydrogen in the CMM results in a broad emission line which is inconsistent
with the spectrum observed by SPI (Churazov et al., 2005, 2011; Siegert et al., 2016b) - and
moreover the spatial morphology of the positron annihilation signal, which is significantly
more extended than the distribution of cold molecular gas in the Milky Way.
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Figure 5.3: Comparison of annihilation timescales for thermalized positrons in the
HIM (top left), WIM (top right), WNM (bottom left) and WPIM (bottom right). Verti-
cal dashed lines indicate the average energy of positrons thermalizing in each phase.
Horizontal lines show the energy loss timescale for MeV positrons in each phase. In
the case of the HIM (top left), the energy loss timescale for MeV positrons is „ 1011 yr
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Chapter 6

Positron annihilation in the nuclear
outflow of the Milky Way

There is no point in using the word
‘impossible’ to describe something
that has clearly happened.

Douglas Adas

Foreword

My comprehensive review of positron transport shows that in realistic astrophysical scenar-
ios, positrons are confined by small scale turbulent fluctuations in the magnetic field. This
means that positrons will tend to be confined close to their sources. Moreover, I have shown
that positrons survive only a negligible length of time following thermalization. As a re-
sult, thermalized positrons cannot propagate long distances through the interstellar medium.
However, large scale transport of positrons has not yet been conclusively ruled out.

In the early 2000s, observations revealed the existence of a nuclear outflow in the Milky
Way (Bland-Hawthorn and Cohen, 2003). This observations was confirmed spectacularly in
2010 when the FERMI gamma ray telescope team announced the discovery of the Fermi Bub-
bles (Su et al., 2010). These gamma ray structures stretch 8 kpc above and below the Galactic
plane. The origin of the bubbles is currently unknown, although mechanisms in which past
accretion on to the Galactic center SMBH resulting in the launching of relativistic jets have
been suggested, as has the ongoing violent star formation activity that occurs in the inner
few hundred parsecs of the Milky Way.

The inner 100 pc of the galaxy, or Central Molecular Zone, hosts around 10% of the total
star formation activity in the Milky Way (Morris and Serabyn, 1996). This intense star forma-
tion activity, and the stellar winds and ejecta from supernova explosions are able to drive a
nuclear outflow. This outflow generates a wind-blown bubble that expands adiabatically into
the Galactic bulge (Crocker et al., 2015). Material produced by the deaths of stars that drive
this bubble may contain large numbers of positrons, such as from the decay of radioactive
material. These positrons will be entrained in the gas by magnetic fluctuations in the plasma

81
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and can therefore be transported into the Galactic bulge.

It was previously pointed out by Churazov et al. (2011) that the cooling of gas in which
positrons may be embedded is an important consideration when evaluating positron produc-
tion and annihilation scenarios. In particular, Churazov et al. (2011) show that plasma with
initial temperatures between a few ˆ105 ´ 106 K can cool to around 104 K before positrons
annihilate. Thus positrons born in hot gas annihilate to produce a spectrum that is consis-
tent with observations. In the scenario I investigated, it is important to not only consider
the radiative cooling of the gas as Churazov et al. (2011) did. An adiabatically expanding
bubble of gas will also cool via adiabatic cooling. One of the most interesting aspects of the
simulations we performed was the revelation that the adiabatic energy losses of the positrons
was the most important energy loss process that positrons undergo.

The idea that positrons could be transported out of the Galactic center became of inter-
est in the 1990s after OSSE/CGRO detected the PLE (Purcell et al., 1997). Works suggested
mechanisms by which positrons could be transported up to 8 kpc above the Galactic plane
(the latitudinal extent of the PLE). For example, Dermer and Skibo (1997) described a feature
called the ‘positron annihilation fountain’, an outflow of material from the Galactic center
which transported positrons into the galactic halo. While INTEGRAL has not shown us any
hint of the PLE in recent observations (Siegert et al., 2016b), and the feature was shown to
be an artefact of the image reconstruction analysis (Milne et al., 2001b), it is still possible that
a nuclear outflow could operate to disperse positrons into the Galaxy on a smaller scale as
suggested in Crocker and Aharonian (2011).

In this chapter, I show that advective transport and subsequent annihilation of positrons
in the nuclear outflows of the Milky Way cannot simultaneously replicate the observed mor-
phology of positron annihilation in the Galactic bulge and satisfy the requirement that 90 per
cent of positrons annihilate once the outflow has cooled to 104 K.

Declaration

This work was published in the journal Monthly Notices of the Royal Astronomical Society: Let-
ters. The manuscript is reproduced here with formatting changes to make it consistent with
the rest of the work in this thesis. I contributed 95% of the manuscript preparation for this
article, and performed 90% of the simulations descibed in the article myself. The equation
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Abstract

Observations of soft gamma rays emanating from the Milky Way from SPI/INTEGRAL
reveal the annihilation of „ 2ˆ 1043 positrons every second in the Galactic bulge. The origin

of these positrons, which annihilate to produce a prominent emission line centered at 511
keV, has remained mysterious since their discovery almost 50 years ago. A plausible origin

for the positrons is in association with the intense star formation ongoing in the Galactic
center. Moreover, there is strong evidence for a nuclear outflow in the Milky Way. We find

that advective transport and subsequent annihilation of positrons in such an outflow cannot
simultaneously replicate the observed morphology of positron annihilation in the Galactic
bulge and satisfy the requirement that 90 per cent of positrons annihilate once the outflow

has cooled to 104 K.

6.1 Introduction

The Milky Way hosts the annihilation of „5ˆ1043 positrons each second (Siegert et al., 2016b).
The annihilation of positrons is detected indirectly through measurements of gamma rays
and is characterised by a strong emission line centered at 511 keV, the rest mass energy of the
positron (or electron). Positron annihilation in the Milky Way was first detected by balloon-
bourne spectrometers in the early 1970s (Johnson et al., 1972): a notable excess of emission
at „ 0.5 MeV was observed to be concentrated toward the center of the Galaxy. However,
the spatial resolution of such instruments was poor. The most recent observations with
SPI/INTEGRAL (Knödlseder et al., 2005; Weidenspointner et al., 2008a; Siegert et al., 2016b)
allow detailed morphological models of positron annihilation gamma rays to be constructed.

The most recent morphological models of positron annihilation in the Galactic bulge are
described in Siegert et al. (2016b), where the emission is modelled as the superposition of two
two-dimensional gaussians. Siegert et al. (2016b) also describe emission from an extended
thick disk, an observation highly dependent on the assumed spatial template. The more ro-
bust observation of positron annihilation in the Galactic bulge is the focus of this work, and
historically the high surface brightness of positron annihilation gamma rays in this region
and the high absolute positron annihilation rate - „ 2ˆ 1043 e` s´1 - have been difficult to
explain. This is because most putative positrons sources are concentrated in regions of star
formation in the Galactic disk (Prantzos et al., 2011; Ramaty et al., 1979), and those asso-
ciated with the older stellar population of the Galactic bulge have positron yields that are
currently not well constrained, such as microquasars (Siegert et al., 2016a). Others employ
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exotic physics such as the de-excitation or annihilation of dark matter (e.g. Finkbeiner and
Weiner, 2007; Bœhm, 2009).

The spectrum of the positron annihilation radiation observed by INTEGRAL implies that
„ 100 per cent of positrons annihilate via interactions with neutral hydrogen (charge ex-
change, see Guessoum et al., 2005, for an overview). Moreover, constraints show positrons
are injected into the interstellar medium (ISM) at low energies (ď„ 3´ 7 MeV, Aharonian
and Atoyan, 1981; Beacom and Yüksel, 2006). This likely rules out compact sources such as
pulsars and millisecond pulsars as the origin of the annihilating positrons as such sources
inject positrons into the ISM at energies greater than a few GeV.

The observed spectrum of positron annihilation in the Galaxy is best explained with an-
nihilation of positrons with intial energies w0 ď a few MeV in a single phase ISM with a
temperature of „ 104 K and a degree of ionization of a few ˆ10´2 (Churazov et al., 2005;
Siegert et al., 2016b) or alternatively by annihilation of these ‘low energy’ positrons in a mul-
tiphase medium where no more than „ 8% of positrons annihilate in the very hot phase
(T ě 106 K). Furthermore annihilation in the hot (T ě 105 K) or cold (T ď 103 K) media
cannot make a dominant contribution to the annihilation spectrum (Churazov et al., 2005;
Siegert et al., 2016b) in the presence of a multiphase medium.

Previous works have attempted to explain the morphology of positron annihilation gamma
rays through the diffusive transport of positrons (Martin et al., 2012; Alexis et al., 2014) pro-
duced near the Galactic center (refered to herein as ‘inside-out’ transport, e.g. Jean et al.,
2009). However, such works struggle to replicate the observed morphology of the positron
annihilation signal and require the presence of a highly ordered magnetic field to aid positron
diffusion out into the Galactic bulge (out to radii „ kpc). In particular, Jean et al. (2009) find
that low energy positrons are confined to scales of „ 200 pc in the presence of magnetic tur-
bulence characterised by a Kolmogorov turbulent spectrum.

Diffusive transport of positrons into the Galactic bulge region was also investigated
(Prantzos, 2006; Higdon et al., 2009; Martin et al., 2012; Alexis et al., 2014), however the sce-
nario presented involved positrons produced in the disk. This ‘outside-in’ transport mecha-
nism invokes diffusion in a similar manner to the ‘inside-out’ diffusion scenario of Jean et al.
(2009). The expected similarity of the diffusion coefficients in the Galactic disk and bulge
environments1 suggests that diffusion in the ‘outside-in’ transport scenario can be ruled out
for the same reasons presented in the ‘inside-out’ transport case.

Several works have also posited that the origin of positrons is related to our Galaxy’s
central supermassive black hole (SMBH) (e.g. Totani, 2006; Cheng et al., 2006). In this sce-
nario positrons are produced either in the accretion disk around the SMBH or through pair
production in jets. The jet can also be invoked as a transport mechanism to distribute the
positrons onto the size scales of the Galactic bulge. However, this scenario implies stringent
fine-tuning constraints on the time between the launching of the jet, the total jet power and
the subsequent time at which positron annihilation is observed.

Explaining the morphology of positron annihilation radiation in the Galaxy represents only
part of the solution to the origin of Galactic positrons. In addition, one must explain the spec-

1D “ 9.8ˆ 10´4 kpc2 Myr´1 for „ MeV positrons in Jean et al. (2009) for the Galactic bulge, as
opposed to 4.1ˆ 10´4 kpc2 Myr´1 derived in Maurin et al. (2001) for the Galactic disk
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trum of positron annihilation gamma rays. In the above works, positrons are transported into
neutral material where they subsequently annihilate. An alternative scenario was suggested,
and found viable, by Churazov et al. (2011): positrons annihilate in an ISM that radiatively2

cools from „ 106 K to „ 104 K on a timescale shorter than the positron lifetime in the ISM.
The annihilating positrons retain no ‘memory’ of the initial thermal conditions of the ISM.
Only the ISM conditions at annihilation leave their characteristic imprint on the resulting
spectrum of emitted gamma rays. The limitation of the Churazov et al. (2011) model lies in
the fact that the transport of positrons is not considered: positrons are assumed to annihilate
in locations that replicate the morphology determined from INTEGRAL/SPI measurements
of the positron annihilation radiation described in the same work.

The influence of large scale motions of gas associated with star formation in the Milky
Way’s Galactic center have not been considered in detail with respect to resolving the origin
of the Galactic bulge positrons, however positron transport in a Galactic nuclear outflow was
first posited in Dermer and Skibo (1997) in the context of observations made by OSSE/CGRO
(Purcell et al., 1997). These observations revealed an extended component of positron anni-
hilation at latitudes of up to ą 15˝, however the observation of this feature in data from
OSSE was highly model dependent (Milne et al., 2001a) and the feature did not appear in
subsequent analysis. In the context of explaing the highly robust observation of positron an-
nihilation in the Galactic bulge, the plausibility of such a scenario was first raised in Crocker
and Aharonian (2011), in the context of the existence of a nuclear outflow in the Milky Way.
Evidence for such an outflow emerged in Bland-Hawthorn and Cohen (2003). Gamma ray
structures further suggestive of such an outflow (the ‘Fermi Bubbles’; Su et al., 2010) were
subsequently discovered in data from the FERMI satellite. Such an outflow would cool both
radiatively and adiabatically as the gas injected at the Galactic center expands (Crocker et al.,
2015). Moreover, it is plausible that advection could transport positrons over the „ kpc dis-
tances required to explain the spatial morphology of the positron annihilation signal. Based
on the work of Jean et al. (2009), the diffusion timescale for positrons to escape from a
region with radius „ 200 pc is tdiff „ 40 Myr. This is calculated using the diffusion coeffi-
cient for MeV positrons with a Kolgomorov turbulent spectrum, derived in Jean et al. (2009).
In comparison, the timescale for positrons comoving with an outflow with wind velocity
v „ 500 km s´1 (Crocker et al., 2015) to advect to 1 kpc is tadv „ 1 Myr, less than the diffusion
timescale of the positrons. Thus, positrons can be accurately described as ‘frozen-in’ to the
plasma by magnetic turbulence and we henceforth assume they co-move with any large scale
motions of this plasma.

In this work, we consider the transport of positrons in an analytical model of this nuclear
wind and investigate whether such a scenario can replicate the two key observations of the
Galactic positron annihilation signal: its morphology and the gamma ray energy spectrum.

6.2 Methods

6.2.1 Outflow Model

We model one half of a nuclear outflow. The solid angle subtended by the outflow is fixed
at Ω “ π Str to replicate the geometry of the Fermi Bubbles (Lacki, 2014), and the geometry

2It was noted in this work that adiabatic cooling of the ISM could be important to consider
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of the outflow is that of the section of a sphere. The wind launching zone3 at the base of the
outflow has an initial radius of r0 “ 100 pc based on the radius of the Central Molecular Zone
(CMZ), the region of high star fomation intensity in the Galactic center (Morris and Serabyn,
1996). The evolution of the resulting wind can thus be described by the geometry of the
outflow, and the mass flux, 9M, and energy flux, 9E, into the outflow. The initial temperature
of the wind is set self-consistently with the mass and energy flux into the outflow following
Strickland and Heckman (2009), as is the initial wind velocity at r0 i.e. T0 “ 2µmp 9Ep5k 9Mq´1

and v0 “ p2 9E 9M´1q1{2. The mass density of the plasma in the outflow evolves according to
mass conservation, with the initial density given by ρ0 “ 9Mp2v0Ωr2

0q
´1. The nuclear wind

will decelerate as it does work against the gravitational potential of the Galaxy. To describe
the wind deceleration we use a parameterization to approximate the gravitational potential
∆φ, described by Breitschwerdt et al. (1991):

φrR, zs » 1.6ˆ 105 ´
8.82ˆ 104

?
R2 ` z2 ` 0.245

´
1.1ˆ 106

d

R2 `

ˆ

?
z2 ` 0.70` 7.26

˙2
`

5.81ˆ 105

13`
?

R2 ` z2

` 4.47ˆ 104 ln
ˆ

13`
a

R2 ` z2
˙

pkm s´1q2, (6.1)

where z is the height above the Galactic plane and R the Galactocentric radius, both in kpc,
in cylindrical coordinates. As we assume spherical symmetry, we approximate the value of
∆φ by its value on the z-axis (i.e. where R “ 0 in eqn. 1). In our model, we henceforth refer
to the coordinate z as r, the radial distance from the Galactic center. The wind velocity is
given as a function of the radial distance from the Galactic center r as (Crocker et al., 2015):
v “ v0p1´ 9M 9E´1∆φrrsq1{2. Here ∆φrrs “ φrrs ´ φrr0s.

The temperature of the outflow evolves through both radiative and adiabatic cooling. The
radiative cooling rate is calculated assuming the plasma is in collisional ionization equilib-
rium (CIE). We find that in the outflow the electron-ion collision timescale (e.g. Lacki, 2014)
is always shorter than the advection timescale for the outflows we describe, hence CIE is an
accurate description of the cooling mode of the plasma. In addition to radiative cooling, the
gas cools adiabatically as it expands, with an effective polytrope of γad “ 5{3 for the non-
relativistic plasma.

The ionization state of the plasma is computed from the CIE tables of Sutherland et al.
(2013). We track the evolution of the ionization fraction, and hence calculate the evolution of
the neutral hydrogen number density nH , ionization fraction XH and electron density ne, as
the energy losses of the positrons depend on the density of all species in the ISM.

6.2.2 Positron Microphysics

We consider the propagation of positrons with initial energies w0 ă 1.4 MeV in a nuclear out-
flow. This upper bound on the initial energy is consistent with a source of positrons produced
in β` decay of radionuclides synthesised by stars and stellar end products like supernovae,
and moreover is consistent with the constraints on the energies of positrons in the Galactic
center from Beacom and Yüksel (2006). For positrons emitted from β` unstable radionu-

3The wind will initially accelerate, however we find that for our chosen parameter space there is no
futher acceleration beyond „ 100 pc
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clides (such as 44Sc and 56Co), positrons are emitted with an energy spectrum with a mean
emission energy of „ 600 keV and a maximum emission energy of „ 1.5 MeV. We calculate
the energy w50 such that 50 per cent of positrons are emitted with energies w0 ď w50. We
then calculate the mean lower and upper energy at which positrons are emitted based on our
calculated w50 for positrons emitted in decay of 56Co: wlow „ 0.4 MeV and whigh „ 0.8 MeV
respectively. These values are close to those derived when considering positrons emitted
from decay of 44Sc.

Our analysis does not include a detailed treatment of discrete energy loss interactions
between positrons and neutral hydrogen atoms, nor do we consider the annihilation of
positrons “in-flight" (while their kinetic energies w0 " 3{2kbT). These processes only become
important in the last few tens of years of the positrons Myr lifetimes when the positrons
reach kinetic energies w ă 100 eV. The short timescales on which these processes become
important, at the end of the positron lifetimes, allows us to consider only the continuous
energy loss processes in calculating positron trajectories.

Positrons interact with all components of the ISM: neutral and ionized atoms, free elec-
trons, the magnetic field and the radiation field. However, positrons with energies w ! 1 GeV
lose the majority of their energy through ionization and plasma losses. Other radiative en-
ergy loss processes (synchrotron losses, bremsstrahlung with neutral and ionized atoms, and
inverse Compton losses) are negligible for „ MeV positrons (Prantzos et al., 2011). The
adiabatic expansion of the plasma in which the positrons are embedded mean that the
positrons lose energy through adiabatic cooling. We find that the adiabatic energy losses
of the positrons tend to dominate over radiative energy loss processes, and as the adia-
batic energy losses of the positrons do not depend on the opening angle of the outflow,
positron trajectories are not sensitive to the specific choice of opening angle. Unlike the
wind fluid, the effective polytrope for the positrons evolves with the positron energy as they
transition from a relativistic to non-relativistic fluid during the energy loss process. We as-
sume an ideal equation of state (EoS), and the adiabatic index of the positrons is given by
γad “ 1` 1{3pβ2{p1´ p1´ β2q1{2qq, where β “ p1´ p1{p1` ηqqq1{2, η “ w{511 keV. In reality,
the EoS is dependent on the internal energy of the positrons and hence non-ideal, however
we find the impact of the non-ideal EoS compared to the ideal EoS is negligible.

6.2.3 Evolution of positron energy in a nuclear outflow

In our model, we assume that positrons co-move with the expanding plasma - low energy
positrons are confined by magnetic turbulence in the plasma, and their motion is thus dom-
inated by any large-scale motions the plasma may undergo. In this scenario, positrons are
transported radially outward from the wind launching zone at the wind velocity vrts, embed-
ded in an outflow that expands according to mass conservation (adiabatic expansion). Such
an outflow cools as it expands.

We calculate the radius at which positrons are expected to annihilate. The thermalization
radius, rtherm is the maximum radius achieved by a positron co-moving with the outflow as
it loses kinetic energy from w “ w0 to wtherm “ 6.8 eV, corresponding to thermalization in an
ISM with T „ 104 K. We choose this characteristic temperature as positrons annihilating in
a plasma with this temperature will reproduce the measured linewidth of the positron anni-
hilation line, however the exact choise for wtherm does not qualitatively affect our conclusions.

The lifetime of positrons in the outflow depends on the density of the neutral and ionized
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species in the ISM. As these densities vary not only with the adiabatic expansion of the
plasma but also according to the radiative cooling of the plasma, the trajectories of positrons
in the outflow are calculated iteratively for a range of different initial conditions. A trajectory
is parameterised by the mass and energy flux into the outflow ( 9M and 9E respectively) and
the intial energy of the positron w0. We calculate the evolution of positron energies for a
grid where 9M P t10´3, 100uMd yr´1 and 9E P t1038, 1040u erg s´1 for positron energies wlow
and whigh calculated above. The range of values chosen for the t 9E, 9Mu parameter space are
conservatively broad estimates for the maximim and miminum values expected from nuclear
star formation (Crocker, 2012). The initial temperature, T0, and wind velocity, v, are defined
by 9E and 9M as described above. The ionization fraction of hydrogen in the plasma is given
by CIE (Sutherland et al., 2013) which varies as a function of temperature. Typical inital
temperatures range from „ 106 ´ 107 K with outflow velocities of „ 300´ 1500 km s´1. The
density of the medium evolves due to mass conservation in the outflow, i.e. the density at
time t is

ρrts “
9M

2vrtsΩpr0 ` rq2
, (6.2)

where t “ 0 where the flow is launched at r0 with velocity v0 and

r “
ż t

0
v0

ˆ

1´
9M
9E

∆φrrs
˙1{2

dt (6.3)

.
The temperature evolves due to adiabatic and radiative losses. The adiabatic cooling rate at
time t is

dT
dt

ˇ

ˇ

ˇ

ˇ

ad
“ ´2

pγad ´ 1qvrtsT0

pr0 ` rq

ˆ

ρrts
ρ0

˙γad´1
, (6.4)

where γad “ 5{3 for the non-relativistic gas. The radiative cooling rate is

dT
dt

ˇ

ˇ

ˇ

ˇ

rad
“ ´

Λ
n2

2ntot

3kb
, (6.5)

where Λ{n2 is the normalized cooling function from Sutherland et al. (2013) assuming CIE.
The ionization state of the medium and the densities of the different species are computed
from the same cooling tables.

Positrons with an inital energy of w0 at r0 are evolved simultaneously. Positrons lose
energy through both adiabatic and radiative loss processes. As the adiabatic losses of the
positrons dominate, and continuous radiative losses with species other than hydrogen in the
ISM (helium and metals) are subdominant, we assume positrons interact only with hydrogen
and free electrons. The adiabatic energy loss rate for positrons at time t is

dw
dt

ˇ

ˇ

ˇ

ˇ

ad
“ ´2

pγad ´ 1qvrtsw0

pr0 ` rq

ˆ

ρrts
ρ0

˙γad´1
. (6.6)

We find that the adiabatic energy losses of the positrons always dominate over the radiative
energy losses. Positrons also lose energy through ionization and Coulomb losses. Ionization
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losses due to interactions with neutral hydrogen are given by (Ginzburg, 1979):

dw
dt

ˇ

ˇ

ˇ

ˇ

ion
“ ´7.7ˆ 10´9 nH

β

„

ln
ˆ

pγ´ 1qγ2β2p511keVq2

2I2

˙

`
1
8



eV s´1, (6.7)

where nH is the number density of neutral hydrogen, I “ 13.8 eV is the ionization energy of
hydrogen and γ is the Lorentz factor for a positron with kinetic energy w. The energy loss
rate due to coulomb scattering from the ionized ISM component are given by (Huba, 2013),

dw
dt

ˇ

ˇ

ˇ

ˇ

pla
“ ´1.7ˆ 10´8 ne

β
ln ΛC

ż w{kbT

0
dxx1{2e´x´ (6.8)

pw{kbTq1{2e´w{kbTq eV s´1,

where ΛC “ pkbT{4πnee2q1{2pmaxp2e2{mu2, h̄{muqq´1 and u “ p3E{mq1{2´p8kbT{πmq1{2 cm s´1.
with ne the electron density, m is the electron mass and e the electron charge.
Trajectories of positrons are calculated and recorded until they either a) reach a maximum
radius of 8 kpc or b) thermalize. In the latter case, we consider positrons thermalized if they
reach an energy of 6.8 keV. This positron energy is consistent with an ISM temperature of
„ 104 K. The ISM conditions (temperature, density and ionization fraction) at thermalization
are recorded, as it thermalization radius, rtherm. We then consider the regions of our input
parameter space occupied by positrons that thermalize

6.3 Results

For our model to replicate observations of positron annihilation in the Galactic bulge, the
following must be satisfied: Firstly, the spatial distrubution of annihilating positrons must
be consistent with the model described by Siegert et al. (2016b), and secondly, 90 per cent of
positrons must annihilate in an ISM that has cooled to „ 104 K. To assist in comparing our
results to the best fit morphology of the positron annihilation signal described by Siegert et al.
(2016b), we transform their two-dimensional intensity map into a one-dimensional radial
intensity profile. The best fit Bulge profile from Siegert et al. (2016b) is the superposition of
two two-dimensional Gaussian distributions representing a spatially narrow component of
emission associated with the Galactic bulge, and a spatially broad component of emission
associated with the same region. We calculate a mean inner radius and a mean outer radius
to characterise the observed profile, i.e.

rin “

r50
ş

0
drIrrsr2

r50
ş

0
drIrrsr

„ 360 pc, rout “

8
ş

r50

drIrrsr2

8
ş

r50

drIrrsr
„ 1.6 kpc (6.9)

where r50 is the root of the equation
şr50

0 drIrrsr{
ş8

0 drIrrsr “ 0.5 - radius inside which 50 per
cent of the 511 keV flux Irrs is observed. We choose to proceed with the analysis in this way -
as opposed to calculating radial intensity profiles from our model - both to simplify the sub-
sequent analysis and to take into account that the distribution of the positron annihilation
radiation described in Siegert et al. (2016b) is a best fit model, and the smooth nature of the
profile is a property of the model, not necessarily the positron annihilation signal itself.
The deceleration of the wind due to the gravitational potential of the Galaxy allows us to
introduce a further constraint on the scenario we present. If the wind stalls before reaching
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Figure 6.1: Contour showing regions of parameter space where w0 „ 0.8 MeV
positrons thermalize at rthermrwhighs „ rout (blue shaded region, dot-dashed con-
tours) and where the outflow has cooled to 104 K at rout (blue shaded region, solid
contours). Similar contours for positrons with w0 „ 0.4 MeV and rthermrwhighs „ rin
are shown in red. The black line delineates the region of the parameter space where

the outflow stalls before reaching rout, which are excluded in our model.
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rout, it is not possible for positrons to be transported to radii consistent with the observed
intensity profile of the radiation. We calculate the regions of parameter space excluded by
this constraint, which is plotted as the black solid line in fig. 6.1.

For regions of the parameter space where the wind does not stall, we calculate rtherm
for positrons with an initial kinetic energy w0 “ wlow in a Galactic outflow as described in
Section 6.2, and compare this radius to the inner characteristic radius rin. In Figure 6.1, red
contours show regions of the t 9E, 9Mu parameter space for which positrons with w0 “ wlow
thermalize at rin (i.e. where 0.9 ă rtherm{rin ă 1.1). Overplotted, also in red, are the regions
of parameter space for which the outflow cools to 8000 K ď rthermrw0 “ wlows ď 3ˆ 104 K
at the radius at which positrons thermalize. It is immediately obvious that these two sets of
contours are disjoint, and thus there is no region of parameter space where positrons with
initial energies „ wlow can annihilate where the ISM temperature is consistent with the ob-
servations.

The solid (dot-dashed) blue contours show where positrons with initial kinetic energies
w0 “ whigh thermalize when the ISM has cooled to 8000 K ď rthermrw0 “ wlows ď 3ˆ 104 K
(where positrons thermalize at 0.9 ă rtherm{rin ă 1.1). There are regions of the parameter
space where positrons with initial energies „ whigh annihilate in an ISM that has cooled to
„ 104 K. However, for the scenario to be presented to be consistent with observations, less
than ten percent of positrons must annihilate in the hot medium. In the scenario described,
the low energy positrons („ 50 percent of positrons in the outflow) annihilate before the ISM
has cooled to 104 K.

In Figure 6.1, one can see there is no single point in the t 9E, 9Mu parameter space where
positrons at relevant energies annihilate in an ISM with a temperature of „ 104 K at radii
consistent with the morphology of the observed extent of the 511 keV line. In the scenario we
present, there is no region in which positrons with energies „ wlow annihilate in a medium
that has cooled to 104 K. Consequently, the spectra of positron annihilation will be consid-
erably broader than the observed spectrum (Guessoum et al., 2005) for all regions of the
parameter space, even those in which positrons with energies w0 “ whigh thermalize and
annihilate once the ISM has cooled to „ 104 K, as the broadest component of the spectrum
dominates the total observed spectrum.
Based on these results, we rule out a scenario where positrons are advected into the Galactic
bulge by a steady state nuclear outflow as the source of Galactic bulge positrons. Our re-
sults show no sensitivity to the choice of opening angle of the described outflow. We find
that the spectrum of gamma rays resulting from positron annihilation provides a stringent
constraint on the annihilation sites of positrons, and our model cannot successfully repro-
duce the global Galactic bulge positron annihilation spectrum observed by SPI/INTEGRAL
(Siegert et al., 2016b).

6.4 Conclusion

In this work we find that positron transport in an adiabatically expanding and adiabatically
and radiatively cooling steady-state outflow cannot consistently replicate either the observed
morphology and spectrum of positron annihilation gamma rays. In particular, constraints
on the observed spectrum of the positron annihilation radiation rule out the scenario we
propose. In ruling out this scenario, where positrons are transported by large scale motions
of gas from the Galactic nucleus to the Galactic bulge, we provide evidence in favour of
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searching for a source of Galactic positrons that is distributed in the Bulge region of the
Galaxy although we do not rule out large scale diffusive transport. A distributed source such
as subtypes of thermonuclear supernovae associated with old stellar populations (Crocker
et al., 2017) or microquasars (Siegert et al., 2016a) can plausibly explain the observed mor-
phology of the positron annihilation signal without invoking complex, large scale transport
of positrons via diffusion.
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Chapter 7

The host galaxies of SN1991bg-like
supernovae

Reality is frequently inaccurate

Douglas Adams

Foreword

Thus far, I have established that positrons we observe annihilating in the Milky Way must
have been produced within the last million years, as when we include the physics positrons
undergo with atoms other than hydrogen and helium, their thermalized lifetimes decrease
dramatically. Furthermore, we have ruled out the possibility that the nuclear outflow dis-
perses positrons into the Galactic bulge as the observed spectra of positrons annihilating in
such an outflow cannot be reconciled with observations. Thus, we must search for a positron
source that

• has a source morphology that reflects the annihilation morphology. Positrons are not
transported from disk to bulge, or vice versa

• can supply a sufficient number of positrons to contribute to the observed positron
annihilation flux

• produces positrons at an energy that does not exceed 3´ 7 MeV.

Such a source should be associated with the ą 10 Gyr old stellar populations of the Milky
Way. The flux ratio between the Disk and Bulge, and the disk and nuclear bulge scales con-
sistently with the total stellar mass.

A natural source that is associated with stars would be positrons produced by nucle-
osynthesis. However, conventional SNe Ia and CCSNe do not produce positrons through the
decay chains of radioisotopes such as 44Ti or 56Ni in sufficient quantities nor in the correct
spatial distribution to explain the observed positron annihilation morphology and flux.

In Crocker et al. (2017), a transient event with a delay time distribution that peaks to-
ward 3´ 6 Gyr could supply positrons to the galaxy with the right morphology and relative
fluxes in the different regions of the galaxy is described. Each event would be required to
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produce around 0.03 Md
44Ti to explain the observed positron luminosity. This means the

event would have a recurrence time of 1{500 yr. Thus, there is a natural explanation for the
lack of Ti-44 decay lines visible in the sky, as the time between events is sufficiently long that
we would miss the decays.

Events producing this quantity of 44Ti can only be explained with the detonation of
helium. To identify the type of transient event responsible for the production of Galactic
positrons we employed binary population synthesis (BPS) using StarTrack (Belczynski et al.
(2008)). We find an evolutionary channel that assembles relatively large masses of helium in
favorable conditions for detonation at long times (3´ 6 Gyr) subsequent to star formation.
This channel involves an interacting binary star system with low zero-age main sequence
masses (1.4´ 2 Md per star). These stars evolve to produce a Carbon-Oxygen White Dwarf
(COWD) with a pure 0.31´ 0.37 Md Helium White Dwarf (HeWD) companion, the latter’s
progenitor never undergoing core helium burning. A merger event occurs with a character-
istic timescale of 3 Gyr. This is in good agreement with the constraints on the delay time of
a Galactic positron source derived above.

The proliferation of SN surveys in the past 20 years has lead to the indentification of
more and more peculiar thermonuclear transients. The properties of the system described
above are thought to result in an explosion consistent with sub-luminous thermonuclear su-
pernovae, specifically the SN1991bg-like subclass (91bg-like SNe). 91bg-like SNe uniquely
exhibit a strong Ti ii absorption feature at 4200Å in their spectra (Filippenko et al., 1992).
The helium detonation proposed results in the synthesis of 44Ti which, together with other
isotopes of titanium, give rise to this Ti ii absorption feature and the red photemetric colors
of the supernova, rendered particularly prominent by the thermodynamic conditions in the
ejecta (which has low expansion velocities, „ 6000 kms´1).

The SNe 91bg rate is around 15% of the total SNe Ia rate. However this rate rises to
around 30% if the analysis is restricted to early type galaxies (Li et al., 2011). In fact, more
than any type of SNe, SNe 91bg are associated with early type galaxies (see plot). The cu-
mulative distribution of SNe 91bg across galaxy type is sustantially different from that of
CCSNe, which tend to occur in late type galaxies that host active star formation, and mea-
sureably different to that of SNe Ia, which occur fairly uniformly across all galaxy types.
However, there has been no systematic study to investigate whether there is a causal connec-
tion between the properties of early type galaxies and SNe 91bg, nor has a qualitative link
been described.

The preponderance of SNe 91bg in early type galaxies is a tantalizing hint that they may
have longer delay times than those of SNe Ia, however early type galaxies are also more
massive, and tend to be more metal rich, as well as contain less star formation than late type
galaxies. Thus, we need to disentangle which of these properties is connected to SNe 91bg.
To this end, we use integral field spectroscopy observations of SNe 91bg host galaxies and
determine the ages and metallicities of the stellar populations in the „ 1 kpc vicinity of the
SN explosion site. In our sample we include both early type galaxies and a number of late
type and irregular galaxies that host SNe 91bg.

Our measurement of the typical stellar population age in the vicinity of the SN enables us
to constrain the delay time of the SNe 91bg in our sample. Moreover, by using full spectrum
fitting, we can obtain information about the youngest components of the stellar populations.
In this work, we are able to perform the first quantitive analysis of the stellar populations
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that host SNe 91bg. We find that the average ages of the stellar populations are ą 6 Gyr, the
oldest stellar populations measured to host any subtype of supernova. Furthermore, we find
that the majority of host stellar populations are devoid of recent star formation, and in the
galaxies that are found to host recent star formation, there is a significant component of older
stars present.

The derived DTD of SN1991bg-like SN progenitors in this work is consistent with the
DTD required for a stellar transient that can reproduce the spatial distribution of the positron
annihilation line in the Galaxy derived in Crocker et al. (2017).
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Abstract

SN1991bg-like supernovae are a distinct subclass of thermonuclear supernovae (SNe Ia).
Their spectral and photometric peculiarities indicate their progenitors and explosion

mechanism differ from ‘normal’ SNe Ia. One method of determining information about
supernova progenitors we cannot directly observe is to observe the stellar population

adjacent to the apparent supernova explosion site to infer the distribution of stellar
population ages and metallicities. We obtain integral field observations and analyse the

spectra extracted from regions of projected radius „ kpc about the apparent SN explosion
site for 11 91bg-like SNe in both early- and late-type galaxies. We utilize full-spectrum

spectral fitting to determine the ages and metallicities of the stellar population within the
aperture. We find that the majority of the stellar populations that hosted 91bg-like

supernovae have little recent star formation. The ages of the stellar populations suggest that
that 91bg-like SN progenitors explode after delay times of ą 6 Gyr, much longer than the

typical delay time of normal SNe Ia, which peaks at „ 1 Gyr.

7.1 Introduction

Type Ia supernovae (SNe Ia) are usually described as a photometrically and spectroscop-
ically homogeneous class of astrophysical transients. They are thought to arise from the
thermonuclear disruption of a carbon-oxygen (CO) white dwarf star in an interacting binary
system (see Hillebrandt et al. (2013); Maguire (2017) for a review). ‘Normal’ SNe Ia are stan-
dardizable candles (Branch and Tammann, 1992): there is a tight relation between their peak
luminosity and the width of their light curve (the Phillips (1993) relation), and between their
peak luminosity and their optical color at peak luminosity (Tripp, 1998). Thus they make an
excellent tool for measuring cosmological distances. As standardizable candles, normal SNe
Ia have been employed in cosmology to probe the geometry of the universe (Riess et al., 1998;
Perlmutter et al., 1999; Leibundgut, 2001). However, the proliferation of SN surveys over the
past 30 years has led to the discovery of several spectroscopically and photometrically pe-
culiar subclasses of these events. The discovery of SN1991bg in particular (Filippenko et al.,
1992) - the prototype event for the SN1991bg-like subclass of SNe Ia (hereafter 91bg-like SNe,
see Taubenberger (2017) for a review) - challenged the accepted paradigm that SNe Ia are a
homogeneous class of events.
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91bg-like SNe events share several key features with their normal SNe Ia cousins, and
are clearly thermonuclear supernovae. Specifically, they lack any indication of hydrogen
and helium in their spectra while also exhibiting strong Si ii in absorption (Filippenko, 1997).
Moreover, absorption features in their spectra near maximum light indicate the presence
of a number of intermediate mass elements (IMEs) including silicon, magnesium, calcium,
sulphur and oxygen. The presence of these IMEs is consistent with these events belonging to
the class of thermonuclear transients (Filippenko, 1997). However, 91bg-like SNe also exhibit
significant photometric and spectroscopic peculiarities compared to normal SNe Ia. This is
highly suggestive of a different explosion mechanism and/or progenitor configuration. The
subclass differs from ‘normal’ SNe Ia in the following ways:

• 91bg-like SNe are subluminous compared to SNe Ia by 1.5´ 2.5 mag at optical maxi-
mum, reaching peak absolute magnitudes of only ´16.5 to ´17.7 in B (Taubenberger,
2017),

• 91bg-like SNe are significanly redder than their normal SNe Ia cousins, with pB ´
Vqmax “ 0.5´ 0.6 mag,

• 91bg-like SNe light curves decline very quickly, and are characterized by a lightcurve
decline parameter 1.8 ď ∆m15pBq ď 2.1, compared to ∆m15pBq ď 1.7 for normal SNe
Ia. 91bg-like SNe also have a light curve rise time of „ 13´ 15 days (Taubenberger
et al., 2008), a few days shorter than normal SNe Ia. Combined with their low peak
luminosities, this is consistent with these events synthesising significanlty lower 56Ni
masses than their normal SNe Ia counterparts („ 0.05´ 0.1 Md, Sullivan et al. (2011)).

• 91bg-like SNe lack a secondary maximum in the near infrared (NIR), unlike normal
SNe Ia, likely due to the 91bg-like SNe ejecta being cooler and less luminous than
that of the normal SNe Ia. Instead, they exhibit a single NIR maximum delayed a few
days with respect to the maximum in B (Garnavich et al., 2004), whereas the first NIR
peak in a normal SN Ia lightcurve preceeds the B band maximim. The absence of the
secondary NIR maximuim makes it impossible to perform a simple time-shift to make
the 91bg-like SNe lightcurve map to the standardizable lightcurve of the normal Ia,
and the absence of the feature is physically interpreted as a merging of the primary
and secondary NIR maxima into a single maximum due to the physical conditions in
the SN ejecta (Kasen, 2006; Blondin et al., 2015).

• Spectroscopically, 91bg-like SNe exhibit similar pre-maximum optical spectra to nor-
mal SNe Ia - i.e. dominated by IMEs. However a transition to a spectrum dominated by
iron group elements happens earlier in 91bg-like SNe than in normal SNe Ia (Tauben-
berger, 2017).

• Particularly notable is the presence of unusually strong Ti ii and O iλ7774 in absorp-
tion in the post-maximum spectra. A number of these spectral peculiarities can be
attributed to the unusually cool and slow-moving ejecta („ 7000 km{s, Taubenberger
et al., 2008) when 91bg-like SNe are compared to normal SNe Ia: the lower ionization
state favours a higher abundance of neutral and singly ionized species. However, it
is considered unlikely that ionization state and temperature explains all these spectral
peculiarities.

To explain the spectroscopic and photometric peculiarities of 91bg-like SNe, a variety of
progenitors and explosion mechanisms have been suggested. A ‘violent merger’ of two near-
equal mass CO WDs was explored via hydrodynamical simulations in Pakmor et al. (2010).
Although the lightcurves of the these explosions were somewhat too broad to reproduce ob-
servations of 91bg-like SNe, the synthesised spectra, red colour and low expansion velocities
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were a fairly good match to observed properties of 91bg-like SNe. To better reproduce the
characteristics of 91bg-like SNe light curves, it was suggested by Pakmor et al. (2013) that
the faint, fast lightcurves of 91bg-like SNe could result from the merger of a CO WD and a
helium WD (e.g. see their figure 4). The smaller ejecta mass that is expected in such an ex-
plosion can naturally explain the observed narrower lightcurves of 91bg-like SNe compared
to their ‘normal’, brighter counterparts. A specific formation channel of the same progenitor
scenario (CO WD + He WD merger) was found by Crocker et al. (2017) to plausibly supply
the high 44Ti yield that is necessary for these merging events to also explain the positron
annihilation signal in the Milky Way.

While a number of progenitor configurations and explosion mechanisms have been sug-
gested to explain the properties of 91bg-like SNe, no direct observations of the progenitor
systems have been made, and so the exact progenitors of these SNe remain unknown. One
method of inferring information about the progenitors of SNe independent of the observed
properties of the explosion is to consider the galaxies in which they occur. A qualitative con-
nection between host galaxy properties and the occurrence of 91bg-like SNe has already been
well established. In LOSS (the Lick Observatory Supernova Search, Li et al. (2011)), around
15 per cent of all SNe Ia were of the 91bg-like SNe subclass. However, considering only early
type galaxies, the fraction of SNe Ia that are of the 91bg-like SNe subtype rises to 30 per cent.
Furthermore, in Perets et al. (2010) the cumulative distribution of 91bg-like SNe occuring in
galaxies of various Hubble types was found to be different to that of SNe Ia. More recently,
the LOSS sample was used to quantify the SNe luminosity-stellar age connection in Shen
et al. (2017) together with binary population synthesis models. In that work, it was shown
that double WD systems with less massive primaries result in fainter SNe Ia at long (ą 1 Gyr
delay times, in agreement with the simulations of Pakmor et al. (2010) and the theoretical
arguments of Crocker et al. (2017).

SNe Ia are observed to occur in all galaxy types, from passive to star forming, and there
is some evidence that they are found in regions of galaxies occupied by older, several Gyr-
old stars (e.g. the vertical distribution of SNe Ia is greater than the vertical distribution of
CCSNe in edge-on spiral galaxies Hakobyan et al. (2017)). On the other hand, 91bg-like SNe
occur predominantly in early type galaxies (Perets et al., 2010). While this is clear, a specific
connection between the properties of early type galaxies (which tend to be more massive,
more metal-rich, host significantly less star formation, and contain older stellar populations)
and 91bg-like SNe is yet to be firmly established.

A number of works (Gallagher et al., 2008; Stanishev et al., 2012; Rigault et al., 2013;
Galbany et al., 2014; Rigault et al., 2018) have now investigated the connection between the
global properties of galaxies and the observed stretch and colour of SNe Ia, as this may be
a source of bias in cosmology. While the focus has been on ‘normal’ SNe Ia, Gallagher et al.
(2008) noted a correlation between older stellar populations and lower luminosity SNe Ia.
Several of their low luminosity supernovae were classified spectroscopically as SNe 91bg in
the Berkeley Supernova Project (Silverman et al., 2012), and their host galaxies were found to
contain stars with an average age of „ 10 Gyr.

The observations of Gallagher et al. (2008) were restricted to early-type galaxies and uti-
lized slit spectroscopy. Consequently, the ages and metallicties of the stellar populations
derived represent a single global average for these SNe host galaxies. Since these host galax-
ies are early-type galaxies where the stellar populations will be well-mixed, the global galaxy
properties are a good approximation for the stellar population that gives rise to the super-
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nova progenitor (Galbany et al., 2014). However, the method employed by Gallagher et al.
(2008) makes it hard to exclude the presence of recent local star formation within a few kpc
of the supernova progenitor. Furthermore, the Gallagher et al. (2008) work makes use of the
Lick/IDS Index system (Worthey, 1994; Worthey and Ottaviani, 1997) to derive the average
age and metallicity of the stellar populations of the observed galaxies, and does not take into
account that stellar population will be composed of stars that formed at different times and
thus cannot be characterized by a single stellar age.

Global galaxy properties may help with the standardization of supernova lightcurves,
however to determine whether a supernova subtype is associated with an old (ą 2´ 3 Gyr
old) stellar population requires one to rule out the presence of recent star formation within a
few kpc of the apparent supernova explosion site.

To do this, it is necessary to consider a spectrum of the stellar population adjaced to the
apparent supernova explosion site. Integral Field Unit (IFU) observations can be utilized to
investigate this. For nearby supernova hosts (up to z „ 0.03), an aperture with a radius of
„ 1.5” can resolve a region around 1 kpc in projected radius on the galaxy. Furthermore, a
local measurement can also be used to determine the distribution of stellar population ages
using a method such as penalized pixel fitting of the stellar spectrum extracted from the
same apeture used in step one (Cappellari and Emsellem, 2004; Cappellari, 2017).

In this work, we will utilize penalized pixel fitting to investigate the age distribution of
the stellar populations that hosted 91bg-like supernovae in a range of galaxies of all mor-
phophological types. We choose to use the local stellar spectra at the supernova explosion
site as opposed to integrated galaxy spectra. For example, in the case of a late-type host
galaxy, star formation may be localized to the disk of a galaxy. In an integrated spectrum
of the galaxy, this star formation can dominate the observed light due to the luminosity of
O-A stars. Thus, if a supernova occurs in the bulge of a spiral galaxy, one is likely to un-
derestimate the age of the population that gave rise to the SN progenitor of only global host
galaxy properties are considered. On the other hand, if a SN occurs in an early-type galaxy
where significant stellar migration may have occured, one can still use the IFU technique to
constrain the age of the supernova progenitor: if a SN progenitor is formed within the last
Gyr, evidence of this star formation will still be apparent in the stellar spectra as stars will
not migrate far from their birthplaces in this timeframe (Fujii and Baba, 2012). Furthermore,
the local stellar population will have a distribution of ages representative of that of the whole
galaxy (Galbany et al., 2014).

Several works have utilized a similar method, employing IFU spectroscopy to investi-
gate the region in the immediate projected vicinity of SNe Ia to determine the relationship
between the scatter in SNe Ia properties after standardization, and star formation rate (Stan-
ishev et al., 2012; Rigault et al., 2013, 2018). Those works are particularly important in the
context of cosmology, as the dispersion in Hubble residuals can affect the precision and ac-
curacy of measurement of the cosmological parameters, such as the Hubble constant and the
dark energy equation of state parameter. However, the properties of stellar populations at the
explosion sites of different subtypes of SNe Ia have not yet been studied in detail. 91bg-like
SNe are a distinct subclass which are empirically shown to occur predominantly in old stellar
populations. Thus, they provide a perfect opportunity to use IFU spectroscopy to quantify
the age of stellar populations close to the SN explosion site and constrain the presence of
recent star formation.
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In this paper, we present the results of our observations of 91bg-like SNe host galaxies
using IFU spectroscopy based on data obtained at Siding Spring Observatory. We derive
the distribution of stellar population ages and metallicities of the stars in a region of radius
„ 1 kpc around the apparent SN explosion site using full-spectrum fitting. Our observations
and data reduction are described in section 7.2, and the results of the full-spectrum fitting
procedure is described in section 7.3. Finally, we present a discussion of our results in section
7.4 and our conclusions in section 7.5.

7.2 Observations and Data Reduction

7.2.1 Sample selection

Our sample of 91bg-like SNe host galaxies is composed of 15 hosts of SNe spectroscopically
identified as 91bg-like SNe by Silverman et al. (2012) visible from Siding Spring Observatory,
as well as the host of SN2012fx (Pastorello et al., 2012) and the host of lsq15bb (Fremling
et al., 2015). We do not make any selection cuts based on galaxy morphology, luminosity or
mass. Nor do we make a selection cut against supernovae that have large offsets from their
host as there may be a diffuse stellar population present at the explosion site not obvious in
the Digitized Sky Survey 2 (DSS-21) images which were used to create finder charts for each
observation.

7.2.2 Observations

We obtained integral field observations of 17 spectroscopically identified 91bg-like SNe host
stellar populations using the WiFeS instrument (Dopita et al., 2007) on the Australian Na-
tional University 2.3m Advanced Technology Telescope at Siding Spring Observatory (SSO).

Observations were obtained over a total of 14 nights between July 2016 and February
2017. WiFeS is a wide-field Integral Field Unit with a total field of view of 25”ˆ 38”. The
instrument configuration is shown in Table 7.2. The aperture of WiFeS is centered on the
apparent location of each SN, with the position angle of the aperture chosen to minimize
contamination from nearby stars but, as we only extract spectra from pixels close to the ap-
parent SN location, the position angle has little practical importance.

Exposure times reflect changes in our observation strategy to account for inclement
weather conditions. A summary of our science observations is given in Table 7.1. Bias
frames, Cu-Ar arcs and dome flats were obtained at the beginning and end of the night. Wire
frames2 were obtained at the end of each night, and sky flats were obtained at the beginning
of each night.

1http://archive.eso.org/dss/dss
2A wire frame ensures the spectrograph slits are appropriately aligned on the CCD
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Table 7.2: WiFeS instrument Configuration
Component Configuration
Red Grating R3000
Blue Grating B3000
Dichroic RT560
Wavelength range „ 3300 Å- „ 9200 Å

For each individual galaxy observation, Cu-Ar arcs (required for accurate wavelength
solution, which may drift a few Angstrom over the course of a night) and bias frames are ob-
tained within 30 minutes of the observation, and each galaxy observation is accompanied by
at least one sky frame, which is used to remove skyline contamination. Finally, a spectropho-
tometric standard star is observed on each night of observation. Where weather conditions
did not permit time for these observations, spectrophotometric calibration was carried out
using a spectrophotometric standard taken in earlier runs, with the standard frames being
taken in similar photometric weather conditions and at similar airmass to the galaxy being
observed.

7.2.3 Data Reduction

Data reduction was facilitated by the PyWiFeS data reduction package (Childress et al. (2014a)).
The pipeline produces a spectrophotometrically calibrated and fully coadded datacube, and
a corresponding parallel-processed error cube.

Spectra of the stellar populations local to each SN were then extracted from the calibrated
datacube. We use a seeing-limited aperture of 3”ˆ 3” centered on the apparent location of
the SN in each host galaxy (the physical size of these apertures varies with redshift and is
shown in Table 7.1). These spectra are processed to remove residual sky lines using a nearby
area free from galaxy light, offset from the host galaxy from the same final datacube, and the
mean resulting spectrum is extracted from the 3”ˆ 3” region of interest.

Each spectrum is then shifted to rest-frame wavelength according to the host redshift
listed on NED3, which is checked against the redshift we derive from either the narrow Hα
line if present, or the H and K lines for the remaining galaxies. The spectra are then corrected
for Milky Way dust reddening using brutus 0.3.14. Galactic extinction is derived using
NASA Extragalactic Database (NED) from the Schlafly and Finkbeiner (2011) recalibration
of Schlegel et al. (1998) infrared based dust map. The map is based on dust emission from
COBE/DIRBE and IRAS/ISSA; the recalibration assumes a Fitzpatrick (1999) reddening law
with Rv “ 3.1 and different source spectrum than Schlegel et al. (1998). The resulting spectra
are subsequently ready for analysis.

3https://ned.ipac.caltech.edu/ The NASA/IPAC Extragalactic Database (NED) is operated by the
Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aero-
nautics and Space Administration.

4http://fpavogt.github.io/brutus/index.html
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Figure 7.1: Mass fraction of stars in different age and metallicity bins based on spectra
extracted from 3"x3" regions centered on the SN explosion site in each Galaxy. The
radius of the aperture in physical units is shown in each subcaption. The population
shown in (b) is representative of the remaining seven galaxies for which the stellar

populations are fitted with pPXF

7.3 Results

7.3.1 Full Spectrum Fitting

Deriving stellar population ages requires simultaneous determination of both the age of stars
and their metallicity as there is a significant degeneracy between the effect of metallicity and
age on galaxy spectra.

We use the publicly available penalized pixel fitting code (pPXF, Cappellari and Emsellem
(2004); Cappellari (2017)) to fit linear combinations of simple stellar populations (SSPs) from
the MILES stellar library (Sánchez-Blázquez et al., 2006; Vazdekis et al., 2010), which provides
985 stellar spectra across a wavelength range of 3525´ 7500 Å at 2.5 Å spectral resolution, for
stellar metallicities ranging from rM{Hs “ 0.22 to rM{Hs “ ´2.3. The ‘solution’ of the prob-
lem - to fit multiple SSPs to an observed spectrum - is defined by different weights applied to
each SSP in a regular grid in log-age and metallicity space. The program outputs a weighted
average age of the stellar population and a weighted average metallicity according to these
weights, along with information about the weights applied to each age-metallicity bin. This
allows us to determine both the weighted average age of the stellar population, as well as
whether any substantially younger or older stellar population than the average is present.

For several of our observed galaxies, we cannot perform a robust spectral fit as there is no
flux in the aperture used to extract the spectra. We remove six of galaxies from our sample
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(Table 7.1) noting that the region of interest is situated at a large offset from the galaxy itself
or the observed galaxy has a low surface brightness. For the remaining 11 galaxies, we obtain
a fit to the total spectrum (with flux normalized by the flux at 5500 Å). pPXF decomposes the
spectra into nebular and stellar components, and determines the mass fraction of stars into
age and metallicity bins determined by the available grid of SSP models.

In Fig. 7.1 we show outputs from pPXF which display the mass fraction of stars in age
and metallicity bins. The majority of stellar populations we observe exhibit similar charac-
teristics to Fig. 7.1(b), including the local stellar population of SN2012fx, which occured in
the bulge of a late-type galaxy. These stellar populations have a large mass fraction of stars
at ages „ 10 Gyr at super-solar metallicities (rM{Hs ą 0). The weighted average stellar pop-
ulation properties of seven of our observed SN explosion sites suggest that 91bg-like SNe
occur preferentially in stellar populations with ages „ 10 Gyr with solar, or slightly sub-solar
metallicities (Fig 7.3).

Three of the observed stellar populations, however, contain a younger stellar component:
the host of SN1993aa (Fig 7.1(a)), the host of SN2008bt (Fig 7.1(c)) and the host of SN2008ca
(Fig 7.1(d)). The spectra of these galaxies are also unusual in comparison to the majority of
the galaxies observed. An example of a typical spectrum we analyse with pPXF is shown
in Fig. 7.2(a). This spectrum corresponds to the population shown in Fig 7.1(b), and is
composed predominantly of old, metal rich stars. In comparison, the spectrum of the host
population of SN1993aa (Fig 7.2(b)) is significantly bluer and exhibits strong emission lines of
Hα, [N ii], [S ii], [O iii] and Hβ. The strong emission lines indicate there may be ongoing star
formation in this stellar population, in good agreement with the high mass fraction of stars
with ages „ 1 Gyr seen in Fig 7.1(a). Similarly, the host population of SN2008ca also exhibits
strong emission lines (Fig 7.2(d)), however the spectrum is (within the noise) somewhat less
blue than that of SN1993aa, suggesting an older stellar component may also be present (Fig
7.1(d)). While the physical area of the aperture within the host of SN1993aa encompasses
„ 1 kpc, it should be noted that the host of SN2008ca is significantly more distant than that
of SN1993aa and therefore the entire galaxy, with an area of „ 50 kpc is sampled in the
aperture. This may be the reason we observe apparent multiple stellar populations in this
SN host galaxy. An example of a more resolved galaxy that also exhibits multiple stellar
populations is the host of SN2008bt. This galaxy has strong Hα, [N ii] and [S ii] emission (fig
7.2(c)), and while it has a predominantly old stellar population, there is a small mass fraction
of stars which have an age of „ 0.5 Gyr (fig 7.1(c)). When we consider the position of the
aperture on the host galaxy, we see that while the SN has occured in a position that may be
coincident with the bulge of the galaxy, because the galaxy is viewed almost edge on, there
may be some contamination of starlight and nebular emission from a younger, star-forming
disk. While we cannot rule out that the supernova occured in this region, we do find that the
majority of the stellar mass within the aperture is concentrated in the old, metal rich stellar
population.

7.3.2 Comparison sample of SNe Ia

While we wish to quantify the ages and metallicities of the stellar populations that host 91bg-
like SNe, we also wish to compare the distribution of stellar population ages and metallicities
to a sample of SNe Ia host galaxies to investigate whether 91bg-like SNe differ in some way.
Unfortunately, a representative sample of SNe Ia host galaxies with spectra of the stellar
population in the immediate vicinity of the apparent SN location is not publicly available.
However, in Maoz et al. (2012) a sample of SDSS galaxies that hosted SNe Ia is compiled. As a
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(a) Fitted spectrum of SN2000ej host
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(b) Fitted spectrum of SN1993aa host
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(c) Fitted spectrum of SN2008bt host
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(d) Fitted spectrum of SN2008ca host

Figure 7.2: Spectra fitted using pPXF. Data is shown in grey, and the best fit to the total
spectrum (nebular plus stars) is shown in red. The spectrum is also decomposed into
stellar(dark blue) and nebular spectra (orange). Residuals for the best fit are shown
in light blue. For several of the spectra, there are substantially larger residuals toward

bluer wavelengths due to the lower SNR at blue wavelengths.

comparison sample, we compute the weighted average stellar population age and metallicity
for these galaxies using pPXF. We note that this average is for the integrated light of the host
galaxy where the SDSS fiber is centered on the core of the galaxy, and not solely the stellar
population „ 1 kpc from the apparent supernova location, however it has been previously
noted that the global properties of SNe Ia host galaxies correlate well with the properties
local to the SN explosion site (Galbany et al., 2014).

We find that the weighted average ages of stellar populations have a wide, almost uniform
distribution, with ages between „ 30 Myr and ą 10 Gyr. The metallicity distribution is
peaked toward super-solar metallicities (rM{Hs ą 0). We also find that the older the stellar
population of the galaxy, the more metal-poor the weighted average metallicity becomes.

7.3.3 Stellar populations hosting SNe 91bg

As a further comparison, we overplot the stellar population ages and metallicities determined
using slit spectroscopy for early type galaxies hosting SNe 91bg from Gallagher et al. (2008).
The black markers in Figure 7.3 show the ages and metallicities of these galaxies. These ages
and metallicities are determined using Lick indicies (Worthey, 1994; Worthey and Ottaviani,
1997) which relies on comparing the measured equivalent width of different absorption lines
found in galaxy spectra to an irregular diagnostic grid computed from simple stellar popu-
lations. As these galaxies were observed using slit spectroscopy, the stellar populations are
representative of the average age of the stars contained in the whole galaxy. Compared to
the SNe Ia comparison sample taken from Maoz et al. (2012), the galaxies that host SNe 91bg
in Gallagher et al. (2008) appear to contain older stellar populations. Furthermore, the ages
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Figure 7.3: Weighted average stellar population ages for SDSS spectra of galaxies
that hosted SNe Ia, based on the sample presented in Maoz et al. 2012 (blue) and
for the local stellar populations of SNe 91bg galaxies (red). Error bars show the 16th
and 84th percentile of the distrubution of stellar population ages and metallicities
based on the CDF of stellar population properties. Black points show the ages and
metallicities of SNe 91bg host galaxies observed in Gallagher et al. 2008, derived
using Lick/IDS indicies and their respective errors. The histograms show the distri-
bution of weighted average stellar population ages (bottom) and metallicities (right).
The binning reflects the available metallicities and ages of the stellar population tem-

plates in the MILES library used to fit the spectra.
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Table 7.3: Summary of results
SN Name Host Galaxy ă logpage{yrsq ą ă rM{Hs ą
SN1993aa Anon J230322-0620 9.173`0.047

´0.193 ´0.19`0.21
´0.31

SN2000ej IC1371 10.08`0.05
´0.19 0.03`0.05

´0.25
SN2007ba UGC9798 10.04`0.06

´0.11 ´0.01`0.09
´0.27

SN2007cf MCG+02-39-021 10.05`0.05
´0.11 0.00`0.07

´0.26
SN2007fq MCG-04-48-19 10.08`0.04

´0.09 0.04`0.04
´0.23

SN2012fx2 ESO417-03 9.993`0.08
´0.11 ´0.03`0.09

´0.27
SN2002cf NGC4786 10.04`0.06

´0.11 ´0.16`0.19
´0.32

SN2002jm IC603 10.05`0.05
´0.10 0.01`0.07

´0.26
SN2007al Anon J095919-1928 10.03`0.07

´0.10 ´0.16`0.18
´0.31

SN2008ca SDSS J122901.28-263305.6 9.685`0.255
´0.185 ´0.13`0.18

´0.17
SN2008bt NGC3404 9.939`0.11

´0.07 ´0.08`0.14
´0.28

and metallicities derived for these galaxies are consistent with the ages and metalliticies of
the local stellar populations of SNe 91bg we derive from our observations.

7.4 Discussion

In this work we analyzed the spectra of galaxies observed with the WiFeS IFU. This allowed
us to isolate the stellar population within a few kiloparsecs of the apparent SN explosion
site, and determine the age and metallicity of the stellar population in the vicinity of the
SN. The age of the stellar population surrounding the SN explosion site in particular may
constrain the delay time distribution of 91bg-like SNe (the distribution of times between the
SN progenitor formation and the subsequent SN explosion).

In particular, we find that the stellar populations that host SNe 91bg have greater weighted
average stellar population ages than those of SNe Ia and many lack evidence of recent star
formation. This is strong evidence that 91bg-like SNe are not associated with recent star for-
mation (within the last „ 1 Gyr, as the stellar spectra lack evidence of a significant number of
O-A stars being present. Furthermore, these results suggest that the delay time distribution
of 91bg-like SNe is peaked toward very long delay times (10 Gyr), in contrast with SNe Ia,
whose delay times peak at „ 1 Gyr (Childress et al., 2014b). We compared our derived aver-
age stellar population ages and metallicities for the local stellar populations of SNe 91bg with
the stellar population ages and metallicities of SNe 91bg host galaxies found by Gallagher
et al. (2008) and find a good agreement within the error bars between the two results.

We note, however, the large errors on the metallicity of the stellar populations in both our
own measurements and those from Gallagher et al. (2008). While two different methods are
used to determine the stellar population parameters - full spectrum fitting with pPXF in this
work and the Lick/IDS index system in Gallagher et al. (2008) - the stellar model library used
to compute stellar population ages and metallicities is identical (the MILES library Vazdekis
et al., 2010). While these stellar templates are well sampled in the age parameter space, there
are only seven available metallicities between rM{Hs “ ´2.3 and rM{Hs “ 0.2. Although the
metallicity computed by full spectrum fitting is accurate, it lacks the precision that would be
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possible with a finer grid of models in metallicity space. This is reflected by the error bars
shown in Fig 7.3.

The SNe 91bg host galaxies from Gallagher et al. (2008) are part of a larger sample of mas-
sive elliptical galaxies that hosted thermonuclear supernovae. As massive elliptical galaxies
typically contain older stellar populations, there is likely a bias toward sampling host stellar
populations where we expect the relative rate of SNe 91bg to normal SNe Ia to be somewhat
higher than average. In our sample, we make no selection cuts and select galaxies of any
morphological classification that hosted SNe 91bg. The majority of the host galaxies we ob-
serve are selected from the BSNIP sample (Silverman et al., 2012). These supernovae were
observed as part of a targeted, local survey. Consequently, the galaxies in which SNe in a tar-
geted survey occur tend to be more massive, and SNe that occur in less massive galaxies may
be missed. As a result, there may be some bias toward sampling older stellar populations,
since more massive galaxies tend to contain older, more metal-rich stars. However, we have
also observed SNe 91bg hosts that were not targeted by BSNIP and in which 91bg-like SN
occured more recently, in particular the host of SN2012fx, a nearby spiral galaxy for which
the apparent SN explosion site is in the galactic bulge. The stellar population local to the SN
explosion site is found to be relatively typical of those found in the BSNIP sample and has a
weighted average stellar population age of „ 10 Gyr.

We also compare our stellar population average ages and metallicities with those derived
for the host galaxies of SNe Ia as observed by SDSS, based on a sample from Maoz et al.
(2012). There may be some bias associated with our measurement of stellar population ages
for these SNe Ia host galaxies as the SDSS fiber is placed over the center of the galaxies they
observe. This means that one is likely to observe most of the integrated light from the central,
bulge regions of these galaxies, biasing our results to older ages as the star-forming, younger
outer regions of some galaxies observed by SDSS are missed by the fiber. Consequently the
weighted average plotted in figure 7.3 may not represent the exact properties of the stellar
population close to the explosion site and therefore may represent an upper limit on the stel-
lar population age.

We find that SNe Ia are hosted by galaxies that exhibit a broad range of weighted average
stellar population ages, from the very young at 30 Myr to the very old („ 10 Gyr). This is in
contrast to the stellar populations that host SNe 91bg, which cluster at the substantially older
end of this distribution. This demonstrates that SNe 91bg may be associated with progeni-
tors that tend to occur at longer delay times than SNe Ia (e.g. as suggested in Crocker et al.
(2017)). We find that while around half of our observed galaxies have Hα emission and nebu-
lar emission indicating recent star-formation activity, the majority of galaxies are dominated
by absorption lines and have no strong emission lines. Moreover, with the exception of the
host of SN1993aa, the regions of the galaxies that hosted 91bg-like SNe that exhibit emission
lines are also found to contain older, „ 10 Gyr stellar populations.

Note that while we find that 91bg-like SNe are associated with older populations than
SNe Ia, this result does not preclude that the same galaxy could host both types of su-
pernovae. Indeed, two examples of galaxies hosting both supernovae are SN1991bg and
SN1957B (a SN Ia), which both occurred in M84, and of the 91bg-like supernova SN2006mr
in Fornax A ((Maoz and Mannucci, 2008), which also hosted five SNe Ia. The point here is
that while the delay time distribution of SNe Ia may peak at 1 Gyr (Childress et al., 2014b),
SNe Ia can still occur in stellar populations with much greater ages (see Fig 3). Moreover,
both M84 and Fornax A are early-type galaxies, and will likely be dominated (in terms of
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number) by an old stellar population from which the 91bg-like supernova progenitors may
arise but they may also contain younger populations that could host SNIa progenitors. It is
important to note that while we find that 91bg-like SNe are associated with older populations
than SNe Ia, our results are not contradicted by these observations. Our comparison sample
of SNe Ia from Maoz et al. (2012) shows evidence that while the delay time distribution of
SNe Ia may peak at 1 Gyr (Childress et al., 2014b), SNe Ia can still occur in stellar populations
with much greater ages (see Fig 7.3). Moreover, M84 and Fornax A are early-type galaxies,
and will likely be dominated by an old stellar population from which the 91bg-like super-
nova progenitors may arise. Thus it is possible for SNe Ia and 91bg-like supernovae to occur
in the same host galaxy even if the delay time distribution of the progenitors is quite different.

We note that the MILES stellar population models we used with pPXF assumes the evolu-
tion of single stellar populations only. While tracking the stellar evolution and corresponding
spectral morphology of single stars is relatively straightforward, it is fairly complicated in the
case of interacting stars. Though the majority of stars in the Universe are likely part of a bi-
nary (or higher order) star system (Moe and Di Stefano, 2017), most spectral synthesis codes
ignore the effects that binary (and multiple) stellar evolution have on the integrated light
from galaxies due to the added layer of complexity (e.g. mass transfer and variation from
single star evolutionary pathways) that must be taken into account. However, recent work
has shown that incorporating binary star evolution models into spectral synthesis analysis
codes does indeed result in different derived physical properties (Stanway et al., 2016). On
the other hand, the difference between single star spectral synthesis codes, such as GALEXEV,
and binary spectral synthesis programs, like BPASS, is more prominent at early times, in par-
ticular for stellar ages À 1 Gyr (see Stanway and Eldridge, 2018, fig. 2, right column). Since
the explosion sites that we are probing mostly consist of relatively old stellar populations, we
are thus not overly concerned that our derived stellar properties are very different from the
properties we would expect those stellar populations to have. A comparison of derived stel-
lar properties with a spectral synthesis program that incorporates binaries (such as BPASS)
is beyond the scope of this work, though based on the work of Stanway and Eldridge (2018),
we would plausibly expect our derived stellar ages to decrease slightly, while the derived
metallicities may slightly increase.

7.5 Summary and Conclusions

We obtained integral field observations of the apparent explosion sites of 17 91bg-like SNe. 11
of these observations yielded spectra of sufficiently high signal-to-noise to derive information
about the stellar population within „ 1 kpc projected radius of the explosion site. Using full-
spectrum fitting, we found that the majority of the stellar populations that host 91bg-like
SNe we observe are dominated by old, metal-rich stars. The majority lack evidence of recent
star formation. We conclude that the SNe 91bg progenitors are unlikely to be associated with
recent star formation, and likely have delay times ą 6 Gyr. This favors a progenitor model
such as that proposed in Pakmor et al. (2013) or Crocker et al. (2017), which is composed of
a He WD and CO WD.
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Appendix: Spectral Fitting

One of the greatest challenge in determining information about a stellar population is in dis-
entangling the effects of age and metallicity on the integrated star light observed in a galaxy
spectrum. The spectra of young stars are dominated by near UV and blue emission, and
often exhibit strong hydrogen Balmer absorption in the optical. This Balmer absorption may
be superimposed with Balmer emission lines which result from the excitation of nebular gas
from which the stars form.

As stars increase in age, more and more absorption lines, due to heavier elements such
as calcium and iron, appear in the spectra (see figure 7.4). However, for a stellar population
of a given age, there is a strong degeneracy between absorption features which appear due
to increased stellar age, and absorption features which appear due to high metallicity (figure
7.5). This degeneracy is greatest at ages ą 5´ 10 Gyr (figs 7.4 and 7.5) and at these ages
precisely determining the metallicity of a stellar population becomes difficult. Disentangling
these two effects is the key in determining the age and metallicity of the stellar population in
a galaxy spectrum.

Many works have used both observations and theoretical models to develop diagnostics,
features in the stellar spectra of galaxies that can be used to provide robust diagnostics of
both stellar age and metallicity. For example, a robust, coarse estimate of stellar age is the
amplitude of the 4000Å break. This spectral discontinuity comes from the accumulation of
many overlapping spectral lines within a narrow wavelength region, and the opacity edge is
exhibited as a sharp break in the spectrum (Bruzual A., 1983). The elements that contribute to
the opacity edge are ionized metals, particularly calcium, and thus the discontinuity follows
a strong trend with stellar temperature.
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Figure 7.4: MILES library simple stellar populations with ages 0.1, 1, 5, 10, and 15
Gyr at a fixed metallicity of Z “ 0 (solar metallicity) showing the evolution of spectral
features with stellar age, in particular the increasing amplitude of the 4000Å break,

and the Hδ equivalent width, both of which increase with stellar age.
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Figure 7.5: MILES library simple stellar populations with metallicities Z “ ´1.71
with a fixed age of 5 Gyr showing the evolution of spectral features with increasing
metallicity. By comparing this figure to Fig 7.4 it is apparent that there is a degener-

acy between high metallicity and increasing age of a stellar population.
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In populations containing young, hot stars, these metals in the stellar atmospheres are
typically multiply ionized, and the opacity decreases. The decrease in opacity is observed as
a smaller spectral discontinuity at 4000Å. As stars age and cool, metals in the stellar atmo-
spheres are significantly less ionized, or are neutral, and the opacity increases, increasing the
amplitude of the 4000Å break. Thus, the amplitude of the 4000Åbreak increases with stellar
age. A measure of how the amplitude correlates with stellar age is provided by Kauffmann
et al. (2003), specifically adopting the narrow passbands introduced by Balogh et al. (1999).
This definition was utilized in Kauffmann et al. (2003) to compute the ages of 104 SDSS galax-
ies.

The presence of the H and K absorption lines are also a good indicator of advanced stel-
lar age. These absorption features are prominent in the spectra of early type galaxies and are
composed of a forest of calcium lines which appear in the stellar atmospheres of cool, A-F
type stars.

Another spectral feature highly sensitive to stellar ages up to „ 1 Gyr is Hβ absorption
(Kauffmann et al., 2003). For galaxies where the stellar population is dominated by O and
B stars there is little Hβ absorption as these stars have intrinsically weak balmer absorption
lines (Figure 7.4, top). The absorption equivalent width of Hβ is a sensitive diagnostic for
bursts of star formation in the preceeding ă“ 1Gyr (Kauffmann et al., 2003).

Unlike the 4000Å break, one complication in using the strength of the Hβ absorption to
measure stellar ages is the presence of nebular emission lines in gas rich galaxies. If nebular
gas is present in a galaxy, it is possible for the nebular emission line to superimpose with the
Hβ from the stellar continuum, resulting in a measurement of a smaller absoprtion equiva-
lent width (e.g. this effect impacted the results of Gallagher et al., 2008).

It is possible to perform emission line corrections to remove the Hβ emission. This in-
volves fitting the Hα line flux. As the Hβ flux is proportional to the Hα flux (the Balmer
decrement, e.g. Table 4.4 of Dopita and Sutherland, 2003), the measured equivalent width
can be corrected. An alternative solution, if for example the Hα line is poorly or not resolved,
is to measure the absorption equivalent width of the Hδ line. If the Hα flux in the galaxy
is small, this solution will suffice, as the Balmer decrement means there will be very little
emission left over. The latter solution is often effective in works which focus on early-type
galaxies, which are gas poor and lack strong Hα emission.

These diagnostics provide only a coarse estimate of the age of the stellar population, and
can be somewhat sensitive to metallicity. However, when they are combined with measure-
ments of absorption equivalent widths that are sensitive primarily to metallicity, it is possible
to disentangle the two effects. The Lick/IDS index system provides a number of absorption
lines present in stellar spectra that are highly sensitive to metallicity (Worthey, 1994; Worthey
and Ottaviani, 1997). These include iron lines Fe λ5270 and Fe λ4383, and molecular indi-
cies such as Mg b. The Lick/IDS system was originally developed based on observations of
several hundered stars at the Lick observatory where the log g and temperature of the stars
(and thus their ages) is well understood. Now it is common to compare the measured Lick
indicies of galaxy spectra to those determined from simple stellar population (SSP) models
(Sánchez-Blázquez et al., 2006; Vazdekis et al., 2010).

An SSP is a theoretical population of stars created during a single starburst event. Realis-
tically, even early-type galaxies have stellar populations that form in not one, but continuous
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bursts of star formation. Thus when a stellar populationâĂŹs age is determined through
comparison to SSPs, the age estimate is sensitive to the youngest stellar component. A vari-
ety of different SSPs exist, using different programs which employ different stellar evolution
tracks and alpha enhancements (Sánchez-Blázquez et al., 2006; Vazdekis et al., 2010; Eldridge
et al., 2017).

An alternative method for determining the properties of the stellar populations of galax-
ies has emerged in the past few years and has now grown in popularity. Full-spectrum
fitting uses more information than the more traditional Lick indicies, and is thus more ro-
bust. Moreover, the use of regularization algorithms to optimize the fitting of the spectra
without overfitting allow the determination of whether a stellar population has multiple age
or metallicity components. In contrast, Lick indicies will provide information only about the
youngest stellar population that is present in a galaxy.

Moreover, full-spectrum fitting codes such as the penalized pixel fitting algorithm of
(Cappellari and Emsellem, 2004; Cappellari, 2017) allow for the use of improved stellar pop-
ulation models or empirical libraries. With the increased availability of more realistic stellar
population synthesis libraries which incoroporate a greater range of physics, it is now pos-
sible for the individual to determine which stellar library best fits their needs, as well as for
the libraries to be independently compared for their performance.

In this work, we choose to utilize the full-spectrum fitting algorithm pPXF to fit linear
combinations of simple stellar populations (SSPs) from the MILES stellar library (Sánchez-
Blázquez et al., 2006; Vazdekis et al., 2010), which provides 985 stellar spectra across a wave-
length range of 3525´ 7500 Å at 2.5 Å spectral resolution, for stellar metallicities ranging from
rM{Hs “ 0.22 to rM{Hs “ ´2.3.



Chapter 8

Summary, future work and
conclusions

There was a point to this story, but it
has temporarily escaped the
chronicler’s mind.

Douglas Adams

8.1 Summary

In this thesis, I explored the potential origins of this antimatter in the Milky Way. I have
shown that the positrons we observe annihilating today must have been produced close to
their sources within the Milky Way, in the past one million years. I have also demonstrated
that peculiar type of sub-luminous thermonuclear supernovae could be responsible for the
origin of a large fraction of the Milky Way’s positrons, and can be a natural explanation for
the observed distribution of the annihilation radiation.

In Chapter Two, I discussed the history of the observation of positron annihilation in
the Milky Way, from the theoretical and experimental discovery of the positron to the most
recent observations of the Galactic 511 keV line with gamma ray satellites.

In Chapter Three, I described the physics that underlies the formation of the positron
annihilation line in the Milky Way, and the various astrophysical positron sources that must
be evaluated as potential sources of Galactic antimatter.

In Chapter Four, I presented a review of positron transport in the interstellar medium.
I show how the propagation of positrons has been investigated through both theory and
simulation. Recent conclusions suggest that positrons remain confined to within a few hun-
dred parsecs of their birth sites by interstellar turbulence. Consequently, the distribution of
positron sources is directly reflected by the morphology of annihilation gamma-rays. Such
sources are then thought to be associated with the old stellar population of the Milky Way.

In Chapter Five, I utilized recent closed coupling calculations of the scattering and
positronium formation cross-sections of alkali metal atoms to demonstrate that positron in-
teractions with atoms other than hydrogen and helium must be considered in the context
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of the galactic positron annihilation signal. Inclusion of these positronium cross-sections in
particular enables me to rule out the presence of a low energy resevoir of positrons that may
live up to 10 Myr after they lose their energy and thermalize in the interstellar medium. I de-
termined that the positrons we observe annihilating today must have been produced within
the last ă 1 Myr. I also demonstrated the existence of a new channel for positrons to form
positronium at energies where positronium formation was only assumed to occur through
radiative recombination with free electrons. This rules out many transient sources which
have duty cycles ą 1 Myr, such as the central SMBH, however this result is consistent with
distributed positron sources such as supernovae.

In Chapter Six, I showed that advective transport and subsequent annihilation of positrons
in the nuclear outflows of the Milky Way cannot simultaneously replicate the observed mor-
phology of positron annihilation in the Galactic bulge and satisfy the requirement that 90
per cent of positrons annihilate once the outflow has cooled to 104 K. Having ruled out the
large scale transport of positrons within the Galaxy and constrained the lifetimes of Galactic
positrons to be ă 1 Myr, indicating they are produced in a steady state, I have shown that
positrons likely originate from a source distributed throughout the Galaxy with a source
morphology that reflects the distribution of the observed 511 keV line.

In Chapter Seven, I performed the first quantitative analysis of the stellar populations
that host SN1991bg-like supernovae, proposed as a distributed positron source. I found that
the average ages of the stellar populations are ą 6 Gyr, the oldest stellar populations mea-
sured to host any subtype of supernova. Furthermore, I found that the majority of host stellar
populations are devoid of recent star formation, and in the galaxies that are found to host
recent star formation, there is a significant component of older stars present.

8.2 Future work

8.2.1 Constraining the distribution of the Galactic 511 keV line

8.2.1.1 The INTEGRAL medium-latitude sky survey

INTEGRAL’s spectrometers provide observations of the Galaxy over an energy range from
3 keV to several MeV with no gaps in energy coverage. Uniform coverage in terms of ex-
posure time has not yet been achieved. Over 16 years of exposure time with SPI has been
accumulated in some regions of the galactic plane and center. The exposure map for galactic
latitudes of |b| ă 10˝ remains uneven and the exposures shallow even after 15 years of the
INTEGRAL mission. Consequently, parameters such as the scale height of the 511 keV line
are poorly constrained, and little is known about positron escape from the Galaxy, and anni-
hilation in the Galactic halo.

The INTEGRAL medium-latitude sky survey (TIMELESS) is an observational program
designed to increase the depth of INTEGRAL’s exposures in the region 7˝ ă |b| ă 33˝. The
science objectives of TIMELESS include resolving the vertical extent of 511 keV emission to
study the processes that generate and move positrons away from the Galactic Center, and as
an indirect test for dark matter.

TIMELESS was awarded 1 Ms of of observing time in June 2018, and all data from the
program will be made publicly available. Results from the TIMELESS dataset, including
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Figure 3: The all-sky exposure map, from SPI data accumulated through INTEGRAL Cycle 15, is presented in Galactic coordi-
nates where each grid line corresponds to a sky distance of 30◦ longitude and 10◦ latitude. The logarithmic color scale represents
the exposure time (in units of seconds) at each sky location. This proposed mid-latitude survey will cover the regions to the
north and south of the Galactic Plane (thick black lines). This increase in the exposure in areas that need it will lead to a better
understanding of the spatial distribution of extended sources of emission and will enhance the legacy value of INTEGRAL data.

where the black lines designate the survey regions proposed here. These boundaries were chosen to encompass areas above and
below star-forming regions located near tangents to the Inner Galactic Spiral Arms. The latitude range (7◦ ! |b| ! 33◦) in each
hemisphere is similar to the 24◦ size of the SPI fully-coded field-of-view (FCFOV) from a tile consisting of 5×5 pointings each
measuring 16◦ from corner to corner. Five of these tiles nearly cover the longitude range (|l| ! 70◦) in each hemisphere. Given
its smaller FCFOV (∼ 8◦ per pointing), the fully-coded survey region covered by IBIS-ISGRI will be around 50% smaller in
latitude, and so adjacent tiles will overlap each other to account for this.

To estimate the observing time and its impact on our measurements of the size of the 511 keV Galactic Disk component, we
performed exposure simulations of under-exposed regions starting from the 200 Ms SPI data set from Siegert et al. (2016a).
Measuring the size of the Disk in diffuse MeV gamma-rays is based on model comparisons in very large data sets. For a typical
analysis case after 15 mission years, around 105 INTEGRAL pointings need to be analyzed in a consistent manner. For each
pointing, the contribution of a diffuse emission model, for example a disk with specific longitude and latitude size, has to be
calculated by accounting for the coded-mask pattern, and then fitted to the raw data in addition to a background model. This
results in a likelihood value for a tested parameter set. Repeated application of this procedure results in a likelihood map for
different sets of parameters. Generally, these results are very sensitive to the background modeling technique that was used and to
the exposure patterns. For an isotropically exposed sky region, a well-defined emission spot, e.g., a point source, and a constant
background level, the significance of a signal increases with the square-root of exposure time.

We conducted the analysis procedure described above to estimate the reduction in uncertainties for the longitudinal and lat-
itudinal size of the 511 keV Galactic Disk by adding 1% (2 Ms) of exposure in different regions of the sky. While the relative
uncertainty on the line flux only decreased by 0.01% in all cases, the measurement of the Disk size was heavily influenced by
where the additional exposure was set. Above and below the Disk at latitudes |b| ∼ 20◦, the 1σ and 2σ uncertainty contours
shrank by 10%–15%. For under-exposed regions inside the Disk, up to 5% reduction in contour size could be achieved. Adding
1% exposure in the Galactic Center only marginally improved the uncertainties in that region. These numbers depend on the true
gamma-ray emission morphology, and the background modeling technique. However, it is clear that filling the exposure gaps at
high latitude will provide valuable information even after 15 years of the INTEGRAL mission.

Therefore, this is a multi-year proposal where we ask for a total observing time of 2 Ms for INTEGRAL AO16, and 2 Ms during
AO17. Simulations show that as the diffuse emission from 511 keV or 1.809 MeV gamma-ray extends over very large regions of
the sky, even a 1% increase in the total exposure time (i.e., 2 Ms of new exposure time from this proposal per INTEGRAL Cycle,
added to the 200 Ms in total that is currently available) can result in up to 15% reduction in the uncertainties in the size of the
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Figure 8.1: All-sky exposure map, from SPI data accumulated through INTEGRAL
Cycle 15, in Galactic coordinates. Each grid line corresponds to a sky distance of
30˝ longitude and 10˝ latitude. The logarithmic colour scale represents the exposure
time (in units of seconds) at each sky location. TIMELESS will cover the regions to
the north and south of the Galactic Plane (thick black lines) to obtain an additional

1 Ms of coverage.

strong constraints of the scale height of the 511 keV line in the Milky Way, are expected to
be published over the next two years. TIMELESS is expected to pave the way for future all-
sky MeV gamma-ray surveys like the All-sky Medium Gamma-Ray Observatory (AMEGO;
Rando, 2017).

8.2.2 Positron transport and annihilation

8.2.2.1 Understanding positron transport and annihilation

I developed a state-of-the-art Monte Carlo particle transport program to simulate the prop-
agation and annihilation of positrons. The program is able to simulate the microphysics of
positron interactions for energies 0.1 eV´ 1 TeV in a range of environments where positrons
are found, from the ISM to solar flares to supernova ejecta. The microphysics included in
the program were employed in my work investigating positron advection in the Milky Way’s
nuclear outflow (Panther et al., 2017), and my work on positron annihilation on material
other than hydrogen and helium (Panther et al., 2018) inspired me to include a wider range
of annihilation and interaction cross-sections in the program, enabling the program to be
employed in a wider range of applications.

A perfect opportunity to study in detail the production, transport and annihilation of
positrons is presented by the case of the dwarf spheroidal (dSph) galaxy Reticulum II (Ret II).
A „ 2σ detection of the 511 keV line emitted by Ret II was made by (Siegert et al., 2016c). This
suggests that positrons are produced, and annihilate, within the system. It is now possible to
model in detail the production of positrons, their transport and annihilation within this dSPh
galaxy. A detailed estimate of the number of positrons produced by astrophysical sources
within Ret II can be made based on the characteristics of its stellar population. As Ret II
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is a DM dominated system, positron production via DM decay and annihilation must also
be considered. Thus, dSph galaxies are an ideal laboratory in which positron production,
transport and annihilation can be studied.

8.2.2.2 Constraining positron injection energies

A robust, single-instrument measurement of the gamma-ray spectrum in the inner galaxy at
energies 0.2´ 8 MeV has not yet been made. This energy range is important to probe the
injection energies of the positrons we observe annihilating. An earlier constraint used data
from multiple instruments and suggests positrons are injected at energies 3´ 7 MeV (Beacom
and Yüksel, 2006). However, there are a number of systematic uncertainties associated with
this constraint. This leaves many questions regarding the origin of Galactic positrons uncer-
tain, as a precise measurement of their injection energies would be a particularly important
constraint in the context of Dark Matter indirect searches (Bœhm, 2009).

Data from more than 16 years of SPI observations of the inner 20˝ of the Galaxy can now
be used to obtain a spectrum of gamma-ray emission from the inner Galaxy. By fitting all
components of emission which contribute to this spectrum (Figure 8.2), including continuum
emission and gamma ray lines from positron annihilation and nuclear decays one can ob-
tain a constraint on the contribution of direct positron annihilation in-flight to the gamma
ray continuum at energies ą 511 keV. This analysis is the subject of a paper currently in
preparation.

8.2.3 Constraining the delay time distribution of SN1991bg-like super-
novae

If 91bg-like supernovae are indeed associated with old stellar populations, we expect to see
a reduced rate of these objects at higher redshift, where stars are systematically younger.
There are suggestions that this is indeed the case - the Supernova Legacy Survey (SNLS)
observed a reduced rate of extreme low-stretch SNe (SNe 91bg) at higher redshift (up to
z „ 0.6) compared to a local volumetric sample (González-Gaitán et al., 2011) of 91bg-like
SNe. Such a reduction in rate is not seen in standard SNe Ia at higher redshift (see Figure 8.3).

However, the SNLS analysis had a very small sample (18 sub-luminous SNe and 1 91bg-
like SN) and large systematic uncertainties (González-Gaitán et al., 2011). Ultimately, it is
desirable to determine the rate evolution of SNe 91bg with redshift with a larger sample. Us-
ing the SNLS rate estimates, we expect „ 100 91bg-like SNe to be discovered at Z ă 0.2 in the
Dark Energy Survey (Dark Energy Survey Collaboration et al., 2016). After quality and selec-
tion cuts, this will still yield a far larger sample size than that of González-Gaitán et al. (2011).

This work involves first determining which transients observed in the DES are 91bg-like
SNe. As the majority of photometric transients do not receive spectroscopic followup (the
typical way in which 91bg-like SNe are identified), a robust method to identify 91bg-like SNe
from photometric data alone must be developed.

Machine learning algorithms that employ supervised learning are an ideal technique to
apply to classification of photometric data, however a training set is required (an unsuper-
vised learning algorithm may also be trialled, which does not require a training set). SNANA
is a program designed for supernova analysis (Kessler et al., 2009), and contains contains a
simulation, a light-curve fitter, and a cosmology fitter. Simulations of SN photometry for
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Figure 8.2: Spectrum of gamma-ray emission for the inner 20˝ of the Galaxy based
on „ 16 yr of SPI/INTEGRAL. The 511 keV line from positron annihilation, and the
1.8, MeV line from the decay of 26Al are visible. This is a preliminary analysis of data

to constrain the injection energies of positrons.
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SNLS objects. A lower transition value, nevertheless, also pro-
vides consistent LC relations. This argues for a continuous dis-
tribution of LC properties of SNe Ia, with low-s SNe Ia having
distinctive redder colors and a steeper color–stretch relation.
The exact stretch value at which this transition occurs is not a
sharp one and lies somewhere between 0.69 and 0.87.

The LC relations serve for the typing of low-s SNe Ia at
high redshift and for modeling the survey efficiency. We find 18
photometrically identified low-s SNe Ia up to z ∼ 0.6, indicating
that the primary reason for their previous non-detections at high
redshifts was due to selection effects. Most of the candidates

at z < 0.6 have s > 0.65 and colors similar to the local
sample. Only one of them is comparable to the faintest local
counterparts such as 1991bg. The candidates are observed to
be primarily hosted in passive galaxies, with no star formation,
as it is found locally. The spectroscopic candidates have no
conclusive features due to low signal-to-noise.

We also find a population of blue low-s SNe Ia at z > 0.6
hosted mostly in quiet host environments. They represent the
blue end of the low-s SN Ia sample at high-redshift, whereas
its reddest counterpart is not seen due to selection effects. A
30% fraction of these have unusual blue colors that are mostly
attributed to the larger photometric uncertainties at high-z.
Nonetheless, some of them occur in star-forming galaxies and
are possible CC-SN contaminants (!10%). Alternatively we
speculate that they could represent a different set of objects that
evolve rapidly but have bluer colors than typical low-s SNe.

We calculate a rate evolution of low-s SNe Ia as a function of
redshift and the results indicate a steady or slightly decreasing
trend up to z = 0.6. We correct the rates at z > 0.6,
where our sample is incomplete, and find the evolution to be
different from the increase of the normal SN Ia population. The
misclassification of CC-SNe as SNe Ia (or different unknown
blue high-z transients) is an important source of systematics
in the rate measurements. This would overestimate the rate
and should become larger with redshift, so that the effect of
a decreasing rate would be even stronger. The main findings of
this study are therefore not influenced by contamination.

An A-component model, proportional to just the mass of the
galaxy, is sufficient to fit the rate. This is expected as most
of the candidates are hosted in passive galaxies with no star
formation. Low-s SNe Ia are therefore a population coming from
evolved and/or metal-rich progenitors not dependent on the
SFH. As shown in Howell et al. (2007), this has consequences
for cosmological studies because the relative proportion of low
to high stretch SNe Ia evolves at high redshift. The present
study supports their findings at the extreme low-s end of the
population. We find that A + B models have an A-component
with ∼30% coming from the low-s population.

16

Figure 8.3: Volumetric rate as a function of redshift for normal SNe Ia (red) and low-
stretch SNe, analogous to 91bg-like SNe, from González-Gaitán et al. (2011). The rate
of 91bg-like supernovae appears to decrease at higher redshifts (green), suggesting
the events have a delay time distribution that peaks to higher stellar ages than SNe

Ia (red)

ordinary SNe Ia, 91bg-like SNe (based on lightcurve templates from Jones) and CCSN can
be utilized to create a training set (e.g. Kessler et al. (2018)). This training set can be utilized
to create a classification algorithm which can distinguish 91bg-like supernovae in DES. The
classifier must also be verified on simulated data, before it is applied to real data obtained
by the DES to identify 91bg-like supernova candidates from the catalog of transient events.
These candidates can then be used to compute the rate evolution of 91bg-like SNe across
cosmic time (González-Gaitán et al., 2011).

8.3 Conclusions

Explaining the origin of the „ 5ˆ 1043 positrons that annihilate each second in the Milky
Way is an enduring problem in high energy astrophysics. In this thesis, I have attempted to
tackle this challenging problem in three ways.

Firstly, by constraining the lifetimes of positrons in the interstellar medium. I found
that including cross-sections of atoms such as alkali metals constrains the lifetimes of the
positrons in the ISM from production to annihilation to be „ 1 Myr (Chapter Five). This
is a significant advance as it rules out several positron production scenarios which involve
highly episodic bursts of positron production, such as from the Galactic center SMBH. My
result implies that positrons are produced and annihilate in what is approximately a steady
state.

Secondly, I investigated whether positrons can be transported over Galactic scale dis-



§8.3 Conclusions 121

tances by large-scale motions of gas in the Milky Way. While literature results suggest that
positrons are confined close (within a few hundred parsecs) if their sources by turbulent
magnetic fields, this does not rule out the large scale transport of positrons entrained in gas
which expands into the Milky Way’s nuclear outflow. In Chapter Six, I show that the nuclear
outflow cannot simultaneously inflate the Fermi Bubbles and distribute positrons into the
Galactic bulge. The strong temperature gradient which develops in the outflow results in
the majority of positrons annihilating in the hot phase of the ISM, producing an annihilation
spectrum with a characteristic linewidth too broad to explain observations.

Finally, I utilized spectra of the stellar populations surrounding the explosion sites of
SN1991bg-like supernovae to quantitatively constrain the delay time distribution of this pe-
culiar thermonuclear supernova subtype. I find that the stellar population ages derived from
these spectra (ą 6 Gyr are consistent with those required for these supernovae to be anti-
matter factors in the Milky Way as described in Crocker et al. (2017). Moreover, I also find
that the local stellar populations of these SNe are predominantly devoid of star formation,
indicating that the SNe are associated with old stars.

In conclusion, I find that the most plausible explanation for the origin of the Milky Way’s
positrons is a source that is distributed amongst the old stellar population. Such a source is
91bg-like SNe, a peculiar, subluminous thermonuclear transient. These ‘antimatter factory’
supernova can synthesise sufficient 44Ti to explain up to 90 per cent of the Milky Way’s anti-
matter.
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