
Chapter 7
Distributed Radioactivities

Roland Diehl, Dieter H. Hartmann, and Nikos Prantzos

Radioactive nuclei freshly produced in compact sources of cosmic nucleosynthesis
are ejected into the source surroundings. Then, their decay may be directly
observable through characteristic gamma-ray lines, or they may be transported
directly to a terrestrial detector. Also, condensation into dust and solids may occur,
and then freeze the composition of gas at the dust formation site, which can be
inferred from such stardust as found in meteorites. The intrinsic clocks provided
by the radioactive decay of each isotope then provide a tool to investigate the
characteristics of transport away from the sources, and through interstellar medium,
and in the solidification and planet formation phase of our solar system around its
earliest history. In this Chapter we discuss what radioactive isotopes such as 26Al,
60Fe, 129I, 59Ni, but also very heavy element isotopes such as 244Pu, or positrons
from β+ decay can teach us about sources and transport of radioactive nuclei.

7.1 Radioactivities in the Interstellar Medium

Radioactive isotopes are ejected into the surroundings of their sources, and become
observable through their gamma-ray line emission once having left dense production
sites where not even gamma-rays may escape. Thus, radioactivity sources of
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gamma-ray lines are diffuse by this very nature. A second path for us as observers
arises when dusts and solids form in interstellar space, and include radioactive
nuclei: The composition of such solids as frozen in at their formation is altered
from radioactive decay, and recognition of daughter isotopes thus tells us about the
radioactivity in the surroundings of the dust/solid formation site.

In this Chapter, we discuss such radioactivities as seen or inferred in interstellar
space, tracing them back to their sources, and extracting what they may tell us about
the links between sources and interstellar medium. Complementing the discussions
of isotopes which originate from single sources (the short-lived isotopes) in
Chaps. 3–5, here we address the ejections of sources as accumulated in interstellar
space. The radioactive lifetime of each of these isotopes is related to its specific role
in astrophysical research (see Table 1.1 in the Introduction of this book).

When the lifetime of a radioactive nucleus is not very large compared to the
timescale of its propagation away from its source into interstellar space, we may
not be able to distinguish between a point source and a diffuse source. This depends
also on the resolving power of the observing instrument, i.e. diffuse emission is seen
if typical distances—projected on the sky—between point sources are larger than
the instrument’s resolution. Our definition of diffuse here attempts to focus on the
physical connection between the source and what we observe: When the observed
source is identical to the object of our study, we call this a point source. Examples
are novae, supernovae, and type-I X-ray bursts, and are addressed in Chaps. 4 and 5.
When the observed source includes a transport process between the production site
of radioactivity and its observational manifestation, we call this a diffuse source or
emission.
Key isotopes and their specific astrophysical implications are summarised here
first:

• 56Ni and 44Ti isotopes decay as the supernova that produced them explodes
and expands into a supernova remnant. The emerging gamma rays from the
56Ni decay chain, with radioactive lifetimes of 8.8 days (56Co∗ lines) and
111 days (56Fe∗ lines), primarily tell us about how the supernova unfolds and
dilutes after explosion. This information is convolvedwith the known radioactive
clock of the decays. A supernova becomes transparent to gamma rays within
a few months. Late emission from 56Co and 44Ti decay, therefore, tells us
about the total amount of radioactivity produced in the source, and about ejecta
kinematics and spatial distribution. Comparing to other radiation measured from
the remnant, the amount of radioactive energy deposit and the remnant leakage
of positrons from β+ decay can be inferred. All of these are properties related
more to the source rather than to circum- or interstellar medium. Therefore, the
sources of these isotopes and their science are not considered ‘diffuse’, and are
therefore discussed in preceding Chaps. 4 and 5. Also, short-lived actinides and
lanthanides, which are inferred to power light from neutron star collisions in
the form of macro-novae (also called kilonovae; see Chap. 4), belong into this
characteristic class of radioactivities that radiate from an expanding explosive
nucleosynthesis source. They are mentioned here to illustrate the key aspect of
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astronomy with radioactive nuclei: an emission with known characteristics and
energy output, leaving behind material that was not present originally.

• 26Al and 60Fe have radioactive decay times of 1.04 and 3.8My, respectively.
Therefore, they may safely assumed to have left their production sites. The
dispersal of nucleosynthesis ejecta from a single source can be traced over a
time scale of millions of years, from observing their decay or daughter isotopes.
This is approximately the time scale expected to characterise the return of stellar
gas through an explosive event into the ambient interstellar gas in the source
surroundings. One of the questions addressed would be how far out in space
away from the source ejecta may travel within a few My. Another question
would be if the dispersal shows any preferred directions, such as possibly escape
flows from the galactic-plane (chimneys). Yet another aspect is the state of
circum-source, hot interstellar medium with cavities of age 1My or younger, yet
older than the 0.1My scale which can be addressed through observations of gas
in supernova remnants by observations of atomic transitions in partly-ionized
plasma. Measuring the width of radioactive-decay gamma-ray lines encodes
turbulence and bulk flow through Doppler broadening and shifts of the gamma-
ray lines, respectively. These long-lived isotopes 26Al and 60Fe are neither part
of the light-element family (originating from primordial or cosmic-ray spallation
nucleosynthesis) nor of the heavy-element family (originating from probably
explosive sites with extreme densities of matter, energy, and neutrons). Rather,
26Al and 60Fe most likely originate from (normal and frequent/omnipresent)
stellar sources, hence from nuclear reactions inside stars with contributions
from their terminal explosions. But the explosions mainly help to eject stellar
matter into interstellar space, while their contribution to production probably is
sub-dominant (see Chaps. 3 and 4). Thirty years of gamma-ray and meteoritic
measurements carried the celestial signal from 26Al decay through a history
from establishing proof of past and current nucleosynthesis in the Galaxy to
identifying 26Al origin predominantly from massive stars into an astronomical
tool for the study of massive-star/ISM interactions in nearby stellar groups.

• Isotopes such as 129I, 146Sm, 182Hf, and 244Pu are parent radioactivities inferred
to have existed once in the early solid material that formed the Earth. They
are rather long-lived with decay lifetimes of 23–115Myrs, but extinct and only
evident through their characteristic decay products. The isotopic composition of
solids of different formation times thus reveal characteristic anomalies, found
through precision mass spectroscopy in terrestrial laboratories. The inferred
existence of those radioactivities thus tell us about pre-solar nucleosynthesis
in the surroundings accessible to interstellar transport during the radioactive
lifetime of each isotope. Early-solar system astrophysics involving homogeneity
and effectiveness of mixing before first meteorites were formed can be addressed
by ‘shortlived’ (0.1-fewMy) radioactivities, including the above-mentioned 26Al
and 60Fe, but also 10Be, 36Cl, 41Ca, and 53Mn. Probes on a somewhat longer time
scale are 129I, 146Sm, 182Hf, and 244Pu. This application of radioactivity focuses
on the early solar system, hence is dealt with in detail in the book’s Chap. 6
dedicated to the Solar System.
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• The even more long-lived (>100My) radioactivities of 187Re, 235U, 238U, 232Th
connect us to nucleosynthesis at cosmic time scales. They provide age dating
nucleosynthesis since the formation of the Galaxy, and also dating of the age of
the solar system. Therefore you find more details in book Chaps. 2 and 6.

• 59Ni is an example of a useful subclass of radioactive isotopes, which can decay
only through electron capture. Therefore, its decay implies an environment of
incomplete if any ionization, i.e., an environmental temperature below 105 K.
Cosmic ray nuclei are characterised by the other extreme, they are relativistic
and always fully ionized. Therefore, the observed abundance of 59Ni in cosmic
ray nuclei directly encodes the delay time between nucleosynthesis of this 59Ni
(τdecay ∼ 105 years) and its acceleration to cosmic-ray energies (and hence
full ionization) (see Sect. 7.4). 57Co and 56Ni are more-shortlived electron-
capture only radio-isotopes, similarly useful to constrain the times between their
ionization and recombination. Here, the property of radioactivity (the clock)
combines with (otherwise usefully-unimportant, but here diagnostic impact)
of the atomic shell. More sophisticated analysis is required to understand the
cosmic-ray abundances of unstable isotopes which include electron capture as
a main decay mechanism, such as 7Be, 49V, 51Cr, and 55Fe: Their abundances
result from how much of their trajectory had involved low energies with chances
to attach electrons. Hence they address the topic of cosmic-ray re-acceleration
and/or successive cosmic-ray acceleration by different shock regions along their
journey.

• In direct detections of cosmic rays also radioactive species and their abundances
can be measured. The observed abundance, e.g. as seen for 60Fe, can be combined
with known production cross sections for spallation reactions to determine the
distance to the source, that is, the effectively-traversed path length of cosmic rays
producing such abundance from collisions with ambient interstellar gas. Cosmic-
ray isotopes 10Be, 26Al, 36Cl, and 54Mn have thus been used to constrain the time
spent in the Galaxy to ∼107 years, while the more-shortlived 60Fe was attributed
to supernova explosions rather nearby and recent (see Sect. 7.4).

• Positrons produced in various radioactive decays add interesting aspects. Their
propagation properties as charged particles are reminiscent of cosmic rays: they
will be directed by the morphology of the magnetic field, and will lose energy in
collisions with ambient gas. Their annihilation provides a characteristic gamma-
ray signature, thus making positrons a rather special astronomical messenger.
Annihilation is favoured in a rather narrow energy range between ∼7 and
200 eV (corresponding to temperatures in the 1000K regime). This makes
positron annihilation gamma rays special probes of this phase of the interstellar
medium. On the other hand, positrons from radioactive decays may deposit
radioactive energy efficiently in expanding envelopes from stellar explosions,
and their abundance in interstellar space must reflect a significant contribution
from nucleosynthesis from a variety of sources, and throughout the Galaxy. This
yields information which complements other observables of the same radioactive
decays (e.g. bolometric broad-band emission, or 26Al-decay gamma-rays). Even
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though there are other candidate sources of positrons, the research with positrons
and their annihilation is included in this Chapter (see Sect. 7.5).

In the following, we discuss candidate sources with their astrophysical and nuclear-
reaction aspects, then their observations are presented, and we close the treatment
with a summary of the lessons learned and the remaining questions.

7.2 26Al

7.2.1 Nuclear Reactions, Candidate Sources, and Observability

26Al is produced by proton capture on 25Mg, the 25Mg (p,γ ) 26Al reaction that
is characteristic for hydrogen burning (Iliadis et al. 2011). Pre-existing 25Mg is
processed in this way, although more-abundant 24Mg could also be transferred
into 25Mg by proton capture and successive β decay. The amount of 26Al thus
depends on pre-existing Mg, and scales with the metallicity of the star as it was
formed. In principle, such hydrogen-burning environments may further process
26Al by proton capture into 27Si; but the rising Coulomb repulsion makes this
destruction channel rather negligible (see experimental constraints and discussion
by Parikh et al. 2014), compared to the neutron capture reactions that may destroy
26Al through 26Al(n, p)26Mg and 26Al(n, α)23Na. The 27Al(p, α)24Na reaction will
close a nuclear-reaction cycle against further nuclear reaction flow towards heavier
isotopes. This avoids loss of nucleons away from locking them into the cycle around
26Al and its neighbouring isotopes, as long as the leakage reaction from that cycle
27Al(p, γ )28Si proceeds at a low rate. Within this reaction cycle, shown in Fig. 7.1,
an equilibrium abundance of 26Al would be established, balancing production and
destruction reaction flows. Due to its relative stability (lifetime against β decay is
1.04 × 106 years), the 26Al abundance in such an equilibrium is rather high and
comparable to theMg isotopes. In explosive environments, only the charged-particle
and photon reactions are dominant, as the dynamics of the explosion disfavours the
slower β decay reactions.

In sufficiently-hot environments, 26Al may be thermally excited to its higher
levels at excitation energies of 228, 417, and 1058keV with spin states 0+, 3+,
and 1+, respectively. Although only the high-energy tail of the thermal distribution
will make such excitations possible, the daughter spin states of 26Mg (2+ for the
excited state at 1809 keV, 0+ for the ground state) allow much higher transition
rates than the highly-forbidden transition from 26Al’s ground state with spin 5+
to any of the two Mg states. Therefore, in hot environments, the excited states of
26Al must be included in a nuclear reaction network, and lead to a much larger
destruction of ground state 26Al; 26mAl decays in just 0.109 s. Thermal excitation
with subsequent rapid decay of 26Alm through this energy level of 26Al at 228 keV
excitation energy thus becomes relevant at T ≥ 0.1 109 K, adding destruction
channels to the otherwise dominant neutron capture reactions. For 26Al, a lifetime



432 R. Diehl et al.

26Alm 

28Si 26Si 

(p, ) 

(p, ) 

(p, ) 

(p, ) 
(p, ) 

(p, ) 

+ 

+(7.2s) 

        9.2 s
+ 

1.04 106 y 

+ 

(p, ) 
(p, ) 

(n,p) 

23Na 

27Si 

27Al 

26Mg 25Mg 24Mg 

25Al (n, ) 26Al 

Fig. 7.1 The Na-Al-Mg reaction cycle, characterised by proton capture reactions and β decays,
mainly, and closed by a (p,α) reaction (after Prantzos and Diehl (1996), Fig. 3.1)

of 1.042 × 106 years (or, equivalently, a half-life of 722,000 years) is obtained
from averaging over four independent measurements; the value recommended in
the Table of Isotopes is (1.034 ± 0.046)My, Endt 1990).

In principle, all hydrogen-burning environments are expected to process pre-
existing 25Mg into 26Al. Depending on these other reactions occurring in those
environments, the yield of a particular source can vary substantially. Mixing
processes among regions containing Mg seeds and hydrogen, as well as rapid
convective transport away from the hot zones and thus avoiding destruction
reactions, all have important impact on the final 26Al yields (see Chap. 3). Here,
‘yield’ defines the amount of 26Al that emerges from the source. Therefore, core
hydrogen burning in stars less massive than several M� is unimportant, as any 26Al
produced during main sequence hydrogen burning will decay before any interior
material could be ejected in a giant phase (see Chap. 3). But for stars more massive
than about 3 M�, shell hydrogen burning further out becomes interesting. Modeling
convective overturn may implement the Schwarzschild criterion where buoyancy of
a homogeneous gas mixture is compared to restoring forces from pressure gradients
(gravity and thermal), or the Ledoux criterion where the net effect of all restoring
forces is evaluated, including chemical-diffusion gradients. More complexity may
be added by chemical-diffusion gradient, which leads to thermohaline mixing or
semiconvection, depending on the direction of dominance of between chemical-
diffusion gradient and thermal gradient forces. Stellar rotation brings in exchanges
between local and global angular momenta inside a star, adding other origins of
mixing processes. This has been shown to be an important ingredient, significantly
enhancing mixing and transport of fuel and ashes into and away from the nuclear
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reaction regions within a star. As a result, typically the inclusion of stellar rotation
enhances the amounts of ejected 26Al (Palacios et al. 2005). Also in the Ne-O
layers, where 25Mg nuclei are abundant from Ne-burning reactions, and protons
may be produced by (X, p) reactions, 26Al may be produced through hydrogen
burning. Stellar structure instabilities are characteristic of those more-massive stars
in their evolution along the asymptotic giant branch (AGB), as Luminous Blue
Variables (LBV), and more-intense mass ejections during those evolutionary phases
help to make them candidate sources of interstellar 26Al. An ambient-medium
abundance of 25Mg of log(Mg) = 6.6 (where log(H) = 12) (Asplund et al. 2009,
solar abundance assumed for the current Galaxy) would thus be available for 26Al
synthesis in more-massive stars; for hotter environments, more abundant 24Mg
(abundance of log(Mg) = 7.49) may provide 26Al fuel as well, as it is processed
into 25Mg through p capture reaction and intermediate β-decay.

Also in stellar explosions, novae (Chap. 5) and core-collapse supernovae
(Chap. 4), explosive nucleosynthesis of 26Al may occur, as stellar plasma is heated
by the explosion shock wave to temperatures where protons are released and may
undergo nuclear reactions on ambient 25Mg nuclei. The intense flux of neutrinos
from the collapsed stellar core may produce additional 26Al depending on the
poorly known average neutrino energy (Woosley and Weaver 1995)—a process that
has not been included in many 26Al source models yet. These neutrino reactions on
infalling material in the region close to the proto-neutron star result in a neutrino
process , releasing nucleons (protons, neutrons, α particles) from heavier nuclei,
and thus enabling 26Al synthesis on Mg again. It has been estimated that this could
enhance 26Al yields by 20–30% (Sieverding et al. 2017).

In interstellar space, nuclear reactions occur from cosmic ray collisions with
ambient gas. Cosmic rays predominantly have a nucleonic component, with protons
and nuclei as heavy as iron, while electrons are a small contribution at the percent
level. If energetic nuclei collide with interstellar gas, they will be broken up and
fragment into lighter nuclei such as 26Al. Similarly, heavy nuclei in interstellar gas
will be broken up by collisions with any component of energetic cosmic rays. Such
spallation reactions therefore may produce 26Al—either from heavy-nuclei cosmic
rays being broken up or from ambient-gas nuclei being broken up to produce 26Al
with its 13 nucleons only. The cross sections for such reactions are rather well
known, and thus, yields have been estimated for plausible cosmic-ray intensities
and interstellar medium parameters (Ramaty et al. 1979). From this, the cosmic-
ray produced 26Al appears to be several orders of magnitude below detectability by
gamma ray telescopes.

The amount of 26Al ejected into the interstellar medium depends on many
ingredients of the process from its production until release from the star. Typical
values are 10−5 to 10−4 M� (see Fig. 4.20). Several factors within stellar models
play a significant role:

Theoretical predictions 26Al yields from models of massive stars and their
supernovae have been provided by Woosley and Weaver (1995), Timmes et al.
(1995), Thielemann et al. (1996) and Limongi and Chieffi (2006b, the ‘first-
generation’ models), the Wolf-Rayet contributions which crucially depend on mass
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loss properties were discussed in specific detail by Palacios et al. (2005), later
the aspects of stellar rotation and lessons from 3D considerations were included
(Meynet et al. 2006; Ekström et al. 2012; Chieffi and Limongi 2013). Extended
sets of model yields for stars of masses up to 120 M� are available from Ekström
et al. (2012), Chieffi and Limongi (2013), Pignatari et al. (2016) and Sukhbold et al.
(2016) (see also Chap. 4). For the less massive AGB stars, yields fromMeynet et al.
(1997, first generation) with a recent detailed treatment by Karakas and Lattanzio
(2014) (see also Chap. 3). Nova contributions to 26Al are addressed by Jose and
Hernanz (1998) and Gehrz et al. (1998) (see also Chap. 5).

It turned out that, from all these candidate sources, massive stars such as Wolf-
Rayet and possibly the high-mass fraction of AGB stars, and the core-collapse
supernovae that mark the end points of their evolution, very likely dominate above
the other candidate sources in producing interstellar 26Al (see the detailed discussion
of observational results below, and considerations on astrophysical source models
as presented in Chaps. 3–5).

A supernova explosion will obviously disperse ejecta in the interstellar medium,
including 26Al as the synthesis occurs in outer regions (the O/Ne shell), far above
the inner supernova core where some material may fall back onto the remnant star
or black hole. 26Al produced hydrostatically in stars is ejected only in two possible
ways: Either the supernova explosion occurs sufficiently soon after its production so
that it still has not decayed, or else convective transport within the star will bring it
up to the surface and a sufficiently-strong wind will carry it away from the star. Two
types of stars fulfill the latter conditions: In asymptotic-giant branch stars (AGB),
ashes from hydrogen-shell burning are brought to the surface, the convective shell
may be a hot-bottom-producer of 26Al (see Chap. 3). Alternatively, core hydrogen-
burning ashes from the Helium shell are revealed in the strong winds of the massive-
stars’ Wolf-Rayet phase, in a later stage of this phase after the hydrogen envelope
has been stripped (see Chap. 4).

Once transported away from the site of its production and of any further
nuclear reactions, 26Al will β-decay with its 1.04Myr-lifetime (see Fig. 1.3 in the
Introduction of this book). 26Al decay produces a characteristic gamma-ray line
signature. From above-mentioned spin states and selection rules, decay is inhibited,
leading to its relative stability with τ 1.04 × 106 years. In 99.76% of all decays,
a gamma-ray photon of energy 1808.63keV (±0.07keV uncertainty) is emitted.
82.1% of decays are β+-decays which also emit a positron, the remainder of decays
occur through capture of an electron from the atomic shell. Photon yields at 1130
(2.4% of decays) and 2938 keV (0.24 of decays) are weak by comparison with the
1808.63keV line, and the photon yield from positron annihilation (�1.6 photons of
511 keV, depending on annihilation conditions) is more indirect, as the positron’s
lifetime depends on gas and magnetic-field conditions and can reach the order of
105 years (Jean et al. 2009).
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7.2.2 Observations of 26Al

The first report of a gamma-ray line from a radioactive nucleus of cosmic origin
arose from the HEAO-C instrument’s 1979/1980 measurements, from a satellite
mission carrying a Ge detector which located a line at 1809keV and plausibly
attributed it to decay of live 26Al in the Galaxy’s interstellar medium (Mahoney
et al. 1984). 26Al radioactive decay within 1My requires a source within the past
million years, which is a rather brief recent time span in the Galaxy’s history which
spans 12 Gy or more. Therefore this is proof of currently-ongoing nucleosynthesis.

Independently, meteoritic studies had shown (Schramm et al. 1970; Lee et al.
1976; Wasserburg et al. 1977) an excess of the abundance of 26Mg in Al-rich
inclusions, which pointed to an earlier existence of the 26Al parent isotope in the
aluminium minerals at the time this material had condensed (see discussion in
MacPherson et al. 1995, for consolidated meteoritic results). It turned out that 26Al
is among the most informative nucleocosmochonometers to study the formation of
first solids in the young, pre-solar, nebula (Srinivasan and Chaussidon 2013, see
also Chapter 6). The origin of 26Al in the early solar nebula remained unclear, and
a subject of (see Chap. 6). With improvements of methods to study also different
components within meteorites, in particular refractory SiC grains, 26Al traces were
also found in inclusions in meteorites which are clearly not of solar-system origin,
and called ‘stardust’ (Nittler et al. 2008). Their origins could be related to an origin
in AGB stars, from isotope ratios in C, N, Si, and Al (see Chaps. 3 and 10).

The COMPTEL sky survey, accumulated over 9 years, then provided a sky
image in the 26Al gamma-ray line. This reflects a map of nucleosynthesis activity
in our current Galaxy.1 The resulting 26Al map showed structured 26Al emission,
extended along the plane of the Galaxy (Plüschke et al. 2001a; Knödlseder et al.
1999; Oberlack et al. 1996; Diehl et al. 1995) (see Fig. 7.2), in broad agreement
with earlier expectations of 26Al being produced throughout the Galaxy and mostly
from massive stars and their supernovae (Prantzos 1993; Lingenfelter and Ramaty
1978).

COMPTEL’s detectors lacked the spectral resolution required for line identifica-
tion and spectroscopic studies, with �200 keV instrumental resolution, compared to
�3 keV for Ge detectors, at the energy of the 26Al line. A 1995 balloon experiment
also carrying high-resolution Ge detectors had provided an indication that the
26Al line was significantly broadened to 6.4 keV (Naya et al. 1996). This implied
kinematic Doppler broadening of astrophysical origin of 540 km s−1. Considering
the 1.04 × 106 years decay time of 26Al, such a large line width would naively
translate into kpc-sized cavities around 26Al sources or major fractions of 26Al to be
condensed on grains (Chen et al. 1997; Sturner and Naya 1999). The INTEGRAL
space observatory was launched in 2002. With its Ge-detector based spectrometer
SPI, it provided high-quality spectroscopic results (Fig. 7.3), adding a wealth of

1Exposure time is million years, while the Galaxy’s age is 10–13Gyrs.
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Fig. 7.2 The 26Al sky as seen with the COMPTEL telescope. This image was obtained from
measurements taken 1991–2000, and using a maximum-entropy regularization together with
likelihood to iteratively fit a best image to the measured photons (from Plüschke et al. 2001)
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detail from data accumulated over its more than 15-year long mission. This allowed
not only higher precision study of the Galaxy-wide 26Al aspects (Diehl et al.
2006a,b), but also the detailed test of our understanding of massive-star activity
in specific and well-constrained massive star groups such as in Orion or Scorpius-
Centaurus. Kinematic constraints from the 26Al line width and centroid (Kretschmer
et al. 2013), and multi-messenger studies using the stellar census and information on
atomic and molecular has from radio data as well as hot plasma fromX ray emission
(Voss et al. 2009, 2010; Krause et al. 2013, 2014), all have led to a kind of 26Al
astronomy as part of the studies of stellar feedback andmassive-star nucleosynthesis
(e.g., Krause et al. 2015).

26Al gamma-rays had established proof of current nucleosynthesis in our Galaxy.
With better observations, this is now turned into an astronomical window of its
own. The brightness of Galactic 26Al emission allows measurement constraints not
only from the integrated Galaxy’s signal, but also for specific regions. A dream
of cosmic nucleosynthesis studies through radioactivity gamma-ray lines had come
true: Astrophysical models of massive stars and their evolution could be confronted
with observations of source aggregates in our Galaxy to learn about validity of such
models.

7.2.3 26Al Throughout the Galaxy

7.2.3.1 Large-Scale Aspects

The distribution of 26Al emission on the sky and within the Galaxy hold the clues
to the 26Al sources. Already in HEAO-C data (Mahoney et al. 1984), it had been
shown that an extended emission region in the inner Galaxy is plausible, rather
than assuming a point-like source or an assembly of such The COMPTEL image
(Fig. 7.2) confirmed and firmly established the extended nature of 26Al gamma-ray
emission along the entire disk of the Galaxy.

The image shown in Fig. 7.2 is one of many possible representations of the
celestial distribution of emission that are consistent with measurements. For an
instrument with a rather broad instrumental imaging-response function from its
Compton scattering measurement principle, and a large instrumental background,
the process of image extraction, which is constrained by statistical fluctuations, also
must include constraints from prior knowledge, in order to direct the otherwise
under-determined imaging process. In the image shown, the two criteria are
maximum likelihood (i.e., quality of the data fit to the image), and maximum image
entropy, which prefers an image with least new information content. One of the
alternative choices is to build up the image successively from largest to smaller
scales, at each stage estimating statistical noise if the image were true already, and
suppressing its effects in the iterative addition of next-finer spatial information; this
obtains a smooth image, by design (Fig. 7.4, top). Many images would be consistent
with the measured data, and careful evaluation of priors, biases, and systematics are
important to judge the constraints on astrophysics.
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Fig. 7.4 Top: The 26Al sky as deconvolved from the same data as shown in Fig. 7.2, now using
a multi-resolution expectation maximization based on likelihood and wavelet-domain hierarchical
noise filtering (Knödlseder et al. 1999). Bottom: The 26Al sky as deconvolved from INTEGRAL’s
sky survey from 10 years of data with the SPI imaging spectrometer, and a maximum-likelihood
imaging method (Bouchet et al. 2015)

Following the science principle of reproducibility of results, it is helpful to also
have entirely-different instruments measuring the same celestial information. The
spectrometer SPI on ESA’s INTEGRAL space observatory features Ge detectors
with high spectral resolution, and obtains its imaging information from a coded



7 Distributed Radioactivities 439

mask shadow onto its hexagonal 19-detector camera. Although the sky exposure
during the INTEGRAL mission was largely emphasised on the inner Galaxy, an all-
sky image had been constructed from 10 years of data (Bouchet et al. 2015), shown
in Fig. 7.4 (lower graph). This image also is potentially susceptible to systematics
and uncertainties from the instrument, yet those will be different here. The total
background count rate of this kind of instrument is much higher than for the
Compton telescopes, and its imaging principle is more straightforward with a single
interaction and detector type. The images show striking similarities, and several
features of the 26Al image shown in Fig. 7.2 reappear. In view of the different ways
those images were obtained, we consider as confirmed that there is diffuse emission
all along the plane of the galaxy, with emission peaks or hot spots reminiscent of
known massive star groups.

The irregular distribution of 26Al emission all along the plane of the Galaxy
provided a main argument for the idea that massive stars dominate the production
of 26Al (Prantzos and Diehl 1996). Massive stars preferentially form in clusters;
nearby massive-star regions appear prominent in 26Al emission (e.g. the Cygnus
region appears in all three images).

A Galaxy-wide interpretation of the 26Al gamma-ray measurements needs to
resolve the distance uncertainty when assigning a measured flux along a line of
sight to source intensities. The possibility of localised regions which may efficiently
produce 26Al needs a proper account. Since the massive star census in the Galaxy is
well known from astronomical measurements in thermal emission from those stars
only out to distances of a few kpc, and many regions of the Galaxy are occulted
for direct measurements, one is left with some uncertainty about their Galaxy-wide
distribution. Probably, themolecular ring around the center of our Galaxy at a radial
distance of 3–4 kpc from the center is a prominent birth site for massive stars, as
are molecular clouds swept up along the Galaxy’s spiral arms. The Doppler shift
systematics for the 26Al line as measured with INTEGRAL/SPI suggests that much
or most of the 26Al seen towards the inner Galaxy directions is taking part in large-
scale Galactic rotation. Therefore, this 26Al emission originates from sources at kpc
distances reaching to the Galaxy’s center and beyond, and thus are not local or
foreground sources.

Supported by this, the total amount of 26Al in the Galaxy can be estimated from
the measured gamma ray flux, using as a plausible assumption for the distances
to the emission regions a galaxy-wide distribution. This has been done by several
authors, based on COMPTEL and on INTEGRAL data, and using as models smooth
double-exponential disk models, or models including more structure such as spiral
arms (such as Robin et al. 2003; Taylor and Cordes 1993). With such methods, an
26Al amount between 1.5 and 3M� is found, depending on data and models used;
INTEGRAL/SPI data were used to obtain (2.8±0.8)M� of 26Al (Diehl et al. 2006a)
in a study comparingmany alternative views of massive star activity in the Galaxy. A
systematic limitation of any galaxy-wide parameter determination is potential local
bias. Gamma rays are at an advantage here due to their penetrating nature, reaching
us also from sources of the distant regions of our Galaxy. However, there may be
sources in the vicinity of our vantage point in the solar system, 8 kpc from the
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Galaxy’s center. The Cygnus region is prominent as an 26Al source, and, although
with member associations at distances between 800 and 1500pc (Plüschke et al.
2001b). The Gould Belt has been recognised as a region of local stellar associations
arranged in an elliptical-belt-like structure(Olano 1982; Pöppel 1997; Pöppel et al.
2010;Maíz-Apellániz 2004; Perrot and Grenier 2003). Several member associations
of the Gould Belt appear to be aligned with 26Al emission peaks. In particular,
the most-nearby association of Scorpius-Centaurus at merely 120–150pc distance
was detected as an 26Al source with INTEGRAL (Diehl et al. 2010), supporting
indications from COMPTEL. Accounting for such foreground sources leads to a
reduction of the Galaxy-wide 26Al content. Values range from 1.7±0.2M� (Martin
et al. 2009) to 2.0±0.3 M� (Diehl et al. 2010; Diehl 2016), depending on estimates
of residual systematics uncertainty.

Such 26Al mass determination based on observations sampling the entire Galaxy
now allows a comparison with what would be expected from their candidate sources
on theoretical grounds. Early predictions for supernovae from core collapse of
massive stars were 2.1 ± 1.1 M� (Timmes et al. 1995); the earlier Wolf-Rayet
phase was estimated to contribute a galactic total of 0.5M� with a factor ∼3
uncertainty (see Prantzos and Diehl 1996, and references therein). Uncertainties
are due to the incomplete census of WR stars in our Galaxy (van der Hucht 2001)
and metallicity dependence uncertainties. Recent models have assessed a Galactic
contribution from WR stars of ∼0.6–1.4 M� (Palacios et al. 2005), accounting
for new insights on impacts of stellar rotation and WR winds (see also Chap. 4).
Models for these two candidate sources were best established, models for novae
and AGB stars were uncertain, by comparison. Estimates for novae ranged from
0.1 to 5M� with large uncertainties, mainly from a lack of progenitor knowledge,
and from lacking still an also quantitatively-realistic nova model. About 0.2 M� of
Galactic 26Al may be due to classical novae, with again a factor∼3 uncertainty (see
Jose and Hernanz 1998, for a description of nova nucleosynthesis, but Chapter 5
presents an updated discussion in detail). Although AGB stars were once thought
to be possibly important 26Al sources (e.g. Forestini and Charbonnel 1997), their
contribution is presently estimated (Karakas and Lattanzio 2014) to be below 10%
of that of massive stars (see Chap. 3). Note that both AGB stars and novae are
clearly identified as 26Al producers from interstellar-grain inclusions in meteorites
(see Clayton and Nittler 2004, for a review, and Chapters 3,5). Both these two
types of sources are copious dust producers, more so than supernovae or WR stars;
interstellar grain samples are biased towards measuring dust-producing sources. But
in summary, none of the 26Al sources discussed so far can be ruled out, based on
such global, galaxy-wide considerations.

We now conclude at least that massive stars are the dominating contributors.
Then we may use their theoretical yield estimates per mass and integrate over the
mass distribution function to compare with the observed 26Al amount. The nor-
malization factor in such comparison is the Galactic supernova rate (see discussion
in Chap. 11). 26Al measurements interpreted within this framework yield a core-
collapse supernova rate; values of 1.9 ± 1.1SN century−1 (Diehl et al. 2006a),
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or, correspondingly reduced from foreground sources, 1.3 ± 0.4 SN century (Diehl
2016) have been estimated.

The line width of the 26Al line as seen from the Galaxy reflects Doppler
broadening from the large-scale rotation within the Galaxy, but also from turbulent
26Al nuclei motions in the presumably-hot interstellar gas phase that 26Al may still
reside in at the time of its decay, after its ejection from the source now typically
traveling through interstellar space for �1My. A balloon experiment based report
of a rather broad 26Al line with 5.4 keV broadening beyond instrumental resolution
of the Ge detector (Naya et al. 1996), the My-averaged velocity broadening
correspondingly would be about 500 km s−1. Over such long time scale, either 26Al
would have to reside in highly-turbulent regions of the ISM, or cavities surrounding
Al sources would be kpc-sized, or 26Al would have to condense on grains early-
on so that its coasting through lower-velocity ISM at original ejecta velocities
would be possible (Chen et al. 1997). As shown above, the kinematic signature
from large-scale Galactic rotation has been detected with sufficient exposure (see
discussion in Diehl 2013, for how sufficient detail had been accumulated over the
years of the INTEGRAL mission to enable such a measurement). An astrophysical
broadening of the all-sky integrated 26Al line was discovered also with INTEGRAL.
The broadening value of 1.4 keV (±0.3 keV) is much smaller than what had been
reported from the above balloon instrument data, and corresponds to 175 km s−1

(±45 km s−1) in velocity space.
The bulk velocities seen in the Doppler shifts of the 26Al line as viewed towards

different Galactic longitudes (Fig. 7.5) turn out to be on the order of several
100 km s−1. If interpreted as large scale Galactic rotation on Keplerian orbits around

Fig. 7.5 26Al line variation
with Galactic longitude
(Diehl et al. 2006a). This shift
of the line centroid reflects
the kinematics of 26Al
towards the inner Galaxy in
INTEGRAL/SPI
measurements (Kretschmer
et al. 2013)
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Fig. 7.6 Kinematics of 26Al towards the inner Galaxy, from INTEGRAL/SPI measurements. This
longitude-velocity diagram for hot ISM as traced through 26Al in the inner Galaxy shows the trend
from the Galaxy’s large-scale rotation. The underlying color plots show the corresponding kine-
matics from molecular gas as traced through CO data. The 26Al traced hot gas shows systematically
higher velocities by about 200 km s−1 in the direction of Galactic rotation (Kretschmer et al. 2013)

the central regions of the Galaxy, this should be consistent for different objects
within the Galaxy. Figure 7.6 compares the velocities determined from 26Al and
thus representing hot interstellar medium around sources of nucleosynthesis, with
measurements of bulk velocities of molecular clouds as traced by carbon monoxide
(Dame et al. 2001). Evidently, the velocities measured from 26Al kinematics exceed
typical Galactic rotation significantly, by about 200 kms−1. Something must be
different for hot gas near nucleosynthesis sources; but such generally more rapid
rotation is not possible, and radioactive decay probably is part of the explanation.

When we consider that 26Al will stream into the medium surrounding its sources
while decaying, it is clear that the velocity measurement from 26Al will be biased
towards the conditions in the vicinity of the source, and 26Al at locations more
distant from the source will have decayed to 26Mg and not emit gamma rays.
Ejection from the sources plausibly should be isotropic. Typical ejection velocities
are on the order of a few 1000km s−1, both for corec-collapse supernovae and
for Wolf-Rayet stellar winds. But streaming away from its sources, if there would
be an asymmetry of circum-source medium density such that in the direction of
Galactic rotation more 26Al would be streaming freely than in directions opposing
Galactic rotation, the measurements could be understood. Based on such ideas, an
asymmetry scenarion was proposed: Massive stars inside the Galaxy’s co-rotation
radius would be formed within spiral arms, but travel towards the leading edges of
spiral arms while evolving into their Wolf Rayet phases, and in any case before they
explode as supernovae. Then, the ejection of nucleosynthesis ejecta would occur in
a region with a density gradient, higher density surroundings from the spiral arm
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Fig. 7.7 Scenario for
asymmetric surroundings of
26Al sources. At time of
nucleosynthesis product
ejection, massive star groups
could be located at the
leading edges of spiral arms,
thus presenting more material
moving away from spiral
arms at higher velocities than
moving ‘backwards’ into
higher density regions
(Krause et al. 2015)

being located preferentially behind the massive stars, as seen from the perspective
of an object at large-scale Keplerian rotation. So, ejecta would be decelerated if
streaming towards the spiral arms, while streaming at higher velocities would be
allowed into the inter-arm regions. Such a scenario (Krause et al. 2015), placing
the candidate 26Al sources along inner spiral arms and preferentially onto their
inner ends approaching the Galaxy’s bar, is illustrated in Fig. 7.7, and results in
a longitude-velocity trend as shown by the green-dashed line in Fig. 7.6. In these
calculations, the pitch angle of a logarithmic spiral structure model has been fitted
(and obtains values in agreement with common results inferred otherwise), and an
ejecta velocity of 200 kms−1 had been assumed, which corresponds to the typical
expected sound velocity in superbubbles.

The significant enhancement of apparent velocities as observed from 26Al
therefore suggests that sources of 26Al may be typically surrounded by interstellar
cavities. These could have been created by previous stellar generations, or, alterna-
tively, by the winds of the most-massive stars of a massive-star group, which evolve
on shortest time scales and thus enter their Wolf-Rayet phase with strong winds only
about 3My after their formation. Superbubbles as typical surroundings of massive
stars with ages of few to tens of My then presents a new scenario for how new nuclei
may be recycled into the general flow of cosmic gas as part of cosmic chemical
evolution. The sizes of such cavities plausibly extend up to kpc (Krause et al. 2015).
Ejecta may thus be returned into ambient interstellar medium only as the walls of
such superbubbles fragment and dissolve, on time scales beyond 107 years. 26Al
has shed new light onto the evolution of enriched gas on such time scales, which are
difficult to constrain through observations otherwise.

Excess 26Mg has been found in meteorites and associated with prior existence
of 26Al within these samples. Within meteoritic samples, one finds characteristic
condensations, the CAI chondrules, which are associated with the first solids con-
densing in the early solar system which are preserved in their original composition.



444 R. Diehl et al.

These show a rather well-determined isotopic ratio 26Al/27Al of 4.5 × 10−5

(MacPherson et al. 1995, 2010), and are shown in the upper graph of Fig. 7.8 (see
details in Chap. 6). Much smaller particles of stardust are also found as inclusions in
meteorites, and these show a large spread of 26Al/27Al with generally higher values
up to 1. Figure 7.8 (below) shows a more-recent representation of such stardust
results. These are understood to originate from the immediate vicinity of sources
of nucleosynthesis, where copious 26Al production can lead to such high values, in
particular for AGB stars (see Chap. 3). It is now interesting to see if, at the larger
scale of the Galaxy which is sampled by the gamma ray measurements, the isotopic
ratio for Al would be similar to values found for solar system material. Estimating
the 27Al amount from the Galaxy’s gas mass estimates and solar abundance, and
using the 26Al mass derived from the gamma ray data as discussed above, one
obtains a present-day ratio 26Al/27Al of (6±3)×10−6; the uncertainty of the current-
ISM ratio was estimated from the gamma-ray flux uncertainty and uncertain 27Al
abundance. The result shown in Fig. 7.8 (top) is consistent with the conjecture
(discussed in detail in Chap. 6) that the solar system is particularly enriched in 26Al
from some nearby nucleosynthesis.

7.2.4 26Al from Specific Regions

The deep exposures of regions along the Galactic plane provided by the long-
duration missions of COMPTEL and INTEGRAL were sufficient to identify and
discriminate emission from specific source regions within the Galaxy (Fig. 7.9). In
the following, the most-prominent regions are discussed in more detail (see also
Chap. 11 and Sect. 11.1.2.4).

7.2.4.1 26Al in the Cygnus Region

The 26Al gamma-ray images show emission from the Cygnus region at Galactic
longitude near 80◦ as the clearest and most-prominent feature beyond the bright
ridge in the inner Galaxy (see Figs. 7.2 and 7.4). From 13 years of INTEGRAL
observations, the 26Al line is seen at 11σ significance and an intensity of 9.3 ±
1.8)×10−5 ph cm−2 s−1 (Fig. 7.10, from Siegert 2017).

Along the line of sight towards Cygnus, there are six prominent OB associations
at distances ranging from 0.7 to 2.5 kpc (Plüschke et al. 2002), plus about a dozen
open clusters, some associated to those OB associations (Fig. 7.11). Their ages range
from 2.5 to 7.5My.

It appears that the Cygnus OB2 association dominates by far the stellar census
of this Cygnus complex; possibly, the associations Cyg OB1, 2, and 9 are related to
OB2 and may originate from the same parental molecular cloud (Knödlseder et al.
2002). Cyg OB2 may even be considered the most prominent case in our Galaxy of



7 Distributed Radioactivities 445

Fig. 7.8 Top: Isotopic ratios of radioactive versus stable Al, 26Al/27Al, are determined rather
accurately for meteoritic components. Stardust particles (grey) show high values, while solids
associated with the early solar system condensations (green) yield a limiting value of 4.5 × 10−5.
The global galactic value inferred from the gamma-ray data (blue hatched) lies somewhat below
this, consistent with the early solar system’s special enrichment discussed in detail in Chap. 6.
Bottom: Stardust sample isotopic signatures. In three-isotope graphs, the characteristics of the dust
formation site are imprinted, and compositional patterns of 26Al enrichments show that high ratios
of 26Al/27Al up to 1 were characteristic in the formation sites of this stardust. This is orders of
magnitude above the ratio of 26Al/27Al that is estimated for the Galaxy’s interstellar gas as a
whole, from the 26Al gamma ray line observations. Grains of type AB are thought to originate
from AGB stars, while grain types X and LD are attributed to a supernova origin (after Groopman
et al. 2015)

extremely-rich superclusters, which appear prominent in other galaxies but are hard
to recognize within our own Galaxy; about 120 stars in the high-mass range (20–
120 M�) have been identified to relate to Cyg OB2; the other associations typically
are ten times smaller. The age and distance of Cyg OB2 is 2.5My and 1.57 kpc,
respectively.

Other prominent objects towards this line of sight include the Cygnus Loop
supernova remnant, and a diffuse and extended structure of X-ray emitting (hot) gas
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Fig. 7.9 The 26Al line is measured separately for different emission regions along the plane of
the Galaxy (from 5 years of INTEGRAL/SPI observations, Wang et al. 2009, and updates from
internal reports MPE)
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Fig. 7.10 Gamma-ray spectrum with the 26Al line as measured with INTEGRAL/SPI towards
Cygnus (see also Fig. 7.11; from Siegert 2017)
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Fig. 7.11 Top view of the Galactic plane, showing the position of the Sun and prominent objects
towards Cygnus. The OB associations along the line of sight towards the Cygnus region cover a
rather large range of distances (ellipses illustrate distance uncertainties; Plüschke et al. 2002). The
Cygnus OB2 group is by far the richest group of stars, and probably dominates 26Al production

called the Cygnus Superbubble. The Cygnus Loop is a young supernova remnant
with an estimated age of 10,000 years, and relatively nearby at 540 pc distance
(Blair et al. 2005), attributed to a ∼12 M� progenitor star. By itself, it is a candidate
26Al source, yet not more prominent than other massive stars if viewed at the
characteristic 26Al time scale of 1My. Its proximity and age makes it appear as a
bright X-ray and radio source; its 26Al contribution appears unrelated to the Cygnus
complex, however. The Cygnus Superbubble (Cash et al. 1980) is potentially more
interesting for 26Al studies, as it is much more extended and thus may be related to
the collective effects of many past supernovae and/or massive-star winds. It has been
re-assessed from radio observations as being most likely a superposition of many
smaller hot-gas filaments at a range of distances (Uyanıker et al. 2001). The current
picture is that within the Cygnus region, star formation has been ongoing for more
than 10My, and has led to a significant population of field and dispersed stars, in
addition to the now-observed relatively-youngOB associations. The large variations
of visual magnitude extinction over small angular scales also supports a picture
where the interstellar medium in the Cygnus complex is very heterogeneous and
filamentary, with hot cavities bounded by dense remains of the parental molecular
clouds (Lozinskaya et al. 2002; Comerón et al. 2008). Thus, one difficulty is to
constrain the stellar population of a specific OB association (such as Cyg OB2)
from all O stars seen towards this sightline, and to avoid inclusions of indirectly or
even unrelated stars in such stellar budget (as discussed in detail by Comerón et al.
2008).

The total 26Al gamma-ray brightness towards the Cygnus direction in the longi-
tude interval [70◦, 96◦] has been associated to the specific sources in Cygnus with
∼6×10−5 ph cm−2 s−1 (from the line of sight towards the Cygnus OB associations,
accounting for a large-scale Galactic-disk background), and the contribution from
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the Cygnus complex alone was estimated as ∼3.9×10−5 ph cm−2 s−1 (Martin et al.
2009).

Because of this young age of the dominant source region of Cyg OB2, stellar
evolution even for the most-massive stars should still not be completed, and
contributions from core-collapse supernovae to 26Al production should be small
or absent. Wolf-Rayet-wind ejected 26Al from hydrostatic nucleosynthesis may be
assumed to dominate, currently originating from Cyg OB2 stars. In that case 26Al
gamma-rays from the Cygnus region potentially could disentangle the different 26Al
production phases and regions within the same massive stars: In galactic-averaged
analysis, one assumes a steady state situation of 26Al decay and production, such
that the complete age range of stars is represented and contributes to 26Al production
with its time-averaged numbers of stars per age interval and their characteristic
26Al ejection from either process (hydrostatic, or late-shell burning plus explosive;
Limongi and Chieffi (see 2006b, and Chapter 4)).

From a first comparison of measured versus expected 26Al emission, as estimated
from the number of massive stars in the region, 26Al emission seemed surprisingly
bright. But a revision of the stellar census using IR data of the 2MASS survey
brought population synthesis estimates into closer agreement with expectations
(Knödlseder et al. 2002; Martin et al. 2009, 2010). One can use population synthesis
to account for time dependent 26Al ejections from a coeval group of massive stars.
In such an approach, the stellar evolution model results for different initial masses
of a star are evaluated and accumulated, for a group of stars with a specified total
stellar mass and individual mass values and numbers drawn from an initial-mass
distribution function (for details of the method see Voss et al. 2009). Martin et al.
(2009) applied this to the stellar groups of the Cygnus complex. The resulting time
dependent ejection of 26Al is shown in Fig. 7.12, and compared to the observed 26Al
intensity. It appears that the measurement and prediction are in agreement, within
uncertainties. Then, indeed, the observed 26Al should be attributed to Wolf Rayet
wind ejections, with contributions from core-collapse supernovae just beginning or
expected in the near future. This seems consistent with the absence of signs of core
collapse supernovae such as radio- or X-ray supernova remnants and pulsars (see
discussion by Martin et al. 2010). Martin et al. (2010) point out, however, that there
is some uncertainty about the metallicity in the Cygnus region, which could be lower
than solar by a factor of a few. Then, the Wolf Rayet winds would likely be weaker,
shifting the time of most 26Al ejection towards a peak driven by supernovae, and
at a later time. The consistency shown in Fig. 7.12 is suggestive that this is not the
case.

For a young and active region of massive-star action, one may plausibly assume
that the interstellar medium would be peculiar and probably more dynamic than in
a large-scale average. With the Fermi satellite, evidence for cosmic ray produced
high-energy gamma ray emission has been found at GeV energies (Tibaldo and
Grenier 2013), confirming such turbulent interstellar mediumwith likely production
of the shock fronts that are plausible cosmic-ray accelerators. With the fine
spectroscopic resolution of the INTEGRAL measurements, therefore constraints
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Fig. 7.12 The time history of 26Al production in the Cygnus complex, as compared to the gamma-
ray observations. Expectations from such populations synthesis are on the low side of observed
26Al gamma-rays, in particular if a lower metallicity is adopted for the Cygnus region (solar
metallicity is assumed, 0.04). The horizontal shaded area presents the range given by the 26Al
gamma-ray data, the dashed lines bracket the uncertainty range of predictions from recent massive-
star models through population synthesis, and the vertical shaded area indicates the current time
(from adopted cluster ages; the impact of stellar rotation on age estimates determines the width of
the shaded area) (Figure adapted from Martin et al. 2010)

for a broadened 26Al gamma-ray line would be interesting. As shown in Fig. 7.10,
broadening is modest but present, at a level comparable to the Galactic-averaged
value (see Fig. 7.3), i.e. at or below ∼200 km s−1).

7.2.4.2 26Al in the Orion Region

TheOrion region is the most-nearby region of massive stars, at a distance of∼450 pc
(Bally 2008; Genzel and Stutzki 1989). Its location towards the outer Galaxy and
at Galactic latitudes around 20◦ is favorable, as potential confusion from other
Galactic sources is negligible. The groups of massive stars, and in particular the
Orion Nebula Cluster of stars, have been studied extensively, and are considered the
prototype laboratory for astrophysical studies of normal massive-star activity. The
dominating group of massive stars is the Orion OB1 association (Brown et al. 1994)
with three major subgroups of different ages, one oldest subgroup a at 8–12My,
and two possibly coeval subgroups b (5–8My) and c (2–6My); subgroup d is the
smallest and youngest at 1My or below (see re-assessment of the stellar census by
Voss et al. 2010). Subgroup c hold most massive stars, about 45 in the mass range 4–
120 M�. These groups are located on the near side of the Orion A and B molecular
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Fig. 7.13 The 26Al gamma-ray signal seen by COMPTEL (left) and INTEGRAL/SPI (right)
towards Orion. The gamma-ray intensity map contours from COMPTEL measurements are
inconsistent with a concentrated source, and suggest extended emission away from the Orion
molecular clouds (color pixels in the map, from CO) and the OB1 association subgroups (circles).
The location of the interstellar cavity of Eridanus is indicated (hatched). From Diehl et al. (2003).
The spectrum measured with SPI’s Ge detectors shows a clear detection of the 26Al line, at
instrumental line width, with an indicated bulk motion blue shift (from Siegert and Diehl 2017)

clouds, which extend from 320 to 500 pc distance away from the Sun, and span a
region of ∼120 pc perpendicular to our viewing direction.

With the COMPTEL imaging telescope, only faint hints for emission in the
wider Orion region were noticed, at low surface brightness and apparently only
at the level of typical noise (Fig. 7.13). Upon a closer inspection, a clear line at
1.8MeV could be seen (which is typically not seen for other low-brightness regions
in the COMPTEL map), and a model fit suggested a significant (5σ ) detection
of 26Al from Orion (Diehl 2002)). INTEGRAL observations could confirm this
signal, though marginally at 3σ , at an intensity of (3.65 ± 1.2)×10−5 ph cm−2 s−1

(Fig. 7.13, from Siegert 2017).
Earlier X-ray studies and HI maps had revealed that a huge interstellar cavity was

extending from the Orion molecular clouds towards the Sun, banana-shaped and
extending over almost 300 pc (Burrows et al. 1993) (see sketch in Fig. 7.14). The
oldest, and most-nearby, OB1 subgroup a plausibly may have created the Eridanus
cavity on the near side of the Orion molecular clouds, triggering subsequent star
formation (the later and more-distant OB1 subgroups) into the molecular cloud.
The scenario illustrated in Fig. 7.14 plausibly explains the offset of 26Al gamma-
rays from their sources, as well as the indicated blue shift: fresh ejecta propagate
further into the cavity, and 26Al decays along with its flow. Population synthesis
for the OB1 subgroups and their expected ejections of kinetic energy and 26Al
support this scenario (Fig. 7.15): Energy for blowing the Eridanus cavity had
been available, and 26Al production appears ongoing almost steadily, from OB1
subgroups. Hydrodynamical simulations of such massive-star feedback resulted
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Fig. 7.14 A sketch of the region between us and the molecular clouds in Orion at about 450 pc
distance, with the OB1 stellar association and its subgroups on the near side of the clouds, and the
Eridanus cavity extending from the clouds towards the Sun. A scenario of 26Al distribution from
ejecta of the Orion OB1 association, blown into the Eridanus cavity, is indicated. Adapted from
Burrows et al. (1993), see Fierlinger et al. (2016)

in predictions of gas morphology and X-ray emission from the Eridanus cavity,
which are consistent with observational constraints from HI and diffuse X-ray
emission measurements (Fierlinger et al. 2016; Krause et al. 2013, 2014). Thus, the
Orion region appears to resemble one of the massive-star clusters in an asymmetric
geometry that was suggested above (Fig. 7.7) to explain the velocity offset of 26Al
versus large-scale Galactic rotation (Fig. 7.15).

7.2.4.3 26Al in the Sco-Cen Region

The most-nearby groups of stars with members massive enough to significantly
shape their surrounding medium is the stellar association of Scorpius-Centaurus
and its subgroups, at a distance of about 100–150pc (de Geus 1992; de Zeeuw et al.
1999; Preibisch and Zinnecker 1999).

Its location in the sky is up to 20◦ above the plane of the Galaxy, quite extended
though, due to its proximity; the member stars are recognised through their coherent
motion, as shown in Fig. 7.16 in the righthand graph.

The COMPTEL 26Al image shows some hints for emission that may be asso-
ciated to Sco-Cen, only recognisable due to its location above the Galactic plane.
INTEGRAL observations obtained a very deep exposure of the region of the inner
Galaxy, so that 26Al emission from Sco-Cen could be detected from an emission
region of about 50 degrees2 centered at (l, b) = 350◦, 20◦) (Diehl et al. 2010). The
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Fig. 7.15 The predicted time dependence of ejections of kinetic energy (above) and 26Al (below),
from population synthesis of the Orion OB1 association and its subgroups (Voss et al. 2010)
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Fig. 7.16 The 26Al signal disentangled from the Scorpius-Centaurus region with INTEGRAL
(left; Diehl et al. 2010; Siegert 2017), and an illustration of the stars as tracked by Hipparcos
in this nearby region (right, de Zeeuw et al. 1999)

spectrum from a similar region from 13 years of data is shown in Fig. 7.16 (left)
(from Siegert 2017). The intensity in the 26Al line of (7.6±1.4)×10−5 ph cm−2 s−1

can plausibly be associated to massive star outputs from the Upper Sco subgroup
(Diehl et al. 2010); the population synthesis estimate predicts 7×10−5 ph cm−2 s−1

from the stellar census, which should be rather complete for this nearby association.
Signs of past supernova activity from these stars are imprinted on the morphology

of the nearby interstellar medium, which could be mapped in quite some detail from
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absorption line measurements towards nearby stars (Frisch 1995; Lallement 2007).
Estimates are that the most massive star in Upper Sco presumably had ∼ 50M�
and thus may have exploded as a supernova about 1.5Myr ago, and the pulsar
PSR J1932+1059 may be its compact remnant (Hoogerwerf et al. 2000; Chatterjee
et al. 2004). Several loops/shells reminiscent of supernova remnants have been
identified (de Geus 1992). The Local Bubble is the most-nearby of such a cavity,
surrounding the Sun (Breitschwerdt et al. 1998), as seen in X-ray emission from
hot gas in its interior. Its origin has been related to subgroups associated with the
Sco-Cen association (Breitschwerdt and de Avillez 2006; Fuchs et al. 2009; Welsh
and Shelton 2009). Also, the supernova origin of live radioactivity of 60Fe that was
found in oceanfloor and lunar material (Wallner et al. 2016) is attributed to an origin
related to Sco-Cen (Breitschwerdt et al. 2016) (see details in Chaps. 4 and 6).

At least three subgroups of different ages can be distinguished among the Sco-
Cen stars (de Geus et al. 1989; de Zeeuw et al. 1999): The Upper Centaurus-Lupus
(UCL), Lower Centaurus Crux (LCC), and Upper Centaurus (USco) groups, as
shown in Fig. 7.16 in the righthand graph. Their ages are 17, 15, and 5My, respec-
tively, where typical age uncertainties are 1–2My (de Geus et al. 1989; Slesnick
et al. 2008; Pecaut and Mamajek 2016). Stellar subgroups of different ages would
result from a star forming region within a giant molecular cloud if the environmental
effects of massive-star action of a first generation of stars (specifically shocks from
winds and supernovae) would interact with nearby dense interstellar medium, in a
scenario of propagating or triggered star formation. Then later-generation ejecta
would find the ISM pre-shaped by previous stellar generations. Such a scenario was
proposed (de Geus et al. 1989; Preibisch and Zinnecker 1999) based on the different
subgroups of the Scorpius-Centaurus association and the stellar groups surrounding
it (e.g. Preibisch and Mamajek 2008; Fernández et al. 2008). It is illustrated in
Fig. 7.17 (upper set of graphs).

Indications of recent star formation have been found in the L1688 cloud as part
of the ρ Oph molecular cloud, and may have been triggered by the winds and
supernovae causing the 26Al we observe. The young ρ Oph stars then could be
interpreted as the latest signs of propagating star formation originally initiated from
the oldest Sco-Cen subgroup in Upper Centaurus Lupus (Wilking et al. 2008). Also
the Lupus cloud shows recent star forming activity (Gaczkowski et al. 2015, 2017).

However, there is tension for a triggering scenario as originally proposed by
Preibisch and Zinnecker (1999). Krause et al. (2018) combine data from the entire
Sco-Cen region and wavelengths from radio to X- and gamma-rays, and rather
propose that a concerted fireworks of star forming activity in different regions of
an original, parental giant molecular cloud would be a more plausible description.
They argue that the triggering of secondary star formation is more complex, and
often arises from converging shells of expanding bubbles and superbubbles. They
term this process “surround and squash” (see Fig. 7.17 lower graph) to illustrate how
feedback from massive stars destroys the parental cloud little by little.
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Fig. 7.17 Top: The objects in the Sco-Cen region, as they could have evolved in a scenario of
triggered star formation (from Preibisch and Zinnecker 1999). Bottom: A scenario of successive
erosion of molecular clouds by propagating star formation (from Krause et al. 2018)
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7.3 60Fe

7.3.1 Nuclear Reactions, Candidate Sources, and Observability

60Fe is a prominent neutron-rich isotope that can be produced from the abundant
stable Fe isotopes if irradiated with neutrons (Fig. 7.18). The characteristic reaction
sequence shown in Fig. 7.18 suggest that 60Fe is produced by an s process of
slow neutron capture reaction flow, allowing for (some!) intermediate β decay. The
reaction path thus remains close to the valley of stable isotopes, as is characteristic
for the s process. Note that the reaction domain of the r process (see Chap. 4) is far
from the regimes of instability where neutrons cannot be bound easily. With Fe as
seed elements being abundant, 60Fe appears to be an excellent astrophysical probe
of cosmic s-process environments.

Nuclear reaction uncertainties in 60Fe production, therefore, are the neutron
capture cross sections of 59Fe and 60Fe, for the production and destruction of
60Fe, and their β decay rates, reducing 60Fe yields. It is difficult to set up proper
experiments for neutron capture, as its lifetime against β decay is 64 days only.
Moreover, the resonant neutron capture, which probably dominates at stellar ener-
gies, also has a contribution from direct capture. Therefore, different measurements
for different aspects and reaction channels involved have to be combined with
theoretical estimates for reactions that may occur through excited stages of the
nucleus (see Chap. 9).

The β decay itself had been theoretically estimated by FFN, later revised
substantially by proper account of the Gamov-Teller transitions... Recently, Li et al.
(2016) again revised the rate for 59Fe, to now fall a factor 5 above Langanke+’s
values, yet orders of magnitude below FFN’s values; this shows that considerable
uncertainty remains for the weak reactions involved in 60Fe production.

Fig. 7.18 The 60Fe production through successive neutron capture reactions, with competing β

decays indicated (from Heftrich et al. 2015)
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The astrophysical setting of 60Fe production is the existence of a neutron source
in an environment where heavy elements such as Fe still may exist. These appear to
be the shell burning stages of massive stars. Chapters 3 and 4 discuss these regions
inside stars more thoroughly. Similar to 26Al, 60Fe also is a rather long-lived isotope,
with a radioactive lifetime of 3.8×106 years (Rugel et al. (2009); corresponding
half-life is 2.62My). And, again, this lifetime is also short compared to a normal
star’s evolution, and on the order of the lifetime of the more-massive stars only.
Hence, again, the ejection from the production site into interstellar space appears
to be an issue. More-massive stars which undergo a supernova explosion soon after
shell burning has been activated appear as most plausible sources.

Candidate production environments of 60Fe are the zones of helium burning
inside the more-massive stars. Here, the 22Ne(α,n)25Mg reaction liberates neutrons
as helium undergoes this reaction with pre-existing neon that is convectively
mixed into the reaction zone (Limongi and Chieffi 2006a,b). Later shell burning
stages of more-massive stars may also produce some 60Fe, as α particle release
reactions again produce helium for this neutron-producing reaction. But, at those
higher temperatures, 60Fe production is less efficient, as it now must compete with
increased rates of the β decays of 59Fe and 60Fe, as well as with photo-destruction
reactions that begin to destroy heavier nuclei such as neon. Hence, the production of
60Fe is a delicate process, requiring several conditions to be favourable. Conversely,
if produced, the abundance of 60Fe may reveal details about the conditions in the
reaction site, that cannot be measured otherwise.

Contrary to the case of 26Al, 60Fe is expected to be ejected only by the SN
explosion and not by the stellar wind, since it is buried to deep (up to the Ne-O
shell) for ejection into interstellar space during any pre-supernova wind phase. It
had been suggested, therefore, that detection of 60Fe in the Galaxy would help to
decide whether WR stars or core-collapse SN are the major sources of observed
26Al. Stated more precisely, any massive-star region which is not in a steady state
of production versus decay of these radioactivities from continued star formation,
would show a variation of the γ -ray flux ratio from 26Al and 60Fe with age (see Voss
et al. 2009, for model predictions) (see following section).

Also in rare thermonuclear explosions, 60Fe could be produced (Woosley and
Weaver 1994). If ignition occurs at highest densities, nuclear burning is expected to
produce several neutron rich species, among them 60Fe, which could be produced
in substantial amounts. The necessary high central ignition densities will probably
rarely be obtained, if the accretion is not exceptionally slow so that the white dwarf
can remain cold up to reaching the Chandrasekhar mass limit. Accretion induced
collapse, however, is a competing pathway for the evolution in such binary systems.

Upon its radioactive decay, 60Fe emits gamma-rays from β− decay. Through
this radiation signature, it is suitable for remote studies of cosmic nucleosynthesis.
Gamma-ray energies are 1173 and 1332 keV from cascade transitions in the final
60Ni daughter nucleus of the β-decay in 99.85 and 99.98% of decays, respectively.
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Fig. 7.19 The 60Fe isotope decays with a radioactive lifetime of 3.8My through 60Co to 60Ni.
Note that per decay, two gamma-ray photons are obtained

A photon at 59 keV energy accompanies this 60Fe–60Co–60Ni-decay chain, from
a transition in the primary daughter nucleus 60Co, is seen in 2% of 60Fe-decays
only (most de-excitations occur through internal conversion), and thus relatively
unimportant. The decay chain of 60Fe (see Fig. 7.19) involves intermediate 60Co
and produces two gamma-rays at 1332 and 1173 keV, respectively, which are well-
known from laboratory work through the 60Co calibration sources.

7.3.2 Observations Throughout the Galaxy

60Fe gamma-rays are hard to detect with current telescope sensitivities. RHESSI
reported a marginal signal (2.6 σ for the combined 60Fe lines at 1.173 and
1.332MeV) (Smith 2004) from the inner Galaxy, at the 10%-level of 26Al bright-
ness; SPI aboard INTEGRAL obtains a similarly low value, around 10%, also at
the 3σ -level from early analysis (Harris et al. 2005), but more convincingly the
60Fe lines were seen at 5σ significance with 4 years of data (Wang et al. 2007)2

(see Fig. 7.20), and reported a 60Fe to 26Al brightness ratio of 14 (±6)%. Efforts

2Instrumental background from 60Co produced locally in the satellite by cosmic rays may be a
remaining concern.Wang et al. (2007) have accounted for such contribution within instrumental
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Fig. 7.20 The 60Fe signal
(both gamma-ray lines
superimposed at their
laboratory energies of 1173
and 1332 keV) as observed
with INTEGRAL/SPI from
the Galaxy (Wang et al. 2007)

are made to improve upon this measurement with deeper exposure collected with
INTEGRAL. However, it has been shown that 60Fe detectability suffers from a
specific problem: The isotope 60Co apparently is built up within the INTEGRAL
spacecraft, background thus growing linearly with time (Diehl et al. 2018). The
important test if indeed the spatial distribution of 60Fe emission is identical to that
of 26Al thus remains a challenge. Nevertheless, obviously 60Fe γ -ray intensity from
the inner Galaxy remains substantially below the brightness from 26Al.

Massive stars are the most plausible sources of both 60Fe and 26Al, but their
production occurs at quite different regions and burning episodes in those same
stars. The determination of the ratio of their yields r = Y60Fe/Y26Al should be
a very sensitive global diagnostic of the validity of massive-star nucleosynthesis
models (e.g. Woosley and Heger 2007, and references therein). In steady-state
approximation of current galactic nucleosynthesis (i.e. the galactic average synthesis
rate of 26Al and 60Fe equals its decay rate), this production ratio and the total
gamma-ray flux ratio accessible to gamma-ray telescopes are related through

I (60Fe)

I (26Al)
= Ṁ(60Fe)

Ṁ(26Al)
· 26
60

· 2 (7.1)

where Ṁ(60Fe) is the total Galactic production in M� year−1 (similarly for 26Al).
The mass of each isotope maintained in steady state throughout the Galaxy then is

〈M(60Fe)〉 = Ṁ(60Fe) · τ (60Fe) (7.2)

knowledge. Note that insufficient subtraction of instrumental contributions would make the
Galactic 60Fe contribution even smaller.
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For determination of the integrated production rate, the yield in 60Fe per star
of initial mass M is weighted with the number of stars of mass M , the initial
mass function, summing over the mass range for massive stars [Mlow,Mup].
Normalisation with the star formation rate cancels when the ratio for the 60Fe
and 26Al isotopes is determined. This illustrates that much uncertainty related to
unknowns of Galactic nucleosynthesis cancel for the isotope ratio 60Fe/26Al, and a
measurement of the production ratio for all massive stars is obtained, which only
depends on nucleosynthetic yields per star of mass M and the integration over the
mass distribution of stars.3

Current models predict a gamma-ray flux ratio around 16% (Timmes et al. 1995;
Woosley and Heger 2007) or ∼18 (±4)% (Limongi and Chieffi 2006b).4

Though apparently observations and predictions agree, there are uncertainties
in both (gamma-ray telescope data analysis; nuclear-physics issues; massive-star
shell burning). In several simulations, the nucleosynthesis imprint for the 60Fe/26Al
ratio has been studied on a larger scale beyond individual sources. If the evolution
of an entire star forming region is traced over its evolutionary time scale of order
107 years, apparently the ratio observed from gamma rays for the current milky
way galaxy is compatible with expectations, for a more-evolved situation where
also supernovae from the less-massive of the massive-star population contribute
with enhanced 26Al contributions—the earlier evolution with most-massive stars
dominating produces ratios up to factors 2–3 higher (Kuffmeier et al. 2016, and
references therein). But also, large fluctuations on a local scale of order of a star
forming region occur, as well as fluctuations in time. Both are of order of a factor 10.
This is relevant for the early solar system, discussed in Chap. 6, and for observations
of specific regions: A determination of the 60Fe to 26Al ratio not only for integrated
observations of the Galaxy, but more locally for specific regions of massive star
nucleosynthesis would be revealing, with respect to the 60Fe sources (see discussion
above, Sect. 7.2.4.1).

7.3.3 Observations of 60Fe in Solar-System Material

Live 60Fe had been found more than 10 years ago in oceancrust material from
the deep pacific ocean (Knie et al. 2004). This initiated a new ‘astronomy’ of
radioactivity, the search for ejecta from nucleosynthesis sources near the solar
system as captured directly. Radioactivity is the process that allows us to distinguish

3The mass range commonly assumed is 8–120 M�; but both mass limits are subject to some
uncertainty (see discussion in Zinnecker and Yorke 2007). Limongi and Chieffi (2006b) discuss in
detail the impact of varying the slope of the mass distribution function, and the upper mass limit
for the integrated range of masses.
4A period of irritation occurred between 2002 and 2005, as nuclear cross sections and models were
updated, and seemed to predict much higher ratios up to 1; see discussion in Woosley and Heger
(2007) and Prantzos (2004).
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such ejecta samples from the bulk matter of the solar system bodies themselves.
60Fe is located in a domain of atomic nuclei, where the prospects of finding such
ejecta tracers are maximised: On one hand, normal solar system matter is made
radioactive through energetic interactions with cosmic rays, through spallation
reactions (see also Sect. 7.4). Spallation reactions thus break up nuclei, and due
to the local abundance maximum around iron group elements, all nuclei lighter than
the iron group elements are potentially created from such cosmic ray interactions.
As discussed in Sect. 7.4, specific and widely used examples are 10Be and 53Mn,
but also 26Al is produced in significant abundance by cosmic ray interactions, for
example in the Earth atmosphere. The positive side of such production is that one
can measure cosmic ray intensities as well as atmospheric and terrestrial (e.g. sub-
surface water reservoirs) using radioactive isotopes. But detecting cosmogenic 26Al
on Earth is a challenge, due to the high cosmic ray production. Not so for 60Fe,
because the abundance of candidate nuclei which could be fragmented by cosmic-
ray interactions to produce 60Fe are much smaller, and, additionally, the production
of a neutron rich daughter isotope in such a spallation reaction is small. Therefore,
60Fe is a good candidate for studies of terrestrial or lunar samples of nucleosynthesis
ejecta, as confirmed by the oceancrust detection of Knie et al. (2004).

Following this exciting discovery, 60Fe as a nucleus was re-investigated, and its
radioactive lifetime was found significantly longer in such improved measurements
(Rugel et al. 2009; Ostdiek et al. 2017). This was important, as the inference
of a nucleosynthetic origin of the terrestrial 60Fe sample implies to calculate
the probability that ejecta from an explosion at some recent time can reach the
oceanfloor before the radioactive decay wipes out its information.

One might be concerned that a single sample of oceancrust, through carefully
selected to minimise anthropogenic contaminations, could be a single outlier.
Analysis of a sediment (Fitoussi et al. 2008) had been less significant, which seemed
puzzling. Note that the Accelerator Mass Spectrometry method is one of the most
sensitive isotopic abundance detection methods, with a sensitivity exceeding 10−17

(Korschinek and Kutschera 2015; Kutschera 2013). More than 10 years later, a
broad collection of oceancrust and sediment probes from three different regions,
the Indian, Pacific, and Atlantic ocean, covering an age range from current to 11My
ago, had been analysed for 60Fe (Wallner et al. 2016). These consistently showed
60Fe signals in an age range 1.5–3.5My ago, and a possible second marginal signal
around 8My ago. The sediment data here have a much better time resolution around
10,000 years. From the analysis of lunar surface material obtained from the Apollo
mission, also a significant signal from 60Fe could be obtained (Fimiani et al. 2016).
Here, the turnover of surface material (‘gardening’) prevents an age determination
of the material; but the mere detection of 60Fe was an important, independent,
confirmation. Microfossils may help to enhance iron content locally, and were
exploited by Ludwig et al. (2016) for yet another independent 60Fe detection on
a terrestrial material probe.

The infall period of 60Fe in the composite data from all samples clearly is
resolved, that is, it appears to be extended and therefore not likely due to a single
supernova ejecta wave crossing the solar system. It would have been tempting to
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‘date’ a nearby supernova explosion in this way. But reality appears to be more
complex. Interstellar transport of ejecta from supernova explosions is not easy to
model, and 26Al kinematic information from superbubbles as discussed above (see
Fig. 7.7 and discussion thereof) may help to understand some of such transport on
larger scales. But even on scales of the Local Bubble, the dynamical evolution of
the nearby morphology of cavities and walls is complex. Breitschwerdt et al. (2016)
showed through 3D hydrodynamical modeling of the nearby interstellar medium,
that both, a supernova from a nearby stellar group occurring within the solar cavity,
as well as the passing of the cavity wall of this Local Bubble across the solar
system, could be explanations for the signal. The extent in time that is observed may
originate from multiple supernova ejections, or from ejecta being reflected on the
nearby cavity wall (see also Schulreich et al. 2017). This is illustrated in Fig. 7.21,
where data are shown as compared to each of these scenarios.
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Fig. 7.21 The 60Fe signal from several oceancrust and sediment analyses, as dated in time from
age dating of the corresponding layer with cosmic-ray produced radioactive clocks 10Be, 26Al.
The cases of ejections from supernovae and transport within the Local Bubble (above), and from
passing of the cavity wall across the solar system (below) are shown (from Schulreich et al. 2017)
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7.4 Radioactivities in Cosmic Rays

Along with stellar grains, Galactic Cosmic Rays (GCR) provide a sample of matter
from outside the Solar system. Despite almost a century of active research, the
physics of GCR (concerning their sources, acceleration and propagation in the
Galaxy) is not yet thoroughly understood. In particular, key questions regarding
GCR physics are related to the timescales of various processes (acceleration in
one event or in a series of events, confinement in the Galaxy, etc.). Radionuclides
unstable to β± decay or e-capture, with laboratory lifetimes close to the timescales
of interest for GCR studies, provide important probes of the aforementioned
processes.

7.4.1 Sources, Acceleration, and Propagation of Cosmic Rays

From the previous section one may infer that several steps are involved between
the production of the GCR nuclides in stellar interiors and their detection near
Earth: (1) stellar nucleosynthesis, (2) ejection by stellar winds and explosions, (3)
elemental fractionation, (4) acceleration of primary GCR nuclides, by shocks due
to SN and winds of massive stars, (5) propagation through the ISM of the Galaxy,
(6) modulation at the heliospheric boundary and (7) detection of arriving GCR. In
particular, GCR transport through the ISM has been studied with models of varying
sophistication, which account for a large number of astrophysical observables (see
the comprehensive review of Strong et al. (2007) and references therein).

To describe the composition data, less sophisticated models are sufficient, like
e.g. the leaky-box model. In that model, GCR are assumed to fill homogeneously
a cylindrical box (the Galactic disk) and their intensity in the ISM is assumed
to be in a steady state (equilibrium), between several production and destruction
processes. The former involve acceleration in GCR sources and production in-
flight through fragmentation of heavier nuclides, while the latter include either
physical losses from the leaky box (escape from the Galaxy) or losses in energy
space: fragmentation, ionization losses and radioactive decay. Most of the physical
parameters describing these processes are well known, although some spallation
cross sections still suffer from considerable uncertainties. The many intricacies
of GCR transport are encoded in a simple parameter, the escape length Λesc (in
g cm−2): it represents the average column density traversed by GCR nuclei before
escaping the Galactic leaky box.

The abundance ratio of a secondary to a primary nuclide depends essentially
on Λesc. Observations of LiBeB

CNO
(and more recently of ScT iV

Fe
) in arriving GCR,

interpreted in this framework, suggest a mean escape length Λesc ∼7 g cm−2. In
fact, the observed GCR secondary/primary ratios display some energy dependence,
which translates into an energy dependent Λesc(E), going through a maximum at
E ∼1GeV/nucleon and decreasing both at higher and lower energies. The observed
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Fig. 7.22 Secondary
fractions in arriving GCR for
isotopes from B to Ni, after
the analysis of ACE/CRIS
measurements. Nuclides with
filled (open) symbols
correspond to isotopes with
even (odd) Z, while solid
lines connect isotopes of the
same element. From
Wiedenbeck et al. (2007)

energy dependence of that key phenomenological parameter can be interpreted in
the framework of more sophisticated GCR transport models and provides valuable
insight into the physics of GCR transport (role of turbulent diffusion, convection by
a Galactic wind, re-acceleration, etc.); those same models can be used to infer the
injection spectra of GCR at the source (see Jones et al. 2001; Strong et al. 2007).

Once the key parameters of the leaky-box model are adjusted to reproduce the
key secondary/primary ratios, the same formalism may be used in order to evaluate
the secondary fractions (produced by fragmentation in-flight) of all GCR nuclides.
Those fractions depend critically on the relevant spallation cross-sections (well
known in most cases) and appear in Fig. 7.22. Fractions close to 1 imply an almost
purely secondary nature while fractions close to 0 characterize primary nuclides
(like, e.g. 12C, 16O, 24Mg, 56Fe etc.). The former are very sensitive to the adopted
Λesc, contrary to the latter (Wiedenbeck et al. 2007).

The source abundances of primary GCR (GCRS) derived that way display both
similarities and differences when compared to the solar ones (Fig. 7.23). It was
recognised quite early on, that the observed pattern of GCRS/Solar abundances
shows some correlation with the First Ionisation Potential (FIP): elements of high
FIP are depleted in GCRS relatively to low FIP ones. Since the latter are more
easily ionized than the former, it is conceivable that they are also more easy to pre-
accelerate (in some suitable environment) before SN shocks decerebrate them to
relativistic GCR energies (Meyer 1985).Although similar FIP-dependent abundance
patterns are observed in the solar corona, this idea did not evolve in a fully self-
consistent model for the origin of GCR (Fig. 7.23).

Another, long standing, idea attracted considerable attention in the past 15 years.
It invokes chemical volatility to explain fractionation in the GCR sources. Of course,
volatility is somewhat related to FIP: high FIP elements (e.g. He, N, Ne, Ar) are, in
general, volatile, where low FIP elements are, in general, refractories (e.g. Mg, Si,
Fe etc.), and condense readily into dust grains. Meyer et al. (1997) and Ellison et al.
(1997) suggested that grains are efficiently accelerated in SN shocks, because of
their high mass/charge ratio; subsequent sputtering of atoms from these fast grains
creates a pool of suprathermal ions, that are further accelerated to relativistic GCR
energies from SN shocks. Building on those ideas, Meyer et al. (1997) proposed
a model explaining quantitatively the inferred pattern of GCRS/Solar abundances.
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Fig. 7.23 GCR source abundance relative to solar abundance vs. atomic mass number. All values
are measured relative to GCR hydrogen at a given energy per nucleon. The elements are divided,
on the basis of condensation temperature, into refractory, semivolatile, volatile, and highly volatile
groups. The refractories are essentially completely locked in grains in the ISM, while the highly
volatile ones are gaseous. The arrows on carbon and oxygen indicate that these elements have
an additional source from 22Ne-C-O enriched Wolf-Rayet wind material. Model predictions for
the abundances of volatile elements from a high Mach number shock model are shown with a
dotted line, and those for a lower Mach number model with a dot-dashed line. The horizontal solid
lines on the right side of the plot are limits on predicted abundance of iron and other refractory
elements. The label on the abscissa [∼(A/Q)α , where α is some unspecified constant] is a reminder
that, for most ionization models, A/Q is a roughly monotonically increasing function of mass. The
abundances of Kr, Xe, Mo, Ba, Ce, Pt, and Pb relative to Fe may contain systematic errors that are
difficult to evaluate (indicated with a question mark) (from Ellison et al. 1997)

Despite its success, the model relies on several assumptions which lack empirical
support (notice, however, that interplanetary dust particles display traces of grain
acceleration, as reported by Westphal and Bradley (2004).

In view of the complexities introduced by fractionation, it appears safer to rely
either on refractory primary elements (unaffected by fractionation) or to ratios of
isotopes belonging to the same element (since fractionation effects cancel out),
in order to probe the source composition of GCR. The ACE/CRIS observations
allowed to determine the primary GCRS abundances of 19 refractory nuclides,
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belonging to Mg, Al, Si, Ca, Fe and Ni. As reviewed in Wiedenbeck et al. (2007)
those nuclides have a solar composition (within uncertainties), with the possible
exception of 58Fe. Since more than half of solar Fe come from a long-lived source
(SNIa, Goswami and Prantzos 2000), the GCRS composition has to originate from
an extremely well mixed sample of the ISM (or of solar type stars).

Contrary to the refractory nuclides, the volatile 22Ne/20Ne ratio in the GCR
source has long been known to exceed its solar value by a factor of ∼5. This excess
of 22Ne is attributed to the contribution of Wolf-Rayet winds to GCRs, as originally
suggested by Casse and Paul (1982) and quantitatively elaborated in subsequent
studies (e.g. Prantzos et al. 1985).

It is not clear at present whether the totality of the GCRS composition originates
from the same site (where the nucleosynthetic products of many stars and SN are
well mixed) or whether it originates as a diversified sample of nuclei (produced from
a variety of sources distributed all over the Galaxy), which are mixed well after
their acceleration by SN shocks, during their 107 years travel through the Milky
Way. The latter case corresponds to the, now defunct, FIP-based paradigm of GCRS
composition (Meyer 1985). The former possibility is now embodied in the super-
bubble paradigm, advocated in Higdon et al. (1998) and further supported by Binns
et al. (2005) on the basis of the 22Ne/20Ne analysis. GCR (both refractories produced
by sputtered grains and volatiles) are accelerated—with higher efficiency than in
the normal ISM—from the thermal pool of ions present in a super-bubble, which is
created and chemically enriched by the action of dozens or hundreds of stars and
SN. In that model, SN explosions have to occur >105 years apart from each other,
in order to allow for e-capture decay of 59Ni, which is absent in arriving GCR (see
next section).

The super-bubble paradigm has been criticized on several grounds in Prantzos
(2012), who showed that a superbubble, resulting from explosions of a representa-
tive sample of massive stars, is expected to have a solar 22Ne/20Ne ratio and cannot
explain the excess observed in GCRs.

7.4.1.1 Radioactive Isotopes in Cosmic Rays

Radioactive nuclides present in GCR may provide key information about various
timescales concerning the acceleration and propagation of cosmic rays in the
Galaxy. Primary nuclides unstable against β± and α decays or spontaneous fission,
are sensitive to the timescale between nucleosynthesis and arrival on Earth; however,
U and Th have such large lifetimes that they are essentially stable during the
propagation of GCR in the Galaxy and they cannot be used as probes of that
timescale. Primary nuclides unstable against e-capture only, are sensitive to the
timescale from their nucleosynthesis to acceleration, since after acceleration to GCR
energies they can hardly capture an orbital electron and they propagate essentially
without decay; 57Co and, especially, 59Ni belong to this category. Secondaries
unstable against β± and α decays or spontaneous fission can probe the residence
timescale of GCR in the Galaxy, provided their half-lives are comparable to
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Table 7.1 Decay modes and
half-lives of key secondary
radioactivities in GCR (from
Yanasak et al. 2001)

Isotope Decay mode Mode half-life (year)
10B β− 1.51 × 106

14C β− 5.70 × 103

26Al β+ 8.73 × 105

e-Capture 8.45 × 106

36Cl β− 3.07 × 105

e-Capture 1.59 × 107

54Mn β− (6.3 ± 1.7)×105

e-Capture 0.8548

that timescale; a handful of nuclides belong to this class (see Table 7.1). The
GCR residence time, combined with the mean path length (obtained from the
secondary/primary ratio) and the particle velocity, allows one to evaluate the mean
density of the ISM traversed by GCR. Finally, secondary nuclides unstable against
e-capture only, can be used as probes of re-acceleration effects, because e-capture
is more likely at low energies. The next two subsections summarize the excellent
review of Mewaldt et al. (2001) on radioactivities in GCR.

7.4.2 Observations of Cosmic Rays

7.4.2.1 Spectra and Composition

Spectra of Galactic cosmic rays as measured in Earth’s vicinity have the same
overall shape for all chemical elements. Above a few GeV/nucleon, and up to
106 GeV/nucleon, the GCR intensity I (E) (in cm−2 s−1 st−1 GeV−1) is described
by a practically featureless power-law as a function of kinetic energy E

I(E) = 1.8 Eα (7.3)

with slope α = −2.7. At E ∼106 GeV/nucleon (the knee), the GCR spectrum
steepens to α = −3. At E<1GeV/nucleon, the GCR spectrum progressively
flattens (with α becoming even positive) and its intensity varies, in a way which
anti-correlates with the solar activity (solar modulation); the solar wind prevents
the lowest energy GCR from entering the heliosphere. Correcting for that effect
(demodulating) allows one to infer, through the time-averaged locally observed
spectra, the true spectrum of GCR as they propagate in the ISM (Fig. 7.24). This
allows one to evaluate the kinetic energy density of GCR εGCR as

εGCR = 4π
∫

Ek

υ
I (E) dE (7.4)
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Fig. 7.24 Low energy GCR
spectra of oxygen, observed
near Earth (bottom, in the
ISM (demodulated for the
solar wind, middle) and in the
GCR source (theoretically
inferred, top) (from
Wiedenbeck et al. 2007)

where υ is the velocity of a particle with kinetic energy E. The inferred local GCR
energy density is εGCR ∼1 eV cm−3. It is comparable to the local energy densities
of starlight (εLight ), of ISM gas thermal motion (εGas ∼ nκT ) and of the magnetic

field (εB ∼ B2

8π ), i.e. GCR constitute an important dynamical agent in the Galaxy.
As seen above, GCR are expected to be confined for a timescale τConf ∼ 107

years in the Galactic disk (before escaping to the halo and then to the intergalactic
space), i.e. in a roughly cylindrical volume V of radius R ∼15 kpc and height
h ∼4 kpc. Assuming that εGCR is the same throughout that volume, one finds that
the total GCR power is PGCR = εV/τConf ∼ 2× 1041 erg s−1. Taking into account
the expected supernova frequencies in the Milky Way (fGalSN ∼2 century−1) and
assuming a kinetic energy of ESN = 1.5 1051 erg for each SN, one sees that
PGCR ∼0.1 PGalSN (where PGalSN = fGalSNESN ∼ 1.5 × 1042 erg s−1). Those
numbers suggest that supernova remnants accelerate cosmic rays in the Galaxy with
an efficiency of the order of 10%.

The composition of cosmic rays arriving at Earth is best measured in the low
energy range (0.1–1GeV/nucleon), because in that region GCR intensity is highest
and experimental techniques for particle identification have better resolution than at
higher energies. In Fig. 7.25, the arriving GCR composition is compared to the solar
system one. Both samples of matter are dominated by the elements H, He, C, O,
Ne, Mg, Si and Fe. The overall similarity of the two abundance curves suggests that
they have similar nucleosynthetic origin, i.e. from massive stars and supernovae
(for nuclei in the C-Fe peak range). Volatile elements (He, O, Ne, S and Ar) are
somewhat depleted relative to refractory Si, perhaps as a result of some fractionation
process, favouring the acceleration of more refractory elements (see next section).
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Fig. 7.25 Elemental
abundances in arriving GCR
(dots), compared to the solar
system ones (histogram)
(from Wiedenbeck et al.
2007)

The most striking difference between GCR and solar abundances is the GCR
overabundance of some nuclides which are relatively rare in the solar system
composition. The atomic numbers of those rare nuclides are only a few units below
those of the nuclides dominating the abundance curves. This is the case of e.g. Li, Be
and B with respect to the slightly heavier C, N and O nuclei

((
LiBeB
CNO

)
solar

∼ 10−6 ,

while
(

LiBeB
CNO

)
GCR

∼ 10−1
)
or of Sc, Ti and V nuclei with respect to Fe peak nuclei

(see Fig. 7.25). The relative overabundance of those rare nuclei in GCR has long
been recognised to be the result of their secondary nature: they are produced by the
nuclear fragmentation (spallation) of their heavy progenitors (primaries), during the
GCR propagation in the ISM.

The properties of GCR secondaries, both stable and radioactive, provide impor-
tant information on the physics of Galactic cosmic rays.

7.4.2.2 Radioactive Clocks and Cosmic-Ray Timescales

Determination of the confinement (or residence or escape) timescale τConf of GCR
in the Galaxy is a key issue, because τConf determines the power required to sustain
the energy density of GCR (see Sect. 7.4.2). All four nuclides of Table 7.1 have
been measured in arriving GCR after the Ulusses and ACE results and the situation
is summarized in Fig. 7.26. Confinement times are obtained in the framework of a
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Fig. 7.26 Confinement times obtained by ACE/CRIS and previous experiments. Uncertainties
shown with solid error bars are 1 standard deviation statistical. The average value of the
confinement time, τesc = 15.0± 1.6Myr, indicated by the CRIS data for the four clock isotopes is
shown as a hatched band (From Yanasak et al. 2001)

Leaky box model with energy dependent escape length and the average value τConf

is found to be 15.0 ± 1.6Myr. In the Leaky box model, τConf = Λesc/(υρ), where
υ = βc is the GCR velocity (at <1GeV/nucleon, the effects of solar modulation
have to be accounted for in the calculation of β). This allows one to evaluate
the average ISM density traversed by GCR as n = ρ/mp =0.36H atoms cm−3

(Yanasak et al. 2001). This is a factor of ∼3 lower than the canonical value of the
local ISM density (∼1 H atom cm−3).

In the Leaky box model, where GCR intensities and ISM densities are uniform in
the GCR propagation volume (and in time), such measurements can probe only the
average density of the confinement region. The above result implies that GCR spend
a large fraction of their confinement time in a volume of smaller average density
than the one of the local gas, i.e. in the Galactic halo. In more realistic models,
involving e.g. diffusion (see Strong et al. 2007), the aforementioned radioactivities
probe a volume of radius R which is limited by their mean life τ , such that
R ∼ (γDτ)1/2, where D is the spatial diffusion coefficient and γ = (1 − β2)−1/2.
In that scheme, at 1 GeV/nucleon, 10Be probes regions out to ∼400 pc (i.e. beyond
the gaseous layer), while 14C probes the immediate vicinity of the solar system;
however, its expected signal is lower than the background due to 14C produced
inside the ACE/CRIS instrument. Notice that uncertainties in the derived ISM
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densities are dominated by uncertainties in fragmentation cross-sections, rather than
by measurement uncertainties (Yanasak et al. 2001).

Finally, in diffusion models of GCR propagation, the expected surviving fraction
of secondary radioactivities depends on the assumed diffusion coefficient D. Com-
paring the ACE/CRIS measurements for 10Be, 26Al and 36Cl at 400MeV/nucleon
with theoretical predictions of Ptuskin and Soutoul (1998), values of D ∼ 2 ×
1028 cm2 s−1 are found (see Fig. 9 in Mewaldt et al. 2001).

Radionuclides unstable to e-capture, if accelerated to >500MeV/nucleon,
become fully stripped of orbital electrons, and cannot decay. This suggests that, if
f = X/DX (the abundance fraction of such a nuclideX relative to its decay product
DX) arriving on Earth >>1, then the timescale Δt between the nucleosynthesis
and acceleration of X is smaller than its decay timescale τX by e-capture; inversely,
an arriving fraction f = X/DX <<1 would imply that Δt > τX. Three such
radionuclides were identified by Soutoul et al. (1978) as potentially important in
that respect: 56Ni, 57Co and 59Ni, with half-lives against e-capture from 6 days to
7.6×104 years. It is well known now that 56Ni is the dominant product of explosive
nucleosynthesis in supernovae, however, GCR composition is dominated by its
decay product 56Fe; thus, Δt is much larger than 6 days.

The most interesting case is the one of 59Ni, which probes rather large values of
the timescaleΔt . Nucleosynthesis calculations (Woosley and Weaver 1995) suggest
that ∼2/3 of the A = 59 isobars is synthesized as 59Ni The analysis of ACE/CRIS
data showed that very little (if any at all) 59Ni exists in arriving GCR, while its
daughter nuclide 59Co is present at the level of 59Co/60Ni∼0.25 (Fig. 7.27). An
absence of 59Ni from GCR implies that Δt >105 years.

Fig. 7.27 Calculated abundances at Earth of 59Ni/60Ni (upper panel) and 59Co/60Ni (lower panel)
are shown as a function of the time delay between nucleosynthesis and GCR acceleration.
Calculated abundances are a combination of a secondary component (dashed lines) produced by
nuclear fragmentation during transport and a surviving primary component. The different curves
correspond to different assumed fractional contributions of 59Ni in the primary A=59 material,
as indicated by the labels on the curves. The time dependencies are the result of the exponential
decay of the primary 59Ni into 59Co as the result of the electron-capture decay of 59Ni before
acceleration. The hatched regions indicate the abundances measured with CRIS, including 1 σ

uncertainties. From Wiedenbeck et al. (1999)
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Such a long timescale between nucleosynthesis and GCR acceleration would
have important implications for our understanding of GCR composition. It would
imply that SN cannot accelerate their own ejecta: even in a rarefied medium, the
SN ejecta are completely diluted in (and mixed up with) the interstellar gas on
timescales as long as 105 years.

There is a loop-hole to the above argument: while e-capture is essentially impos-
sible at sufficiently high energies (>500MeV/nucleon), it becomes possible at lower
energies. The average energies of ACE/CRIS measurements (∼300MeV/nucleon)
correspond to ∼450MeV/nucleon outside the heliosphere. If 59Ni would not be
directly accelerated to high energies after its ejected from the supernova source, it
might capture an electron and decay before it became a cosmic-ray component. In
that case, its absence in arriving GCR provides no information on a delay between
its nucleosynthesis and acceleration.

Recent updates of supernova yields, including the effects of stellar rotation,
however obtain (Neronov and Meynet 2016) a much lower abundance of 59Ni
compared to 59Co, compared to the earlier supernova nucleosynthesis calculations
(Woosley and Weaver 1995). This then reduces the abundances that would be
expected in cosmic rays even excluding any decay prior to acceleration. Therefore
the above-discussed exploitation of the decay properties of 59Ni may have been
premature.

There is an important issue of GCR, which is re-acceleration: do GCR get
their high energies in a single SN blast wave, or in a series of SN shock waves
(distributed acceleration)? Secondary radionuclides, unstable against e-capture,
with short enough timescales, can be used as probes of such processes: these include
7Be, 37Ar, 44Ti, 49V, 55Fe, with laboratory lifetimes extending up to 67 years.
Comparing the measured abundance ratios of those nuclides to their stable daughter
nuclei in various energy bands, one may, in principle, constrain the extent of re-
acceleration. Unfortunately, the analysis of observations from various experiments
(Ulysses, Voyager, ACE) has produced contradicting results up to now. However,
as stressed in Mewaldt et al. (2001), measurements of e-capture radionuclides
in GCR are still in their infancy. The same holds for models to interpret the
data, which suffer from uncertainties related to cross-sections (for fragmentation,
e-capture and loss as a function of energy), the history of GCR acceleration and re-
acceleration, inhomogeneities of the ISM, etc. Improvements in both measurements
and interpretation will contribute to a much better understanding of the physics of
GCR propagation (Fig. 7.28).

Spallation of cosmic rays during their journey has been shown above to produce a
number of interesting radioactive species. However, the discovery of 60Fe in cosmic
rays (Binns et al. 2016; Fig. 7.28) came as a surprise, because this cannot originate
from such spallation.

The detection of 60Fe thus must be understood from a different viewpoint: As
Binns et al. (2016) argue, its detection presents an upper limit on the time it takes
to accelerate cosmic rays. 60Fe obviously survived a journey from its production
through acceleration to detection, which is compatible with its 3.6Myr radioactive
lifetime, that, in this case, is independent of the atomic electron shell population.
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Fig. 7.28 Composition of iron and cobalt isotopes in cosmic rays near Earth (as observed with
ACE/CRIS Binns et al. 2016)

Binns et al. (2016) argue that only less than 10% of their detected 60Fe isotopes
could originate from heavier nuclei being fragmented and hence be ‘secondary’,
and most of the nuclei therefore are considered ‘primary’. They use then a simple
diffusive propagation model to argue for an origin within 620 pc of the Sun,
making supernovae from the Scorpius-Centaurus association potential sources. The
propagation of ejecta from source to detector obviously remains a major scientific
issue today.

It is interesting that, from a different viewing point, Kachelrieß et al. (2015) infer
from the anisotropy of the cosmic ray spectral signatures that a nearby supernova
explosion a fewMyrs ago is suggested, to provide peculiar conditions for cosmic ray
acceleration in the nearby interstellar medium. Taken together, this is reminiscent of
the scenario discussed above for the Scorpius Centaurus association and its history
of the past 10–20Myrs (Sect. 7.2.4.3).

7.5 Positrons and Their Annihilation

One of the most direct and unambiguous manifestations of radioactivity is the
emission of positrons from the β+ decay of unstable nuclei. Such nuclei are located
on the proton rich side of the valley of nuclear stability in the isotope chart. This
is the case, e.g., for 26Al, 44Ti or 56Ni and 56Co, produced in massive stars and
supernova explosions, also for 13N, 14,15O, 17F, and 22Na produced in novae. If
the lifetime of the unstable nucleus is larger than the timescale τT that may be
characteristic for the trapping of the positrons within the expanding explosive
production site, then a substantial fraction of the released positrons may escape
from that site of nucleosynthesis and find its way into the interstellar medium. Most
of the positrons from the decay of 44Ti (τ ∼ 89 years) and 26Al (τ ∼1Myr), and
22Na (τ ∼3.8 years) are therefore expected to be released within the interstellar
medium, while the fate of those released by short-lived 56Ni (τ ∼8.8 days) and
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56Co (τ ∼77 days) is not clear. Note that, for example, the late bolometric emission
from supernovae that is seen after 100–1000 days mostly is energised by the energy
deposits from positrons within the expanding supernova.

But there is a variety of other candidate sources of positrons, either through pair
plasma production in high-density and high-energy environments, or from high-
energy particle collisions, or even dark matter annihilation or decay.

Positrons have been observed directly in particle detectors, but more commonly
their annihilation is seen, through a characteristic gamma-ray signature that involves
a unique line at 511 keV. First measured from the Sun in solar flares (Chupp et al.
1973), the gamma-ray signals of positron annihilation were observed from our
Galaxy’s central region (Leventhal et al. 1978; Purcell et al. 1993; Knödlseder
et al. 2005; Siegert et al. 2016b) and also from transient sources (Sunyaev et al.
1992; Bouchet et al. 1991; Siegert et al. 2016a). By now, imaging and spectroscopic
results have been established, which make cosmic positrons to be one of the major
current puzzles in astrophysics. Prantzos et al. (2011) have reviewed this topic
in great detail; we summarise this here, with some updates since their review.
This Section describes the processes relating positrons across all energies to their
annihilation gamma-ray signature, with an aim to learn about the contributions from
radioactivities.

7.5.1 Candidate Sources and Expected Observables

Positrons can be produced either by radioactivity in stars, novae and supernovae, or
through various high energy processes in compact objects (production of positrons
by cosmic rays, which are accelerated by supernovae, belongs to the latter class);
processes involving dark matter (DM) annihilation, decay or de-excitation is a third
possibility.

Among the various astrophysical sources of positrons proposed so far, the only
one known certainly5 to release e+ in the ISM is β+ radioactivity of 26Al; the
observed intensity of its characteristic 1.8MeV emission in the Galaxy corresponds
to ∼ 3–4 × 1042 e+ s−1. A similar amount is expected from the decay of 44Ti, on
the grounds of nucleosynthesis arguments (it is the parent nucleus of stable 44Ca).
Both radionuclides are produced mostly in massive stars and their positrons should
be released along the Galactic plane, as traced by the 1.8MeV emission; they could
thus account for the observed disk 511 keV emission.

Radioactivity of 56Co from SNIa was traditionally considered to be the major
e+ producer in the Galaxy. Both the typical 56Ni yield of a SNIa and the Galactic
SNIa rate are rather well constrained, resulting in 5 × 1044 e+ s−1 produced inside
SNIa. If only fesc ∼4% of them escape the supernova to annihilate in the ISM, the

5That is, by proof from observations: 26Al gamma rays are observed, and 26Al decay is known to
emit positrons.
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observed total e+ annihilation rate can be readily explained. However, observations
of two SNIa, interpreted in the framework of 1-D (stratified) models, suggest that
the positron escape fraction is negligible at late times. On the other hand, both
observations of early spectra and 3-Dmodels of SNIa suggest that a sizeable fraction
of 56Ni is found at high velocity (close to the surface), making—perhaps—easier
the escape of 56Co positrons. SNIa remain a serious candidate, with a potential
Galactic yield of 2×1043 e+ s−1. But the expected spatial distribution of SNIa in
the Galaxy would predict a much smaller bulge-to-disk ratio than the one of the
observed 511 keV profile.

Several candidate sources will likely produce positrons through various high-
energy processes: pulsars, millisecond pulsars, magnetars, accreting binary systems
such as microquasars, and the central supermassive black hole (SMBH) in the
Milky Way. There is little observational evidence that either of those sources
produces positrons, however, and the e+ yields evaluated by various authors are
often (intentionally) optimistic rather than typical values. Among those sources, the
most promising appear to be accreting binaries and the massive black hole at the
Galactic centre. Binaries are observed as LMXRB X-ray sources; the microquasar
variant of that class of sources with its plasma jets are plausible positron sources.
In one case, a flaring microquasar has been shown to emit a gamma-ray signal that
suggests the presence and ejection of high-energy positrons (see below). Because of
the current low activity of the central SMBH it has to be assumed that the source was
much more active in the past, thus dropping the assumption of steady state between
e+ production and annihilation, which is adopted in all other cases.

Positrons originating from radioactive decay are released with typical energies
as they are characteristic of the difference between nuclear energy levels, i.e. of
the order of ∼MeV. With their rest mass energy of 511 keV, these positrons will
thus have relativistic velocities. The alternative source processes for positrons fall
into two classes, with respect to positron energies: If pair plasma is involved,
and the source is compact and at rather high density, back-reactions between
charged particles and photons (also virtual photons representing a high magnetic
field) will limit production processes by the pair creation threshold to energies
around MeV. In the case of relativistic jets, this may be boosted by relativistic
motion. If the production region is less extreme, the positron energy is not limited
from such considerations, and depends on the primary particle energies. In pulsar
magnetospheres, therefore, GeV to TeV energies can be reached. For secondary
processes involving dark matter, the mass of the dark matter particle sets an upper
limit; commonly, masses of GeV and above are considered plausible.

7.5.1.1 Signatures of Positron Annihilation

Once in the interstellar medium, the positrons slow down through the various pro-
cesses of Inverse-Compton scattering, synchrotron emission, Coulomb collisions,
ionization losses, and finally they can annihilate when at eV energies (Bussard et al.
1979). Annihilation may occur either directly with electrons, or after formation of
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Fig. 7.29 The two
configurations of the
positronium atom, as an
intermediate stage before
annihilation of a positron
with an electron

a positronium atom (with the positron substituting the positively-charged atomic
nucleus); momentum conservation sets constraints. In both cases, the characteristic
γ -ray line at 511 keV is emitted, whereas annihilation from a positronium also
produces a γ -ray continuum below 511keV.

The annihilation of a positron with an electron releases a total (rest-mass) energy
of 1022 keV in the form of two or more photons. Direct annihilation of a e−-e+
pair at rest produces two photons of 511 keV each. The situation is more complex
in the case of positronium (Ps). Positronium has two basic states, depending on the
relative orientations of the spins of the electron and the positron (see Fig. 7.29). The
singlet state has antiparallel spins, total spin S = 0, is denoted as 1S0 and is known
as para-positronium (p-Ps). The triplet state has parallel spins, total spin S = 1, is
denoted as 3S1 and is known as ortho-positronium (o-Ps). From the (2S + 1) spin
degeneracy, it follows that Ps will be formed 1/4 of the time in the p-Ps state and
3/4 of the time in the o-Ps state. The energy difference between the two spin states
(hyperfine splitting) is 8.4 × 10−4 eV. Transitions between these states similar to
the spin-flip transition in hydrogen, which produces the astrophysically-important
21 cm line of HI, are unimportant due to the short Ps lifetimes.

Spin and momentum conservation control the release of annihilation energy in
the form of photons. Para-positronium annihilation releases two photons of 511 keV
each in opposite directions (as in the case of direct e−-e+ annihilation). Ortho-
positronium annihilation requires a final state with more than two photons from
spin conservation; momentum conservation distributes the total energy of 1022 keV
among three photons producing a continuum of energies up to 511 keV (Fig. 7.30).
The corresponding lifetimes before annihilation (in vacuum) are 1.2 × 10−10 s for
para-Ps and 1.4 × 10−7 s for ortho-Ps (see Fig. 7.29).

If a fraction fPs of the positrons annihilate via positronium formation, then the
3-photon γ -ray continuum of ortho-positroniumwill have an integrated intensity of

I3γ ∝ 3

4
3 fPs (7.5)

The remaining fraction 1 − fPs will annihilate directly to 2 photons of 511 keV
each. We should add to this the 2-photon contribution of the para-Positronium state,
so that the 2-photon (511 keV line) intensity will be:

I2γ ∝ 2(1 − fPs) + 1

4
2 fPs = 2 − 1.5 fPs (7.6)
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Fig. 7.30 Left: Spectrum of ortho-positronium annihilation with the three-photon continuum
(from Ore and Powell 1949). Right: Spectrum of the annihilation emission measured by SPI,
with the 511 keV line and the 3-photon continuum from annihilation through positronium. An
underlying Galactic continuum emission is seen as well (from Siegert et al. 2016b)

This expected spectrum is shown in Fig. 7.30. By measuring the intensities of the
511 keV line and of the Ps continuum one can then derive the positronium fraction

fPs = 8 I3γ /I2γ

9 + 6I3γ /I2γ
(7.7)

This quantity offers a valuable diagnostic of the physical conditions of the ISM
where positrons annihilate, as these impact on the positronium formation efficiency.

7.5.1.2 Issues of Positron Transport in the Interstellar Medium

The propagation and transport of positrons has important implications for the
interpretation of Galactic 511 keV emission with respect to positron origins (first
raised by Prantzos 2006a). Positrons injected from various sources interact with
the surrounding medium either through collisions (collisional transport) or through
interaction with plasma waves (collisionless transport). If only limited by collisions
with ambient gas, MeV particles can propagate large distances—of the order of
10 kpc/n (n is the local density in cm−3). These distances would be shorter by a
factor 0.75 if the tangled components of the magnetic field are added (Jean et al.
2009; Alexis et al. 2014). Such distances are much larger than the typical sizes of
structures in the hot and warm phases of the ISM.

Collisionless transport is governed by wave-particle interactions (Bykov and
Treumann 2011). In the case of a magnetised plasma, positrons spiral along the
magnetic field lines. The gyroradius of a positronwith Lorentz factor γ is rg ∼ 1.7×
109 B−1

μG(γ 2 − 1)1/2 cm, where the local mean magnetic field BμG is expressed in
μG. In a magnetised, turbulent, plasma, the most efficient of collisionless processes
is scattering off magnetic fluctuations of size rB � rg , which induce resonant pitch
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angle scattering of positrons (e.g. Kulsrud 2005, and references therein), or non-
resonant interactions with fluctuations on scales just above rg (see e.g. Toptygin
1985; Ragot 2006). The resonant interactions involve either the particle gyro-
motion around the mean magnetic field (cyclotrotron resonance) or the parallel
motion of the particle along the field line (Cherenkov resonance). The Larmor
radius of the resonant positron being small—of the order of rg � 109cm and the
positron-gyromotion polarisation being left-handed only MHD waves (Alfvén or
fast magneto-sonic) can fulfil the resonance conditions. Non-resonant compressible
perturbations may also affect the positron mean free path, as it seems to be the
case for sub-MeV electrons in the solar wind, where there are strong indications
for MeV electron re-acceleration (Ragot 1999). Moreover, adiabatic deceleration
of positrons in jets or expanding shells (for example in SN remnants) results in
positron cooling, even without Coulomb collisions; this occurs if the positron mean
free path, which is dominated by e+ scattering by waves, is shorter than the typical
scale of bulk plasma motion.

In summary, wave-particle interactions, both resonant and adiabatic non-
resonant, could result in particle deceleration, but also re-acceleration, depending
strongly on the local conditions. The transport of energetic (>GeV) Galactic cosmic
rays is driven by such collisionless processes. The case of MeV positrons is not
clear, as the level and scale of interstellar turbulence is not well understood.

For low-energy positrons, Alexis et al. (2014) performed a detailed Monte Carlo
study of propagation in the various phases of the ISM and found that propagation
over distances larger than∼1 kpc through the Galaxy seems rather unlikely (neglect-
ing, however, any re-acceleration). This implies that the morphology of the 511 keV
emission does not necessarily reflect the morphology of the underlying e+ source
distribution, as propagation up to kpc distances appears possible. As an example,
positrons from SNIa are expected to be released away from dense gas and in the
hot and rarefied ionised medium, since the scale height of SNIa is considerably
larger than the scale height of the cool, dense gas in the Galactic disk (see
Fig. 11.15). Another example is the release of massive star nucleosynthesis ejecta
with preference in large superbubbles surrounding somewhat-evolved massive star
groups (see Sect. 7.2.3). The e+ propagation distances could then be quite large,
possibly with channels open towards the Galactic halo (‘chimneys’), thus allowing
e+ from the disk to annihilate far away from their sources (perhaps in the halo,
where a low surface brightness emission should be expected). We shall discuss
further those issues in the last section of this chapter.

7.5.2 Observations of Positrons

The 511 keV emission of interstellar e+ annihilation was first detected from the
general direction of the Galactic centre in the early 1970s, by balloon borne
experiments of low energy resolution (Johnson et al. 1972). It was unambiguously
identified a few years later with high resolution Ge detectors (Leventhal et al. 1978).
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It is the first and most intense γ -ray line originating from outside the solar system
that was ever detected. Its flux on Earth (∼10−3 cm−2 s−1), if combined with the
distance to the Galactic center (∼8 kpc) (assuming that annihilation occurs in the
inner Galaxy), implies the annihilation of ∼ 2×1043 e+ s−1 (see below), releasing a
power of ∼1037 erg s−1 or ∼104 L� in γ -rays. Assuming a steady state, i.e. equality
between production and annihilation rates of positrons, one should then seek for a
source able to provide ∼2×1043 e+ s−1. If the activity of that site were maintained
at such level during the ∼1010 years of the Galaxy’s lifetime, a total amount of
positrons equivalent to ∼3M� would have been annihilated.

Imaging the Galaxy in annihilation γ -rays was considered to be the exclusive
way to identify the cosmic e+ sources (assuming that the spatial morphology of
the γ -ray emission reflects the spatial distribution of the sources, i.e. that positrons
annihilate close to their production sites). Because of the difficulties of imaging in
theMeV region, progress was extremely slow in that field: Only in the 1990s the first
hints on the spatial distribution of the 511 keV emission were obtained by the OSSE
instrument aboard the Compton Gamma Ray Observatory (CGRO, Cheng et al.
(1997); Purcell et al. (1997); see Chap. 10). The first reliable imaging of the 511 keV
emission was obtained by the SPI coded-mask imaging instrument aboard ESA’s
INTEGRAL Gamma Ray Observatory (see Chap. 10). Around 0.5MeV, SPI has a
spatial resolution of 3◦ (FWHM) and a spectral resolution of ∼2.1 keV (FWHM, at
0.5MeV). This allows for imaging, but also a spatially resolved fine spectroscopy
of the signal (including the underlying continuum emission).

7.5.2.1 Imaging Studies

The first all-sky maps of positron annihilation gamma rays, which have been pre-
sented from 1 year of observations by Knödlseder et al. (2005) for the 511 keV line
and for the positronium continuumWeidenspointner et al. (2006b), respectively (see
Fig. 7.31), showed that the emission is strongly concentrated in the inner Galaxy,
and much weaker brightness is seen from the Galactic disk (Weidenspointner et al.
2008). These two maps are identical within their uncertainties, which suggests that
the positronium fraction does not vary much over the different emission regions
across the sky.

The images show a remarkable predominance of the spheroidal component from
the inner Galaxy. The earlier imaging study with OSSE had suggested a clear
emission component from the Galactic disk, but this seemed to be completely absent
in the first images made with SPI (see Fig. 7.31 top). Also model fitting indicated
only a marginal signal from the Galactic disk, and a bulge-to-disk flux ratio > 1 had
been suggested (Knödlseder et al. 2005).

This emission morphology is strikingly-different than the ones seen in any other
wavelength for radiation from the Galaxy. Such strong dominance of the Galactic
bulge, unseen in any other wavelength, stimulated above-mentioned unconventional
models involving dark matter.
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Fig. 7.31 Images of positron annihilation gamma rays as derived from INTEGRAL/SPI data.
Top: First image from Richardson-Lucy deconvolution, the 511 keV line (Knödlseder et al.
2005). Middle: Image from Richardson-Lucy deconvolution, the positronium 3-photon continuum
(Weidenspointner et al. 2006b). Bottom: Image from model fit optimisations, the 511 keV line
(Siegert et al. 2016b; Skinner et al. 2014)
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The detailed quantitative characterisation of the different components of 511 keV
emission requires parameterising these in the form of (necessarily idealised) spatial
emission models fitted to the data. Such decomposition is not unique, both the
spheroid and the disk may have faint extensions contributing substantially to their
total γ -ray emissivities. In the early years of INTEGRAL/SPI analyses, thin to
moderately extended disk models had been tested. With more exposure, the disk
emission became clear, and also why it had been difficult to detect it: In a parameter
study from 13 years of observations, Siegert et al. (2016b) showed that the disk
component appears to have a low surface brightness, although as a whole being as
intense as the emission from the inner Galaxy. The bulge-to-disk flux ratio derived
from these deeper observations now falls well below the values beyond 1 that
stimulated the above discussions of exotic origins, and is determined as (0.58±0.13)
(Siegert et al. 2016b). The disk component of annihilation gamma rays seems quite
extended, up to kpc in latitude. This suggests that positrons may fill a much larger
volume than previously thought, and may annihilate as they leave the gaseous disk
of the Galaxy towards the halo.

The bulge emission is best described by combining a narrow and a broad source
region that can be described as a 2-dimensional Gaussian, with widths (FWHM,
projected onto the sky) of 5–6◦ and 20◦, respectively. The rather thick disk of
vertical extent 25◦ (FWHM projected on the sky) also may not only be bright in the
inner quadrants, as suggested by the large extent in latest model fits of almost 150◦
(FWHM) (Siegert et al. 2016b). But morphological modelling remains uncertain,
even a very significant total-sky signal (see Fig. 7.30) becomes marginal as it is
split up on the sky, in particular as the bulge region dominates so clearly in surface
brightness.

There was considerable excitement about an apparent asymmetry of the emission
with respect to the direction towards our Galaxy’s centre. The flux asymmetry for
fourth versus first galactic quadrant as reported by Weidenspointner et al. (2008)
seemed like an invitation to look for positron sources with a similar asymmetric
distribution in the Galaxy. Low-mass X-ray binaries appeared suggestive, although
it remained unclear how those should emit large amounts of positrons. Their extreme
variants, when the compact component would be a stellar-mass black hole, are
called ‘microquasars’, and are known to eject plasma jets, as seen in radio emission.
Although microquasars have been among the candidate sources, only few of those
are identified in our Galaxy and appear throughout the disk; but from observational
biases due to jet aspects, uncertainties are large. Currently, there is a consensus
that the bright bulge component is not centred in the Galaxy, but rather offset by
1.2◦ towards the fourth quadrant. Although this is a conclusion that had first been
suggested also by imaging deconvolution (Bouchet et al. 2010), and is different
from an asymmetric disk component, this had stimulated ideas that the Galaxy
altogether and including its candidate positron sources as possibly dominated by
radioactivitieswas indeed not entirely symmetric nor centred at Galactic coordinates
(0◦,0◦) (Higdon et al. 2009) (Fig. 7.32).
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Fig. 7.32 Spectra of the annihilation emission from bulge (left) and disk (right) (Siegert et al.
2016b). The different annihilation conditions are indicated from the different intensities of the
3-photon continuum

7.5.2.2 Spectroscopy

The excellent spectral resolution of SPI allowed for the first time to study the
spectrum of the 511 keV emission in great detail and for different regions (Figs. 7.32
and 7.33). The spectra of the Galactic spheroidal emission were analysed by
Churazov et al. (2005) and Jean et al. (2006), based on the first year of SPI data.
The line displays no significant overall spectral shift, i.e. it appears at the expected
energy E = 511 keV within 0.05 keV or less (Siegert et al. 2016b) and it is
composed of two spectral components (assumed, to first order, to be represented
by Gaussians): a narrow line with a width of FWHM = 2 ± 0.08 keV and a broad
component with a width of FWHM = 10 ± 0.5 keV (Fig. 7.34 and Table 7.2).
The width of the broad line is in agreement with the broadening expected from
positronium annihilation via charge exchange with hydrogen atoms. The narrow
line component contains ∼ 2/3 of the total annihilation line flux while the broad
one makes up the remaining ∼ 1/3 of the flux. Table 7.2 summarises the results
of the spectral analysis of the Galactic 511 keV emission after the first year of SPI
data.

SPI also clearly detected the ortho-positronium continuum with an intensity that
corresponds to a positronium fraction of fPs = 100 ± 10% for bulge and for disk
component (Siegert et al. 2016b) (see Eq. 7.7). This confirms earlier measurements
obtained by SPI and other instruments for the bulge (Jean et al. 2006; Kinzer et al.
1996; Harris et al. 1998, (97±2%) for SPI, for OSSE (97±3%) and for TGRS (94±
4 %)). This suggests that practically all annihilations occur through the intermediate
step of the positronium atom (Fig. 7.33).

The shape of the annihilation line and the relative intensity of the ortho-
positronium continuum are closely related to the physical conditions such as density,
temperature and chemical abundances of the interstellar medium in which positrons
annihilate. Figure 7.34 shows that the 511 keV line is rather narrow, with some
broadening indicated in the wings. The results of the spectral analysis of the bulge
emission suggest that positrons annihilate mostly in a warm medium (T∼104 K)
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Fig. 7.33 Spectra of the different aspects of annihilation spectroscopy. The left and right (first and
fourth) quadrants of the Galaxy show very similar spectra, although intensity differs slightly. The
line for the point source located in the vicinity of Sgr A* may have a slightly broader line (from
Siegert et al. 2016b)
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Table 7.2 Results of spectral
analysis of Galactic 511 keV
emission from the entire sky
region exposed by
INTEGRAL after 15 years

Parameter Measured value

En (keV) 511.05 ± 0.03

In (10−3 s−1 cm−2) 1.69 ± 0.06

Γn (keV) 2.06 ± 0.08

Ib (10−3 s−1 cm−2) 0.56 ± 0.09

Γb (keV) 10.59 ± 0.53

I3γ (10−3 s−1 cm−2) 9.65 ± 0.71

Ac (10−6 s−1 cm−2 keV−1) 1.06 ± 0.23

Identified components are narrow and broad
lines at 511 keV, and underlying continuum from
ortho-positronium and Galactic diffuse emis-
sion. En the centroid of the narrow line, In/b

and Γn/b are the flux and width (FWHM) of the
narrow and broad lines, respectively. I3γ is the
flux of the ortho-positronium continuum and Ac

is the amplitude of the Galactic continuum at
511 keV (From Siegert et al. 2016b)

with a non-negligible ionised fraction: >1% (according to Churazov et al. 2005),
and up to 50% (according to Jean et al. 2006). The latter adopted spectral
models appropriate for e+ annihilation in the different ISM phases, and adjusted
the phase fractions fi (with i = {molecular, cold, warm neutral, warm ionised,
hot}) so as to obtain the best fit to the spectral details measured by SPI. Since the
bulge is dominated by hot gas (see Chap. 11), one may ask how positrons end up
annihilating in sub-dominant (by volume) phases of the ISM. This immediately
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suggests that positron propagation may be crucial in understanding the 511 keV
emission. Furthermore, the small width of the 511 keV line, along with the high
positronium fraction, both suggest that positrons annihilate at very low energies
(<10 keV).

7.5.2.3 Relevant Observations at MeV Energies

The observed γ -ray emission from the decay of 26Al in the Galaxy (see Sect. 7.2)
implies that 26Al provides an important contribution to the Galactic amount of
positrons. The detected flux translates into a decay rate of 26Al which depends
slightly on the adopted 3D distribution of 26Al in the Galaxy. The most recent
analysis of SPI data results in a rate of Ṅ26 = 4.3 1042 s−1 or 2.7M�/Myr (Wang
et al. 2009). Assuming a steady state, i.e. equality between production and decay
rates, this is also the present production rate of 26Al in the Galaxy (Sect. 7.2).

Being predominantly a β+-emitter (with a branching ratio of fe+,26 = 82%, see
Fig. 1.3 in Chap. 1) 26Al is itself a source of positrons. The corresponding Galactic
e+ production rate is Ṅe+,26 = fe+,26Ṅ26 ∼ 3.5 × 1042 s−1. This constitutes a
significant contribution to the total Galactic e+ production rate: 17% of the total e+
annihilation rate and almost half of the (thick) disk in the baseline model, or 10%
of the total and 70% of the thin disk in the Halo+thin disk model (Weidenspointner
et al. 2006a). We shall see that positrons from this and other β+-decaying nuclei
could plausibly explain the disk emissivity, while the bulge emissivity remains a
challenge for our understanding.

Important complementary information on the energies of the annihilating
positrons is obtained from the analysis of the observed continuum emission
at somewhat higher energies (above 511 keV and into the MeV region) The
reason is that positrons in several e+ candidate sources are typically emitted at
relativistic energies, in some cases even far above 1MeV. They behave essentially
like relativistic electrons of cosmic rays, producing bremsstrahlung and inverse-
Compton emission while slowing down to thermal energies (eV) of the interstellar
medium, where they eventually annihilate. But positrons may also annihilate in
flightwhile still having relativistic energies, giving rise to a unique γ -ray continuum
signature at energies above 511 keV (as the centre-of-mass energy is transferred
to annihilation photons, systematically increasing and broadening their typical
energies in observer’s frame). The shape and amplitude of this γ -ray emission
depend on the injection spectrum of positrons and the corresponding total in-flight
annihilation rate. For positrons injected at low energies (of the order of ∼MeV,
such as those released by radioactivity), the amplitude of the in-flight annihilation
continuum above 1MeV is quite small, while for sources injecting positrons at much
higher energy (such as cosmic-ray positrons from pion decay), the annihilation γ -
ray spectrum would extend up to GeV energies and include a considerable γ -ray
flux. The high energy γ -ray continuum above 1MeV therefore constrains the energy
and the annihilation rate of relativistic positrons, when all other sources of such high
energy emission are properly accounted for.
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Diffuse Galactic continuum emission has been well-measured at least in the inner
part of the Galactic disk (longitudes −30◦ < l < 30◦) in the hard-X-ray through γ -
ray regime by INTEGRAL, OSSE, COMPTEL, and EGRET Bouchet et al. (2008).
It is mostly due to various interactions of cosmic rays propagating with interstellar
gas, which also produce secondary positrons (Strong et al. 2007). In view of the
uncertainties still affecting the propagation parameters, soe (albeit very little) room
is still left for a contribution of in-flight e+ annihilation to the MeV continuum.

The constraints to the injection energy of positrons have been pointed out a long
time ago by Agaronyan and Atoyan (1981). They showed that the positrons which
are responsible for the Galactic 511 keV line cannot be produced in a steady state by
the decay of the π+ created in proton-proton collisions (between cosmic rays and
the ISM) or else the in-flight annihilation emission should have been detected. A
similar argument was used by Beacom and Yüksel (2006) and Sizun et al. (2006) to
constrain the mass of the candidate dark matter particle which could be the source
of positrons in the Galactic spheroid. If such particles produce positrons (in their
decay or annihilation) at a rate which corresponds to the observed 511 keV emission,
then their mass should be less than a few MeV, otherwise the kinetic energy of the
created positrons would have been sufficiently high to produce a measurable γ -ray
continuum emission in the 1–30MeV range (Fig. 7.35). The same argument allows
one to constrain the initial kinetic energy of positrons and thus to eliminate several
classes of candidate sources, like e.g. pulsars, ms pulsars, magnetars, cosmic rays
etc., as major positron producers, due to their high positron injection energies.

An interesting opportunity occurred in 2015 when a nearby microquasar, called
V404 Cygni, went into a spectacular outburst, and made it the brightest source on
the gamma ray sky for about 2 weeks, at hard-X-ray brightness exceeding the Crab

Fig. 7.35 Spectrum of the inner Galaxy as measured by various instruments, compared to various
theoretical estimates made under the assumption that positrons are injected at high energy: the
four pairs of curves result from positrons injected at 100, 30, 10 and 3MeV (from top to bottom)
and correspond to positrons propagating in neutral (solid) or 50% ionised (dotted) media (from
Sizun et al. 2006). This constrains the injected positron energy (or, equivalently, the mass of
decaying/annihilating dark matter particles) to a few MeV
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Fig. 7.36 Signature from pair plasma positron annihilation, as observed during the flaring episode
June 2015 of microquasar V404 Cyg (Siegert et al. 2016a)

by a factor of 40. INTEGRAL observationswere fortunate to catch transient spectral
features at high energy, in addition to the bright hard X-ray emission that had been
expected from such a flaring episode. After some study, the high-energy spectral
features shown in Fig. 7.36 plausibly and best associated with positron annihilation
of a relativistic plasma (Siegert et al. 2016a).
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7.5.3 Assessment of Candidate Positron Sources

Each of the candidate positron sources should be critically discussed the light of the
observational constraints in all different aspects as presented in the previous section.
Here we use three main criteria: (1) the total e+ annihilation rate (∼5×1043 s−1), (2)
the typical energy of the injected positrons, or the equivalent mass of annihilating
DM particles (<3–7MeV) and (perhaps, most significantly) (3) the morphology of
the 511 keV emission (parameterised by a bulge/disk ratio B/D∼1, higher than in
all other wavelengths.6

Positron Production Rate Assuming a steady state regime, the e+ annihilation
rate has to be equal to the average e+production rate during the lifetime of e+in
the ISM. The only source definitely known to provide substantial amounts of e+
at a well constrained rate is the radioactive decay of 26Al: 0.4 × 1043 e+ s−1. The
decay of 44Ti probably provides another 0.3× 1043 e+ s−1. GCRs probably provide
0.1× 1043 e+ s−1. Nova models (as constrained against several observables such as
ejecta abundances, velocities etc.) may provide a e+ yield from 22Na decay not be
much below the reported value of 1041 e+ s−1. The e+ of all other candidate sources
is entirely speculative at present. The values reported in Table 7.3 for the other
candidate positron sources should be considered as optimistic rather than typical
ones. Indeed, no useful observational constraints exist up to now on the e+ yields of
hypernovae/GRBs, pulsars, ms pulsars, magnetars, microquasars, the SMBH at the
Galactic center, or dark matter annihilation. SNIa remain an intriguing, but serious
candidate, with a potential Galactic yield of 2×1043 e+ s−1 (assuming an escape
fraction of 4%).

Positron Energy Radioactive decay produces positrons of E ≤ 1MeV, naturally
fulfilling the observational constraint on continuum γ rays from in flight annihila-
tion. The same applies to pair creation through γ −γ collisions in the inner accretion
disk or at the base of the jets of LMXRBs, microquasars and the SMBH at the
Galactic centre. Conversely, pair creation involving very high energy photons, as
in e.g. pulsars or magnetars, will produce positrons of too high energy. The same
holds for energetic p-p collisions in Galactic cosmic rays or in the baryonic jets
of LMXRBs, microquasars and the Galactic MBH. Those processes produce e+ of
>30MeV, thus may be discarded as major e+ sources in the Milky Way. Also, that
same constraint limits the mass of putative decaying or annihilating DM particles to
<10MeV, while it does not constrain the mass of de-exciting DM particles.

Source Morphology None of the e+ sources reproduces the large bulge-to-disk
ratio∼1 ratio inferred from SPI data. The best-established e+ sources, β+-decay
from 26Al and 44Ti produced in massive stars, yield a bulge-to-disk ratio≤0.2, as
derived from the observed distribution of the 1.8MeV 26Al line (Fig. 7.37). Such

6We do no include in this list of constraints the intriguing disk asymmetry reported byWeidens-
pointner et al. (2008), since it has not been subsequently confirmed, e.g. Bouchet et al. (2008).
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Fig. 7.37 Map of Galactic 511 keV emission detected with SPI/INTEGRAL (contours) superim-
posed onto the Galactic emission map at 1.8MeV from 26Al decay (color) (Siegert et al. 2016c)

a distribution reflects essentially the corresponding present star formation rates in
the bulge and the disk. On the other hand, an older stellar population, reflecting
the time-integrated rather than the present-day star formation, is expected to have a
larger bulge/disk ratio (due to the inside-out formation of the Milky Way). Binaries
involving low mass stars, such as SNIa, novae and LMXRBs, are expected to have
a steeper longitude profile, with a maximal bulge-to-disk ratio≤0.5 (see Prantzos
et al. 2011, for a review of the expected profiles of the various candidate sources in
the Galaxy).

The morphology of the observed 511 keV emission provides also some interest-
ing constraints in the case of dark matter particles as positron sources (under the
assumption of negligible e+ propagation) (as analysed in Ascasibar et al. 2006): (1)
Particle candidates with velocity dependent cross section are excluded as the main
source of 511 keV emission, (2) Decaying dark matter cannot be the main source
of low energy positrons, because the resulting flux profile is too flat, compared
to SPI data. Notice that this latter feature is a generic property of all models
involving decaying particles, where the positron production (and annihilation) rate
is proportional to the DM density profile: even cuspy profiles, such as the Navarro-
Frenk-White profile do not provide a γ -ray flux profile sufficiently peaked towards
the inner Galaxy. Annihilating or de-exciting DM produces positrons at a rate
proportional to the square of the DM density profile and leads to a much more
peaked γ -ray profile. Light scalar annihilating particles remain a possible candidate,
provided the dark matter halo is at least as cuspy as the Navarro-Frenk-White profile
with γ ∼ 1; however, astrophysical evidence favors flatter DM halo profiles.

A stacking analysis for 39 dwarf spheroidal galaxies nearby (Siegert et al. 2016c),
finally, yields a strong argument against dark matter origin of any kind being the
dominant source of Galactic positrons. Those galaxies are expected to be dominated
in their mass by dark matter, as apposed to relatively little baryonic matter. The
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Fig. 7.38 Limits of positron annihilation signal in the 511 keV line from 39 nearby dwarf
spheroidal galaxies. The continuous line shows the expected trend if dark matter and distance
would contribute to a small signal contribution (Siegert et al. 2016c)

stacking analysis does not find a significant positron annihilation signal, with the
exception of one galaxy that also is peculiar for other reasons, Ret II. But the limits
obtained for all other dSph galaxies were expected to correlate at least somewhat
with their distance and dark matter content, while even an opposite trend was found
(see Fig. 7.38). Scaling with matter content, the stacking limit is incompatible with
a dark-matter dominated positron annihilation luminosity for the Galaxy, and hence
argues that dark matter contributions, if existing, must be small.

The main features of all these candidate e+ sources are summarised in Table 7.3.
The e+ production rates of all those sources are extremely uncertain (except those
of 26Al, 44Ti and GCRs) and the values listed above should be considered as
optimistic rather than typical ones. Only in the case of novae may the estimated
production value be used to eliminate those sources as important e+ producers.
Source morphology and high energy of produced positrons appear to exclude
pulsars, magnetars and Galactic cosmic rays as major contributors to the observed
511 keV emission from the bulge. Source morphology alone would exclude CCSN,
hypernovae and GRBs. The high energy of positrons disfavours ms pulsars, as well
as p-p collisions from any source (micro-quasars, LMXRB jets, the central SMBH).

A rare sub-class of SNIa, named after their ‘prototype’ event, SN1991bg, has
been recently suggested as the main source of Galactic positrons (Crocker et al.
2017). That class represents ∼15% of all SNIa and they are several times less
luminous than the average SNIa. Theoretical ? and still uncertain ? models find
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that their explosion may produce up to a few 0.01M� of 44Ti, providing enough
positrons to explain the observed 511 keV emission and its Galactic distribution:
indeed, assuming that the Delay Time Distribution (DTD) of those objects is
different than the one of standard SNIa (peaking several Gy after the formation
of the progenitor stars, in contrast to the DTD ∝ time−1 of SNIa), one finds that the
early enhanced star formation in the bulge may produce today few SNIa but enough
SNIbg to provide a large B/D ratio. That scenario might also explain the paucity of
Galactic sources of 44Ti: that radionuclide is the progenitor of stable 44Ca and, if
the source of the solar abundance of the latter is CCSN of low 44Ti yield (as usually
assumed), one should expect several SN remnants glowing in the 44Ti γ -ray lines to
be seen by INTEGRAL, whereas only Cas A is currently detected.

The possibility of explaining at one stroke both the Galactic 511 keV emission
and the paucity of 44Ti sources makes the idea of Crocker et al. (2017) appealing.
However, two key ingredients of the model, namely the 44Ti yields and the evolution
of the rate of SNIbg-type supernovae should be substantiated by further studies
(including 3D models of supernova nucleosynthesis) before concluding.

If positrons annihilate near their sources, one has to conclude that (1) either
poorly understood class of sources (such as SNIbg-like objects) dominates e+
production, or that (2) positrons are produced by a combination of the sources of
Table 7.3, e.g. (a) 26Al +44Ti for the disk and dark matter for the bulge, or (b) 26Al
+44Ti + LMXRBs(or microquasars) for the disk and the bulge plus a contribution
from the central SMBH for the inner bulge, or (c) some other combination.

In order to alleviate the morphology problem, it has been suggested that positron
transport might help. Prantzos (2006b) suggested that if the magnetic field of the
Milky Way halo has a strong poloidal component, then some positrons escaping the
disk may be channeled into the bulge and annihilate there, enhancing the bulge/disk
e+ annihilation ratio. In that case, positrons from SNIa may suffice to explain
quantitatively both the total observed e+ annihilation rate (∼2×1043 e+ s−1) and the
corresponding bulge-to-disk ratio, provided that the escaping e+ fraction from SNIa
is ∼3–4%. However, observations of external spirals suggest rather an X-shaped
halo field in which case it would be difficult for disk positrons to find their way into
the bulge. Still, the issue is of considerable interest to urge a better assessment of
the poorly known global configuration of the Galactic magnetic field.

In the same framework of “outside-in” positron transport, Higdon et al. (2009)
suggested that positron propagation through the Galaxy may be all that is needed
for understanding not only the spatial morphology of the 511 keV emission, but
also its spectral properties. They assumed that radioactivity (from 26Al, 44Ti and,
mostly, from 56Co) is the sole e+ source in the Galaxy and they considered (1)
a fairly detailed description of the various phases of the ISM and (2) a particular
phenomenological model of collisionless scattering of MeV positrons by turbulent
fluctuations of the ISM, allowing to transport positrons from the inner 3 kpc into the
bulge region.

The aforementioned ideas were put in test through detailed numerical simulations
of positron transport, either with Monte Carlo methods (Alexis et al. 2014) or with
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cosmic ray propagation codes such as GALPROP (Martin et al. 2012). In both cases,
it was found that although positronsmay travel up to a few kpc from their birth place,
the bulk of them is annihilated rather close to their birth places, making it difficult to
reproduce the observed high B/D ratio; re-acceleration of positrons, not considered
in those studies, might help in that respect.

Finally, the idea of an “inside-out” propagation of positrons was explored, in
order to investigate the possibility of positrons produced by the activity of a central
Galactic source (the super-massive black hole of SgA) and diffusing throughout the
bulge. The spectral signature of the 511 keV emission, suggesting that positrons
annihilate mostly in the warm ISM, provides a powerful constraint in that case.
The Monte Carlo study of Jean et al. (2009) investigated collisional transport in
the ISM of the bulge and found the diffusion length of positrons to exceed typical
size scales of the warm ISM, where they are thought to annihilate. On the other
hand, Panther et al. (2018) investigated the transport of positrons coupled to the
turbulent, magnetized plasma outflowing from the inner Galaxy (as evidenced from
infra-red and γ -ray observations). They found that although positrons may indeed
be advected to scales of ∼2 kpc and fill the bulge, they would annihilate mostly in a
hot, ionised plasma, while observations point to a warm ISM. That study concerns
a steady plasma and positron outflow, while Alexis et al. (2014) argued that a burst
of activity in the galactic center 1–10My ago could make positrons annihilate in a
warm environment, in agreement with observations.

In summary, more than 40 years after its discovery, the origin of positrons
annihilating in the Galaxy remains unknown. Progress in the field will require
advances in several directions:

1. Observations of 511 keV emission: what is the true spatial distribution of the
emission? how far the spheroid and disk extend? are there yet undetected regions
of low surface brightness? is the disk emission asymmetric indeed? how do the
1.8MeV and 511 keV disk emissions compare to each other? A much deeper
exposure of the Galaxy and a better understanding of the backgrounds will be
required to tackle those issues. Even if INTEGRAL’s mission is extended into
2020ies, it appears questionable that it will be able to provide the answers; even
worse, no other mission in this energy range is scheduled at present.

2. Physics of e+sources: what is the e+ escaping fraction in SNIa ? what is the SNIa
rate in the inner (star forming) and in the outer (inactive) bulge? what are the e+
yields, activity timescales, and spatial distribution in the inner bulge of LMXRBs
or microquasars? how can the past level of activity of the central massive black
hole be reliably monitored?

3. Positron propagation: what is the large scale configuration of the Galactic
magnetic field? what are the properties of interstellar plasma turbulence and how
they affect the positron transport? what are the dominant propagation modes of
positrons and what the role of re-acceleration might be?

The many faces of the Galactic 511 keV emission make this problem one of the
most intriguing problems in high energy astrophysics today and for the years to
come.
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