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Abstract. Gammarray lines from radioactive decay of unstable isotopes produced in massive-
star and supernova nucleosynthesis have been measured with INTEGRAL over the past ten
years, complementing the earlier COMPTEL survey. 2°Al has become a tool to study specific
source regions, such as massive-star groups and associations in nearby regions which can be
discriminated from the galactic-plane background, and the inner Galaxy where Doppler shifted
lines add to the astronomical information. Recent findings are that superbubbles show a
remarkable asymmetry, on average, in the spiral arms of our galaxy. °°Fe is co-produced by
the sources of 2°Al, and the isotopic ratio from their nucleosynthesis encodes stellar-structure
information. Annihilation gamma-rays from positrons in interstellar space show a puzzling
bright and extended source region central to our Galaxy, but also may be partly related to
nucleosynthesis. %°Ni and #*Ti isotope gamma-rays have been used to constrain supernova
explosion mechanisms. Here we summarize latest results using the accumulated multi-year
database of observations, and discuss their astrophysical interpretations. We also add a
comparison of isotopic ratios between the ISM of the current Galaxy and the solar vicinity
at solar-system formation time.

1. Introduction

Cosmic nucleosynthesis is expected to be ongoing in star-forming galaxies such as our Milky
Way. Co-produced unstable nuclides, if ejected into interstellar space and sufficiently long-lived
to not decay within the source already, can be observed through characteristic gamma-ray line
emission with current gamma-ray telescopes. This makes nuclides “Be, 2?Na, 0Ni, 44Ti, 26Al,
and %OFe prime candidates for such gamma-ray line studies of ongoing nucleosynthesis in our
galaxy, through massive stars, supernovae, and novae as candidate sources [1; 2].

After 26Al observations with HEAO-C [3] had confirmed this connection, gamma-ray line
surveys have been undertaken by NASA with the Compton Gamma-Ray Observatory (1991-
2000) [4], and by ESA with the International Gamma-Ray Astrophysics Laboratory observatory
INTEGRAL (since 2002 and currently ongoing) [5]. Instruments and missions up to now are
characterized by sensitivities of a few 107 photons cm™2s™! that limit studies essentially to
sources in our own galaxy!. Advances by up to two orders of magnitude in sensitivity would be
feasible [6], but are unlikely to happen?.

L except for °°Ni from rare supernovae in nearby galaxies, and the **Ti measurements from SN1987A in the

nearby LMC galaxy.
2 because of high cost and competing astrophysics goals with broader community support than nuclear
astrophysics has at present.
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Observations from these missions and their results and implications have been reviewed before
[2; 7-9]. Here we therefore only summarize the status and results (Section 2), and add some
details to stimulate a broader view, e.g. connecting gamma-ray data with presolar grain and
early solar system data from meteorites. We finish this short contribution with comments on
the open issues and prospects for this field of astronomy and astrophysics.

2. Selected Observational Results

2.1. Supernovae: *SNi and ** Ti

Shortlived radioactivity in the °Ni and 4*Ti decay chains is expected to be bright enough to
be detectable from supernova explosions even beyond our Galaxy. For %°Ni telescopes such as
INTEGRAL should reach out to a few Mpc distance for SNIa which eject up to ~1 Mg of
56Ni [10]. Even for core-collapse supernovae, nearby galaxies could be reached, in particular
for hypernovae and pair instability supernovae. *Ti as the next nuclide in ranking gamma-ray
brightness® can only be seen from Galactic young supernova remnants, and for the SN1987A
supernova in the nearby LMC at 50 kpc distance.

INTEGRAL spent substantial observing time (4Ms), therefore, when a SNIa exploded on 23
Aug 2011 in M101 at about 6 Mpc distance [11]. It was clear that this was a challenging case
for gamma-ray observers at the outer limb of the usable distance range, but an excellent one
for astronomers in many other fields - the prospect of multi-wavelength measurements provides
for another unique learning experience. The disappointment of not seeing *’Ni decay gamma-
rays [12] was not surprising after all, but we needed to take our chance of contributing to SNIa
brightness calibrations through measurement of the gamma-rays directly from %6Ni decay.

4474 had been detected from one young supernova remnant only, up to now: the 360-year old
Cas A remnant at 3.4 kpc distance [13; 14]. For this object, the *Ti gamma-ray flux is rather
well determined at 2.5 1075 ph cm~2s~!. This corresponds to an amount of “4Ti ejected by the
explosion which is about a factor of three above expectations from models [15]. Spectroscopy
with SPI, together with the IBIS flux measurement, sets a limit on the ejecta kinematics with
INTEGRAL observations, requiring *4Ti ejecta to coast at velocities above 500 km s—! [16],
compatible with expectations from supernova simulations [17; 18]. The imaging hard X-ray
mission NuStar launched in 2012 [19] has recently reported first images of 44Ti X-rays from Cas
A (Harrison, priv.comm.). This will allow to test for the extent of explosion asymmetries in *Ti
versus other observables; highly non-spherical explosions are suspected to be the reason of high
ejected “4Ti amounts in core-collapse supernovae [7; 15].

Surveys have been performed to search for more *Ti emitting young supernova remnants
[20-22], and several candidates have been discussed, most intensely the Vela Junior/GROJ0852-
4642 [23; 24] and G1.94-0.3 [25] remnants. But no other source has been assessed as detected so
far in 4T decay lines in our Galaxy apart from Cas A.

In 2011, IBIS data then showed a signature from SN1987A in the LMC [26] that plausibly
is attributed to *4Ti line emission, though IBIS cannot resolve the X-ray lines from #4Sc decay
(which follows *4Ti decay). Although once more the **Ti amount inferred from the **Ti gamma-
ray intensity lies well above model expectations, recent NuStar observations have confirmed this
result (Harrison, priv.comm.).

2.2. Diffuse Radioactivity: 26 Al, 0 Fe, and e*

The long-lived radio-isotopes of 26 Al and ®°Fe accumulate in interstellar medium around their
sources, and result in a diffuse afterglow of nucleosynthesis with a My decay time. This is
still shorter than the evolutionary time scale for star clusters (tens of My), but much longer

3 This involves amounts produced in the event, multiplied by decay rate. Therefore short-lived nuclides up to
the iron group are best candidates. See table/list in [2]
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than the time scale of other observables related to nucleosynthesis events such as supernova
remnants (tens of ky). The sky survey from COMPTEL had shown 26Al emission correlating
to known massive star activity in our Galaxy [27]. %Fe was an expected gamma-ray line
emitter ejected from supernovae, but only detected in 2004/2005 with Ge spectrometers on
RHESSI and INTEGRAL[28-30]. Its gamma-ray brightness is only about 1/7 of 26Al, and
therefore the measurement of its spatial distribution in the Galaxy and its gamma-ray line shape
characteristics will be challenging even with many more years of INTEGRAL /SPI measurements.

Galactic 26Al has been studied in more detail, and provides an independent observable for
astrophysics questions relating to the Galaxy’s massive-star population and the interstellar
medium. From the total Galactic 2 Al amount, one can infer the Galactic core-collapse supernova
rate (or the rate of star formation) through a measurement of penetrating gamma-rays. The
result is consistent with expectations within uncertainties of the various star formation /
supernova rate observables: A supernova rate of 1.x +0.x per 100 years corresponds to a star
formation rate of x M y~! in the Galaxy as a whole. While that confirms our Galaxy forming
stars at a rate that requires gas replenishing from outside the Galaxy (e.g. through infalling
clouds from intergalactic space or from collisions with nearby galaxies), the question of where
stars are being formed exactly, and why, is a key issue for evolution of galaxies. Studying
the multi-messenger picture of massive-star feedback in specific regions hosting well-observed
groups of massive stars is therefore a rich field for such studies, e.g. the Cygnus, Carina,
Scorpius-Centaurus, and Orion regions.

With the exquisite spectral resolution of INTEGRAL?’s spectrometer SPI, a new measurement
(Fig. 1) of the 26Al line properties as it is Doppler shifted by large-scale Galactic rotation may
shed additional and new light on this issue. Observations show Doppler shifts in the 26Al line
which exceeds values seen in other Galactic objects such molecular clouds. This surprising
finding suggests that there may be a global asymmetry in outflows from massive-star groups,
i.e. the ejecta show a tendancy of less-inhibited free streaming away from 26Al sources in the
direction of global galactic rotation. Studies are underway to investigate if massive-star groups
may not be populated symmetrically on leading and training sides of spiral arms, and if that
could lead to the observed effect. Superbubbles play a role here, as ejecta flows are directed by
the density structures that have ben pre-shaped around the sources. It will be interesting to see
how 26Al sources relate to the drivers of the structure and dynamics of the interstellar medium
in general, and the different phases of the interstellar medium.
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Many nucleosynthesis sources involve H burning and the production of proton rich nuclei
in general; examples are 26Al from massive stars, but also N and ®F from novae, and
even p-n symmetric nuclides *°Ni and #4Ti fall on the p-rich side of the valley of nuclide
stability, as neutron number excesses compensate for increasing Coulomb repellence in heavier
nuclei. Incurred S7-decays release positrons, which eventually annihilate with ambient electrons
to produce characteristic gamma-rays as the particle-antiparticle mass is radiated away.
Characteristic e™ annihilation gamma-rays at 511 keV have been measured since decades, and
finally been mapped across the sky with INTEGRAL/SPI. This map presents a major puzzle,
however: The expected e sources are distributed throughout the Galaxy and in particular
its plane, where massive stars are being formed and eject nucleosynthesis products plus leave
behind compact stars that again can turn into e’ sources (see for a detailed review and
discussion). Again the structure and morphology of interstellar medium may hold the answer
to this puzzle: positrons are typically produced with relativistic energies, and need to slow
down before annihilating with interstellar electrons. Propagation of e™ in the different phases of
ISM and the impacts of interstellar magnetic fields are currently being studied. Interplanetary
positron measurements have recently added excitement and may also teach us about propagation
aspects. Once this is understood, nucleosynthesis et and their role in observed annihilation will
become clear, and next steps could then be exciting to possibly reveal new sources of e™.

Ongoing nucleosynthesis activity ever increases the heavy-element content of interstellar gas.
Our solar system samples ambient interstellar gas from 4.568 Gy ago, and solar-system matter



Nuclear Physics in Astrophysics VI (NPA6) IOP Publishing
Journal of Physics: Conference Series 665 (2016) 012011 doi:10.1088/1742-6596/665/1/012011

composition is measured in great detail through solar radiation absorption-line spectroscopy and
also through mass spectrometry of meteoritic inclusions [33; 34]. Solar abundances constitute our
best-known reference for the study of cosmic abundances, and chemical evolution prescriptions
are required to properly connect our models of cosmic nucleosynthesis sources to the various
abundance measurements. We therefore compare the 26Al and °Fe gamma-ray measurements
of the current interstellar gas in our Galaxy to the record of those same isotopic ratios with
respect to the stable reference isotope in the early solar system (ESS) (Fig’s 2 and 3). The total
Galactic 26 Al mass of 2.25 M, translates into an isotope ratio of 1.0 1075, assuming that the
26 A1 mass reflects star forming activity and is in steady state. Here, we use a total Galactic gas
mass of 4.95 10°Mg, [35] and solar abundances from [33]. The gamma-ray flux ratio for “Fe
versus 26Al of 15% yields a steady-state mass of %°Fe of 1.53 M, for the Galaxy, or an isotopic
ratio %9Fe/%Fe of 1.5 10~7. The fractions of the unstable isotopes apparently decrease with
time, comnsistent with proceeding enrichment of heavy nuclei in general and the decay of the
unstable nuclei. We may ask if the early solar system isotopic ratios are consistent with large-
scale averaged ISM composition as inferred from the current-ISM gamma-ray data and solar
stable-isotope abundances, or if special enrichments may be suggested by these meteoritic data.
There is a rich literature on special nearby events injecting short-lived radioactivities into the
forming solar system. In recent years, increased precision of isotopic abundance measurements
have reduced the significance of required enrichments for several of those radioisotopes, however.
Within present uncertainties, it appears that 26Al enrichments still persist, while this is less clear
for %0Fe. Simulations of abundance evolutions in a star-forming gas disk [36] also support these
conclusions.

3. Open Issues and Prospects

Gamma-ray survey missions have shown the brightest sources, and confirm the approach of
testing cosmic nucleosynthesis by measuring radioactive decays of trace isotopes co-produced
herein. SNi is an exception, as its decay is the dominating power source for supernova
light Major open issues still are the variety of models discussed for all types of supernova
explosions, the poor constraints for massive-star interior structure in late phases of the pre
supernova evolution, and the inadequacy of nuclear explosion models on compact stars in general.
Continued and deeper observations in gamma-rays are our best chance to learn about these
nucleosynthesis sources as they happen in the present nearby universe, so that improved models
can be developed and tested on the variety of nuclide abundance measurements with the help
of chemical-evolution prescriptions and source population models.
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