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The Messages from Cosmic Elemental Abundances

These signatures are a result from the characteristic physical processes within…
... atomic nuclei (which of these can be produced more-easily/more abundantly?)
... cosmic sources (which nuclear-fusion environments occur more often/abundantly?)
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On-going Enrichments from Nucleosynthesis Sources

¶ Changes in the forms of cosmic matter:
Fstars and gas flows:
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Associating different “processes” with nuclide groups – what we teach…
…. and know it to be superficial (or even wrong)

cmp. Burbidge,
Burbidge, Fowler, and
Hoyle, RMP 1959 

Cosmic origins of the variety of nuclides
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Courtesy: Hendrik Schatz

"processes" assume 
environmental conditions,
equilibria, source homogeneity, ...
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Nuclear Reactions in the laboratory vs. in the cosmos
• Laboratory nuclear physics experiment:

¶ Prepare/control conditions, measure products

• Cosmic plasma:
¶ different particle populations interact,   reduced Coulomb repulsion (screening)

wide distributions of particle energies        
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Experiments: Determining the 'astrophysical S factor'

6

Experimental Nuclear Astrophysics 31

Fig. 6 Example of a cross section compared, (a), to its corresponding astrophysical S-factor, (b),
for the 12C(α, γ )16O reaction. The experimental data is from Schürmann et al. (2005), and the R-
matrix calculation is taken from deBoer et al. (2017). For charged particle-induced reactions, data
must be measured at higher energies where the cross section, due to the Coulomb penetrability,
is higher. Models are then required to extrapolated to the energy range of astrophysical interest,
which is around 300 keV for the 12C(α, γ )16O reaction

on a much shorter timescale, introducing the question of whether a full plasma
equilibrium situation has been achieved. These are corrections that have to be
included to convert the extrapolated yield data to low-energy cross sections. Other
threshold effects may be associated with the shape of the nuclear potentials and the
impact on the capture and fusion process in the very low-energy regime.

These considerations have led to new initiatives to replace the traditional linear
or polynomial extrapolation methods with phenomenological techniques that seek
to include possible threshold effects. The two extrapolation techniques are based
on statistical models, such as the Hauser-Feshbach approach, which are typically
applied to nuclear reactions involving medium mass nuclear systems that are
characterized by high level densities. In the case of nuclear reactions involving
nuclei with low level density or no levels in the energy range of interest, the R-
matrix has emerged as the most appropriate approach for describing the reaction
mechanism and extrapolating the observed cross section data toward the sub-
Coulomb, low-energy, regime. In the following we will describe a short summary
of these extrapolation techniques from the experimentalist’s point of view.

Hauser Feshbach Statistical Model
The Hauser-Feshbach approach is being discussed in another chapter of this
handbook. The bulk of the nuclear reaction rates used in stellar modeling is based on
this model. This is mostly true for reactions far off stability but frequently also for
reactions of presumed lesser importance, where no experimental data are available.
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matrix calculation is taken from deBoer et al. (2017). For charged particle-induced reactions, data
must be measured at higher energies where the cross section, due to the Coulomb penetrability,
is higher. Models are then required to extrapolated to the energy range of astrophysical interest,
which is around 300 keV for the 12C(α, γ )16O reaction

on a much shorter timescale, introducing the question of whether a full plasma
equilibrium situation has been achieved. These are corrections that have to be
included to convert the extrapolated yield data to low-energy cross sections. Other
threshold effects may be associated with the shape of the nuclear potentials and the
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Wiescher+2023

The Reaction Rate Integral:

¶ Separate out geometrical and barrier-tunneling aspects

Astrophysical S-factor = Nuclear properties

¶ example: 12C(α,γ)16Ο:
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Example for a nuclear reaction: Carbon fusion
12C+12Cà 24Mg / XX / XX...: direct and indirect laboratory experiments:

"Hindrance"? ...and sub-threshold resonances
à Extrapolation to low energy is very uncertain!

7

Eur. Phys. J. A (2022) 58 :71 Page 3 of 12 71

The dependence of the modified S-factors on the number of
the included excited states was demonstrated. I mean that
neither of the referred models was capable of reproducing
the resonance structure of the 12C + 12C → α + 20Ne and
12C + 12C → p + 23Na reactions, because these reactions
are many-nucleon rearrangement ones proceeding through
the intermediate resonance 24Mg∗. The study of resonances
in these reactions requires a microscopic approach, which
considers nucleon degrees of freedom and channel coupling.

In 2021, the first fully microscopic approach based on the
antisymmetrized molecular dynamic (AMD) had been pub-
lished [27]. It was a real breakthrough in the long-stalled the-
ory of carbon–carbon fusion. The authors presented the first
fully microscopic treatment of the 12C + 12C fusion without
any adjustable parameters. The AMD nuclear wave function
is given by the parity-projected Slater determinant, whose
elements are nucleon Gaussian wave packets. The super-
position of the wave functions of different rearrangement
channels formed as the result of the carbon–carbon fusion
described the resonances of the compound nucleus 24Mg.
The resonances in the S-factor appear only due to the chan-
nel coupling and disappear if only one channel 12C + 12C is
taken into account.

In this paper, the current status of the carbon–carbon
fusion is updated, taking into account that after the latest
analysis [24] new important experimental and theoretical
results had been published. I will discuss how to advance new
THM measurements to extract the low-energy astrophysical
S-factors discussing the kinematics of two THM reactions:
12C(14N, d)24Mg∗ and 12C(13C, n)24Mg∗.

In what follows the system of units in which h̄ = c = 1
is used.

2 Latest experimental and theoretical results

Figure 1 shows the modified astrophysical factors for the
carbon–carbon fusion published during the last three years.
First of all, in 2020, two important direct measurements of the
carbon–carbon fusion were published by STELLA collabora-
tion [25] and Notre Dame-Mexico [26]. These experiments
show some disagreement between both measurements, see
Fig. 1. The lowest measured energies in both experiments
are E ∼ 2.2 MeV. Thus, since 2007, when the energy of
E = 2.14 MeV was reached in [5], direct measurements
were not able to measure the S-factors at energies below 2.1
MeV. Hence it is unlikely that soon direct measurements will
reach energies down to E ∼ 1.5 MeV.

Also in Fig. 1 is presented the first modified astrophysical
S∗(E)-factor obtained using the indirect THM measurements
[7], which reached the lowest energy E = 0.8 MeV. Since
the width of the Gamow window for the carbon–carbon is
comparable or wider than the resonance widths, the averaged

Fig. 1 Modified astrophysical factors for the 12C + 12C fusion. The
navy rectangles and the magenta diamonds are the astrophysical fac-
tors from [25] (STELLA) and [26] (Notre–Dame–Mexico), black dotted
line is the THM S∗(E)-factor [7] (THM (Nature)), the navy dash-dotted
line is the Coulomb-nuclear renormalized astrophysical factor [22,23]
normalized to the S-factor from [25] at E = 2.54 MeV (THMCN(1)),
the magenta solid line is the Coulomb-nuclear renormalized astrophys-
ical factor normalized to the S-factor from [26] at E = 2.64 MeV
(THMCN(2)), the cyan dash line is the AMD microscopic calculations
from [27]

modified astrophysical factor

S∗(E) = σ (E)Ee
( 87.21√

E
+0.46E)

, (6)

where σ (E) is the fusion cross-section, is a relevant approach
for the astrophysical application. As one can see, the origi-
nal THM data show three significant resonance peaks with a
sharp increase toward small energies. However, as we have
discussed, the analysis of the THM data was performed in the
plane-wave approximation (PWA), neglecting the Coulomb
rescattering of the nuclei in the initial and, especially, in the
intermediate and final channels. At the normalization energy
of the THM data to the direct ones E = 2.67 MeV the relative
d − 24Mg kinetic energy is 0.92 MeV with the Coulomb bar-
rier about 3 MeV. Moreover, although the relative 14N − 12C
kinetic energy 13.84 MeV in the entry channel of the THM
reaction is higher than the Coulomb barrier of 10 MeV, the
Coulomb parameter in the entry channel is 4.4. Such a strong
Coulomb interaction in the initial channel and the deep sub-
Coulomb energy in the intermediate channel explains the fail-
ure of the PWA used in [7]. Including the Coulomb-nuclear
distorted waves causes a drop of the low-energy astrophysical
factor by about of factor 103, see Fig. 1.

In Fig. 1 are also presented the two THM modified astro-
physical factors S∗(E)-factors obtained from data in [7]
including the Coulomb-nuclear distortions. These distortions
are taken into account by replacing the PWA transfer differen-

123

Mukhamedzanov 2022
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Nuclear reactions in cosmic environments
major challenge:

¶ plasma in the Universe is very different 
from the conditions in terrestrial 
laboratory experiments

¶ quantum tunnelling 
dominates in 
cosmic-environment 
reactions

~20 keV



Roland DiehlSeminar Institute of Theoretical Physics, Univ. of Wroclaw (PL), 28 Feb 2025

...a fundamental question...

9

what are our origins?

The answers include: models of the sources and the nuclear rates 
within, and of cosmic evolution including transport and recycling
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The broad context: evolving isotopic composition

... the coarse picture of cosmic nucleosynthesis.

big bang
nucleosynthesis    
·
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neutral H

re-ionized gas

SN/star-enriched gas

variety of sources
of new nuclei

galaxy-merged gas 
(different enrichment 
histories)
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nucleosynthesis
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Cosmic nucleosynthesis

• Big-bang nucleosynthesis

• Stellar-interior nucleosynthesis 
(hydrostatic)

• Stellar-explosion nucleosynthesis 
(explosive)

• High-energy collisions (spallation)

11
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Cosmic nucleosynthesis

• Big-bang nucleosynthesis

• Stellar-interior nucleosynthesis 
(hydrostatic)

• Stellar-explosion nucleosynthesis 
(explosive)

• High-energy collisions (spallation)

 
in all cases: 
rearrangement of bound nucleons (p,n) in nuclei by nuclear reactions
towards tighter binding

12

binding energy
per nucleon
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Drescribing Compositional Evolution: the Challenges

¶ Changes in the forms of cosmic matter:
Fstars and gas flows:

Fgas which is ejected from stars:    when?

Fnewly-contributed ashes from nucleosynthesis:    what?

¶ Ingredients:
FSources: How fast do they evolve to return (new) gas?

FSources: How much of species i do they eject (and/or bury)?

F... (locations and environments of star formation, gas flows, ...)

Dynamics and Equation of State Dependencies of Relevance for Nucleosynthesis. . . 3

Fig. 1 Evolution paths from collapsing massive stars to NSs and stellar-mass BHs. The gravita-
tional instability of the degenerate core (mostly composed of iron-group elements) of a massive
star can either lead to the “direct” formation of a BH by continuous accretion of matter onto
the transiently formed proto-NS (PNS) without any concomitant CCSN explosion. If a successful
explosion is launched, an initially hot PNS cools by intense emission of neutrinos and antineutrinos
of all flavors. On the way to an old, cold NS, a phase transition in the high-density EoS, spin-down
by angular momentum loss (e.g., through magnetic fields), or late accretion of matter that does
not achieve to get unbound in the CCSN explosion can lead to the delayed collapse of the PNS
or young NS to a BH. In close binary systems, the compact remnants spiral towards each other
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Cosmic nucleosynthesis sources
o Nuclear fusion reactions 

power all stars

o Many stars explode as a supernova at 
the end of their evolution

o Some binary systems including white 
dwarf stellar remnants explode as a 
supernova

o Some binary systems including neutron 
stars eventually merge to form a black 
hole

ØWhen do they eject ashes?
ØHow many new nuclei in ejecta??

Dynamics and Equation of State Dependencies of Relevance for Nucleosynthesis. . . 3

Fig. 1 Evolution paths from collapsing massive stars to NSs and stellar-mass BHs. The gravita-
tional instability of the degenerate core (mostly composed of iron-group elements) of a massive
star can either lead to the “direct” formation of a BH by continuous accretion of matter onto
the transiently formed proto-NS (PNS) without any concomitant CCSN explosion. If a successful
explosion is launched, an initially hot PNS cools by intense emission of neutrinos and antineutrinos
of all flavors. On the way to an old, cold NS, a phase transition in the high-density EoS, spin-down
by angular momentum loss (e.g., through magnetic fields), or late accretion of matter that does
not achieve to get unbound in the CCSN explosion can lead to the delayed collapse of the PNS
or young NS to a BH. In close binary systems, the compact remnants spiral towards each other

MERGING
NEUTRON STARS
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Different Complementing Observing Methods
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Astronomy across the cosmic messengers
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The variety of "astronomies"
... beyond astronomical telescopes of optical light: cosmic messengers

...               rising above 
      looking at the skies
      from the surface 
      of our planet  
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Gamma-Ray Astronomical Telescopes:
Interaction of high-energy photons with matter

Photon interaction with matter (Pb)

à Secondary Particles     …    à e.m. cascade

Seconday photons / electrons
à multi-element & tracking 

detector assemblies

17
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Imaging principles for a  MeV-range γ-ray telescope 

l Compton Telescopes  and Coded-Mask Telescopes

Achievable Sensitivity: ~10-5 ph cm-2 s-1, Angular Resolution ³ deg
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INTEGRAL Cosmic Photon Measurements: The SPI Ge γ-Spectrometer

Coded-Mask Telescope 
Energy Range 15-8000 keV
Energy Resolution ~2.2 keV @ 662 keV
Spatial Precision 2.6o / ~2 arcmin
Field-of-View 16x16o

Coded Mask Telescope:
Casting a Shadow

19
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Discriminating Background and Sky Signals in SPI Data
• Tracking the relative count rate ratios among detectors

Fcharacteristic signatures from celestial sources withcoded mask, and from background events

Coded Mask Telescope:
Casting a Shadow

20
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INTEGRAL: Dominance of instrumental background 
SPI Ge detector spectra

Modelled/understood at high precision
21
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Gamma-ray lines from cosmic radioactivity
Radioactive trace isotopes are by-products of  nucleosynthesis reactions 
Released into circum-source ISM, we can observe gamma-ray afterglows:

• Only the most-plausible candidates per source type are listed
(abundance; decay time (weeks<τ<108y) long enough to survive ejection/not too long to be bright)

22

plus: 

nuclear excitation lines

           (
12C, 16O, ...) (fr

om CRs)



Roland DiehlSeminar Institute of Theoretical Physics, Univ. of Wroclaw (PL), 28 Feb 2025

Current Nuclear Gamma-Ray Line Telescopes
INTEGRAL

2002-2025 (2029)

ESA
high E resolution
Ge detectors
15-8000 keV

NuSTAR (only <80 keV!)
2012-(2025) … 
NASA
hard X ray
imaging <80 keV

23
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The Challenges

Dynamics and Equation of State Dependencies of Relevance for Nucleosynthesis. . . 3

Fig. 1 Evolution paths from collapsing massive stars to NSs and stellar-mass BHs. The gravita-
tional instability of the degenerate core (mostly composed of iron-group elements) of a massive
star can either lead to the “direct” formation of a BH by continuous accretion of matter onto
the transiently formed proto-NS (PNS) without any concomitant CCSN explosion. If a successful
explosion is launched, an initially hot PNS cools by intense emission of neutrinos and antineutrinos
of all flavors. On the way to an old, cold NS, a phase transition in the high-density EoS, spin-down
by angular momentum loss (e.g., through magnetic fields), or late accretion of matter that does
not achieve to get unbound in the CCSN explosion can lead to the delayed collapse of the PNS
or young NS to a BH. In close binary systems, the compact remnants spiral towards each other

¶Understand the sources of new nuclei

¶Trace the flows of cosmic matter
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Radiation Measurements from an Exploding Star

25

~MeV
eV

expansion à dilution of matter
à less absorption, 

more transparency

• γ rays:  radioactive decay 56Ni, 56Co

• X rays:  recombination of highly-
ionized atoms; thermal (106K)

• UV:  recombination of atoms
thermal (104K)

• opt:  thermal (103K); atomic and
molecular transitions

• IR:   thermal gas and dust emission
(101-2K); molecular transitions

LUMINOUS TRANSIENT LIGHT CURVES AT PEAK 3

The ordinary differential equation Eq. 10 can be solved for
Eint(t) and hence the emergent luminosity

L(t) =
2
⌧ 2

d
e-t2/⌧ 2

d

Z t

0
t0Lheat(t0)et02/⌧ 2

d dt0 (11)

Both the one-zone and the separation of variables approaches
result in the same expression for the light curve; the only dif-
ference is the value of ⇠, which reflects different assumptions
about the shape of the self-similar energy density profiles.
The diffusion time for the one-zone models is a factor of
⇡/

p
3 ⇡ 2 larger. To avoid confusion, we hereafter define a

characteristic diffusion timescale without any numerical fac-
tors

td =

s
Mej

vejc
(12)

and so ⌧d = [3/4⇡⇠]1/2td . Physically, the characteris-
tic diffusion timescale gives the time at which the ex-
pansion timescale texp = Rej/vej equals the diffusion time
tdiff = ⇢R2

ej/c. The peak time scales with the diffusion
timescale tpeak / td , but the numerical coefficient relating
them depends on the distribution of heating, nature of the
opacity, and other effects.

The self-similarity assumption will be shown below to
limit the accuracy of the Arnett models. However, this is not
a necessary assumption as Eq.8 is only the first eigenfunc-
tion of the separated spatial equation. The full solution of the
energy density can be expressed as an infinite sum of higher
order eigenfunctions whose normalization will be set by the
spatial distribution of heating and boundary conditions. Pinto
& Eastman (2000) show how such an approach can be used to
relax the assumptions (5) and (6) and produce more accurate
light curves. However, due to the more complicated nature of
the solution, the full solution with higher-order eigenmodes
is rarely used in practice.

2.2. Comparison to Numerical Simulations

To assess the accuracy of the Arnett solutions, we compare
them to numerical monte-carlo radiation transport calcula-
tions run with Sedona (Kasen et al. 2006). We adopt similar
assumptions as A82: homologous expansion, uniform den-
sity, and a constant opacity. Non-constant opacity will be
considered in Section 6. In this section, the ejecta has a dif-
fusion timescale td = 100 days and the heating source is at
the center and follows Lheat(t) = L0e-t/ts , where the timescale
ts = 10 days.

Fig. (1) compares the numerical light curve to the Ar-
nett analytic solution. The numerical models have an ini-
tial “dark period” until t ⇠ 0.1td , before which the photons
have not had sufficient time to diffuse from the center of the
ejecta (Piro & Nakar 2013). In contrast, the analytic solu-
tions predict a steeper rise beginning at t = 0, a consequence

Figure 1. Light curves from the Arnett solution Eq.(11) with differ-
ent choice in the diffusion timescale factor ⇠ (red and blue lines),
compared with a numerical monte-carlo radiation transport solu-
tion using Sedona (teal line with points). The input heating (dashed
black line) consists of a centrally-located exponential source with
luminosity Lin(t) = L0 exp

⇥
-t/ts

⇤
with a timescale ts = 10 days and a

characteristic diffusion timescale td = 100 days.

of the assumption that radiation energy is immediately dis-
tributed throughout the ejecta. The A82 solution predicts a
peak time a factor of 2 shorter than the numerical result, but
gives roughly the correct peak luminosity. The peak time of
the one-zone model is closer to the numerical simulation, but
under-predicts the peak luminosity and is overall too broad.
There is no choice of ⇠ such that the analytic solution closely
matches the numerical light curve.

This inaccuracy of the analytic models is more pronounced
for more centrally concentrated heating sources. Fig. (2)
shows numerical models where the heating source has been
uniformly mixed out to dimensionless radius xs, with xs = 0
corresponding to a central source. The Arnett analytic so-
lution most closely resembles a well-mixed numerical model
with xs ⇡ 0.8. We can define a heating-weighted radius where
the bulk of heating occurs as

hxsi =

 R 1
0 x2ėheat(x)dx
R 1

0 ėheat(x)dx

!1/2

(13)

where ėheat(x) is the energy density heating rate at x. For
constant heating out to radius xs, we have the relation hxsi =
xs/

p
3. In the Arnett solution, ėheat(x)/ e(x) and using Eq.(8)

we find that hxsi ⇡ 0.4, which indeed corresponds to xs ⇡ 0.7.
The limitation of the Arnett models stems from the as-

sumption that the spatial distribution of the radiation field
is self-similar. In reality, for central sources a radiation
diffusion wave initially propagates outwards, only reach-
ing the surface and establishing a self-similar profile after a

Kathami&Kasen 2019
for tS~10d, 
td~100d

MC RT 1D

one zone
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56Ni radioactivity à γ-Rays, e+ à leakage/deposit evolution

F

FNuclear BE release from 0.6M¤ [C,O  à 56Ni]  = ~1.1 1051 erg (>2*BEWD)
FDeposit of γ rays and e+ in expanding/diluting envelope
FRe-radiation of deposited energy in low-energy (thermal) radiation

56Ni

56Fe

e--capture (98%)

γ 750 keV (50%)

τ =8.8 d

56Co

γ 847 keV (100%)

τ = 111.3 d

γ 812 keV (86%)

0+

1+

2+

4+

2+

0+

4+ 

γ 1238 keV (68%) 

e- - capture (81%)
γ 158 keV (100%)

3+

0+
γ 270+480 

keV
(36%)

3,4+ 
β+  - decay
(19%,E~0.6MeV)

γ’s 3.253(8%),2.598(17%),
1.038(14%),
1.4,1.771(16%)  MeV  optical

γ rays

SN Ia
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Radiation Measurements from an Exploding Star

• γ rays:  radioactive decay 56Ni, 56Co
where in the envelope is the 56Ni?

• X rays:  recombination of highly-
ionized atoms; thermal (106K)

what are the states of ionizations?
• UV:  recombination of atoms;

thermal emission (104K)
what are gas temp & ionization?

• opt:  thermal (103K); atomic and
molecular transitions

which transitions are important?
• IR:   thermal gas and dust emission

(101-2K); molecular transitions
which transitions? τ gas vs. dust?

27

~MeV
eV

expansion à dilution of matter
à less absorption, more transparency
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SN2014J light evolution in the 847 keV 56Co line

¶ 56Ni mass: 0.49 +/-0.09 M¤

(cmp from bol. Light à 0.42 +/-0.05 M¤

from models      à 0.5    +/-0.3 M¤

FDiehl et al., A&A 2015

W7 SD delDet
WD-WD merger

28

INTEGRAL/SPI γ ray measurements
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SN2014J data Jan – Jun 2014: 56Co lines
¶ Doppler broadened ✓

¶ Split into 4 time bins
¶ Coarse & fine spectral 

binning
à Observe a structured and

evolving spectrum
– expected: 

gradual appearance 
of  broadened 56Co lines

FDiehl et al., A&A (2015)

¶ note: normally, we do not see such
fluctuations in 'empty-source' spectra!

25d

50d

85d

150d

847 keV line

847 keV line

847 keV line

847 keV line 847 keV line 1238 keV line

847 keV line

847 keV line

847 keV line

1238 keV line

1238 keV line

1238 keV line

29

clumpsat different
bulk velocities?
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Spectra from the SN  at ~20 days after explosion
Clear detections of the two strongest lines expected from 56Ni (should be embedded!)

56Ni mass estimate (backscaled to explosion): ~0.06 M¤ (~10%) 

SNIa and SN2014J: Early 56Ni (τ~8.8d)

3.9 σ 3.1 σ

158 keV 812 keV

Diehl et al., Science (2014)

i.e.: not the single-degenerate Mchandrasekhar model, 
       but rather a 'double detonation, i.e.
         either 2 WDs (double-degenerate)
         or a He accretor (He star companion)

    à SN 2014J looks "normal", but is not

30
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Supernovae of type Ia 

 ...also from γ-ray observations:
à SN Ia are a variety

(the "standardizable candles"??)

31
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Complexities of Gravitational Collapse and SN

¶ Basic processes are more complex 
than the 'standard model' says:
Fpre-SN structure is complex
Fcollapse, ignition, and outflows all occur 

simultaneously
Fcollapse and accretion continue long after 

ignition of nuclear burning
Flate accretion and fallback make explosion 

fail for more massive stars
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Figure 1. Time sequence for multi-messenger signals pre- (left panel) and post-
(right panel) core collapse of a non-rotating 17M� progenitor star. Neutrinos (⌫e,
⌫̄e, and ⌫x are shown by red, thick red, and magenta lines, respectively, where ⌫x
represents heavy-lepton neutrinos: ⌫µ, ⌫⌧ , ⌫̄µ, and ⌫̄⌧ ), gravitational waves (blue line),
and electromagnetic signals (black line) are shown. Solid lines are predictions from
a hydro-dynamical simulation with axis-symmetric radiation, while dashed lines are
approximate predictions. Neutrino emission prior to collapse arises from the last
moments of stellar evolution, but is quickly overtaken during collapse by the neutrino
burst. The electromagnetic signal exhibits the shock breakout (SBO), plateau, and
decay components. Note that the height of the curves does not reflect the energy
output in each messenger; the total energy emitted after the bounce in the form of ⌫̄e,
photons, and gravitational waves are ⇠6⇥ 1052 erg, ⇠4⇥ 1049 erg, and ⇠7⇥ 1046 erg,
respectively. The focus of SNEWS 2.0 is to establish the neutrino burst as an alert for
gravitational waves and electromagnetic followup, as shown by arrows. Adapted from
(Nakamura et al., 2016).

2.1. Neutrinos from Supernovae

The neutrino emission from a core collapse supernova in our Galaxy cannot be hidden in

any way. The neutrinos are not obscured by dust as electromagnetic signals may be, nor

would failure of the explosion mean the supernova would evade our detection: a large

burst of neutrinos would still be emitted prior the formation of a black hole. Finally,

the present detection horizon for neutrinos reaches out beyond the edge of the Milky

Way. For all these reasons, neutrinos are a unique messenger to provide a compelling

trigger for an alert. Coupled with gravitational waves (whose detection will also be

enhanced by the precise timing information provided by neutrinos) and electromagnetic

observations, the neutrinos will allow us to piece together a comprehensive picture of the

supernova from the moment of core collapse to supernova shock breakout and beyond.

Expected features in the neutrino signal will permit us to probe a long list of topics,

including: key aspects of the supernova explosion mechanism (e.g., fluid instabilities vs.

Kharoussi+ 2020

Raph Hix 2016

Ugliano+2012, Sukhbold+ 2016, Couch+2020
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Cas A with JWST
• The Cas A SNR displays a 

great variety of features that 
reflect the ccSN explosion 
history and dynamics
¶ interaction of the SN shock with 

surrounding CSM
Fshock and dust
Fsynchrotron emission
Fdestruction of ISM clouds 

¶ internal dynamics of the 
expanding remnant
FCSM structure remains
Fexplosion asymmetry remains
FRT lobes
Fjets 
Freverse-shocked ejecta

¶ light echoes

33

6 Milisavljevic, Temim, De Looze, et al.

Figure 3. Important features of Cas A identified in our survey and discussed in this paper. The composite image in the center
panel combines NIRCam and MIRI filters as indicated. Large boxes outlined with dashed white lines show areas of interest
enlarged in the surrounding panels that use the same filters and color scheme, with the exception of panels 1b and 6 that only
use NIRCam filters. Small boxes outlined with solid white lines show the positions of the four regions of MIRI/MRS IFU
spectroscopy.

Milisavljevic+2023
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44Ti radioactivity in Cas A: Locating the inner Ejecta
NuSTAR Imaging in hard X-rays (3-79 keV; 44Ti lines at 68,78 keV) à

Ffirst mapping of  radioactivity in a SNR

– Both 44Ti lines detected clearly
– redshift ~0.5 keV

à 2000 km/s asymmetry
– 44Ti flux consistent with 

earlier measurements
– Doppler broadening: 

(5350 ±1610) km s-1

– Image differs from Fe!!

F44Tià TRUE locations of ejecta from the inner supernova
FFe-lines (eg X-rays) are biased from ionization of shocked plasma 

Grefenstette+ 2014; 2017
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The Challenges

Dynamics and Equation of State Dependencies of Relevance for Nucleosynthesis. . . 3

Fig. 1 Evolution paths from collapsing massive stars to NSs and stellar-mass BHs. The gravita-
tional instability of the degenerate core (mostly composed of iron-group elements) of a massive
star can either lead to the “direct” formation of a BH by continuous accretion of matter onto
the transiently formed proto-NS (PNS) without any concomitant CCSN explosion. If a successful
explosion is launched, an initially hot PNS cools by intense emission of neutrinos and antineutrinos
of all flavors. On the way to an old, cold NS, a phase transition in the high-density EoS, spin-down
by angular momentum loss (e.g., through magnetic fields), or late accretion of matter that does
not achieve to get unbound in the CCSN explosion can lead to the delayed collapse of the PNS
or young NS to a BH. In close binary systems, the compact remnants spiral towards each other

¶Understand the sources of new nuclei

¶Trace the flows of cosmic matter
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Sources of 26Al: Results from Presolar Grains

Isotopic Ratios in C,N,Si,…à Source Type of Presolar Grain
AGB Stars
Supernovae
Novae 

Amari, Nittler, 
Hoppe, Zinner,
… et al.

26Al Found 
in ~ALL Candidate Sources

Presolar Stardust in The Solar System 

• Bona-fide stardust 
from ancient red 
giants and 
supernovae 
 

• Survived interstellar 
processes and solar 
system formation 
 

• Found today 
surviving in 
meteorites and 
interplanetary dust 
particles. 
 

 Astronomy in the 
Laboratory! 

ß  1 μm à
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Radioactivities from massive stars:
60Fe, 26Al

à Messengers from Massive-Star Interiors!
…complementing neutrinos and asteroseismology!

Processes:
¶ Hydrostatic fusion
¶ WR wind release
¶ Late Shell burning
¶ Explosive fusion
¶ Explosive release

37

8 Limongi et al.

Figure 1. Convective (green shaded areas) and chemical (color codes reported in the color bar) internal
history of selected models from the main sequence phase up to the an advanced stage of TP-SAGB phase
(upper and middle left panels) or up to the the onset of the iron core collapse prior to the core collapse
supernova explosion (middle right and lower panels). The dashed line in the upper and middle left panels
marks the onset of the thermally pulsing phase. In the x-axis is reported the logarithm of the time till the
end of the evolution (tfin � t) in units of yr.

breathing pulses is still highly uncertain, they have been suppressed as already mentioned in section
2.
During core He burning, models with mass lower than 9.20 M� perform an extended blue loop in

the HR diagram (Figure 2) that is accompanied by a temporary recession and disappearance of the
convective envelope when the stars cross the blue side of the HR diagram (Figure 1). The H shell
during core He burning is active and advances in mass increasing progressively the size of the He core.
At core He depletion all the models are red giants and their He core mass is increased by ⇠ 50%,
with respect to the one at core H depletion (Figure 3). The CO core at core He depletion increases

Limongi+2024

after Heger+2002
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Inner Galaxy

Cygnus

Orion

Vela

Sco-Cen

26Al γ-rays and the galaxy-wide massive star census

Cumulative from Massive-Stars & ccSNe 

SPI on INTEGRAL

COMPTEL on CGRO

γ-ray flux à cc-SN Rate = 1.3 (± 0.6) per Century
Diehl+2006;2018

38

SPI/INTEGRAL
2023
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Massive Star Groups in our Galaxy: 26Al γ-rays
FLarge-scale Galactic rotation

Kretschmer et al., A&A (2013)

Velocity precision 
~few 10 km/s !!

39
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• 26Al shows apparently higher galactocentric rotation (?)
How massive-star ejecta are spreading…

Roland Diehl

Kretschmer+(2013)

SPI/INTEGRAL
data

CO data
(~normal
 kinematics')
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Superbubbles extended away
from massive-star groups

How massive-star ejecta are spread out…

Roland Diehl

Krause & Diehl (2014)

Illustration by M. Pleintinger (2020)

Kretschmer+(2013)
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The Astronomical Journal, 141:23 (35pp), 2011 January Bagetakos et al.

Figure 30. Position of the H i holes in NGC 628. The colors illustrate the different type of the holes: red—type 1, white—type 2, and black—type 3.

(A color version and the complete figure set (26 images) are available in the online journal.)

to detect holes down to ∼80 pc which led to the detection of a
wealth of small holes; almost 90% of the total holes detected
have a size less than 200 pc. Only a handful of supershells were
detected. The mean kinetic age is 7.8 Myr with 80% of the holes
being younger than 9 Myr. Several features detected (holes nos.:
34, 72, 88, 93, 94, 97, 99, 102, 106, 109, 113, 114, 170, 255,
and 273) are probably not genuine holes but the result of the
warp in the H i disk. Due to its large angular size, M 81 was
divided into six areas (panels (C9)–(C15) in the online version
of Figure 30) to be able to show all detected holes.

A.10. NGC 3184

NGC 3184 is a spiral galaxy located at D = 11.1 Mpc and
is viewed almost face-on. Its analysis revealed 40 H i holes,
the majority of those being supershells (80%). This could be
attributed to the large distance of this galaxy which only allowed
us to detect holes with diameters larger than 400 pc. We failed
to detect any type 3 holes something which is expected since
the scale height of the disk was found to be 250 pc, significantly
smaller than our spatial resolution. Nevertheless, this is the
largest number of supershells detected in any one galaxy. The
mean kinetic age of the holes is also high (≈64 Myr). Note that
hole number 13 is a superposition of two holes.

A.11. IC 2574

Another nearby (D = 4.0 Mpc) dwarf galaxy member of the
M 81 group, IC 2574 hosts a relatively large number of H i holes
(Walter & Brinks 1999). One particular hole (our hole no 21) has
been extensively studied at different wavelengths from radio to
X-ray (Stewart & Walter 2000; Cannon et al. 2005; Weisz et al.
2009b). These studies showed that there is a remnant star cluster
in the center of this hole and revealed evidence of propagating

SF along its rim. Here, we report on 29 H i holes compared to
48 holes detected by Walter & Brinks (1999) and 22 detected
by Rich et al. (2008) the largest one being larger than 2 kpc in
diameter. Almost all of the 29 holes we present here have been
detected by Walter & Brinks (1999). The difference in the total
number of holes detected is due to the strict criteria we used to
classify a structure as a genuine hole. Almost half of the holes
(45%) show signs of expansion.

A.12. NGC 3521

Another distant galaxy in our sample, NGC 3521 is a spiral
galaxy with a prominent bar located at a distance of 10.7 Mpc
and viewed almost edge-on (i = 72.◦7). The analysis of
NGC 3521 revealed 13 holes in the H i distribution. The small
number of holes detected and the lack of type 3 holes can be
attributed to the large distance of this galaxy as well as its
high inclination. All of the holes detected were consequently
classified as supershells.

A.13. NGC 3627

NGC 3627 is a spiral galaxy at an adopted distance of
D = 9.3 Mpc and is a member of the Leo Triplet. Its high
inclination (i = 61.◦8) meant we were only able to detect
18 holes in NGC 3627, two of them being type 3. One holes
worth noting is 7 which has unusually high expansion velocities
of 65 km s−1 respectively the highest observed in the entire
sample.

A.14. NGC 4214

NGC 4214 is a nearby (D = 2.9 Mpc) dwarf irregular
galaxy classified as a starburst galaxy. We found 56 H i holes

33

Superbubbles observations in other galaxies

42

E. J. Watkins et al.: Quantifying the energetics of molecular superbubbles in PHANGS galaxies

Fig. 1. Illustrating bubble identification and elimination criteria in section of NGC 1566. 1. CO Tpeak (red), H↵ (green), and HST B-band (blue)
combined into a false-colour image at their original resolution to identify superbubbles using multi-wavelength information. 2. Manually fitting
radii and their centres using the CO Tpeak map. The cyan and dashed white circles show catalogued bubbles that were analysed or ignored,
respectively. The blue box outlines the bubble examined in all remaining panels (Bubble 36 in Table 2). 3. Investigating the emission across three
neighbouring channels in CO to confirm if bubble emission is significant in multiple consecutive velocity bands. If not, the bubble is removed from
the sample. 4. Horizontal and vertical PV diagrams to confirm that expansion signature is present. The grey ellipse shows the present expansion
signature. If unconfirmed, the bubble is removed. 5. Illustrating average spectra around the bubble. If identifiable background or foreground
emission is found, the bubble is removed. All spectra shown here are free of contaminating emission. Article number, page 5 of 21

Watkins+ 2023
PHANGS

Bagetakos+ 2011
HI  'holes'
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à ejecta with excess velocities appear naturally within a spiral galaxy 

Simulations of (inhomogeneous) galactic evolution

3D SPH simulation: analyze velocities of 26Al-enriched matter from star formation activity
Wehmeyer + 2025
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26Al content

A&A proofs: manuscript no. output

Name Symbol Components/Calculation Usage
Location �!x [x:y:z]
Velocity �!v [vx:vy:vz]
Location of the Solar System (observer) �!x� [0:0:0] Section 3
Velocity of the Solar System (observer) �!v� [+251 Km/s:0:0] Section 3
Location of the galactic center ��!xGC [0:+8.5 Kpc:0] Section 3

Line-of-sight (LOS) velocity vLOS
(vx�251Km/s) x+ vy y+ vz zp

x2+y2+z2
Figs. 2, 3, 4

Rotational velocity component vrot
�vx (y�8.5Kpc)+ vy xp

x2+(y�8.5Kpc)2+z2
p

(v2
x+v2

y+v2
z

vrot/� > 0.9 determines if
Velocity dispersion �

m [�vx (y�8.5Kpc)+ vy x]p
x2+(y�8.5Kpc)2+z2

the particle is a disk particle

Table 1. Overview of the di↵erent locations and velocities used in the text and figures.

Fig. 2. The 26Al distribution in our simulated galaxy. The dots repre-
sent disk gas particles at present-day, color-coded to represent the mass
of 26Al (in log(gram) unit). The red circle at coordinates [0:0:0] de-
notes the location of the observer (Solar System) at R� = 8.5 kpc from
the galactic center. The black dashed lines indicate a viewing angle of
�40  �  �14, corresponding to the viewing angle highlighted by the
black dashed vertical lines in Figure 3. The contour plots represent the
LOS velocity to the observer. The outer (inner) black contour represents
the ±100km/s (±200km/s) threshold. The single particles in the external
regions with velocities higher than ±100km/s originate from an earlier
dwarf galaxy disruption event.

26Al sources would then lead to a much more uniform 26Al dis-
tribution in the galaxy.

3.2.
26

Al-longitude-LOS velocity diagram

Figure 3 shows the 26Al content and line-of-sight (LOS) veloc-
ity of the simulated disk gas particles. We define the LOS ve-
locity as the velocity of a simulated particle relative to the Solar
System following the rotation of the simulated galaxy (counter-
clockwise in the framework of Figure 2).

The simulated particles are compared to the data from the
SPI detector on the INTEGRAL spacecraft, which was designed
to detect the 1809 keV line from the decay of 26Al with an energy
resolution of 3 keV. We plotted the 26Al decay �-ray detection
data by the INTEGRAL/SPI spacecraft (Kretschmer et al. 2013)

as black error bars in Figure 3. Contrary to Kretschmer et al.
(2013), we plot the full distribution of detection angles (Karsten
Kretschmer, personal comm.) to highlight the small deviation
from the main detected trend between �40  �  �14, which
we discuss in more detail below. (NB: This choice results in two
neighboring detections not being statistically independent, be-
cause each detection overlaps the neighboring one by 75%.)

It can be seen that, generally, the particles in the simulation
that feature the highest 26Al mass (brightest colors) overlap with
the Kretschmer et al. (2013) observations in that they also ap-
pear to have the highest LOS velocities (except for the few bright
spots discussed below). Instead, the particles that feature lower
26Al mass do not overlap with the observations, as expected,
since the low 26Al abundances are more di�cult to detect and
generally show lower LOS velocities. The 26Al-rich particles in
the outer regions of the simulated galaxy do not strongly a↵ect
the diagram of Figure 3, as they are located in areas that do not
feature high relative velocity to the observer (see Figure 2). The
26Al-rich areas within the high-velocity contours are instead lo-
cated close-by.

We note that our cosmological initial conditions result in a
galaxy overall rotating faster than the Milky Way (Scannapieco
et al. 2012). Although molecular clouds are not well resolved
with the resolution of our simulation, the cold gas is rotating
faster than the CO observation (e.g., Sofue et al. 2009). We do
not see a significant correlation between gas temperature, rota-
tional velocity, and 26Al content, at any given radius. Our sim-
ulation self-consistently produces the formation of the Galactic
bulge. This greatly a↵ects the shape of the rotational velocity, re-
sulting in a fast increase of the rotational velocity from the center
to a few kpc outwards, before showing a flat rotation curve. The
shape of the observed 26Al-longitude-LOS velocity diagram is
strongly determined by the velocity and 26Al content of the ma-
terial near the bulge (Figure 2), which is self-consistently mod-
elled in our simulation.

Figure 3 also shows a few 26Al-rich spots at low LOS ve-
locities. The origin of these 26Al-rich spots can be identified by
correspondence to the transient 26Al-rich spots seen in Figure 2.
One of such 26Al-rich spots reproduces the observed distinct
deviation in the INTEGRAL/SPI detections at a viewing angle
�40  �  �14. In Figure 2 the corresponding 26Al-rich spot is
that closest to the observer in this viewing angle, at the edge of
the �200 km/s contour. This 26Al-rich spot, which matches the
observed deviation is located at the edge of the �200km/s con-
tour in Figure 2. Inside the contour there are particles that rotate

Article number, page 4 of 6

locations of 26Al
within Galaxy

Sun
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Orion-Eridanus: A superbubble blown by stars & supernovae
ISM is driven by stars and supernovae à Ejecta commonly in (super-)bubbles

»
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χ2 = 39.11 (45 dof)

Detection significance: 3.3σ (LR−test)

I = (3.65±1.19)×10−5 ph cm−2 s−1

E0 = 1809.16±0.47 keV

FWHM = 3.20 (−0.03/+0.43) keV

C0 = (0.02±0.77)×10−6 ph cm−2 s−1 keV−1
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X-rays
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Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003, Siegert 2016

3D MHD sim, 0.1..0.005 pc resolution
Krause+ 2013ff
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60Fe on Earth from recent nearby supernovae?
The Sun is (now) located inside a hot cavity (the "Local Bubble")
SN explosions within LB à ejecta flows reach the Solar System

gas density

sun

nearby
stars

Schulreich+ 2017

45

see also Zucker+ 2022 
for a recent update on the Local Bubble and the Sco-Cen SN activity,
confirming this local superbubble interpretation with dust cloud maps
and Gaia data
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60Fe and 244Pu from nearby nucleosynthesis found on Earth

peak of radioactivity influx
≈3 & 6-8 My ago!

What are its sources?
How did these traces of nucleosynthesis get here?

Wallner+ 2015, 2016, 2021

Knie+ 2004, Fimiani+ 2016, Ludwig+ 2016, Koll+ 2019, ....

+ lunar material probes; + antarctic snow

46

NUCLEAR ASTROPHYSICS

60Fe and 244Pu deposited on Earth constrain the
r-process yields of recent nearby supernovae
A. Wallner1,2*, M. B. Froehlich1, M. A. C. Hotchkis3, N. Kinoshita4, M. Paul5, M. Martschini1†,
S. Pavetich1, S. G. Tims1, N. Kivel6, D. Schumann6, M. Honda7‡, H. Matsuzaki8, T. Yamagata8

Half of the chemical elements heavier than iron are produced by the rapid neutron capture process
(r-process). The sites and yields of this process are disputed, with candidates including some types of
supernovae (SNe) and mergers of neutron stars. We search for two isotopic signatures in a sample
of Pacific Ocean crust—iron-60 (60Fe) (half-life, 2.6 million years), which is predominantly produced in
massive stars and ejected in supernova explosions, and plutonium-244 (244Pu) (half-life, 80.6 million
years), which is produced solely in r-process events. We detect two distinct influxes of 60Fe to Earth in
the last 10 million years and accompanying lower quantities of 244Pu. The 244Pu/60Fe influx ratios are
similar for both events. The 244Pu influx is lower than expected if SNe dominate r-process
nucleosynthesis, which implies some contribution from other sources.

A
ll naturally occurring nuclides heavier
than iron are produced in stellar envi-
ronments, almost exclusively by nuclear
processes involving the successive cap-
tures of neutrons to build up heavier

masses. About half of these nuclides are syn-
thesized slowly as a by-product of steady
stellar fusion. The other half, including all
actinide elements, require a very short but
intense flux of neutrons, resulting in a rapid
neutron capture process (r-process). The sites
and yields of the r-process remain a topic of
debate (1–6). It is expected to occur in ex-
plosive stellar environments such as certain
types of supernovae (SNe) or neutron-star
mergers (NSMs), the latter of which has been
supported by observations of the gravitational-
wave event GW170817 (7). The abundance pat-
terns of r-process nuclides can be used to
constrain the production site. Radioactive
isotopes (radionuclides) provide additional
time information resulting from their decay
over time following their synthesis. Such radio-
nuclides should be scattered through the inter-
stellar medium (ISM) and could be deposited
on Earth.
The Solar System (SS) is located inside a

large ISM structure [the Local Superbubble

(LB)] that was shaped by supernova (SN)
explosions during the last ~12 million years
(Myr) (8). Earth has therefore been exposed
to both ejecta from the SNe and swept-up
interstellar material that traversed the SS
during this time period (9, 10). Dust particles
from the ISM pass through the SS (11) and

contain nucleosynthetic products of stellar
events (e.g., stellar winds and SNe) (10, 12, 13).
Earth’s initial abundance of the 60Fe radio-
nuclide [half-life (t1/2) = 2.6 Myr (14, 15)] has
decayed to extinction over the 4.6 billion years
(Gyr) since the SS’s formation. 60Fe, however,
is produced in massive stars and ejected in SN
explosions. Evidence for the deposition of ex-
traterrestrial 60Fe on Earth has been found in
deep-sea geological archives dated to between
1.7 and 3.2 million years ago (Ma) (16–20), at
recent times (21, 22), and possibly also around
7 Ma (19). 60Fe has also been detected in lunar
samples (23), in astronomical observations
of gamma rays associated with its radioactive
decay (24), and in galactic cosmic rays (25).
SN activity in the last ~2 Myr is suggested by
an excess in the local cosmic-ray spectrum
(26). Other radionuclides are also produced
and ejected in such explosions (9, 27–30). If
substantial r-process nuclei are produced in
SNe this would also have enriched the local
ISM with actinides, such as 244Pu. With a half-
life of 80.6 Myr, 244Pu is much longer lived
than 60Fe, so it can be contributed by older
r-process events, not limited to those that
formed the LB. Either as part of the SN direct
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Fig. 1. Influx of interstellar 60Fe and 244Pu.
(A) 60Fe incorporation rates for Crust-3. The data
(red points) have been decay corrected, and each
layer is equivalent to 400 thousand years. The
absolute ages have an uncertainty of ~0.3 to
0.5 Myr (27). (B) 244Pu incorporation rates for the
three layers after subtraction of the anthropogenic
244Pu fraction (27). (C) 244PuISM/

60Fe number
ratio in the crust sample with layers 1 and 2
combined (horizontal solid lines with shaded error
bars). All error bars show 1s Poisson statistics.

Fig. 2. Measured Pu isotope ratios and compari-
son with global fallout values. (A and B)
Variations of the measured 240Pu/239Pu ratio (A)
and the 244Pu/239Pu ratio (B) across the three
layers (solid red lines). The dashed red lines and
gray shading indicate 1s uncertainties. The blue
shaded area and solid line represent the expected
ratios for Pu from nuclear weapons fallout (27).
240Pu/239Pu remains constant across the three
layers, whereas 244Pu/239Pu is enhanced in the
deeper (older) layers. We attribute the excess
above anthropogenic (anthr) levels to extra-
terrestrial 244Pu. Equivalent data for 241Pu/239Pu
are shown in fig. S4.
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Positron annihilation within our Galaxy

¶ Derive/discriminate spectra 
from different regions

Bulge

Disk

Siegert et al., A&A (2015)

INTEGRAL/SPI
Siegert et al., (2015)

GC
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radioactive decay à energy sources = γ rays and positrons

photons and positrons may escape into interstellar medium

48

56Ni

56Fe

e--capture (98%)

γ 750 keV (50%)

τ =8.8 d

56Co

γ 847 keV (100%)

τ = 111.3 d

γ 812 keV (86%)

0+

1+

2+

4+

2+

0+

4+ 

γ 1238 keV (68%) 

e- - capture (81%)
γ 158 keV (100%)

3+

0+
γ 270+480 keV

(36%)

3,4+ 

β+  - decay
(19%,E~0.6MeV)

γ’s 3.253(8%),2.598(17%),
1.038(14%),
1.4,1.771(16%)  MeV  
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The Galactic Positron Annihilation
Is it all from 26Al?

Morphology of emissions is different 
à annihilation astrophysics + other sources
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Martin+ 2010
e+
26Al

Siegert 2016
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• V404 Cyg flare spectra 
show e+ annihilation

• annihilation conditions 
vary across flaring period

• jet base is the plausible 
pair production region

• accreting BH binaries 
may be significant 
e+contributors in the Galaxy

V404Cyg 
Jun 2016

Pair plasma from a black hole in a flaring microquasar 

Siegert et al. 2016
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Galactic Messengers

• Radioactivity provides a 
clock

• 26Al radioactivity 
gamma rays trace 
nucleosynthesis ejecta 
over ~few Myrs

• Radioactive emission is 
independent of density, 
ionisation states, …

• Positron annihilation 
~traces CR propagation

electrons in the ISM

(free free radio emission)
(WMAP, Bennett+2003)
starlight

(2 μm IR emission) 
(2MASS, Skrutskie+2006)

positrons in the ISM

(511 keV γ-ray emission)
(INTEGRAL/SPI, Siegert+2015)

nucleosynthesis ejecta in the ISM

(1809 keV 26Al γ-ray emission)
(CGRO/COMPTEL, Diehl+1995)

cosmic rays exciting ISM

(GeV gamma-ray emission)
(Fermi-LAT, Selig+2014/Acero+2015)
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Nuclear Astrophysics & Gamma-Ray Spectroscopy - Summary
¶ (even) supernova explosions are not spherically symmetric

F 56Ni and how it reveals its radiation in SN2014J 
à SN Ia diversity; sub-Chandra models?

F 44Ti image and line redshift in CasA; SN87A
à ccSupernovae interiors are fundamentally 3D/asymmetric

FNSMs/kilonovae are fundamentally asymmetric, & rare

¶ Cycling of cosmic gas through sources and ISM is a challenge
F26Al preferentially appears in superbubbles 

à massive-star ingestions rarely due to single WR stars or SNe
Fthe current Galactic SN rate is ~1/70 years
F60Fe is a SN/wind ejecta diagnostic, and traces nearby SNe

¶ Varied messengers complement each other 
with essential diagnostics
FRadioactivity provides a unique and different view 

on cosmic isotopes (via gamma rays, stardust, CRs, sediments)
FA next gamma-ray telescope (light-weight Compton telescope) 

in 2040+??; INTEGRAL ends 2029; COSI (2027) is a great first step ...
52

Thank you!

need more 

observed sources

need better

maps for RoI


