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Atomic-nuclei composition evolving over the cosmic history
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nucleosynthesis    
·
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On-going Enrichments from Nucleosynthesis Sources

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

3

1 My...xx Gy

~0.1 Gy

~0.1 Gy

~50 y
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Modeling Compositional Evolution
¶ Changes in the forms of cosmic matter:

Fstars and gas flows:

Fgas which is ejected from stars:    when?

Fnewly-contributed ashes from nucleosynthesis:    what?
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Modeling Compositional Evolution
¶ 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, ...)
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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
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Associating different “processes” with nuclide groups – that’s what we teach…
… and know is superficial (or even wrong)

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

Cosmic origins of the variety of nuclides

neutrons

pr
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rp process

r process

Mass known
Half-life known
nothing known

s process

stellar burning

Big Bang

p process

Supernovae

Cosmic Rays
H(1)

Fe (26)

Sn (50)

Pb (82)

Courtesy: Hendrik Schatz

"processes" assume 
environmental conditions,
equilibria, source homogeneity, ...
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Helmi 2020

Chemical Evolution: ...there are issues ...
¶ model description fails for several elements

– even for elements from same source type...

¶ inconsistencies with modeled vs observed 
nucleosynthesis event rates

– ~350 radio+X SNR (~10000y) vs. ccSN rate 1/70y

¶ unclear impacts from rare sources with 
rich specific contributions 

– neutron star mergers?
– jet supernovae?
– hypernovae?

¶ mixing with stars & gas from galaxy collisions in the past
¶ early evolution: very massive stars & ccSNe
¶ but also something else (binaries!)...

Coté+2019

Rozwadowska+ 2021

Kobayashi+ 2020
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Different Complementing Observing Methods
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Radio-Isotopes with ~My lifetimes: 26Al , 60Fe

11

Discoveries Temporal evolution of studiesMahoney+1982

Smith+2005

HEAO-C

RHESSI

26Al

60Fe
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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)

12
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MeV Range Gamma-Ray Telescope Imaging Principles

l Compton Telescopes  and Coded-Mask Telescopes

Achievable Sensitivity: ~10-5 ph cm-2 s-1, Angular Resolution ³ deg
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Current Nuclear Gamma-Ray Line Telescopes
INTEGRAL

2002-(2023+..2029)

ESA
high E resolution
Ge detectors
15-8000 keV

NuSTAR (only <80 keV!)
2012-(2022+) … 
NASA
hard X ray
imaging <80 keV

14
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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

15
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INTEGRAL: Dominance of instrumental background 
SPI Ge detector spectra

Modelled/understood at high precision
16
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INTEGRAL/SPI Performance Monitoring
Spectral Resolution in Detail: regular annealings are essential

17
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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

18



Roland DiehlIJCLab Seminar, Orsay (F), 14 Nov 2022

Gamma ray spectroscopy with SPI

…it works!  example:

26Al line 1808.6 keV
instrumental lines
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Background × 1/5
Effective Area: ~44 cm2

Exposure Time: ~200 Ms
χ2 = 200.3 (184 dof)
I = (2.83±0.07)×10ï4 ph cmï2 sï1

FWHM = 3.46±0.12 keV
E0 = 1809.03±0.06 keV
C0 = (1.95±0.30)×10ï6 ph cmï2 sï1 keVï1 (@1792.5 keV)

instrumental bgd *0.2

26Al Galaxy

19
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Lessons from radioactive isotopes 

¶Trace the flows of cosmic matter

¶Understand the sources of new nuclei

20
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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

21
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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

22

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

23

clumpsat different
bulk velocities?
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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 2 WDs (double-degenerate)

à SN Ia are a variety
24

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%) 
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Supernovae of type Ia 

à SN Ia are a variety
"standardizable candles"??

25
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44Ti from SN1987A

¶ ab-initio models 
à M44Ti ≈ 0.x 10-5 M⊙ (spherical)

to 0.x 10-4 M⊙ (aspherical)
¶ UVOIR LC + energy deposition models 

à M44Ti ≈ 0.5...5 10-4 M⊙

26

Seitenzahl+2014

Boggs+2015

NuSTAR
Observation

opacity-
modelled
from 
UVOIR LC

M44Ti=1.5 ±0.3 M⊙

¶ 44Ti X-ray result NuSTAR
à M44Ti ≈ 1.5 ±0.3 10-4 M⊙

¶ 44Ti line measurements INTEGRAL
à M44Ti < 3.1 ±0.8 10-4 M⊙ (2σ) (IBIS)

¶à M44Ti < 7.5 10-4 M⊙ (2σ) (SPI)
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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-line X-rays are biased from ionization of shocked plasma 

Grefenstette+ 2014; 2017

27
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The 44Ti decay chain with INTEGRAL/SPI:

28

Tycho

Cas A

SPI    78 & 1156 keV    

Weinberger+ 2021

44Ti

44Ca

τ =85y, EC

44Sc

τ = 5.4 h, β+

à bulk red-shifted 44Ti (away from observer)

44Ti in Cas A: INTEGRAL/SPI contributions
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NuSTAR update: 44Ti in Cas A
¶ Imaging resolution allows to spatially resolve Cas A's 44Ti:

à motion away
from us,
and in clumps

2.4 Msec NuSTAR campaign
Grefenstette et al. 2017

à bulk red-shifted 44Ti (away from observer)

2484 A. Jerkstrand et al.

Figure 7. Left: Centroid shift as function of viewing angle (units of NS kick = 719 km s−1), for 44Ti in model W15-IIb in the optically thin limit. Right: Line
width (in km s−1, unconvolved) as function of viewing angle for the same model. The direction of the NS (where it is moving straight towards us) is marked
with a white star.

Figure 8. Left: Comparison between the observed 44Ti line profile of Cas A (G14) and the best-fitting line profile from model W15-IIb (using the X
distribution), both normalized. We use convolved models (4000 km s−1 Gaussian) for the fitting, but the unconvolved line is also shown (dashed). Right: χ2

map. The χ2 minimum is marked with a cyan star and the NS motion by a white star.

(1990) which give "Vredshift ! 500 km s−1. This can be related to
the inferred distribution of NS kicks from pulsar proper motions,
X-ray binary eccentricities, and NS-SNR offsets, that have revealed
a relatively broad distribution between ∼10 and 1000 km s−1, with
a mean value of about 400 km s−1 (e.g. Lyne & Lorimer 1994;
Hobbs et al. 2005). Thus, 500 km s−1 would be a relatively typical
kick velocity, although likely in the upper half of the distribution.

The ‘blob’ identified by Cigan et al. (2019) as possibly heated
by the NS would imply a transversal velocity component of either
220 or 700 km s−1, depending on which of two methods to identify
the remnant centre is used. For the first case, if the NS 3D speed
is at least 500 km s−1 as inferred here, that means a line-of-sight
velocity of at least 450 km s−1 and an angle between the NS motion
and the direction to Earth smaller than 25◦. For the second case of
a 700 km s−1 transversal velocity no constraint on the angle can be
put.

Most models show a rise and decline behaviour with time of the
ratio between NS kick and maximum redshift (Fig. 9). One should
note that each epoch has its own viewing angle picked out (that

gives the most extreme line redshift), so this is not a behaviour for
a fixed viewing angle. It is nevertheless interesting that viewing
angles with larger line redshifts can be found at 200–500 d than
at 500–1000 d. This is not an apparent property and the relatively
similar morphology of the curves from different models suggests
that this may a generic property of the 3D morphologies.

In the optically thin limit (t ! 3000 d), the model grid gives
maximum centroid shifts for the 56Co lines of 0.7−1.6 times
the NS kick. Thus, for observations in this phase one could
estimate VNS = (0.6−1.4)Vshift (inverting the 0.7−1.6 range), for
either blue or redshifted lines (without Compton scattering there
is no distinction). Therefore, VNS > 0.6Vshift becomes the radiative
transfer-independent limit.

In principle such curves can be derived using also 44Ti. As
discussed in the introduction there is, however, more uncertainty
in the morphology of the 44Ti, and these model curves would
therefore be more uncertain. The maximum 44Ti redshifts in the
model grid at 27 yr span 1.1−1.8 times the NS kick. As such,
44Ti line observations could also be used to infer a NS kick of at least

MNRAS 494, 2471–2497 (2020)
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ay 2020

+1300 km s-1

Jerkstrand+ 2020
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¶Trace the flows of cosmic matter

¶Understand the sources of new nuclei

30

Lessons from radioactive isotopes 
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Inner Galaxy

Cygnus

Orion

Vela

Sco-Cen

26Al γ-rays from the Galaxy
SPI on INTEGRAL

COMPTEL on CGRO

SPI/INTEGRAL
2016

31
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Hints 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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Massive stars and 26Al radioactivity

33

Zari+ 2021

Plüschke+ 2001

Xu+ 2021

OBA stars

26Al

Gaia clusters
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The Al Isotope Ratio 26Al/27Al
27Al is enriched with Galactic Evolution, i.e. ~time
26Al decays, so from current/recent nucleosynthesis only

Early solar system meteorites measure ESS environment  (à 26Al enriched?)
Pre-solar grains measure nucleosynthesis in dust-producing sources (à much larger)

‘canonical’ value
for ESS of  ~5 10-5

(McPhersson+1995)

‘supra-canonical’
up to 6.5 10-5 ??
(Krot+2012, Makide+ 2013 …)
Consolidated ESS
(5.23±0.13) 10-5

(Jacobsen+2013)

34
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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;201835

SPI/INTEGRAL
2020
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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

36
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26Al Yields versus mass, for massive stars and their SNe

FccSNe dominate for lower-mass range, 
winds dominate over explosive ejecta for more-massive stars

37
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Massive-Star Groups: Population Synthesis
Voss R., et al., 2009

• We model the “outputs” 
of massive stars and their 
supernovae from theory
– Winds and Explosions
– Nucleosynthesis Ejecta
– Ionizing Radiation

• We get observational constraints from
– Star Counts
– ISM Cavities
– Free-Electron Emission
– Radioactive Ejecta

Ekin

Ejecta (26Al)

Ejecta (60Fe)

ionizing
light

à time (My)
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variation of explodability (i.e.: not all stars of high mass make a SN!)

Fcontributions from early (i.e. most-massive-stars') SNe eliminated if non-exploding

39

Population synthesis: impact of different inputs on groups

Time [My]

with basic yields 
from 
Limongi & Chieffi 2006

Pleintinger 2020
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Diffuse radioactivity throughout the Galaxy

40

Pleintinger PhD thesis 2020

time (My)

output of
a single group

Galactic Population Synthesis Modelling
FUse stellar / SN yields and evolution times
FInclude knowledge about sources (stellar groups)
FInclude known groups; sample unknown groups

à bottom-up model for the 26Al observations

locations
of nearby
groups

ray tracing

population
synthesis

MC sampling
of distant
groups
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Diffuse radioactivity throughout the Galaxy

41

Pleintinger 2020
Siegert+ 2022

Thomas Siegert et al.: Galactic Population Synthesis of Nucleosynthesis Ejecta

Fig. 12: Compilation of observational maps (top: COMPTEL; middle: SPI) compared to our best-
fitting PSYCO simulation, adopted to match the instrument resolution of 3�. The minimum inten-
sity in the maps is set to 5 ⇥ 10�5 ph s�1 cm�2 sr�1 to mimic potentially observable structures.

Article number, page 34 of 36

Galactic Population Synthesis Modelling versus observations

FPSYCO 30000 sample optimisation
à 4-arm spiral 700 pc, LC06 yields,

SN explosions up to 25 M⊙

Fobserved full sky flux:
(1.84 ±0.03) 10-3 ph cm-2 s-1  

Fmodel-predicted 26Al:
à ≈ x 10-4 ph cm-2 s-1 à too low 

F Best-fit details (yield, explodability)
depend on superbubble modelling
(here: sphere only)



Roland DiehlIJCLab Seminar, Orsay (F), 14 Nov 2022

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 !!

42
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Superbubbles extended away
from massive-star groups

How massive-star ejecta are spread out…

Roland Diehl

Krause & Diehl, ApJ (2014)

Illustration by M. Pleintinger (2020)
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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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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

HI

CO

X-rays

gamma-rays

44

Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003

3D MHD sim, 0.1..0.005 pc resolution
Krause+ 2013ff



Roland DiehlIJCLab Seminar, Orsay (F), 14 Nov 2022

Stars, structures, & shells
ISM is driven by stars and supernovae 
à Use stellar census for estimation of driving energy & nucleosynthesis (26Al)

»

45

Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003

Population Synthesis
Voss+ 2010

Chen+2020

Gaia parallax analyses
à 22 stellar groups 
-150pc<MCs<50pc

to be renewed...
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¶neutron-releasing reactions only in He and C burning
¶ 60Fe production only in late evolution à released only with ccSN

How massive stars stars evolve towards the ccSN

log(time)[y]
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s)

46

60Fe production

Voss R., et al., 2009

Ejecta (60Fe)

ionizing
light

à time (My)

Kippenhahn diagramn of stellar evolution evolution of a group of stars (popSyn)
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Diffuse gamma-ray emission from 60Fe in the Galaxy

49

26Al and 60Fe analysis with same INTEGRAL dataset (15+ years) and models

60Fe emission too faint for imaging etc

Variability study on 60Fe/26Al ratio
(systematics!)

è 60Fe/26Al < 0.4 in Galaxy
cmp  theory:                     0.2...1, 

and oceancrusts:   >0.2

Wang+ 2020
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Ejecta in star-forming regions

• The composition will vary locally, near newly-ejected ashes

Fmajor dependencies on assumptions about GMC morphology (à 'feedback'?!!)

• Newly ejected ashes could be incorporated into 2nd gen stars
• The Galaxy at large has 60Fe/26Al ~ 0.5, 

the ESS had ~0.002 – can we get more & different viewpoints?

50

For Review Only

The Radioactive Universe 39

Figure 40. Same as Figure 39 based on stellar yield models by
Limongi & Chie� (2018) for non-rotating stellar models (green)
and models including stellar rotation 0 Æ vrot Æ 300 km s≠1 (blue).
(From Pleintinger, 2020)

throughout a star, and therefore also a�ects the nucle-
osynthesis feedback in massive star groups. Its temporal
scope is generally shifted to an earlier onset of wind
phases from rotating stars. Additionally, stellar evolu-
tion is overall prolonged which delays and extends later
evolutionary phases and the respective nucleosynthesis
feedback implications. Di�erent modeling approaches
for rotating massive stars show a consistent enhance-
ment of light elements from C to Al (Choplin & Hirschi,
2020) and increased s-process contributions (Prantzos
et al., 2019; Banerjee et al., 2019). However, in the mass
range of AGB stars, which is particularly relevant for
26Al , this e�ect of rotation appears to be negligible
(den Hartogh et al., 2019). Since the outer H and He
layers of massive stars are mostly convective, irrespec-
tive of rotation, the overall 26Al yield of a stellar group
is not strongly a�ected by this parameter compared to
initial mixing, for example (Bouret et al., 2021). How-
ever, the implications of stellar rotation for 60Fe in the
deeper layers are more striking. Due to an increase of
neutron sources as result of an enlarged C-burning shell,
60Fe ejection in stellar groups can be enhanced by a fac-
tor of 10 because of the contribution from fast-spinning
stars. This emphasizes the 60Fe/26Al ratio as important
tracer of the connection between stellar rotation and
nucleosynthesis feedback. To illustrate the relevance of
this ongoing research, a population synthesis example
including the e�ects of stellar rotation is shown in Figure
40. The model refers to a 104 M§ massive-star group
and is based on evolutionary tracks by Limongi & Chi-
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Figure 41. Simulations of 60Fe/26Al within a giant molecular
cloud (Ku�meier et al., 2016). Shown is a histogram of ratio values
inferred for stars forming at di�erent times and locations in a giant
molecular cloud. (From Ku�meier et al., 2016, by permission).

e� (2018). Particularly within the large uncertainties
in the 60Fe reaction networks, these are generally con-
sistent with other recent models (e.g. Prantzos et al.,
2019; Banerjee et al., 2019; Choplin & Hirschi, 2020)
Rotational velocities 0 Æ vrot Æ 300 km s≠1 are included
following the observed distributions from O- and B-type
stars (Glebocki & Gnacinski, 2005), and assigned accord-
ing to the respective individual spectral classifications
in the stellar-evolution library that underlies the pop-
ulation synthesis. The e�ects from stellar rotation are
clearly visible in the time evolution of the 60Fe/26Al ratio
within the group: While the dominance of the ratio by
26Al lasts for ≥ 18 Myr with only non-rotating stars, this
phase is shortened to only ≥ 10 Myr if rotation is taken
into account. We note, however, that stellar rotation and
its impacts can be implemented in models in di�erent
ways, none of which can be shown to be realistic.

When zooming into more specific regions of the
Galaxy, and considering more or less incomplete mix-
ing, the 60Fe/26Al is predicted to be more variable than
its steady-state value. As already pointed out in Sec-
tion 2.3.2, models for the varieties and evolution of the
60Fe/26Al ratio have been calculated within the gen-
eral galactic interstellar medium (Fujimoto et al., 2018,
2020b) and in giant molecular clouds (Vasileiadis et al.,
2013; Ku�meier et al., 2016). The main result is that a
range of 60Fe/26Al ratios may occur, and the concept of
a galactic average may be misleading. This is relevant to
specific locations in the Galaxy, such as, for example, the
time and place of the formation of the Sun, as discussed
at the end of the next Section 4.3.

4.3 Interpreting observational constraints

4.3.1 The star-forming interstellar medium

60Fe from the interstellar medium had been clearly iden-
tified in terrestrial archives (see Section 3.4). In contrast,
measurements of 26Al in the same deep-sea sediments
did not reveal any significant interstellar medium influx,
owing to a dominant cosmogenic terrestrial production
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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
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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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60Fe on Earth from recent nearby supernovae?
The Sun is located inside a hot cavity (Local Bubble & Loop-1)
SN explosions within LB à ejecta flows reach the Solar System

gas density

sun

nearby
stars

Schulreich+ 2017
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see also Zucker+ 2022 for a recent update on the Sco-Cen SN activity
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26Al Radioactivity: 
Special Messengers

• Radioactivity provides a 
clock

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

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

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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Nucleosynthesis & Gamma-Ray Spectroscopy - Summary

¶ Supernova explosions are not entirely 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 are fundamentally 3D/asymmetric

¶ 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 (SBs older than for 26Al)

¶ 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) 

is a dream 2040+; INTEGRAL ends 2029; COSI is a step (2027)...
56

Thank you!
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a new brochure on nuclear astrophysics (by ChETEC/COST)
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in case you'd like

a PDF of th
is b

rochure:

email ro
d@mpe.mpg.de


