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The composition of cosmic matter evolves over time

... a coarse picture of cosmic 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



Roland Diehl"Windows to the Universe", 30th Recontres du Vietnam, Quy Nhon,  6-12 Aug  2023

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

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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Environments for nucleosynthesis ejecta

¶Massive stars and ccSNe
Ftypical tevolution ~ 1-100 My
Fmolecular-cloud and 

superbubble environment

¶Supernovae type Ia
Ftypical tevolution ~ 0.x-1 Gy
Foutside star forming regions

¶Compact-binary mergers
Ftypical tevolution ~ 1-x Gy
Faway from galactic disk

5

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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Modeling stellar feedback (1)
• The ISM plasma is highly complex

¶ large reservoir of internal energy 
(ionization states, coupling to mag field & CRs)

¶ shocks imply non-equilibrium physics,
 i.e. detailed solution of MHD equations

¶ microscopic physics is coupled to large dimensions 
through plasma waves, mag fields, CRs

¶ stellar actions (radiation, wind, explosions, rate, location) from other models

• Modeling alternatives:
¶ Implement physical processes in 3D MHD Eulerian grid codes (exact)

¶ Employ SPH modelling: spatial modeling replaced by mass modelling (efficient)

¶ Hybrid models: (~exact; ~efficient)
SPH plus particles randomly placed and with detailed physics

• Limitations:
¶ 3D MHD is computationally expensive à resolution limited
¶ SPH cannot properly treat shocks and tenous hot phase
¶ Hybrid models often use subgrid physics models

6 Breitschwerdt & deAvillez 2021
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Modeling stellar feedback (2)
• Example of a hybrid code: AREPO

Key processes of photoionization and kinetic energy injections

7

Simulating the ISM and stellar feedback 4237

Figure 2. Schematic picture illustrating the injection of feedback energy and momentum in different channels and mass and metal return from stellar particles
to the ISM due to stellar evolution. The background of the figure shows an illustrative Voronoi tessellation that partitions the gas distribution. These cells are
affected by feedback processes and mass and metal return from stars if they fall within a predefined coupling radius, dependent on the average thermodynamic
state of the gas, centred on any given stellar particle. For each process the figure indicates the key features and main equations used in the implementation. See
the main text for a more complete description of the implementation of each process.

redshift and gas density as

fssh = (1 − f )

[
1 +

(
nH

n0

)β
]α1

+ f

[
1 +

(
nH

n0

)]α2

, (2)

where nH is the hydrogen number density (in cm−3) of each
cell and the parameters (n0, α1, α2, β, f) encode the redshift
dependence (see Rahmati et al. 2013, their table A1). The self-
shielding factor is also used to suppress the ionization and heating
rates entering the primordial network and the normalization of the
UV spectrum entering the determination of the contribution to the
cooling of metal lines. Above z = 6 no self-shielding correction
is considered. More details about self-shielding can be found in
Vogelsberger et al. (2013). Since the test simulations presented in
Section 3 follow the evolution of an isolated, MW-type galaxy (i.e.
they are not cosmological), equation (2) adopts the redshift zero
parameterization.

We also take into account cosmic ray and photoelectric heating.
Both processes are thought to be important for the thermal balance
and stability of the cold (T ∼ 50 K) and warm (T ∼ 8000 K) phases
of the ISM (see e.g. Field, Goldsmith & Habing 1969; Wolfire et al.
1995). Cosmic ray heating is implemented using the form (see
Guo & Oh 2008)

#CR = −10−16(0.98 + 1.65)ñeeCRn−1
H (erg s−1cm3), (3)

where ñe is the electron number density in units of the hydrogen
atom number density nH (in cm−3) and eCR is the cosmic ray energy
density that is parametrized by

eCR =






9 × 10−12 erg cm−3 for nH > 0.01 cm−3

9 × 10−12
( nH

0.01 cm−3

)
erg cm−3 for nH ≤ 0.01 cm−3,

(4)

in such a way that it becomes progressively less important for low-
density gas (see also Hopkins et al. 2018c). In equation (3) the
first term represents the heating through hadronic losses while the
second term is related to Coulomb interactions between cosmic rays
and the gas. By putting together the last two equations the heating
rate in dense gas is #CR % −2.37 × 10−27n−1

H erg s−1 cm3, a typical
value used in ISM studies (see Tielens 2010, equation 3.31).

For the photoelectric heating – i.e. the emission of electrons from
dust grains, in particular polycyclic aromatic hydrocarbons (PAHs),
caused by the photoelectric effect due to the interstellar radiation
field – we employ the rate from Wolfire et al. (2003, equation 19)

#phot = −1.3 × 10−24 ẽpe
ν n−1

H

(
Z

Z&

)
(5)

×
(

0.049
1 + (xpe/1925)0.73

+ 0.037 (T /104 K)0.7

1 + (xpe/5000)

)

× erg s−1 cm3,

xpe ≡ ẽpe
ν T 0.5

%PAH ñe nH
, (6)

where ẽpe
ν is the photon energy density, normalized to the MW

units, ẽpe
ν ≡ epe

ν /(3.9 × 10−14 erg cm−3), which we set to one in our
calculations, and %PAH is a factor that incorporates the uncertainties
in the interaction rates between atoms and dust grains in the
molecular regime. Observations of carbon density ratios in diffuse
clouds suggest that %PAH = 0.5 (Jenkins & Tripp 2001). Therefore,
we fix this parameter to that value, which is also the fiducial value
adopted in Wolfire et al. (2003). The factor (Z/Z&) links the dust

MNRAS 489, 4233–4260 (2019)
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Inhomogeneities of chemical enrichments?

• Open-cluster abundances show deviations for youngest clusters

8

A&A 663, A148 (2022)

Fig. 10. Abundance ratios [X/Fe] versus [Fe/H] for the studied clusters, colour-coded as a function of their ages. Light and dark grey points are the
OCs sampled by Spina et al. (2021) and Casamiquela et al. (2021), respectively. In the case of Ce, light grey triangles are the values obtained by
Sales-Silva et al. (2022).

young, 110 Ma, Trumpler 2 system, we have analysed two stars
and both have similar Si-enhanced abundances. The most proba-
ble explanation for this is the existing bias in Fe abundances as a
function of Te↵ and log g, and thus with age, particularly affect-
ing the youngest stars in our sample (Sect. 4.3). Since this bias
tends to underestimate the Fe abundance of cooler stars, but not
the Si abundance, we have probably obtained an underestimation
of the [Fe/H] abundances and a net enhancement in [Si/Fe]. An
enhancement in Si has been reported in another young (300 Ma,
older than the three previously mentioned clusters) yet more
metal-rich ([Fe/H] = 0.1 dex) cluster, NGC 6705 (Magrini et al.
2014; Casamiquela et al. 2018), but not by other works based on
APOGEE data (e.g. Donor 2020; Spina et al. 2021). However,
in this case, the Si enhancement is accompanied by an enhance-
ment in Mg and O. The fact that no other [↵/Fe] enhancement is
obtained in these three clusters makes us think that they are most
probably not ↵-enhanced objects.

Regardless, the existence of field stars with [Fe/H] in the
range of the OCs and enhancements in ↵-element abundances
have also been reported in the literature (e.g. Adibekyan et al.
2011; Martig et al. 2015; Chiappini et al. 2015). Three scenarios
have been proposed for the origin of the young [↵/Fe]-enhanced
stars. The first assumes that the younger ages, which are deter-
mined from their masses, are wrong and that they are in fact
older since their masses are higher than expected due to mass
transfer from a binary companion, for instance, or they resulted
from the merger of two stars (e.g. Martig et al. 2015; Izzard
et al. 2018). This is not the case of OCs where ages are more
accurately determined from their colour-magnitude diagrams.
However, stars with a higher mass than expected have been found
in at least two OCs where masses could be determined from

asteroseismology. Those high masses were explained as results
of a merger or mass transfer in binary systems; for more infor-
mation, readers can refer to Handberg et al. (2017) for NGC 6819
and Brogaard et al. (2021) for NGC 6791. The second scenario
suggests that these objects are genuinely young, that they formed
near the region of co-rotation of the Galactic bar, and that they
have migrated to the solar neighbourhood (Chiappini et al. 2015).
However, the orbits determined in previous sections suggest that
the clusters were probably born roughly in the inner radius,
but far enough away from the bar. An alternative is local self-
enrichment due to the explosion of a supernova type II in a
giant molecular cloud, as proposed by Magrini et al. (2015).
According to these authors, a single explosion of a massive
star with a mass in the range between 18 and 25 M� should
be able to explain the Si abundances observed in these clus-
ters. Moreover, the yields reported by Woosley & Weaver (1995)
supported the higher enrichment in Si with respect to the other
↵-elements.

In the case of Ca, the abundances obtained here are slightly
lower than those obtained by Spina et al. (2021), suggesting the
existence of a zero-point between both samples. It is expected
that [Ca/Fe]⇠ 0.0 dex at solar metallicity (e.g. Magrini et al.
2014; Carrera et al. 2019). Therefore, the values reported by
Spina et al. (2021) seem slightly overestimated.

A similar behaviour is observed in the case of V. For this
element, it is interesting that the two metal-poor clusters in
our sample have slightly lower abundances, although with large
uncertainties. For the other refractory element, Sc, there is good
agreement with the values reported by Casamiquela et al. (2021).
Unfortunately, Spina et al. (2021) do not provide Sc abundances
to compare with the values obtained here.

A148, page 10 of 17

Carrera+2022

bias in Fe enrichments?

(work in progress; Gaia-ESO; APOGEE; ...)
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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

9

HEAO-C
1978

τ~1 My
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Astronomy across the cosmic messengers
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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

11
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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

12
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Diffuse gamma-ray emission from 60Fe in the Galaxy

13

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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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;201814

SPI/INTEGRAL
2023
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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)



Roland Diehl"Windows to the Universe", 30th Recontres du Vietnam, Quy Nhon,  6-12 Aug  2023

Diffuse radioactivity throughout the Galaxy

16

Pleintinger PhD thesis 2020
(see also Siegert+ 2023)

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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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

17

Population synthesis: impact of different inputs on groups

Time [My]

with basic yields 
from 
Limongi & Chieffi 2006

Pleintinger 2020
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18

Population synthesis: impact of different inputs
Pleintinger 2020

with basic yields 
from 
Limongi & Chieffi 2006

from Brinkman + 2019

variation of explodability

                           adding binaries

Fcontributions from early (i.e. most-massive-star) SNe reduced

binarity-enhanced
yields

A&A 601, A29 (2017)

Fig. 3. Delay-time distribution of core-collapse supernovae for a population consisting of 70% binary systems (green histogram) compared to
the distribution for a population of only single stars (black dashed line). It shows the number of events per logarithmic time bin for a starburst
of 106

M� for our standard models. The top axis shows the initial mass of single stars with the corresponding lifetime given in the bottom axis,
computed with binary_c. The most striking di↵erence is the fraction of “late” core-collapse supernovae ( flate = 15.5+8.8

�8.3%), after the last massive
single star explodes at ⌧max,cc ⇡ 48 Myr. The errors in the fraction above result from variations of our standard assumptions.

Fig. 4. Progenitor properties of “late” core-collapse supernovae for our standard simulation with binary stars. The normalized histograms show
the distribution of the initial total mass Mtot, the initial mass of the primary, M1, and secondary, M2, the initial mass ratio, q ⌘ M2/M1, and the
initial orbital period P of binary systems that produce at least one core collapse after the last single star has exploded at around 48 Myr.

star to undergo core collapse. Approximately three out of four
late events result from systems in which both stars have initial
masses below Mmin,cc. Both stars in these systems were destined
to end their lives as white dwarfs, if it were not for the interaction
with their companion. This can be seen in Fig. 4, where we show
the normalized distributions of the initial properties of the pro-
genitor systems. We provide the initial total mass, Mtot, the ini-
tial mass of the primary and secondary, M1 and M2 respectively,
the initial mass ratio, q ⌘ M2/M1, and the initial orbital period
log10 P.

The distribution of initial total mass for the progenitor sys-
tems peaks at 9 M� (leftmost panel of Fig. 4). It extends up to
around 15 M�, that is, approximately 2 Mmin,cc, rapidly declining
for higher masses. The distribution drops o↵ steeply for masses
lower than the peak with a minimum approaching Mmin,cc.

The typical mass of the primary star is in the range 5–8 M�
(second panel of Fig. 4). Stars in this mass range take around 50–
200 Myr to evolve o↵ the main sequence and start interacting.
Hence, it is mainly the relatively slow evolution of the primary
that causes the eventual explosions in these systems to be late.

A29, page 8 of 22

SN yields

fro
m binarie

s

NOT inclu
ded yet

Zapartas+2017
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Diffuse radioactivity throughout the Galaxy

19

Pleintinger 2020
Siegert+ 2023

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

COMPTEL (&SPI)

cmp. Gaia/2MASS: ~3.3 M⊙ y-1 (Zari+2022)

Galactic Population Synthesis Modelling versus observations

FPSYCO modeling: (30000 sample optimisation)

à best: 4-arm spiral 700 pc, LC06 yields,
SN explosions up to 25 M⊙

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

Fflux from model-predicted 26Al:
à (0.5..13) 10-4 ph cm-2 s-1 à too low 

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

20
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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')



Roland Diehl"Windows to the Universe", 30th Recontres du Vietnam, Quy Nhon,  6-12 Aug  2023

• 26Al shows apparently higher galactocentric rotation (?)
• ..blown into cavities that are asymmetric wrt sources 

How massive-star ejecta are spreading…

Roland Diehl

Krause & Diehl, ApJ (2014)

simple
geometry
model

SPI/INTEGRAL
data

CO data
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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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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

24

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 in typical SF regions
Wehmeyer & Kobayashi 2021
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Stellar Feedback – insights from theory & simulations

• Stellar feedback is main driver of ISM and the baryon cycle
• Superbubbles are major elements / observable consequences

• Typical superbubble sizes extend to kpc
• Next-generation star formation occurs on the SB scale (~300 pc) 

28

Nath+2020; see also Kruissen+



Roland Diehl"Windows to the Universe", 30th Recontres du Vietnam, Quy Nhon,  6-12 Aug  2023

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

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

Understanding the Eridanus Superbubble
• X-ray Emission, size, 26Al

¶ Temporal X-ray brightenings
after SN energy injections

¶ spatial oscillations

ROSAT
0.5-2 keV

ROSAT
0.1-0.4 keV

Krause, RD, et al. 2015
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Stars, structures, & shells
ISM is driven by stars and supernovae 
à Use stellar census for estimation of driving energy & nucleosynthesis (26Al)

»

31

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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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

35

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

RESEARCH
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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 (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

36

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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Recent nearby supernovae and the Local Bubble
The Sun is (now) located inside a hot cavity (the "Local Bubble")
SN explosions created the Local Bubble
The Sun entered the LB ~10 My ago

ISM dynamics and trajectory of the Sun lead to encounters with SB wall
and quenching of the heliosphere from cloud encounters

à nucleosynthesis ejecta flows can reach the Solar System
37

Zucker, Alves, Goodman, Meingast, Galli The Solar Neighborhood in the Age of Gaia

Taurus

Cepheus

Orion A

Perseus

Chamaeleon/
Musca

Lupus

Ophiuchus/Pipe
Corona 

Australis

Orion B

Orion !

Taurus Perseus

Orion A

Fig. 3.— A top-down view of the solar neighborhood within 400 pc of the Sun. Background grayscale shows the integrated dust
distribution from Leike et al. (2020). Blue “skeletons” show the dense spines of nearby molecular clouds, labeled by name (Zucker et al.
2021). In the zoom-ins, we show detailed views of the cloud topology for the Taurus, Perseus, and Orion A molecular clouds, with
stellar catalogs obtained from both Gaia and VLBI overlaid on the 3D dust distribution, as stated in the legends. 3D interactive versions
of the zoom-in panels are available here for Taurus, here for Perseus, and here for Orion A.

forming regions, and compact radio emission caused by the
gyration of electrons near magnetically active, lower-mass
young stars.

The BeSSeL survey has determined accurate distances
to around 200 high-mass star-forming regions to date, in-
cluding about thirty in the nearest 2 kpc, with typical un-
certainties < 10%. The nearest major star-forming region
with a BeSSeL measurement is associated with the Orion
Nebula Cluster. Similarly, the first release of the VERA as-
trometry catalog has constrained the distances to 99 masers
with similar uncertainties, approximately half of which lie

within 2 kpc. To complement both BeSSeL and VERA,
the GOBELINS survey has targeted low-mass star-forming
regions throughout the Taurus (Galli et al. 2018), Orion
(Kounkel et al. 2017), Perseus (Ortiz-León et al. 2018), Ser-
pens (Ortiz-León et al. 2017b), and Ophiuchus molecular
clouds (Ortiz-León et al. 2017a), with distance uncertain-
ties to individual clumps on the order of ⇡ 1� 2 pc. GOB-
ELINS and BeSSeL data for the Taurus, Perseus, and Orion
regions (Galli et al. 2018; Kounkel et al. 2018; Ortiz-León
et al. 2018; Reid et al. 2019) are shown alongside the Gaia-
visible YSOs in the Figure 3 zoom-in panels and overlaid

12

integrated dust emission (Leike+2020)

336 | Nature | Vol 601 | 20 January 2022

Article

adopted initial mass function, previous studies agree that UCL and 
LCC have produced 14–20 supernovae over their lifetimes6,7,21. However, 
previous work6,7 also claims that UCL and LCC formed outside the 
present-day boundary of the Local Bubble, only entering its interior 
in the past few megayears, inconsistent with an argument that they are 
the progenitor population. By adopting new Gaia EDR3 estimates of 
the clusters’ 3D velocities, better orbit integration and a more accurate 
value for the Sun’s peculiar motion, we find that UCL and LCC indeed 
coincide with the centre of the bubble at its birth, lying just interior to 
its inner surface in the present day, thereby resolving this discrepancy. 
We explain the inconsistency between the stellar tracebacks for UCL 
and LCC proposed in this work and those from previous work in more 
detail in the Methods6,7.

Under the assumption that each star-forming molecular cloud 
formed because of the shell’s expansion—powered by UCL and LCC 
near its centre—we fit for the temporal and radial evolution of the 
Local Bubble by building on recent analytic frameworks22. As described 
in the Methods, our idealized, spherical shell expansion model fits for 
the age of the Local Bubble, the duration between supernova explo-
sions powering its expansion, and the ambient density of the interstel-
lar medium before the first explosion. We find that an age of 
14.4−0.8

+0.7 Myr, a time between supernova explosions of 1.1−0.4
+0.6 Myr and 

an ambient density of 2.7−1.0
+1.6 cm−3 provides the best-fit to the dynam-

ical tracebacks. This best-fit model for the Local Bubble’s expansion 
is also shown in Fig. 2 (static version) and Supplementary Fig. 2 (inter-
active version).

Taurus ‘Young’,
ρ Ophiuchus ‘Young’,
Chamaeleon and  
Lupus born

NOW

–16 Myr

–15 Myr

–14 Myr

–10 Myr

–6 Myr

–2 Myr

START

UCL born

LCC
born

SNe in
UCL/LCC

make bubble

Taurus ‘Old’ and
Corona Australis
born

Upper Scorpius and
ρ Ophiuchus ‘Old’

born

Fig. 2 | The evolution of the Local Bubble and sequential star formation at 
the surface of its expanding shell. Selected time snapshots (seen from a 
top-down projection) are shown here. For a full time-sequence, viewable from 
any angle (not just top-down), see the online 3D interactive version 
in Supplementary Fig. 2. The central figure shows the present day. Stellar 
cluster tracebacks are shown with the coloured paths. Before the cluster birth, 
the tracebacks are shown as unfilled circles meant to guide the eye, since our 
modelling is insensitive to the dynamics of the gas before its conversion into 

stars. After the cluster birth, the tracebacks are shown with filled circles and 
terminate in a large dot, which marks the cluster’s current position. For time 
snapshots ≤14 Myr ago, we overlay a model for the evolution of the Local Bubble 
(purple sphere), as derived in the Methods. The position of the local standard 
of rest (LSR) corresponds to the centre of each panel. A more detailed overview 
of this evolutionary sequence, including the birth positions of all clusters, is 
provided in Extended Data Table 2. The solar orbit is shown in yellow and 
indicates that the Sun entered the Local Bubble approximately 5 Myr ago.

bubble evolution
and star formation
at shell

Zucker, Alvez,+ 
2022,2023
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¶ Cycling of cosmic gas through sources and ISM is a challenge
FSource afterglows reach aut to ~years (SNe) or few 10,000 y (SNR)

F26Al with radioactive lifetime Myrs extends these traces

¶ 26Al gamma-ray spectroscopy shows new aspects
F26Al preferentially appears in superbubbles 

à massive-star ejecta are rarely due to single WR stars or SNe
Fseveral massive-star groups are consistent with this view
Fthe local cavities around the Sun reflect the Sco-Cen group

and its activities
F60Fe is a second radio-isotope, and even found on Earth

from nearby nucleosynthesis à get a detailed local view

¶ Varied messengers complement ISM studies of ejecta
FRadioactivity provides a unique and different view 

on cosmic isotopes (via gamma rays, stardust, CRs, sediments)

38

Tracing Nucleosynthesis Ejecta - Summary


