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Kobayashi’s style plot
(Kobayashi+2020)

2 Open-source GCE codes
http://nugrid.github.io/NuPyCEE

https://github.com/becot85/JINAPyCEE



  

33

MP+2016, ApJS

Low-mass AGB stars… or
13C(α,n)16O & 22Ne(α,n)25Mg

massive stars… or
22Ne(α,n)25Mg

Stellar yields:



  

M=15Msun, Z=0.02 M=15Msun, Z=0.0001

Models by
Ritter+ 2018 MNRAS
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M=15Msun, Z=0.02 M=15Msun, Z=0.0001

Models by
Ritter+ 2018 MNRAS
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Ritter+ 2018          MESA+Fryer
Pignatari+ 2016    GENEC+Fryer
Lawson+ 2022      KEPLER+Fryer
Sieverding+ 2018 KEPLER+piston
Limongi+ 2018     FRANEC+Hyperion*
Rauscher+ 2002  KEPLER+piston

25Msun models, Z = solar
SIMPLE (Pignatari+2025, in prep)



  

Conditions for the s-process

Thielemann & Arnett 1985 ApJ
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Nuclear uncertainties have large impact 
on the s-process products of massive stars

Ne22+αRauscher et al. 2002  ApJ

Talwar+ 2016 PRC

See also: Busso & Gallino 1985 A&A,
Kaeppeler+ 1994 ApJ, Ota+ 2021 PRC,
Adsley+ 2021 PRC, Wiescher+ 2023 EPJA, ...



EPJA volume
in honour of 
Franz Käppeler 
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Massimi+2012 n_TOF:
24Mg+n, 25Mg+n, 26Mg+n

Sensitivity study: 86 neutron-capture rates
in the mass regions C-Si & Fe - Zr



Reifarth+2012 Act. (NETZ calculations)
Zn64+n, Zn68+n, Zn70+n
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n_TOF: status experiment
Lerendegui-Marco+ 2023
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Vescovi+2023 EPJWC
ASTRAL library
(https://exp-astro.de/astral/)
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… all data available in Zenodo: 
https://zenodo.org/records/10124711
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               Barium stars and S stars          
    (binary/extrinsic or intrinsic/Tc-rich)
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Observation of s-process signatures in AGB 

stars and in massive stars

[Fe/H] 0

Anomalous
metal-poor 

stars?

Presolar 
grains

Solar system

Presolar 
grains

Post-AGB stars & Planetary Nebulae

CEMP-s & 
CEMP-sr stars (binary)

Solar system

P-rich stars?



  

Pignatari+ 2010 ApJ
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Undirect evidence: GCE
& solar abundances



  

Presolar grains: first observational evidence of the s-process at 
play in massive stars

SiC-AB1 grains from massive stars show Mo 
and Ba with s-process signature of the preSN 
He shell. NO I-PROCESS and NO N-PROCESS! 
Liu, N. et al. 2019 ApJ 2018 

SiC-X grains (Pellin+ 2006)
Maybe also the SiC-X grain 153-8?
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At low metallicity … 
s-process in fast-rotating 
massive stars or something else?

Cescutti+ 2013 A&A
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See also e.g., Cescutti+ 2014 A&A,
Rizzuti+ 2019 MNRAS, Prantzos+ 2020 MNRAS, 
Molero+ 2023, MNRAS ...

See the talks of Rizzuti and 
Molero this morning



  

The Honda star (HD 122563): weak-r or s-process?

Montes+ 2007 ApJ 

The i-process before
rediscovering the i-process...

The Honda star could be s
or r, we could not tell (!)

An s-process with some 
production up to Ba-Sm...

The s-process in 
fast-rotating massive stars 
before its time…. 
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Ne22(α,n) multiplied and 
divided by 2}

Pignatari+ 2008 ApJL
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Other examples:
17O+α rates
e.g., Frost-Schenk+ 2022 
MNRAS



  

22Ne+α & stellar uncertainties: 
impact on the s-process in fast-rotating massive stars

Pignatari+2013 ApJ
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Enhanced s process due to rotation 
in massive stars at low metallicity

Choplin+ 2018 A&A Limongi & Chieffi 2018 ApJ

See also Pignatari+ 2008 ApJL, Frischknecht+ 2016 
MNRAS, Roberti+ 2024 ApJS
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P-rich stars: s-process (and i-process) signatures
23

78 P-rich stars found

 Brauner+ 2023 A&A: 78 P-rich stars 
(0.24 % of all APOGEE-2 DR17 giants)

Brauner+ 2024 A&A

Most likely
condition:
s+i-process



13C(α,n)16O and s-process in massive stars?

Neutron source activated in the convective C core, 
but not in the C shell (Chieffi+ 1998 ApJ).

For high C12+C12 rates, the 
convective C core may overlap with 
the C shell boosting the s-process.

Pignatari+ 2013 ApJ
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13C(α,n)16O and s-process in massive stars?
At the beginning of central He burning,
for Z ≤ Zsun/1000 (Baraffe+ 1992 A&A) 
and in WR progenitor stars 
(Prantzos+1987 ApJ, Brinkman+2021 ApJ). 

Baraffe+ 1992 A&A

Convective He shell in low-Z rotating 
massive stars (Limongi & Chieffi 2018 ApJS) 

19F
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13C(α,n)16O and s-process in massive stars?

Convective He core in low Z fast-rotating 
massive stars (quasi-chemical homogeneus,
v = 0.3/0.7 vcrit), Banerjee+ 2019 ApJ.
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The s-process production in 
rotating massive stars at low Z: 
really uncertain!



Summary and Conclusions
27

● Introduction to the s-process in massive stars: main properties
● Impact of nuclear uncertainties on the s-process in massive stars: examples 

with neutron capture rates and the 22Ne+αrates (but there are more!). 
● Observations: Solar System (as GCE product), presolar grains, metal-poor 

stars and P-rich stars; 
● The 13C(α,n)16O in massive stars: are there “s-process”-like conditions 

where it could become relevant? Maybe in rare events at different 
metallicities. It is most likely active at the end of central H 
burning/beginning of central He burning in popIII massive stars. First 
nuclear neutron source active?  
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