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Stellar evolution: from low-mass star to massive stars

Karakas & Lattanzio 2014, PASA
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See Limongi’s talk



  

Binary stars and else: another zoo

Nova Cygni 1992 (HST)

E ~ 1045 ergs
Mass ejected = 10-4 – 10-5 Msun
Nucl. contribution ~ C13, N15, O17

Jose & Hernanz 2007, 
Casanova et al. 2011

Neutron Star Mergers: 
protons/neutrons ≤ 0.1

Source of gold?
Gravitational waves… LIGO

Cowan et al. 2021 
Rev of Mod Phys

Galloway et al. 2008

X-ray bursts
E ~ 1039 ergs
Mass ejected = ?
Nucl. contribution ?
p nuclei 92,94Mo and 96,98Ru?

Schatz et al. 2001

Novae NS-NS mergers X-ray binaries
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… and many more… SNIa SD and DD scenario, R Crb stars, etc



Image: A. Dupree/CFA/R. Gilliland/STScI/NASA/ESA

Betelgeuse (α-Ori):
 ~ 19 Msun

 ~ 650 ly
 ~ 1180 Rsun

CWLeo
(IRC+10216)
~2-3 Msun

~ 400 lyr
~ 250 Rsun

Artist conception of the WD and the binary system

Grefenstette et al. 2014, Nature (NuSTAR data)

CCSN: Cas A
~ 11000 lyr
~ 300 years ago

SNIa: Tycho’s supernova (B Cas)
~ 9000 lyr
~ observed in 1572

Chandra X-ray telescope +
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…..

See Cescutti’s talk



  
Prantzos+ 2018 MNRAS
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Production during 
explosion

Mixed or 
controversial

Mostly hydrostatic/
not explosive 

production

Stellar Yields  
For GCE:



  

M=15Msun, Z=0.02
Ritter+2018 MNRAS
MESA progenitor
Fryer+12 explosion

envelopeHHeCSi-, O-..
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N=28

N=50

N=82

Main r-process(es)?

i,n-process(es)

s-process

p-process

np/rp-process

Known isotopes

Neutrons

Pr
ot

on
s

Weak r-process

Elements<
Fe

N=126

FRIB reach
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Schematics from H. Schatz @ MSU

Landscape if we consider heavy isotopes/elements.
See Cristallo’s talk,
the all session IV
and Spelta’s talk.
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Trueman+ 2025, A&A 696 

CCSNe vs SNIa contributions: context

Eitner+ 2020
A&A

Battistini & Besby 2015
A&A



  

SNIa, Ch mass SD
Keegans+ 2023 ApJS 268
Townsley 2D explosion
Z=0.014

M=15Msun, Z=0.02
Ritter+2018 MNRAS
MESA progenitor
Fryer+12 explosion
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What do we need to know to have robust predictions 
for the abundance production in CCSNe?

(3) CCSN engine
(e.g., Burrows et al. 2021, Nature)

(4) SN shock propagation 
(e.g.,Wongwathanarat et al. 2015 A&A)

(2) stellar progenitor structure
(e.g., Andrassy et al. 2020 MNRAS)
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(1) Updated nuclear reaction rates
(e.g., deBoer et al. 2017 RvMP)

See Limongi and 
Roberti talks

Many talks today
and tomorrow:
C12+C12, Ne22+α,
C12(α,γ), N14(p,γ)



  



  

What about the isotopes?
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Preliminary: No statistics yet!

13

Reifarth+ 2000 ApJ 528
The 34S(n,γ)35S rate made life

really hard for 36S.  Prantzos+ 2018 MNRAS



  

Short-lived-radioactive isotopes 
(T1/2 ~ 0.1-100 million years) observed 
in the Early Solar System 
(Lugaro+ 2018 PrPNP 102)

GCE contribution may be relevant for 
species with T1/2 ≥ 2 Myr

SLRs yields variation from CCSNe

Lawson+ 2022 
MNRAS 511

15Msun
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Brinkman+ 2021 ApJ 923

SLR Al26 yields from massive star winds
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I129

Pb205
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Hf182
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Tc97
Tc98

Expl.

PreSN

Note: Impact of
H-ingestion in the 
He shell or 
OC-shell merger 
are not included!



Impact of the 59Fe(n,γ)60Fe:
Yan+ MP, ML, 2021 ApJ 919

2 supernova models shown here. 
Total of 9 complete CCSN models made for the study
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Fe60 in CCSNe:
e.g., Timmes+ 1995, Limongi+2006,
Tur+ 2010, Jones+ 2019

EnvelopeHeC



Variation of the 60Fe produced, tested in 5 different 
models using 3 59Fe(n,γ)60Fe rates. 
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Impact of the new Fe59(n,γ)Fe60 on Fe60 yields: 
Yan+ 2021, ApJ 919

See Spyrou+ 2024 NatCo 15 for a new Fe59(n,γ)Fe60 rate



  

M=15Msun, Z=0.02
Ritter+2018 MNRAS
MESA progenitor
Fryer+12 explosion
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Neutron burst driven by the 22Ne(α,n) in 

explosive He-burning: 135Cs (r-process SLR?!)

The n-process in CCSNe:
- Blake & Schramm 1976 ApJ 
- Meyer+ 2000 ApJ  
- Pignatari+ 2018 GeCoA

Pre-SN
s-process in 
the C shell

Explosive
n-process in 
the He shell



  

Ti44 in CCSNe
CCSN remnant

Grefenstette+ 2014, Nature
(NuSTAR data)

Cas A
11000 ly

~ 300 years ago

Red shows Fe
Blue is Ti
Green is Si

Ti44 production in CCSNe - 
Some references:
Chieffi & Limongi 2017 ApJ
Wongwathanarat+ 2017 ApJ
Magkotsios+ 2010 ApJS
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M=15Msun, Z=0.02
Ritter+ 2018 MNRAS

21 + Impact from nuclear uncertainties: 
e.g., Magkotsios+ 2010 ApJS

+ Multi-D vs 1D CCSN effects:
e.g., Sieverding et al. 2023 ApJL 
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RI18: Ritter+ 2018; PI16: Pignatari+ 2016; LA22: Lawson+ 2022; SI18: Sieverdin+ 2018; 
LC18: Limongi&Chieffi 2018; RA02: Rauscher+ 2002.

SIMPLE tool (open source)
Pignatari+ 2025, in prep.



  

Ne-E(L) component in C-rich
graphites LD grains (Amari+ 1990):
A challenge for CCSNe models

Croat et al. 2010, AJ 139

H-ingestion in the 
progenitor+CCSN
Pignatari+ 2015 ApJL

Impact on the SN light-curve, possibility to 
detect in gamma-ray emissions (1274.53 keV), etc

ApJ submitted
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Roberti+ 2023 A&AL
γ-process vs CCSNe setup

Battino+ 2020 MNRAS
γ-process in SD SNIa
(s+i-process seeds built in the 
accretion stage)
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Activation of the γ-process in stars: CCSNe or SNIa?

See Cristallo’s talks



  

Conclusions
● Explosive nucleosynthesis does not make all elements and isotopes!
● CCSNe are the first sources of metals in the Galaxy. SNIa and other 

explosive sources are activated later, contributing to GCE
● Elements and isotopes: GCE of the isotopes is a powerful 

benchmark for models and nuclear physics
● The case of the SLRs in the Early Solar System (e.g., Fe60 and 

Cs135), of Ti44 and Na22.
● Beyond iron: the explosive γ-process.
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● 16 authors
● 5 PhD/young PDRA

● Target communities:
nuclear astrophysics &
planet formation/modeling 



  

Effect of stellar yields & the Mg puzzle
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● 6 stellar yield sets
● the solar [C/O] is obtained using 4 sets
● by using 2 other sets we get closer to the 
solar [Mg/Si], but none of them show enough Mg

Mg puzzle!

Old problem, identified first from 
using WW95 CCSNe yields
(e.g., Gibson+ 1997 MNRAS 290
and several works following)



  

Nuclear astrophysics point of view: 
it should not be that difficult.. 

● C: product of 3α→ 12C reaction 
(preSN partial He-burning)

● O: product of the 12C(α,γ)16O 
reaction (preSN He-burning)

● Mg: product of the 
20Ne(α,γ)24Mg reaction (preSN 
C/Ne-burning)

● Si: product of 16O+16O 
(explosive O-burning)
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envelopeHHeC

Si-, O-..

M=15Msun, Z=0.02
Ritter+2018 MNRAS 480
MESA progenitor
Fryer+12 explosion



  

S18: Suarez-Andres et al. 2018
R03,R06: Reddy et al. 2003, 2006

31 The zoo of solar normalizations
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