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Shell He burning (the E-AGB)

1) The efficiency of the He burning shell increases with the mass of the CO core because it is NOT self-regulated.
2) The growth of the CO core mass implies the increase of the temperature inside the core
3) The power of the He burning shell forces the H rich mantle to expand and cool down: the border of the 
convective envelope penetrates inward (in mass) 

4) Neutrino energy losses push the maximum teperature far from the center
5) Mass Loss becomes stronger and stronger (10-7 – 10-4 M⊙/yr)
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E-AGB lifetime ranges between 30 Myr (2 M⊙) and 0.6 Myr (9 M⊙)



Shell He burning (the E-AGB)

H

He CO

3 M⊙

Log10(Tmax)

6 M⊙
2nd dredge-up

H

He CO
Log10(Tmax)

M≿Mup M>Mup

MC=0.03 M⊙MC=0.1 M⊙

He

CO
CONe ONeMg

He

CO

Limongi+ 2024 ApJS 270,29 Limongi+ 2024 ApJS 270,29



Limongi+ 2024 ApJS 270,29

MΗMup’
H

He
CO Ne O

Shell He burning (the E-AGB)

Stars that ignite Ne in electron degenerate conditions lift the degeneracy and evolve as massive stars 
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Active H burning

Active He burning

He ignition (Thermal Pulse)

He – C rich zone

H rich zone

Lugaro&Chieffi, Astronomy with radioactivities, 2010, Chapter III
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Lugaro&Chieffi, Astronomy with radioactivities, 2010, Chapter III
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Distribution of C stars in our 
Galaxy (purple)

Abia+ 2022, AA 664,45Abia+ 2022, AA 664,45

C/O > 1 C/O ≈ 1
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An (𝛼𝛼,n) process must be present in order to activate the neutron 
capture nucleosynthesis
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22Ne(α,n)25Mg T > 300 MK M>5M⊙

Abia+ 2022, AA 664,45

22Ne is very abundant because it is the 
outcome of the initial CNO -> 14N -> 22Ne
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22Ne(α,n)25Mg T > 300 MK M>5M⊙

22Ne is very abundant because it is the 
outcome of the initial CNO -> 14N -> 22Ne



Abia+ 2022, AA 664,45

Neutron density = 1010 [#/cm3]

Lugaro&Chieffi, Astronomy with radioactivities, 2010, Chapter III

22Ne(α,n)25Mg T > 300 MK M>5M⊙

22Ne is very abundant because it is the 
outcome of the initial CNO -> 14N -> 22Ne
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Abia+ 2001 ApJ 559,1117



Abia+ 2022, AA 664,45

Lugaro&Chieffi, Astronomy with radioactivities, 2010, Chapter III

Neutron density = 1010 [#/cm3]

22Ne(α,n)25Mg T > 300 MK M>5M⊙

22Ne is very abundant because it is the 
outcome of the initial CNO -> 14N -> 22Ne

5M⊙



13C(α,n)16O T > 90 MK 1.5<M/M⊙<4

Abia+ 2022, AA 664,45

Lugaro&Chieffi, Astronomy with radioactivities, 2010, Chapter III

13C NOT abundant because it is just the 
equilibrium value of the CNO cycle  

Neutron density = 107 [#/cm3]
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proton tail XP≈5 10-4

T≈60:70 MK 

13C≈6.5 10-3 13C(𝛼𝛼,n)16O   - neutron capture nucleosynthesis

temperature increases

T≈90:100 MK 



proton tail

T≈90:100 MK 

XP≈5 10-4

T≈60:70 MK 

13C(𝛼𝛼,n)16O   - neutron capture nucleosynthesis

temperature increases

1) Primary neutron source
2) Radiative environment
3) Nn < 107 n cm-3

13C≈6.5 10-3



13C(α,n)16O T > 90 MK 1.5<M/M⊙<4

Abia+ 2022, AA 664,45

Lugaro&Chieffi, Astronomy with radioactivities, 2010, Chapter III

13C NOT abundant because it is just the 
equilibrium value of the CNO cycle  

Neutron density = 107 [#/cm3]
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2M⊙ Z=Z⊙



13C pocket as simulated by Cristallo et al. ApJ 696, 797 (2009), ApJ 833, 181 (2016)
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Active H burning

Active He burning

He ignition (Thermal Pulse)
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The evolution of the stars in the Thermally Pulsing phase is controlled by the competition between
the growth of the electron degenerate core and the erosion of the mantle due to the mass loss

Straniero+ 2006 Nucl.Phys.A 777,311



mass loss rate

MCO growth rate

2 Myr

10 Kyr



mass loss rate

MCO growth rate

2 Myr

10 Kyr

Chandrasekhar limit 



mass loss rate

MCO growth rate

Chandrasekhar limit 

Limongi+ 2024 ApJS 270,29

electron captures on 20Ne and 24Mg

2 Myr

10 Kyr



electron capture on 24Mg ->  6MeV 

electron capture on 20Ne ->  8MeV 

fully electron degenerate Fermi gas of M≈1.4 M⊙ has a 
Fermi energy EF ≈ 8 MeV

Hoeflich, Handbook of Supernovae (2016)
Springer International Publishing

Mass – central density relation for white dwarfs
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Solar abundancesls hs

Cristallo+ 2016, ApJ 
833,181



The neutron capture nuclear cross 
section scales with the color 
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