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Carbon plays a role  in the evolution of the vast majority of stars 

Both 12C and 13C are part of the big family of the CNO cycle

13C plays a pivotal role in the neutron capture nucleosynthesis

But today we will discuss the role 12C has in the physical 
and chemical evolution of the stars
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He burning
The nuclear processes important in He burning are just the: 

Q=7.27 MeV Q=7.16 MeV

Limongi & Chieffi (2018) ApJSS 237,13



He burning
The nuclear processes important in He burning are just two: 

Q=7.27 MeV Q=7.16 MeV

The central He burning lifetime scales directly with the efficiency of the 12C(α,γ) 16O

The mass of the He core at the end of the central He burning 
scales directly with the efficiency of the 12C(α,γ) 16O

The current mass of the star at the end of the central He burning 
scales inversely with the efficiency of the 12C(α,γ) 16O

The amount of 12C left by the central He burning scales inversely with the MACS of the 12C(α,γ)16O

An increase of the MACS of the 12C(α,γ)16O changes (moderately) the surface properties of the stars in central He burning 
together to the time spent by them at each luminosity and effective temperature:

Such an increase probably shows up more clearly in stars of low and intermediate mass  

Shape of the HB morphology and the range of masses that enter the Cepheids instability strip (see, Imbriani+ ApJ 2001,558) 



Arellano Ferro+  Astrophys.Space Sci 2016 361,175

Brunish & Becker 1990 ApJ 351, 258

Bono+  2000 ApJ 543, 955
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The 12C(α,γ)16O shows its importance when in combo with the fusion of 12C12C 

A star whose inner core does NOT enter the electron 
degeneracy region, contracts and heats regardless of any 
nuclear reaction: if anything, the activation of the 
nuclear reactions actually slows down the contraction 
and heating of the inner core 

A star whose inner core ENTERS the electron degeneracy 
region, requires active nuclear reactions to raise the 
temperature: it is the advance of the burning shell(s) 
that allows the electron degenerate core to heat and 
eventually ignite a given burning

Hence: which stars form and which do not, an electron degenerate core?

Golden rule

RATEij ∝ Xi Xj <MACS>ij

The inner core of a star heats because of the gravitational compression 
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1) CO core massive enough

2) He shell has room to quickly advance in mass

Neutrino losses
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Qualitative threshold masses 
(Schwarzchild criterion adopted to fix the borders of the convective regions):

CF88HINDRANCE THM

12C12C fusion

8.5/9.0 M⊙

10.5/11.0 M⊙

8.0/8.5 M⊙

10.0/10.5 M⊙

7.0/7.5 M⊙

9.5/10.0 M⊙

MUP CO-WD / ONeMg WD

MCC    Minimum core collapse star



Masses of SN type II P 

Smartt+ (2009) 47,63



s-process ?, (+Li, N) - end up as ONe white dwarfs 

IMS

SAGB

lose a substantial amount of mass enriched in C, s (+Li, N)
end up as CO white dwarfs 

s-process?, (+Li, N) - end up as electron capture supernovae 

MS eject mass strongly chemically enriched
leave massive remnants: NS, BH) 

Distribution obtained by integrating between 2 and 
40 M⊙ over a Salpeter Initial Mass Function



C burning in massive stars
The devastating impact of the combo 12C(α,γ)16O + 12C12C on the evolution of these stars 

ATTENTION:
1) The final fate of a massive star depends on the shell C burning and NOT the core C burning
2) a fine grid of models REQUIRED to understand the role of C burning

Massive stars do not need at all nuclear reactions to contract and heat up to their final collapse
But

nuclear reactions (and in particular C burning) sculpt the final shape of the binding energy at the onset of the c.c.    
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Chieffi & Limongi (2020) – ApJ 890,43





C burning
The final Mass-Radius relation is extremely important because it determines the final binding energy of a star (its 

compactness) at the beginning of the core collapse and hence the possibility of getting a succesful explosion or not.

ξ𝑖𝑖 =
𝑀𝑀𝑖𝑖(𝑀𝑀⦿)

𝑅𝑅𝑖𝑖(103 𝑘𝑘𝑘𝑘)

Compactness parameter 𝝃𝝃
(O’ Connor & Ott 2011, ApJ 730,70)

Best value     i=2.5 M⦿

A simple way to determine how compact a star is at the onset of the core 
collapse has been proposed by O’ Connor & Ott in 2011 (ApJ 730,70)

Chieffi & Limongi (2020) – ApJ 890,43
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Explosion fixed by requiring that the final kinetic energy of the ejecta is 1.2 FOE

CF88

THM

Remnant mass 56Ni

1.47 M⊙

1.40 M⊙

0.16 M⊙

0.21 M⊙

15 M⊙



15 M⊙  
 Z = Z ⊙



15 M⊙  
 Z = Z ⊙



Messages:

To study the influence of a variation in the efficiency of the C burning on the evolution of a star it is 
MANDATORY to follow the evolution up to the core collapse and then follow the passage of the shock wave

To create a global picture is necessary to compute a full grid of models spanning an extended mass interval 

The idea that it exists a mass limit that separates stars that follow path A from those that follow path B must be 
ABANDONED: rotation, magnetic fields, initial c.c. all work in the direction of creating a range of transition mass

REMEMBER: beyond the cental He burning, a generation of stars born with different masses 
does not form any more a uniparametric family of stars whose leading parameter is the mass 
(He core mass / CO core mass) but becomes a BI-PARAMETRIC family of stars whose evolution 
is controlled by both the CO core mass and the amount of 12C left by the central He burning



THANK YOU
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