
Helium burning nuclear reactions 
and stellar evolution:

low-mass stars
Pier Giorgio Prada Moroni

Dipartimento di Fisica “E. Fermi” – Università di Pisa
INFN – Sezione di Pisa

in collaboration with:
Scilla Degl’Innocenti 

Matteo Dell’Omodarme
Giada Valle

Filippo Tognini



He-burning reactions

• Triple 𝛼𝛼: ignition T ≃ 1.2 x 108 K, energy ≃ 7,27 MeV

• 12C(𝛼𝛼,𝛾𝛾)16O: energy ≃ 7,16 MeV

• 4He converted into a 12C/16O mixture

4He + 4He → 8Be
8Be + 4He → 12C + 𝛾𝛾



Triple 𝛂𝛂

The uncertainty in the reaction rate at the He-burning
temperatures of low mass stars:

• NACRE (Angulo et al. 1999): 25%
• Fynbo et al. 2005: 12%

We adopted:
• Fynbo et al. 2005 for the reference models
• Perturbed models: ± 12%, ± 24%
• Additional models: + 34% (Kibedi et al. 2020)



12C(𝛂𝛂, 𝛄𝛄)16O
The uncertainty of the reaction rate at the He-burning
temperatures of low mass stars:

• NACRE (Angulo et al. 1999): 40%
• Kunz et al. 2002: 35%
• Hammer et al. 2005: 30%
• deBoer et al. 2017: 20%

We adopted:
• deBoer et al. 2017 for the reference models
• Perturbed models: ± 20% , ± 28%, ±35%



Stellar evolution in a nutshell:
low-mass stars 

M= 0.8 Mo Z=0.0001 Y=0.246            

Central H-burning

Shell H-burning

Shell He-burning

He-burning ignition



Stellar evolution in a nutshell 

McDonald



Globular clusters

Template CMD M3, M55, M68, NGC6397, NGC2419 (Harris 2003)

Shell H-burning

He-burning ignition
Shell He-burning

Central He-burning

Central H-burning

Shell H-burning

White dwarfs



He-burning ignition in low-mass stars:
He flash

Not to scale

Shell H-burning

He-burning ignition • Important distance 
indicator

• Affected by 3𝛼𝛼 but 
not by 12C(𝛼𝛼,𝛾𝛾)

An increase of the 3𝛼𝛼 rate 
leads to a decrease of the 
RGB tip luminosity



He-burning ignition in low-mass stars
Impact of 3𝛼𝛼 uncertainty on RGB tip 

M= 0.67 Mo, progenitor M= 0.8 Mo Z=0.0001 Y=0.246 
(Tognini et al 2023, submitted)            

The effect is rather modest

How does it compare to other uncertainty sources?



Stellar models depend on…

• input physics (EOS, radiative and conductive 
opacity, nuclear reaction cross sections, neutrino 
emission rates, etc.)

• Macroscopic processes (super-adiabatic 
convection, overshooting, diffusion, etc.)

• initial chemical composition (He abundance, 
metallicity, elements mixture)  



Cumulative theoretical uncertainty

In Valle et al. 2013, we estimated the cumulative
uncertainty affecting stellar models computing a very
large number of models:

• Sistematically and simultaneously varying the main
input physics within their current range of
uncertainty

• Covering all the possible combinations of
simultaneously perturbed input physics

(see also Chaboyer et al. 1998, Fields et al. 2016, Tognelli et al. 2011)



Cumulative theoretical uncertainty

Valle, Dell’Omodarme, Prada Moroni, Degl’Innocenti 2013, A&A 549, A50



Cumulative theoretical uncertainty
A recent update of Valle et al. 2013 

1%
8%

12%



He-burning ignition in low-mass stars
Cumulative uncertainty 
Quantity Range half width %

Log Ltip/Lo 0,026 dex ±1

Luminosity of the RGB tip:

1. Radiative opacity impact: ∓ 0,015 dex
2. Triple 𝛼𝛼 impact: ∓ 0,0046 dex          small contribution



He-burning ignition in low-mass stars
Cumulative uncertainty 

Saltas & Tognelli 2022



He-burning ignition in low-mass stars
Cumulative uncertainty 

Saltas & Tognelli 2022

(See also Serenelli et al. 2017, Straniero et al. 2020)

1σ3α= 20% 1σ𝘬𝘬= 5%



Zero Age Horizontal Branch (ZAHB)
initial stage of central He-burning of low-mass stars

• Important distance 
indicator

• Affected by 3𝛼𝛼 but 
not by 12C(𝛼𝛼,𝛾𝛾)

Paust et al. 2010

ZAHB



Zero Age Horizontal Branch (ZAHB)
initial stage of central He-burning of low-mass stars

Impact of 3𝛼𝛼 uncertainty 

Tognini et al 2023, submitted            

progenitor M= 0.8 Mo The effect is rather modest



ZAHB
Cumulative uncertainty 

Update of Valle et al 2013:

∆ log LZAHB/Lo = ±0.04  dex

1. Radiative opacity impact: 
∓ 0,022 dex

2. Triple 𝛼𝛼 impact: ∓ 0,0044 
dex          small 
contribution

ZAHB

Valle et al. 2013

The current uncertainty in the triple 𝛼𝛼 reaction rate is less 
relevant than that of the opacity for the ZAHB luminosity



Central He-burning phase

Not to scale

Shell H-burning

He-burning ignition • Affected by both 3𝛼𝛼 
and 12C(𝛼𝛼,𝛾𝛾)



Central He-burning phase
At the beginning:
•  triple 𝛼𝛼 dominates 

over the 12C(𝛼𝛼,𝛾𝛾)  
• 4He is primarily 

depleted by triple 𝛼𝛼 
and converted in 12C

In the late part:
• 12C(𝛼𝛼,𝛾𝛾) overcomes 

the triple 𝛼𝛼
• 12C abundance 

decreases  

4He

12C
16O

0.8 Mo



Central He-burning phase
Triple 𝛼𝛼 and 12C(𝛼𝛼,𝛾𝛾) release a similar amount of energy per 
reaction but the latter consumes one 𝛼𝛼 particle

An increase of the triple 𝛼𝛼 rate leads to a decrease of:
• central He-burning lifetime
• CO core mass at the central He exhaustion
• O abundance at the central He exhaustion

An increase of the 12C(𝛼𝛼,𝛾𝛾) rate leads to an increase of:
• central He-burning lifetime
• CO core mass at the central He exhaustion
• O abundance at the central He exhaustion

(see also Cassisi et al. 1998, 2001, 2003; Imbriani et al. 2001; Straniero et al. 2003; Weiss et al.
2005; Dotter & Paxton 2009; Valle et al. 2009, 2013; Fields et al. 2016; Pepper et al. 2022 )



Central He-burning lifetime
Impact of changing the rate of:

progenitor M= 0.8 Mo Z=0.0001 Y=0.246 
(Tognini et al 2023, submitted)            
 

triple 𝛼𝛼 

12C(𝛼𝛼,𝛾𝛾)



Central He-burning lifetime

The present uncertainties in the triple 𝛼𝛼 and 12C(𝛼𝛼,𝛾𝛾)  reaction 
rates have a negligible effect on both the central He-burning 
lifetime and the final CO core mass



Central 12C and  16O abundances
at the central He exhaustion

Impact of changing the rate of:

Tognini et al 2023, submitted            
 

triple 𝛼𝛼 

12C(𝛼𝛼,𝛾𝛾)



Central 12C and  16O abundances
at the central He exhaustion

• The uncertainty in the 12C(𝛼𝛼,𝛾𝛾) reaction rate has a larger 
impact than the uncertainty in the triple 𝛼𝛼 rate

• The effect is less relevant than in the past



Early Asymptotic Giant Branch

Shell He-burning
• Affected by both 3𝛼𝛼 

and 12C(𝛼𝛼,𝛾𝛾)



Early Asymptotic Giant Branch

He-shell burning
onset

Low mass star (M=0.8M☉)
AGB clump

Cassisi et al. 2001

(see also Caputo et al. 1978; Catelan 2007; Cassisi & Salaris 2013)



Early AGB phase
The competition between the triple 𝛼𝛼 and the 12C(𝛼𝛼,𝛾𝛾) affects:

• AGB lifetime
• CO core mass at the 1st thermal pulse
• C/O abundance profile at the 1st thermal pulse

What’s the impact of the present uncertainties in the reaction
rates of the triple 𝛼𝛼 and the 12C(𝛼𝛼,𝛾𝛾) ?



AGB clump luminosity
Impact of changing the rate of:

The impact on the AGB clump luminosity of the present 
uncertainty in the 3𝛼𝛼 and 12C(𝛼𝛼,𝛾𝛾) reaction rates is negligible 

triple 𝛼𝛼 12C(𝛼𝛼,𝛾𝛾)



Abundance profiles at the 1st thermal pulse
Impact of 3𝛼𝛼 uncertainty 

M=0.67 Mo, progenitor M= 0.8 Mo Z=0.0001 Y=0.246 
(Tognini et al 2023, submitted)            
 



Abundance profiles at the 1st thermal pulse
Impact of 12C(𝛂𝛂, 𝛄𝛄) uncertainty 

M=0.67 Mo, progenitor M= 0.8 Mo Z=0.0001 Y=0.246 
(Tognini et al 2023, submitted)            
 



Early AGB lifetime
Impact of changing the rate of:

progenitor M= 0.8 Mo Z=0.0001 Y=0.246 (Tognini et al 2023, submitted)
            
 

+1,1%                 +0.9%                +0.6%                                          -0.2%                -1.1% 

triple 𝛼𝛼 

12C(𝛼𝛼,𝛾𝛾)



Early AGB lifetime

The current uncertainties on both the triple 𝛼𝛼 and 12C(𝛼𝛼,𝛾𝛾)  
reaction rates have a negligible effect on the early-AGB lifetime



Are there other significant sources of uncertainty?

Central He-burning occurs in a convective core… 



Convection

One of the major and long-standing weaknesses in
stellar models

Stellar models are not yet able to accurately predict:

• the extension of convective regions
• the temperature gradient



Mixing in core He-burning

Castellani, Giannone & Renzini 1971a

0.63 Mo

Schwarzschild 
boundary
∇rad= ∇ad

time

He-burning in the convective core 
produces a: 
• Decrease of the 4He abundance
• Increase of the 12C and 16O 

abundances

Growing discontinuity at the 
convective core boundary in the: 
• C-O abundance
• Radiative opacity
• Radiative temperature gradient 

∇rad  

• Unstable equilibrium 
(Schwarzschild 1958)

Convective
core



Mixing in core He-burning:
Growth of the convective core

Castellani, Giannone & Renzini 1971a

Mixing of the radiative shell from 
convective overshoot leads to an: 

• increase of the opacity
• Increase of the radiative 

temperature gradient ∇rad  

• Self-driving mechanism

• growth of the convective core

Schwarzschild 
boundary
∇rad= ∇ad



Mixing in core He-burning:
Induced semi-convection

Castellani, Giannone & Renzini 1971b (see also Castellani et al. 1985)

Minimum in the radiative temperature 
gradient ∇rad , leads to the decoupling 
between:

• Fully mixed convective core
• Partially mixed semi-convective 

region

Convective
core

Semi-
convective
region

∇rad= ∇ad

Salaris & Cassisi 2017



Effect of changing the mixing 
scheme in core He-burning

Costantino et al. 2015 

M=1M�



Effect of changing the mixing 
scheme in core He-burning

Straniero et al.  2003

C

O

C/O profile at the 1°thermal pulse

Bossini et al.  2015



Mixing in core He-burning:
Breathing pulses

Castellani et al. 1985

When the central He-abundance < 0.1,  
the ingestion of fresh He induced by 
overshoot 

Nuclear energy increase

More efficient mixing

Larger amount of He ingested

Convective runaway: breathing pulses

(see Castellani et al. 1971; Sweigart & 
Demarque 1972, 1973; Castellani et al. 
1985, Caputo et al. 1989, Dorman & Rood 
1993, Costantino et al. 2015, 2017)



Impact of breathing pulses
standard Breathing 

pulses
12C(𝛼𝛼,𝛾𝛾) +20% 3𝛼𝛼 +12%

tHB[Myr] 98.4 124.04 100.1 98.2

+26% +1.8% -0.2%

R parameter 0.9487 1.1959 0.965 0.9425

+26% +1.8% -0.7%

X12C 0.3842 0.2505 0.3290 0.4050

-35% -13% +5%

X16O 0.6157 0.7494 0.6710 0.5950

+22% +9% -3%

tAGB[Myr] 12.53 6.54 12.38 12.6

-48% -1.1% 0.6%

R2 parameter 0.1274 0.0528 0.1237 0.1284

-59% -2.8% +0.7%

M=0.67 Mo, progenitor M= 0.8 Mo Z=0.0001 Y=0.246 
(Tognini et al 2023, submitted)



Abundance profiles at the 1st thermal pulse
Impact of breathing pulses

M=0.67 Mo, progenitor M= 0.8 Mo Z=0.0001 Y=0.246 
(Tognini et al 2023, submitted)

standard with breathing pulses

(see also Cassisi et al. 2001; Imbriani et al. 2001; Prada Moroni & Straniero 2002; 
Straniero et al. 2003; Costantino et al. 2017)



Mixing in core He-burning

With the present uncertainties, a change in the efficiency of 
the convective mixing has a larger effect on the C and O 
abundances than a change of the He-burning reaction 
rates. 

The attempts to constrain the He-burning reaction rates on 
astrophysical grounds are hampered by the fact that central 
He-burning occurs in a convective core.



Conclusions
• The efforts of nuclear physicists in reducing the 

uncertainties in the reaction rates of 3𝛼𝛼 and 12C(𝛼𝛼,𝛾𝛾), 
allowed to significantly reduce their impact on He-burning 
stellar models with respect to the past

• The current uncertainties mainly affect the 12C and 16O 
abundance profile at the end of He-burning phase

• To better constrain with astronomical observations the 
efficiency of convective mixing during the central He-
burning phase, it would be very important to further improve 
the He-burning reaction rates,  primarily the 12C(𝛼𝛼,𝛾𝛾)



Thanks



Cumulative theoretical uncertainty

Valle, Dell’Omodarme, Prada Moroni, Degl’Innocenti 2013, A&A 549, A50
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ZAHB
Cumulative theoretical uncertainty

Valle, Dell’Omodarme, Prada Moroni, Degl’Innocenti 2013, A&A 549, A50
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R and R2 parameters

Harris 2003

HB
RGB

AGB

Iben 1968



R and R2 parameters
Impact of changing the rate of:

M=0.67 Mo, progenitor M= 0.8 Mo Z=0.0001 Y=0.246 
(Tognini et al 2023, submitted)            
 

triple 𝛼𝛼 

12C(𝛼𝛼,𝛾𝛾)



Stellar evolution in a nutshell: 
intermediate-mass stars 

M= 2.5 Mo Z=0.015 Y=0.28            

He-burning ignition

Central H-burning

Shell H-burning

Shell He-burning

Central He-burning



Open clusters

Kalirai et al. 2008

Central 
He-burning

Central 
H-burning

Overall 
contraction

White dwarfs



Stellar evolution in a nutshell 

Karakas et al. 2014



Triple 𝛂𝛂

Z=0.015 Y=0.28 (Tognini et al 2023, submitted)            
 



12C(𝛂𝛂, 𝛄𝛄)16O

Z=0.015 Y=0.28 (Tognini et al 2023, submitted)            
 



12C(𝛂𝛂, 𝛄𝛄)16O:
White dwarf evolution

Prada Moroni & Straniero 2002            
 

∆t ∼ 6%



12C(𝛂𝛂, 𝛄𝛄)16O:
White dwarf evolution

Prada Moroni & Straniero 2007            
 

0.3 mag ≈ 1 Gyr 0.2 mag ≈ 0.6 Gyr



Breathing pulses:
White dwarf evolution

Prada Moroni & Straniero 2002            
 

∆t ∼ 6%

∆t ∼ 3%
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