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Stellar evolution and nucleosynthesis

- Low and intermediate-mass stars -

- Evolution and nucleosynthesis 1n stars :
A global overview of the hydrostatic phases

Diagrams : HRD, log Tc vs log pc, main evolution and nucleosynthetic phases,
mass limits for the various nucleosynthetic paths

- Main sequence nucleosynthesis - Clues from *He
- Nucleosynthesis in AGB stars

AGB structure, TP, mass loss, HBB, 3d dredge-up, rotation, processus-s, yields
Constraints from PNe and post-AGBs
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Spectral type

Supergiants

Main sequence

dwarfs

diagram of Stars
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A comparison of star sizes
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Initial stellar mass
determines the life stages

— with just little bit of dependence on composition

— Relationship between the luminosity and mass
determined by how compressed gases behave

— Small increase 1n mass produces a large increase 1n the
luminosity of a star
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Lifetime vs initial mass

Higher 1nitial mass = hotter on the main sequence and more short
lived

Main sequence lifetime (at solar metallicity) :

star mass
(solar masses)

60 3 million 03

time (years) Spectral type

K10 11 million o7
10 32 million B4
K 370 million A5
1.5 3 billion F5
1 10 billion G2 (Sun)

1000's billions \Y, ¥4
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Nucleosynthesis

on the main sequence
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From the main sequence
to the red giant branch

Main sequence: inward gravity balanced by the outward
pressure

Pressure due to fusion in core

Hydrogen in the core eventually converted to helium
=> nuclear reactions stop!

Gravity takes over and the core shrinks

Outside layers also collapse

Layers closer to the center collapse faster than those near the
surface.

As the layers collapses, the gas compresses and heats up
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From the main sequence
to the red giant branch

Shell layer outside the core becomes hot and dense
enough for fusion to start — H-burning shell

shell fusion is very rapid because the shell layer is
still compressing and increasing in temperature

luminosity of the star increases from its main
sequence value
Burning

Gas surrounding the core puffs outward under the B
: e
action of the extra outward pressure Cool, Extended

The star expands and becomes a subgiant and then Envelope
a red giant
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The Sun as a main-sequence star
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Figures from Lattanzio
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From the main sequence
to the red giant branch
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Ist dredge-up
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Changes of surface abundances
during the 1st dredge-up

5
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end of main sequence

I|IIII|IIII|IIII|IIIIIIIII

~

1111111111111()1'91M811ln1

4.4 4.2 4 3.8 3.6 4 MM ,
Logo Teff ' M ass fraction

'_T|||||||||||||||||||\|||||f—

0.6 0.8

o

SHe 1, C/3C D90 30,20), *C | (~30%)," "N 1 x2)

O, heavier elements ~ (No NaNe nor MgAl on the main sequence)
No additional variations after the end of the 1st dredge-up
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Consequences for the evolution of *He
in the Galaxy ?

Standard
predictions

Solar neighborhood
(PSC & LIC)

Geiss (93)

Gloeckler & Geiss (96)

HIl regions

Rood et al. (95)

Low energy resonance in the
cross section of

SHe(*He,2p)*He ?

Excluded by the LUNA

experiment (Gran Sasso)
Junker et al. (98)
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Consequences for the evolution of *He
in the Galaxy ?
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Standard predictions
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Palla et al. (02)
See also Tosi (98)
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> 90% of the low-mass stars must destroy *He

Standard predictions

@ neighbouriod

Palla et al. (02)

See also Tosi (98) > 960/0 Of the IOW_maSS Stars

further decrease 1“C/13C

(mixing process beyond standard theory




> 90% of the low-mass stars must destroy *He

Charbonnel (95)
> 96% of the low-mass stars
Standard

sl further decrease 12C/13C

(mixing process beyond standard theory




12C /13C in PNe

Ejecta at the tip of the AGB (ZM) :

Van den Hoek & Groenewegen (97) ==*===="*'
Forestini & Charbonnel (97) _——
Marigo (98) -_—

errorbar
on IRC/13C

2
Progenitor

Palla et al. (00)
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Lifetimes of various chemical elements
in the radiative zone around the
hydrogen burning shell

Mixing timescale for
Drot ~ 105 to 10% cm?2.sec’!
— "Be is transported outward,

but decays
in a region where "Li burns

— « Li-flash »

PalaCiOS, Charbonnel & Forestini (O 1) C. Charbonnel. NIC IX summer school. CERN. June 21, 2006



The Lithium flash

T

1.5Msun, L=56.89L,

UN+p
SHe+*He

I
T

1.5Msun, L=78.26L,

L TS,

SHe+*He
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aacios, Charbonnel & Forestini (01)

The Lithium flash

3.158495e+08 A 8132¢+06

€ue A7 = Ur « enuc 7
:Dmix 7'
=7Li 7 in the convective

envelope

=>Super lithium-rich

red giant phase
at the very beginning of

the extra-mixing episode

M=1.5M,, [Fe/H]=0.0

5 Cl 1]
15 3.156x10°3.158x10° 3.16x10° 3.162x1093.164x10°
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From rotation-induced mixing
to the Lithium flash

1) Rotation = D_. ~ 105 to 103 cm?/s
2) "Be is transported outward, but decays in a region where ’Li burns

A7 via 'Li(p,0)*He = FLASH = 27 L>¢, dM/dt (IRAS fluxes)
(Bright Li rich stars in GCs and formation of a dust shell)

R) K3

nuc

4) 8nuc AN = Ul’ x 8nuc A= Dmix A+ Dconv 7

=> "Li 7 in the convective envelope
=> Super lithium-rich red giant with ~ standard '>C/13C

(~50 - 60 % of t(bump) ~ few 10° years)

5) => Decrease of ’Li ,2C et 12C/13C

Deepening of the convective envelope

=> Build up of a new p-gradient that inhibits further mixing
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Lithium rich RGB stars

Field stars with 11 (Hipparcos)
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Central Helium burning
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From the red giant branch

Red giant branch : degenerate helium core
surrounded by hydrogen burning shell
Mass of the He-core increases e ; e
Helium fusion starts at 100 million K S oo, Extended
Triple alpha process: three “He — 2C

to the horizontal branch

: onset of helium fusion produces a burst of energy
Reaction rate settles down
Fusion in the core releases more energy/second than core fusion in main sequence
— star i1s smaller and hotter, but stable!

— hydrostatic equilibrium holds until the core fuel runs out.
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stage 6: helium flash — yellow giant
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Central Helium-Burning

When Tc = 103 K and p = 10° g.cm™ :

@
Triple-alpha reaction N

@ ‘ '
.He !
O Proton Y Gamma Ray

*He (a,y) *Be (a,y) 1°C

€ a T

2C (ay) 1°O (auy) *°Ne
13C (a,n) 190
2 (a,y)*Mg
“N (a,n) *F (B,v) *O — (a,y) **Ne = (a,n) *°Mg
N (a,n) 2'Ne
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End of Central Helium-Burning

Meynet (1990) : Central abundances of '?C and '°O in mass fraction

Initial stellar mass
(My)
120

60

20

12C

0.01245

0.04321

0.11675

0.13063

0.089322

0.05249

0.09247
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stage 6: yellow giant — red giant or supergiant

Red Giant
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