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Stellar Evolution

Later evolution of low and
intermediate mass stars



Evolution of the Sun

9 billion years later
SOfEEFR™""

S Tc> 108K
(MEELLL)

< Helium burning:

C, O are produced

Helium

Carbon Oxygen

< H exhaustion at center

& Core contraction = H-shell burning stronger =
Outer layer convective; Red giant

& Planetary nebula = C+0 white dwarfs



Stellar interior at the
He-burning stage
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figure 8.6 Evolution of an intermediate mass star (7Mp) during the crossing of the
tertzsprung gap: top left: total energy as a function of time (the time is arbitrarily set
210 at the onset of core contraction); bottom left: central density and average density
ﬁgz ;f S) ;1; a functi0f1 of time; bottom right: evolutionary track in the H-R diagram
equal radius are marked); top right: changing of central temperature with
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Atmospheric equation

[t 1s assumed L = const., M = const.
in an atmosphere. From hydrostatic
and energy transfer equations, the

equations for radiative atmosphere 1s

dT 3kl 1

AP 167acGM T
If 1t can be written as

(1.21)

xk=Kk,P‘T" (x,= const)
T’ c(L/M) (P +C)
when P >0, 7—>0

(Radiative Zero boundary condition)
1

M T*" \art
P = Const. 7 (1.22)




Photosphere of a star
Optical depth : T = T Ko dr = T o dr

A

@phOtOSphereﬂ U= Mean opacity

2

3
Py =|epdr=g|par

R

R

GM 2 1
=7 3= (1.20)
(g=g,=GM/R* = const)
(@ photosphere,

Effective temperature 7, =T,_, &

2
L =47nR CTTeﬁ



He burning (after became a RG)
c M <~2Mg
— Electrons are degenerate
— Helium runaway burning (He Flash) 24
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Ledoux5{4 (KH P.49) . MLT

dInT 3 KLP
vrad = = 4
dinP) , 16mcG mT
V. T X—Z2 2 radiation Tt L7z & O ARD
:(dlnTj;;@%s@@@a
dIn
—RIZIEV £V

The radiation layeris stable if

V.,<V_+ %V . (Ledoux criterion)

In chemically homogeneous region (V , =0)

V. . <V_, (Schwarzschild criterion)

rad
*Mixing length theory (KH P.62)
Sequations (7.1,7.2,7.6,7.7,7.11)

for 5 quantities, F_,, Fcon, v,V _,V

> “rad?

dT dT
DT = Kdr) (er}Ar——H—p(V —V)Ar (6.19)

H =- dr — ﬂ £ (pressure scale height)

" dinP dP 09










Using MLT the various gradients for the Sun look like

(KH p.337)

this:

- — -

| ! T ] 'ap
12 14 16 18

...and for a 10M star they are shown on the left;
the right panel displays the convective regions along
the zero-age main-sequence
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M=10M, -
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He burning (M >~2M)

e (After RG)
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Burning and convective regions
M = 5Mymodel

A__B g oo A

Q51

Z3 —=

041

75 80 759 800801

Kippenhahn & Weigert : Stellar Structure and Evolution
(Springer-Verlag)



HR-diagram , mass dependence

Log(L/Le B
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Age of clusters & HR-diagram
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Burning and convective regions
M = 5Mymodel

A__B ¢ ooE A
T 0.5t
m < first
o 0.4
‘ Dredge up
03 second
56 60 65 70 75 80 799 800801
— age in 107years
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Kippenhahn & Weigert : Stellar Structure and Evolution
(Springer-Verlag)



Dredge up

* From inside to surface, matter is
lifted up by convection

* First dredge-up:

— Li, Be, B destroyed

— 13C, *N may be dredged-up
* Second dredge-up

— Surface convection deeply
penetrates into helium-rich layer

—4He N, C,0 =14N
— He-rich shell mThinner and thinner

— No 2" dredge-up for low mass (M<
4Msun) stars

— Thin helium layer is unstable
= helium shell flashes, TP-AGB phase



2"d dredge-up
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Interior composition of a model 7M, star during the second dredge-up phase
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S-pProcess.
slow neutron capture process

Source reactions for neutrons:
1. BC(a,n) ~108K (main)
2. 22Ne(a,n)*>Mg ~ 3-4x108K

AZ
Sb = | so
sn | [ Heteterere | |

i i ¥ .‘
In %—. In
= - _ Nuclear reactions

cd| Ho-+ototore | |ci(fp
- % beta decay (p)
Ag ——'. ¢
N ——4@ neutron capture
> \. y,

Up to Pb(£a) (more precisely 299Bi)
are produced

134
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luminosity in the He shell source:
at the upper border

~===at the maximum
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Fig. 33.3. Thermal pulses of the
helium shell source in a 5Mg,
star after central helium burn-
ing. For the first 6 pulses, some
characteristic functions are plot-
ted against time from the onset
of the first pulse. T is in K, g in
g cm™>. (After WEIGERT, 1966)
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AGB star:
Intermediate mass stars
(0.5-10M ) become.

C-O core
He burning shell

H burning shell
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