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1 Introduction

This part of the course treats the post-Main Sequence (@g83&volution of stars. The
most massive stars (abov® My) will end their lifes as supernovas, and were treated
in the first part of this course. Here we will consider thestaith an initial mass (Zero
Age Main Sequence or ZAMS mass) of less than §,Mvho will end their lifes as
White Dwarfs.

Stars evolve due to irreversible processes. The two mawdrsible processes in stars
are

1. nuclear burning (in the central regions)
2. mass loss (from their surface)

In the classical theory of stellar evolution (before the@9&nly the first of these pro-
cesses was taken into account. In absence of mass lossyiierdbetween supernova-
and white dwarf-producing stars would lie afzans ~4 Mo, when the core reaches
the Chandrasekhar mass (14;). The fact that this line in reality lies at a twice higher
mass already indicates the central role mass loss playsliarstvolution. Because of
uncertainties in the description of the mass loss procetseactual theoretical divid-
ing line remains somewhat uncertain, but lies somewhefgemange 8—10 M.
Supernovae are spectacular events, but why are lower naaissraportant?

e Most stars are low mass stars; so they form an essential psitl@ar popula-
tions.

e Source of material processed in nuclear burning (chemiuattement), as well
as source of dust.

e Our own Sun is a low mass star, so we are studying its future.

e Interesting (astro)physics and chemistry (complex mdésuncluding organic
molecules).

The Main Sequence (MS) evolution time of a star depends ostéfiar mass according
t0 tovol < M 2. This means in practice that a 8vstar will reach the end of its
evolution in 50 Myr, and a 0.8 M, star in 14 Gyr. The latter have therefore not had
the time to evolve off the MS within the life of the Universe3(& Gyr).
The empirical Salpeter Initial Mass Function (IMF) for &elpopulations gives

dN —2.35

L & M 1)
which means that of a coeval stellar population, 96% of thesdtave a mass between
0.8and 8 M.
The post-Main Sequence evolution of stars withans < 9 Mg goes through the
following stages

1. Red Giant Branch (RGB) phase

2. Horizontal Branch (HB) phase



3. Asymptotic Giant Branch (AGB) phase
4. Planetary Nebula (PN) phase
5. White Dwarf phase

The emphasis of these lectures will be on the AGB phase, whigsther with the PN
phase is the area of most active research worldwide, andraBaeden (Stockholm,
Onsala, Uppsala). Areas that are being actively investthate for example

e Mass loss and circumstellar material (CSM)
e Pulsations and variability
e Metal production

e Transition of AGB stars into PNe.



2 Basic Stellar Evolution

Essentially all detailed information we have about steflarlution comes from numer-
ical simulations. In their simplest form these simulatiapgly a slow evolution to the
1D equations of (static) stellar structure:

Mass conservation: (2)
dM, = 47r?p 3)
dr
Hydrostatic equilibrium: 4)
dp GM,p
N 5
dr r2 )
Energy production: (6)
dL,
= 47712 pe (7)

dr
Energy transport: (8)
T, — 2 he Lo if 48 > ~/(y — 1) (radiative diffusion)

dr |- (1 — %) L GiLif 42 E < y/(y — 1) (adiabatic convection)

combined with

Equation of state:  p = p(p, T, composition (20)
Opacity: k = k(p, T, composition (12)
Nuclear reactions: ¢ = ¢(p, T, composition (12)

wherel,. is the interior massi/ (< r)), L, the interior luminosity. the mean molec-
ular weight andy the polytropic index (for example 5/3 for a monatomic gas &l
for a relativistic gas).

The equations for hydrostatic equilibrium and mass playtlaergpassive role in this
set of equations. For stellar evolution the interestingdlihappen in the processes of
energy productione) and transportd7’/dr).

We will now look at the results of two calculations by Johnthatio, one foMzans =

1 Mg (low mass star, Fig. 1) and one fdfzans = 5 Mg (intermediate mass star,
Fig. 3).

21 A1M, star

On the Main Sequence, the energy production stars lessvadban 1.3/, is dom-
inated by the proton-proton chain (Fig. 2), which has a redft mild dependence on
temperatured,;, o 7%), and therefore the core will use radiative energy trartsftrs
has an effect that the H abundance decreases and the He abamaereases ‘inside-
out’ (see inset a), giving a smooth transition from nucledsusning in the core to H
shell burning around the He-core (at point 4).

As the inactive He-core grows through the addition of He ftbwH burning shell, it
contracts, and the envelope expands. The densities in Huotéebecome high enough
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Figure 1: Schematic evolution of al, star across the HR diagram. From Lattanzio
& Wood (2004).
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Figure 2: The proton-proton chain

for the electrons to become degenerate, after which thepresf the material is only
a function of density, no longer of temperature (points 4-7)

As the star approaches the Hayashi limit (point 7), its espelbecomes fully con-
vective and it evolves at nearly constdnt;, while increasing its luminosity, (and
hence its radiug?). This phase is th&®ed Giant Branch (RGB). During this phase
the convection may reach the H burning shell and mix up pseEzksaterial into the
stellar envelope. This process is known askivat Dredge Up (point 8). Its chemical
signature is as follows*He 1, 1N 1, 12C |, 2C/*3C ).

The RGB ends when He-fusion starts in the core (point 9). k$é#eh occurs through a
process known as thedrocess, which has a strong temperature dependengé).

If the core is (electron) degenerat&lfsnvs < 2.3 M), He-fusion starts with a run-
away process known as the Helium Flash. However, nearlyf #llecenergy generated
in the Helium Flash is used to rearrange the internal straadfi the star, and so the
flash itself is not observable.

In the next phase known as thiorizontal Branch phase (points 10-14), the star has
He-core burning and H-shell burning. The He-core burniradpces'2C with the 3v
process. Thé?C can react further vi&2C(«,v)'%0 to form a'2C/*6O core. The rate
of this last reaction is uncertain, so the final ratio betwE&h and'0 in the core is
also uncertain.

During this phase, the inner core is convective, but theradee is semi-convective,
leading to a smooth transition from He-core burning to Helldburning, which is the
start of the AGB (point 14).
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Figure 4: The CNO cycle reactions

2.2 A5M, star

On the Main Sequence these stars have H-core burning thtbe@NO-cycle (Fig. 4).
This process has a stronger temperature dependence thap-thain, which leads to
a convective core. Because of this the H-concentrationsdnopnogeneously through
the core region (Fig. 3, inset a), and the end of H-core bgroaturs suddenly (point
4).

At this point the core is heavier than the so-called Schig¥@handrasekhar limit

MCOre lLl’eI]V 2
—_ 04 — ~ 0.1 13
M (u) (13)

and therefore contracts rapidly (points 4-5). This leadtagnition of H-shell burn-
ing (point 5), and further rapid core contraction (‘Heraspy gap’, points 5-7). Upon
reaching the RGB, also in these stars the first dredge-up alkee (point 8).

He-core burning starts without a flash, since the core is leotr®n-degenerate (point
9).

During the HB both the He-core and H-shell are active. Thaelative strengths deter-
mine how highT.g becomes. There is no semi-convective outer core for this ofp
star. When He-shell burning starts (point 14), the starrerite2e AGB phase.

2.3 Mass limits

There are a number of useful mass limits to keep in mind.



< 1.3Mg pp-chain dominates

Main Sequencel/.
q ZAMS {> 1.3M; CNO-cycle dominates

< 2.3M; electron-degenerate He-core

RGB: M.
ZAMS {> 2.3Ms non-degenerate He-core

Mzams < 0.6Mg He-burning never starts

< 9Mg electron-degenerate C/O core

M,
ZAMS {> 9M non-degenerate C/O core

The last division is interesting. In principle the start ebGrning in a degenerate core
will lead to a C-flash, which would be powerful enough to digrthe core and star,

leading to a thermonuclear supernova. Because mass lassesethe mass during
the RGB/AGB phases, these type of supernovae may not extgrnmionuclear su-

pernova do of course occur when White Dwarfs due to exterradgsses reach the
Chandrasekhar mass, leading to the famous type la sup@&mnova

2.4 Shell sources

We end this introductionary section with a review of sometaf properties of shell
sources, which are important both during the early and lagt-MS evolution. When
nuclear burning occurs in a shell, the physics imposesioaratrictions.

The shell source is associated with a density jumpThe reason for this is that the
pressure and the temperature at the core—shell interfacddshe constant (to
have hydrostatic and thermal equilibrium), but the comiasiand the thus the
mean molecular weight of the core and shell material difiénce the pressure,
density and temperature are related through the ideal gas la

- pkBT
pmy
a jump ing implies a jump inp. For example, if the core is 100% He, it will
haveY = 1, giving picore = 4/3. Is the shell has 30% He, it will hav€& = 0.7,
Y = 0.3, andugpen = 0.62. This then implie®core = 2.2 X pshel-

(14)

The shell source position remains approximately fixed in spge. The cause is a neg-
ative feedback loop involving the strongly non-linear tergiure dependence of
the nuclear fusion processes. If the shell acquires a sraliéus, its tempera-
ture will go up. Therefore its energy production will go uppemously, increas-
ing the pressure of the shell, making it expand, thus inangass radius, and
lowering the temperature again. For example, for 84, rshen = 0.03 Rg
throughout the RGB phase.



Shell sources reverse the contractive/expansive behavioaf the layers below them.
When a core contracts, it in fact does not homologously eettbut instead be-
comes more highly concentrated towards its centre, thusasing the density
gradient (sincenen is roughly constant). This causes the stellar envelope-to ex
pand. Note that this is a real expansion, since the stelthimsacan be changed.
The actual physical cause for this reversal behaviour lisb&ting debated, but
the effect can clearly be seen in stellar evolution modelser& are two easy
rules of thumb for this:

e Core contraction [active shell] Envelope expansion
e Core expansion [active shell] Envelope contraction

So the active shell source can be said to mirror the behawfdbe inner regions.



3 Stellar Evolution during the AGB Phase

Both low- and intermediate mass type stars actually reacAGB with similar internal
structures:

e C/O core (degenerate)
e He-shell

e Intershell region

e H-shell

e H-envelope

As we will see in more detail later, the He-shell is thermalhstable, leading to peri-
odic He-shell flashes, also known as thermal pulses. Theefddefere the first thermal
pulse is known as the Early-AGB (E-AGB), the phase thereédtarting at point 15 in

Fig. 1 and 3) is known as the thermally pulsing AGB (TP-AGB).

During the E-AGB stars of initial masd/zanvs > 4Mo temporarily lose their H-
burning shell. This allows envelope convection to reacb thie region of partially
burnt H, and mix up processed material in what is known as ¢oersd dredge-up
(4HeT, 12¢ l, 13c Tv 14N T)

On the TP-AGB the evolution of low and intermediate masssstaqualitatively simi-

lar, being characterized by

e A sequence of He-shell flashes, with longer interpulse perturing which the
H-shell dominates the energy production.

e Extensive mass loss from the stellar surfasel()~" Mg yr=1...).

Since the typical luminosity of an AGB star is in the rang&-10* L., one can
estimate that the star needs to berri0—8 M, yr—! to produce this luminosity. This
means that during the AGB phase, the stellar evolution isidat®d by mass loss rather
than by nucleosynthesis!

The internal structure of AGB stars is extremely inhomog@gerse(see Fig. 5). For
example for a W/ star

q=m./M R(Ro)

He-shell 0.516 0.017
H-shell 0.560 0.035
Surface 1.0 225 1 AU)

This implies that

Pcore ™~ 105 g Cm_3
Penvelope ™~ 1077 9 Cm73

To appreciate these number we can compare them to the defsitg Earth atmo-
sphere £ 1072 g cm™3).
In what follows we will look closer at the following aspects

10
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Thermal pulses, nuclear synthesis and dredge-up (Sect. 4)
Stellar pulsations (Sect. 5)
Mass loss and the structure of the circumstellar envelopet$S6 and 7)

Post-AGB evolution (Sect. 8)

12



4 Thermal Pulses, Nuclear Synthesis, and Dredge-Up

Thermal pulses are brief periods of runaway He burning iHbeshell of an AGB star.
In the interpulse periods the active H-shell produces Helwtd added to the inactive
He-shell. Above a certain shell mass the He-shell ignitesraakes a He-shell flash.
The first question to ask is why this is a runaway process.

4.1 Gravothermal specific heats
The thermal evolution of a pocket of gas is given by
AT _ 1dg
dt — Cdt’
whereC is the specific heat, angl is the specific energy added or removed.CIf
includes the gravitational effects (work done by the podkets), itis called the gravo-

thermal specific heat}.. From hydrostatic equilibrium and basic thermodynamics it
can be shown that

(15)

46
= 1—-Vaa— ), 16
(1) oo
wherea andé are given by the equation of state (EOS) of the gast p*7T~° and
V.4 is the adiabatic temperature gradient

dlnp

Vad = (dlnT)S . a7
The derivation of this expression can be found in Ciardslletture notes (lecture 20).
For a monatomic ga¥.q = 2/5 anda = 1, § = 1. This means thaf’, < 0 for
such a gas. The effect is that adding heat to a region causespardtemperature.
This may seem counterintuitive, but is due to the fact thatiregiheat will make the
region expand, requiring work since the surrounding gagdbe pushed away, which
thus lowers the temperature. This also means that if sucltlkeepof gas has nuclear
reactions, it will be stable against small perturbatiorddiag small amounts of heat
will reduce the temperature, and hence reduce the energygtion by nuclear reac-
tions (which are strongly temperature-dependent). Inrotfggds there is a negative
feedback loop.
For a (non-relativistically) electron-degenerate gas- 3/5 andd = 0, makingC,
positive: adding heat will make the temperature go up. Couesetly, the pocket will
be unstable when nuclear processes are active, since ¢him tismperature will in-
crease the energy production, which will increase the teaipee even more, a positive
feedback loop.
However, in a star energy can also be carried away by radiamfor a more complete
analysis we also need to include the effect of energy tramggoradiation. As can
be seen from the equations of stellar structure, the effigiaf energy transport by
radiation is inversely proportional to the opacityof the gas. The opacity will be a
function of the gas density and temperature

Kk o pPT1 (18)

13



We also need to consider the energy productionaatieich also depends on the density
and temperature
€ prT" (29)

Some algebra (Ciardullo, lecture 20) shows that when inctuthe effect of opacity,
the rate of change for the temperature can be written as

dT K dT

with

L

K = §Yi (1/+q—4)+4a_3
whereL and M are the luminosity and mass of the region under considertie
stellar core or a shell source). For the pp-chaia 4 and\ = 1, for Kramer’s opacity
p = 1andq = —3.5, so using an ideal monatomic gas gives a posifivéogether
with a negative”',, resulting in a negative feedback loop, and a stable nublearing
region.
For the He-burninga processy = 40 and\ = 2, so for an electron degenerate gas
starting He-fusion both and C, are positive, leading to positive feedback and the
He-core flash.
Now how does this work for a shell source? First of all it is onjant to realize that
the derivation foiC, that led to Eq. 16 assumed a spherical region which couldrekpa
in all directions. Ifr is the size of the region, its volume %713 and a changér in
size leads to a change in volume

(3\+3p +4) (21)

av = 2var (22)
T

However, a shell cannot expand in all directions. If we hatrd@rashell of thicknes®
at radial positiorr, its volume isd7r-2 D, and its change of volume when increasing its
thickness byl D is

1 rV
dV = =VdD = ——dD 23
v DV Dr (23)
This means that the factor 3 in Eq. 16 has to be replaced by
46
shell __ _
el = ¢, (1 Var 75 T/D) (24)

For a monatomic gas = 1, so if D < r/4 thenC, > 0 and the shell will be
unstable! So even when the gas is non-degenerate (whichl ib&vioutside of the
core), nuclear burning in shells can be unstable. The palysason is that for a thin
shell, a small change i will cause a large change in the densitybut only a very
small change i, so not much energy is used in the expansion of the shellingad
to insufficient energy loss due to expansion, and thus aipesgjtavothermal specific
heat. The instability is quenched when by expanding thd bleebmes thick enough
to break theD < r/4 condition.

14



The conclusion is that shells with active nuclear burningeht be relatively thick,
but inactive shells can of course be thin. However, uportistanuclear fusion, the
process will be unstable, leading to a shell flash. This istahat happens to the
He-shell in AGB stars.

4.2 Interpulse times

Numerical modelling of the thermal pulse process with atedvolution codes shows
that the time between these events is

MCOI‘C
log 7, = 4.5(1.678 — M—@) (years) (25)

For a 1M, star with a core mass of 08, this means an interpulse time of 70,000
years, whereas for a8l star with a core mass of M, 7, = 1100 years.

Since during a He-shell flash a lot of energy is released inoat $tme, the region
around the C/O core is modified. The peak luminosity can begisdil0° L. This
leads to a number of interesting and important effects, iy convective mixing
and nucleosynthesis, effects that due to convective draggeven affect the surface
layers of the star.

4.3 Anatomy of a thermal pulse

A thermal pulse cycle consists of a number of phases, whichvilenow describe
qualitatively. See also Fig. 6.

Off the He-shellis dormantand produces almost no energy. Thesoarce of energy
is the H-shell. This state is the one which takes most of the in a cycle. For
stars withM 2 3 M, the convective envelope reaches down to the H-shell (‘Hot
Bottom Burning’, see later). For lower mass stars the empels radiative just
above the H-shell (which leads to the luminosity-core makaion, see later).

On The He-shell ignites. ~ 10%-10° L. A convective zone develops above the
He-burning zone (‘intershell convective zone’ or ‘integfilregion’, ISR). This
convection transports ujHe and He-fusion product$?C). This phase lasts 10—
100 years (depending on core mass).

Power-down The energy production in the He-shell declines, but thegnirpro-
duced drives an expansion of the ISR, pushing the H-shellargt, so that it
also extinguishes. In this phase there is no, or very littiergy production, and
it also lasts some 10-100 years.

Dredge-up The transport of the energy produced in the shell flash startsection
in the envelope, reaching all the way down into the ISR, ngxirp material
that was involved in He-burning (e.d?C). This phase also lasts typically some
10-100 years.

15
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4.4 Evolution on the TP-AGB

During the TP-AGB phase the star will experience a seriehefmal pulses of the
type described above. The total number of thermal pulsesrdizpon the duration of
the entire AGB phase, which as we have seen above depends omals loss from
the surface. Numerical simulations show typical numbersQffor a 1M star) to
40 (5 Mg). See Figs. 7 and 8 showing the evolution of a number of stpeameters
during the TP-AGB for six different initial masses.

Just as in the case of the He-core flash, the luminosity pestlircthe He-shell flash
does not reach the surface of the star, at least not initiBlly as the envelope mass is
reduced by mass loss, for later pulses a short luminositgase does become visible
(see Fig. 12). However, the drop in luminosity during theWweodown” phase always
becomes visible at the stellar surface.

As can be seen in the Figs. 7 and 8 other stellar parametdusasutbe effective tem-
perature and pulsation period also vary during the thermigkpcycle.

4.5 Core mass-Luminosity Relation

During the TP-AGB the luminosity in the “off” phase keeps miup. This can be
expressed as the core mass-luminosity relation

Lacs = 5.9 x 104(M. —0.52)  Lg (26)

(Paczynski 1970). This relation is due to the fact that theelrpe essentially has zero
pressure compared to the electron-degenerate C/O corigritkpresence irrelevant
for the energy producing core region. Various more or lessvatent CMLRs have
been found in stellar evolution models (see Fig. 9)

18
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Figure 9: Core mass-Luminosity Relations from various argheach plotted in the
range ofM. considered to obtain the analytical fit to the model resMiben a com-
position dependence is present, the solar case is congjderd”Z = 0.02, Y = 0.28).
The relation by Iben & Truran (1978) refers to &%, model.
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Figure 10: Luminosity evolution of a 5.0/, Z = 0.008 star experiencing HBB. The
open circles correspond to the maximum quiescent lumindgfore each thermal
pulse. The numbers along the curve indicate the currefdustelss in solar units. The
dashed and dotted lines represent the reference CMLE fer0.008 andZ = 0.016
respectively. From Marigo (1998).

L-M_ relations exist for all giant phases, but for the RGB phaseoéthe typel
M$. For AGB stars this becomes the linear relatiorc M. due to the domination of
radiation pressure (see Ciardullo, lectures 21 and 24).

Because of thé—M.. relation one can find limits for the luminosity during the AGB

AGB: Lynin ~ 2800L ¢,
Lunax ~ 51000L¢,
RGB: Lyax ~ 2900 L

The lowest luminosity AGB stars are thus almost indistisbable from the highest
luminosity RGB stars. The position of the tip of the RGB is stimes used to estimate
the distance to nearby galaxies. Contamination by AGB sgatisus a worry. It is
harder to use the tip of the AGB for this since this phase Estauch shorter, and thus
is less populated in a Herzsprung-Russell diagram.

The L—-M. relation on the AGB breaks down for the more massive stars) #sse
the base of the envelope gets involved in the energy prastuctihis is known as Hot
Bottom Burning (HBB). Figure 10 shows how the luminosity keNmn of a 5M, de-
viates from the CMLR, until HBB stops due to the reduced mésisestellar envelope
and the star joins the CMLR.
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4.6 Hot Bottom Burning

This is the process of H-burning at the bottom of the conveatnvelope. This only
occurs above a certain stellar mass{ My, for Z = Z, lower at lower metallicity).
The process stops when the envelope has lost too much mass.

HBB burning breaks thé—M, relation, and so massive AGB stars do not follow this
relation, as can be seen in Fig. 10.

HBB also leads to interesting nucleosynthesis productesionvective motions carry
away intermediate products of H-burning (CNO and pp-chdm3teady regions of nu-
clear processing these products are processed furthemgzed contribute to chemical
enrichment, but as HBB happens at the base of the convectietape these products
may be mixed up into the envelope and change the surface abcesl

Take for exampléLi:

SHe +* He —" Be 4+ v
Be+e  —"Li+v

Both "Be and’Li can react with'H, but outside the area of nucleosynthesis this will
not happen. So, if one produc&e in HBB and mix it up, it has a large chance of cap-
turing an electron and producirii. The stellar sources and sinksfi are important

to understand, as this is one of the elements that was forms&dall quantities during
the Big Bang. Measurements of thei can thus constrain cosmological models, but
only if one can estimate what stellar processes produce estday it.

4.7 Dredge Up

During thermal pulses, material from deep down the shelts i dredged up into
the stellar convective envelope, and thus cause abundaaoges even at the stellar
surface. The dredge up during thermal pulses is also knowhea8rd dredge up
(3DUP), as similar events happen on the RGB and during th&sB-&he latter only
for massive enough stars).

The efficiency of dredge-up is usually expressed by a paemet

_ AJ\/‘[dlredge—up
N 27

where

AMagredge—up Mass dredged up into the envelope.

AM,. Growth of core mass between two thermal pulses.

For low mass starsd < 0.3, and for stars initially more massive than5 Mg, A < 1.
However, these numbers are very uncertain.

4.7.1 Carbon Stars

The most dramatic effect of the 3rd dredge up is the transdtion of AGB stars from
M-type stars into C-type stars (Carbon stars). The cosndcsatar abundance ratio
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Figure 11: Plots of (from top to bottom) the core masses, taiiosity and total
luminosity as a function of time for a 1. The core masses shown are the mass of
He-exhausted core, the H-exhausted core, and the baseathective envelope.
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Figure 12: The surface luminosity evolution of thermallygiing AGB stars of mass1,
2.5 and 5.0M, and initial compositior” = 0.25 andZ = 0.016. The plots start
on the early AGB when the H- and He-burning luminosities area¢ and end when
the stars have left the AGB and moved to the post-AGB part@HR-diagram. From
Vassiliadis & Wood (1993).
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Figure 13: Schematic showing internal evolution betweem pwises. Partial mixing
during the third dredge-up phase producé3@ pocket, which provides the neutrons
for the s-processing. Note that this figure is not to scale: the ptre mixed down-

ward a depth of only a few 10~4M,, whereas the intershell convective zone is up to
afewx1072M in extent.
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Figure 14: Evolution of CNO surface abundances (by numbetemr—!) and ratios
from the first thermal pulse until the complete ejection of #tellar envelope for a
Z = 0.008 TP-AGB model with initial mass 2.91 (left) and 5M, (right). The
efficiency factor for the third dredge-up is assumed to\be 0.5; the mixing length
parameter isx = 0.24. Based on synthetic calculation by Marigo (1998).
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between carbon and oxygen is G/).4—-0.5. Carbon stars have CfO1. This is
mostly 2C from the He-burning shell that was dredged up during thepmises. The
spectrum of Carbon stars differs dramatically from that efyjjde stars, mostly because
of a number of carbon containing molecules, such as CO and CN.

Careful modelling of this process suggests a minimum masésrto Carbon stars of
about 1.5V . Below this, the stars experience too few thermal pulsessthe dredge
up process too weak to turn the star into a Carbon star. Th@led a maximum mass,
since HBB can remov&C through the CNO-cycle, by turning it inf6N. This would
thus mean that the maximum mass for Carbon starsisM . Note however that the
HBB process switches off at the end of the AGB, so for inifiatiore massive stars
there is a chance of becoming a Carbon star quite late in theeps. See Fig. 14 for
two examples of how the surface CNO abundances change dharGB.

4.7.2 Other abundance changes

Dredge up not only changes the surface abundances, it @ititates unusual nuclear
reactions, as it mixes primordial, H-burnt and He-burntenat. Convection will carry
the products from these reactions to the surface, and as fB8lsse mass, this makes
them the main cosmic producers of some elements/isotopes.

e Dredge up increasesC, 22Ne, 2*Mg, 2°Mg
e H-shell and HBB

— burn2C and'®0 into 14N = N7, 80|
— burn??Ne into2*Na = 23Na]
— produce?®Mg, Mg = 2526Mg7

e More massive starsWzams = 6M?): 2*Mg — 27Al = 24Mg | 27Al |

4.7.3 s-process

In addition, AGB stars produce so-called s-process elesndihte s-process is the pro-
cess of slow neutron capture. Neutron capture is the onlytaveyake elements beyond
the Fe peak, since the binding energy per nucleon peaksa@ferinFor the s-process,
the (negative)y decay should occur more rapidly than the next neutron capitiis
way the most stable isotopes at each atomic weight are farmed
The s-process does not produce elements beyond Pb since
209Bi 4+n _>210 Bi 4 v
210B; 4,210 py 4 o~ 4 7,
210py 206 P, 4 He
206Pb 4 3TL _>209 Pb

209pp 29 Bi 4 e + 7,

All the heavier elements require the r-process, which dpsiia supernova explosions.
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A special spectral class has been defined for stars withcepselements in their spec-
tra, the S-type stars. They show for instance lines of Zr@r&lare also intermediate
types such as MS-stars, which in addition show TiO, and @& sthich also show £
and CN lines. Evolutionary it is inferred that the transitfoom M-type stars to C-type
stars happens as-MMS—S—CS—C, as the s-process elements also are produced in
thermal pulses and are being dredged up to the surface. vikes-process elements
in its spectrum is thus on its way to become a C-star (but magexessarily get there).
Some AGB stars show lines of Technitium (Tc), the lightestre#nt without any stable
isotopes. The most stable isotope of T¢Tc, has a half life of only x 10° years, thus
giving direct evidence for the occurence of the s-procedsiaedge up.

Although there is good observational evidence for the aerwe of the s-process, how
it proceeds inside AGB is stars is not well understood. Thublem is that one needs
an appropriate source of neutrons. This source is thoughé tone (or both) of the
following nuclear reactions

BC4+4'He -0+ n
2Ne +* He —»% Mg +n

The second one of these can only operate in higher mass isteedtyequires temper-
ature in excess ¢f x 108 K.
Formation of'3C is however, a sensitive process proceeding like

1QC+p_’13N+'Y—>130+6++Ve
but if many protons are present it will quickly react with thaccording to
BC4p - N4y

So, to produce enoudRC a limited supply of protons, mixed down from the envelope
into the 12C region left behind by the thermal pulse, is necessary. fitgis so-called
13C pocket would produce the s-process elements, which widrbdged up during the
next thermal pulse.
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