Chapter 9

Red Giant Evolution

Life on the main sequence is characterized by the stanIe
burning of hydrogen to helium under conditions of hydro-
static equilibrium.

» While the star is on the main sequence the inner com-
position is changing, but there is little outward ev
dence until about 10% of the hydrogen is exhausted.

* Then the star experiences a (relatively) rapid series
of changes that take it away from the main sequence.

« Stellar evolution after the main sequence is of short
duration relative to the main sequence.

* However, post main-sequence evolution is generally
more complex than main-sequence evolution.

Accordingly, let us now turn to a discussion of post main-
seguence evolution.
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Figure 9.1:Mean molecular weight for the Sun from the Standard Solaréflod

Evolution Away from the Main Sequence

While the star burns hydrogen in near-perfect hydrosta

tic

equilibrium on the main sequence, a series of internal

changes sets the stage for the star’s subsequent evolut

» As hydrogen fuses to helium the mean molecular

weight of the plasma in the core is increased:

— Complete conversion of hydrogen to helium in
creases the molecular weight by a facto%of

— Solar models indicate that the mean molecul
weight of the core has increased from0.61
amu at ZAMS to~ 0.85 amu now (Fig. 9.1).

— This reduction of the particle number in the cor
of the starlowers the pressure in the energy
generating zonecausing the core to contract
raising temperature and density.
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* The rise in the core temperatuirecreases the tem-
perature gradientdT /dr, leading to anincreased
flow of energy from the star.

— The outer layers of the star expand in responsge.

— This causes ammcrease in the luminosity and ra-
dius,and adecrease in the surface temperature.

» Because of these changes, the star begins to develpp a
high-density core surrounded by an extended, diffuse
envelope with low surface temperaturé-ecomes
a red giant.

* If the star is massive enough, rising core temper-
atures and densities can ignite successively higher
mass fuels and initiate a series of advanced burning
stages.
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Figure 9.2:Categories of stellar evolution after the main sequence.

Depending on mass, these steps can lead to the three qual-
itative scenarios that are sketched in the above figure.

* Lowest mass main-sequence stauis: (0.5M): core
temperatures never rise high enough to ignite the he-
lium produced by proton burning and the star evolves
to a helium white dwarf.

¢ Intermediate mass star§.6 - M - 8M.)): evolution
produces a red giant that eventually sheds much| of
its outer envelope and becomes a carbon—oxygen or
neon—magnesium white dwarf.

* The most massive starbi(: 8M.): evolution from
the main sequence leads to a sequence of burning
episodes involving successively heavier fuels until
the core of the star becomes gravitationally unstable
and produces a core-collapse supernova.
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Figure 9.3: Evolution off the main sequence for stars of different alitmain-
seguence mass.

An overview of initial evolution after leaving the main se
guence for various initial main-sequence masses is gi\
in Fig. 9.3. In this chapter we address the post ma
seguence fate of intermediate mass stars. The fate of I
massive stars will be examined in later chapters.
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Figure 9.4:Conditions for hydrogen shell burning.

9.2 Shell Burning

An important aspect of post main-sequence evolution| is

the establishment afhell burning sourcefFig. 9.4).

 As the initial core hydrogen is depleted, a thermonu-
clear ash of helium builds up in its place.

* This ash is inert at hydrogen fusion temperatures be-
cause much higher temperatures and densities |are
necessary to initiate helium fusion.

* However, as the core becomes depleted in hydrogen
there remains a concentric shell in which the hydrp-
gen concentration and the temperature are both suffi-
ciently high to support hydrogen fusion (Fig. 9.4).

This is termed dydrogen shell source.
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Figure 9.5:Schematic illustration of successive shell burnings.

As the core contracts after exhausting its hydrogen fuel,
the temperature and density rise and this may eventually
ignite helium in the core.

1S

* As helium burns in the core a central ash of carbon
left behind that is inert because much higher temps
atures are needed to fuse it to heavier elements.

D
T

* This is termed core helium burning.

 Just as for hydrogen, once sufficient carbon ash has
accumulated in the core, helium burning will be con-
fined to a concentric shell around the inert core.

« this is termed @elium shell source.

If the star is massive, this scenario may be repeated |for
successively heavier core and shell sources (Fig. 9.5).
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The shell and core sources described above are not ne
sarily mutually exclusive.

» For more massive stars there may exist at any part
ular time
— only a core source,
— only a shell source,
— multiple shell sources, or
— a core source and one or more shell sources

burning simultaneously.

» These sources can have complicated instabilities &
interactions.

An important concept for understanding the
action of shell sources is tmairror principle,
which we now describe.
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Mirror Response of Mass Shells. One important aspect of stellar
evolution with shell energy sources is termed ithieror principle.

» Extensive experience with stellar evolution simulatiorticates
thatshell sources tend to produce “mirror” motion of mass shells
above and below themas illustrated in the figure below.

Expansion
—

mIM

e

7777777 Shell Source - -

Radius

Contraction
-—

Time

(a) Shell source (b) Two shell sources (c) Separation of mass shells
by a single shell source.
» For example, if there is a single shell source the mass dayer
below the shell source tend to contract and the mass layeveab
the shell source tend to expand, as illustrated in (a) and (c)

» For two shell sources, each tends to mirror the mass shrdisa
and below, as illustrated in (b).

* In the absence of core burning, with two shell sources thie co
tends to contract, so by the mirror principle the layers a&bov
the inner shell source tend to expand (moving the secondl shel
source further outward).

» Applying the mirror principle to the outer shell sourceg thyers
outside the outer shell source (surface layers, for examyple
tend to contract.

Detailed motion in the HR diagram in late stellar evolutiomsla-
tions often can be predicted by this principle of mirrorediom.
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Stages of Red Giant Evolution

Globular clusters have HR diagrams differing substa

tially from those for stars near the Sun or for open clus-

ters.

* We have interpreted this provisionally as evidence

that globular clusters are old and that

n-

» these differences are connected with the time evo|u-

tion of star populations.

* We are now in a position to place those qualitative

remarks on a much firmer footing.

» The most distinctive features of the HR diagrams for

old clusters are

1. The absence of main-sequence stars above a cer-

tain luminosity, and

2. Loci of enhanced populations in the giant regic
termed the

— red giant branch(RGB),
— thehorizontal branch{HB), and
— theasymptotic giant brancfAGB),

respectively.

These are illustrated schematically in Fig. 9.6 and for
actual cluster in Fig. 9.7.

n

an




9.3. STAGES OF RED GIANT EVOLUTION
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Asymptotic Giant Branch
Central helium consumed, leaving
carbon-oxygen core; interacting H
and He shell sources with thermal
pulses. Element production by s-
process. Neutrino cooling of the
interior. Deep convection, surface
mass loss, ejects planetary nebula.

Horizontal Branch

Core helium burning ("Helium
Main Sequence"). Much
shorter period than for
hydrogen main sequence.
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AGB

Red Giant Branch

Core contraction with hydrogen
shell burning leading to triple-
alpha ignition. Deep envelope
convection and surface mass loss.
Helium flash if mass is less than
about three solar masses
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Figure 9.6:Schematic giant branches in an evolved cluster.
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Figure 9.7:Actual giant branches for the globular cluster M5 in Serpens
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» Regions of enhanced population in the HR diagram
are a signal that individual stars spend significant
portions of their lives in these regions.

» As we now discuss, the red giant branch, horizontal
branch, and asymptotic branch can be identified with
distinct stages of post main-sequence evolution for
intermediate mass stars.

» These stages are of short duration compared with
main-sequence evolution, but are long compared
with stages in between.
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Figure 9.8:Evolution away from the main sequence for a 5 solar mass star.

As representative, we consider the calculated evolutioa Bfsolar
mass star, as illustrated in Figs. 9.8 and 9.9.

* Beginning at the ZAMS the star converts hydrogen to helium.
* This causes a very small upward drift on the HR diagram.

» As core hydrogen is depleted the core contracts and evgnéua
hydrogen shell source is established.

These events signal the advent of a rapid departure from #ie m
seqguence that we will now follow in some detail.
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Figure 9.9:Post main-sequence evolution of a 5 solar mass star. Datkading
indicates regions of energy production and regions wittl&srare convective. Note
the breaks in scale for the time axis.
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9.4 The Red Giant Branch

Over time the hydrogen shell source established when tleehyairo-
gen is depleted burns outward, leaving behind a heliumasth

» Because the sole thermonuclear energy source at thisipamt
a concentric shell, the core cannot maintain a thermal gradi
and it equilibrates in temperature.

Suchisothermal coresare characteristic of
stars that have only shell energy sources.

 As the core increases in size because of the shell burnisg it
supported primarily by the pressure of the helium gas, wisch
typically still nondegenerate and nonrelativistic.

» But there is a limit to the mass of an isothermal helium core
that can be supported against gravity by the gas pressuis. Th
Schonberg—Chandrasekhar linstgiven by (see Exercise 9.1)

2
M, ~ 0.37 (“) M,

Mo

for an isothermal core of ideal helium gas, wh#eas the to-
tal mass of the sta, is the mass of the isothermal cone,
is the mean molecular weight in the core, ang, is the mean
molecular weight in the envelope.

Growth of an isothermal helium core to this size typ
cally requires that about 10% of the original hydrogen be
burned, which is the basis for the earlier statement that
significant evolution from the main sequence commences
when this amount of hydrogen has been consumed.
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When the Schénberg—Chandrasekhar limit is reached in theeito
can no longer support itself, or the layers above, agairmstityr

* It begins to collapse onléelvin—Helmholtz timescalghich is

— slow compared to the dynamical timescale but

— rapid compared to the nuclear burning timescale that has
governed the time spent on the main sequence.

» The collapse continues until

— ignition of helium fusion in the core provides a stabilizing
pressure, or

— until interior densities are reached where the electron gas
becomes degenerate.

» Provided that the core mass does not exceed abowl1,4he
degeneracy pressure stops the collapse, but only after

— the core has become much hotter and denser, and
— substantial gravitational energy has been released.

» Much of the energy released in the collapsééposited in the
envelopewhich expands and cools, enlarging and reddening the
photosphere.

» Thus the star evolves rapidlypward and to the rightinto the
red giant regionof the HR diagram.
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* The region between the main sequence and the RGB (roughly
between points 5 and 6 in the figure above) contains few stars

433

and is called thedertzsprung gap The star evolves so rapidly
through this region that there is little chance of obsenving

the Hertzsprung gap.

 As the temperature of the envelope decreases,

— opacity increases and

— the temperature gradient exceeds the adiabatic gradient.

» Thus the star becomesnvective in much of its envelope.
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* We may then view the evolution to the red giant region as some
thing like the inverse of the collapse of fully convectiveoim-
stars to the main sequence.

» The almost fully convective stanlimbs the Hyashi track in re-
verse to the red giant region.

» The corresponding evolution in the above figure is onrdu
giant branchbetween the points labeled 6 and 7.

* While on the red giant branch the greatly-expanded star can
exhibit significant envelope mass loss, with rates as lagje a
10-%M,, per year observed for RGB stars.
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9.5 Helium Ignition

* The triplea reaction will be triggered when the core tempera-
ture reaches abo0t8 x 108 K.

* The onset of helium burning corresponds to the cusp shown in
the above figure at point number 7, and signals the end of red
giant branch evolution.

» The ignition of the core helium is qualitatively differeiot stars
above and below aboBM., as we now elaborate.
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As discussed earlier, high mass stars generally have higher
core temperatures than low mass stars at all stages of their
evolution.

 Calculations indicate that stars of ab6M., or more
have high enough central temperatures to evolve all
the way to helium burning without their cores becom-
ing degenerate.

* Under these conditions, the commencement of core
helium burning is probably a rather smooth and ar-
derly process.

» On the other hand, calculations indicate that for stars
of about3M, or less the core electrons will have be
comehighly degenerate before the triptesequence
ignites.

* The equations of state for ideal gases and degener-
ate gases differ fundamentally in the relationship be-
tween temperature and pressure:

— For an ideal gas the pressure is proportional [to
temperature.

— For a degenerate gas tpesssure is essentially
independent of the temperatufgecause it de-
rives from the Pauli principle, not thermal mo
tion.
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9.5.1 Thermonuclear Runaways under Degenerate Conditions

1.

Ignition of thermonuclear reactions under degenerate cf
ditions leads to violent energy releases:

Ignition of the fusion reaction releases large amour
of energy, which quickly raises the local temperatur,

. In a normal explosion (ideal gas), a rise in tempe

ture causes a corresponding rise in pressure that <
arates and cools the reactants, limiting the explosic

. Not so in degenerate gases because pressure is

increased initially by the sharp temperature rise.

. Since charged-patrticle fusion reactions have ve

strong temperature dependence, the rise in temg
ature causes a rapid increase in the reaction rates
the fusion reactions run faster.

. This in turn raises the temperature further and th

reaction rates, and so @thermonuclear runaway)

. The large thermal conductivity of degenerate ma

ter means a thermonuclear runaway triggered loca
spreads rapidly through the degenerate matter.

. This runaway continues until enough electrons 3

excited to lift the degeneracy of the electron gas.

. The equation of state then tends to that of an id¢

gas and the resulting increase of pressure with te
perature moderates the reactions.
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9.5.2 The Helium Flash

When such a thermonuclear runaway occurs under degen-
erate conditions for triplex it is termed ahelium flash.

» Simulations show that stars of less than about 3 salar
masses that ignite helium burning will probably do
so under degenerate conditions.

e Simulations indicate further that the helium flash

— ignites the entire core of the star within seconds,

— that the temperature can rise to more ti2ax
10® K before the runaway begins to moderate,
and that

— the energy release during the short flash can ap-
proach10 solar luminosities(comparable to
the luminosity of a galaxy!).

* However, these simulations also indicate that this ex-
tremely violent event probably has little directly vis
ible external effect becauskee enormous energy re-
lease is almost entirely absorbed in the envelope.

* In effect, the explosion is so strongly tamped by the
external matter in the gravitational potential well g
the star that it does not make it to the exterior.

—
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» Once the degeneracy of the core is lifted following
the helium flash (or following the onset of the triple
a reaction in heavier nondegenerate cores), the he-
lium burns steadily to carbon at a temperature pf
aboutl.5 x 10° K.

» This signals the beginning of theorizontal branch
(HB) portion of red giant evolution.
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9.6 Horizontal Branch Evolution

* The horizontal branch (HB) of the above figure cor-
responds to a period aftable core helium burning
that is in many ways analogous to the core hydrogen-
burning main sequence.

* Thus, this period is often termed thelium main se-
quence
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* The HB corresponds to points 8—10 above.

* This “helium-burning main sequence” is a time aof
hydrostatic equilibrium for the same reasons as for
the hydrogen-burning main sequence.

* The helium-burning main sequencenmsich shorter
than the hydrogen-burning main sequenoeaccord
with earlier discussion of burning timescales.

* Initially on the horizontal branch the star typically
has lower luminosity than in the preceding RGB peé-
riod, but higher than when it was on the main se

quence.
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» The star remains on the horizontal branch as long|as
there is helium fuel in its core to burn. When the core
helium is exhausted,

— thecore contractand
— athickhelium burning shelis established.

e The star now hasvo shell sources:

— thebroader helium-burning sheéind

— thethin hydrogen-burning shelying above it.
 Mirror principle:

— the core inside the helium source contra¢te
energy source),

— the inert helium layer outside the helium she
source expandspushing the hydrogen shel
source to larger radius, and

— theouter layers of the star contract.

miM

/
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Expansion
—

Contraction
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Time

(a) Shell source (b) Two shell sources (c) Separation of mass shells
by a single shell source.
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This causes the star to move left on the HR diagra
and represents the evolution between points 11 &g
13 in the above figure.

The helium shell source narrows and strengthens
the core compresses further.

m
\nd

as

Layers above the helium shell source expand and

cool, which turns off the hydrogen shell source th
was burning above the helium shell source, leavil
only a single active shell source.
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In accordance with the mirror principle, the star cor
tracts inside the helium source and expands outs
it, drifting quickly to the right in the HR diagram un-
til it reaches the vicinity of the Hyashi track (poin
14 above).

This signals the transition to the asymptotic gia
branch (AGB).
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9.7 Asymptotic Giant Branch Evolution

In many respects the evolution on the AGB now mimic¢s
that following the establishment of the first hydrogen shell
source after core hydrogen was depleted on the main|se-
quence.

» However, the star now has atectron-degenerate C—
O core and two shell sourceaather than one. (The
hydrogen source turned off after ignition of the he-
lium shell source but it will re-ignite after early evo:
lution on the asymptotic giant branch.)

» The star agaiincreases in luminosity and radius and
moves into the red giant regias earlier, but at even
higher luminosities on the asymptotic giant branch|
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The corresponding evolution in the above figure
from point 14 and beyond. This may be viewe
roughly as acontinuation of the ascent on the RGI
along the Hyashi trackhat was interrupted by igni-
tion of the core helium source that stabilized the st
for a time on the horizontal branch.

If the star is sufficiently massivéje growing carbon
core may ignite eventuallfput if M < 4 — 5M, this is
not likely and all subsequent thermonuclear ener
production will be from the shell sources.
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A number of important features characterize asymptaotic

giant branch evolution:

1. The shell sources exhibit instabilities calldermal
pulses.

2. Shell sources in AGB stars are thought to be the pri-
mary site for the slow neutron capturesprocess.

3. Stars in the giant region often exhilatrge surface
mass lossThis is particularly true for AGB stars.

4. Deep convective envelopéisat form in the AGB
phase cadredge elements synthesized in the interipr
up to the surfacewhere they can be distributed to th
interstellar medium by winds from the surface.

D

Let us discuss each of these important aspects of asymp-
totic giant branch evolution in more depth.
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9.7.1 Thermal Pulses

The AGB period is characterized by the presencbaih
hydrogen and helium shell sources.

* However, these shell sources exhib#tabilities and
a complex interrelationshipuch that

At any one timeoften only one of the two shel
sources is burning.

» These instabilities are calletiermal pulsesr he-
lium shell flashes.

* It can be shown on rather general grounds ¢hettin
shell source is inherently unstable:

— Basically one finds that if shell sources are nar-
row enough the temperatuirecreasesupon ex-
pansion.

— This is strongly destabilizingand sets the stage
for a thermonuclear runaway.

Therefore, in many respects thin shell
source behaves like a degenerate gas with re-
gard to thermal stabilityeven if the gas in the
shell source is non-degenerate.
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(a) H shell source with inert He (b) Ignition of He shell source;
and C-O core. H shell source expansion above He shell cools
adds steadily to He layer and shuts off H shell source

Repeat cycle but
with larger C-O core
produced by the He

shell burning

A Shell burning
{) Convection

(d) He shell source re-ignites H (c) Convection extends deeply
shell source before the He into He shell, dredging up
source turns off previous nuclear burning products

Figure 9.10:Schematic illustration of thermal pulses in an AGB star.

AGB thermal pulses are illustrated in Fig. 9.10.

* Let us assume that we have initially an inert C-0
core surrounded by an inert He layer, with a hydro-
gen shell source at the base of the hydrogen layer
above adding to the He layer (Fig. 9.10(a)).
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(a) H shell source with inert He (b) Ignition of He shell source;
and C-O core. H shell source expansion above He shell cools
adds steadily to He layer and shuts off H shell source

Repeat cycle but
with larger C-O core
produced by the He

shell burning

A shell burning
) Convection

(d) He shell source re-ignites H (c) Convection extends deeply
shell source before the He into He shell, dredging up
source turns off previous nuclear burning products

» As the core compresses the base of the helium layer
may ignite, giving an inner He shell source and an
outer H shell source.

» Expansion of layers above the hot He shell source
lowers the temperature enough at the base of the hy-
drogen envelope to turn off the H shell source, leav-
ing the star with a single He shell source (Fig. (b)).
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(a) H shell source with inert He (b) Ignition of He shell source;
and C-O core. H shell source expansion above He shell cools
adds steadily to He layer and shuts off H shell source

Repeat cycle but
with larger C-O core
produced by the He

shell burning

A shell burning
{ Convection

(d) He shell source re-ignites H (c) Convection extends deeply
shell source before the He into He shell, dredging up
source turns off previous nuclear burning products

* The hot helium shell source produces a steep temper-
ature gradient and convection develops that reaches
down to the vicinity of the He shell source, as illug
trated in Fig. (c).

 This convection mixes burning products from earlier
evolution into the surface layers.

» The He shell source burns outward, leaving a grow-
ing C—O core behind.
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(a) H shell source with inert He (b) Ignition of He shell source;
and C-O core. H shell source expansion above He shell cools
adds steadily to He layer and shuts off H shell source

Repeat cycle but
with larger C-O core
produced by the He

shell burning

A shell burning
{ Convection

(d) He shell source re-ignites H (c) Convection extends deeply
shell source before the He into He shell, dredging up
source turns off previous nuclear burning products
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of insufficient temperature at larger radius, but n
before the proximity of the hot He source re-ignite
the shell source at the base of the hydrogen lay
leading to the situation in Fig. (d).

* The hydrogen shell source burns outward, leavi
behind a new layer of helium and the cycle is r¢
peated, but now with a larger carbon—oxygen core

* The He shell source eventually extinguishes because

S
er,

U
1
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Simulations indicate that an AGB star can undergo ma‘ny
such thermal pulses (tens to hundreds before the envelope
is eroded away by mass loss).

« Thethermal pulse durations typically are onhyd*—
10° years(a tiny fraction of the life of an average
star).

» Thus it isvery difficult to catch a star undergoing
thermal pulses.
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tions and by nuclear statistical equilibrium in stars.

Elements beyond Fe can't be produced in the sa
way because the Coulomb barriers become so la
that extremely high temperatures are required.

These high temperatures would produce a bath

high-energy photons that would photodisintegrate

any heavier nuclei that were formed.

» Thus other mechanisms produce heavier elements.

Figure 9.11 summarizes observed elemental abundances.

» Elements up to iron can be produced by fusion reac-

mne
rge

of




456

CHAPTER 9. RED GIANT EVOLUTION

One possibility is thecapture of neutron®n nuclei to
build heavier nuclei.

» Because neutrons are electrically neutral they do not

have a Coulomb barrier to overcome.

» This permits reactions to take place at low enough
temperatures that the newly-formed heavy nuclei will

not be dissociated immediately by high-energy ph
tons.

0-

* There are two basic neutron capture processes that

are thought to produce heavy elements:

— the slow neutron capture srprocessand
— the rapid neutron capture oiprocess

» Astrophysical sites for these neutron capture reé
tions have not been confirmed, but it is widely be
lieved that

— thes-process occurs in AGB stars

— the r-process occurs in core-collapse super

novae.

We shall discuss the s-process here and will address
r-process in later chapters.

AC-

34
1

the
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Figure 9.12:An example of slow neutron capture afiedecay in the s-process.

The s-process refers to a sequence of neutron captureormsat-
terspersed with beta decays to produce heavier element® Wiee
rate of neutron capture is slow on a timescale set by compétata
decays.

» We can illustrate by considering an iron nucleus subjetieal
low-intensity source of neutrons, as illustrated in Fid.2.

« In this example®®Fe captures 3 neutrons sequentially to become
S9Fe.

« But as the iron isotopes become neutron rich they become in-
creasingly unstable againgt” decay. In this example we as-
sume that the neutron flux is such th3fe is likely to beta decay
to °°Co before it can capture another neutron.
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« Now the®®Co nucleus can absorb neutrons and finally beta decay
to produce an isotope of the next atomic number (nickel),sand
on.

» By this process, heavier elements can be built up slowly if a
source of neutrons and the seed nuclei (iron in this case) are
available.
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Figure 9.13:The valley of beta stability (shaded region). Isotopesdyim this
valley are stable again®-decay. The “drip lines” mark the boundaries for spon-
taneous emission of protons or neutrons. Isotopes outs&lstability valley are
increasingly unstable again8tdecay as one moves toward the drip lines.

» Because of the competition from beta decay, it is clearttieas-
process can build new isotopes only in the valley of betalgtab
illustrated in Fig. 9.13.



460 CHAPTER 9. RED GIANT EVOLUTION

—->» s-Capture Path s || |os Os 0s | 0s
[[] s-Process Nuclei 186\ 187 || 188 | 189 | 190
E r-Process Nuclei Re ie Re
[] stable Nuclei 185\] 186 | 187
[ ] Unstable Nuclei W | W | W W

182\ 183 | 184 | 185 | 186

Ta Ta Ja
180 | 180\ 182 w
HE | HE | HE | HE | HE |NGf v )
176 | 170\ 178 | 179 | 180 | 181 :

Lu Lu u

R,
1%\ 176 | 177 r-Process
Yo \Yb | Yb .. Contributions

174 | 175 | 176

Figure 9.14:The s-process path in the Yb—Os region.

In Fig. 9.14 the s-process path is illustrated in the Yb—@sore

* Notice that the path stays very near the stability vallegrkd
boxes).

 This figure also illustrates the competition between tipecsess
and r-process in producing the heavier elements.

» As we shall see, the r-process generally populates veryareu
rich isotopes that the~— decay toward the stability valley.

 Some isotopes (for exampl€®-1870s) can be populated only
by the s-processecause other stable isotopes protect them from

r-process population8-decaying from the neutron-rich side of
the proton—neutron plane.

» Other isotopes (for examplé8®w) can be populated only by
the r-processbecause an unstable isotope lies to their left in
Fig. 9.14, blocking the s-process slow neutron capture. path
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Figure 9.15:Relative contributions of the s-process and the r-processeavy

element abundances.

rized in Fig. 9.15.

Many isotopes can be produced both by the s-process
the r-process. The relative contributions of the s-process
and r-process to heavy element abundances are summa-

and
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A source of slow neutrons is required for the s-process

» Only a few nuclear reactions that are likely to occt

in stars under normal conditions produce neutrons.

» Free neutrons are unstable agaigsiecay on a 10-
minute timescale.

» Thus neutrons for the s-process are not easy to ca
by.

The box on the next page discusses possible neut
sources for the s-process that are thought to be preser
red-giant stars during the AGB phase.

me

ron
1t in
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For the slow capture process it is thought that two reac-
tions that can occur in AGB stars are primarily responsible
for supplying the neutrons:

“He+13C —180+n  “He+22Ne— Mg+n

 The most important reaction path leading to the
22Ne(a, n)*®Mg reaction is

Al 13

Mg 12 25\Mg
<

Na 11 N

c

/
Ne 10 22Ne

QA
F 9 18 .
PRINGE \G/

W

(@)
(o]
]
o

N 7 14N

« Thel3C(a, n)t®0 reaction is expected to provide th
neutron flux at low neutron densities {0’ cm™3).

D

« The reactiorf?Ne(a, n)*°Mg plays a secondary role,
occurring at highem during thermal pulses.
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9.7.3 Development of Deep Convective Envelopes

ing temperature gradients drive very deep convecti
extending down to the shell sources (above).

this deep convection is central to understanding t

with surfaces and winds for red giant stars.

» As we shall discuss later, mixing associated with

» Once a thin helium shell source develops the result-

on

observation of nuclear-processed material associated
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9.7.4 Mass Loss

Observations indicate that once stars leave the main |se-
guence they experience large mass losses, particularly in
the AGB and RGB phases.

» This is most directly indicated by the observation of
gas clouds with outwardly directed radial velocities
of 5-30 kms! near such stars.

* It has been found that this mass loss is described|by
a semiempirical expression of the form

LR
M~ —A— M. yr 1
M @y )

whereA ~ 4 x 10713 s a constant. is the luminos-
ity, Ris the radius, ani is the mass of the star.

» Thus, the rate of mass ejection increases linearly with

1. larger luminosity,
2. larger radius,
3. smaller mass.

» This would be expected for mass loss from the sur-
face of a luminous object with a surface gravitational
field determined by its mass and radius.
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Therefore, on the RGB and AGB

* The rapid increase in radius and luminosity leads [to
increased mass loss, and

* As the star sheds its matter the decreased residual
mass reduces the gravitational potential and further
accelerates the loss.

Although the detailed mechanism is not well
understood, it is clear empirically that the
mass loss can increase by orders of magni-
tude relative to that associated with normal
stellar winds in the RGB and AGB phases.

U
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Example: For RGB stars mass losses H3% M, yr—1
have been recorded, while for AGB stars the losses c¢an
approachl0~* Mg yr—1. If these rates were sustained, [a
red-giant star would eject all of its mass on a timescale
that is tiny compared to its overall lifetime.
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9.8 Ejection of the Envelope

In AGB stars the envelope is consumed both from within antovit:

» The surface is ejecting mass.
» The C-O core grows as the shell sources burn outward.

» Detailed estimates indicate that tkerface mass loss is more
importantby orders of magnitude.

Rapid loss of the envelope by surface ejection while the goyers at
very small comparative rates has two important implicegion

1. The envelope is lost rapidly, leaving behind a C-O core.

* The rapid loss of the envelope implies that a range of initia
masses will leave behind cores (white dwarfs) of almost the

same mass.
 This is significant because white dwarf masses are observed

to be concentrated in a narrow range nélar 0.6 M.

2. The ejected envelope can producgelanetary nebulawhich is
commonly observed phenomena in late stellar evolution.

Thus, the outcome of AGB evolution is

(D

1. Ejection of most of the star's envelope
as a planetary nebula,

2. Cooling of the bare C-O core left behind
to form a white dwarf.
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9.9 White Dwarfs and Planetary Nebulae

Late in the AGB phase, mass loss increases dramatically
for a short period called theuperwind phaséwhich, as
for other mass-loss phases, is not well understood).

* The radius decreases and the temperature increases,
with the luminosity about constant.

e From this point onward it is useful to consider the
evolution of the core and the envelope separately.
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Figure 9.16:Evolution after the asymptotic giant branch.

As the core compresses, it follows the approximate evolu-
tionary track shown in Fig. 9.16.

» This takes it to much higher temperatures than for the
normal HR diagram.

* |t finally cools to the white dwarf region with atten-
dant decrease in luminosity.

» This high temperature is a result of retained ther-
mal energy and gravitational compression; the core is
no longer capable of producing energy by thermonu-
clear processes.
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* The remnants of the ejected envelope recede from the
star.

* When the temperature of the bare core reaches ahout
35,000 K a fast wind, probably associated with radi-
ation pressure from the hot core, accelerates the last
portion of the envelope to leave.

* This forms a shock wave that proceeds outward and
defines the inner boundary of the emitted cloud.

* As the temperature of the central star climbs, the
spectrum is shifted far into the UV and this bath of
high energy photons from the central star ionizes the
hydrogen in the receding envelope.

» The resulting recombination reactions between ions
and electrons emit visible light and account for the
luminosity and the often beautiful colors associated
with the planetary nebula.

» The core and the planetary nebula now proceed on
their separate ways:
— The core cools slowly to a white dwarf.

— The planetary nebula expands and grows fainter,
eventually to merge into the interstellar mediun.

—




472 CHAPTER 9. RED GIANT EVOLUTION

IC 3568 NGC 6826 NGC 3918

Hubble 5 NGC 7009 NGC 5307

Figure 9.17:A variety of planetary nebulae imaged by the Hubble Space-Tel
scope. Such observations indicate that the ways in whichgdGB stars eject
their envelopes can be quite complex.
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9.10 Stellar Dredging Operations

473

Various observations indicate that red giant stars exhi

core and in shell sources.

deep convective mixing.

* This mechanism of transporting the products of n

convection is termed @redge-up.

» Since post main-sequence evolution in the red gi-
ant region involves various episodes of deep convec-
tion, it is logical to assume that the observed nuclear-
processed material is brought to the surface by this

bit

abundances of isotopes in their surfaces and winds that
could only have been produced by nuclear burning in the

clear burning and processing to the surface by deep




474 CHAPTER 9. RED GIANT EVOLUTION

Three dredge-up episodes have been identified in post
main-sequence evolution:

1. First dredge-upis thought to occur as the star de
velops deep convection driven by the hot hydroge
shell source prior to tripler ignition on the red giant
branch.

D
>

2. Second dredge-ugan occur early in AGB evolution
for intermediate mass main-sequence stars as a result
of convective gradients generated by the narrowing
helium shell source.

3. Third dredge-ups more difficult to produce in simu-
lations than the first two but

* |t appears to be necessary to understand surface
abundances for many evolved AGB stars.

* It is thought to be associated in a complex way
with thermal pulses in AGB evolution, through
deep convection that extends at least periodi-
cally into the region between the H and He shell
sources




9.10. STELLAR DREDGING OPERATIONS 475

Although these dredge-up episodes are only partially un-
derstood, they are key to explaining observations like

» Carbon stars (stars with a greater abundance of C
than O in their surfaces).

* The abundance of interstellar carbon dust grains.




