
Evolution of red-giant stars
Thermal instabilities in helium-burning shells are linked to the origin of
certain elements heavier than iron—in one star the surface abundances
of these elements increased by 25 times in the last ten years.

Allen V. Sweigart

Theorists are paying a lot of attention
nowadays to the structure and evolu-
tion of highly luminous stars with low
surface temperatures. These stars, re-
ferred to as "red giants" because of
their color and large radii, are believed
to be in an advanced phase of their evo-
lution. Most stars pass through at least
one such phase, late in their lifetimes—
as will our Sun.

Why are the red-giant stars of such
interest? One reason is the strong sus-
picion that they are the birthplaces of
the so-called "s-process" elements.1

The "s" stands for "slow": These ele-
ments, including strontium, zirconium,
technetium and barium, are formed by
the successive absorption of neutrons
by nuclei with atomic masses close to
that of iron on a time scale long com-
pared with their beta-decay lifetimes.
Observations show that some red giants
possess unusual surface compositions,2

including enhanced abundances of car-
bon (relative to oxygen), lithium and
the s-process elements.

These composition anomalies pre-
sumably result from nucleosynthesis
deep in the stellar interior.3 Evidence
that they do not merely reflect differ-
ences in a star's initial composition is
provided by the remarkable behavior of
the star FG Sagittae. Since 1967 the
surface abundance of the s-process ele-
ments in FG Sagittae has increased to a
value approximately 25 times the solar
abundance, although prior to 1965 these
elements were not significantly en-
hanced.4 In this star we are therefore
witnessing the actual mixing of s-pro-
cess elements to the surface.

The discovery of radioactive techne-
tium (which has a halflife of 2 X 105
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years) in some red-giant stars also
strongly indicates that s-process syn-
thesis can occur during a star's recent
evolution. Through mass loss—either
by a gradual mass outflow from the sur-
face or by a dynamical ejection of the
outer layers—red-giant stars therefore
can contribute to the heavy-element en-
richment of the interstellar medium
and in this way influence the chemical
evolution of the Galaxy.

Theoretical progress during the past
decade has helped to clarify our under-
standing of the advanced evolution of
red giants and to identify possible nu-
clear processes by which the s-process
elements are created under astrophysi-
cal conditions. This article reviews
some of the characteristics of this evolu-
tionary phase and discusses the impli-
cations of recent work for the problems
of s-process synthesis and mixing be-
tween the deep interior and the surface,
with particular emphasis on some of the
remaining difficulties. Let us begin
with a brief survey of stellar evolution.

How stars evolve

After its contraction from an inter-
stellar cloud, a star begins its life as a
chemically homogeneous object, its en-
ergy being derived from the fusion of
hydrogen into helium. This hydrogen
"burning" gradually depletes the hy-
drogen supply around the center of the
star, so that it eventually forms an inert
helium core surrounded by a hydrogen-
rich envelope. All nuclear-energy gen-
eration will then shift outward to the
thin shell that separates the core from
the envelope.

The star reacts to this composition
change by expanding its outer layers
and decreasing its surface temperature.
This leads it into its first red-giant
phase. During this phase the hydro-
gen-burning shell advances outward

through the mass of the star; this leads
to an increased surface luminosity and
to a contraction and heating of the heli-
um core.

The first red-giant phase of a star is
abruptly terminated when the tempera-
ture within its core becomes high
enough to ignite helium burning (about
108 K) by the reactions

3He4 — C12 + T

C12 + He4 — O16 -I- T

The onset of helium burning at its cen-
ter fundamentally alters the structure
of the star by adding a new energy
source to the hydrogen-shell source al-
ready present.

Whether or not a star remains a red
giant during this central helium-burn-
ing phase depends on the stellar mass.
In any case, the helium burning will
convert all of the helium near the center
into carbon and oxygen, forcing the star
to begin helium burning in a shell just
outside the helium-exhausted region.
Following the transition to helium-shell
burning, the star will evolve to higher
luminosities and cooler surface temper-
atures and will thus begin its second
red-giant phase.

By the time a star is in its second red-
giant phase, its structure has become
rather complex. There is an inert core
of carbon and oxygen, surrounded by a
helium-burning shell, an intershell re-
gion largely consisting of helium and,
further out, a hydrogen-burning shell.
The hydrogen-rich envelope outside of
the hydrogen-burning shell is in a state
of turbulent convection.

A few typical numbers taken from a
star with a mass of 1.5 M o (1 M o = 1
solar mass = 2 X 1033 gm) illustrate the
magnitudes of some of the quantities
involved. Let Mr denote the amount of
mass within a distance r from the cen-
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ter. At the phase of this star's evolu-
tion when Mr equalled 0.655 M o for r at
the center of the helium-burning shell,
its value was 0.669 M o at the hydrogen-
burning shell so that the intershell re-
gion contained only a small fraction of
the total mass (0.014/1.5). At that time
the radii of the helium- and hydrogen-
burning shells were only 1.5 and 2.6
Earth radii, respectively, while the sur-
face radius was 48 000 Earth radii,
about twice the radius of Earth's orbit
around the Sun. The central density
and temperature were 3 X 106 gm/cm3

and 9 X 107 K, and consequently the
electron gas was degenerate throughout
most of the C-0 core, although not out-
side of it. Essentially the structure of
the star consisted of a rather dense
inner region containing the two energy
sources and a very extended outer enve-
lope with a much lower density. The
luminosity of the star was 104 L 0 (1 Lo
= 1 solar luminosity = 4 X 1033 erg/sec)
with the hydrogen-burning shell
supplying on the average about 85 per-
cent of the energy output and the he-
lium-burning shell the remaining 15
percent.

Thermal instability

The original investigations into the
second red-giant phase disclosed quite
unexpectedly that the rate of helium
burning, rather than varying smoothly
with time, periodically undergoes fluc-
tuations of high amplitude.56 More ex-
tensive analysis demonstrated that
these fluctuations were due to an inher-
ent thermal instability of the helium-
burning shell, as can be seen from the
following argument:

Suppose that a positive temperature
perturbation occurs within a nuclear-
burning shell. Because of the strong
temperature dependence of the nuclear
reaction rates, the rate of energy gener-
ation e within the shell will increase.
Typically this increased burning rate
would cause an expansion and subse-
quent cooling of the shell, thereby
damping the temperature perturbation
and insuring thermal stability. How-
ever, in some cases the star's readjust-
ment increases the temperature, en-
hancing the initial temperature pertur-
bation, and making the shell thermally
unstable.

Two general conditions must be ful-
filled5 for such an instability to occur:
• The shell must be thermally thick.
This means that the shell must retain
some of the excess energy due to the in-
crease in t and must not permit all of it
to escape.
• On the other hand, the shell must be
thin enough not to disturb seriously the
hydrostatic structure of the star when
the shell expands.

For simplicity let us assume that the
ideal gas law is the appropriate equa-
tion of state for the shell, so that its
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Instabilities alternating with quiescent phases are here shown for the 22nd and 23rd cycles of
a 1.5 M8 star. The graphs show the time dependences of the helium-burning rate (grey line),
hydrogen-burning rate (black line) and surface luminosity (colored line), all in units of the solar lu-
minosity. The initial mass composition of the star was 68% hydrogen, 30% helium and 2%
heavier elements. The time zero has been set to coincide with the 22nd helium-shell flash.
The vertical colored bands indicate periods of thermal instability. Figure 1

pressure is proportional to the product
of its density and temperature. The
expansion produced by the heating of
the shell can cause a rather large drop
in the density if the shell is sufficiently
thin. In hydrostatic equilibrium the
outward force due to the gas pressure at
the shell must just balance the weight of
the layers lying above it. This pressure
will not be greatly changed by the ex-
pansion of a very thin shell, since the
exterior layers will not be pushed out-
ward by a significant amount; for a
thick shell the weight of these layers
will (by the inverse-square law) de-
crease considerably. If the relative de-
crease in the density exceeds that in the
pressure, the temperature of the shell
given by the ideal-gas law will rise:
The result is thermal instability.

These two conditions can be satisfied
only if the temperature dependence of
the nuclear reaction rate is sufficiently
high.5 This is the case for helium burn-
ing, for which the energy-generation
rate varies as T30, but not (with a few
possible exceptions) for hydrogen burn-
ing, for which c oc T16. Thermal insta-
bility can also occur in shells burning el-
ements heavier than helium. Such
shells are formed during the advanced
evolutionary phases of massive stars,
but will not be discussed here.

Whenever the helium burning reach-
es very high values, the region being
heated and expanded will include not
only the shell but also the neighboring
layers. The second of the above condi-
tions will then be violated, leading to a
return of thermal stability and relaxa-

tion of the perturbed layers.
Helium burning during the second

red-giant phase consequently takes
place in a series of helium-shell "flash-
es" during which the rate of helium
burning can exceed its normal quiescent
value by several orders of magnitude.
These flashes occur in stars covering a
wide range in mass and composition,
and appear to be a general characteris-
tic of this evolutionary phase.

Because of these flashes a star will
evolve through a sequence of relaxation
cycles.7 Each such cycle consists of an
"active phase" during which the he-
lium-shell flashes take place and a
"quiescent phase" during which the he-
lium burning is typically quite low.
Usually the basic structure of a star
does not change significantly between
successive cycles. Let us begin our dis-
cussion of these results with an exami-
nation of what happens during a typical
cycle.

A relaxation cycle

The 1.5 Mo star referred to previous-
ly can again provide a convenient exam-
ple for describing the characteristics of
a typical relaxation cycle. Figure 1
gives the time dependence of the heli-
um-burning rate LHe, the hydrogen-
burning rate LH and the surface lumi-
nosity L during two advanced cycles
(the 22nd and 23rd relaxation cycles) of
this star. Beginning at time t = —0.7 X
104 yr in this figure, the helium-burning
shell becomes thermally unstable and
the star enters into an active phase. In
response to the thermal instability the
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helium-burning shell flashes with Lne
reaching a peak value of 2 X 106 Lo be-
fore the instability is relieved. There is
a mild secondary maximum in Lne
(about 104 Lo) at t = 340 yr. The main
(strongest) helium-shell flash during an
active phase is always the first one, but
it is not unusual for there to be one or
more secondary flashes which, depend-
ing on the particular star, can also be
quite strong.7 Following the secondary
maximum, near t = 0 in figure 1, the he-
lium burning gradually declines, mark-
ing the end of the active phase. During
the subsequent quiescent phase, from
about 5000 yr to 30 000 yr, the helium
burning is very weak and the hydrogen
burning supplies most of the surface lu-
minosity.

The high rate of energy generation
during a flash causes an outward expan-
sion and cooling of the hydrogen-shell
region, resulting in an abrupt extinction
of the hydrogen burning at t = 0. The
hydrogen burning does not recover until
near the end of the active phase. Be-
tween successive active and quiescent
phases the dominant energy source
therefore alternates between helium
and hydrogen burning. However, the
variation in the surface luminosity is
much smaller than the variations in Lue
and LH- At t = 3 X 104 yrs, the helium-
burning shell is once again thermally
unstable and the sequence of events
just described will be repeated for the
next relaxation cycle.

Figure 2 shows how the locations of
the helium- and hydrogen-burning
shells change during a relaxation cycle.
The center of the helium-burning shell
is defined here to be the point where
the helium abundance is half of its in-
tershell value. The hydrogen-burning
shell in this star contains only 10~4 Mo,
which corresponds roughly to the thick-
ness of its curve in the figure. Normal-
ly the region between the two shells is
in radiative equilibrium, so that the en-
ergy in this region is transported out-
ward entirely by the radiation field.
When the helium-burning shell flashes,
however, the outward energy flux be-
comes too great for the radiation field
to carry alone. Therefore an intershell
convective zone in which mass motions
help carry the energy flux will develop
for a brief period. The two spikes in
figure 2 represent the outer edge of the
intershell convective zone and thus
mark the time of the main helium-shell
flashes.

During the quiescent phases the loca-
tion in mass of the helium-burning shell
remains almost fixed. There is a con-
siderable overlap of the material in the
intershell region between cycles.

Although the cycle characteristics in
figures 1 and 2 remain qualitatively cor-
rect for other stars, they can differ sub-
stantially in their actual numerical
values. These characteristics depend
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Time variation of the locations of the hydrogen- and helium-burning shells, the inner edge of
the envelope oonvective zone and the outer edge of the intershell convective zone (when it is
present) for the star and time period of figure 1. The positions are given in terms of the mass
Mr enclosed by a sphere of radius r about the center of the star. Figure 2

primarily on the mass Mc within the
carbon-oxygen core, with the total mass
and composition of a star being usually
of secondary importance. For example,
there is an approximate relation be-
tween Mc and L given by the equation8

L/LQ = 59 250(Mc/Mo - 0.522)

This relation shows the sensitive core-
mass dependence of the surface lumi-
nosity. The cycle length T has been
found to be a strongly decreasing func-
tion of Mc.

9 Typical values for r range
from about 106 yr at Mc = 0.39 MQ to
2500 yr at Mc = 0.95 MG.10 The core
mass at the time of the first helium-
shell flash increases with the total mass
M, being7-11 about 0.4-0.5 Mo when M
is one solar mass or less and10 0.95 Mo
at M = 7 MQ. The amount of mass be-
tween the two shells becomes less for
larger values of Mc. During the initial
relaxation cycles this intershell mass is7

generally just under 0.1 Mo for M less
than or equal to one solar mass, while10

at M = 7 Mo it is only 0.002 Mo.

The active phase

Whether s-process synthesis and ex-
tensive internal mixing can result from
a helium-shell flash depends on the
star's behavior during an active phase.
Figure 3 illustrates how Lue, LH and L
vary during an active phase of the 1.5
M© star. There is a brief period of
thermal instability between 54 and 106
years, which helps drive Lue down to
lower values after the main flash. At
the peak of the main flash, most of the
energy from the helium burning goes
into heating and expanding the helium-
burning shell and the intershell region

without increasing substantially the
outward energy flux at the hydrogen-
burning shell.

The abrupt termination of hydrogen
burning at t = 0 produces a decrease in
the surface luminosity for t between 7
and 65 years. During this interval the
envelope contracts as the star tries to
maintain its surface luminosity by the
release of gravitational potential ener-
gy. Eventually at t = 65 yr the energy
from the helium burning reverses this
contraction and causes a rather rapid
rise in the surface luminosity. It is
near the subsequent maximum in L
that the envelope convective zone
reaches its deepest inward penetration
in mass. In effect the envelope acts as
an energy reservoir upon which the star
can draw to minimize changes in its lu-
minosity.

The locations of the two shell sources
and the various convective edges during
the 23rd active phase of the 1.5 M o star
are given in figure 4. The intershell
convective zone appears just above the
helium-burning shell shortly before the
flash peak and grows in extent until it
reaches from the center of the helium-
burning shell outward to just inside the
inner edge of the hydrogen-burning
shell. Later, as Lne drops off, the in-
tershell convection recedes and finally
disappears.

The existence of intershell convection
strongly modifies the composition dis-
tribution in this region of the star.7

The convective motions will carry car-
bon outward from the helium-burning
shell. A discontinuity in the carbon
abundance will therefore be created at
the outer edge of the intershell convec-
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tive zone. For the 1.5 MG star the in-
tershell carbon abundance after 23 cy-
cles was 30 percent by mass. However,
only a small amount of oxygen is depos-
ited into the intershell region, since lit-
tle oxygen is produced by the reaction

C12 (a, 7) O16

under conditions of high helium abun-
dance.3

The drop in the hydrogen-burning
rate at t = 0 causes the inner edge of
the convective envelope to retreat out-
ward initially, for t between 3 and 48
years. Later, when the surface lumi-
nosity increases, the envelope convec-
tion moves inward, with its deepest
penetration occurring at t = 211 yr.
The maximum extent of the intershell
convection and the deepest penetration
of the envelope convection do not hap-
pen simultaneously—in fact, the con-
vective envelope starts to recede as the
intershell convection approaches close
to the hydrogen-burning shell.

S-process synthesis and mixing

Two crucial questions can now be
asked concerning the possibility of s-
process synthesis and mixing during a
helium-shell flash:
• Does the intershell convective zone at
its maximum extent penetrate outward
into the hydrogen-burning shell? If
such penetration takes place, protons
from the hydrogen-burning shell will be
mixed into the intershell region. There
they will react with the abundant car-
bon-12 nuclei to form (mainly) carbon
13 by the reactions

C12 + p — N13 +

N13 -» C13 + /8+ +
(1)

provided the number of protons is small
compared with the number of C12 nu-
clei.12 The C13 thus produced will be
carried inward by convection until it is
destroyed by the reaction C13 (a, n) O16

at the higher temperatures that prevail
near the helium-burning shell. The net
result therefore is the liberation of one
neutron for each proton that is mixed
into the intershell region. The s-pro-
cess elements can then be built up by
the successive absorption of these neu-
trons on the iron-peak nuclei.1213 If
such mixing occurs for one flash, it will
probably occur for a few subsequent
flashes, since the structure of a star
changes only slightly from one cycle to
the next.
• Does the envelope convection at its
deepest penetration reach through the
hydrogen-burning shell and into the in-
tershell region? Such a deep penetra-
tion would transport helium and car-
bon, as well as any s-process elements
previously formed, outward to the sur-
face.

Tentative answers to these questions
can be obtained from recent calcula-
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An expanded view of the active phase of the 23rd cycle of the star described in figure 1. The
zero of the time scale is here reset to the peak of the main helium-shell flash (3.67 X 104 yr in
figure 1). When the hydrogen burning stops, the envelope contracts. Figure 3

tions of stellar models. In the descrip-
tion of these calculations, it is most con-
venient to consider stars in different
mass ranges separately. Let us discuss
first the case of the higher mass stars,
for which the theoretical results are
particularly encouraging.

Extensive calculations have demon-
strated that the intershell convective
zone does not reach into the hydrogen-
burning shell during the first ten relax-
ation cycles of a 7 MQ star.10 However,
the absence of any proton mixing does
not preclude s-process synthesis in this
case for the following reason:

In this 7 Mo star, hydrogen burning
proceeds via the so-called "carbon-ni-
trogen-oxygen bi-cycle," a set of nucle-
ar reactions in which C, N and O act as
catalysts for the fusion of hydrogen into
helium. The CNO bi-cycle will trans-
form most of the CNO elements into ni-
trogen 14, which is then deposited into
the intershell region by the outward ad-
vance of the hydrogen-burning shell.
During the flashes, the N14 in the inter-
shell region is converted into neon 22 by
two successive alpha-capture reactions.
It seems quite plausible that the addi-
tional reaction

Ne22 (a, n) Mg25

can proceed at a significant rate during
later cycles when the maximum flash
temperatures are higher. This reaction
would then yield the necessary neutrons
for s-process synthesis. By the tenth
cycle of this 7 Mo star, the envelope
convection reached into the region that
had been previously part of the inter-
shell convective zone. Unfortunately
this mechanism for s-process synthesis

and mixing probably does not operate
in stars of much lower mass for two rea-
sons: A deep penetration of the enve-
lope convection is less likely, and the
high temperatures needed for the reac-
tion Ne22 (a, n) Mg25 would probably
not occur.

Another mechanism, applicable to
somewhat less massive stars, is the
model for plume mixing.14 The plume
model essentially describes the hydro-
dynamic events that might follow from
a contact between the intershell convec-
tive zone and the hydrogen-burning
shell. The occurrence of such contact—
and hence proton mixing—represents a
basic assumption in this model. De-
tailed flash calculations have shown
that the intershell convective zone con-
sistently comes close to, but does not
touch, the hydrogen-burning shell for
stars with masses appropriate for plume
mixing. Nevertheless such contact can-
not be ruled out in view of the uncer-
tainties and simplifications in the calcu-
lations (such as the assumption of
spherical symmetry and the neglect of
rotation and magnetic fields15). Conse-
quently we should look briefly at some
of the main features of the plume
model.

Any protons mixed inward will be
consumed by reactions 1. Provided the
temperature at the mixing interface is
high enough, these reactions will take
place primarily in the outermost part of
the intershell convective zone, where
the reaction rates will be enhanced by
the relatively large carbon abundance.
Some of the carbon 13 thus formed will
be carried inward, producing neutrons
and s-process elements in the manner
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described above. The heating caused
by the proton burning will create a
buoyant force on mass elements just in-
side the mixing interface. As the pro-
ton mixing continues and these mass el-
ements grow in size, they become in-
creasingly able to retain more of the en-
ergy from the proton burning. Eventu-
ally the buoyancy becomes so great that
bubbles of matter will rise upward
through the hydrogen-burning shell in
the form of plumes, thereby bringing
carbon and s-process elements into the
envelope. Additional protons will be
captured by the plumes through the
process of entrainment. In effect the
plumes represent a form of convection
which is driven by an internal energy
source (the proton reactions with C12)
rather than by a steep temperature gra-
dient, as is normally the case. A high
temperature is required at the mixing
interface for the proton-burning reac-
tions to drive the plumes and this re-
stricts plume mixing to stars of mass
greater than about two solar masses.14.
The problem of finding a mixing mech-
anism therefore still remains for stars of
lower mass.

Difficulties for low-mass stars

A number of theoretical difficulties
have been encountered in attempting to
explain s-process synthesis and mixing
in stars with masses of about one solar
mass or less—despite observational evi-
dence indicating that some low-mass
stars do in fact produce s-process ele-
ments.2'16

One mechanism proposed for the low-
mass stars involves the following scen-
ario.9 Suppose that the intershell con-
vective zone penetrates deeply into the
hydrogen-burning shell during a he-
lium-shell flash. The protons mixed
inward will react with C12 nuclei to
create a new energy source within the
intershell zone. Some of this energy
might possibly go into increasing the
outward energy flux near the hydrogen-
burning shell. This could cause an out-
ward extension of the intershell convec-
tive zone by enhancing the degree of
convective instability. In fact, one
could imagine an unstable situation in
which any extension of the intershell
convective zone would bring in enough
protons to release the additional energy
needed to drive the convection outward
even further. Such a convective run-
away could conceivably lead to a merg-
ing of the intershell convective zone
with the envelope convective zone and
thus to a complete mixing of the layers
above the helium-burning shell. Both
carbon and the s-process elements
would then be transported up to the
surface. This sequence of events, al-
though plausible at first glance, has un-
fortunately not been substantiated by
detailed flash calculations.

The scenario of the last paragraph
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rests on the two assumptions that
• a helium-shell flash can induce ap-
preciable proton mixing and
• the energy released by the proton
burning can force a significant exten-
sion of the intershell convective zone.

The response of the intershell region
to proton mixing has not been ade-
quately investigated so far, but prelimi-
nary results indicate that substantial
proton mixing might cause it to split
into two separate convective regions.17

The outer of these two regions might
perhaps extend further into the hydro-
gen-burning shell. For small amounts

of proton mixing, however, the energy
from the proton burning will be almost
entirely absorbed by the expansion of
the intershell region and hence will not
extend the convection.17 A convective
runaway would only be possible, if it oc-
curs at all, after a flash has initiated
major proton mixing.

The basic question therefore is
whether proton mixing actually results
from a helium-shell flash. With one ex-
ception no flash calculations have
shown any significant proton mixing
even though a rather wide variety of
stars has been studied. The only ex-
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ception was found in the case of a one-
solar-mass star.7 In all other cases the
intershell convective zone consistently
missed reaching into the hydrogen-
burning shell by a small but definite
amount. Even for the 1 M© star, the
intershell convection never reached out-
ward beyond the inner tail of the hydro-
gen-burning shell so that the amount of
proton mixing was always quite small.
Furthermore, during the more ad-
vanced relaxation cycles of this star the
amount of proton mixing per cycle
dropped greatly even though the
strength of the flashes had increased.18

The difficulty with producing proton
mixing is illustrated more clearly in fig-
ure 5. This figure shows that the inter-
shell convective zone comes progres-
sively closer to the hydrogen-burning
shell with each successive cycle. After
about ten cycles, however, the two
curves in figure 5 decline more slowly
and may in fact be approaching a limit-
ing value of 0.4. Similar behavior has
been found for other stars. These re-
sults indicate that proton mixing is un-
likely to occur during cycles beyond the
25th.

There remains the possibility that
the mass motions within the intershell
convective zone might overshoot the
formal edge of this zone. Such convec-
tive overshooting would, however, have
to overcome a number of obstacles.
The region just outside the intershell
convective zone is in general quite sta-
ble against convection. Furthermore,
the discontinuity in the carbon abun-
dance at the edge of the intershell con-
vective zone will produce a density dis-
continuity (for pressure balance) with
the heavier material on the inside.
This likewise will hinder any overshoot-
ing. The convective overshooting
would also have to be quite efficient,
because the phase of maximum inter-
shell convection lasts only a short time.

The remaining possibility for exten-
sive mixing depends on a penetration of
the envelope convective zone into the
intershell region. The envelope convec-
tive zone is generally found to move in-
ward during the phase of rising surface
luminosity that follows a flash (see fig-
ure 4). In low-mass stars, however, this
inward advance is stopped at the top of
the hydrogen-burning shell by the large
pressure difference across the hydro-
gen-burning shell at this phase.17 The
envelope convective zone is therefore
unlikely to mix material from the inter-
shell region to the surface in low-mass
stars.

From these results we may conclude
for low-mass stars that the hydrogen-
burning shell acts like a barrier blocking
both an outward penetration by the in-
tershell convective zone and an inward
penetration by the envelope convective
zone. The question of how s-process
synthesis and mixing can occur during

the advanced evolution of low-mass
stars remains an outstanding problem.

An active area
We have seen that a key reason for

the current interest in the advanced ev-
olution of red-giant stars has been the
discovery of thermal instability of the
helium-burning shell, the phenomenon
that causes the helium-shell flashes.
These flashes appear to be closely
linked with the origin of the s-process
elements observed in the Galaxy. The
descriptions developed to explain s-pro-
cess synthesis are most successful for
stars of higher mass; for the low-mass
stars the question of how s-process syn-
thesis can occur remains unresolved. It
is the existence of such questions, how-
ever, that makes the subject of red-
giant evolution an active area of re-
search.

This article is adapted from review present-
ed at the March 1975 meeting of the Ameri-
can Astronomical Society in Bloomington,
Indiana, as part of a special session on "Ev-
olution of Giants and Supergiants." Sup-
port of grant GP 32485 from the National
Science Foundation is gratefully acknowl-
edged.
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