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Abstract

These class notes are designed for use of the instructor and students of the course ASTR-3415:
Astrophysics. This is the Version 1.2 edition of these notes.



VII.

Stellar Evolution: Old Age and Death

A. Post Red Giant Evolution.

Red Giant Clump stars (Pop. I) and Horizontal Branch stars
(Pop. II) are helium-core burners (they also are undergoing H-
shell burning). Approximately 10% of a star’s nuclear burning
lifetime is spent in this stage.

The path a star takes on its road to stellar death depends upon
its initial mass and the amount of mass loss suffered during
the AGB phase (see below) of its life. Note that the following
masses correspond to the mass of the star when it was on the
main sequence. The boundary masses for some of these various
regimes are somewhat uncertain. When possible, I'll use the
values from the textbook unless they contradict those values
from recent calculations. Once again, I will just go over the
highlights here. Your textbook (i.e., Carroll and Ostlie) go into
quite a bit more detail, so make sure you read Chapter 13 in
depth.

M < 0.08M,: These objects never ignite hydrogen and hence
never become main sequence stars. These objects are called
brown dwarfs. They are bright at infrared wavelengths from
energy liberated from contraction.

0.08 M; < M < 0.4Mg: These stars are totally convective,
and as such, helium ash gets uniformly mixed throughout the
star. No inert helium core develops, hence no H-shell burning
and no expansion into a red giant. After hydrogen is exhausted,
the entire star contracts until the helium becomes degenerate
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(see the white dwarf section, §VIII.A) and the star becomes a
helium-rich white dwarf.

5. 0.4Mg < M < 4Mg: These stars ignite helium in a degener-
ate core (i.e., the He-core flash, see §VI.C.2.h on page VI-12
of the course notes). During the core He-fusion stage, the star
sits in the red giant clump (Population I stars) or the hori-
zontal branch (Population IT stars) on the H-R Diagram. He-
fusion creates ?C and %0 ash and once the He-fusion stops,

the carbon-oxygen core continues to collapse.

a) This causes energy to be dumped into the He-rich layer
just above the core which ignites => the star now has
a He-burning shell and H-burning shell (see Fig. 13.8
on page 501 in the textbook). This extra energy source
expands the outer layers of the star further — the star
becomes a bit more red and a lot more luminous.

b) During this time, the star moves up the asymptotic gi-
ant branch (AGB) on the H-R Diagram = the path on
the H-R Diagram is asymptotic to the red giant branch.

c) The outer layers of the star can become unstable during
this phase and it can begin to pulsate = long period
variable (see §VIL.B).

d) A variety of things are occurring in the interior shells
just above the collapsing C-O core.

i) As the He-burning shell uses up its fuel, it gets
thinner and thinner.

ii) At the same time, the H-burning shell above the
He-burner shell continuously dumps additional He
onto the He-burning shell.

VII-2
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igure VII-1 o er out ut of ther al ulses of an star.

iii) As the He-burning shell thins (at the bottom
of the He-rich internal shell), the density of the
gas continuously increases due to the added He
settling from the H-burning shell above.

iv) This cause the He-burning shell to become slightly
degenerate and unstable = this shell experiences
what are called thermal relaxation oscillations.

v) The shell goes through a series of thermal pulses
(see Fig. VII-1 of these notes and Fig. 13. of the
textbook) which are also called e-shell ashes.

vi) During a thermal pulse, the luminosity of the
star increases for a short time (approximately 100
years). Also, the surface pulsations can change
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their periods during this time as well. ya is
a long period variable that has just gone through
such a thermal pulse.

e) While this is going on, the interior of the star also expe-
riences re e-ups:

i) A dredge-up simply means that nuclear pro-
cessed material is being brought from the interior
of the star up into the stellar atmosphere where it
can be detected in the emergent spectrum of the
star.

ii) The rst dredge-up occurs when the surface
convection zone dips down far enough to start in-
teracting with the H-burning shell’s upper layers
while the star is on the red giant branch.

Remember, this initial H-shell burning involves
the CNO cycle and causes the star to expand up
to the red giant regime on the H-R Diagram.

The cooler upper layers of this H-burning shell
are only carrying out (predominantly) the rst
two steps of the CNO cycle.

As such, enhanced levels of ! C with respect to
123 are brought to the star’s photosphere = if
the 1 C 12C ratio exceeds solar values, we know
that RGB star has gone through this star of evo-
lution.
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iii) As an AGB star expands its outer envelope, the
effective temperature of star drops which causes
the convection zone to deepen until it begins to
reach below the H-burning shell to the He-rich
layer below it (though not quite to the He-burning
shell — see Fig. 13.8 on page 501 in the textbook).
This results in the second dredge-up which en-
hances both the helium (from the He-rich layers)
and nitrogen abundance (from the CNO cycle in
the layers above these He-rich layers).

iv) Each thermal pulse increases the energy flux
from the He-burning shell. For stars with 20
, this results in the formation of a convec-
tion zone between the He-burning shell and the
H-burning shell above. As a result, the AGB star’s
surface convection now extends all of the way down

to the He-burning shell.

v) For these 2 and above AGB stars, carbon
produced in the He-burning shell nds its way to
the surface through deep convection cells = the
star becomes either an S star (with C O 1.0) or
a carbon (R or N) star (withC O 1.0). sc
is an example of a carbon star that has already
gone through a series of thermal pulses.

f) Strong stellar winds begin as the star goes up the AGB
due to the increased luminosity and the lower surface
gravity, and hence escape velocity.

i) Pulsations also assist in lifting mass out of the
potential well of the star.
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ii) IR radiation pressure on molecular lines, though
not strong enough to drive a stellar wind, also
helps to lift the gas out of the potential well of
the star (see rgensen ohnson 1 2, stron.

strophys., 2 5, 1 8).

iii) Dust starts to form in earnest in the uppermost
layers of these stars and the large IR flux imparts
a net momentum outward. The dust hits the gas
on the way out which drives the gas off too.

iv) During this phase, mass-loss rates can reach as
high as 10 yr.

v) In time, the envelope of the star detaches from
the core. This phase is often referred to as the
superwind epoch which results in the formation
of R sources.

These objects appear to be stars shrouded in
optically thick dust clouds that radiate their en-
ergy primarily in the infrared.

The OH part of the OH IR designation is due to

the emission of OH maser (microwave ampli cation

by stimulated emission of radiation) emission.

vi) The material above the collapsing core contin-
ues to move away and at this point is called a
pre-planetary nebula star.

VII-
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g)

vii) Finally, the shell becomes optically thin to the
radiation (composed primarily of -ray, EUV, UV,
and visible light) from the hot collapsing core.
The UV EUV -ray photon flux fluoresces and
ionizes the surrounding shell, now over a light year
across, which is seen as a planetary nebula.

viii) In time, the planetary nebula’s density gets so
thin that the H-Balmer line and O III emission
line flux gets too weak to be seen = the plane-
tary nebula disappears.

i ) The envelope of the star merges with the sur-
rounding interstellar medium (which enriches the
IS with its nuclear processed material) and all
that is left is the cooling, collapsing core of the
star.

The structure and spectrum of a planetary nebula is de-
termined from the density and incident radiation from
the stellar core falling on the inner side of the expanding
shell. Typically spherical symmetry is assumed for the
shell, however observations reveal many planetaries that

are not spherically symmetric.

i) We assume here that all radiative and collisional
processes going on in the nebula operate on time
scales that are short relative to the time required
for large scale changes in the structure of the neb-
ula = a stea y state model.

VII-
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ii) The radiation intensity  at point in the neb-
ula consists of 2 parts:

= (VII-1)

where corresponds to the stellar component
(i.e., light from the collapsing core) and s the
diffuse term due to photons created by the nebula
itself.

iii) The stellar component of the radiation eld can
be determined from

PR —
(VIL-2)

where () is the monochromatic luminosity ergs

cm? s Hz sr of the star at distance from the
core, is the mean intensity of the core’s light at
this distance, and is the flux at the surface of
the core.

iv) The transfer equations for the terms is Eq. (VII-
1) are

~ O () (VIL-3)

— = (VII- )

which can be compared to the equation of radia-
tive transfer given in Eqs. (I-21) and (I-22) in §I
of the notes.

The opacity , here, will be given by
= () (VII-5)

1(H) + H) 1(He) 1 (He)

VII-
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where 1(H )and ;(He ) are the number densi-

ties cm  in the ground state of neutral hydro-

gen and neutral helium, respectively, and ; (H )
and 1 (He ) are the absorption coe cients cm?
or cross-sections of the bound-free transitions
from the ground state of these two species (see
Eq. I-25). In general, the sum should be over
all ions or atoms that can be further ionized by
the radiation source, but neutral hydrogen (H

= H I) and neutral helium (He = He I) are the
dominant sources that give rise to the opacity

in the planetary nebula shell.

The emissivity  describes the photons emit-
ted from the gas, and does not include direct

radiation from the ionizing star.

v) lonization equilibrium exists in the planetary neb-
ula shell, and as such, photoionization and recom-

bination processes occur with equal rates. For H
H e (here H = H II = proton), ion-

ization equilibrium is obtained if

~Umy = @) @)
- @) (VIL )

1(H)

Here, (H ) is the number density of ionized
hydrogen particles = number of protons

is called the recombination coe cient cm s
and can be interpolated from the values listed in
Table VII-1.

VII-
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Ta le VII-1  eco ination oe cient for  drogen.
1 2
c s 1 2 1 1 1

Eq. (VII- ) simply states that the number of
ionizations per second equals the number of re-
combinations per second.

vi) Since the gas is in ionization equilibrium, the
heating of the gas, ergs cm s, is due to the
photoelectrons (and initially not to the photons
themselves), which are emitted with an energy

= = = () (V)

where  is the ionization energy from the ground
state of the -th species.

vii) The rate at which the electrons heat the gas is
given by the product of the flux of ionizing pho-
tons, the ionization cross section, the number den-
sity of neutral atoms, and the electron energy, in-
tegrated over frequency. For hydrogen

— (H) 0 (H) (VIL8)
- (H) - (VIL- )

where ~ represents the average energy of the ion-
izing photons.

For most nebula, , where is the
effective temperature of the ionizing star (i.e.,
collapsing core).

VII-1
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If the local spectrum () is nearly Planckian,
and there is little absorption, then

—> thus can be thought of as the initial
temperature of the medium before recombina-
tion and cooling are considered.

We can determine this average photon energy
— from the luminosity of the star by solving
Eq. (VII-2) in conjunction with Egs. (VII-8) and
(VII- ).

viii) Finally, the thermal state of the gas is deter-
mined by the energy equilibrium equation

= (VII-10)

which states that the energy gain per unit volume

per second  (i.e., heating) of the gas is balanced
by:

The net energy loss erg cm s through the
emission of photons in spectral lines after a col-

lisional excitation,

— (VII-11)

where the -index represents the atomic species
to which the line belongs, is the lower level,
and is the upper level of the bound-bound
transition of all line transitions that are impor-
tant in cooling the gas. Also, is the Ein-
stein A-value, which is related the the oscil-
lator strength of a transition and is equal to
the reciprocal of the average time an electron
stays in the excited state. Typically the most
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important lines in radiative cooling are the for-
bidden lines of O II (doublet at 3 2 .0 A and
3 28.8 A), OIII (tripletat 31.0A, 58. A,
and 500 . A), NII (tripletat 52 .1 A, 5 8.1
A, and 583. A),and H ( 5 2.8 A) for tem-
peratures above 000 , and O III (triplet at
32. ,51.8 , and 88. micron = 10 ©
m ) for temperatures below this.

Through thermal bremsstrahlung (or brak-
ing radiation electrons that scatter off ions
in the gas, which causes the electrons to emit
photons),

=1 102 212 (VII-12)

where is the integer charge ( = 1 for hydro-
gen) of the ions at density , is the elec-
tron number density, and  is the mean Gaunt
factor for free-free emission. Typically, in neb-
ular conditions, 1 0 1 5 and one usually
sets the Gaunt factor to an average value of 1.3.
Since the ion density is going to be dominated
by ionized hydrogen and singly-ionized helium
in planetary nebulae, = (He ), both
with = 1.

Through radiative recombination,

- () () (VL)

2

where is the velocity of the distribution of
electrons ( ), where () s given by the
axwell-Boltzmann distribution (Eq. ITI-5). Also,
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h)

AMg < M < 8M: These stars ignite 2C in a degenerate

is given by Eq. (VII- ), and () is the re-
combination cross-section of the transition. Fig-
ure VII-2 shows the various heating and cooling
rates that are important in a planetary nebula.

i ) With the above describe equations, one can de-
duce detailed models of planetary nebula which
can then be tested through observations of vari-
ous emission lines that the nebula gives off. Cer-
tain lines ratios then give temperatures, electron
densities, etc.

The contracting carbon-oxygen core becomes degenerate
before carbon fusion can begin for stars in this mass
range — the star is now dead (in a thermonuclear sense)
as a carbon-o ygen rich white dwarf. Figure VII-3
summarizes the evolutionary path that a one-solar mass
star (like the Sun) takes on the H-R Diagram.

core.

a)

b)

These stars follow the same AGB sequences as the lower
mass stars up until the superwind phase of the lower
mass stars. Before any superwind can get started, C
ignites in the degenerate core.

This ignition sets up a runaway thermonuclear reaction
as a result of the degeneracy.

Unlike the He-flash, this carbon detonation completely
destroys the star in a supernova explosion.

VII-1
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d)

f)

M
cores. After Fe is formed in the core, no further energy can be
obtained from thermonuclear reactions. As a result, the collapse
of the core cannot be halted by the onset of further thermonu-
clear reactions. There are two possible outcomes for the core

Such supernovae are sometimes called (which will be-
come apparent at the end of this section of the notes)
ype - supernovae.

The supernovae remnant asstopeta  may have been
produced by such an explosion since we have not de-
tected any object at the center of this remnant (see a

discussion of supernova remnants below).

Figure 13. of your textbook gives details of an evolu-
tionary model of a 5 star as calculated by Iben in
1 . Above the tip of the arrow in the upper-right
corner of this H-R Diagram is the location of the star

when carbon detonation occurs.

8 M: These stars burn elements up to iron (Fe) in their

depending upon the nal core’s mass as explained below.

a)

b)

Stellar evolution for these stars is similar as the evolution
of the lower mass stars, except '2C ignites gradually in

non-degenerate gas.

As described in §IV.D. , heavier and heavier elements
are created in turn as the core goes through a series
of contraction-burning episodes (see the table on page
IV- 2 in the notes and Fig. 13.1 on page 511 in the
textbook).

VII-1
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c)

d)

f)

g)

h)

The last stage of core thermonuclear burning is silicon
burnin . Si-burning primary makes the iron-pea ele-
ments: Fe, %Fe, and °Ni.

Any further thermonuclear reactions beyond Fe are en-
dothermic, hence will take energy away from the core
instead of producing it = silicon burning produces and

1ron core.

While this is going on, strong stellar winds cause a large
mass-loss rate while these stars are going through their
thermonuclear cycles (i.e., 10 © 10 yT).

For each successive stage of thermonuclear burning, the
star’s evolution proceeds at a quicker and quicker rate:
For a 20 star, H-burning takes 10 years, He burning
requires 108 years, C burning takes 300 years, O burning
takes 200 days, and Si burning is completed in only 2
days

Very high temperatures are now present in the Fe core,
so high that the gamma ray photons photodisintegrate
much of the Fe and Ni that has formed via the following

reactions:
Fe 13 He 2
6Fe 13 He
6Nj 13 He 2 2
He 2 2

At the same time, this iron core (which can range any-
where from 1.3 for a 10 A S star to 2.

fora 0 A S star) collapses within a fraction of
a second to nuclear densities = electron degeneracy is
too weak to halt the collapse.

VII-1
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i)

8. Figure 13.1 shows a series of evolutionary tracks on the H-R
Diagram for different stellar masses. Note that the more massive

Since the Pauli Exclusion Principle cannot be violated,
the following reaction occurs as the photodisintegrations

are occurring:

Once nuclear densities are achieved, neutron degeneracy
sets in which causes this dense core to bounce = a solid
neutron core (called a neutron star — see §VIIL.B) is
left in center surrounded by an expanding shock wave
which rips the envelope off of the core in a violent su-
pernova e plosion (see §VIL.D).

If the collapsed core (or contracting massive protostar)
exceeds 3.0 , neutron degeneracy cannot support the
weight of the core, collapse continues down to zero vol-
ume — a singularity forms at the center of what is
called a blac hole (see §VIIL.D).

the star, the quicker it goes through its evolutionary steps.

. Stellar Pulsations and ass oss.

1. The rstvariablestar discovered was Cetin 15 . Astronomers

were so surprised by this

a)

b)

ira (the wonderful).

This was the discovery of the rst long period vari-
able stars, also called ira-type variables after their
prototype Cet.

There are a variety of red giant variables stars that have

different variability characteristics:

nding that they renamed the star

VII-1
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