ASTR367 - Stellar Evolution
C+0O Chapter 13

As we saw when discussing the Sun, stars are fairly stable over their main sequence lifetimes
in terms of their luminosities, radii, and temperatures. Their structures and energy outputs
change dramatically as they evolve off the main sequence.

Stars spend 80-90% of their lifetimes on the main sequence where they happily convert
hydrogen into helium. The main sequence in the H-R diagram is not infinitely thin. What
could cause the width of the line? For starters, the fact that stars do change their energy
output slightly throughout their lives (their temperatures change less). Thus, they move
upward throughout their lives. The physical mechanism is that as stars deplete their H
in favor of He, the mean particle mass p increases. Thus gravity becomes stronger, the
core contracts, fusion increases, and the overall radius (which is set by the balance between
thermal pressure and gravitational) increases.
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Figure 1: Evolution of the Sun on the Main Sequence.

Also, there is variation in the metallicity of stars. We have only just touched on metals so
far. Astronomers call the fraction of hydrogen by mass “X”, helium “Y”, and everything
else a “metal”, “Z” such that X +Y 4+ Z = 1.

The first stars in the Universe were born with essentially zero metallicity. The overall
metallicity of the Universe has increased as the Universe has evolved. The metallicity of an
individual star depends on the metallicity of the gas cloud from which it formed, and thus
depends on the enrichment of that cloud. The Sun, for example, is high in metals, because
there was a supernova that went off relatively near to the time when the Sun formed. For
the Sun, X, = 0.738, Y5 = 0.249, and Z, = 0.013. Most stars have similar values, differing
only by small percentages. If the Big Bang made 93.4% H, 7.6% He by number, with no



metals, we would have X = 93.4/(93.4 + 7.6 x4) = 0.754 and Y = 0.246. As metallicity
increases, we would expect X to decrease.

Despite being a tiny fraction of the mass of a star, metals have a dramatic impact. Com-
pared to H or He, metals have way more options for absorbing photons - way more photon
energies can be absorbed because they correspond to energy differences between levels. This
characteristic means that metals add significantly to the opacity of stars. High metallicity
stars will be lower temperature and redder than their low metallicity counterparts because
this opacity has a wavelength dependence. High metallicity stars therefore move to the right
on the H-R diagram. Fully convective stars M < 0.5 M change in metallicity throughout
their lifetimes.

Stars convert hydrogen into helium in their cores. This process increases the mean particle
mass. From the ideal gas law,

KT
p=

1

S (1)

we see that increases in mass per particle must be compensated by the temperature or
the density going up. Both of these will necessarily increase the reaction rates, leading to

an increase in luminosity. The strong dependence of the P-P chain on the energy output
increases the luminosity for small changes in temperature.

Since main sequence evolution is relatively slight, we will focus here mainly on stellar evo-
lution post-main sequence. This evolution has some basic principles that we already know
well:

e Stars lose mass, and therefore fuel, via fusion

e This loss of fuel reduces the central pressure

reduced pressure causes the star to contract

A contracted star may have other fusion processes available.

These other fusion processes may lead to more central pressure, increasing the lumi-
nosity and size of the star.

Additionally, more massive elements tend to “sink” toward the center, increasing the metal-
licity there.

The evolution of stars differs dramatically for stars of different masses. The dividing mass
between two different evolutionary sequences is about 8 M. All post-main-sequence evolu-
tion begins when stars run out of hydrogen in their cores. A star can have hydorgen outside
the core that is not available for fusion (because the temperature is too low) and this sam
evolutionary sequence will begin.
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Figure 2: H-R diagram
Low-mass (M < 8 M) Main Sequence Evolution

Eventually, stars run out of hydrogen in their cores. Stars still are plenty hot enough for
fusion, but without hydrogen, they have trouble doing fusion in their cores. For instance,
the triple-alpha process requires temperatures unreachable by stars on the main sequence,
and without hydrogen, both P-P and CNO are not possible. Thus the core shrinks, giving
off energy transformed from gravitational potential. The luminosity increases.

This situation has a problem: the core is no longer producing radiation and therefore a
significant source of pressure is removed. There is still thermal pressure, but no radiation
pressure. If we are prevent the collapse of the core, we need an additional source of pressure.

Electron Degeneracy Pressure

Luckily, we have a source of pressure! When the density of a gas is sufficiently high, the
electrons are forced to occupy the lowest available energy levels. Electrons obey the Pauli
exclusion principle, which means that they cannot all occupy the same quantum state. The
electrons are therefore found in progressively higher energy states.

If the gas is completely degenerate, its pressure is independent of the temperature. In this
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Figure 3: Main sequence and post-main sequence evolution of stars.
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Figure 4: Evolution off the main sequence for 1 (left) and 5 M, (right) stars.

case, (for non-relativistic gas) the equation of state is

P=Kp", (2)

where K is a constant. Partially-degenerate gas will have some temperature dependence.

Even electron degeneracy cannot completely save a star from collapse though, as we’ll see.
At some point the external pressure is too great for electron degeneracy to support it.

Evolution off the Main Sequence

After core contraction, stars begin fusion in a shell around their cores. This reaction actually
produces more energy than the stars did on the main sequence lives, moving them upward
on the H-R diagram. Much of this energy does not make it out of the star, increasing its
radius and lowering its temperature. Stars therefore move to the right in the H-R diagram.

The stellar cores are made up of the byproducts of fusion, the “ash.” This material sinks
toward the core.

Subgiant Branch

Eventually the core contracts enough that the outer layers of the core at at a temperature
high enough to sustain fusion. This phase is known as the “subgiant branch.” During the
subgiant branch, the luminosity is higher than it was on the main sequence. H shell burning
produces more energy than H core burning. Throughout the subgiant branch, the star’s



temperature decreases and its radius increases. These effects nearly offset so the luminosity
is stable.

Red Giant Branch

With the decrease in temperature, there are more H™ ions formed in stars’ photospheres.
This leads to a high opacity and a further lowering of the temperature. As a result, convection
takes over as the dominant energy transport method (dln P/dInT < 2.5). This convective
zone starts at the surface and reaches deep into the stellar interiors, down to the hydrogen
burning shell. The energy transport is so efficient that the luminosity skyrockets. This is
known as the “red giant branch.”

The transport of materials is known as the “first dredge up.”

Red Giant Tip

Eventually the central temperature and pressure are high enough to fuse helium nuclei
through the triple-alpha process. Some C is fused with He to make O at this stage.

Initially, most of the energy still comes from H shell fusion, but the triple alpha process
quickly expands the core due to its extreme energy output. This cools the H shell to the
point where it cannot create significant energy. Removed of its main fusion source, the star
decreases in luminosity.

Helium Flash

Stars with masses less than 1.8 M create electron-degenerate cores. Surprisingly, their cores
are at lower temperatures than the material outside at higher radius. This happens because
the neutrinos from the core carry away significant energy.

Eventually, the core reaches a temperature and pressure great enough for the triple-alpha
process. This releases tons of energy all at once, equivalent to the luminosity of an entire
galaxy. The “helium flash” only lasts a few seconds though.

Evolution beyond the helium flash is difficult to predict, and so stellar models sometimes
momentarily stop here.

Stars with masses greater than 1.8 M do not have a helium flash.



The Horizontal Branch

The core at this point contracts, increasing the energy output. The temperature also in-
creases, leading to evolution blue-ward. This is called the “horizontal branch.”

Eventually, all the He in the core has been converted into C and O. The star at this point
contracts and reddens.

The contracting core leads to a dual-shell burning phase on the horizontal branch, with
nested shells of hydrogen and helium burning.

Early Asymptotic Giant Branch

The “Early Asymptotic Branch” is the dual shell burning phase, although the He shell is
doing all the energy output. At this point the luminosity rises and the temperature decreases,
analogous to what happens in the H shell burning phase.

Once again, convection takes over in the outer layers, leading to a “second dredge up.”

Thermal-Pulse Asymptotic Giant Branch

Now the hydrogen burning shell has reignited. Yay! But the helium shell is running out of
fuel. The hydrogen shell is dumping its helium ash onto the helium shell. This results in
intermittent explosions of He fusion, leading to pulsations. The He runs out again and the
process repeats, leading to pulsations.

Due to the fact that their atmospheres are tenuously bound, AGB stars lose significant
fractions of their mass, up to 10~ M, per year. AGB stars are a significant source of dust
production in the Universe.

One class of such AGB stars are known as long-period variables (LPVs). LPVs have pulsation
periods of 100 to 700 days.

Post-AGB Evolution

The evolution of stars post-AGB is heavily dependent on the initial mass. Stars with M <
8 M will go on to form planetary nebulae and white dwarfs. Stars with M > M, will go
supernova (more on this later).

The extreme mass loss exposes the stellar core, moving the stars leftward on the H-R diagram.
Pulsations contribute to the mass loss as more mass is lost at each pulsation.
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Figure 5: The binding energy curve.

Eventually, the core is completely exposed. This core is composed of carbon and oxygen,
and is known as a “white dwarf.”

Planetary Nebulae

The term “planetary nebula” is a misnomer, because they have nothing to do with planets.
Instead, they are the layers of material expelled during AGB pulsations that remain around
white dwarfs.

Expansion speeds of planetary nebulae are typically 10-30 kms™!. Sizes are ~ 0.3 pc. Life-
times are just 10* years before a planetary nebula fades back into the interstellar medium.

We now have a good understanding of what happens to stars of stellar mass < 8 M. Stars
with masses > 8 M, initially follow a similar evolutionary sequence, but then they quickly
diverge.

Massive Star Evolution

Lower mass stars end their lives with double-shell burning, building up a core composed of
carbon and oxygen. If you remember the binding energy curve, elements up to iron can fuse
to release energy. Why don’t low mass stars continue to fuse heavier elements? They do not
have the requisite temperatures in their cores.

Massive stars, however, can continue fusing heavier and heavier elements until they reach
iron. During this advanced fusion, the stars evolve off the main sequence, as do lower mass
stars, although high-mass stars do so at about the same luminosity through all their later
phases. They form successive layers of non-burning H, fusing H, fusing He, fusing C, fusing
O, fusing Ne, fusing Mg, fusing Si, and inert iron. You will notice that the atomic mass of
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the fusion elements in the inner shells differ from one another by atomic number 2. This is
because the most efficient fusion reaction with these elements involves alpha particles.

This successive fusion produces less and less energy (look at binding energy curve). As a
result, stars go through these evolutionary sequences really fast. Your book notes that if
the MS lifetime is 107) years, He burning is 10° years, carbon burning is 300 years, oxygen
burning is 200 days, and Si burning is only two days.

During this multiple-shell burning phase, the iron ash accumulates in the core. Ash accu-
mulates in the other layers to but is burned off. Iron doesn’t produce energy via fusion, and
eventually the star goes supernova. More on supernovae later.

Types of Evolved Massive Stars

Before a star goes supernova, it goes through distinct evolutionary phases, many of which
are named.

Luminous Blue Variables (LBVs)

LBVs are extremely massive, nearly 100 M. The most famous example is n Carinae.
LBVs have tremendous mass loss of 1073 Mg, per year (the Sun’s is 10714 M, per year).
Some of this mass loss is explosive, as was the “Great Eruption” of n Car, which tem-
porarily made it the second brightest star in the sky. 7 Car’s mass loss has created the
“homonculous,” a massive cloud of gas and dust that is expanding outward at 650 kms—?.
https://www.youtube.com/watch?v=ubmZuCD-gSY
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https://www.youtube.com/watch?v=07hqULmszC8

Wolf-Rayet (WR) Stars

WR stars are less massive that LBVs, maybe only 20 M. They are rapidly rotating and
are losing mass at a rate of > 107> M, per year.

Unlike most stars, WR stars have strong (and broad) emission line spectra. Where could
the broadness come from? The emission line spectra have lines of He, C, N, and O. Where
could these come from? The H atmosphere of WR stars is completely absent, having been
stripped off. It is the processed layers that are revealed, and they are enriched. We can
separate WR stars into the WN class, which has N and He emission lines, the WC class,
which has C and He, and the WO class, which has O (and is quite rare).

Other Evolved High-Mass Star Types

10 — 40 M, stars will first evolve into Red SuperGiants (RSGs) immediately off the main
sequence. These are luminous, but red.

10 — 20 M, stars will evolve through a Blue SuperGiant (BSG) phase that is characterized
by high luminosities and (relatively) blue colors.

> 40 M, stars will evolve into Of stars, which are like O stars but have emission lines.

Supernovae (SIN)

All good things must come to an end, and so too must a massive star’s life end. In keeping
with their “live fast, die young” mantra, they go out with a bang, as a SN.

There are type main types of supernova, designated (confusingly) as Type la and “Other”
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(other Type 1s and Type IIs). We will here be dealing with the Other category. These arise
from core-collapse.

Eventually, fusion of Fe ceases, removing a source of pressure in the cores. Then the gravita-
tional pressure becomes too great to be opposed by electron degeneracy pressure in the core,
and the core will collapse in on itself. The layers just above the core are then drawn into
a high temperature region and fusion takes place in these layers violently, leading to a SN
explosion. These leave behind a supernova remnant, SNR. The SNR is the entirety of the
star, minus the iron core which can turn into a neutron star or black hole. SNRs therefore
enrich the interstellar medium. We are all made of stars!
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