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1 Low and intermediate mass stars
We follow the evolution of stars of low mass (∼ 1M�) or intermediate mass (∼ 5M�), after they leave the
main sequence. The upper limit of our consideration is about 8M�. For stars more massive than this, the
final evolution differs substantially.

1.1 Cessation of Hydrogen burning in the core
As Hydrogen fuses to Helium the average density of the core increases. This means that the temperature
would decrease and be unable to support the outer layers of the star. As a result, the core is compressed by
those outer layers until the temperature of the core increases enough to support the star.

As a main sequence star ages, the proportion of Helium to Hydrogen in the core increases. Since Helium
only fuses at higher temperatures than exist at this point, Hydrogen fusion ceases in the core, existing in
a Hydrogen burning shell. The core of Helium is very nearly at a constant temperature, with its density
increasing toward the center. The star starts to move off the main sequence. This occurs about 90 percent
of the way through the star’s total lifetime.

Even though the proportion of Hydrogen in the core is decreasing, the increase in temperature has a
stronger effect, and the rate of fusion increases, and the luminosity of the star increases. The increased
radiation into the outer layers of the star force expansion of those layers, resulting in a slightly lower surface
temperature. The central Helium core continues to grow.

1.2 The Schönberg-Chandrasekhar Limit
Eventually, the isothermal Helium core cannot support the outer layers of the star. This happens at the
Schönberg-Chandrasekhar limit, the point at which the fraction of the star’s mass in the core exceeds a value
determined by the square of the ratio of the mean molecular weights of the core and outer layers,

Mcore

Mstar
≈ 0.37

(
molecular weight of envelope

molecular weight of core

)2

(Note: the ratio on the right steadily increases, while the mean molecular weights vary only slightly.)
Lower mass stars, in which a higher proportion of the electrons form a degenerate gas, the outward

pressure can be higher. Then core collapse may be postponed beyond the Schönberg-Chandrasekhar limit.
In intermediate mass stars, there are convection currents that keep some fraction of Hydrogen in the

core. The re-ignition of Hydrogen fusion in a shell is delayed a while after Hydrogen is exhausted in the
core. The means there is an initial contraction of the star until fusion begins again, at which point there is
a rapid expansion of the outer layers.
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1.3 The Subgiant Branch
At or slightly beyond the Schönberg-Chandrasekhar limit, the Helium core no longer can support the outer
layers and the core is compressed. The resulting overall contraction heats the Hydrogen burning layer and
the energy output increases rapidly. This drives the outer layers of the star outward. The luminosity of the
star increases, moving it to the right in the Hertzsprung-Russell diagram. This is the subgiant branch.

1.4 The Red Giant Branch
The star develops convection currents that mix deeper and deeper layers of the star with the surface layers.
This increases energy transport; the star greatly increases in size and magnitude. This “first dredge up”
brings processed elements from the core out to the surface, providing an imortant spectroscopic test of the
predictions of stellar models.

1.5 Triple alpha fusion
As the star reaches the top of the red giant branch, the core temperature and density become high enough
for quantum tunneling through the Coulomb barrier between alpha particles. This permits Helium burning
into Carbon and Oxygen via the triple alpha process.

Helium nuclei can fuse with either a proton to produce Lithium, 5Li or with another alpha particle to
produce Beryllium, 8Be. Both of these are unstable and decay back to Helium unless, within the lifetime
of the Beryllium, a third alpha particle fuses to form Carbon, 12C. This production of Carbon is called the
triple alpha process.

An additional fusion of an alpha particle with the Carbon can produce Oxygen.
For stars with masses less than about 1.8M�, electron degeneracy. When the temperature reaches 108K

and the pressure reaches 107 kg
m3 , the triple alpha process begins almost explosively, releasing 1011 times the

luminosity of the sun. The burst lasts only a few seconds and most of the energy is absorbed by the outer
layers of the star.

1.6 The Horizontal Branch
Helium fusion continues at the core of the star. The burning proceeds much faster than the main sequence
Hydrogen fusion. The star contracts and moves to the left (blueward) along the horizontal branch. During
progression along the horizontal branch many stars exhibit periodic pulsation. The pulsations provide
another important test of the models.

As the Helium is converted into Carbon and Oxygen, the Schönberg-Chandrasekhar limit is again ap-
proached at the core. The CO core contracts, a zone of Helium outside the core forms and continues burning,
driving the outer layers to expand and cool.

1.7 Early Asymptotic Giant Branch
Analogous to the Hydrogen burning shell that drives the red giant stage, a burning Helium shell now drives
expansion at greater magnitude. The hydrogen shell further out is, but it is the Helium that drives the outer
layers. The core temperature reaches 2×108K. The outer layers absorb much of the energy and cool as they
expand. Convection begins again and deepens, giving the second dredge up. The thickness of the various
layers is:

Radius of star 30, 671, 903 km
Top of H burning shell 171, 763 km

Top of He shell 88, 949 km
He burning 3, 067 km

CO core radius 24, 538 km

The temperature of the star continues to rise, driving it higher in the Hertzsprung-Russell diagram.
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1.8 Thermal-Pulse Asymptotic Giant Branch
As the star grows hotter, rising up the asymptotic giant branch, the hydrogen shell reignites and now
dominates the star’s luminosity. At the same time, the narrow layer of burning helium thins as it produces
carbon and oxygen, but thickens as hydrogen burning adds more helium. The non-uniformity of this process
turns helium burning on and off in a series of pulses.

In more detail, as hydrogen burning increases the mass of the helium shell, the base of the helium shell
develops some electron degeneracy. As the temperature increases in response, a helium flash occurs. The
flash drives the outer layers of the star outward, cooling them and extinguishing hydrogen burning until the
energy of the helium flash dissipates. Then hydrogen reignites and the process starts again. The pulses last
for thousands of years in intermediate size stars and for hundreds of thousands of years for low mass stars.

Since hydrogen fusion is responsible for most of the star’s luminosity, the luminosity decreases after the
helium flash. When the pressure drops enough that the degeneracy is lifted, helium burning diminishesand
the star settles back into its pre-flash configuration.

The overall trend throughout the recurring flashes is toward higher luminosity and lower temperature.

1.9 Carbon stars
The thermal pulses from helium flashes leads to the development of convection currents that eventually mix
carbon and oxygen from the inner layers of the star with the surface. Since carbon is as much as ten times
as abundant as oxygen in the star, this can shift the overall spectrum of the star from oxygen abundant to
carbon abundant. Carbon rich giants, that is, giants with more carbon than oxygen in the atmosphere, are
called carbon stars.

During the asymptotic giant branch, stars lose mass at a high rate. Their surface temperatures remain
quite cool, and the mass ejections enrich the interstellar medium with carbon and oxygen compound.

The next stage of evolution of low mass stars now falls into two types, depending on whether the mass
is less than 4M� or in the range 4M� < M < 8M�.

1.9.1 Stars with M < 4M�

Stars of less than 4M� do not get hot or dense enough for further fusion to occur. As helium fusion continues,
the carbon-oxygen core grows, and grows denser, leading to electron degeneracy. If the degenerate carbon
core were to reach the Chandrasekhar limit of 1.4 M�, the core would collapse, but these stars are not
large enough to develop such a large degenerate core. (Note: The Chandrasekhar limit is different from the
Schönberg-Chandrasekhar limit)

1.9.2 Stars with 4M� < M < 8M�

More massive, but still intermediate mass, stars differ from lower mass stars in two ways. First, their cores
are large enough that in the absence of other processes they could reach the Chandrasekhar limit for core
density and collapse. However, two things prevent this.

First, the mass loss that occurs in the ansymptotic giant stage continues and accelerates with time. With
continuing mass loss lowers the gravitational binding, making it easier for matter to escape.

Second, the cores become hot enough to continue fusion beyond carbon and oxygen, producing a core
consisting of oxygen, neon and magnesium and masses below the Chandrasekhar limit.

For these reasons, core collapse does not occur for stars up to about 8 solar masses.

1.10 Superwind
For roughly the next 25,000 years, low and intermediate mass stars develop a superwind, which carries away
∼ 10−4M� per year. These winds add to a building opaque cloud around the remaining star. The remaining
stars have moved steadily blueward across the top of the HR diagram. Eventually the surrounding cloud
thins enough to see the remnant, consisting principally of the CO or ONeMg core and a very thi layer of
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remaining hydrogen and helium. At this point, the mass of the remnant of – for example, a 6 solar mass
star – is reduced to .00027 of the original mass.

The temperature of the remaining exposed core is higher than that of the outer layers so the overall
luminosity remains roughly constant until the core itself starts to cool. The remnant, a slowly cooling
Earth-sized core of carbon and sometimes oxygen, neon and magnesium, drops to the lower left corner of
the Hertzsprung-Russell diagram as a white dwarf.

The expanding shell of gas around the white dwarf is called a planetary nebula. Planetary nebulae glow
as the gas is struck by the ultraviolet light emanating from the core.
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