
[06] Life as a High-mass Star (2/13/18)

Upcoming Items 

1. Homework #1 due now.
2. Read Ch. 18.1 for next 

class and do the self-
study quizzes.

3. Read degeneracy.pdf in 
Files->derivations

4. Homework #2 due in 
two weeks.

APOD 2/14/17: Rosette Nebula
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LEARNING GOALS
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For this class, you should be able to…
… sketch the approximate life track of a 

high-mass star on an H-R diagram;
… explain why a high-mass star is able to 

create a greater variety of elements than 
a low-mass star, keeping in mind that 
some elements may be formed after the 
star reaches the end of its life;

Ch. 17.3–17.4



Any astro questions?
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Life as a High-mass Star (M > 8 M¤)
• Most of the elements in the universe heavier than helium 

are formed in high-mass stars, because higher core 
temperatures permit more advanced fusion reactions.
• Supernovae generate some to most of the remaining elements by 

fusion and fission.  The remainder: neutron star mergers?
• Stages:

1. Contraction of protostar to main sequence.
2. Main sequence: H fuses to He in core, like low-mass star.
3. Red supergiant: H fuses to He in shell around He core (no flash).
4. He core fusion: He fuses to C in core, H fuses to He in shell.
5. Multiple shell fusion: many elements fuse in shells.
6. Supernova leaves neutron star or black hole behind.

• Things get complicated if stars change mass suddenly…
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Preview: Most Heavy Elements Are 
Created by Stars
• Recall: low-mass stars can only fuse elements up to He 

(why?).

• High-mass stars can make elements as heavy as iron in 
their cores, and their explosive deaths—supernovae!—
create a large fraction of the heavy elements on the 
periodic table.  
But some elements may be made primarily in the inspirals
and mergers of neutron stars with other neutron stars or 
black holes!
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• Big Bang made 75% H, 25% He (and a tiny amount of Li, Be).
• Almost everything else comes from stars or mergers.
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Life Stages of High-mass Stars
• Late life stages of high-mass stars start out similar to 

those of low-mass stars…
• Hydrogen core fusion (main sequence).
• Hydrogen shell fusion (supergiant).
• Helium core fusion (supergiant).
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• Helium fusion can make carbon in low-mass stars.
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• CNO cycle can change carbon to nitrogen and oxygen.
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Recall: CNO Cycle
• Mid- to high-mass main-

sequence stars fuse H to 
He at a higher rate using 
carbon, nitrogen, and 
oxygen as “catalysts.”

• Greater core temperature 
enables hydrogen nuclei to 
overcome greater 
repulsion.
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Group Q: Nuclear Binding Energy
• You may know that nuclear fusion can’t continue past iron, and you 

may also know that this is because iron has nearly the highest 
“binding energy” per nucleon of any nucleus  
Means energy needed per nucleon to fully disperse the nucleus

• But why?
• A hint: the electromagnetic force scales as 1/r2, where r is the 

distance between charges
• The strong force scales exponentially: ~e-r/d, where d~10-15 m
• At ~10-15 m (~size of proton or neutron), strong force is ~100x 

stronger than electromagnetic force
• Strong force binds nuclei together, and its strongest binding is when 

there are an equal number of protons and neutrons in the nucleus
• With this in mind, your two group questions are:

1. Why should there be a maximum binding energy per nucleon?
2. For bigger nuclei, what do you expect to happen to the ratio of 
neutrons to protons in a nucleus?
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• Iron is a dead 
end for fusion 
since nuclear 
reactions 
involving iron 
do not release 
energy.
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What does this
curve tell you
about how long
a particular fusion
phase should
last, for a given
total energy release?



Helium Flash for Low-Mass Stars
• We mentioned last time that there are some circumstances in 

which nuclear fusion can run away, in a burst

• This can occur for low-mass stars, when a helium shell is burning

• Why?  
• Pressure gradients oppose gravity

• If the region is hot enough, it’s thermal pressure; thus extra heat 
increases the pressure, and the region expands and therefore 
cools

• But at lower temperatures, it is quantum-mechanical degeneracy 
pressure (more in the next class) that matters; this is independent 
of the temperature

• Thus in that situation, an increased fusion rate does not increase 
the pressure much, and thus does not cause significant expansion 
and cooling
Recipe for runaway fusion, until hot enough for thermal pressure...
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Onset of Helium Fusion
• Unlike low-mass stars 

(< 2 M¤), mid- and high-
mass stars do not start He 
fusion in a flash.

• Core temperature is hot 
enough that thermal 
pressure, not degeneracy 
pressure, supports it 
against gravity.
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• High core temperatures allow helium to fuse with heavier 
elements.

Helium Capture
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• Helium capture builds carbon into oxygen, neon, 
magnesium, and other elements.



• Core temperatures in stars > 8 M¤ allow fusion to 
elements as heavy as iron.

Advanced Nuclear Burning
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• Advanced reactions in stars make elements like silicon, 
sulfur, calcium, and iron.



• Evidence for He 
capture: higher 
abundances of 
elements with 
even numbers of 
protons.
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• Advanced nuclear 
burning proceeds in 
a series of nested 
shells.

Multiple Shell Burning
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• Iron builds 
up in core 
until 
degeneracy 
pressure 
can no 
longer resist 
gravity.

• The core 
then 
suddenly 
collapses, 
creating a 
supernova
explosion.
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NOT TO SCALE!!!
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Supernova Simulation
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Supernova Explosion
• Core degeneracy pressure 

goes away because 
electrons combine with 
protons, making neutrons 
and neutrinos.

• Neutrons collapse to the 
center, forming a neutron 
star.
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• Energy and neutrons released in supernova explosion enable 
elements heavier than iron to form, including gold and uranium.
But again, many of those elements formed in NS-NS inspiral...



Supernova Remnant
• Energy released by the 

collapse of the core drives 
the star’s outer layers into 
space.

• The Crab Nebula is the 
remnant of the supernova 
seen in A.D. 1054.
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Kepler’s SNR



Crab Nebula



• The closest supernova in the last four centuries was seen 
in 1987.

Supernova 1987A
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