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The Lives of Stars

Understanding how stars evolve requires both
observation and ideas from physics 

• Because stars shine by thermonuclear 
reactions, they have a finite life span
– That is, they fuse lighter elements into heavier 

elements
• When the lighter elements are depleted, there is 

nothing left to fuse

• The theory of stellar evolution (not in the 
same sense as biological evolution, but 
more like life cycle development, like 
growing up) describes how stars form and 
change during that life span 

Interstellar gas and dust is ubiquitous the Galaxy
• Interstellar gas and dust, which 

make up the interstellar medium 
(ISM), are concentrated in the disk 
of the Galaxy

• Clouds within the interstellar 
medium are called nebulae

• Dark nebulae are so dense that 
they are opaque
– They appear as dark blots against a 

background of distant stars
• Emission nebulae, or H II regions, 

are glowing, ionized clouds of gas
– Emission nebulae are powered by 

ultraviolet light that they absorb 
from nearby hot stars

• Reflection nebulae are produced 
when starlight is reflected from dust 
grains in the interstellar medium, 
producing a characteristic bluish 
glow
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Protostars form in cold, dark nebulae

• Star formation begins in 
dense, cold nebulae, 
where gravitational 
attraction causes a clump 
of material to condense 
into a protostar

• As a protostar grows by 
the gravitational accretion 
of gases, Kelvin-
Helmholtz contraction 
causes it to heat and 
begin glowing

During the birth process, stars both gain
and lose mass

• In the final stages of pre–main-sequence contraction, 
when thermonuclear reactions are about to begin in its 
core, a protostar may eject large amounts of gas into 
space

• Low-mass stars that vigorously eject gas are called T 
Tauri stars

Protostars evolve into 
main-sequence stars 

• A protostar’s relatively 
low temperature and 
high luminosity place it 
in the upper right 
region on an H-R 
diagram

• Further evolution of a 
protostar causes it to 
move toward the main 
sequence on the H-R 
diagram

• When its core 
temperatures become 
high enough to ignite 
steady hydrogen 
burning, it becomes a 
main sequence star
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All main sequence stars produce energy by hydrogen 
fusion, not in a single step, but in a sequence of 

thermonuclear reactions in which four hydrogen nuclei 
combine to produce a single helium nucleus

Stars of different masses have different 
structures, furthermore, the more massive the 

star, the more rapidly it evolves

Young star clusters give insight into star
formation and evolution

• Newborn stars may form 
an open or galactic 
cluster

• Stars are held together in 
such a cluster by gravity

• Occasionally a star 
moving more rapidly than 
average will escape, or 
“evaporate,” from such a 
cluster

• A stellar association is a 
group of newborn stars 
that are moving apart so 
rapidly that their 
gravitational attraction for 
one another cannot pull 
them into orbit about one 
another

• Star-forming 
regions appear 
when a giant 
molecular cloud is 
compressed

• This can be 
caused by the 
cloud’s passage 
through one of the 
spiral arms of our 
Galaxy, by a 
supernova 
explosion, or by 
other mechanisms
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Supernovae can compress the interstellar medium
and trigger star birth

A star’s lifetime on the main sequence is
proportional to its mass divided by its luminosity 

• The duration of a star’s main sequence lifetime depends 
on the amount of hydrogen in the star’s core and the rate 
at which the hydrogen is consumed

• N.B. - The more massive a star, the shorter is its main-
sequence lifetime

The Sun has been a main-sequence star for about 
4.56 billion years and should remain one for about 
another 7 billion years

During a star’s main-sequence lifetime, the star 
expands somewhat and undergoes a modest 
increase in luminosity

When core hydrogen fusion ceases, a main-sequence 
star becomes a red giant



5

Red Giants

• Core hydrogen fusion 
ceases when the  
hydrogen has been 
exhausted in the core of a 
main-sequence star

• This leaves a core of 
nearly pure helium 
surrounded by a shell 
through which hydrogen 
fusion works its way 
outward in the star

• The core shrinks and 
becomes hotter, while the 
star’s outer layers expand 
and cool

• The result is a red giant 
star

• When the central temperature of a red giant reaches 
about 100 million K, helium fusion begins in the core.

• A process called the triple alpha process, converts 
helium to carbon and oxygen.

After the helium flash, a low-mass star moves quickly from the 
red-giant region of the H-R diagram to the horizontal branch

• H-R diagrams and 
observations of 
star clusters
reveal how red 
giants evolve

• The age of a star 
cluster can be 
estimated by 
plotting its stars on 
an H-R diagram

The cluster’s age can be estimated by the age of 
the main-sequence stars at the turnoff point (the 

upper end of the remaining main sequence)
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As a cluster ages, the main sequence peels away 
from the main sequence region as stars of 

progressively smaller mass evolve into red giants

Populations (generations) of stars

• Relatively young Population I stars are metal rich; ancient 
Population II stars are metal poor

• The metals (heavy elements) in Population I stars were 
manufactured by thermonuclear reactions in an earlier generation of 
Population II stars, then ejected into space and incorporated into a 
later stellar generation 

• Some scientists now call the oldest of stars Population III stars

Variable Stars

When a star’s evolutionary track carries it through a region in the 
H-R diagram called the instability strip, the star becomes unstable 
and begins to pulsate

• Cepheid variables 
are high-mass 
variable stars

• RR Lyrae variables 
are lower-mass, 
metal-poor variable 
stars with short 
periods

• Long-period 
variable stars also 
pulsate but in a 
fashion that is less 
well understood
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There is a direct relationship between Cepheid 
periods of pulsation and their luminosities

Mass transfer can affect the evolution of close
binary star systems

Mass transfer in a close binary system occurs when 
one star in a close binary overflows its Roche lobe

Binary Stars Gas flowing from one star to the other 
passes across the inner Lagrangian point
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This mass transfer can affect the evolutionary history of 
the stars that make up the binary system

Pathways of Stellar Evolution
GOOD TO KNOW
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Low-mass stars go through two distinct
red-giant stages 

• A low-mass star becomes
– a red giant when shell 

hydrogen fusion 
begins

– a horizontal-branch 
star when core helium 
fusion begins

– an asymptotic giant 
branch (AGB) star 
when the helium in the 
core is exhausted and 
shell helium fusion 
begins

Bringing the products of nuclear fusion
to a giant star’s surface

• As a low-mass star ages, convection occurs over a larger 
portion of its volume

• This takes heavy elements formed in the star’s interior and 
distributes them throughout the star

Low-mass stars die by gently ejecting their outer
layers, creating planetary nebulae

• Helium shell flashes in 
an old, low-mass star 
produce thermal 
pulses during which 
more than half the 
star’s mass may be 
ejected into space

• This exposes the hot 
carbon-oxygen core of 
the star

• Ultraviolet radiation 
from the exposed core 
ionizes and excites 
the ejected gases, 
producing a planetary 
nebula



10

Why do planetary nebulae look so different 
from one another?

The burned-out core of a low-mass star cools
and contracts until it becomes a white dwarf

• No further nuclear 
reactions take place 
within the exposed 
core

• Instead, it becomes 
a degenerate, dense 
sphere about the 
size of the Earth and 
is called a white 
dwarf

• It glows from 
thermal radiation; as 
the sphere cools, it 
becomes dimmer
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High-mass stars create heavy elements in their cores
• Unlike a low-mass star, a high mass star 

undergoes an extended sequence of 
thermonuclear reactions in its core and shells

• These include carbon fusion, neon fusion, 
oxygen fusion, and silicon fusion

• In the last stages of its life, a high-mass star has an iron-rich 
core surrounded by concentric shells hosting the various 
thermonuclear reactions

• The sequence of thermonuclear reactions stops here, because 
the formation of elements heavier than iron requires an input of
energy rather than causing energy to be released

High-mass stars violently blow apart in 
supernova explosions

• A high-mass star dies in a violent cataclysm in 
which its core collapses and most of its matter is 
ejected into space at high speeds

• The luminosity of the star increases suddenly by 
a factor of around 108 during this explosion, 
producing a supernova

• The matter ejected from the supernova, moving 
at supersonic speeds through interstellar gases 
and dust, glows as a nebula called a supernova 
remnant

In 1987 a nearby supernova gave us a 
close-up look at the death of a massive star
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Neutrinos emanate from supernovae like SN 1987A 

More than 99% of the energy from such a supernova is emitted 
in the form of neutrinos from the collapsing core

White dwarfs in close binary systems can also
become supernovae

• An accreting white dwarf in a close binary system may 
become a supernova when carbon fusion ignites 
explosively throughout the degenerate star

Type Ia supernovae are those produced by 
accreting white dwarfs in close binaries
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Type II supernovae are created by the deaths of 
massive stars

REMEMBER THIS !?

Scientists first proposed the existence of neutron
stars in the 1930s

• A neutron star is a dense stellar 
corpse consisting primarily of 
closely packed degenerate 
neutrons

• A neutron star typically has a 
diameter of about 20 km, a mass 
less than 3 times the mass of the 
Sun, a magnetic field 1012 times 
stronger than that of the Sun, and 
a rotation period of roughly 1 
second 

• Zwicky and Baade proposed that 
a highly compact ball of neutrons 
would produce a degenerate 
neutron pressure in star remnants 
too large to become white dwarfs
– Not verified until 1960’s  

The discovery of pulsars in the 1960s stimulated
interest in neutron stars
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Pulsars are rapidly rotating neutron stars
with intense magnetic fields

• A pulsar is a source 
of periodic pulses of 
radio radiation

• These pulses are 
produced as beams 
of radio waves from a 
neutron star’s 
magnetic poles 
sweep past the Earth 

• Intense beams of radiation emanate from regions near 
the north and south magnetic poles of a neutron star

• These beams are produced by streams of charged 
particles moving in the star’s intense magnetic field

Superfluidity and superconductivity are among
the strange properties of neutron stars

• A neutron star 
consists of a 
superfluid, 
superconducting 
core surrounded 
by a superfluid
mantle and a thin, 
brittle crust

• There is evidence 
for an 
“atmosphere”
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Pulsars gradually slow down as they radiate 
energy into space

• The pulse rate of many pulsars is slowing 
down steadily

• This reflects the gradual slowing of the 
neutron star’s rotation as it radiates energy 
into space

• Sudden speedups of the pulse rate, called 
glitches, may be caused by interactions 
between the neutron star’s crust and its 
superfluid interior or material falling onto 
the crust

The fastest pulsars were probably created 
by mass transfer in close binary systems

• If a neutron star is in a close binary system 
with an ordinary star, tidal forces will draw 
gas from the ordinary star onto the neutron 
star

• The transfer of material onto the neutron 
star can make it rotate extremely rapidly, 
giving rise to a millisecond pulsar
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Pulsating X-ray sources are also neutron stars
in close binary systems

• Magnetic forces can funnel the gas onto 
the neutron star’s magnetic poles, 
producing hot spots

• These hot spots then radiate intense 
beams of X rays

• As the neutron star rotates, the X-ray 
beams appear to flash on and off

• Such a system is called a pulsating X-ray 
variable

Explosive thermonuclear processes on white dwarfs and 
neutron stars produce novae and bursters

• Material from an ordinary star in a close binary can fall 
onto the surface of the companion white dwarf or 
neutron star to produce a surface layer in which 
thermonuclear reactions can explosively ignite

• Explosive hydrogen fusion may occur in the surface 
layer of a companion white dwarf, producing the sudden 
increase in luminosity that we call a nova

• The peak luminosity of a nova is only 10–4 of that 
observed in a supernova

• Explosive helium fusion may occur in the surface layer of 
a companion neutron star

• This produces a sudden increase in X-ray radiation, 
which we call a burster
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Like a white dwarf, a neutron star has an 
upper limit on its mass

• The pressure within a neutron star comes 
from two sources
– One is the degenerate nature of the neutrons, 

and the other is the strong nuclear force that 
acts between the neutrons themselves

• The discovery of neutron stars inspired 
astrophysicists to examine seriously one 
of the most bizarre objects ever predicted 
by modern science, the black hole 


