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Cosmology/Astronomy 6 – The evolution of stars 
 
Timescales 
 
Stars in ancient cosmologies were eternal.  Eternity is a long time, a very long time!  We now 
know that star stuff has a life cycle - stars are formed out of gas and dust; they evolve through 
a set pattern of changes controlled by the laws of physics.  Stars create heat, light and 
ultraviolet; they shed a substantial amount of matter back into the cosmos before finally 
dying.  A pretty short-lived star may last 100 million years before entering its final cooling 
phase that will last billions of years.  It’s no real surprise that mankind hasn’t seen any of the 
celestial lights turned off over the past 3000 years or so since records have been around.  We 
can see with our naked eyes about 2000 stars in favourable conditions.  Observing 2000 
random stars for 3000 years isn’t long enough to make it likely that we shall witness the death 
of even one star we thought of as a permanent feature in the night sky.  Indeed, most stars last 
for a lot longer than 100 million years.  Our Sun, quite typical of visible stars, will last about 
10 billion years, 100 times longer. 
 
Well, you may say, the Earth has been around for 4.6 billion years and we’re quite aware of 
the dramatic evolution of the Earth in terms of its geology, its atmosphere and the nature and 
appearance of its surface.  We mightn’t have seen a dying star but shouldn’t we at least see 
evolving stars?  The brief answer is that we wouldn’t expect to see much.  We now know that 
stars change only slowly over most of their lifetime and rapidly over only a short fraction of 
their lives.  We do, though, see changes in stars on very short timescales.  Many stars don’t 
shine as constantly as our Sun.  Some changes are visible to the naked eye; some changes 
need accurate light detectors to make them clear.  Pulsars show changes over a time interval 
of milliseconds to seconds, some stars show changes over hours, some over days and others 
over months or longer.  It would be wrong to think of the heavens as populated with 
absolutely steady lights.  Stars exhibiting different patterns of variability are often referred to 
by the name of an archetype that shows the pattern, e.g. Cepheid variables, RR Lyrae stars, 
Mira variables, Delta Scuti, etc.  You’ll see these names in astronomy articles but stellar 
variability is not really the subject of this section of the course.  I want to talk about the life 
and death of stars, the long timescale changes that we can’t really see but which, over the 13.7 
billion years since the Universe was created, are responsible for the population of stars we 
now live amongst. 
 
Before going into the detail of stellar evolution, it’s worth picking up on my final point in 
section 4, namely that the universe is on a one-way evolutionary trip.  Stellar birth has passed 
its peak.  Stars are being born now in galaxies across the universe but perhaps only at a tenth 
of the rate they were in times past.  Of course stellar formation rates vary across a galaxy from 
zero, where there is little dust and gas, to the highest value in the densest dust clouds.  A ball-
park figure for our galaxy is that stars are now being born at an average rate of one stellar 
mass per year.  I remember saying at the beginning of the level 1 astronomy course that there 
are more stars in the universe than grains of sand on Earth.  That’s a lot of material locked up 
in existing stars.  New stars are made from a mixture of material thrown out by past and 
present stars, and primordial matter.  There’s not so much of this raw material about now in 
dense enough clouds to trigger star formation.  That’s really another story from the story of 
stellar evolution in this chapter but it’s an interesting part of the background. 
 
One final background point before getting into the detail is that the story of stellar evolution is 
now pretty well-known, unlike the story of galactic evolution.  For the whole of the first half 
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of the twentieth century, how stars worked was a mystery.  We now know a lot about how 
stars work, backed up by quantitative physics whose numerical predictions are confirmed by 
observations over the wide range of different types of stars.   Even a typical star like our Sun 
is a complex inhomogeneous body so there are many questions of detail (such as the 
development of sunspots and how the Sun sheds material) that haven’t been fully understood 
yet but broadly speaking we know how stars evolve and why they become unstable in later 
life. The fascinating stories in this chapter are based on modern knowledge but are not 
controversial.  They are stories that anyone a few generations back writing about the stars 
could not have told. 
 
The diagrams accompanying this section come mainly from K F. Kuhn & T. Koupelis In 
Quest of the Universe, the textbook we use for our level 1 astronomy course.  (The 2007 
edition is by Koupelis & Kuhn).  The figure references are to the third edition and don’t often 
differ in later editions.  I would like to thank Karl Kuhn for permission to use them on our 
web-page.  You are recommended to read the corresponding chapters in this book, which give 
a good account of the subject at the right level in different words from these notes. 
 
Hertzsprung Russell diagram 
 
Discussions of stellar evolution feature the Hertzsprung-Russell diagram.  The Hertzsprung-
Russell diagram was introduced in last year’s astronomy course.  It is a diagram that brings 
order into the big range of stars that are out there.  Diagrams like the one on the slide were 
first plotted almost a century ago, independently by the Danish astronomer Ejnar Hertzsprung 
(1873 - 1967) and the American astronomer Henry Norris Russell (1877 - 1957). 
 
The Hertzsprung-Russell diagram plots the luminosity of stars (or their absolute magnitude, 
which is essentially the same thing only in different units) vertically, and horizontally by the 
spectral type, denoted by the letters O, B, A, F, G, K, M, etc., (or temperature, which is 
essentially the same thing).  90% of all stars lie close to a line called the main sequence.  The 
remaining stars tend to be clustered on roughly horizontal lines with descriptive names like 
giants, super giants, sub giants, white dwarves, etc.  Astronomical stellar categories are not 
always crystal clear because in many contexts stars like our Sun on the main sequence are 
referred to as dwarves, which makes stars either dwarves or giants in the bizarre world of 
stellar names. 
 
The location of a star on the main sequence of the Hertzsprung-Russell diagram is largely 
determined by its mass, as was said last year.  Light mass, low luminosity stars are at the 
bottom right; the highest mass, most luminous stars at the top left. 
 
Stellar evolution 
 
The life of a star can be mapped as a track on the Hertzsprung-Russell diagram.  A star’s 
position on the track is determined by the nuclear processes within that are creating the star’s 
energy.   
 
When a star is formed by the compression of a gas cloud and its collapse under its own 
gravity, most of the material is hydrogen.  You may remember that the Big Bang gave the 
Universe a starting composition after a few hundred seconds of about 75% hydrogen, 25% 
helium and not much else.  In spite of all the stars that have burnt since the universe began 
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and converted hydrogen into helium, the cosmic abundance of helium hasn’t changed much.  
Little stars and big stars are born with a similar composition: ~74% hydrogen.   
 
A newly forming star (a protostar) heats up by gravitational shrinkage.  Material of 1 solar 
mass needs to be within a sphere of about 10,000 AU before that shrinkage can begin in 
earnest.  By terrestrial standards, that’s a very small density but in comparison with the 
average density of matter in our galaxy that’s a high density.  How the raw material of our 
Sun even got to this density is another story.  Indeed it’s a story that professional astronomers 
haven’t yet read in detail.  Let’s begin with the sphere of gas and dust primed for 
condensation.  The material slowly falls inward, gains kinetic energy because gravity 
accelerates it and more kinetic energy means a higher temperature.  Eventually it will start to 
glow a dull red on the outside and gradually brighten until, powered by gravity alone, it will 
be brighter than in later life.  By the time our solar mass has shrunk to 1 AU, some 20,000 
years on, its internal temperature may be as high as 30,000 K.  By this time, internal pressure 
will be resisting the tendency to gravitationally collapse, slowing it down.  The subsequence 
collapse to a point where the internal temperature rises high enough for the proton-proton 
chain to start producing nuclear energy will take tens of millions of years.  By then, a real star 
has been born.   
 
If the protostar had originally less than 0.08 solar masses (written M ), then the central 
balance of internal pressure and gravitational inward pull takes place when the temperature is 
too low for fusion reactions to start.  The object is described as a ‘brown dwarf’.  It isn’t a real 
star.  For protostars of more than 100 M , the centre of the collapsing star becomes unstable 
and this sets an upper limit to the mass of stars.  In short, stellar masses lie within a range of 
about 1000 from the least massive to the most massive. 
 
For most of the life of a star its hydrogen is converted into helium and the star moves slowly 
across the Hertzsprung-Russell diagram.  The Sun has been doing that for over 4.5 billion 
years, with only a 40% increase in radiation output over the whole of that time.  It will 
continue to do the same for a similar length of time.  Little wonder that stars look much the 
same from one night to the next and our ancestors called them unchanging and eternal.  
However, nothing is truly eternal and in the fullness of time will come the beginning of the 
end phases, during which the Sun will evolve along a line similar to the one shown on the 
slide.  Its progress will be comparatively quick and that is essentially the reason why most 
stars are found on the main sequence.  They spend most of their lifetime there.  What will 
happen to the Sun?  It will blow off quite a bit of material and end up as a white dwarf. 
 
A white dwarf isn’t a little version of our Sun.  It’s a star about the size of our Earth, say 
10,000 km in diameter, that’s probably very hot, say at least 20,000 K.  Since it contains 
perhaps 0.5 solar masses, it will be incredibly dense.  It’s unlike anything we’ve experienced 
on Earth, or indeed within the solar system.  That, though, is the end of the story, the final 
page outlining the unpleasant end to our Sun.  Let’s begin near the beginning. 
 
Fusing hydrogen 
 
The first reaction that fires up in a star is the proton-proton chain, described in some detail in 
our first-year astronomy course.  The proton-proton chain converts hydrogen to helium by a 
3-stage process.  The important stages involve turning a proton (a hydrogen nucleus) into a 
neutron.  All this happens only in the core of the star, about the inner 10% of the radius in the 
Sun, as was said in the first-year astronomy course.  The nuclear force involved in this 
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reaction is the weak force.  Weak force mitigated reactions go much slower than those 
involving the strong force.  To turn a fair bit of the hydrogen in the Sun into helium will take 
about 10 billion years, a seriously long time.  As mentioned before, if this wasn’t the case 
then we wouldn’t be here, given that it takes a few billion years for mankind to evolve along a 
biological pathway under reasonably favourable conditions.   
 
How long? 
 
During these aeons, the Sun moves slowly across the Hertzsprung-Russell diagram and 
slightly upward.  That’s all.  The reason for the upward trend is that as 4 protons are 
converted to a single helium nucleus, the number of particles in the core of the star shrinks.  
The smaller number of particles creates less outward pressure and the core begins to contract 
under the weight of the overlying material.  As it shrinks, it heats up and the hotter conditions 
make the reaction go a bit faster.  The extra energy increases the size of the Sun slightly, 
increasing its overall luminosity.  The central core of the Sun now contains only about 35% 
hydrogen and the rest is largely helium. 
 
Notice on the diagram on the slide the comparatively very short lifetimes of the most massive 
stars.  If you read off the numbers on the luminosity scale, you’ll see that these stars are 
hugely more luminous than our Sun. 
 
The carbon cycle 
 
There are several other reactions that have the net effect of converting protons to helium.  
Another reaction that is kicking in within the Sun to turn hydrogen into helium is called the 
carbon cycle.  It uses carbon 12 as a catalyst.  If you’re interested in more detail, you can look 
this up in a textbook, for example our astronomy text by Kuhn & Koupelis (chapter 14).  A 
chain reaction converts C12

6  by fusion with protons though nitrogen to oxygen and then, by β+ 
decay, back to the isotope N15

7 .  This isotope captures a final proton only to disintegrate into 
C12

6 , the starting point, and He4
2 .  You can see why it’s called a cycle because the C12

6  acts as 
a catalyst and is recovered at the end.  The net result is to convert hydrogen to helium. 
 
If I were thinking only of our Sun, I might have omitted any mention of the carbon cycle for it 
makes only a modest contribution to the energy generation in the Sun.  The Sun hasn’t yet 
made any carbon of its own but only has the carbon it was formed with, which was made in 
other stars.  Even more importantly, the Sun’s core temperature isn’t hot enough for a 
vigorous carbon cycle reaction.  However, the carbon cycle is the main process for making 
helium in more massive stars (>1.5 M ) that have a naturally hotter core because of the 
greater weight of overlying material.  It is responsible for the short lives and very high 
luminosity of massive stars that you could see on the previous slide.  You may remember 
from the first-year course that the luminosity L of a main sequence star varies as its mass M to 
the power 3.5, i.e. L ∝ M3.5.  The carbon cycle powers this high luminosity in massive stars, 
making them give out much more light than you might otherwise expect for only a 
moderately larger mass.  This is a contributing reason why there are so few O type stars in the 
heavens.  First, large interstellar gas clouds tend to form many lower mass stars rather than a 
few high mass stars.  Secondly, the high mass stars glow brilliantly but briefly, like a torch 
bulb on too high a voltage.  Stars, though, come to a more dramatic end than the sudden 
darkness of a dead filament, as we’ll see. 
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The beginning of the end 
 
What do you think will happen when the core of our Sun runs out of hydrogen?  Maybe the 
Sun will fizzle out.  Maybe it will turn into a cool star as hydrogen from the outer layers of 
the Sun slowly diffuses into the core for fusing into helium.  In fact neither of these things 
happen, nor will happen in the future, to our Sun.  Two different things will happen at once. 
 
The loss of the energy generation within the core will remove the source of the high 
temperature that is at the moment creating the pressure stopping the Sun from collapsing 
under its own weight.  Gravity will now win near the centre of the Sun and the weight of 
overlying matter will cause the Sun to contract.  This gravitational collapse will re-heat the 
central part at the expense of a shrinkage.  The amount of energy available from gravitational 
collapse is enormous, more than enough to power the Sun at present levels for many millions 
of years.  In fact the rate at which the collapse will take place generates even higher 
temperatures within the Sun than there are now, enough to fire up the conversion of hydrogen 
to helium in a shell outside the core where there is still unfused hydrogen.  At this stage the 
core remains as helium because helium nuclei with their charge of 2 protons are highly 
repellent of each other and need very high temperatures indeed to force them together.  The 
combined energy generation of the gravitation collapse within the star and the hydrogen 
fusing shell within the star causes the outer layers of unfused hydrogen to expand.  The star 
becomes a red giant.   
 
The expansion is driven by the pressure within but the surface temperature of the star is 
determined by the surface area, the energy available and the Stefan-Boltzmann law.  The net 
result is that the outer surface of the giant star is cooler than our Sun is now, though in total 
when you add up the radiation over the whole surface area the star is emitting more radiation.  
For our Sun, the figures work out at about 1000 times brighter, though its surface temperature 
will only be about 3000 K compared with the present 5800 K.  As the Sun’s diameter 
becomes comparable to the orbit of Venus, our life-giving Sun will turn into the bonfire from 
hell and the Earth will become like a toasted marshmallow held too near the heat.  The Sun 
will expand beyond the Earth, swallowing it up, and then vapourizing the gaseous envelopes 
of the outer planets: time for mankind to have moved on. 
 
A look ahead 
 
That may be the end of the Earth but it’s not the end of the Sun.  For reasons I’ll give, the Sun 
contracts slightly from B to C before a new red-giant phase establishes itself from C to D.  
The final red giant stage will result in unstable ejections of the Sun’s outer atmosphere and 
finally, when no further nuclear reactions can take place in the core, the residue will shrink 
under gravity, getting hotter first until it becomes a glowing ember of a cooling white dwarf. 
 
Let’s return to look at the Sun at stage B, a well-established red giant.  As the core of unfused 
helium continues to collapse its temperature keeps rising.  The accompanying pressure is also 
astronomical and a new effect comes into play that resists further collapse.  This effect is 
called electron degeneracy pressure.  It is a quantum mechanical effect that arises when the 
density of material becomes so great that electrons are forced together into a tiny volume.  
Electrons are ‘fermions’ and no two fermions can occupy the same quantum mechanical state.  
The net effect of this bit of physics is that electrons can resist being squashed together by 
even the pretty enormous gravitational forces at the centre of a collapsing star like our Sun.  
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The hydrogen fusing shell moves further outward, dumping more helium into the core, which 
has the effect of increasing the density of the core and its temperature.   
 
Eventually the temperature climbs to around 100 million degrees K and helium fusion begins.  
It actually begins very suddenly, in a moment lasting only seconds called the helium flash for 
reasons discussed in the textbook.  Once helium fusing begins, enough pressure is created by 
the reaction to move the star out of the electron degenerate phase and back into the ‘normal’ 
conditions whereby the pressure from the hot reacting matter supports the weight of material 
on top.  This leads to a steady helium conversion period that will last some 100 million years.  
However what is going on is not as simple as it might look. 
 
You might think that all that is necessary to move up the periodic table to the next element 
from helium, namely lithium, is to add a proton to He4

2 .   That would make Li5
3 .   This 

‘obvious’ idea doesn’t work, because Li5
3  is completely unstable.  Making the periodic table 

by simple adding protons one at a time to lighter elements is not how the periodic table is 
built up.  To move up the periodic table from one stable element to the next you generally 
have to add at least one neutron with every proton.  Li6

3 is the lightest stable form of lithium.  
The most common form of neutrons and protons bound together in a star is in helium nuclei.  
As it turns out, the skeleton of the periodic table is not made by adding protons one at a time 
but by adding helium nuclei together. 
 
Helium to carbon 
 
The result of fusing two helium nuclei is to form beryllium 8 ( Be8

4 ).  Unfortunately the 
helium fusing concept would seem to fall at the first hurdle because it turns out that Be8

4  is 
itself unstable and disintegrates into two stable He4

2 nuclei in less than 10-12 s.  To get started, 
helium must be converted to carbon 12 ( C12

6 ) by the so-called ‘triple alpha’ reaction, shown 
on the slide.  I hope you can see the problem if the route to producing carbon is to bring 3 He 
nuclei together.  Once two helium nuclei have come together, the chance of another 

He4
2 nucleus joining the first two within 10-12 s is slim and hence the likelihood of forming 

C12
6  looks slim.  Worse, when it does happen the total energy of a newly created ( Be8

4 + He4
2 ) 

nucleus considerably exceeds the energy of a stable C12
6  nucleus, so such a newly formed 

nucleus is most likely to fly apart.  Fred Hoyle discovered this problem many years ago, in the 
early 1950s.  Unless there is some way around it then stars won’t make much carbon 12 and 
carbon 12 is the stuff of life, so we need it.  Of course the fact that we’re here means there 
must be a way around it and Hoyle discovered the trick.  What happens is that C12

6  has a long-
lived excited state at an energy very close to the combined energies of the conjoined 
( Be8

4 + He4
2 ) nucleus.  This happens because of the particular strength of the nuclear forces 

within C12
6 .  The excited state is called a resonance and was discovered by Hoyle.  As a result 

of the presence of this excited state at just the right energy, far more C12
6  nuclei that are 

formed live long enough to decay into their stable ground state instead of flying apart and 
hence build up substantial amounts of C12

6  in the core of a red giant.  If it wasn’t that the 
nuclear forces had just the right strength to create the resonance at the right energy (some 7.6 
Mev above the ground state), then we wouldn’t exist.  This has been called a ‘cosmic 
coincidence’. 
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I should add that the ‘triple alpha’ reaction is one of the most important in astrophysics.  It is 
relevant to creating carbon, the stuff of life, and to higher elements in the periodic table built 
up in more than one type of star from carbon.  Our understanding of the reaction can’t be 
tested in the lab to see if it is correct because the chance of 3 He nuclei coming together to 
form carbon under the same conditions as in stars in the very, very short time available is so 
small in the lab that it won’t happen.  One of the problems is that this reaction happens in 
stars at temperatures of 250×106 K, which is a very low temperature.  In electron volts it is 
only about 20 keV.  Almost all He nuclei of this energy that come together will repel each 
other and not even form the Be8

4  needed at the very first stage.  The net result of this is that 
we have to infer the probability of the triple alpha reaction taking place from a general 
understanding of nucleosynthesis, rather than basing it on the irrefutable result of experiment.  
To put it another way, the experiments going on are going on in stars and not in our lab so the 
best we can do experimentally is to measure what is happening in the stars. 
 
Relative abundance of elements 
 
The making of C12

6  is nowhere near the end of the story either.  The reaction of adding a 
further He4

2 to C12
6  to form O16

8  is one that needs even higher temperatures.  If it didn’t, then 
all the C12

6  would be converted into oxygen and we wouldn’t be here either.  Taking the 
argument even further, the conversion of O16

8  to Ne20
10  is even harder, which is also fortunate 

for us and is the reason why there is lots of oxygen around in our world and it hasn’t all been 
converted into chemically inert neon.  In fact the temperature needed to form oxygen isn’t 
achieved in stars the size of our Sun except in their very final phase (see later).   
 
[The oxygen in our atmosphere was put there by plant life but the plants didn’t create the 
oxygen atoms in the first instance.  They merely decomposed CO2 into carbon and oxygen.  
The oxygen atoms we breathe were made in stars.  As I mentioned in the level 1 Astronomy 
course, stand on the bathroom scales and about 60% of the weight you read off is due to 
oxygen atoms.  Oxygen isn’t only the sustainer of animal life, it is also an essential ingredient 
in all the rocks around us: granites, limestones, sandstones, basalts, and of course the soils 
these rocks make.  As has been recently pointed out, life has determined the mix of minerals 
that we find on and near the Earth’s surface.  Life gave the Earth free oxygen in the 
atmosphere and this oxygen has been incorporated in the minerals of the Earth through direct 
oxidisation, through weathering and through living processes.  Some 80% of the minerals we 
find would not have existed without life on Earth.  Put another way, the mineralogical profile 
of our planet has the watermark of life within it.  Geology and Biology are more intertwined 
than most people think.] 
 
You can see that the relative abundance of different atomic species is intimately linked with 
the rates of the fusion reactions that build elements and the conditions in the cores of stars 
near the end of their lives.  That carbon, nitrogen and oxygen are the 3 most common 
elements in the universe after the hydrogen and helium created by the Big Bang is all to do 
with the detail of stellar nucleo-synthesis and the temperatures reached in the cores of stars of 
different masses. 
 
The diagram on the slide shows the decreasing abundance of elements of higher atomic 
number.  It doesn’t show the fine detail of the abundance of different isotopes.  We’re certain 
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that all the elements around us were not made in a single star.  Indeed, much of the material in 
the world has been part of more than one star earlier in its life – recycling on a galactic scale.  
The very low abundance of beryllium is confirmation of what I said earlier about Be8

4  being 
unstable.  The only stable isotope of beryllium is Be9

4  and to create that needs the addition of 
a neutron to a nucleus that hardly exists for any length of time. 
 
The size of the temperatures needed to create elements beyond helium within stars is gigantic, 
starting at 100 million K.  Little wonder that alchemists attempting to change one element into 
another with their red-hot furnaces at 1500 K got no-where.  Is such creation impossible on 
Earth?  In discussions of the Big Bang you met temperatures measured in eV.   How much is 
108 K in eV?   Remember that the relationship kT = eV gives an approximate conversion and 
the answer comes out at around 10 keV.  In particle accelerator terms, the kinetic energy 
needed is very easy to achieve.  Stars have huge reservoirs of material to fuel the reactions 
and they have huge amounts of time for the process to go on for, so in fact the processes don’t 
need to be efficient.  On Earth we want results in minutes and we start with miniscule 
amounts of material by any astronomical standards.  We need processes that are much more 
efficient and that means even higher temperatures.  In a particle accelerator, that is little 
problem.  Cyclotrons that create isotopes for medical use employ energies of millions of eV.  
We have a cyclotron in the local hospital.  They are at the bottom end of the market of particle 
accelerators, virtually mass-produced.  One of the most common isotopes made in the 
cyclotron is a metastable state of technetium 99 ( Tc99

43 ).  Technetium played a part in the 
history of astronomy because it is the lowest atomic number element in the periodic table to 
have no stable isotopes.  Yet its presence was detected in the spectra of stars, which provided 
convincing evidence that element creation was taking place in stars, and the universe as we 
know it was not created somehow in one go. 
 
The final red-giant phase 
 
Before the previous digression on the abundance of elements, we left the Sun and similar stars 
converting helium to carbon and some carbon into oxygen.  It will take the Sun about 100 
million years to do this, during which it will rise up our previous line of the H-R diagram to 
reach its maximum luminosity, about 10,000 times its present radiation output.  The Earth 
will not exist then. 
 
When we look at the Sun now, we see a very stable star.  It throws off a small amount of its 
outer atmosphere in the form of the solar wind and repeated coronal mass ejections.  The 
amount of matter pouring out of the Sun is billions of tons a day but it only amounts to about 
10-14 of the Sun’s mass per year, a trivial fraction.  We loose a much bigger fraction of our 
own mass every night in dead skin rubbed off in bed, to put it crudely.  Red giants are much 
less stable, at least their outer shells are.  Picture a red giant as a huge outer shell with a very 
small core within, almost separated from the shell.  Fusing helium and carbon is a much less 
stable process than fusing hydrogen because it so sensitively depends on temperature.  In 
addition, the escape velocity from the surface of a red giant is pretty small.   
 
The escape velocity, v, for a body of radius r can be found by setting the kinetic energy 
needed to escape equal to the magnitude of the gravitational potential energy of a particle on 
the surface, i.e. ½mv2 = mgr.  You need to work out from Newton’s law of gravity that the 
acceleration due to gravity, g, is given by mg = GMm/r2.  Hence, putting these two facts 
together gives the formula for the escape velocity as v2 = 2GM/r.  Taking G = 6.67×10-11 m3 
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kg-1 s-2, as usual, M = M  = 2×1030 kg and r = 2×108 km for a red giant extending out beyond 
the Earth’s orbit you can work out the typical escape velocity at the surface of a red-giant.  It 
comes out as a mere 37 km s-1.  Compare that with the escape velocity from our Sun at the 
moment, which is 618 km s-1.   
 
The point of this calculation is to show that it is much easier for a red giant to throw off 
material and at this stage in the star’s life it does.  Material from the outer layers not only 
peels off regularly at mass rates over one million times greater than in the solar wind we now 
experience but sometimes in bursts that create what we see as planetary nebulae.  These 
clouds have nothing to do with planets and were misnamed decades ago.  However, the name 
has stuck.  Several thousand planetary nebula can be seen in our galaxy.  They form some of 
the most spectacular objects in the sky.   
 
Some HST images are shown on the slides.  Planetary nebulae are not all symmetric.  Many 
are asymmetric.  The Little Ghost nebula shows evidence of multiple pulses of ejected matter.  
These nebulae exhibit stellar re-cycling made visible.  Not all the material in a star takes part 
in fusion reactions.  A significant fraction of even the basic hydrogen is expelled without 
participating.  A planetary nebula also includes some of the new elemental material that has 
been made within the star and has been incorporated within the shell of the star by diffusion 
and convection.  In fact the final core of the Sun that will live on as a white dwarf will contain 
only about 0.6 solar masses of material, the remaining 0.4 being expelled, mainly as mass and 
only a small fraction of the total as radiation over the whole life of the Sun. 
 
White dwarves 
 
When the production of carbon and oxygen runs out in stars like our Sun, that’s the end of the 
nucleo-synthesis.  The remaining shell of matter is no longer pushed out by the pressure from 
within.  The shell collapses and heats.  Gravity tries to contract the star core but electron 
degeneracy pressure takes over again and resists a complete collapse.  The temperature rises, 
but not to a sufficiently high value to initiate any more nuclear synthesis.  The star becomes 
less luminous but hotter as it shrinks, reaching a surface temperature of some 60,000 K.  
Matter is so compressed before the electron degeneracy effect kicks in that the entire residual 
mass of the Sun will be within a radius about 10,000 km, a bit less than that of the Earth.   
 
More than 90% of stars will end their life as white dwarves.  Picture a core of mainly carbon 
and oxygen, surrounded by a thin shell of hydrogen.  The heavier elements are in the middle, 
the lightest at the surface.  There is no fusion taking place, even though the surface 
temperature is many times that of our Sun. 
 
The density of matter in a white dwarf is extraordinary, some 109 kg m-3, or a million times 
the density of matter we are used to dealing with. A large pea-sized lump brought to Earth 
would weigh a tonne not a gram.  The gravity at the surface of a white dwarf is about 400,000 
times the Earth’s gravity.  Heat tends to expand an atmosphere but even the phenomenal 
temperature of 60,000 degrees can’t do much against the crushing effect of such enormous 
gravity.  The very hot atmosphere of the white dwarf is kept within a thickness of a few 
hundred metres of the star’s very solid surface, about the height of the Eiffel Tower.  The 
overpowering gravity gives enormous weight to each fragment of matter.  A dust sized speck 
of its own matter a tenth of a millimetre across weighs as much as half a tonne in the gravity 
of a white dwarf.   
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White dwarves are also peculiar in that the more massive they are the smaller they are.  This 
is simply because a larger degeneracy pressure is needed to prevent the collapse of a more 
massive star and a larger pressure comes from a higher density - i.e. more mass in a smaller 
volume.  After their formation, the long, slow cool begins.  Because of a white dwarf’s small 
surface area, the time taken for this blue-hot remnant to cool so much that it emits no light 
whatsoever (the black dwarf stage) is so long that no black dwarfs exist yet.  The Universe 
isn’t old enough. 
 
Conditions on and within a white dwarf are totally outside our experience of matter but we’re 
not talking about an exotic rarity in the Universe.  It’s true that no white dwarves are visible 
to the naked eye but it’s estimated that 10% of all stars are white dwarves.  Any star that is 
one-hundredth the diameter of the Sun will be a disk in the sky with only one ten-thousandth 
of the area of the Sun.  It will be a comparatively feeble source of light and therefore hard to 
see even at only a few light years distance.  There is a white dwarf companion to Sirius, one 
of our nearest neighbours, but it is very difficult to see even with a telescope and wasn’t seen 
through a telescope until 1862.  The slide shows over a dozen white dwarves in a small part of 
the globular cluster M4, perhaps the nearest globular cluster to us at just over 7000 LY.  To 
get this picture, the Hubble Space telescope had to spend 8 days of observation time spread 
over more than 2 months.  This globular cluster can be aged to over 12 billion years old and 
exploring it was part of the Hubble program to age the universe from stellar information. 
 
There is one more fact you need to know about white dwarves.  Electron degeneracy pressure 
cannot support more weight than 1.4 M .  That limit is known as the Chandrasekhar limit 
after a youthful Subramanyan Chandrasekhar, who first calculated it in 1930.   Chandrasekhar 
and William Fowler shared the 1983 Nobel Prize in Physics for their theoretical work on the 
evolution of stars and the generation of chemical elements within stars.  Something different 
to the white dwarf finale obviously happens to more massive stars and we’ll see shortly what 
that is. 
 
Type Ia supernovae 
 
White dwarves feature in one very important story that is current in modern astronomy.  The 
story is a cosmological one.  The evidence for the acceleration of the expansion of the 
Universe is largely based on recent studies of type Ia supernovae.  Supernovae of all types are 
explosions of an entire star.  They are massively bright and can be seen in very distant 
galaxies.  They are very rare on even a year-by-year basis.  The last supernova in our own 
galaxy was seen by us in 1604.  Type Ia supernovae have an absolute magnitude of (–19).  
(Compare that with the typical absolute magnitude of (-4) of a decent Cepheid variable used 
to measure distances to several megaparsecs.)  If a nearby star went supernova, it would shine 
on the Earth with almost as much light as daylight.  The flux of gamma rays, x-rays and 
energy from the rest of the electromagnetic spectrum would come close to destroying all 
known life on the surface of the Earth.  A nearby supernova would indeed be a neighbour 
from hell.  It is a possibility that the biggest mass extinction of life on Earth that has ever 
taken place, in which 90% of the species of plants and animals disappeared at the end of the 
Permian period 250 million years ago, was due to a nearby supernova.  There are alternative 
suggestions too for what caused this catastrophe. 
 
Why type Ia supernovae are engaging astronomers across the world just now is that when 
spotted in distant galaxies they can be used to measure how far such a galaxy is from us.  That 
enables us to make recession velocity versus distance plots and see if the Hubble constant for 



© JSR 2010 Cosmology/Astronomy 6: Stellar evolution PX2512 
 

 11/16

very old galaxies is behaving as we expect.  It turns out not to be, which is what all the fuss is 
about.  It is evidence from this source that provides a strong argument that the rate of 
expansion of the universe is increasing.  The reason type Ia supernova are important in this 
context is they are very bright and all have the same characteristics.  Why is this? 
 
Type 1 supernovae are caused when a white dwarf is one member of a close binary star 
system whose other member is still a red giant.  The outer shell of the red giant can expand 
sufficiently that it is more attracted to the close-by white dwarf than it is to the core of its own 
star.  An accretion disk forms between the two stars and mass continually falls onto the white 
dwarf.   You may guess what is going to happen.  The mass of the white dwarf increases until 
it hits the Chandrasekhar limit.  Electron degeneracy pressure can no longer maintain even the 
white dwarf.  It gravitationally collapses further, heating even more until its carbon-oxygen 
core ignites to start creating elements up to iron.  Vast amounts of energy are released but no 
more pressure is generated to expand the star since it is in the grip of electron degeneracy 
pressure, which it turns out is independent of temperature.  The temperature rockets up but 
not the pressure and the reactions go very fast until, finally, the electrons behave as an 
immensely hot gas and can break free from the constraints of quantum degeneracy.  Imagine 
suddenly converting all the water in a boiler to high pressure steam, only this is on a stellar 
scale and the actual effect is much more powerful.  The dwarf undergoes a massive explosion, 
which is the supernova.  Something like half a solar mass of material is ejected at speeds of 
around 10,000 km s-1.  Since most of it is carbon and oxygen, hydrogen lines are not seen in 
type Ia supernovae.  Such explosions all have a similar peaked light curve that builds and 
decays in characteristic fashion.  Since they start off from very similar conditions, they have a 
standard brightness and this makes them ideal for distance studies.  They are ‘standard 
candles’ of immense brilliance (the standard candle in days of old being the standard of 
illumination that used to be used).  There may be centuries between such occurrences in any 
galaxy but there are millions of galaxies out there and hence in total quite enough type Ia 
supernovae to observe if you have the technology.  Building the technology has become the 
task of several multinational projects. 
 
Astronomers have a lot of confidence that they understand many features of stellar evolution 
now because observations of a huge number of stars agree very well with what theory leads us 
to expect.  Yes, there are some odd stars around but the great bulk of all stars behave as 
modern astrophysics suggests they should. 
 
More massive stars 
 
Stars more massive than about 2 M  don’t have the helium flash that comes with lighter stars 
at the end of the hydrogen fusing stage.  They are massive enough to change smoothly into 
helium fusing, for the compression of the mass raises the temperature of the core to high 
enough temperature. 
 
However, it takes stars much more massive than the Sun to create most of the periodic table.  
For example, stars up to 5 M  can’t create elements heavier than neon and sodium (atomic 
number 11) in their cores.  That’s not much of the periodic table.  Even more massive stars 
have been involved in creating the rest of the elements, stuff all around us that we take for 
granted like silicon in our rocks, calcium in our bones, iron and other metals that are the core 
of buildings, boats and much more besides.  Stuff, though, that averaged over the universe is 
actually relatively rare.  One reason it is so is that massive stars are not that common.  They 
are clearly very important, so let’s look at how they evolve. 
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Seriously massive stars have a short but bright life.  For example, a star of 15×M  will last for 
only 10 million years.  The red-giant stage is so large and bright that it is given the name of 
supergiant.  Betelgeuse is such a star.  Its diameter is at least 600 times that of our Sun; its 
luminosity 55,000 times as great, although it has a surface temperature of only 3600 K.  As 
the star evolves in the red giant phase successive shells of material begin fusing heavier and 
heavier elements up to iron.  Iron is the natural end of this chain because it has the least 
energy per nucleon of any element.  In other words, there is always a net release of energy if 
you fuse lighter nuclei together to make iron but beyond that, if you fuse iron nuclei and a 
succession of alpha particles or protons together then it costs energy to do so, significant 
amounts of energy.  (The next section indicates that the process actually involves neutron 
absorption).  To make iron out of silicon needs about 3,000 million K to overcome the 
electrostatic repulsion of the raw ingredients, which sounds unbelievably hot.  Convert this 
into eV and you’ll see that it’s ‘only’ about 0.25 MeV per particle.  The energy required to 
produce elements heavier than iron exceeds the residue of thermal energy per nucleus that is 
available even in the intensely hot cores of supergiants. 
 
Evolution of a 15 solar mass star 
 
The table from Kuhn & Koupelis shows how, as the temperature rises and ever more 
nucleosyntheses shells fire up, the process speeds up.  The final stages take only days.  As 
with lower mass red giants, supergiants also eject substantial amounts of matter and fluctuate 
in brightness.  This ejection of matter is a major source of spreading some of the periodic 
table into interstellar space, into clouds that will ultimately re-condense into new stars and 
planets. 
 
What happens when the iron core has been made?  Is it a case of following T S Eliot’s phrases 
in his poem ‘The Hollow Men’ “Under the twinkle of a fading star…..This is the way the 
world ends / Not with a bang but with a whimper”?  Eliot wasn’t talking about stars.  In fact 
nothing much in the Universe goes out with more of a bang than a spent supergiant star.  It 
destroys itself in a type II supernova, one immense explosion without which there would be 
no gold, no silver, no platinum or mercury, no tantalum, tungsten, lead or uranium and much 
else we expect to find of use in the world. 
 
It’s an interesting piece of nuclear physics that tells us why a gigantic explosion is necessary 
to create the periodic table beyond iron.  If you add neutrons to an iron core then you get 
neutron rich isotopes of iron (Fe) that soon undergo β- decay to form isotopes of cobalt (Co), 
the element that’s one heavier.  If these absorb a few neutrons they in turn undergo β- decay to 
form nickel (Ni) and so on.  This process gradually creates elements heavier than iron in the 
periodic table.  Gradually is the key word.  The cross-section for neutron absorption (the 
chance that it will happen) is very small and at the sort of neutron densities that are present in 
stellar cores of even massive stars each step would take over 105 years.  In their final phase, 
massive stars are evolving very much faster than this.  How then do stars make heavy 
elements?  Finding the answer was a serious astrophysical problem. 
 
The process will only happen in a reasonable timescale if the neutron density is many millions 
of times greater than in the stable core of a massive star.  Such an increased density will in 
fact take place in the end game of a massive star, as we’ll see.  This was realised by Fred 
Hoyle, William Fowler and Geoffrey and Margaret Burbridge who were working together on 
the way stars create elements when the first hydrogen bomb tests were conducted.  The fallout 
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from the tests contained heavy elements and they realised very quickly that the density of 
neutrons in the heart of the bomb had made this possible.  You never want to hear in your 
lifetime that a hydrogen bomb has been exploded in anger, for they are hundreds of times 
more powerful than the atomic bombs that fell on Hiroshima and Nagasaki.  One piece of 
unanticipated fallout from the 1954 hydrogen bomb tests was the realisation that a type II 
supernova could do on an astronomical scale what a hydrogen bomb did on Earth.  The story 
goes like this. 
 
Type II supernova 
 
A supergiant star doesn’t get a chance to convert nearly all its mass into iron.  Once the iron 
core has reached the Chandrasekhar limit, degeneracy pressure can no longer support it and it 
further collapses.  The enormous temperatures produce very high-energy radiation that is 
sufficient to disintegrate a lot of the iron into primitive protons, neutrons and electrons, 
reversing in minutes the nucleosynthesis of a few million years.  This absorbs a lot of energy 
and further cools the matter, which can now no longer support the pressure of the overlying 
shell and continues to shrink and collapse.  Electrons and protons are pushed so close together 
that more neutrons are formed from protons, along with a neutrino for each neutron formed.  
If you look at a periodic table you’ll see that elements heavier than iron all have more 
neutrons in their nuclei than protons.  In the heart of the massive star there is now a huge 
density of neutrons, sufficient to fuel the heavy element creation process from residual iron in 
a timescale better measured in seconds than millennia. 
 
The neutrinos escape, carrying away a substantial amount of energy and the core further 
shrinks as it cools, squeezed together by its own gravity, until it reaches the density of nuclear 
matter itself, about 4×1017 kg m-3.   This density makes a white dwarf pea weighing 1 tonne 
seem almost vacuously light.  A pea-sized lump of neutron star has a mass of a thousand 
million tonnes.  Computer simulations suggest that the inner core rebounds at this stage to 
meet the infalling outer layers of the core in a giant shock wave that sends an enormous 
amount of material into space and has sufficient surplus energy that significant amounts of 
iron are converted into heavier elements, the elements we find on earth that are above iron in 
the periodic table.  A large amount of the star is shredded into remnants and hurled into the 
surround space at speeds of around 5000 km s-1.  What is left is a core composed of neutrons, 
packed together as tightly as in the nucleus of an atom – a neutron star. 
 
The illustration shows the inner part of the remnants of a supernova explosion that was bright 
enough to be seen on the Earth during the daytime in the year 1054, even though it occurred 
about 6500 LY away in the direction of the constellation of the Taurus.  This is the famous 
Crab nebula, M1 in Messier’s catalogue, NGC 1952 in the new galactic catalogue, named for 
its shape not its location.  At the centre is a faint neutron star, the midget remnant of a once 
mighty supergiant. 
 
Neutron stars 
 
Neutron stars are the spent cores of supernovae.  They are typically about 10 km - 20 km in 
diameter and near their centres are virtually one gigantic nucleus.  Not even modern optical 
telescopes can spot an object only 20 km across at a distance of many light years and so you 
might think that none have been seen and they are, perhaps, only a product of the 
astrophysicist’s equations and imagination.  This isn’t the case because they have one quirky 
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property that has resulted in hundreds being seen.  They behave like stellar lighthouses, 
flashing radiation in pulses across the galaxy.  Pulsars are neutron stars. 
 
Pulsars 
 
Jocelyn Bell discovered pulsars in 1967.  She discovered the first three in fact, not through an 
optical telescope but with a radio-telescope that her supervisor Anthony Hewish had 
established in a field in Cambridge for the purpose of looking at rapidly varying radio signals 
from faint sources.  Hewish and Martin Ryle shared the 1974 Nobel Prize in Physics for their 
contributions to radio astronomy, Hewish in particular ‘for his decisive role in the discovery 
of pulsars’.  Many astronomers would have liked to have seen Jocelyn Bell’s name added to 
that rôle of honour.   
 
What Jocelyn Bell discovered was very rapid radio signals coming from a galactic source.  
They were incredibly regular and repeated every 1.3373 seconds.  The width of the pulses 
found was about 1 ms.  The underlying physics says that a large source can’t produce light of 
a very short pulse width.  The reason is simply that the difference in time taken for a signal to 
reach us from opposite sides of a source of width d is just d/c.  For a pulse of 1 ms the 
maximum size of the source must be 0.001 light seconds, which converts into km as 300 km, 
much too small for a white dwarf as a source but quite large enough as a maximum size for a 
neutron star.  There is no doubt now that the ‘light-house’ model of a pulsar is correct. 
 
In this model the neutron star is spinning with a period equal to the period of the pulsar.  A 
very strong magnetic field accelerates very energetic electrons emitted by the neutron star and 
these radiate right across the electromagnetic spectrum, from X-ray to radio wavelengths.  
The resulting radiation is beamed out like a light-house and sweeps past us if we are in the 
line of sight. 
 
A pulsar has been discovered in the Crab Nebula with a repetition rate of 30 times per second.   
A dense white dwarf spinning that fast would disintegrate, but not a neutron star.  The 
acceleration of a point on the surface swinging around in a circle of radius r at an angular 
speed of ω rad s-1 is ω2r.  Taking ω = 2π×30 and r = 104 m gives an acceleration of 2.55×108 
m s-2.  Compare this with the acceleration due to gravity on the surface of the Earth of about 
10 m s-2.  This is a staggering acceleration, accompanied of course by the equivalent 
staggering forces.  The Crab Nebula is emitting right across the electromagnetic spectrum, 
from X-rays to radio emissions.  If you add up all this energy, you will find it’s more than 
100,000 times the luminosity of the Sun.  A pulsar is by no means dead. 
 
Many pulsars are as accurate timekeepers as a good atomic clock.  The Crab pulsar, though, is 
slowing down.  This effect is the reaction to the creation of the immensely energetic electrons 
in the surrounding magnetic field.  The star is giving these electrons energy (which they are 
radiating away) and the reaction of the electrons back on the star is to slow it down.  Over a 
period of tens of thousands of years it will slow down to pulsing every second, not energetic 
enough to generate X-rays or even much light.  It will become one of the large band of radio 
pulsars that astronomers are finding.  This pattern isn’t repeated everywhere.  Some pulsars 
that are half of a binary system are spun up by infalling matter so that the most rapid pulsars 
have periods of just a millisecond or two.  That’s a complete star spinning at 30,000 rpm.  
Almost unbelievable! 
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Black holes, again 
 
Neutron stars represent matter on a large scale as we have never experienced it on Earth.  
However, even they have their limitations.  Neutron stars are not the ultimate in strong 
materials, capable of resisting absolutely any disruptive force.  There is no such material.  
Gravity of the most massive stars is a match for anything nature can produce.  Once the core 
of a super-massive star reaches about 3 solar masses (the exact limit is still not precisely 
known), not even neutron degeneracy pressure can resist the crushing effects of simple 
weight.  The core is compressed so much that it becomes a black hole.  The Schwarzschild 
radius of a black hole of 5 solar masses is 15 km.  Neutron stars are therefore pretty close to 
becoming black holes and the transition isn’t huge.   If you use the formula given earlier for 
escape velocity, you can calculate that a 1.5 M  neutron star of diameter 20 km has an escape 
velocity of 2×108 m s-1, two-thirds of the speed of light.   
 
Surely black holes are theoretical concepts, objects that look plausible in equations on a page 
but that can’t ever be detected?  Astronomers fall back on the adage that if it looks like a duck, 
walks like a duck and quacks like a duck, it probably is a duck.  The strong circumstantial 
evidence is that there are plenty of black-holes out there.  Cygnus X-1 was the first X-ray 
source detected.  The x-rays can be seen to coming from a close binary pair, one of which is a 
blue supergiant of 30 M  and the other component is unseen with a mass that can be 
calculated as 3 M  .  The pair orbit each other in 5.6 days and hence are very close.  Why are 
they emitting X-rays?  Matter is infalling on to the unseen companion, rapidly gaining enough 
energy to emit X-rays.  One of the most efficient processes in the Universe for converting 
matter into radiation is the acceleration of a plasma as it falls into a black hole.  It’s more 
efficient than converting hydrogen to helium within a star.  The result is that infalling matter 
generates lots of radiation.  We can’t see the black hole but we can detect the characteristic 
fluctuating signature of the matter on the way to being accumulated by a black hole.  That is 
what is detected from Cyngus X-1.  There are other similar candidates for black holes. 
 
In summary, there are 3 possible ends to stars: white dwarves, neutron stars and black-holes.  
The ultimate fate of a given star depends on nothing more complicated than its mass.  Our 
Sun won’t end up as an exotic black-hole but as a common white dwarf.  Mankind won’t be 
on the Earth to see this happen, for the reasons I said earlier. 
 
End of lectures 
 
Stellar evolution introduces a range of weird astronomical objects that are quite unlike 
anything we are used to.  They stretch the limits of our credulity.  They aren’t, though, simply 
products of a fertile imagination but their existence is a consequence of the laws of physics as 
we understand these laws and their presence in the Universe is a matter of observation.  There 
are a good many more weird objects than I’ve dealt with but anyone who has got this far has 
enough astronomy to pick up one of the many excellent books that are around and read more 
at leisure.  
 
I began this section of the course talking about the principles of science and how they shaped 
modern cosmology as well as modern astronomy.  There is one observation I’d like to end 
with.  I say this as a scientist who has practised the craft for many years.  What this course 
doesn’t convey and neither do popular accounts of science is the tremendous attention to 
detail that goes in to modern science.  Modern astronomy illustrates this very well.  Modern 
telescopes and measurement probes are designed by large teams with fastidious attention to 
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detail.  What is difficult to measure is undertaken accurately; data analysis procedures 
consider in fine detail the perturbing effects that can influence experimental results, and 
modern procedures make appropriate allowances; highly detailed theoretical analyses are 
made of possible scenarios so that comparisons with observations are not simply qualitative 
but are quantitative.  A lot has been made of the evolutionary strength of the scientific method 
in being able to test the truthfulness of old ideas and discard the old for the new when the 
need arises.  Another strength of modern science is that it is collecting data of unprecedented 
extent and accuracy about the universe around us.  Concepts that explain all we are finding 
out about the modern universe will be much harder to replace than old ideas that were based 
on comparatively meagre and inaccurate information.  This is roughly where I came in.  
Modern ideas on what the universe is like are not in my view just today’s version of 
mythology.  They are based on an enormous body facts about the universe and, as Rabbie 
Burns famously said, facts are chiels that winna ding.  My guess is that you will be teaching 
your grand children much of the astronomy you yourself have learnt. 
 
I hope this course has aroused your curiosity and to some extent answered questions you may 
have had before you came on it.  I’m sure it’s also generated many more questions!  Tell your 
friends about cosmology and astronomy, and relativity and quantum theory too.  These are 
topics of interest that will last you a lifetime.       JSR 


