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 This image illustrates the life cycle of stars. 
In the bottom half of the image, we see clouds 

of dust and gas, where it is likely that star 
formation will take place. Near the center, 

there is a cluster of massive, hot young stars 
that are only a few million years old. Above 
and to the right of the cluster, there is an 

isolated star surrounded by a ring of gas and 
perpendicular there are two bluish blobs of 

gas. The ring and the blobs were ejected by the 
star, which is nearing the end of its life.



The Death of Low Mass Stars
As before what happens to a star will depend on its mass. 
The first dividing line is about 1.4 times the mass of the 
sun at the end of their evolution. This included stars that 
start out as massive as 8 times the mass of our sun. 

This is the vast majority of all stars. So the death of at 
typical star. These stars have undergone all the fusion they 
are capable of and ejected their outer parts as a planetary 
nebula. 

The core continues to contract and heat. Eventually reaching 
a density more than 200,000 times greater than water.



Degenerate Stars
These stellar cores become so dense something very strange 
happens to them. They start to be held up not by thermal 
pressure (the motion of atoms) but by quantum mechanical 
pressure called degenerate pressure. 

Quantum mechanics tells us we can’t know the location and 
velocity of a particle at the same time. The more we know 
one the more the other becomes uncertain.  

By the core becoming so dense, the location of its electrons 
becomes constrained to very small spaces, which means the 
speeds of those electrons become very uncertain.  This 
uncertainty creates pressure and is what actually holds the 
core up against gravity. 



Degenerate Pressure
Degenerate pressure is very different than thermal 
pressure. For example it doesn’t depend on 
temperature so once the core is supported by 
degenerate pressure increasing or decreasing the 
temperature doesn’t change the size.  

Degeneracy pressure is why the helium flash occurs. 
For those stars they are held up by degeneracy 
pressure, as they start to fuse helium the extra energy 
doesn’t cause them to expand so they keep fusing 
until the energy is so great it overcomes the 
degeneracy pressure and the flash occurs.



White Dwarfs
The remnant core of star held 
up by degeneracy pressure is 
called a white dwarf. 

These are stable, compact cores 
that cannot contract further. 
They will cool, but stay the 
same size. 

The most massive a white 
dwarf the smaller its size, and 
at 1.4 times the mass of the 
sun there isn’t enough 
degeneracy pressure to 
overcome gravity.  

Thus the cutoff at 1.4 for this 
type of ending for a star.



Images of the white dwarf Sirius B next to its companion, 
Sirius A, in visible and x-ray. The spikes are diffraction spikes 

from the optics because the source is so bright. 



A white dwarf starts off 
very hot, but cools over 
time as it no longer has 
a way to produce energy. 

Eventually over billions 
of years it will become a 
black dwarf as all the 
heat is radiated away. 

As it cools, the atoms 
connect into a lattice, 
like a solid on Earth, 
and the white dwarf 
becomes something like 
a giant diamond.
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Evidence that Stars Shed Mass
The important property here is the mass of the core, 
not the mass of the star.  

But since stars lose mass it is difficult to connect the 
initial stellar mass and the final mass of the core.  

One way to do this is to look at open clusters that 
contain white dwarfs. If such a cluster has main 
sequence stars with 7 times the mass of the sun, then 
we know stars more massive than that shed enough 
mass to make it down to cores of less than 1.4 solar 
masses to become white dwarfs.



The Deaths of High Mass Stars
As we discussed earlier, a high mass star will continue to fuse new elements 
in its core until it reaches iron. At this point fusion stops generating energy. 

There is still fusion in shells which continue to increase the mass of the core. 
Originally the core is supported by degeneracy pressure, but as its mass 
increases it shrinks. 

When the density reaches 400 billion times that of water, some electrons are 
squeezed in the atomic nuclei to combine with protons and form neutrons. 

As the electrons disappear so to does their degenerate pressure, but increasing 
the number of neutrons a new source of pressure comes about from the 
degeneracy pressure of the neutrons. The core becomes a neutron star.  

There is a maximum mass to a neutron star, 3 solar masses. At that mass the 
neutron degeneracy pressure become too little to stop collapse and nothing 
we know of will. The star collapses into a black hole.





Supernova Explosions
The collapse to a neutron star leads to an explosion. 
The core supported by degenerate electron pressure was 
about the size of the Earth. Collapsing to a neutron star 
it is now 20km across, the size of a city. 

As the electrons are converted to neutrons they release 
neutrinos. These neutrinos have 100 times the energy 
given off by the star during its entire life. 

1% of that energy is deposited into the star, right 
outside the core blowing off the rest of the stars mass. 
This explosion is called a supernova, as it appears like a 
new star is found in the sky.



Supernova explosions in other galaxies. The supernova shines 
brighter than any star and often as bright as the entire galaxy. 
The supernova recycles the heavy elements back into the ISM.



Fates of Objects
Initial Mass (solar masses) Final State

< 0.01 planet 

0.01 - 0.08 brown dwarf

0.08 - 0.25 helium white dwarf

0.25 - 8 carbon/oxygen white dwarf

8-10 oxygen/neon/magnesium white dwarf

10-40 supernova - neutron star

> 40 supernova - black hole

> 130? supernova - no remnant



The supernova explosion also creates the elements heavier than iron. Neutrons from 
the explosion fuse with atomic nuclei creating heavier and radioactive material

composite of 4 on right



Supernova Explosions

Supernova explosions create the elements heavier than 
iron. They also mix all the elements from the star 
into the ISM. 

They create the cosmic rays that we discussed before 
which circulate in the ISM. 

And they create supernova remnants that are parts of  
the ISM heated to millions of degrees. 



Supernova are so bright they 
can be seen with out 
telescopes.  

A supernova that exploded 
in 1006 was perhaps 100 
times as bright as Venus 
and visible during the day. 

Over 20 reports have been 
found of it from that time. 

This remnant on the right is 
believed to be from that 
supernova as it is about 
1000 years old.



At brightest 
supernova 

can be about 
10 billion 
times as 

luminous as 
the sun. That 
makes them 
as bright as 
an entire 
galaxy. 



The most recent 
supernova to go 
off almost in 

our galaxy is SN 
1987A which is 
in our satellite 
galaxy the Large 

Magellanic 
Cloud. This is 
an image of SN 
1987A taken 

about a decade 
after it went off. 



SN 1987A
Supernova 1987A proximity allows it to be studied in much 
greater detail than other supernova. 

The star that became the supernova had also previously been 
detected as part of routine surveys. 

So the story of supernova 1987A is a much more complete than 
any other supernova in history.   

We know that the progenitor star was a blue supergiant about 20 
items as massive as our sun that formed about 10 million years 
ago and spend 9 million years on the main sequence fusing 
hydrogen. At this time it was 60,000 times as bright as our sun. 

Then it became a red giant 100,000 times as bright as our sun. 
At this point it also began shedding some of it mass.



We can tell it expelled mass in the past because we can 
see the supernova ejecta running into that mass. The bright 

spots occur where the ejecta runs into other gas.



SN 1987A
Then helium fusion stared and for about one million 
years the star was a blue supergiant, 100,000 times as 
bright as our sun as it appeared before it exploded in 
1987. 

With the helium used up the star quickly moves 
through the stages of fusing other elements until the 
core is iron ash. 

Then the collapse began and the star exploded. 

During the explosion elements heavier than iron were 
fused by the stream of ejected neutrons.



Evolution of the Star That Exploded as SN 1987A

Phase Central 
Temperature 

Central Density 
(g/cm3)

Time Spent in This 
PHase

Hydrogen Fusion 40 million K 5 8 million years

Helium Fusion 190 million K 970 1 million years

Carbon Fusion 0.87 billion K 170,000 2000 years

Neon Fusion 1.6 billion K 3.0 × 106 6 months

Oxygen Fusion 2.0 billion K 5.6 × 106 1 year

Silicon Fusion 3.3 billion K 4.3 × 107 Days

Core collapse 200 billion K 2 × 1014 Tenths of a second



This plot shows the brightness of SN 
1987A as a function of days since it 
was discovered. 

We see that after an initial peak the 
supernova continues to shine for 
many hundreds of days.  This is 
because of the decay of radioactive 
isotopes formed in the explosion.  

Nickel-56 is unstable and decays 
into cobalt-56 which decays into 
iron-56. Each decay releases gamma 
rays which continue to heat the 
supernova remnant.  

Also 19 neutrinos were detected 
from SN 1987A, they arrived before 
the visible detection.



Neutron Star
A star that supernovas will end up as a neutron star or 
a black hole.  

A neutron star is the densest state of matter known.  A 
neutron star has a radius of about 10km and a density 
of 1014 g/cm3. The density of an atomic nucleus. 

One would think such small objects would be 
undetectable in our galaxy, but it turns out we have 
detected thousands of them.



Pulsars
In 1967 a student, Jocelyn Bell, detected radio emission 
that repeated precisely every 1.33728 seconds. 

No one new what it was, but many other were discovered 
and they were called pulsars for pulsating radio source.  

Astronomers speculated that the only natural way for 
something to keep time that precisely is rotation. The 
length of the day is exactly the same everyday.   

To rotate in that short amount of time requires 
something very small. To emit so much energy requires 
something very massive. The only candidate for such and 
object was a neutron star.



Crab Nebula

pulsar



Lighthouse Model
The association of pulsars with supernova remnant supported 
the idea that they were neutron stars. But why did they pulse? 

The explanation is called the lighthouse model and the idea 
is that a lighthouse seems to pulse as the light rotate. What 
really is going on is there is a beam of radiation coming 
from the lighthouse that sweeps by the observer and so you 
only see it as it passes by. 

Then you see it again during the next rotation. The beam of 
radiation comes about because neutron stars have very 
strong magnetic fields that can channel charge particles to 
the surface like the aureoles on Earth. These bright spots 
then rotate as the neutron star spins.





Tests of the Model
In some cases the masses of pulsars can be measured and 
they are between 1.4 and 1.8 times the mass of the sun. 
Where they should be for a neutron star. 

When the pulsar is inside a supernova remnant the energy 
is gives off heats the remnant which we can measure. The 
energy comes from the rotation of the neutron star.  

Since we can measure the energy output of the remnant 
we know how much energy the neutron star must lose. 
Careful measurements over a decade show the crab pulsar 
is slowing down by the amount of energy it needs to be 
losing to power the remnant.



Evolution of Pulsars

Pulsars will lose energy and slow down over time. We 
mostly see neutron stars that are very young. 

Even of the young one we don’t see them all because 
many will have their radiation beamed in a direction 
that never hits Earth. 

Thus why we know of thousands of pulsars we believe 
there are 100 million neutron stars in our galaxy.



Neutron stars often get a 
kick from the supernova 
which sends them moving. 
We can see many pulsars 
that are no longer in a 
supernova remnant or are 
moving out of one. 

This image (which combines 
X-ray, visible, and radio 
observations) shows the jet 
trailing behind a pulsar.  
With a length of 37 light-
years, the jet trail (seen in 
purple) is the longest ever 
observed from an object in 
the Milky Way.



Companion Stars

We have been treating stars like they live in isolation, 
but remember half of all stars are in multi-star 
systems. 

A companion star can alter the evolution of a star. 
Particularly noticeable are companions to white 
dwarfs and neutron stars.



Nova
White dwarfs with giant star companions can have material 
from the companion star accrete onto the white dwarf. 

When it does this gas will quickly undergo hydrogen 
fusion. This explosion increases the luminosity of the white 
dwarf and can make it visible when before it wasn’t.  

These explosions are thus called nova (new) because 
astronomers will see what looks like a new star. After 
some time more gas can accrete onto the white dwarf and 
it can go nova again.



Type Ia Supernova
Many types of super nova are observed, the kind that is 
the result of the death of a massive star is called type II. 
There is a different type called type Ia where there is no 
hydrogen in the spectrum. 

It was theorized that these are exploding white dwarfs, 
since they white dwarf has no hydrogen. Astronomers 
thought companion stars might add enough material to a 
white dwarf that it became more massive than 1.4 solar 
masses and collapsed.  

However, we now know this doesn’t seem to happen and 
instead type 1a supernova are the result of the merger of 
two neutron stars.



The old picture of type Ia super nova doesn’t seem to 
happen. Instead they are mergers of 2 white dwarfs.



Neutron Star’s with Companions
X-ray Binaries: Neutron stars can also have 
companions that accrete mass onto the neutron star. 
This causes a phenomena similar to a nova, but at 
much higher energies because the neutron star is so 
much more compact. 

Millisecond pulsars: another possibility is that when 
the material accretes it increases the spin of the 
neutron star. This can create super fast pulsars that 
pulse every 1/1000 of a second instead of every 
second.

https://www.youtube.com/watch?v=m112a76tjKQ

https://www.youtube.com/watch?v=m112a76tjKQ


Gamma Ray Bursts

One observation that had been a mystery for many 
decades are gamma ray bursts. Very high energy short 
bursts that only last a fraction to a hundred seconds. 

Originally discovered by the military, gamma-ray 
telescopes found that they happen about once per day. 

With only this information what they are was a mystery.



By studying the direction they come from it is clear they 
are not associated with the solar system or the Milky Way. 

So they are either relatively near by or extragalactic.



Afterglows
To find out what they were we needed to get 
information about the source. But since they were gone 
so quickly this was a big challenge. 

Eventually a satellite detected just to this was launched 
which found the gamma-ray burst, then looked for it in 
x-ray and then sent the info back to Earth so that 
astronomers could look for it with optical telescopes. 

The information was spread through out the world 
minutes after the burst occurred. From this optical 
counterparts were eventually found.



This showed the burst came from a distant galaxy



x-ray visible/uv



The large distances to these 
bursts meant they were very 
energetic. Maybe too 
energetic. Scientist suggested 
they are beamed so that the 
total luminosity would be 
much less than if all that 
energy was coming out 
spherically.  

It was determined that the 
long duration bursts were the 
result of massive stars 
collapsing to black holes.  

The gamma rays are 
produced as material is 
ejected from this stars 
supernova.  

Artist picture not real



The long duration bursts occur in regions of star 
formation where we expect massive stars to be born 
and die. 

But short duration bursts occur in regions with no 
star formation. So they can’t be massive stars.  

Instead they are believed to be neutron star - 
neutron star mergers. The two neutron stars become a 
black hole. This has now been observed in gravity 
waves.


