
Notes 6 - 1 

More post-main sequence evolution 
 
Stars will continue to contract their cores and increase their luminosities (due to 
increasing radius) until the core temperature reaches the magic value of 100,000,000 K. 
This sets off helium fusion (triple-alpha) in the core. 
 
For a high mass star, the core will reach this temperature threshold without being 
degenerate.  But for a low mass star, the core will likely be electron degenerate when it 
hits this temperature and that leads to thermo-nuclear runaway ignition of the core (this 
was discussed back in the notes for week 3.  For a star in this phase of evolution this 
event is known as the Helium Flash. 
 
For a star with a core mass of 0.5 solar masses, the helium flash will release energy 
equivalent to 1011 times the sun’s current luminosity.  Of course this isn’ t really visible 
since it is happening deep within the star (in the core).  The most significant aspect of the 
helium flash is that it will cause the core to become “normal”  again – the degeneracy is 
removed, and it behaves like an ideal gas again.  This is mainly due to the expansion of 
the core during the flash.  Stars that are less than 2 solar masses are thought to have 
helium flashes. 
 
Helium fusion. 
 
Much shorter phase compared to hydrogen fusion on the Main sequence. 
Why? 
Energy output from helium fusion is only about 1/10 that of hydrogen fusion. 
Also the star is much more luminous during this time (compared to main sequence) so it 
is doing it at a much faster rate. 
 
There is still some small amount of hydrogen fusion still occurring though it contributes 
very little to the star. 
 
What does helium fusion do?  With the flash, the core expands and isn’ t degenerate.  This 
will also cool down the core, so all fusion will decrease a bit. 
 
This drops the luminosity down a bit from just before the helium flash.  The star contracts 
a bit (radius down, luminosity down).  And it goes down the red-giant branch (path near 
the Hayashi limit).  It will also move to the left on the HR diagram (surface temperature 
goes up) since the star is not as spread out as before – concentrated, denser than it was 
before the helium flash. 
 
This puts it on the horizontal branch. 
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Many low mass stars are found on the HB – they tend to be spread out across the HB 
according to the mass outside of the core.  Stars are on the HB for a good amount of time, 
100 million years or so for some stars. 
 
The location of the HB is in a region of the HR diagram where the physical parameters of 
the star make them unstable to hydrostatic equilibrium.  This is where you would find RR 
Lyrae stars – a type of pulsating star. 
 
Stars that are 2-10 solar masses don’ t have a helium flash. 
 
So when their helium ignites they don’ t have as great a drop in their luminosity since 
there is no major restructuring in the cores.  They do get hotter (on the surface) though, 
but they have a Blue Loop. 
 
For the high mass stars the helium fusion is much more dominant so there is much less 
hydrogen fusion going on.  This decreases the heating of the outer layers and this causes 
the star to contract more (smaller radius), which causes the outer layers to get hotter. 
 
Like the small stars, these stars also are unstable to hydrostatic equilibrium but become 
Cepheids, another type of pulsating star.   And of course Cepheids are the most important 
of all stars!!!!! 
 
Generally there are many more low mass stars in these areas (HB and blue loops), since 
the low mass stars are longer lived even during this phase  - these would be the stars that 
are generally Giants (III) or the brighter giants (II or Iab).  So generally speaking there 
are many more RR Lyrae stars out there than Cepheids. 
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Eventually star will move out of instability region and will not pulsate (true for both high 
and low mass). 
 
Once helium fusion stops, things get bad again –  
Helium core is now fully convective 
Forms a Carbon+Oxygen rich core, that gets evenly mixed. 
Eventually have a CO core with a shell of helium fusion around it. 
 
What happens next? 
 
Core will contract – heat up. 
Outer layers expand and cool. 
Convection gets to be major. 
Dredging up material (again) 
Again up to the upper right of the HR diagram, now along the Asymptotic giant branch 
(AGB).  Goes up higher than before. 
Core gets hot, hot, hot, radius gets big, big big, luminosity gets really big. 
 
Stars that have this happen are supergiants. 
 
Low mass stars will again become degenerate in the cores. 
Fusion will now occur in shells – one for hydrogen fusion, one for helium fusion. 
The helium fusion shell is particularly bad, since the degenerate nature of the material 
will cause the star to have shell flashes – mini helium flashes – only about 100 million 
times the sun’s luminosity.  Technically these are viewed as thermal pulses –high 
temperature eruptions. 
 
Helium shell fusion isn’ t very robust particularly since it has all of the hiccups associated 
with the shell flashes.  Fusion here can start and stop and start again (violently). 
  
The two fusion shells are separated by a layer of helium.  If all things were simple things 
would remain nice and orderly – but that’s not how it works. 
 
Let’s say you have hydrogen fusion going on nicely – makes more helium. 
Eventually the helium ignites (violently).  The helium shell flash will cause the core to 
expand a bit and this will cause the hydrogen fusion to stop (too cool).  So now only 
helium fusion is important and this eats through the helium layer.  This goes on until the 
helium fusion layer reaches the base of the old hydrogen fusion layer.  The presence of 
the hot helium fusion layer causes the hydrogen fusion to start up again – and this 
stabilizes the core more.  As the core adjusts to the more stable hydrogen fusion, the 
helium fusion diminishes since it can’ t be sustained in that environment (not has hot as 
before).  But now we are where we started…. 
 
Another fun aspect of AGB star is the start of very strong winds.  These guys are very 
high up on the HR diagram so they are pretty luminous to begin with.  This can put them 
over the Eddington Luminosity. 
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The winds are helped along when there are particles that easily absorb energy, 
particularly large particles and molecules – these can exist in the outer layers of these 
cool stars.  Molecules! 
 
The winds in these stars are best described as superwinds. 
These are the types of winds we see when we see large scale mass loss from stars that 
produce very thick shells of material around them.  The previously given relation for 
mass loss is valid but at these times the mass loss rate can be as much as 10-4 solar 
masses/year, which is considered a very large amount.  Mass loss really just messes 
everything up for a star’s evolution. 
 
It is also possible that a pulsating star can help the mass loss process along.  Stars like RR 
Lyrae and Cepheids don’ t really have the right conditions for major mass loss, since they 
aren’ t near the AGB, but there are a bunch of pulsating stars in the area of the AGB – 
those with low surface temperatures and very large radii.  These are known as Miras or 
LPV (long period variables).  They are very slow pulsating stars with very extended outer 
layers.  It can take them a year to do a single pulsation. 
 
For stars between about 1 and 9 solar masses, superwinds will get rid of the material 
above the core and will leave behind a C-O core that has a mass between 0.6 and 1.1 
solar masses. 
 
This phase is known as the Planetary Nebula phase. 
Characteristics 

�  Size around one light year (1/3 pc) 
�  Very low density (1000 particles/cc) 
�  Central star ionizes the gas – less later on 
�  1500 PN in the milky way 
�  Gas cools down after about 10,000 years or so 
�  Shapes vary – tend to be symmetric either with bipolar outflow or 

spherical 
Initially the core of the star keeps the gas very ionized – core stars are generally 30,000 K 
or hotter and give off lots of UV light. 
 
Spectrum of PN show lots of emission features (since it is a thin hot gas) with various 
elements apart from hydrogen and helium.  There are also various features that are 
denoted as “Forbidden”  or “semi-Forbidden”  spectral features.  These are not really 
forbidden but are very, very unlikely – in astronomy since they occur in incredibly hot 
but very low density region.  Forbidden features are denoted with brackets like [O II] or 
[S III], semi-forbidden would be Ca III] or Fe IV] or something like that. 
 
The cores of the stars at the centers of the PN still have a very small layer of hydrogen 
and helium still on it that is technically the “atmosphere”  of the star.  So long as it is hot 
enough to ionize the nebula, the nebula will keep glowing. 
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Eventually the core cools, the gas gets far from the core star, and the nebula fades away.  
The core that is left behind is a White Dwarf. 
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White dwarfs – final fate for low/medium mass stars. 
 
Characteristics – 

�  Hot, surface temperatures of 6000 – 40,000 K 
�  Small, size of the Earth, around 6000 km. 
�  Masses, typically only 0.6 solar masses 
�  Density on the order of 1 billion kg/cubic meter 
�  Magnetic field ranges from few – 100 Tesla  (Sun’s is around 0.1 T at 

most) 
White dwarf isn’ t entirely degenerate – still has an atmosphere (surface layer) of 
hydrogen and helium, so they have spectra.  However this is miniscule compared to the 
degenerate core. 
 
Since they are very small it takes them a long time to cool off.  It is possible that they 
crystallize as they cool down, with a likely structure like a diamond resulting.  There is 
observational evidence that such stars actually exist (diamond white dwarfs). 
 
Theoretically it should cool down to a “black dwarf”  but the time for that is really long.  
How long?  Here’s an approximation of the core temperature –  
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With the luminosity and mass in solar values. 
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With that value for the temperature and the low luminosity values you get a time scale for 
cooling as 
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With L, M in solar units.  This gives the time generally for only the lowest luminosity 
white dwarfs (around 0.001 x sun’s luminosity). 
 
Even though the object is cooling down it doesn’ t change its radius (something unusual 
compared to the rest of the star’s life).  As they cool down they travel along a line of 
constant radius (nearly parallel to the main sequence).    There are different paths for the 
different masses (mass is related to radius). 
 
White dwarfs will have different compositions depending upon their mass – based upon 
the initial star mass and how far they have evolved. 
 
Mass < 1 Msolar Helium rich 
M>1 Msolar  Helium fusion creates C, O rich core 
M>1.5 Msolar  C fusion possible – creates O, Ne, Mg, Na 
And so forth for Ne, O, Si fusion. 
 
Generally most white dwarfs are C-O rich or Helium rich. 
 
And eventually they will become a black dwarf, but so far the coolest WD is one with a 
surface temperature of around 3900 K. 
 
And that’s all for a low mass star. 
 
For a high mass star we have the following –  

�  Boring events 
�  No degeneracy until the very end 
�  No thermal pulses 
�  No helium flash 
�  Smooth transitions between fusion cycles 
�  Mass loss can be significant/important 
�  Can get close to the Eddington Luminosity 

 
For Masses>30 Msolar, mass loss alters evolution – these are Hypergiants. 
These are the stars that become Wolf-Rayet stars. 
Stars that are like these are generally much less massive, but at one time they were much 
more massive. 
 
These also become LBV (Luminous Blue Variables) and change their brightnesses 
quickly. 
 
Hypergiant Characteristics 

�  Surface temperatures vary “quickly”  from hot to cool 
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�  Luminosity way high 
�  Mass way  high 
�  Evolution – way fast (decades/centuries) 

Most stars in the galaxy are small and boring, about 10% of all stars are close to the 
Sun’s mass.  About 1 in a million will become supergiants.  The number of hypergiants is 
an even smaller number.  These are stars with masses well over 30 solar masses – maybe 
upto 120 solar masses.  It is possible that some of these stars initially had over 200 solar 
masses worth of material but have lost a good amount through their lives. 
 
There are quite a few famous Hypergiants. 
P Cygni – visible in the northern hemisphere. 
First noted in 1600, V=3 
Faded until 1626, became fainter than V=6 (not visible to eye) 
In 1655 brightened to V=3.5, then faded again. 
1665 – brighter again 
1715 to now – fairly stable in brightness but slowly increasing, now has V=5. 
 
Spectrum of P Cygni is significant – shows an emission feature right next to an 
absorption feature.  Why? 

 
This is what is visible due to an expanding envelope of material and is a dead give away 
for mass loss. 
If someone views a star that is losing mass, they will have various spectral features 
visible from various parts of the star.   
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If the observer is to the far left of the 
mass losing star shown below, they 
would see different features from 
area “A”  and “B” .  Area “A”  is 
coming directly towards the observer 
and is in front of the star, so it would 
be a blue shifted absorption feature.  
If they look at the rest of the region, 
they are seeing the material, but not 
in front of the star – so it appears as 
emission (hot gas) and has a range of 
velocities (shifts) due to motions 
towards and away from the observer.  
The end result is a large absorption 
feature at shorter wavelengths and a 
large emission feature at longer 
wavelengths.  The P Cygni profile is commonly seen in any object that is experience a 
large scale mass loss event.  The higher the velocity of the material, the wider the feature. 
 
P Cygni has the following characteristics 

�  Classified as a LBV 
�  Spectral Type BIa 
�  V=4.8 
�  Effective temperature = 19,300 K 
�  Luminosity = 725,000 Lsun 
�  Initial mass, likely 50 solar masses 
�  Current mass, closer to 30 solar masses 

The changes in P Cygni are not only due to evolutionary changes.  The overall energy 
output of P Cygni has remained fairly constant, HOW the energy is given off has changed 
over time.  This is linked to the temperature change.  As the temperature goes up, the 
light tends to be given off more in UV than visible wavelengths so the star may not 
appear as bright.  Also there is the likely effect of the mass loss blocking off the light 
from the object as well. 
 
Another Weirdo – h Car (Eta Car) – located in the Keyhole nebula (very far south). 
First observed in 1603, 4th magnitude star.  Changed brightness over time, rather 
erratically for 240 years.  Until in 1843 it became a magnitude -1 star – only fainter than 
Sirius! 
 
Sirius is 9 light years away.  Eta Car is 7500 light years away! 
Nearly the same brightness but great difference in distance indicates that Eta Car was 
ultraluminous in 1843 – producing more than 600,000 time s powerful than Sirius.  If Eta 
Car were at the distance of Sirius it would have been as bright as the full moon! 
It has faded since then, almost not visible.  Sort of getting brighter now. 
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Spectra of Eta Car shows a strong P Cygni Profile – mass loss. 
Expanding shell of material is several solar masses in content (upto 12 solar masses!).  
Speed and size of shell indicates this is material that was ejected in 1843.  Material is 
traveling out at about 1000 km/s. 
 
Early images of Eta Car showed a “homunculus”  – little man.  Recent images see the 
faint outer layers of the material that was blown off by the 1843 eruption.  Currently it is 
the brightest IR light source in the sky. There have also been x-ray flares observed from 
time to time. 
 
What is Eta Car? 
See brightening in 1997 
A 5.5 year periodicity is seen in the emission features where they are at a minimum every 
5.5 years – last one was in 2003.  It is generally thought that Eta Car is a binary system 
with an interaction between the two stars causing the change in the emission lines every 
5.5 years (very elliptical orbit). 
In this scenario it is possible that there are two 70 solar mass stars in orbit about one 
another, about 15 AU apart.  The brightness of the nebula implies that one of the stars 
here isn’ t very bright – which is unusual. Also there needs to be a source for x-rays in the 
system which again is unusual.  There is generally no consensus about what is actually 
happening in Eta Car or one simple solution for the observations – still a very well 
studied object. 
 
Still haven’ t killed off a big star – but another detour before we do that.  What about 
variable stars in general? 
 
Intrinsically variable stars are those that physically change to change their brightness (not 
like eclipsing variables).  Two main types – pulsating and eruptive.  Whatever makes the 
star vary doesn’ t last forever – pulsation phases end and eruptions don’ t last forever, 
eventually stability is returned.  The time for variability is very short in a star’s life. 
 
Names of variable stars are stupid (what isn’ t?). 
Use the name of the constellation and a letter starting with “R” . 
R, S, T, U, V, W, X, Y, Z.   
RR, RS, RT,….RZ. 
SS, ST, SU…SZ 
And so on until you get to 
XX, XY, XZ, YY, YZ, ZZ and then 
AA, AB, AC, AD, AE…AZ  (no “J”  is used, so no AJ stars) 
Then BB, BC, BD, … BZ 
And so on until you get to  
QQ, QR, QS…QZ. 
And then?  Well go to numbers 
V335, V336, V337…and so on. 
 
So stars like RR Lyrae, P Cygni, S Doradus, RU Lupi are all real star names.  Often just 
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use the 3-letter constellation name, RR Lyr, P Cyg, S Dor, RU Lup, etc.  Stars that were 
named before their variability was discovered just have their regular name. 
 
Pulsating stars – regular pulsators 
Cepheids – relatively high mass, supergiant phase 

Classical, metal rich, Type I – brighter, more common 
and W Vir, metal poor, Type II 

RR Lyrae – low mass pulsators, red giants 
BL Her – similar to W Vir 
Anomalous Cepheids – sort of between Cepheids, RR Lyrae 
d Scuti – very short period, multiple modes of pulsation, close to main sequence 
SX Phe – metal poor, like d Scuti 
g Dor – cooler version of d Scuti, also close to main sequence 
RV Tauri – double amplitude 
 
Irregular pulsators 
Mira – very long period, LPV 
SRabcd – Semi-regulars type a, b, c, d 
LBV – luminous blue variables 
a Cyg – A supergiant pulsator 
b Cep – B giant pulsator 
 
Degenerate pulsators 
GW Vir – pre white dwarf – period of a few seconds 
ZZ Ceti – White dwarf, period of minutes 
DB – White dwarf, 100-1000 second period 
R CrB – carbon rich, eruptive 
 
Virtually all of the short-moderate period pulsating stars are doing it because of the k 
(opacity) mechanism – a very large opacity for a given T, density (usually when 
hydrogen is ionized) leads to the pulsations.  As stars evolve, their internal structures 
change.  If they are getting hotter, the ionization region is closer to the surface, and that 
disrupts the pulsations.  If the star gets cooler, convection can disrupt the pulsations. 
 
For the longer period variables or those with unusual pulsations it is much more difficult 
to explain why they pulsate.  Very LPV – very cool – lost of dust in outer layers as well 
as molecules – these can play a role in the pulsations, but it is difficult to determine how 
much dust forms and how effective it is in blocking energy flow. 
 
As for the eruptive variables, we’ ll get to those later. 
 
And now it is time to get to the rest of the large mass evolution. 


