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 Okay.  We’re gonna continue our discussion about the evolution of stars, their lives 

and deaths, and today we’ll get into their deaths.  But before we do that, I want to spend a 

little bit of time talking about fusion reactions.  Now, we’ve already discussed some fusion 

reactions.  I talked about specifically fusion reactions in the Sun.  Those are the simplest 

fusion reactions. 

 And, just to remind you of what those are, we have hydrogen fusion.  If you start 

over on the left and work your way to the right, you have two hydrogen nuclei combining, 

producing a heavy hydrogen nucleus which is also deuterium.  Deuterium can combine 

with hydrogen producing light helium and then two light helium nuclei combine together 

producing regular helium.  So it’s a complicated chain of fusion reactions.  At each stage 

energy is produced and you wind up going from hydrogen to helium. 

 Now, there’s several things that are going on here.  You’re changing composition.  

You start out with four hydrogen nuclei, you wind up with one helium nucleus, and so 

you’re going from a lot of hydrogen to more helium.  You’re also combining particles.  If 

you start out with four helium nuclei, there are four separate particles flying around.  They 

combine into one helium nucleus, only one particle.  And one particle is gonna take up 

less room than four separate ones. 

 So while this fusion reaction goes on, we also have more space being created, if 

you want to look at it that way, in the core and so the core shrinks.  As hydrogen turns into 

helium, there are fewer and fewer separate particles and so you have a combination of 

particles in fewer number.  And so the core that starts out as a certain size gets smaller 

and smaller as time goes on, and denser and denser.  Because helium nuclei have more 
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mass than hydrogen nuclei, the material is becoming denser.  That also means that as the 

particles are shrinking and the nucleus is getting smaller, that the core will become hotter.  

Any time something compresses it heats up.  Any time something expands it cools off.  

And so if the core is slowly shrinking, it’s getting hotter. 

 So right now the temperature at the center of the Sun is around 15 million degrees.  

Years ago, billions of years ago, it was maybe 14 million degrees so it has warmed up a 

bit.  And in the future, as the fusion reactions continue, that temperature will go up and so 

the temperature will become 15 million — oh, it is already 15 — 16 million, 17 million.  

After awhile it’ll be up to 20 million because the core is shrinking and becoming hotter and 

denser.  But it’s a slow process. 

 When the temperature gets over 16 million degrees, which has not yet happened 

for the Sun, but when the temperature in any star gets over 16 million degrees, a new kind 

of fusion reaction can take place, one that I haven’t really mentioned so far because it 

wasn’t important for the Sun, and that is one that requires carbon.  Now, if you start in the 

upper left here, you’ve got carbon combining with a hydrogen nucleus.  So if you have 

carbon in the center of a star — and most stars have a small percentage of carbon — you 

get this additional fusion reaction that’s on top of the normal hydrogen combining with 

hydrogen.  You can have a hydrogen nucleus combined with carbon, turning into nitrogen, 

and you notice that a gamma ray is given off, and then you can have the nitrogen combine 

to become oxygen, and then you can have the oxygen combine  — and here’s where it 

gets a little strange.  Oxygen 15 can combine and break up so it doesn’t stay oxygen.  It 

breaks up into carbon and helium. 
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 So you start out with some carbon.  You have protons combining with the products 

and then the final product breaks apart back to carbon and helium.  So in this fusion 

reaction, which stars with carbon, it ends with carbon but it also starts with hydrogen and 

ends with helium.  And so you get the same final result by a completely different process.  

You have hydrogen turning into helium with the help  of carbon.  And since the carbon 

doesn’t get used up, it goes back to being carbon again, it’s available for another fusion 

reaction. 

 So carbon in this case acts almost as if it were a catalyst.  In chemistry we talk 

about certain materials being catalysts.  They help a reaction to occur but don’t actually 

change themselves.  Carbon, in this case, acts as a catalyst.  So we have what we call a 

carbon cycle of fusion reactions that can occur in a star like the Sun once the temperature 

gets over 16 million degrees.  It takes about 16 million degrees for this initial collision to 

work.  In other words, you can’t get the hydrogen and carbon to collide at less than 16 

million degrees.  But once that happens, you get more energy. 

 And so when the Sun gets a bit hotter, this fusion reaction and the regular fusion 

reaction will both be going on and that helps the Sun to get even brighter.  And so that’s 

why the Sun is slowly expanding, the temperature at the center is getting hotter, the Sun 

is slowly getting brighter, and after awhile it becomes brighter and brighter.  These fusion 

reactions start, the Sun starts to get even brighter than that, and so there’s this slow 

change toward a bigger, brighter Sun. 

 And if we look at the H-R diagram -- which I know you’re getting familiar with by 

now, you’ve seen a bunch of ‘em — here we have the H-R diagram with the spectral types 
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on the bottom in this case, and you see the main sequence and you see where the Sun is 

now on the main sequence, and it says a slow increase in lumenacity over 10 billion 

years. 

 As the Sun begins to run out of hydrogen — that will occur about 4 or 5 billion years 

from now — things will accelerate.  In other words, now it’s very slowly increasing its size 

because it’s slowly increasing its temperature at the center.  But as it begins to run out of 

hydrogen at the center, the fusion reactions are beginning to go more and more and more 

faster even though there’s less fuel.  The Sun will begin to accelerate in its expansion and 

brightness change.  And so you see if you plot it over the next couple of billion years — so 

again, this is still a slow process, but quicker than it has been — the Sun goes from being 

a main sequence star and slowly expands and turns into a red giant.  It’s because of the 

changes at the center that drive changes on the outside.  Changes in the fusion reaction, 

changes in the temperature of the core, changes in the size of the core. 

 At some point you’re gonna run out of hydrogen in the center.  All the fuel gets 

used up.  And you might say, “Okay.  What happens to the Sun then?”  Suddenly there’s 

no energy.  Well, it turns out that things are a little bit more interesting than that.  Because 

the core has been shrinking and getting hotter, you have to think about what’s around the 

core.  What’s around the core is this envelope of material that has never had any fusion 

reactions.  Remember all the fusion reactions were confined to the core.  But the core is 

getting smaller and hotter.  So as it gets smaller and hotter, the region around it is 

shrinking in with it.  Can’t leave a space in there, so the material around it is going in with 

it.  And the material around it is in contact with the core. 
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 And so as the core gets hotter and hotter, it heats up the material around it.  Just 

about the time the hydrogen runs out at the center, the temperature at the edge of the 

core will be hot enough to start fusion reaction in the region around the core.  In other 

words, it’s like a house burning down.  You start out with a fireplace and the fireplace gets 

a little carried away and begins to burn the house down.  So you’re getting more and more 

fuel and so the flames get brighter and brighter.  The house burns for awhile and then 

after all the fuel starts to get used up, the fire is so hot it starts to burn the neighbor houses.  

It begins to spread.  

 So you’ve got this core that’s been heating up and burning more and more of its 

fuel at a faster and faster rate.  By the time it runs out of hydrogen, it’s hot enough that it’s 

actually starting to cause fusion outside the core in a shell around the core.  So even 

though the fusion stops in the center, it’s going around the core in a shell.  So the fusion 

never quits.  It just moves to a different place.  And so we have shell hydrogen fusion 

around a dead core and that shell was 70 percent hydrogen.  So there’s plenty of fuel.  

And, in fact, there’s so much fuel that the Sun will get even brighter.  Because it’s brand 

new fuel.  We’re now burning down the neighborhood and so there’s more and more fuel 

available. 

 And so what we have is a structure of a star that looks like this.  We have a dead 

core in the center.  Now, this overhead says “helium in the collapsing core.”  I don’t like 

that word “collapsing.”  Astronomers tend to use that, but it sounds too fast.  I prefer the 

term “shrinking.”  Same thing.  It’s getting smaller but somehow you think of something 

collapsing, going blmmphhh, falling in.  We’re talking about collapsing like a cloud 
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collapsing into a star.  It’s a slow process.  And we’re talking about a core that is shrinking, 

not just falling in.  So I don’t like the term “collapsing,” but it shows up in your text and it 

shows up on overheads.  Just keep in mind it’s a very slow collapse.  It’s a shrinkage. 

 So you’ve got a core with no fusion.  It’s gotta keep shrinking.  Because remember, 

it was the fusion reactions that stopped the shrinkage in the first place.  The original cloud 

turning into a star was shrinking.  When the fusion started at the center, that stopped the 

shrinkage ‘cause the fusion pushed back against it and so everything got into balance.  

When the hydrogen fusion stops in the center, the center begins to shrink again.  It’s been 

shrinking all along but it actually begins shrinking a little faster which heats it up.  Anything 

that is getting more dense is getting hotter. 

 And so that causes this shell around the core to get hotter so it has more and more 

fusion reaction.  That causes so much energy to be given off that the outer part of the star 

begins to move away from the core — it’s swelling up — because all that energy is 

pushing back against gravity.  So you have two different things going on in this star 

simultaneously.  The central core, which is now kind of dead, is shrinking.  Outside the 

shell of fusion, the outer envelope of the star is swelling up.   Gotta keep in mind two 

opposite things going on at the same time. 

 And so the star goes from being a star like the Sun to a star that’s big.  How big?  

That big.  Have down in the lower left here, “the original Sun.”  It begins to swell up, gets 

bigger than the orbit of Mercury — goodbye Mercury — gets bigger than the orbit of 

Venus — goodbye Venus — and then it shows here bigger than the orbit of the Earth — 

goodbye Earth.  Now, actually astronomers have done detailed calculations to see what 
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will happen to the Earth at the end.  And what we’ve discovered is the Earth will be trying 

to run away from the Sun. 

 I know that sounds strange, but we have a solar wind.  Material is blowing away 

from the Sun, right?  It’s losing mass all the time.  As it begins to swell up and turn into a 

giant, that solar wind gets more and more.  So more and more material begins to blow 

away from the Sun because the surface of the Sun is now farther from the center.  It’s 

farther from the gravity of the center and so material can escape more easily.  And so the 

Sun begins to lose mass quicker and quicker. 

 As the Sun loses mass, it doesn’t have as good a grip on the Earth because the 

Earth is going in orbit around the Sun because of the Sun’s mass, its gravity.  So as the 

Sun is expanding, the Earth’s orbit will also be getting a little bit bigger and a little bit 

bigger because the Sun is losing mass.  So this is kind of a race to the finish.  As the Sun 

is swelling up, the Earth’s orbit will be getting slowly larger.  And when the Sun becomes 

a giant, the Earth will literally be running around the outside of the atmosphere.  It won’t 

quite get completely swallowed up because the Earth’s orbit will move out to the edge.  

Not gonna help anything living on the Earth.  It’s gonna get cooked very nicely.  But at 

least the Earth won’t go into the Sun too quickly. But Venus and Mercury?  They’re 

gone.  So when the Sun begins to swell up, that’s the end of the inner planets essentially.  

Everybody, if there’s anybody on the Earth, will want to move to the moons of Jupiter or 

Saturn ‘cause they’re much farther away. 

 This happens with every star like the Sun.   The calculations we use for describing 

what’s happening with the Sun are exactly the same as we described for other stars.  It’s 
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actually a fairly straightforward calculation.  All you’re doing is changing the core and 

seeing what happens on the outside as a result.  And so this is a slow but methodical 

change that will go on for the next 5 billion years, and suddenly we’ll have a giant star in 

the center of the solar system that is as big almost as the present orbit of Mars. 

 Now, how long does this go on before something happens?  Well, the next thing 

that will happen is actually in that dead core.  Because the core of the Sun will continue to 

shrink, ‘cause there’s nothing else to stop gravity — no fusion so it just keeps shrinking — 

it just keeps getting hotter.  So it goes from 20 million degrees to 30 million to 40 million to 

50 million.  It’s causing fusion in a shell around the core.  And so things just keep 

accelerating until you hit 100 million degrees and you get helium fusion.  Helium fusion 

can only occur at 100 million degrees but it can happen. 

 And so helium combines — and I already showed this overhead before — helium 

combines with helium to make beryllium.  Beryllium immediately — and it’s almost 

instantaneous — beryllium immediately combines with helium and produces carbon, and 

carbon almost immediately can combine, if it does, to produce oxygen.  Most of the time 

it’s just up to carbon.  Sometimes the temperature is high enough you also get oxygen 

being formed.  But this is helium combining with helium to form carbon or oxygen. 

 This is a difficult reaction.  The beryllium reaction is the most difficult one.  In fact, I 

don’t mean difficult for the Sun.  This is difficult for physicists.  When they originally began 

to do these calculations to see what would happen, they kept running into a problem.  If 

you take two helium nuclei and combine ‘em into beryllium, within a very short amount of 

time they’ll break apart.  There’s no fusion energy.  They stick and they pop apart again.  



ASTRO 114 Lecture 41 9 
 
And so physicists were kind of stuck as to how you get the next fusion reaction, and it took 

a long time before they realized that it was actually a triple reaction.  You have two helium 

combine and almost immediately a third helium hits it, and that turns it into carbon before 

the beryllium can break apart.  So it’s kind of a trick reaction that only occurs at 100 million 

degrees or higher.  And that’s why it doesn’t happen in the Sun.  Helium might be colliding 

with helium, but then it breaks apart again.  It’s gotta be hot enough that you get a triple 

collision and a triple collision produces carbon which does stay together or oxygen which 

does stay together. 

 And so once the Sun becomes a giant, it can then maintain itself as a giant 

because it gets an additional fusion reaction started at the center.  It will then have 

hydrogen fusion and helium fusion.  Helium fusion will continue for awhile until the helium 

gets used up and you have a core that’s all carbon.  So you’re going from one fuel to the 

next, and at some point you’ll have a core that runs out of helium and is all carbon.  Then 

you’ve gotta worry about the same old problem again.  What happens at that point? 

 And here’s your star at that point.  The star itself is on the lower left.  Notice that it 

has a small core at the center, but it is now a giant star.  And if we look at the center in 

detail with a blowup, we see that it has a degenerate carbon core.  I’ll explain that word 

“degenerate” in a minute.  It has a helium shell around the core that is still having fusion 

reactions and it has a hydrogen shell around that that’s having hydrogen into he lium 

fusion reactions.  So the star gets more and more complicated at the center because 

more and more fusion reactions are possible, and the core gets hotter and hotter and 

hotter. 
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 At this point the Sun will be bigger than the orbit of Mars.  So the Earth won’t have 

a chance at that point.  Sooner or later it’s gonna get fried and vaporized, and that will be 

it.  Even Mars will probably go.  Because the Sun will just keep getting bigger as that core 

has more and more fusion.  Now, what did that word “degenerate” have to do with?  We 

have to talk about nuclear fusion for a minute and normal nuclear reactions that have 

nothing to do with fusion.  We’ve got protons combining.  That’s what their hydrogen 

fusion is.  It’s protons combining together.  They turn into helium.  Helium nuclei turn into 

carbon or oxygen. 

 But so far I haven’t said a thing about all the electrons.  Remember, every 

hydrogen atom should have a matching electron with it.  So when hydrogen nuclei 

combine together and turn into helium, you’ve gotta have at least two electrons for every 

helium nucleus.  They turn into carbon.  You’ve gotta have six electrons for every carbon 

nucleus.  Otherwise, the star would become charged.  It would be a negatively charged 

star or a positively charged.  I mean, you’ve gotta keep a balance between electrons and 

protons. 

 And the way that works is that during some of the fusion reactions, positive 

electrons are given off which combine with negative electrons to get rid of extra electrons.  

So all the protons that turn into neutrons do so by getting rid of electrons as well as giving 

off positive electrons.  And so everything stays in balance.  So you’ve got a core that’s 

carbon, but all those electrons are still flying around. 

 And the electrons do not like each other.  Electrons are all negatively charged.  

They repel each other and you have to remember that the core has been shrinking.  It’s 
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been getting smaller and smaller.  That means all the electrons that are in the core are 

being pushed closer and closer together.  And electrons that are pushed closer together 

don’t like each other very much and so they try to push away from each other.  They all 

have negative charges so they’re trying to repel each other at the same time the whole 

core is shrinking, forcing them closer and closer together. 

 What the electrons begin to do is they begin to absorb extra energy, more than 

they should.  Now, what do I mean, “more than they should”?  Well, if the temperature at 

the center is 100 million degrees, then the electrons should have an amount of energy 

that is appropriate for 100 million degrees.  And the protons and nuclei should have an 

energy that’s appropriate for 100 million degrees. 

 But what happens is the nuclei have a temperature of 100 million degrees.  The 

electrons, trying to get away from each other, start to absorb more and more energy 

because they know if they can get more energy, they can move faster to get away from 

other electrons.  And so the electron temperature is actually higher than the nuclei 

temperature.  So you might have a nuclei temperature of 100 million degrees.  You might 

have an electron temperature of 150 million degrees.  They’re moving faster than they 

should be. 

 That is what we call degenerate.  The term “degenerate” means things are starting 

to fall apart, things are not working properly.  The temperature of the nuclei is one thing 

and the temperature of the electrons is another, and that’s not right.  The temperature 

should be the same all the way through the gas.  And so we refer to that as degenerate 

gas.  Because the electrons are trying so hard to get away from each other they start 
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absorbing more and more energy, more than they should, taking energy away from the 

nuclei.  Because that’s the only place they can get it.  And so the electrons begin to have 

a much higher temperature. 

 Well, if you have a much higher temperature, you have a higher pressure.  If you 

heat something up to a higher temperature, it gets more pressure to try to push out.  So 

although the nuclei are shrinking happily and becoming closer together, the electrons are 

absorbing more and more energy, trying to get away, and so they begin to push back 

against gravity.  The electrons that have nothing to do with fusion are very unhappy with 

all this shrinkage and start to push back which slows the collapse of the core. 

 So it has nothing to do with the nuclei; it has to do with all the electrons.  And if the 

electrons can absorb enough energy, they can slow the shrinkage of the core down 

enough that at some point it actually stops shrinking.  In other words, they keep absorbing 

more and more energy until they stop the shrinkage of the core.  They literally fight back 

against the shrinkage.  And so the core is shrinking because of gravity but it begins to get 

slower and slower and finally stops shrinking. 

 Now, you have to think about the consequences of this.  The next fusion reaction 

can only occur if the core gets hotter so that the next fusion reaction can happen.  If you 

have carbon in the core and you want to have carbon fusion, you’ve got to heat the core 

up to 500 million degrees to get it.  Helium fusion has a 100 million degree requirement, 

carbon fusion has a higher requirement.  Well, if the electrons are successful in stopping 

the shrinkage, then the temperature doesn’t go up anymore.  It kind of stops.  

 So the temperature of the core might only be 200 million degrees for the nuclei 
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which are doing the colliding.  The electron temperature might be 3 or 4 hundred million 

degrees, but that’s it.  It’s not gonna shrink anymore, it’s not gonna get any hotter, which 

means the core is now permanently dead.  No more fusion, period.  No more heat coming 

out of the core.  That’s it.  It has reached its maximum temperature.  It has no more fusion.  

It has nothing else to give. 

 What that means is the only thing that’s powering this star right now are these 

shells around the core.  And as the shells burn up the helium and the helium shell, burn up 

the hydrogen and the hydrogen shell, they’re not getting any hotter because the core is 

not getting any hotter.  There’s nothing to raise the temperature for the next fusion 

reaction.  So this star is on a fast track for death because it’s running out of fuel.  It’s 

running out of fusion reactions.  The core is now dead.  The shells will not get any hotter.  

They are running out of fuel also.  And so this star is about to die. 

 Since we’re talking about the Sun, this is what is gonna happen to the Sun.  Now, 

what happens?  Well, here’s the old H-R diagram again.  What we have — if you can see 

it — the Sun as a main sequence star.  It swells up and becomes a giant, what we call the 

first red giant stage where the shell fusion is going on.  Then it has helium burning for 

awhile which makes it a little bit hotter but it stays about the same brightness until it uses 

up all the helium and then you have a carbon core that becomes degenerate.  That 

causes the Sun to get even bigger so we have a second red giant stage, and that’s when 

it will become bigger than the orbit of Mars and wipe out the whole inner solar system. 

 Then the helium core dies — I mean the carbon core dies ‘cause there’s no more 

fuel and the electrons stop the collapse so there’s no more heating up.  The shells burn 
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out and literally the star falls apart.  Now, we have this dashed red line showing the Sun 

falling apart.  What does that mean?  It means that it has swelled up.  Down at the center, 

that little center down there, things are beginning to turn on and off.  It’s like a fire going 

out.  Sometimes it burns and sometimes it doesn’t.  It’s the last embers of fusion 

sometimes happening, sometimes not.  That causes shockwaves to go through the outer 

part of the star.  And as these shockwaves go through the outer part of the star, they 

accelerate the stellar wind to such a point that the entire outer region of the star begins to 

float away into space.  It’s hard to imagine, I know. 

 If you’ve got a star that’s as big as the orbit of Mars but has less mass than the Sun 

‘cause it’s been losing material all this time, the stuff out at the orbit of Mars distance 

doesn’t feel an awful lot of gravity from the center.  It’s pretty far away.  And these little 

shockwaves that are happening down at the center kind of push the material farther out, 

and the material begins to float away from the Sun.  So its outer envelope literally begins 

to float away.  It’s not an explosion; it’s a falling apart.  The material just floats away into 

space.  And as it floats away in space, it exposes the core ‘cause that’s the only part that’s 

dense.  That’s the only part that’s together.  And so all the rest of the material kind of floats 

away and leaves the core behind.  And the core is only about the size of the Earth.  It’s a 

small object and it is a white dwarf.  So as the Sun falls apart, it literally turns into a white 

dwarf.  It’s only its own core.  And maybe a little bit of material around the core.  All the rest 

of it just kind of floats away into space. 

 And so that’s the end of the living Sun.  It is now a white dwarf at this point which i s 

a dead star.  And what do I mean by “dead star”?  Well, what did we mean when we define 
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when a star began, when fusion reactions began?  That’s when we said a protostar 

becomes a star.  What do we define as a dead star?  A star that has no more fusion 

reactions.  So when the fusion reactions quit, the star is dead.  And so in this case the 

shell fusion reactions finally die off.  The outer part of the star floats away into space and 

we have a dead object.  A white dwarf and a cloud of gas around it floati ng away. 

 But this doesn’t happen to all stars.  The critical point is when the electrons can 

stop the shrinkage.  If you — now, let’s back up down the main sequence.  Let’s look at a 

star that’s one-tenth — aw, I don’t even want to go that far down — half the mass of the 

Sun.  What’s gonna happen with it?  You may never get to a carbon core.  You may have 

a helium core that is shrinking, trying to get to a temperature where it can have helium 

fusion.  But because the star has lower mass to start with, the electrons can fight back 

against gravity better ‘cause there’s less gravity.  And so the core might actually become 

degenerate when the temperature is only 50 million degrees.  That means that helium 

fusion will never occur. 

 So a lower mass star might never get to the stage where it has helium fusion.  It 

might actually die and turn into a white dwarf before that happens.  And so it’s actually a 

simpler end.  It dies after it has hydrogen fusion at the center and that’s about it.  If you go 

the other way, up the main sequence to more massive stars — let’s talk about a star five 

times the mass of the Sun.  That star has a lot more gravity.  So as the center begins to 

shrink after it becomes a helium core and the temperature goes up to 100 million 

degrees — the temperature goes up to 100 million pretty easily because it’s got a lot of 

gravity and gravity just shrinks it in.  Helium fusion starts.  No problem.  You have the 
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shells around it having fusion.  No problem.  You get a carbon core at some point.  All the 

helium’s used up; you’ve got carbon.  The carbon core begins to shrink.  But because 

there’s a lot of gravity, the electrons are not able to stop the shrinkage. 

 And so at some point carbon fusion starts.  And so a more massive star ignores 

those electrons.  It just keeps having fusion reactions at the center.  So if we look at what 

happens to one of those, we see that it starts out as a main sequence star, becomes a red 

giant, has its helium fusion, then becomes a bigger red giant, has carbon ignition which 

means carbon fusion, and becomes an even bigger giant.  So this is a star that starts out 

as a normal star, becomes bigger than the orbit of the Earth, is a giant, becomes bigger 

than the orbit of Mars, eventually makes it to being a supergiant, big as the orbit of Jupiter.  

Because the next fusion reaction keeps kicking in. 

 And so these stars can go farther in having more fusion reactions, getting brighter 

and brighter all the time.  They become supergiants.  So supergiants are only stars much 

more massive than the Sun.  And those stars might look like this after awhile.  Here you 

have this enormous star that is, in this particular drawing, 700 million miles across.  About 

as big as the orbit of Jupiter.  And way down at the center a very, very small core.  

Remember, about the size of the Earth.  So this is even exaggerated.  The little dot at the 

center is having different fusion reactions and it keeps going.  You can have carbon fusion, 

carbon can turn into silicon and sulfur and neon and other heavier elements.  That fusion 

can occur because there’s enough gravity to squeeze the star even more. 

 And so at some point — and I’ll show you a different drawing because it’s easier to 

see, but it’s not as accurate — you get to where you have a core that has iron in the center.  
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In other words, all the fusion reactions go from hydrogen to helium to carbon to oxygen to 

silicon, and finally to iron.  Iron is the last fusion reaction.  Why?  Because if you try to 

combine iron with anything you get no energy.  You need energy to make the 

combination. 

 So iron is useless for fusion reactions.  It takes energy instead of giving it.  All the 

other reactions, fusion reactions, produce energy so they can keep the star going.  But 

when you get iron, no energy.  So you might think of iron as the last ashes, the final ashes.  

So you get a star that has this core and notice they put on this drawing 1.3 times the mass 

of the Sun.  This is a massive star.  This one is probably 10, 15 times the mass of the Sun.  

And the core that’s made of iron now because it’s had all of its fusion reactions, and has 

become degenerate, is 1.3 times the mass of the Sun. 

 That’s a critical number.  Because when a mass of a core that’s iron gets up to 1.3 

times the mass of the Sun, the electrons are very, very unhappy.  Extremely unhappy.  

They don’t want to be near each other.  But they have been squeezed down, squeezed 

down, to where they are extremely degenerate.  They are trying their hardest to fight 

against gravity and push away.  They are absorbing tremendous amounts of energy from 

the nuclei, trying to get away from each other. 

 At some point the electrons realize they’re in a losing game.  The shrinkage is 

never gonna stop.  The gravity is too much, the electrons are getting pushed closer and 

closer.  And so all of a sudden all the electrons have so much energy, because they’ve 

been absorbing it, that they attack the nuclei.  Now, I know this sounds surreal, but this is 

what happens.  You have electrons with so much energy, trying to get away from each 



ASTRO 114 Lecture 41 18 
 
other, the only place they can hide is in a proton.  Literally, they want to combine with the 

nearest proton to get away from the other electrons.  Because if they combine with a 

proton, they turn it into a neutron. 

 It’s the opposite of the first fusion reaction.  The first fusion reaction was two 

protons combining.  One turned into a neutron by giving off a positive electron.  There’s a 

reverse reaction.  You can take a negative electron and jam it right into a proton, and turn 

it right into a neutron.  And the electrons all decide at the same instant to do this because 

they have all gotten to the point where they’ve gotta get away from the other electrons and 

that’s the only choice. 

 And so literally they all go into protons and turn ‘em into neutrons.  But that has a 

very bad effect on the star.  Because suddenly all of the electron pressure that was 

holding the star up, that was holding that core up even though it was slowly shrinking, all 

the electrons are gone.  There’s no more electron pressure.  There’s no more proton 

pressure.  There’s no pressure at all.  Everything has turned into a neutron and neutrons 

have no repulsive forces, and so they just fall in with gravity.  How fast does this happen?  

It takes one second.  The entire core goes from being an iron core — gas, not solid iron 

but gas — to being a much smaller object made out of neutrons.  Literally, it just falls in in 

one second. 

 So this star has been cooking along for millions and millions and millions of years.  

Suddenly the center just falls in.  That means the rest of the star begins to fall in.  However, 

the combining of a proton with an electron produces a lot of energy.  And so this is the 

biggest fusion reaction that the star has ever had and it has the whole thing in o ne second.  
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So suddenly you’ve got a tremendous amount of energy in the center and the star 

explodes.  Completely blows itself apart.  And so you have what we call a supernova 

explosion.  The star goes from being a big red supergiant to being a bomb, blowing itself 

all over the galaxy.  There’s more energy given off in that one second than the entire star 

produced during its entire lifetime.  So it’s a big bang. 

 Okay.  We’ll continue this tomorrow. 


