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 Okay.  We’re going to continue now with our discussion of stars.  We’re moving 

into the next chapter and the next chapter not only talks about the properties of stars but 

the entire lives of sta rs.  We get fairly personal when we discuss stars.  We talk about their 

births.  We talk about their lives and we talk about their deaths.  We start talking about ‘em 

almost as if they were living beings.  Now we don’t really think that stars are living beings, 

but we still use those kinds of terms.  And that’s because stars do not stay the same all the 

time.  They start out looking one way.  As they get older they change.  And as they 

continue to get very old they change again, and then literally they die.  And so we will be 

talking in this chapter about how that happens and what the stars look like as they change, 

and what happens to them when they die.  Where is that stellar graveyard? 

 Okay.  Let’s start off with the standard H-R diagram that you’ve already seen.  We 

have here your H-R diagram and the main sequence running up diagonally from the lower 

right to upper left.  Those are what we call normal stars.  Every star that forms, no matter 

where — when a star first forms and turns into a star, it is a main sequence star.  In other 

words, it follows the rule that if it has low mass it is going to be small and faint and cool.  If 

it has high mass it’s going to be big and bright and hot.  Every star when it forms follows 

that rule. 

 But you will notice some stars on this drawing that are not following that rule.  The 

supergiants are big and bright but they’re cool.  They’re not hot.  So they are not main 

sequence stars.  They are oddballs.  There’s something different.  Giant stars also are big, 

not quite as big as the supergiants.  They’re bright, not quite as bright as the supergiants, 

but they’re also cool.  Why?  They’re not along that main sequence line. 
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 And also, if you look down at the bottom, we have the white dwarfs.  They’re hot 

but they’re not big and bright.  They’re different again.  Well, what you’re seeing are the 

normal stars that are on the main sequence and what you’re also seeing on this same 

graph are what stars turn into as they change.  And what we have to do is figure out how 

they do it.  All normal stars begin as main sequence stars.  At some point they turn into 

giants, they turn into supergiants, and they turn into white dwarfs.  So those different kinds 

of stars — the giants, the supergiants, and the white dwarfs — are not normal.  Now, a 

sort of hint at the end of the book here in discussing where they are, these are all old stars.  

Very old stars.  And so when stars get very old they turn into giants and supergiants and 

white dwarfs.  So let’s discuss how that happens. 

 Where do the stars come from?  Well, we’ve already discussed that when we 

talked about the solar system.  We talked about a cloud of gas collapsing down and 

turning into a star.  Well, where is a cloud of gas?  An example of a cloud of gas — this 

picture in the center here — is a picture of the constellation of Orion.  I’ve already shown 

you Orion.  This is a detail of Orion.  You see its belt in the upper center of the picture, 

three bright stars.  Below the belt is a region that has another rectangle around it which we 

usually call Orion’s sword and in that region there’s a large cloud of gas. 

 Now, if we just look at that small region right here and blow it up, that’s more what 

the area looks like.  It’s a large cloud of gas out in space and in that cloud there are stars 

forming.  Let’s take a closer look at the cloud.  If we start in the upper left, what you see 

here is the entire cloud and notice the size there, one parsec, so it shows you that this is a 

pretty big cloud.  It’s several parsecs across.  So it’s not the size of a star or a solar system.  
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It’s the size of the distances between the stars.  And this cloud has stars forming in it.  And 

in the upper right drawing — or picture; it’s actually a photograph — you see an arrow 

pointing at a couple of very bright stars that have just recently formed in this cloud. 

 Now, here are a couple of color pictures showing you that there are lots of stars 

forming.  Now, over on the right, it almost looks like the pictures are out of focus.  That’s 

because those are not even complete stars.  Those are sort of illuminated clouds in some 

cases.  And so what we have are clouds in space where stars form as we described the 

way the solar system formed: a large cloud collapsing down.  Because it collapses it 

begins to spin and it turns into a solar system. 

 Now here’s a detailed drawing of that actual process.  You start out in the upper left 

with a bunch of gas floating around.  Then in Section B up there you see in fall of material.  

Why is it falling in?  Because of gravity.  The gravity of the cloud has begun to pull the 

material in and once it starts to fall in, it can’t stop ‘cause there’s nothing to stop it.  And so 

it just keeps falling in because of gravity.  Gravity never quits and so it just keeps coming 

in.  As it comes in, it turns into a disk because the material has always a little bit of motion 

and that motion turns into spin.  And so when it spins, it turns into a disk and flattens out. 

 Now, you’ll notice it says there Outflow and Inflow.  What does that mean?  It 

means this is a mess.  You’ve got a lot of material falling in and spinning around, and 

some of it’s being churned up enough that stuff is also being thrown out.  So this is kind of 

a messy process of forming a star and we would expect solar systems at the same time. 

 And then finally in the lower right, Section D, you have a forming star and probably 

a solar system forming with it.  So these stars form in clouds.  We talked about how the 
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solar system formed but it was a typical formation process.  And so all stars seem to form 

this way.  What we have noticed, though, is that stars do not form in isolation.  In other 

words, if you look in that Orion nebula, you don’t see one star forming.  You see hundreds 

of stars forming, maybe thousands.  Because it’s a big cloud and the cloud, as it begins to 

collapse, actually breaks up into sub-clouds.  And each of the sub-clouds becomes a star 

and so you have a whole group of stars forming all at once.  There are hundreds of 

forming stars in this Orion nebula alone.  And so this is just one example and there are 

nebulae all over the galaxy where this same process is going on. 

 As these stars begin to form — they don’t immediately turn into stars.  You have a 

cloud.  Then after awhile you have a dense region with a disk around it, but it’s not 

necessarily a star yet.  We have to actually define what we mean by star.  Well, what 

astronomers mean by a star forming or the birth of a star — we’re not talking Hollywood 

here; we’re talking real stars — that would be the point at which fusion reactions begin in 

the center.  You have to have a point where you say, “Okay, now it’s a star.”  And so we 

define that point as when fusion reactions begin at the center.  Then we say it’s a star. 

 Now, why do we pick that particular point?  Because that’s when the cloud stops 

collapsing.  You’ve got this cloud falling in, materials collapsing down.  And as it falls in 

and the material collides with other material, it gets hotter and hotter.  At some point you 

could actually see this cloud because it’s gotten so hot it would be glowing.  And the 

temperature down at the center of the cloud would be getting up to a million degrees near 

the center, and then two million, and then four million.  And then all of a sudden it gets up 

to that temperature where fusion reactions can occur. 
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 Remember when we talked about the Sun and I said you need at least four or five 

million degrees before fusion reactions will occur.  Okay.  At some point that cloud is 

shrinking and getting denser and hotter.  It gets up to 4 million degrees, fusion reactions 

start.  Once energy is being produced in the center of the cloud because of the fusion, 

suddenly there’s a push back against gravity.  The energy being produced by the fusion 

fights back against gravity and essentially stops the collapse.  And so that’s why there’s 

sort of a break point there.  You can say it was a collapsing cloud and then it becomes a 

star.  It becomes stable.  The cloud stops shrinking and turns into a glowing object that is 

pretty much stable.  Fusion going on at the center, gravity trying to pull it in, the fusion 

fighting back so it goes into balance. 

 Now, you might think, “Well, maybe you get too many fusion reactions.  Might start 

causing it to swell up again.”  That’s possible.  But if it does start to do that, as it swells up 

it will cool off because it was the shrinking that heated it up.  And if it starts to swell up and 

cool off, that turns off the fusion reactions which means that it would start to shrink again.  

So it just gets into this balance.  It’s almost like a thermostat.  It stays about the same 

temperature at the center and stays about the same size.  So clouds turn into stars. 

 Now, when the cloud is actually visible but it’s not yet a star, we don’t like to call it a 

cloud because it’s really not a cloud.  It’s an object that’s glowing.  We call those 

protostars.  They’re not quite stars yet but they’re on their way.  We refer to them as 

protostars.  So if you want to talk about the various stages in the life of a star, it starts out 

as a cloud, shrinks down and becomes a protostar.  Then at some point the fusion kicks in 

and it becomes a star.  It is then a main sequence star.  And what it looks like depends 
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strictly on its mass.  In other words, how much material fell in to become that star.  If it has 

very low mass, not too much material, it’s gonna be a small red star.  If it had a lot of 

material that fell in, it’s gonna be a big, bright, hot star.  And so that’s where you get that 

main sequence of the H-R diagram.  All the stars become stars and the only difference 

from one star to another is how much material was in that blob that turned into a star. 

 Now, there could be other differences but it turns out they’re very minor.  There 

could be some differences in composition.  I mean, one star might get more helium and 

less hydrogen, or more iron and less something else.  You know, there could be variations 

in composition.  That’s only a minor change in the structure of the star.  Most stars will 

look pretty much the same if they have the same mass, even if they differ a bit in 

composition.  So the major thing that determines what a star looks like is its mass.  A 

secondary characteristic would be its composition.  But actually most stars are pretty 

similar in composition. 

 Now, what elements are out there?  We’ve already talked about some of them.  

The abundance of the chemical elements is all shown on this one graph and it’s a little 

hard to read.  It’s not because the graph is poorly made, but just because the scale is hard 

to comprehend.  Notice up at the top here is 10 to the 0.  Those of you who’ve had math, 

what’s 10 to the 0?  One.  Big deal.  Why does he put 10 to the 0 on this scale instead of 

1?  Well, it’s because all the other numbers are 10 to some power.  What we’re talking 

about here is the number of atoms for different elements compared to hydrogen since 

hydrogen is the most abundant element.  We’ll talk about how much there are of other 

elements compared to hydrogen and notice it starts off with hydrogen as 1 compared to 
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itself.  It’s got equal amount so hydrogen is the most abundant element. 

 The second most abundant element if helium and then there’s a tremendous dip 

down to boron and beryllium.  Those elements are only 10 to the -10th as abundant.  That 

means there’s only a 10 billionth as much beryllium and boron as there is hydrogen and 

helium.  Essentially there isn’t any.  See that scale is a tremendous scale there.  Each 

mark on that scale is a factor of 100.  And so you’ve got a lot of hydrogen and helium, 

essentially nothing when it comes to beryllium and boron.  And then all of a sudden the 

graph goes back up and you have some carbon, nitrogen and oxygen.  They’re fairly 

abundant.  But notice the scale.  They’re only about 10 to the -4th as much as hydrogen 

and helium.  So again, it’s only a 10,000th as much. 

 So when you look at this you realize that it’s mostly hydrogen and helium, and 

everything else is only a very, very small fraction.  And notice that the small fraction — 

most of it is carbon, nitrogen and oxygen, and then it drops off again to all the other 

elements that are labeled up there until you get to nickel and then it really drops off.  So all 

the heavier elements, anything heavier than nickel — like silver, tin, gold, mercury, 

lead — those are all very uncommon in the universe.  If you look in these clouds of gas 

and dust where the stars are forming, they’re 98 percent hydrogen and helium and 2 

percent everything else. 

 And so you start dividing up everything else into 90-some different elements and 

you don’t have much of any one of ‘em.  So this is the cosmic abundance.  And so when 

you build a star, it’s mostly hydrogen and helium, no matter what else you put in with it, 

and so pretty much they all look alike.  I can take a computer model.  I can put in the mass 
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for a star and the physical laws and equations that stars follow, and I can build a star 

model that will look like a star in the sky.  Because they’re fairly simple objects.  They’re 

hydrogen/helium balls of gas with a little bit of pollution mixed in with ‘em and they just 

follow the laws of physics. 

 One of the interesting laws they’re following, though, is that there are fusion 

reactions going on in the center and the fusion reactions change the abundance.  

Because we have hydrogen at the center turning into helium.  So as the star ages, its 

composition changes.  And, as I said, if you have a different composition, it changes the 

secondary characteristics of the star.  So as, let’s say, the Sun ages, it is slowly changing 

because it’s getting more helium at the center and less hydrogen.  The Sun is changing 

very slowly.  It’s actually slowly expanding.  It’s getting a little bit bigger and a little bit 

bigger, so that over the last 4 billion years it has increased its size probably about 20 

percent.  It’s not a lot, not over that long a period of time, but it has changed. 

 And it will continue to change because its internal composition continues to change.  

And you can calculate exactly what it will look like just by calculating how many fusion 

reactions go on at the center, and what the element composition is, and what that means 

as far as pressure and temperature and density in the cloud.  Because that’s all it is is a 

very, very dense cloud of gas.  And so the Sun slowly changes what it looks like as time 

goes on. 

 So we can do that with all stars.  We put in the mass for the star.  That tells us the 

gravity, it tells us how much fusion is going to occur inside, and we can calculate what 

each star looks like.  So we can calculate an H-R diagram and we can actually discuss the 
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fact that all the stars should be on that main sequence.  Because we can calculate where 

they will be as far as temperature and brightness and plot ‘em on a graph.  And what we 

get is the main sequence which we measure all the stars to be.  So our models agree with 

the star composition and what we actually see for stars. 

 Now, this did not happen overnight.  It has taken astronomers about 60 years to 

perfect these models because they didn’t know all the details.  First of all, we didn’t know 

the exact composition.  It took a long time to measure the clouds, find out what they’re 

made of, figure out what the compositions had to be.  Then we had to know about nuclear 

fusion reactions and that took a lot of work to calculate how long the nuclear fusion 

reactions would go on and what temperature was necessary to make them work, but 

those got all figured out.  Once physicists started building hydrogen bombs it was obvious 

that the fusion worked and they could calculate exactly how it worked.  And so then we 

could build stars.  Not quite as nasty as hydrogen bombs, but they’re running on the same 

principle. 

 At some point, however, you’re gonna run out of hydrogen inside a star.  You’re 

doing these calculations.  You’re calculating what the star is like.  And at some point you 

start to notice that it’s going to run out of hydrogen.  Now, before we get to that point, we 

want to know what all these stars look like before they become stars.  What does a 

protostar look like before it becomes a main sequence star? 

 Well, the calculations show — and here’s an H-R diagram that’s sure to knock your 

socks off.  We’ve just drawn it in.  I haven’t bothered to put the little circles on for stars.  

We have the main sequence, which is the line running diagonally, and then we have a 
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bunch of lines pointing toward the main sequence.  Notice all the arrows point toward the 

main sequence.  Turns out that any time a cloud is collapsing down and  finally becomes 

visible, think about what it’s gonna look like.  It’s gonna be a big thing that’s kind of red, 

because it’s just gotten hot enough to be visible, and things that are not real hot but are 

visible are gonna look red.  So it’s a big thing tha t kind of looks red.  Actually, it mimics a 

giant or a supergiant star.  It’s really not a star yet.  It’s a protostar, but it looks like a giant 

or supergiant. 

 And so what we realize is that if we plot them on an H-R diagram, they’re all over 

on the right side above the main sequence, looking like giants or supergiants.  But as time 

goes on, this star is shrinking — the protostar is shrinking and changing.  Well, the arrow 

shows you how it changes.  It starts out in the right side of the diagram as a red, cool, 

bright object and it moves over.  Now, it’s kind of hard to say it moves on the graph.  The 

star is not moving on the graph.  The star is sitting out in space.  But it’s changing its 

temperature and its brightness, and that’s what we’re plotting on the graph.  So if you plot 

how it changes its temperature and brightness over a certain amount of time, you see that 

it moves from one position on the graph to another until it reaches the main sequence.  

And at the point where it reaches the main sequence, the fusion starts. 

 In fact, if you look at this graph, you see that in each case just before it reaches the 

main sequence there’s a wiggle.  That’s actually where the fusion starts to turn on.  You 

can actually see that the star gets a little bit weird at that point because all of a sudden 

fusion is starting to occur in the center and that kind of stops the star from shrinking and 

kind of makes it jump around a little bit.  And so the temperature and the brightness of the 
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star are a little bit unstable at that point.  And so before it becomes a main sequence star, 

it’s a big thing that looks like a giant and shrinks down to finally become a normal star.  

And so they label on here all the different masses and where they show up on the main 

sequence.  So you can take the same kind of cloud, just a different amount of it, and you 

get all the different kinds of stars. 

 But what I wanted to point out here was how long the process takes.  You start out 

with a cloud and it begins to collapse.  How long before you have a star?  This may not 

seem intuitively obvious, but the more mass the cloud has, the faster it collapses because 

it has more gravity.  And so you have a star that has a lot of material.  It falls in quickly and 

turns into a star.  And so that might take 10 to the 4 th years.  That’s 10,000 years.  Still a 

long time by our lifetime standards, but short as far as the age of the universe. 

 So in 10,000 years a cloud goes from cloud to star if it has 15 times the mass of the 

Sun or 10 times the mass of the Sun.  If it has less mass, though, it takes longer.  And so 

you’ll notice that 10 to the 5 th years is how long it takes for stars around 3 to 5 masses of 

the Sun.  By the time you get down to stars like the Sun, it’s 10 to the 7th years.  That’s 10 

million years.  Actually, when we do the detailed calculations for the Sun, we realize it 

probably took 20 or 25 million years for it to go from cloud to star.  Because it has a lot less 

gravity and so the cloud collapses more slowly. 

 And a star down at the bottom of the main sequence, those one-tenth solar mass 

stars, they can take 50 million years just to collapse down and turn into stars.  Because 

they’re such a small cloud, there’s not much gravity, and they just go in very, very slowly.  

So very massive stars collapse down quickly, turn into stars.  Low mass stars take a long 
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time to collapse down, millions of years before they finally become stars. 

 This causes some oddities in a cloud.  Let’s say you look at the Orion nebula and 

you see a bunch of stars in various stages of formation.  You will only notice real stars that 

are very massive stars because they only take 10,000 years and so, boom, they’ve 

already turned into stars.  You don’t see any stars like the Sun because they take 10, 20, 

30 million years to turn into stars and the cloud hasn’t been forming stars for that long, and 

so they’re all still protostars.  They haven’t turned into Suns yet.  And so when you look at 

a cloud were stars are forming, you almost always see massive stars and then a bunch of 

protostars that are the rest of ‘em, because they haven’t had time to turn into stars yet. 

 So if I were to look at a bunch of stars in a cloud that was just finishing up its star 

formation, what I would notice — here again is another H-R diagram.  You’ve been seeing 

them over and over again.  Notice this one has spectral type on it.  And notice that the 

stars that are massive have already turned into stars, but the low mass stars -- that are 

labeled here as “pre main sequence” but they’re also called protostars — have not yet 

gone down and become part of the main sequence.  They’re still sort of giant objects.  I 

don’t want to call them giant stars because they’re not stars.  They’re large objects that 

are protostars but they look like giant stars.  And so they’re still turning into stars.  So it 

takes millions of years for a cloud to go from just a lot of gas and dust to a whole bunch of 

stars.  Any questions on that? 

 Okay.  What happens at that point?  It’s very dull at that point.  As I said, hydrogen 

fusion occurs in the centers of these stars and it occurs year after year after year until all 

the hydrogen is used up at the center.  How long does that take?  Well, for the Sun, 10 
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billion years.  The Sun has enough hydrogen in its center that at its present rate of fusion 

reactions it can keep cooking along, looking just like the Sun, for 10 billion years.  It’s just 

a lot of fuel in there.  And so it just stays the same.  If you were looking for a good novel, 

there’s not a good novel watching a star.  It’s like watching grass grow, watching stars get 

old.  It takes a long time to do it. 

 More massive stars, the stars that only took 10,000 years to form, they’re much 

brighter.  They’re much hotter.  That means they’re having more fusion reactions.  If you 

have a star that’s 10,000 times brighter than the Sun, it is burning its hydrogen 10,000 

times faster, right?  It’s gotta have — if you’ve got a bright fire going, you’re burning a lot of 

fuel.  So if a star is 10,000 times brighter than the Sun, it is burning up its hydrogen 10,000 

times faster. 

 But it’s not 10,000 times more massive.  It’s maybe only 10 times more massive.  

So you have a star that has 10 times as much material.  It’s burning it 10,000 times faster 

because fusion goes a lot faster as you get more mass.  Well, if you burn your fuel 10,000 

times faster, you use it up quickly.  And so although the Sun may last 10 billion years, a 

massive star that’s 10 or 20 or 30 times the mass of the Sun is gonna use up all of its fuel 

in maybe 10 million years.  Big difference.  It’s a thousand times difference in how long it 

takes to use up the fuel. 

 And so massive stars form quickly, burn very brightly, but it’s kind of like burning a 

candle at both ends: you use it up a lot faster and so those massive stars use up all their 

fuel at the center in a matter of 5, 10, 20 million years.  That’s a time when the Sun 

wouldn’t even notice any change.  Very small time for the Sun. 
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 On the other hand, if you have a star that’s only 1/10th the mass of the Sun, that 

means it’s only got 10 percent of the fuel, right?  But it’s burning it much more slowly.  A 

star that’s 1/10th the mass of the Sun is only 1/10,000th as bright, which means it’s using 

its fuel like a miser.  It’s using its fuel at only 1/1000th of the rate that the Sun is using it.  

So those stars can last 1,000 times longer than the Sun.  I already said the Sun can last 

10 billion years doing this.  To describe how long those little red stars can last we have to 

break out the term trillions, because they can last 100 trillion years.  They never burn out, 

essentially.  They’re always there.  Once they form, they are forever because they burn so 

slowly that they never burn their fuel up. 

 The consequence of all this is that even if a lot of massive stars form in a cloud, 

those massive stars go through their lifetimes very quickly.  10 million years and they’re all 

burned up — or at least all their hydrogen is at the center.  The Sun, stars like the Sun, not 

burned up at all.  They’re gonna continue to cook for 10 billion years, but at some point 

they’re gonna use up all their fuel.  And little faint stars, we don’t even want to talk about 

‘em because they’re gonna last essentially forever. 

 So the only stars we can really discuss at this point are the massive ones.  

Because there isn’t one little red star in the universe that has used up its fuel, so 

discussing what’s gonna happen to it afterwards is kind of a moot point.  Who cares?  We 

won’t be around to see it so why bother?  We want to talk about what’s happening now to 

some stars in the sky when they use up all their fuel. 

 Here is the center of a star where the fuel is used up.  The outer region is shown as 

red and notice it says “expanding outer layers.”  Here’s something that happens.  I 
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mention that the Sun, as it gets older and older, is slowly getting bigger.  That’s called 

expansion.  It’s expanding, but it’s doing it very, very slowly so it’s only expanded by 20 or 

25 percent in the last 4 billion years. 

 Well, as a star stars to run out of hydrogen at the center, the expansion starts to 

accelerate so that during the next 4 or 5 billion years the Sun will expand more than the 20 

percent it already did.  It might double its size.  Because as it begins to run out of 

hydrogen, things happen faster and faster.  Well, as the star runs out of hydrogen, it starts 

to swell up.  Now, you’re thinking to yourself, “Well, how can that happen?  That sounds 

backwards.”  If it’s running out of fusion, fusion was what was stopping the gravity from 

pulling it in.  If it’s running out of fusion, why doesn’t gravity pull it in and make it shrink? 

 Well, the odd thing is that as the hydrogen is running out in the center, it causes the 

temperature to go up because everything is getting denser at the center.  Everything is 

turning from hydrogen to helium and helium is a more massive nucleus, and so everything 

is kind of getting compressed in the center.  And that heats it up and the heating up 

causes more fusion to occur.  In other words, the fusion occurs faster and faster.  Even 

though there’s less and less energy available, the energy is being produced more quickly 

and the extra energy being produced pushes back against gravity and causes the star to 

swell up.  So it’s kind of going — it’s accelerating in everything tha t’s happening and so 

you wind up with the star swelling up instead of shrinking down. 

 Now, you might think that at some point this has gotta stop.  It’s gonna run out of 

hydrogen and then nothing’s gonna happen.  Ahhh, but not quite.  And that’s because a  

new fusion reaction can occur.  Helium fusion.  You can have helium nuclei collide 
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together, turn into beryllium for an instant.  The beryllium then collides with another helium 

nucleus and turns into carbon or oxygen.  That only can happen at 100 million degrees.  It 

can’t happen in the Sun.  But, as I said, as the hydrogen runs out, the temperature of the 

center goes up and so a point is reached where just as the hydrogen runs out, the helium 

kicks in.  And we’ll continue talking about that tomorrow. 

 


