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Class 5: Young Stars and Old Stars

We have now understood the basic principles that govern the structure and properties of
stars. From these same principles we can learn a great deal about the life cycle of a star
– its youth, middle age, old age, and eventual death. This life cycle is the topic of today’s
class. Although only the first of these might seem relevant to a class on the birth of stars,
we will see that both ends of the stellar life cycle are in fact important to understanding the
broader picture of where new stars come from.

I. Implications of energy balance and nuclear burning

To start our discussion, let us pick up at the point where we left off the previous
one: nuclear energy as the power source for stars. Stars are composed primarily of
hydrogen over most of their lives, and hydrogen is the also among the most “flammable”
of elements. For both these reasons, hydrogen is the primary fuel source for stars. For
a star to be in energy balance over long timescales, it must burn hydrogen at a rate
such that the energy released in the process balances the rate at which the star leaks
radiant energy into space.

We can be quantitative about this in the example of the Sun. It is straightfor-
ward to use the measured flux of Solar energy we receive to figure out the Sun’s total
light output, and this turns out to be

L� = 3.9× 1026 W

We can use this to figure out the rate at which the Sun is burning hydrogen atoms;
doing so will be a homework problem, and here we will simply quote the result: the
Sun burns about 3.6×1038 hydrogen atoms into helium atoms every second. The total
mass of this hydrogen is 5.9 × 1011 kg. In comparison, the total mass of the Sun is
1.9× 1030 kg, so at this rate of burning, there is enough hydrogen in the Sun to last

2.0× 1030 kg

5.9× 1011 kg/s
= 3.3× 1018 s ≈ 100 Gyr.

Thus the Sun is burning through its supply of hydrogen, but very slowly.

This has a few implications. One is that stars have finite lifetimes that we can
calculate; for now we will put this point aside, to pick it up later when we discuss stellar
death. A second point is that the cores of stars, where this burning takes place, must
be hot enough that hydrogen will burn into helium, and must fall into a fairly narrow
range of temperatures. Like many fuels, the rate at which hydrogen burns is highly
sensitive to the temperature. Too low a temperature and it will not burn at all, and
too high a temperature and it burns very rapidly. The fact that hydrogen is burning
steadily but slowly in the Sun, and in other stellar cores, means that the temperature
must be at just the right value for this to happen. The core temperature of the Sun
is about 1.5 × 107 K, and other hydrogen-burning stars have core temperatures that
differ from this by less than a factor of 10.
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The physical mechanism by which this core temperature is maintained is sim-
ple. If the core gets too cool for some reason, the burning rate drops, the core cools
off, and the central pressure drops, leading the star to contract. This contraction then
reheats the core and reinvigorates the burning. Conversely, if the core is too hot for
some reason, its pressure will force the star to expand. This expansion cools the star,
reducing the burning rate. Thus stars self-regulate to a contant temperature and sta-
ble, steady burning.1 The property that defines the main sequence is that it is the
set of surface temperatures and luminosities for which stars at a range of masses have
internal temperatures such that their rate of nuclear burning equals their rate of energy
radiation. In other words, fi we start with a star that is off the main sequence (too
luminous for its mass, for example), it will adjust its properties so as to move back
onto the main sequence.

II. Young stars

A. Observations of young stars

Armed with our understanding of the main sequence, we can recognized
the implications of the plot shown in Figure 1. This figure shows the HR diagram
for stars in a cluster known as the Orion Nebula Cluster (ONC; Figure 2). Unlike
the vast majority of stars we examine, the stars in this HR diagram as not on the
main sequence, but are instead above it. That is, at any given temperature, the
stars in the ONC are more luminous than we would expect for a star on the main
sequence. The implication is that these stars are not in equilibrium between the
rate at which they are generating energy and the rate at which they are losing it
to space. They are radiating faster than they are producing.

The stars that show these odd positions on the HR diagram are strange
in other ways too. First of all, they often sit on top of regions of significant
nebulosity. In astronomical parlance, nebulosity refers to light that is clearly
not coming from a point object or a set of point objects. The images shown in
Figure 2 are a clear example. These regions of nebulosity are also show regions
that are very dark, as a result of dust absorbing light (a topic for next week).
Second, stars above the HR diagram often occur in clusters, where the stars are
much closer to one another than they typically are elsewhere that we look. Third,
the stars themselves often show strange emission. They often emit much more
infrared, radio, and x-ray light than other stars of equal brightness. Some are also
associated with jets and visible disks, as shown in Figure 3.

All of these odd behaviors can be understood as a consequence of youth.
The stars that show these behaviors are newborn, and have not yet settled onto

1Some modern research on nuclear reactor design is based on the idea of building such a self-regulating
reactor, one where an increase in reaction rate causes the reacting mass to expand, thereby lowering the
reaction rate and bringing the system back to stability. This is in contrast with current reactor designs,
where an active control system is required to keep the temperature in the desired range, and, if this control
system fails, a meltdown results. In these improved designs, a failure of the control system just leads to the
reactor stalling, rather than going into a runaway.
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The Astrophysical Journal, 748:14 (15pp), 2012 March 20 Da Rio et al.

Figure 16. H-R diagram of the ONC members, after the removal of contamination from background stars. Evolutionary models are from Baraffe et al. (1998, upper
panel) and D’Antona & Mazzitelli (1998, lower panel).
(A color version of this figure is available in the online journal.)

Figure 17. Completeness function in the H-R diagram, computed accounting for photometric detection and differential reddening as described in the text. The left
panel shows the result as computed with our Monte Carlo simulation, valid for the spectral types obtained from the medium-band photometry analyzed in this work,
for log Teff < 3.54 (Teff < 3500 K). The right panel shows the correction of this completeness after accounting for the additional stars placed in the HRD whose stellar
parameters are taken from Paper II.
(A color version of this figure is available in the online journal.)
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Figure 1: HR diagram of stars in the Orion Nebula Cluster. The circles represent observed
stars, and the lowest black, thick line is the main sequence. FIgure taken from da Rio et al.,
2012, Astrophysical Journal, 748, 14, http://adsabs.harvard.edu/abs/2012ApJ...748.
..14D.

The Astrophysical Journal Supplement Series, 207:10 (28pp), 2013 July Robberto et al.

Figure 9. Photometric errors as a function of magnitude for the five ACS filters.

less affected by dust extinction—covered by these two other
surveys.

Particular care has been used for close binaries, for which we
checked the accuracy of the matching by comparing photometry
estimate in different bands and relative stellar positions.

Having identified 1643 WFPC2 sources, we derived their
photometry on the images corrected for cosmic rays. We
extracted aperture photometry on both 0.!!1 and 0.!!5 radius
apertures, corresponding to 5 and 11 pixels on WF1 and 2 and
5 pixels on WF2–4. The sky annulus was always taken between
1.!!0 and 1.!!5, corresponding to 20 and 30 pixels with WF1 and
10 and 15 pixels with WF2–4.

We applied CTE correction to the measured counts following
the recipe of Dolphin (2000; also on http://purcell.as.arizona.
edu/wfpc2_calib/). From the same source we adopted the zero
points to the Vega system, using the values appropriate for a 14
e"ADU"1 gain (updated on 2008 September 10). For the F336W
and F656N filters, not included in Dolphin’s list, we used the
zero points on the WFPC2 Data Handbook, (http://www.stsci.
edu/hst/wfpc2/analysis/wfpc2_photflam.html) applying the cor-
rection appropriate for 14 e"ADU"1 gain. Their values (for the
representative PC chip) are provided in Table 3.

Figure 10. Spatial distribution of the sources in the ACS photometry, overlaid on the image of the Orion Nebula produced from the ACS imaging (see Section 6.1 and
the Appendix). The stars are color coded according to their F555W–F850LP color as shown in the upper label; sources detected only in the F850LP are plotted using
the reddest color of the label (7). The size of the circles relates to the luminosity of each star. Crosses indicate either saturated sources (+) or objects detected with low
signal to noise (#; S/N ! 3).
(A color version of this figure is available in the online journal.)
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Figure 2: Images of the Orion Nebula and its stars, taken by the Hubble Space Telescope.
The left image shows the nebula as seen through the optical broadband filters of the Ad-
vanced Camera for Surveys, and comes from http://archive.stsci.edu/prepds/orion/

acs_displaypage.html. The right image shows this image as a grayscale background, over-
laid with symbols indicating the positions of stars. This is from Robberto et al., 2013,
Astrophysical Journal, 207, 10, http://adsabs.harvard.edu/abs/2013ApJS..207...10R.
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Figure 3: Herbig-Haro Object 30, showing a disk and a jet. The image changes appreciably
over human timescale, indicating the very rapid flow of material in the jet (several hundred
km/s). Image from http://imgsrc.hubblesite.org/hu/db/images/hs-2000-32-c-pdf.

pdf.
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the main sequence.

B. Protostellar evolution

So how can we explain the observed properties of young stars? The central
insight that is required to understand the properties of young stars is that they
are formed when much larger structures undergo gravitational collapse. The exact
nature of these much larger structures will be left for the next two classes, but
even without specifying this, we can simply use the idea of collapse from larger
scales to understand young star properties.

Let us begin with the observation that these stars are located above the
main sequence in the HR diagram. These stars are out of energy equilibrium,
in that they are radiating energy away into space faster than they produce it.
However, this is easy to understand from a picture of large-scale collapse. Imagine
starting with a cloud of gas that is much larger than a star, and much colder as
well. It produces no nuclear energy because it is too cool to burn hydrogen.

Now consider what happens as the cloud begins to collapse. As it does
so, the gas at its center is crushed together, and that crushing raises its temper-
ature. On a microscopic level, as material falls inward the constituent atoms and
molecules start running into one another harder and more often, and that means
higher temperature. On a macroscopic level, the gravitational potential energy
of the cloud is going down, so its temperature must go up to compensate. Some
of this energy will then be radiated away as light, but as the collapse goes faster
and faster, the object won’t be able to radiate fast enough to keep its center from
heating up.

Eventually the temperature in the center will become high enough to raise
the pressure to the point where it prevents any further collapse. The object
stabilizes, and is in hydrostatic equilibrium, just like a star. However, unless the
center has gotten hot enough to burn hydrogen, there’s still no internal energy
source, and the hot object is still leaking energy through radiation into space.
This will try to cool off the center, but of course if the temperature drops then
the pressure will as well, and the object will resume contraction. Thus the object
will continue contracting, but slowly, with a contraction rate dictated by how
quickly it can radiate energy into space.

Now imagine what an object like this will look like. It will be in hydrostatic
equilibrium and will look for all the world like a star, except that it won’t be in
energy balance. It will be radiating energy into space, but not hot enough at
its center to generate any energy by nuclear burning. This is precisely what we
observe on the HR diagram: stars that are putting out too much energy to be in
balance. Thus the outcome of a large-scale collapse looks exactly like the objects
we observe.

This picture, however, also suggests the final outcome of this process. As
the star continues to contract, its center will get hotter and hotter, and eventually
it will become hot enough to ignite hydrogen fusion. In terms of the HR diagram,
the star will move down to lower luminosity because its radius is going down, and
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perhaps left to higher temperature because its surface is heating up. (Whether
the latter happens is a subtle question that depends on the mass of the star, and
in fact it for many stars the surface stays at about the same temperature even
as the core heats up.) Eventually the star reaches the main sequence, ignites hy-
drogen, and stabilizes. The time to complete this evolution depends on the mass
of the star, but for stars like our Sun it is roughly 20 − 30 Myr. This seems like
a long time, but it’s actually a tiny fraction of the Sun’s present age and final
lifetime. The short duration of this contraction phase, in comparison to the long
duration of life burning hydrogen, is why we refer to stars in the phase as young.

C. Disks

OK, so we’ve understood the position of young stars in the HR diagram.
How about the other anomalies, such as disks, jets, and excess infrared and x-ray
emission? We can clearly see disks in some images (Figure 3), and it turns out
that the presence of the disks also explains several of the other anomalies. The
extra infrared light we see from young stars is blackbody radiation from the disk,
which is added to the blackbody radiation of the star when we observe it without
enough resolution to distinguish the star from the material around it. Since the
disk is at some distance from the star, it is cooler than the stellar surface, and
its blackbody spectrum peaks in the infrared. However, it can still be very bright
simply because the disk is so big. Similarly, the x-ray emission can be understood
as arising from the hot, magnetized plasma that exists between the disk and
the star. Magnetic fields connecting the disk and the star also explain the jets,
though jet production mechanisms are still subject to considerable debate and
uncertainty.

However, all of these observations beg the question, since they do not
address why there is a disk in the first place, and why disks should be an indicator
of youth. The understand that, we have to combine the idea of collapse we have
just discussed with the concept of angular momentum that we encountered earlier
in the class. Consider a large cloud of gas that is very weakly rotating, but that
begins to collapse. As it collapses, it must conserve angular momentum. Recall
that angular momentum for a rotating object is proportional to distance from
the center multiplied by its tangential velocity, so as the collapse occurs and the
distance from the center goes down, the tangential velocity must go up. If this
continues, then eventually the tangential velocity will be large enough to put the
object in question into orbit, so that it will not fall toward the center any further.
Thus as parts of the cloud fall in, they speed up until they go into orbit. Different
parts of the cloud may try to orbit on different planes, but then of course they will
run into one another and exchange their angular momentum. Eventually all the
different parts collide until the angular momentum direction is homogenized, and
all the parts of the collapsed cloud end up orbiting together in the same plane.
The result is a disk.

Thus disks are naturally expected as a result of collapse from a large scale.
The material that comes out of this collapse with the smallest angular momentum
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will wind up in the central star, while the material with more angular momentum
goes out into a disk. It turns out, for subtle reasons we will not go into, that disks
effectively exchange angular momentum between different parcels of gas within
them so as to separate mass from angular momentum. They move most of the
mass inward and reduce its angular momentum, while transporting the bulk of
the angular momentum outward. Thus the central mass grows, and at the same
time the angular momentum in the disk goes up. This is how we wind up with
the configuration you calculated in the second homework: in the Solar System,
almost all the mass is in the Sun, but almost all the angular momentum is in the
tiny bit of mass that is Jupiter.

Of course the exact mechanism by which the disks go away after a few
million years, and by which some disks make planets, is not well understood at
present...

III. Old stars

A. Main sequence lifetimes

Now let us fast-forward the clock by a few billion years. We have seen that
the collapse of a large gas cloud will give rise to stars that are out of equilibrium
between energy generation and production, but that these stars will eventually
settle onto the main sequence for a life of hydrogen burning. In the process, they
will gradually turn their cores from hydrogen to helium. The first question we
want to ask is how long this state of affairs can endure.

We have already performed the calculation for the Sun that, at its current
luminosity, it has enough hydrogen to last about 100 Gyr. This is actually about
10 times larger than the real lifetime, because not all of the material in the star
is available for use as fuel. Only the very core of the star is hot enough to burn
hydrogen, and material that is above this core cannot be used as fuel, so the
actual fuel supply is about 10 Gyr.

What about other stars? Obviously a star that is 10 times more massive
than the Sun has 10 times the fuel supply, but we also have to know how fast it
burns through that fuel supply compared to the Sun in order to assess its lifetime.
Since E = mc2, the rate of fuel consumption on the right hand side of the equation
is just proportional to the rate of energy release on the left hand side, and thus
to the luminosity of the star. We therefore need to know how stellar luminosities
depend on stellar masses.

Detailed calculations show that luminosities are very steep functions of
mass; a rough approximation for stars with masses near that of the Sun is L ∝M4.
Qualitatively, we can understand this result as arising from the need for high
temperatures to provide high pressure that will balance in gravity in more massive
stars. These high temperatures cause energy to “leak” out of the star more quickly,
and thus lead to higher luminosities.

A relation L ∝ M4 means that a star that is twice the mass of the Sun
will have a luminosity that is greater by a factor of about 24 = 16. This means
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it burns through its fuel about 8 times faster, since it has twice the supply by
16 times the burn rate. This is approximate, since it ignores the complication of
how much of the material in the star is either in, or can be brought down to, the
high-temperature depths where burning occurs. However, the general result that
more massive stars have much shorter times before their fuel supply is exhausted
remains true. For the most massive stars, those bigger than ∼ 20 times the Sun’s
mass, their lifetimes can be as short as ∼ 5 Myr, a factor of 2000 smaller than
the Sun’s lifetime of 10 Gyr. Conversely, stars smaller than the Sun can have
lifetimes longer than the 14 Gyr for which the Universe has existed. No star with
a mass of 0.1 M� has ever run out of fuel, because the Universe is not old enough.

B. Hydrogen exhaustion and post-main sequence evolution

So what happens when the hydrogen runs out? Remember that hydrogen
fusion leads to helium ash, so a star that has run out of fuel has had its core
transformed into helium. Once this transformation is complete, and the core is
fully helium, nuclear reactions stop and the star gets out of energy balance. As
a result, it does exactly what protostars do: it begins to contract, and its core
begins to heat up even more.

This has several effects. First, the contraction will eventually raise the
temperature in the regions above the helium core to the point where the hydrogen
remaining there begins to burn. The star therefore has an inert helium core
surrounded by a burning shell of hydrogen. This causes the star to swell up and
become very large and red in color, a configuration known as a red giant.2 Figure
4 shows how the star moves on the HR diagram during this evolution.

Even as the shell burning keeps the outer layers of the star up, the core
continues to contract, and eventually it heats up enough that the helium begins
to burn to produce carbon and oxygen. This occurs when the core temperature
is ≈ 108 K. After this point the star experiences a second, mini-main sequence
powered by helium fusion. This lasts much less time than the first main sequence,
for two reasons. First, the higher core temperature and overall higher temperature
of the star means that it leaks energy into space much more rapidly (i.e., it is much
more luminous) than when it was on the main sequence.

Second, burning helium yields much less energy than burning hydrogen.
This is illustrated in Figure 5, which shows the binding energy per unit mass of
an atomic nucleus. The way to read this curve is that it tells us how much energy
is stored in a nucleus. Low values indicate that there is lots of energy available,
because the nucleus is weakly bound. High values indicate less energy is available,
because the nucleus is weakly bound. Thus a nuclear reaction that moves matter
from some place near low on the curve to some place high will release energy,
and the amount released will depend on the change in height. It is clear that
burning hydrogen is the most efficient means of energy production, and burning

2The most massive stars do not experience a red giant phase because they lose their outer layers to stellar
winds before they are able to swell up. As a result, they do not expand as much, and they do not get as red.
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Figure 4: Evolutionary path of a Sun-like star on the HR diagram. Image from http:

//en.wikipedia.org/wiki/File:Evolution_of_a_sun-like_star.png.
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Figure 5: Binding energy per nucleon (proton or neutron) as a function atom mass.
Image from http://upload.wikimedia.org/wikipedia/commons/4/42/Binding_energy.

jpg. The unit on the y axis is MeV, which stands for mega-electron volt, which is defined as
the energy released by accelerating an electron (or anything else with equal charge) using an
electric potential of one volt. To put things in more familiar terms, for a fuel that produces
1 MeV per nucleon when burned, 1 gram of that fuel would be sufficient to keep a 100 W
bulb running continuously for just over 30 years.

other things like helium is much less efficient at producing energy.3

Once the helium is exhausted and converted to carbon, the path thereafter
depends on the mass of the star.4

C. Evolutionary paths: low-mass stars

One might think that the evolutionary path after hydrogen exhaustion
would be much like that running up to it, with progressively more burning to
heavier elements. However, another factor intervenes first for stars with masses

3To the right of the peak, at 56Fe (iron-56), it is exothermic for elements to split up rather than combine
– fission rather than fusion. Nuclear reactors and bombs work by fissioning 235U (uranium-235) to produce
ligher elements. However, notice how little energy is to be gained by fissioning 235U than by fusing hydrogen.
This is why hydrogen fusion bombs are so miuch more powerful than bombs based on fissioning uranium or
plutonium.

4For the very lowest mass stars, they will not even be able to burn hydrogen, for the same reasons that
the low mass stars discussed in the next section are unable to burn carbon and oxygen. However, this applies
only to the very lowest mass stars that have exhausted their hydrogen.
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like that of the Sun: degeneracy pressure.

Degeneracy pressure is a purely quantum mechanical effect that has no
real classical analog. The effect is as follows: particles like electrons that are so-
called fermions (named after Enrico Fermi) obey an exclusion principle, meaning
that no two of them can have exactly the same quantum state. This is not
normally something we notice, because the number of quantum states available is
so immense that the odds of two particles ever being in the same state even if it
were permitted is negligible. This is at normal densities. However, in the core of
a dying star the density is anything but normal, and as the star contracts, more
and more electrons are trying to cram into the same set of quantum states.

It is always possible to cram the electrons closer together, because there
are an infinite number of possible quantum states in a finite volume. However,
the states have ever increasing energies, so once all the lower energy states are
taken, any new electrons must be put into higher energy states, and this requires
energy. Thus it requires energy to compress objects in this state, because energy
is required to push electrons into the higher energy states. The phenomenon that
one must add energy, i.e., push or otherwise do work on, something in order to
compress it is a form of pressure: the object resists compression. Thus objects
with their lower quantum states completely filled will exhibit pressures that are
much larger than one would have predicted classically. An object with all of its
lower-energy states filled is said to be degenerate, and the pressure it exhibits is
called degeneracy pressure.

This is relevant for stars because the cores of Solar-mass stars that have
burned through their helium and converted to carbon and oxygen become de-
generate before they get hot enough to burn carbon and oxygen. Degeneracy
pressure is quite unlike thermal pressure in that it cannot be radiated away. The
star can cool off all it wants, but the degeneracy pressure will not go down... and
that is exactly what happens: the core of the star begins to cool, but it ceases
contracting because it is held up by degeneracy pressure.

For reasons that are still not fully understood, at the same time this is
happening, the outer layers of the star start to be blown off into space, revealing
the bare core. Objects in this state are called planetary nebulae5, and they are
among the most beautiful objects in the sky. Figure 6 shows some examples.

The degenerate core of the star is eventually left by itself, and it continues
to cool and be supported by degeneracy pressure. Such objects are known as
white dwarfs. As far as we know, they will remain stable for the rest of time,
gradually cooling down and getting dimmer and dimmer. Eventually the carbon
and oxygen in the star crystalizes, and the star becomes something like a giant
diamond in space (though the crystal structure is not the same as that of a dia-
mond, and the star is supported against collapse not by material strength but by
electron degeneracy pressure).

5The name comes from a misinterpretation by William Herschel, who was the first to see these objects
through his telescope. He thought they might be forming planetary systems, and thus named them planetary
nebulae.
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Figure 6: Two examples of planetary nebulae. The one on the left is NGC 6543, better
known as the Cat’s Eye Nebula. The image is from http://en.wikipedia.org/wiki/File:

NGC6543.jpg. The one on the right is NGC 7293, the Helix Nebula, and the image is from
http://en.wikipedia.org/wiki/File:NGC7293_(2004).jpg.

D. Evolutionary paths: high-mass stars

The planetary nebula route is how stars smaller than roughly 8−10 M� end
their lives. More massive stars do not go so quietly. The difference in evolutionary
path depending on mass has to do with whether degeneracy pressure is able to
stabilize the star’s core before it gets hot enough to burn carbon. If so, the star
will form a white dwarf composed of carbon and oxygen. If not carbon ignites
(carbon is easier to burng than oxygen) and burns to heavier elements like oxygen,
neon, sodium, magnesium, and silicon. At the same time, the layer of helium ash
above the core ignites and burns to carbon and oxygen, while the layer of hydrogen
above that burns to helium. The star therefore comes to resemble an onion, with a
succession of layers burning different elements. At each stage, the core eventually
burns all its available fuel to ash, and then core burning ceases. Once it ceases,
the core contracts and heats up more, until the ash ignites and burns to the next
stage. The core therefore goes through a series of compositional changes: first it
is dominated by carbon, then neon, then oxygen, and then finally silicon.

The duration of this onion phase is quite short. This is partly for the same
reasons that helium burning is short – the star loses energy rapidly due to the very
high internal temperature, and burning heavier elements produces ever less energy,
as indicated by the curve of nuclear binding energy (Figure 5). There is also a
third factor, which is that much of the energy released by burning heavier nuclei
comes out not in the form of gamma rays and x-rays (i.e., as light), but instead as
neutrinos. Neutrinos are elementary particles that interact only weakly with other
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matter, and as a result most of the neutrinos escape from the star immediately
rather than interacting and heating up the core. Thus the majority of the available
energy is lost. The net effect is an accelerating evloution. Hydrogen burning takes
millions of years, helium burning takes hundreds of thousands, carbon burning
takes hundreds to thousands, neon burning takes a year, oxygen burning 6 months,
and silicon burning can last a single day.

So why does this stop? The reason can be understood from looking at
Figure 5 again. Silicon has an atomic number of 28, so fusing two silicon nuclei
makes an elements with atomic number 56. This turns out to be the unstable
element nickel-56 rather than iron-56, but the nickel-56 is still stable against fusion
or fission. It will not burn further, no matter how much it heats up.

Thus once the nickel core forms and ceases burning, it resumes contraction,
and there is no more nuclear energy to stop it. The outcome then is not entirely
understood, but the basic outline is that the collapse of the core very rapidly
releases a large amount of energy, which then heats up the rest of the star and
blows it off into outer space in a huge explosion. The explosion is large enough
for the star to briefly outshine an entire galaxy. An example is shown in Figure
7.6

The remnant stellar core then undergoes one of two possible fates. If it is
not too massive (something like twice the mass of the Sun or less), it will stabilize
as a neutron star. This is an object supported by degeneracy pressure, but by
degeneracy pressure of neutrons instead of electrons. All the electrons in the star
have been forced to merge with the protons to make neutrons, resulting in a star
that is essentially a single giant atomic nucleus. The entire star is compressed to
∼ 10 km in size, and the matter is at nuclear densities, meaning that a teaspoon
of the material is about as massive as a mountain on Earth, and a bucketful is
about as massive as the entire Earth.

If the remnant core is too large, not even neutron degeneracy pressure can
hold it up, and it will collapse to form a black hole. Black holes are fascinating
objects, but they are not the subject of this class, and so we will end here.

6Full disclosure: this is actually not a supernove due to the death of a massive star, but instead a type
of supernova (type Ia, to be exact) caused when a white dwarf ignites due to interaction with a companion.
However, I used this image because the discovery story is so cool: this supernova was discovered by pure
serendipity on January 21, 2014 by a group of undergraduates at University College London doing an
astronomy lab. They were learning to use the instruments, using the nearby galaxy M82 as their target,
when the instructor noticed a bright object that didn’t seem familiar. He checked archival images and saw
that it wasn’t in them, and after making a quick check with a second telescope to verify that this wasn’t
an instrumental problem, and doing some other sanity checking, he notified astronomers all over the world.
The best quote from the UCL press release has got to be this, from one of the students: “One minute were
eating pizza then five minutes later we’ve helped to discover a supernova. I couldn’t believe it. It reminds
me why I got interested in astronomy in the first place.”
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Figure 7: An image of the nearby galaxy M82, before (top) and just after
(bottom) a supernova explosion. Image from http://www.ucl.ac.uk/maps-faculty/

maps-news-publication/maps1405.
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