
8.4 White Dwarfs

As an asymptotic giant branch star becomes larger and more luminous, the
rate at which is loses mass also increases. For stars less than 8 solar
masses, a strong stellar wind develops and the outer layers of the star are
removed to expose the hot degenerate core. As the gas is expelled and the
core is visible, the color of the star becomes much bluer and moves to the left
in the HR diagram at constant luminosity.

Only a few 1,000 years are needed for the temperature of a star to grow to
30,000K. At this temperature, the star begins to emit large quantities of UV
radiation. This UV radiation is capable of ionizing the hydrogen shell of matter
that escaped from the star during the AGB phase. This shell of ionized
hydrogen glows deep red as a planetary nebula. In the center of the planetary
nebula is the reminant core, the white dwarf.

Our knowledge of white dwarfs began in 1850 with the discovery of a
companion to Sirius, called Sirius B. It was 10,000 times fainter than Sirius A,
however its mass was 0.98 a solar mass. Since its temperature was



measured to be 10,000K, its small mass and faint luminosity did not make
sense in the context of the mass-luminosity relation for stars.

The only way it could be both hot and faint was for Sirius B to be very, very
small, and so they were called white dwarf stars. White dwarf stars are much
smaller than normal stars, such that a white dwarf of the mass of the Sun is
only slightly larger than the Earth.

It was soon realized that the gas inside a white dwarf was too dense to
behave as an ideal gas and, instead, was degenerate. For normal stars, if you
increase the mass, the star gets larger, its radius increases. However, for
white dwarfs, the opposite is true, increasing the mass shrinks the star. Notice
that at some mass the radius of the star goes to zero.



The size of a star is a balance between pressure and gravity. Gravity pulls the
outer layers of the star inward. Pressure pushes those layers upward. Ina
degenerate gas, increasing the density does not increase the pressure
(opposite to a normal gas). But increased density does increase gravity. So,
as you add mass to a white dwarf, the gravity increases, but the pressure only
changes a small amount. Gravity wins and the star shrinks. Notice that the
mass-radius relation for white dwarfs means you cannot keep adding mass to
a star, for eventually its radius goes to zero. This also means the massive
stars (with masses greater than 1.4 solar masses) must shed most of their
mass as planetary nebula or the final contraction to a white dwarf cannot be
stopped by the degenerate electrons. If the mass can not be shed they will
become neutron stars or black holes.

Evolution of White Dwarfs:



White dwarfs are quite common, being found in binary systems and in
clusters. Since they are reminants of stars born in the past, their numbers
build up in the Galaxy over time. It is only because they are so faint that we
fail to detect any except for the very closest ones.

Once a white dwarfs contracts to its final size, it no longer has any nuclear
fuel available to burn. However, a white dwarf is still very hot from its past as
the core of a star. So, as time passes, the white dwarf cools by radiating its
energy outward. Notice that higher mass white dwarfs are small in size,and
therefore radiate energy slower than larger, small mass white
dwarfs.Radiative cooling is one way for a white dwarf to cool, another way is
neutrino cooling. At very high temperatures, around 30 million degrees K,
gamma-rays can pass near electrons and produce a pair of neutrinos. The
neutrinos immediately escape from the white dwarf (because they interactvery
weakly with matter) removing energy.

On the other hand, as a white dwarf cools, the ions can arrange themselves in
a organized lattice structure when their temperature falls below a certain
point. This is called crystallization and will release energy that delays the
cooling time up to 30%. The cooling process is very slow for white dwarfs.



After a billion years the typical white dwarf is down to 0.001 the luminosity of
the Sun. But the end result is unstoppable as the white dwarf will eventually
give up all its energy and become a solid, crystal black dwarf.

8.5 Supernovae

Stars greater than 25 solar masses undergo a more violent end to their lives.
Carbon core burning lasts for 600 years for a star of this size. Neon burning
for 1 year, oxygen burning about 6 months (i.e. very fast on astronomical
timescales). At 3 billion degrees, the core can fuse silicon nuclei into iron and
the entire core supply is used up in one day.

An inert iron core builds up at this time where successive layers above the
core consume the remaining fuel of lighter nuclei in the core. The core is
about the size of the Earth, compressed to extreme densities and near the
Chandrasekhar limit. The outer regions of the star have expanded to fill a
volume as large as Jupiter's orbit from the Sun. Since iron does not act as a
fuel, the burning stops. The sudden stoppage of energy generation causes
the core to collapse and the outer layers of the star to fall onto the core. The
infalling layers collapse so fast that they `bounce' off the iron core at close to
the speed of light. The rebound causes the star to explode as a supernova.
The energy released during this explosion is so immense that the star will out



shine an entire galaxy for a few days. Supernova can be seen in nearby
galaxies, about one every 100 years (therefore, if you survey 100 galaxies per
year you expect to see at least one supernova a year). 

Supernova Core Explosion:

Once the silicon burning phase has produced an iron core the fate of the star
is sealed. Since iron will not fuse to produce more energy, energy is lost by
the productions of neutrinos through a variety of nuclear reactions. Neutrinos,
which interact very weakly with matter, immediately leave the core taking
energy with them. The core contracts and the star titers on the edge of
oblivion. As the core shrinks, it increases in density. Electrons are forced to
combine with protons to make neutrons and more neutrinos, called
neutronization.

The core cools more, and becomes an extremely rigid form of matter. This
entire process only takes 1/4 of a second.





With a loss of pressure from core, the unsupported regions surrounding the
core plunge inward at velocities up to 100,000 km/s. The material crashes into
the now-rigid core, enormous temperatures and pressures build up, and the
layers bounce upward. A shock wave forms, which accelerates and, within a
few hours, explodes from the surface of the star rushing outward at thousands
of km/sec.

This entire process happens so fast that we can only follow it using
supercomputer simulations. Maps of density and flow show the details in
regions where observations can not be made.

As the outer layers are blasted into space, the luminosity of the dying star
increases by a factor of 108 or 20 magnitudes. In 1987, a supernova exploded
in our nearest neighbor galaxy. That supernova, designated SN1987A (the
first one discovered in 1987) was visible to the naked eye, rising to a
maximum brightness 85 days after detonation with a slow decline over the
next 2 years. The light curve for SN1987A is shown below:



Although a supernova is extremely bright, only 1% of its energy is released as
optical light. The rest was released as neutrinos and kinetic energy to explode
the star. Most of the initial luminosity is the shell of the star expanding outward
and cooling. After a few hundred days, this shell of expanding gas has cooled
to be almost invisible and the light we see at this point is due to the
radioactive decay of nickel and cobalt produced by nucleosynthesis during the
explosion.

8.6 Neutron Stars and Pulsars

The idea of a neutron star was developed in 1939 when calculations were
made of a star that was composed solely of degenerate neutrons. If the mass
of a normal star were squeezed into a small enough volume, the protons and
electrons would be forced to combine to form neutrons. For example, a star of
0.7 solar masses would produce a neutron star that was only 10 km in radius.
Even if this object had a surface temperature of 50,000 K, it has such as small
radius that its total luminosity would be a million times fainter than the Sun.

As with white dwarfs, neutron stars have an inverse relationship between
mass and radius. As a neutron increases in mass, its radius gets smaller.

Their extremely small size implies that they rotate quickly, according to the
conservation of angular momentum.

The interior of a neutron star is hard to calculate since the physics covers a



new realm not testable in our laboratories. Models suggest that neutrons
packed into such a dense configuration becomes a superfluid sea. Normally
superfluids, such as liquid helium, occur at very low temperatures. But that
normal matter has an electric charge (positive for the protons, negative for the
electrons). A dense mixture of neutrons (with zero electric charge) can
become a friction-free superfluid at high temperatures. 

The interior of a neutron star will consist of a large core of mostly neutrons
with a small number of superconducting protons. Again, normallyassociated
with low temperatures, superconducting protons, combined with the high
rotation speeds of the neutron star, produce a dynamo effect similar to what
creates the Earth's magnetic field. Surrounding the core is a neutron mantle,
then a iron-rich crust.

Pulsars:

Every star has a magnetic field, usually a very weak one. However, when a
stellar core is compressed into a neutron star during a supernova explosion,
the weak magnetic field is also compressed. As the field lines squeeze
together, the magnetic field becomes very powerful. A powerful magnetic
field, combined with the rapid rotation, will produce strong electric currents on
the surface of the neutron star.



Loose protons and electrons near the surface of the neutron star will be
sweep up and stream along the magnetic field lines towards the north and
south magnetic poles of the neutron star. The magnetic axis of the neutron
star does not necessarily have to be aligned with the rotation axis (like the
Earth), they can be inclined from each other as shown below.

The rotating neutron star has two sources of radiation: 1) non-thermal
synchrotron radiation emitted from particles trapped in the magnetic field of
the neutron star, and 2) thermal radiation from particles colliding with the
neutron star surface at the magnetic poles. The thermal component contains
x-rays, optical and radio radiation since the protons smashing into the surface
of the neutron star at extremely high velocities. Given the geometry of the
hotspots at the magnetic poles, the energy from the hotspots sweeps out into
space like a lighthouse. Only when the Earth lies along the axis of the neutron
star is the energy detected as a series of pulses, and the object is called a
pulsar.



Pulsars were discovered by accident in 1967 during a search for distant
sources of radio radiation. A special telescope had been constructed to look
at short timescales of radio waves. One object displayed extremely evenly
spaced pulses of radiation. The period was 1.337 seconds with an accuracy
of 1 part in 10 million. A typical pulsar signature is shown above.

Notice that the shape of the pulses is similar from high energy photons down
to the low energy radio photons. This indicates that the source of theradiation,
over a range of wavelengths, is from the same region on the neutron star. The
fact that the pulses of radiation are so sharp and regular allows an astronomer
to make very accurate measurements of the period of the pulses. When this is
done, it is found that pulsars are slowing down with time. The rapidly changing
magnetic field produces some of the energy that is beamed outward.
Therefore, each pulse takes rotational energy from the neutron star and sends
it into space, i.e. the neutron star loses rotational energy and slows down.



Typical changes are about 10-15 seconds per rotation. In other words, a
neutron star with a rotation of 1 second will be slowed to 2 seconds in about
30 million years. Thus, the age of a pulsar is determined by its current rotation
speed. Old pulsars are rotating slowly, young ones fast.

Pulsars also display sudden speed-up's in their rotation rates in sharp `glitchs'
of their timing curves. The surface gravity of a neutron star is millions of times
greater than the surface gravity of the Earth. The tremendous weight causes
the crust to shift and contract suddenly, a starquake. The contraction, even
though only a 1 mm in depth, causes a resulting starquake that is about a
billion times more powerful than any earthquake on the Earth. This is visible in
the rotation rate since it can be measure with a high degree of accuracy.

8.7 Black Holes

The description of black holes, in fact the very concept of such an object, is
entirely based on the theory of general relativity. 

The fact that light is bent by a gravitational field brings up the following
thought experiment. Imagine adding mass to a body. As the mass increases,
so does the gravitational pull and objects require more energy to reach
escape velocity. When the mass is sufficiently high enough that the velocity
needed to escape is greater than the speed of light we say that a black hole
has been created.



Another way of defining a black hole is that for a given mass, there is a radius
where if all the mass is compress within this radius the curvature of spacetime
becomes infinite and the object is surrounded by an event horizon. This radius
called the Schwarzschild radius and varys with the mass of the object (large
mass objects have large Schwarzschild radii, small mass objects have small
Schwarzschild radii).



The visual image of a black hole is one of a dark spot in space with no
radiation emitted. Any radiation falling on the black hole is not reflected but
rather absorbed, and starlight from behind the black hole is lensed. So even
though no radiation escapes a black hole, its mass can be detected by the
deflection of starlight. In addition to mass, a black hole can have two other
properties, electric charge and angular momentum.



Even though a black hole is invisible, it has properties and structure. The
boundary surrounding the black hole at the Schwarzschild radius is called the
event horizon, events below this limit are not observed. Since the forces of
matter can not overcome the force of gravity, all the mass of a black hole
compresses to infinity at the very center, called the singularity. 

A black hole can come in any size. Stellar mass black holes are thought to
form from supernova events, and have radii of 5 km. Galactic black hole in the
cores of some galaxies are built up over time by cannibalizing stars. Mini
black holes formed in the early Universe (due to tremendous pressures) down
to masses of asteroids with radii the sizes of grains of sand.



Note that a black hole is the ultimate entropy sink since all information or
objects that enter a black hole never returns. If an observer entered a black
hole to look for the missing information, he/she would be unable to
communicate their findings outside the event horizon.



Of course if the objects falling into the black hole form an accretion disk, then
we can detected the x-rays from the infalling gas. This is our only method of
indirectly finding black holes, as companions to other stars.


