Nature’s Most Exotic Objects —
Neutron Stars and Black Holes

The initial mass of a star determines its path through life as well as the manner of its
death. About 95% of all stars go quietly to their end, in the form of white dwarf stars
slowly cooling for billions of years. The other 5% have three possible ends in store, again
depending on their mass as they approach their inevitable death. Theoretical models tell
us that all stars with a mass greater than 5 solar masses will supernova. Sometimes the
star’s core is completely destroyed during the explosion and no remnant is left behind

to mark the site of the detonation. If the star has a mass greater than 5 but less than 8
solar masses, the explosion (in-falling matter and the resulting rebound off the core) may
produce a neutron star. A neutron star is a ball of neutrons about 25 km in diameter—the
size of New York City. Matter is so dense in a neutron star that a pin head’s worth would
weigh as much as a supertanker filled with oil!

A neutron star has a simple structure and
two axes—a rotational axis and a magnetic
axis. All neutron stars are thought to spin
at a rapid rate. If a neutron star has a
companion star, its material is drawn toward
the other star and travels outward along
the magnetic axis at 20% the speed of light,
much like a beam from a lighthouse. When
one of these stars is detected, it is called a
pulsar, because of the beam of light that
appears to pulse as the star spins and the
beam points toward and away from us.
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. Figure 3-15: Diagram of the axes of a pulsar. The axes
The rotation rate of a neutron star can be are rarely aligned, leading to a fighthouse-beacon effect

calculated by determining the rate of the of radiation sweeping toward detectors on Earth.
pulsing beam.

Jocelyn Bell discovered the first pulsar in 1967. She was astonished to find a source of
radio waves that had such a constant frequency. Some astronomers, wondering whether
the signal from the star was transmitted by an alien civilization, humorously called them
LGM stars— after “Little Green Men.”

The fastest known rate of rotation for a pulsar is 642 rotations per second, the slowest a
mere single rotation in 4.3 seconds. Often, neutron stars can be detected when they are
part of a binary star system. The effects of the intense gravitational field of a neutron star
are evident when a companion star can be observed. When a neutron star’s companion’s
mass and orbit can be determined, the mass of the invisible neutron star can be easily
calculated.

For very massive stars, those with cores greater than 8 solar masses, ain even more
interesting fate awaits. The core of these stars is too massive to exist as a neutron star.
The in-falling layers of the huge star compress the core beyond the point where nuclear
force and neutron degeneracy can support its structure. Nothing can stop its collapse. The
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matter is compressed until the star vanishes from our universe and a black hole forms—a large amount of mass
with zero volume and infinite density. Each black hole has a certain region of influence around it, a distance
away from it that varies according to its mass—a line in the cosmic sand that you dare not cross. Inside this
distance, called the Schwarzschild radius, nothing can escape the powerful gravitational field of the black hole
because the velocity needed to escape this region is greater than the speed of light. The sphere described by the
Schwarzschild radius is called the event horizon. If our sun were compressed into a black hole, its event horizon
would be 3 km in diameter. Contrary to popular belief, if a black hole of this size were in the center of our solar
system, we would not be sucked in. Only the temperature on Earth would change, since no light or heat would be
emanating from the black hole, but our orbit would remain the same.

Trying to understand what a black hole would look like if you were
standing outside the event horizon, given the geometry you see in
Figure 3-16, requires a little imagination. You would essentially
see nothing, a black void blocking all light and, in fact, bending
some of the light near its edge. The inside of the yellow circle in the
model would appear pitch black. To apply the model in Fig. 3-16

to one of a black sphere, try to imagine ten thousand of the two-
dimensional funnel-model black holes situated such that you see
the event horizon face on, no matter what direction you approach

it from. The event horizon is the edge of the black circle you see.

Event Horizon .

The singularity, the unknowable center of the black hole itself, at Singufarity \ |

the end of the funnel in the diagram, does not go inward; it goes |

outward, possibly to another place in time and space. Figure 3-16: Simple diagram of the structure of a black .
hole

How Do We Know Black Holes Exist? 2

How do we see something that does not emit any form of electromagnetic radiation? We have no hope if the
black hole is isolated in space. We need help if we expect to “see” a black hole—help in the form of a companion
star. If a black hole is in a binary star system, we can measure its effect on the companion star. A star orbits

a black hole with a speed and radius dependent on the mass of the black hole it is orbiting. So, even though

we can't see it, we can calculate the mass of the black hole with some simple computations if the orbit of the
companion is known.

if we find that the mass of the unseen star in the system is greater than 3 solar masses, it must be a black hole,
as white dwarfs and neutron stars cannot be this massive. Ten such binary systems have been identified to date.
Cygnus X-1, one of the first black-hole candidates, orbits a blue supergiant star with a mass of 30 solar masses.
Calculations derive a mass of 7 solar masses for Cygnus X-1. Another even stronger black hole candidate is a
companion to a star called A0620-00, a system about 3,000 ly from Earth, which makes it the closest black hole
to our solar system. The black hole has a mass greater than 3.5 solar masses. The companion star orbits the
black hole every 7.75 hours. Also, black holes collect matter in an accretion disk as the material spirals toward
the event horizon. Jets of outgoing material form at right angles to the disk and it is the outgoing radiation that
is detected on Earth.

A massive black hole has been discovered in the center of our home galaxy, the Milky Way. Astronomers have
also detected massive black holes in other galaxies. Black holes like these have masses equivalent to billions
of suns. With very large Schwarzschild radii, these supermassive black holes gobble up nearby stars and grow
larger, like a human who overeats and finds his waistline expanding. Material that falls into a black hole of any
size loses energy as it falls in. Because the matter essentially falls a very long way, the photons that are given off
are high energy—mostly X-rays and gamma rays. These rays can be detected by special kinds of telescopes on
Earth and in orbit. ‘
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ermassive black holes may form as

ult of one galaxy colliding with the
cleus of another. These amazing objects
doubtedly reside in the center of active
Iaxies and quasars, which are galaxies
ry far away with highly energetic central

good example of a confirmed
upermassive black hole is in NGC 4261,
an elliptical galaxy 100 million ly from
Earth in the direction of the constellation
Virgo. Hubble Space Telescope images show
a disk of material surrounding a black
hole, which in turn ejects gas and dust at
incredible speeds in two jets at right angles
to the disk. This black hole packs 1.2
billion solar masses into a region no larger
than our solar system.

Checking In
1. What causes a black hole to form?
2. How can we detect a black hole?

Figure 3-17: An artist’s conception of the ceniral star HDE 226868 with the unseen
companion, Cygnus X-1, with a mass of 7 solar suns orbiting around it. Cygnus X-1is
an excellent biack hole candidate.

Figure 3-18: Images of the supermassive black hele in NGC 4261, which has an
800-light-year-wide, spirat-shaped disk of dust fueling it. The disk, containing enough
matter to make 100,000 stars, may be a remnant of a galaxy that collided with NGC

. 4261 in the past.
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