
Consider ordinary matter. Its atoms are mostly empty space 
containing electrons orbiting in fuzzy, quantum fashion around 
tiny nuclei of protons and neutrons. For a star that becomes a 
neutron star, the tug of war between gravity and gas pressure that
defines the Sturm und Drang of the star's life is finalized when
gravity wins temporarily, as the core of the star implodes. As it
does so, the electrons and protons are squeezed together and fused
into neutrons, releasing neutrinos that explode the outer layers of
the star. Meanwhile, the neutrons provide a new pressure that
halts the collapse. The resulting density is accordingly similar to

that in a nucleus of an atom,
except that it occurs in an
object about the size of Ithaca,
New York.

Matter as experienced in day-
to-day life is described with
parameters that are defined,
for convenience, to be about
equal to the digit "1." Water's
density is one gram per cubic
centimeter. Atmospheric pres-
sure is one "bar." Gravity is one
"G." Earth's magnetic field is
about one Gauss. In astronomy,
researchers encounter objects
through remote sensing that
possess properties completely
foreign to our immediate expe-

rience. Take the numbers of everyday experience and multiply them
by ten, at least ten times, and one can appreciate the extreme
nature of objects that are of particular interest to many researchers
at Cornell: neutron stars and their close cousins, white dwarf stars,
and black holes. These three kinds of objects are endpoints of 
stellar evolution.

From our point of view, the Sun exists to provide a cozy habitat for
Earth, which allows creatures like us to evolve and ask questions
about our surroundings. However, an omniscient observer watching
the comings and goings of stars of all kinds would infer the ultimate
fate of any star is to either blow up completely or, depending on
mass, leave behind a white dwarf, neutron star, or black hole. Of
these, neutron stars have provided the greatest wealth of information

about their properties because some of them emit radio waves that
can be studied in great detail, using the Arecibo telescope and other
astronomical facilities. Radio-emitting neutron stars are called pulsars
because the radiation is in the form of pulses like those seen on a
heart monitor and with a heartbeat like that of mammals like us.

From radio telescopes, astronomers know that neutron stars have
masses that are about 40 percent larger than the Sun's mass. Their
surface gravity is about 100 billion times that of Earth's and their
magnetic fields are about 1 trillion times larger. As counterpoint,
the equivalent "day" of a typical neutron star is about one second,
while extreme cases include pulsars spinning once every 1/600
second. The neutrons exist in a fluid surrounded by a 1-kilometer
thick crust composed mostly of iron. From radio observations com-
bined with theoretical models for neutron stars, developed over the
last 30 years, researchers know that the neutron fluid is a superfluid
with properties similar to that of liquid helium close to absolute
zero in temperature. The interior temperature of a neutron star is
estimated to be a "cool" 1 million degrees. 

Of particular importance to astro-
physicists is the existence of pulsars
in mutual orbits with other neutron
stars having orbital periods of just a
few hours. These "double neutron
star binaries" are excellent physics
laboratories because the mutual
gravity of the two stars is so large.
A particular binary discovered at
Arecibo, the Hulse-Taylor binary
pulsar, has provided important 
confirmation of Einstein's theory 
of general relativity, leading to the
Nobel Prize in physics in 1993.

What is new at Arecibo in this area
of study? Current research on 
neutron stars aims to find particular
objects that represent even further
extremes and thus provide opportu-

nities for probing fundamental properties of matter. With Arecibo,
James M. Cordes, Astronomy, and NAIC researchers are planning a
deep survey using a new antenna feed cluster at the final focal point
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James Cordes
Over the course of a few
years, the Cordes team will
survey the Milky Way and
expect to discover about
1,000 new pulsars. Among
these, the team anticipates
finding binary pulsars with
their variety of companions.
Although rare, the greatest
payoff would be discovery
of a pulsar with a black hole
companion.
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A schematic view of a neutron
star acting as a pulsar

Pulsars are compact objects about
the size of Ithaca, New York, with
40 percent more mass than the
Sun. Their density is huge; a cubic
centimeter of material would weigh

about 100 million tons. Pulsars are highly magnetized neutron
stars. Because pulsars rotate typically about once per second
and as fast as 600 times per second, they generate electric fields
that accelerate particles along the north and south magnetic
poles. These particles produce beams of radio emission. When
the beams sweep around and intersect the direction to Earth, a
pulse is seen each spin period.

Guitar Nebula with nearby filament
An optical image obtained with the
Palomar Hale telescope by James
Cordes and Shamibrata Chatterjee,
a graduate student who has now
completed his Ph.D. at Cornell and
is at the National Radio Astronomy
Observatory

The body of the guitar shape is produced by gas heated by the
motion of a high-velocity neutron star through the interstellar gas,
similar to a boat leaving behind a wake as it moves across a lake.
The neutron star is at the tip of the bright feature in the top left
but cannot be seen in the optical band. The neutron star was
first identified as a radio pulsar and follow-up observations at
Palomar revealed the Guitar Nebula. Such nebulae are very rare.
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the galaxy like never before, so the prospects are good for finding a
binary of this type. Once found, the object will allow measurements
of a cornucopia of effects predicted with Einstein's general theory
of relativity. The Cordes team would be able to detect the rotation
of space-time that is induced by the spin of the black hole. The team
may be able to monitor how radio pulses from a pulsar disappear
into the event horizon and reappear as the pulsar moves behind
the black hole, and then re-emerges.

Pulsar surveys with the Arecibo telescope and ALFA are being
planned by an international consortium of researchers. Processing
the data will require state-of-the-art computing resources that no
single institution can provide. Therefore, the data will be distributed
to about a half dozen institutions, primarily in the United States
and Canada, including Cornell. The current plan is to distribute
data through the Cornell Theory Center using a data storage and
database system now under development through a collaboration
between the Departments of Astronomy and Computer Science at
Cornell, along with the Cornell Theory Center.

James M. Cordes
Astronomy

of the reflector system. This feed cluster, the Arecibo L-band Feed
Array (ALFA) will provide input to a custom digital signal-processing
system appropriate for pulsar surveys. The multiple feeds allow the
sky to be surveyed faster and also provide the ability to remove
radio frequency interference that can mimic pulsar signals.

Over the course of a few years, the Cordes team will survey the
Milky Way and expects to discover about 1,000 new pulsars.
Among these, the team anticipates finding binary pulsars with their
variety of companions. Although probably rare, the greatest payoff
would be the discovery of a pulsar with a black hole companion.
With suitable orientation of the orbit, a very rich variety of effects
can be measured through follow-up monitoring of the pulsar. The
physics payoff will also come from the discovery of a pulsar with a
spin period less than one millisecond. With such a fast spin, the
pulsar will be oblate, similar to, but more extreme than the oblate-
ness of Earth, caused by its rotation.

How oblate the star gets and the fastest a neutron star can spin
before it breaks up depends on the pressure exerted by the material,
as described by the so-called "equation of state." The pressure for
nuclear matter is not well understood for the state of matter
encountered in a neutron star. By finding rapidly spinning pulsars—
or not—the Cordes team can provide important constraints on the
equation of state. Some researchers even argue that some objects

they call neutron stars
might actually be "quark"
stars, owing to the possi-
bility that bare quarks,
which are the building
blocks of protons and

neutrons, might be the favored state of matter. Distinguishing
quark stars from neutron stars is not so easy, but one possibility is
that quark stars will be able to spin much faster than neutron stars
before they break up. Arecibo searches will detect such objects, if
they exist. 

Magnetic fields on neutron stars are also extreme. A typical pulsar
has a magnetic field strength of about 1 trillion Gauss, as compared
to a bar magnet on a refrigerator door that might be 100 Gauss in
strength. Recently, a rare class of neutron stars called "magnetars"
has been identified. Their hallmark is a magnetic field strength
ranging from 100 to 1,000 times even stronger. Such magnetic
fields are strong enough to cause cracking of the iron crust that
surrounds the neutron fluid core of a neutron star. Researchers do
not understand what causes a neutron star to form a magnetar as
opposed to an "ordinary" pulsar. Arecibo surveys will detect potential
missing-link objects that may show the relationship between the
two classes of objects.

The "Holy Grail" of pulsar surveys is to find a pulsar orbiting a
black hole. Such objects are rare because researchers do not yet
know of any in our galaxy. By analyzing populations of stars and
using knowledge about how new stars are born and old ones die,
the Cordes team believes that pulsar/black hole binaries exist. The
ALFA system at Arecibo will provide the sensitivity for surveying

An X-ray image of the Crab 
Pulsar obtained with the 
Chandra X-ray Observatory

The pulsar is the brightest dot 
near the center of the image. 
The nebulous emission around 
the pulsar is produced by radiation 
from the neutron star.
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For more information:

http://www.astro.cornell.edu/~cordes

The "Holy Grail" of pulsar

surveys is to find a pulsar

orbiting a black hole.


