The Einstein@Home Arecibo Radio Pulsar search

What is a radio pulsar?

When a massive star uses up all its nuclear fuel for
energy production, it collapses under its own weight.
The core of the star gets compressed so much that the
protons and electrons within it combine to become
neutrons. The resulting object is called a neutron star.
(If the neutron star weighs more than two or three solar
masses, it collapses further and forms a black hole.)

Radio pulsars are neutron stars with an immensely
strong magnetic field. They rotate and accelerate
electrons in their vicinity to close to the speed of light.
These electrons emit polarized light (called coherent
curvature radiation) in a narrow cone. When this cone
sweeps across the line of sight to Earth, we see the
radio emission brighten regularly, just like a lighthouse.
Some radio pulsars are also seen in visible light, X- and
gamma rays.

So far, pulsars have been the primary way that neutron
stars can be observed. About 1800 of them are known
today. Only a tiny fraction of pulsars is in binary systems
where their masses can be determined. The known
sample is not large enough to determine a firm upper
mass limit, which would in turn give more detailed
insight into the physics of such extremely dense forms
of matter.

All Pulsars in a Catalogue

Browse the ATNF online pulsar catalogue that contains

the most recent information on the 1800 known
pulsars.

Neutron Star

Mass ~ 1.5 times the Sun
=12 miles in dismeler

Solid crust
=1 mille thick

)
Heavy liquid interior
Mostly neufrons,
with other particles

Under a solid crust of iron lies a liquid interior made up of
neutrons and other elementary particles. (1 mile is
approximately 1.6 kilometers)

Credit: NASA



Why do we search for radio pulsars in binary systems?

Most pulsars are weak sources and require the use of
large radio telescopes to detect them. Astronomers have
scanned the complete sky with various telescopes and
detected pulsars in the Milky Way and nearby globular
clusters. Pulsars in other galaxies are out of reach of our
detectors. Most known pulsars were only found by
"integrating" their signal: superposing a large number of
pulses in a coordinated way to make the actual "pulse"
signal stand out from the "static".

This procedure doesn't work as well for pulsars in most
short-period binary systems. Since we see most binary
systems from the side or inclined, the time-delay
between the near and far points of the orbit smears out
the signal making it harder to distinguish it from the
noise. That's unfortunate since many stars are not
solitary but members of a binary system. Thus, a
significant fraction of pulsars are being missed in the
surveys.

Most known pulsar are detectable only by the largest
radio telescopes like the 305 meter dish near Arecibo,
Puerto Rico (shown in this picture), Parkes Observatory
(New South Wales, Australia), Jodrell Bank Observatory
(Manchester, England), and Green Bank Telescope
(Virginia, USA).

Courtesy of the NAIC - Arecibo Observatory, a facility of
the NSF

Einstein&lHome

The Einstein@Home screen saver for the radio pulsar

search shows the positions of the known pulsars as
purple dots.
Credit: AEI Hannover



How does our search method work?

Our search is a a "blind search". A priori we do not know
the exact distance, spin frequency, and orbital
parameters of the radio pulsar that might be hiddenin a
data set. We have to search over a wide range in these
parameters to maximize detection probability.

Interstellar space is filled with clouds of gas and dust.
Some of these clouds have temperatures of about 8,000
K and contain free electrons. These clouds will disperse
radio waves travelling through them, meaning that
higher radio frequencies arrive earlier than lower ones.
The more electrons in the gas along the line of sight, the
larger this time-delay. Radio telescopes observe a wide
band of radio frequencies, so this dispersion has to be
corrected for. Since the exact amount of dispersion
depends on the unknown distance to the pulsar and the
number of electrons along this distance we correct for
628 trial values of dispersion and search each of the
resulting data sets independently. This process is called
"dedispersion" and done on the Einstein@Home servers.

Since we are ignorant of the orbital parameters of the
binary we have to try thousands of possible orbital
templates, each corresponding to a different pattern of
Doppler spinup and spindown. For each of these
templates the data are corrected for the full Doppler
effect of the corresponding orbit. This is the first step
done on the computers attached to the project. The next
step is to test whether there is a radio pulsar present in
that data set on that (or a similar) orbit. This is done by
using a frequency analysis (Fourier transform) that will
recover the spin frequency without smearing.

Because the signals of radio pulsars are not sinusoidal
but pulsed, the frequency analysis will show frequency
components at the fundamental frequency (the intrinsic
spin frequency) and at higher harmonics (integer
multiples of the fundamental frequency). Summing
these components is a well-known trick in pulsar
searches and significantly increases the sensitivity of the
search. This summation is the last step done on the
users' computers. Finally a list of the most significant
candidates is reported back to the Einstein@Home
servers and analyzed by the project scientists.
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Due to the orbital motion in a binary system, the
observed spin frequency (or the time between
pulses) changes regularly with time.
Credit: Adam Chandler
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Pulsar light curves often reveal many features
but most have one very prominent primary
peak.

Credit: D. R. Lorimer, Binary and Millisecond
Pulsars, Living Rev. Relativity 11, (2008), 8



What's new about our new search method?

Searches for binary radio pulsars so far were called
"acceleration searches" or "sideband searches". The
former correct for the varying time-delays by using an
approximation of the binary orbit which is valid only if
the observation time is much less than the orbital period
of the binary system. The latter is efficient only when
many binary orbits are visible during the observation
time. There is a gap between those methods where both
experience a large loss in sensitivity. Our search is using
data sets covering 5 minutes of observation. Thus, the
acceleration search becomes significantly less sensitive
for orbital periods shorter than 50 minutes. The
sideband search loses sensitivity for orbital periods
longer than 3 minutes.

The new search method will close the resulting gap and
can correct for binary periods down to 11 minutes,
meaning that we can "see" up to half an orbit of such a
binary (with its strongly varying Doppler effect). The
figures to the right illustrate the progress achieved by
using this procedure.

Interactive Binary Pulsar Simulation

Explore the Doppler effect in a binary pulsar system by
downloading the "Pulsating Science" 3D visualisation
software. Generate, view, and modify binary pulsar
systems and their radio pulsations. The lower picture on
the right shows a screenshot from this interactive
simulation.

Follow the links below to get started and download an
executable for your system (3D graphics drivers
required):

¢ Microsoft Windows (XP/Vista, 32 bit)
e Apple Mac OS X (Intel, 32 bit)
¢ GNU/Linux (from 2.6.8, Intel x86)

Acceleration search on a simulated 5 minute
data set with a pulsar in an 11 minute orbit.
Arrows mark the harmonics of the pulsar signal.
The detection is of low significance.

Credit: AEI Hannover

Our new search method on the same data set
as above. One can easily see eight harmonics
above the noise floor. This is a highly
significant detection.

Credit: AEI Hannover



What kind of data is used in the search?

We use data from an ongoing survey made with the
largest radio telescope in the world, the 305 meter
Arecibo Observatory, Puerto Rico. It is equipped with a
detector that can observe seven adjacent fields in the
sky simultaneously: the Arecibo L-band Feed Array, or
"ALFA". The search for pulsars has been one of ALFA's
main tasks, carried out by an international, open group
of astronomers, the ALFA Pulsar Consortium.

The survey contains 5 minute long observations for each
ALFA field in the sky. In these data sets, our pulsar
search aims to find binaries with orbital periods longer
than eleven minutes.

Further links
The National Astronomy and lonosphere Center (NAIC).

is the research facility that operates the Arecibo
telescope.

The Arecibo telescope photo gallery contains pictures of
the telescope from construction to the present time.

A detailed description of the Arecibo telescope can be
found here.

In April 2004, ALFA (hanging from a cable
at the left) is brought into the Arecibo
telescope's dome, that is housing the
receivers in the Gregorian focus of the
antenna dish.

Credit: Tony Acevedo/Arecibo
Observatory © Cornell University

The Arecibo L-band Feed Array (ALFA)
inside the Gregorian dome.

Credit: B. Knispel, AEI Hannover



How does this project help searching for Gravitational
Waves?

When matter accelerates through space, it changes the
curvature of spacetime. These changes propagate
through space at the speed of light in form of
gravitational waves. The more compact and massive the
matter is and the more it accelerates, the more intense
are the gravitational waves that are emitted. Therefore,
close binary systems with compact components like
neutron stars and/or black holes are a strong,
continuous source for gravitational waves.

With the results from this pulsar search, we improve our
understanding of how many binaries with neutron stars
may be out there in total. Moreover, we get a set of
pulsar binaries with known sky positions and orbital
parameters. Pulsars can emit gravitational waves by a
variety of mechanisms in the sensitive frequency range
of ground-based detectors.The results from the radio
pulsar search enable us to carry out so-called "targeted
searches" for gravitational waves from binary pulsars in
data of the LIGO, VIRGO, or GEO 600 gravitational wave
observatories.

Furthermore, these new pulsars can serve as calibration
sources for the gravitational wave space observatory
LISA which should be launched by the end of this
decade. Here, the gravitational waves emitted from the
orbital motion in the mHz range would be detectable.

Gravitational Wave Observatories

LIGO Homepage

VIRGO Homepage

GEO 600 Homepage

LISA Homepage

Gravitational Waves Observatories like LIGO at

Hanford, Washington, are kilometers long
Michelson-type laser interferometers. They detect
minuscule phase shifts between the splitted laser
beams if a gravitational wave distorts the local
spacetime.

Credit: LIGO Laboratory



What can we learn about radio pulsars?

Since their discovery in 1967 by Jocelyn Bell and
Anthony Hewish in Cambridge, UK, radio pulsars are one
of the most exciting fields of astronomical research.
Although there is a basic understanding of how they
work, many details of the physical processes have yet to
be determined. For example: how many charged
particles are accelerated by the ultra-strong magnetic
field? What kind of particles are they? How exactly do
they move? At what distance from the neutron star's
surface is the radiation created that the radio
observatories detect?

The neutron stars themselves have a very hot surface

. . and glow in X-rays. Their strong magnetic field
And more mysteries are buried below the surface: what

is the interior composition of such an object? Is there a
core that consists not of neutrons but of their
constituents, the quarks? Our new project should help
to answer these questions. Moreover, these fascinating
objects are of interest not only to astrophysicists but
also to nuclear and particle physicists.

accelerates particles that emit almost all from radio to
gamma rays (light blue).

Astronomers will be interested in the new information
regarding the population of pulsars, and hence neutron
stars, as remains of supernova explosions. Is the current
understanding correct or is there a surplus of either
pulsars in binaries or those that were kicked out of the
pairs through asymmetries in the stars' final blow ups?
With this information, supernova models can be tested
or refined, what, in return, tells how strong the
gravitational wave emission of such an event should be
and how such signals should be shaped.

The Crab Nebula — the remains of a star's explosion,
that was seen on Earth as a supernova in 1054 A.D., is

energized by the radiation of a pulsar at its center.
Credit: NASA, ESA and Allison Loll/Jeff Hester (Arizona
State University). Acknowledgement: Davide De Martin



What happens, when your computer finds something
interesting?

If the analysis of a particular set of workunits looks
promising and shows clear or faint signs of the form
shown above, the target is entered on a "candidate list".
From time to time, this list is submitted to the PALFA
Consortium for review. If the Consortium finds the
respective target promising, too, it schedules a
dedicated follow-up observation for this object.

Once the new data is obtained, it is being analyzed using
the method described above. With a much longer
observation time than in the survey, the follow-up
observation should show whether a new pulsar has been
found or not with a very high level of confidence.

The handful of users, on whose computers the initial
data analysis was performed that found the candidate
with the highest significance, will be credited in the
acknowledgements section of the scientific discovery
paper.

With the 305 meter dish near Arecibo, Puerto Rico, each
candidate will be observed in a longer follow-up to

unveil its true nature.
Courtesy of the NAIC - Arecibo Observatory, a facility of
the NSF



Images

Artists impression of a neutron star

http://www.eso.org/public/images/eso0831a/
Credit:ESO

Crab Nebula pulsar

http://chandra.harvard.edu/photo/1999/0052/
Credit NASA/CXC/SAO
Conditions of Image use: http://chandra.harvard.edu/photo/image use.html




